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GENERAL DESCRIPTION OF THE WORK

Relevance of the work. Vaccinia virus is the prototype of the orthopoxvirus genus in the family

of Poxviridae. Poxviruses differ from other animal viruses in their large size and complexity. The
well-known member of this family is Variola virus, the causative agent of smallpox disease in
humans that took millions of human lives over the millenniums, until was eradicated by global
vaccination. Although in 1980 the World Health Organization declared that smallpox is eradicated
from natural environment it is still an emerging subject to be investigated because the virus stocks of
the original smallpox are still kept by various laboratories in Russian Federation and the United
States and remains as a bioterrorism agent. Moreover, it is known that the other poxviruses also can
be transmitted from animals to human and cause fatal diseases in human population. An example is
monkeypox virus, which can transmit to people through a variety of wild animals and produce a
smallpox-like disease suggesting that monkeypox might replace smallpox as a serious epidemic
threat [Breman $ Henderson, 1998]. Therefore, nowadays, the development of new antiviral agents
and the enlargement of the information about virus entry and replication are of most importance.

Vaccinia virus is a large ~200kb, double-stranded, enveloped, DNA virus that encodes more
than 200 open reading frames (ORF). It has a broad host range of infectivity both in vitro and in
vivo, infects many cell lines, humans and animals. Virion morphogenesis occurs exclusively in the
cytoplasm of the host cells and produces several forms of infectious particles: mature virus (MV),
wrapped virus (WV) and extracellular virus (EV). Previous work in our laboratory showed that cell-
bound Vaccinia MV particles were clustered at the plasma membrane lipid rafts prior to virus entry
and that the interruption of lipid raft integrity with methyl-B-cyclodextran significantly reduces
Vaccinia MV entry into HeLa cells [Chung et al., 2005]. Since lipid rafts on the plasma membrane
are known to act as platforms for receptor clustering, endocytosis and signal transduction for many
viruses [Rauch $ Fackler, 2007], it is possible that cellular proteins within plasma membrane lipid
rafts may mediate Vaccinia MV cell entry.

Purpose and objectives of the study. The main goal of this study was to reveal the specific

molecular and cellular mechanisms, pathways, cellular receptors and proteins involved in Vaccinia
virus attachment and penetration processes.
To achieve this goal, the following tasks were accomplished:
* Identification of the cellular receptors and proteins within lipid raft microdomains
involved in the Vaccinia MV entry process by the investigation of their association with
Vaccinia MV on the surface of infected HeLa cells;
* Investigation of the role of these receptors and proteins in the Vaccinia virus life cycle and
Vaccinia MV entry process into HeLa and mouse cells;
* Investigation of the pathways and mechanisms through which these receptors and proteins
mediate Vaccinia MV cell penetration and entry process.
* Identification and investigation of the functions of two Vaccinia MV proteins that
previously were unknown.
Scientific and practical significance of the study: It was shown that the raft-associated
protein, integrin f1 (ITGB1), associates with Vaccinia MV on HeLa cells. Moreover, Vaccinia virus



entry is reduced in ITGB1 siRNA KD HelLa cells and mouse cells lacking ITGf1 expression. More
importantly, Vaccinia MV triggers the ITGP1-dependent activation of intracellular
phosphatidylinositol 3-kinase (PI3K) signaling leading to virus endocytosis into HeLa cells.
Furthermore, the outside-in activation of ITGf1 function facilitates Vaccinia virus entry into HelLa
cells, since the disruption of focal adhesions also reduced Vaccinia MV entry. The results obtained
also showed that ITGf1 is essential for the adhesion, spreading and migration of HeLa cells.

In addition to integrin 31, a new component of intracellular Vaccinia MV, WR53.5/F14.5
protein was identified, was shown to be conserved in other poxvirus family members and the ORF
of which encodes a late viral envelope protein in MV particles. Recombinant vi53.5L virus infection
of BSC40 cells showed that even though WR53.5 protein does not participate in plaque formation
and MV/EEV production in infected cells it regulates the cell morphology and Ca?*-independent cell
adhesion in vitro and virus virulence in vivo.

Another new component of Vaccinia MV, is an envelope WR-G3 protein, was also identified,
which was shown to be important for Vaccinia virus cell entry. Particularly, the conserved Vaccinia
G3L gene encodes a late viral envelope protein associated with MV particles and MV membrane
component. Using recombinant virus we reviled that its expression is tightly regulated at the late
phase by IPTG. Although MV particles devoid of G3 have normal morphology and major protein
content we showed that G3 is required for plaque formation and MV production in cell culture, is
essential for MV penetration into cells and for cell-cell fusion induced by low-pH treatment but it is
not required for virion morphogenesis of MV and EV and for CEV formation.

Thus, our study for the first time identified that cellular receptor ITGB1 mediates Vaccinia virus
endocytosis, through PI3K activation. A new Vaccinia MV envelope protein, WR-53.5, that
mediates cell adhesion and is important for virus virulence in vivo, as well as Vaccinia G3 protein as
an essential component of entry fusion complex.

The revelation of the Vaccinia virus cellular receptors and proteins not only sufficiently enlarges
and complements the existing knowledge on the molecular and cellular mechanisms of the Vaccinia
virus cell penetration and entry processes, but also helps to develop new antiviral agents against
Vaccinia virus, to develop new strategies for the prevention of the infection and for treatment of
infected individuals.

The approbation of the work: The main results of this dissertation have been extensively
discussed with the experts in the field and presented in the seminars organized by the Dr. Wen
Chang’s Laboratory, Institute of Molecular Biology, Academia Sinica, Taipei, Taiwan R.O.C.
(Taipei, Taiwan, 2006-2011), and by the Laboratory of Cell Biology and Virology (head, D.Sc.
Zaven Karalyan) of the Institute of Molecular Biology NAS RA, at the meetings of the scientific
council of the Armenian institution (Yerevan, RA, 2012-2016), as well as at 12 international
scientific conferences, symposiums and meetings, such as: International FASEB Summer Research
Conference, Poxviruses (California, USA, 2006), International Meeting of the Molecular Biology in
the XXI Century: Interface, Integration and Perspectives (Taipei, Taiwan, R.O.C., 2006), XVII
International Poxvirus and Iridovirus Conference (Grainau-Bavaria, Germany, 2008), Institute of
Molecular Biology Retreat Meeting (Kaoshong, Taiwan, R.O.C., 2008), International Conference of
American Society for Virology: XVIII Annual Meeting (BC, Canada, 2009), Institute of Molecular



Biology Retreat Meeting (Taoyuan, Taiwan, R.O.C., 2009), XII SCBA International Symposium
Science for a Healthier and Better Life (Taipei,Taiwan, R.O.C. 2009), XVIII International Poxvirus,
Asfivirus and Iridovirus Symposium (Sedona, USA, 2010), Institute of Molecular Biology Retreat
Meeting (Taoyuan, Taiwan, R.O.C., 2011), International Meeting Gordon Research Conference
(GRC), Viruses and Cells (Lucca-Barga, Italy, 2011), International Conference of American Society
for Virology: 30th Annual Meeting (Minneapolis, USA, 2011), XIX International Poxvirus and
Iridovirus Conference (Salamanca, Spain, 2012).

Publications: The main results of this study are involved in 10 scientific publications, including
4 articles in high-impact factor peer-reviewed journals, 1 article in Armenian journal, and 5 reports
in abstract books of international conferences.

The volume and structure of the thesis: The dissertation comprises of 114 pages, includes 1
table and 30 figures, and consists of the following sections: List of Abbreviations and Symbols,
Introduction, Literature Review, Materials and Methods, Results and Discussion, Conclusions,
Inferences and References. The list of references includes 160 cited literature sources.

MATERIALS AND METHODS

This work was done at the Dr. Wen Chang’s laboratory, Institute of Molecular Biology,
Academia Sinica, Taipei Taiwan R.O.C. Organization and writing of the dissertation was
accomplished at the Laboratory of Cell Biology and Virology (head, D.Sc. Zaven Karalyan) of the
Institute of Molecular Biology, NAS RA.

Study objects: Five cell lines, GD25, GD2581A, HeLa, BSC40 and BSCI1 for in vitro and
BALB/c mice for in vivo studies were used for infection, wild type Western Reserve strain of
Vaccinia virus (WR-VV) as well as recombinant viruses generated for this study by Izmailyan and
co authors.

GD25 cell line: It was derived from ITGf1 knockout (KO) embryonic stem cells [Fassler et al.,
1995]. The stably transformed cell line GD25B1A resulted from GD25 electroporation with wild
type human ITGB1 ¢cDNA. HeLa, BSC40, BSC1, GD25 and GD25B1A cells were cultured in
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum and 2%
penicillin/streptomycin (Gibco) in a 5% CO; incubator at 37°C. The WR-VV strain was purified
through sucrose gradient purification. Recombinant plasmids were cloned to generate of vi53.5,
viG3L IPTG inducible recombinant viruses for in vitro and WR A53.5 virus for in vivo experiments.

ITGB1-mediated Vaccinia virus entry: The identification of cellular proteins within lipid raft
microdomains of HeLa cells for quantitative proteomic analyses was performed by stable isotope
labeling, [Schroeder et al., 2012]. The association of ITGf1 with Vaccinia MV on HeLa cells
was studied by co patching experiment using Anti- ITGB1 and anti-vaccinia MV antibodies as
described previously by {Huang et al., 2008]. Immunoblots, luciferase and FACS analyses as well
as Vaccinia MV binding assays and virus core uncoating assays by Immunofluorescence analyses
[Vanderplasschen et al., 1997] were conducted to test the role of ITGB1 in Vaccinia MV entry



into HeLa cells and mouse cell line GD25B1A, Small interfering RNA (si RNA) approach were
conducted in HeLa cells, control siRNA (si-cont), siRNA targeting ITGB1 (si-ITGB1) or cyclophilin
B (si-CypB). Immunoblot analyses with anti-phospho-Akt were performed to study the activation
of PI3K/Akt signaling in GD2581A cells. To turn on the ITGB1 -dependent signaling pathway
in HeLa cells outside-in activation experiments were performed using extracellular matrix proteins
fibronectin (FN) and laminin (LN) as described earlier by [Schiller et al., 2011}. To address if ITGp1
is essential to mediating HeLa cell activation on extracellular matrix proteins, adhesion and
spreading experiments from HelLa ITGB1 KD cells were performed using HeLa si-control and si-
ITGPB1 KD cells [Wennerberg et al., 2000; Izmailyan et al., 2012].

The role of WR53.5/F14.5 protein for Vaccinia virus entry: Expression of the wild-type
WRS53.5 protein was monitored in BSC40 cells infected with Vaccinia virus WR-2 by previously
described method [Izmailyan et al., 2006]. The presence of WRS3.5 protein in the membrane
fraction of MV was analyzed via the extraction of purified wild type WR-2 MV. The role of
WRS53.5L in Vaccinia virus life cycle was examined in BSC40 cells infected with recombinant
vi53.5L in the presence or absence of IPTG. WR53.5 protein mediated cell morphology and
adhesion of virus-infected BSC40 cells were studied using the methods described elsewhere
[Izmailyan et al., 2008]. Immunofluorescent assay was used to detect cell surface expressed WR53.5
protein. Extracellular calcium depletion assay was performed as described previously [Beard et al.,
2006].

Anti-G3L antibody was used to study the expression of G3L during Vaccinia virus infection.
Extraction of purified MVs was conducted to determine whether WR53.5 or G3L is present in the
membrane fraction of MV [Chiu $§ Chang, 2002]. The role of G3L during the Vaccinia virus life
cycle in cell culture was explored using a recombinant Vaccinia virus, viG3L, that expressed G3L
conditionally regulated by IPTG [izmailyan et al., 2006].

Imaging experiments: All fluorescence images were collected with an LSM510 Meta Confocal
Laser Scanning Microscope (Carl Zeiss Germany) using a 63x objective lens.

Statistical analyses were performed using Student’s t-test in Prism software (GraphPad). The
P-value is shown **, P <0.001., *** P <0.0001.

RESULTS AND DISSCUSIONS

1. Integrin f1 mediates Vaccinia virus entry through activation of PI3K/akt signaling
Association of ITGB1 with Vaccinia MV on HeLa cells: 570 cellular proteins within lipid raft
microdomains were previously identified in our laboratory by [Schroeder at al., 2012], from which
proteins with altered levels after Vaccinia virus infection constitute about 3%. Here, the remaining
97% of “constitutive” raft-associated proteins were analyzed. The biological network analyses
(Figure 1) revealed the presence of ITGP1 and its associated proteins (CD9, CD47, CD59, CD98,
talin, ezrin, Fyn/yes/lyn) suggesting that ITGf1-mediated signaling may participate in Vaccinia MV



entry. Moreover, it was shown that Vaccinia MV co-patched with cell surface ITGB1 in HeLa cells

(Figure 2), at 1 hr binding stage, suggesting a role of ITGB1 in Vaccinia MV attachment.

Figure 1. Hierarchical ITGB1 network. ITGB1 and its associated proteins (CD9, CD47,
CDS59, CD98, talin, ezrin, Fyn/yes/lyn). (red marks). Constructed by ARIADNE Pathway
Studio 7.0 software

anti-ITGp1

Figure 2. Vaccinia MV co localizes with ITGB1 at the surface of HeLa cells.

Vaccinia virus entry in ITGB1 knockdown HeLa cells. The transfection of si-cont, si-
ITGB1 or si-CypB into HeLa cells showed that si-ITGB1 and si-CypB constructs specifically knock
down (KD) the total amounts of ITGB1 and cyclophilin B proteins, respectively (Figure 3A). In
addition, ITGP1 expression on cell surface was reduced in si-ITGB1 KD but not in si-cont and si-
CypB KD cells (Figure 3B). Si-ITGP1 also affected ITGP1-mediated cell adhesion leading to



alterations in cell morphology and disorganization of focal adhesions (Figure 3C) that confirms the
specificity of si-ITGB1. Moreover, Vaccinia virus infection of si-ITG1 KD cells is reduced to 40%
(at 2h p.i.) and 38% (at 4h p.i.) of the infection rates seen in the si-cont and si-CypB KD cells
(Figure 3D) suggesting that the reduction is not due to a delayed kinetics. Finally, it was obtained
that MV attachment is reduced to 52% in si-ITGB1 KD cells to 32% (Figure 3F) indicating ITGp1

importance for Vaccinia virus entry at both attachment and penetration steps.
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Figure 3. Vaccinia virus infection in si-ITGB1 KD HeLa cells

The investigation of Vaccinia virus entry in mouse cells lacking ITGB1 expression: In the
control we showed that ITGB1 is expressed only on the surface GD25B1A cells but not on the
surface of GD25 cells (ITGB1 KD) (Figure 4A). Consequently, when the cells were exposed with
the similar amount of virus, abundant MV particles bound to GD25B1A cells and colocalized with
surface ITGP1 were concentrated at cellular protrusions, whereas fewer MV were bound to GD25
cells (Figure 4B). Vaccinia MV entry into GD25 cells also was less efficient than into GD2581A
cells (Figure 4C). Further, Vaccinia MV produces fewer plaques (30%) in GD25 cells as compire to
GD25B1A cells (Figure 4D). Plaques formed in GD25 cells also are smaller than in GD2581A cells.
Thus, ITGB1 is important in Vaccinia virus spreading among cells and mediates Vaccinia MV
infections.
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Figure 4. Vaccinia virus infection in GD2581A and GD25 cells.



ITGB1-mediated PI3K/Akt activation followed by virus endocytosis in HeLa cells: We test

if Vaccinia MV particle activates PI3K/Akt signaling in GD25B1A cells and whether such kinase
activation is critical for Vaccinia MV entry. Thus, Vaccinia MV stimulates the robust
phosphorylation of Akt in GD25B1A cells 5 min after the addition of virus, compared to that in
medium alone (Figure SA). The pretreatment of GD25B1A cells with the PI3K inhibitor LY294002
completely abolished MV-induced Akt phosphorylation, showing that Vaccinia MV infection
triggers the activation of Akt through PI3K. The pretreatment of GD25B1A and HeLa cells with
inhibitors blocking PI3K (LY294002) and Akt (Akt IV) activities showed that PI3K and Akt
inhibitors reduce Vaccinia MV infections in both GD25B1A and HeLa cells in a dose-dependent
manner (Figure 5B), suggesting the importance of PI3K/Akt signaling for Vaccinia MV entry. The
infection of si-cont and si-ITGB1 KD HeLa cells with Vaccinia MV induced the phosphorylation of
Akt in si-cont HeLa cells although with slower kinetics than in GD25B1A cells (Figure 5C).
In contrast, the phosphorylation of Akt was significantly reduced in si-ITGB1 KD HeLa cells.
Finally, a dosage-dependent reduction of plaque numbers was observed in LY294002 and not the
DMSO control treated cells (Figure 5D). These results demonstrate that Vaccinia MV-induced
PI3K/Akt activation is mediated through ITGB1 and is required for virus entry and plaque
formation.
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Figure 5. Integrin p1-mediated WR-Vaccinia virus activated PI3K/Akt
phosphorylation (A, C). Pharmacological inhibitors of PI3K reduce virus entry (B,D)

The role of PI3K/Akt activation in Vaccinia virus endocytosis: Vaccinia virus MV enters the
cell through fluid-phase endocytosis/macropinocytosis or plasma membrane fusion [Huang et al.,
2008; Merser et al., 2008; Chang et al., 2010] and the references therein. The results obtained here
demonstrated that control HeLa cells treated with DMSO are infected, and abundant viral cores are
detected in the cytoplasm (Figure 6A, a). Moreover, BFLA pretreatment significantly reduces viral
core number in cells, confirming virus entry through a low-pH dependent endocytic process (Figure
6A, b). Pretreatment of HeLa cells with LY 294002 also reduced viral cores in cells, suggesting the
importance of PI3K/Akt for Vaccinia virus uncoating (Figure 6A, c). Finally, exposure of these cells



to a low pH buffer converted MV entry through plasma membrane fusion resistant to inhibition by
BFLA (Figure 6A, d) and LY 294002 (Figure 6A, e).
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Figure 6. PI3K/Akt
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endocytosis on HeLa cells.
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Outside-in activation of ITGB1 in Vaccinia virus entry: The fact that the integrin network is
essential for cell viability, migration, and growth [Legate et al., 2006] suggests, that Vaccinia MV
exploits the integrin/PI3K/Akt signaling pathway to modulate cellular environments preferable for
viral entry and growth. The results obtained revealed the specific activation of integrin/PI3K/Akt
through cell-matrix interactions (Figure 7A). As expected, immunofluorescence staining with anti-
paxillin (focal adhesion marker) antibody revealed the formation of focal adhesions in cells plated
onto FN and LN but not onto PLL (Figure 7B). When these cells were infected with Vaccinia MV,
the early luciferase activity level was higher in HeLa cells plated onto FN and LN than in those plated
onto PLL (Figure 7C). These results demonstrate that the outside-in activation of /7GpI-mediated
PI3K signaling is important for Vaccinia MV entry into HeLa cells. Integrin adhesome formation
induced by outside-in activation was shown previously to be disrupted upon blebbistatin treatment
[Schiller et al., 2011], Interesingly, the formation of focal adhesions was completely dispersed in
blebbistatin treated cells (Figure 7D), and dosage dependent redaction of virus entry was observed in
this cells (Figure 7E).
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Figure 7. Outside-in integrin activation enhances vaccinia virus entry.
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2. The role of ITGB1 in adhesion, spreading and migration of HeLa cells:

To address if ITGB1 is essential to mediating HeLa cell activation on extracellular matrix
proteins we performed adhesion and spreading experiments from HeLa ITGB1 KD cells. According
to the results, although both si-cont and si-ITGB1 KD cells adhere and spread to FN (Figure 8A-ab)
however, si-ITGB1 KD cells have smaller shape and disorganized cytoskeleton. In contrast, si-
ITGPB1 KD cells attached to laminin poorly and those attached cells did not spread at all (Figure 8A-
cd).
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This difference was still obvious when cells were incubated even longer 120 minutes, indicating
that ITGB1 binding to laminin is crucial for HeLa cells attachment and spreading. As a negative
control cells were plated onto dishes coated with PBS/BSA (Figure 8A-ef). The quantification
analysis is shown in Figures 8B and 8C. Thus, ITGB1 mediates cell shape adhesion and spreading in
HeLa cells. Adhesion is a complex mechanism and involves variety processes like cell migration,
invasion, wound healing and tissue remodeling [Wiesner at al., 2005; Legate at al., 2006]. The next
results demonstrated that only in the presence of ITGB1 cells are able to migrate and repair the
wound (Figure 9ab) in contrast to si-ITGB1 cells (Figure 9cd).

3. Vaccinia virus WR53.5/F14.5 protein: a new component of intracellular MV:

Conserved Vaccinia WR53.5/F14.5 ORF encodes a late viral envelope protein in MV
particles. MASS analysis of newly prepared Vaccinia vI7lacOl MV virions revealed two tryptic
peptides, YVEENNEEDAR and IKEEQELLLLY, that had not been detected before and matched a
small ORF WRS53.5 protein in Vaccinia virus WR strain genome (Figure 10A), encoding a conserved
polypeptide of 49 aa with a predicted molecular weight of 5.5 kDa (http://www.poxvirus.org/).
Hydropathy analysis predicted that the WR53.5 protein has two hydrophobic domains at the N-and
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C-termini (Figure 10B). Alignment of the amino acid sequences of Vaccinia WR53.5L and its
orthologues present in the Orthopoxvirus genus revealed a high level of homology among these
proteins (~98% conserved residues) including the F/4.5L ORF in Vaccinia Copenhagen strain
[Goebel, Johnson et al. 1990]. The anti-53.5 antiserum that we obtained recognized a small 3.5 kDa
viral protein in cells infected with our original WR strain Vaccinia virus. (WR-1) and a 5.5 kDa
protein in cells infected with other Vaccinia strains including two WR strains (vT7lacO/I and WR-
2), Copenhagen (Cop) and IHD-J strains (Figure 10C). Although WR and Cop strains have been
sequenced before we re-sequenced the WR53.5L gene locus in the above virus genomes and found
that the WR53.5L ORF in WR-1 specifies a K at residue 44, encoded by AAA, whereas an E
encoded by GAA was found in other Vaccinia virus genomes such as vI7LacO/I, WR-2, Cop and
[HD-J strains (Figure 10D), suggesting that a non-conserved G-to-A mutation occurred in the WR-1
genome, resulting in a glutamic acid-to-lysine change at position 44 and a faster electrophoretic
mobility on SDS-PAGE gels prepared from vIT7lacO/I and viG3L virus, a (Figure 10E). Since E44
was more frequently found than K44 in the different WR53.5 orthologues (Figure 10B), we named
that the WR53.5%** in WR-2 as the wild-type WR53.5 protein. Wild-type WR53.5 protein was
detected in MV particles in vI7LacO/I; however, the WR53.5%* protein was barely detected in
purified WR-1 MV (Figure 10E). Expression of the wild-type WR53.5 protein was monitored in
cells infected with Vaccinia virus WR-2, and a 5.5 kDa protein was detected at 4 h p.i, which
increased in abundance until 24 h p.i. (Figure 10F).
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Figure 10. WR-53.5 ORF, conserved small protein and expresses late in an affected cells.

Plaque formation and MV/EEV production on cells infected with recombinant vi53.5 virus
with/without IPTG: The role of WR53.5L during the Vaccinia virus life cycle in cell culture was
explored using a recombinant Vaccinia virus, vi53.5L, that was generated from the vT7LacOl
parental virus. vi53.5L contains an inducible WR53.5L/ E. coli gpt marker gene cassette inserted into
its endogenous WR53.5L locus and was isolated in the presence of mycophenolic acid and purified
after 3 rounds of plaque purification. Immunoblot reveled, that expression of the WR53.5L gene was
tightly regulated at the late phase by IPTG. Further BSC40 cells were infected with vi53.5L in the
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presence or absence of IPTG and monitor at 3 days p.i., in the control vI7LacOI and vi53.5L
with/without IPTG, similar plaque shape was observed and virus titer was similar as well, showing
that WR53.5 protein is not required for plaque formation and MV production. We thus concluded
that WR53.5 protein is not required for Vaccinia virus life cycle in cell cultures.

1D p.i. 2D p.i.
+PTG -IPTG +IPTG

vi53.5L

vT7LacOl

Figure 11. Morphology of BSC40 cells infected with vi53.5L virus in the absence
and in the presence of IPTG.

The role of WR-53.5 protein in cell morphology and adhesion of virus-infected BSC40
cells: Interestingly, when BSC40 cells were infected with vi53.5L and maintained in IPTG-
containing medium the morphology of virus-infected cells gradually changed into elongated shape
at 1-2 days p.i. (Figure 11). In the absence of IPTG, the infected cells rounded up and became
loosely attached to dishes at 2 days p.i., suggesting that expression of WR-53.5 protein induced by
IPTG affected cell morphology. However, the elongated morphology was not obvious in BSC40
cells infected with the parental virus vT7LacOl that expresses WR-53.5 protein from its endogenous
promoter and is not regulated by IPTG (Figure 11). All this demonstrated that a high level of WR-
53.5 protein expression allowed detection of its function in cell adhesion.

The role of WR53.5 protein in Ca**-independent cell adhesion in BSC40 cells infected with
vi53.5L virus: To test whether WR-53.5-mediated cell adhesion was dependent on calcium, we
infected BSC40 cells with vi53.5L and treated the infected cells with EGTA (Figure 12). Mock-
infected BSC40 cells adhered well to plates but rounded up after EGTA treatment. On the other
hand, cells infected with vi53.5L, remained adherent even after EGTA treatment, showing that WR-
53.5 protein is required for Ca**-independent cell adhesion of the infected cells. The fact that WR-
53.5 mediates cell adhesion suggests a possibility that it is expressed on the surface of virus-infected
cells. As expected FACS analyses shown in (Figure 13), strong fluorescent staining of WR-53.5
protein is detected on BSC40 cells infected with vi53.5L in the presence of IPTG but not in the
absence of IPTG and less strong staining in other virus strains.
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Figure 12. EGTA treatment of Mock or Figure 13. Flow cytometry of WR-53.5
vi53.5 infected cells. protein expression on infected cells.

In vivo examination of WR53.5 protein: Although WR-53.5 expression was tightly regulated
by IPTG in vi53.5L virus, it is not suited for in vivo studies because its tk locus was inactivated by
inserting a T7 RNA pol cassette [Ward et al., 1995]. We generated a deletion virus, WRA53.5L, that
inactivated WR-53.5L ORF from wild type WR-2 Vaccinia virus (Figure 14A). And use for mice
experiment as shown in (Figure 14B), all the mice infected by wild type WR-2 virus or WRA53.5L
virus started losing weight at 4 days p.i., continued weight loss for another 5-7 days. Some infected
mice were severely ill and died at day 11 whereas others slowly recovered. The difference of weight
loss between mice infected by wild type WR-2 virus or WRA53.5 virus was small in all three
dosages (Figure 14B).
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Figure 14. WRS53.5 protein contributes to Vaccinia virus virulence in mice.

However, all the mice infected with 10° and 10" PFU wild type WR-2 virus, died by 12 days
p.i., whereas 60% and 40% of mice infected by WRA53.5L mutant virus survived respectively
(Figure 14C). We thus concluded that WRS53.5 protein contributes to Vaccinia virus virulence in
vivo.
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4. The role of envelope G3L protein in Vaccinia virus cell entry:

Conserved Vaccinia G3L gene encodes a late viral envelope protein in MV. Hydropathy
analysis revealed two hydrophobic domains at N- and C-termini of G3L (Figure 15A). Alignment of
Vaccinia G3L amino acid sequences and its orthologues in the poxvirus family (Figure 15B)
revealed a high level of homology (46% conserved residues), suggesting that G3L might play
important role in poxvirus life cycle. The internal region of G3L was less conserved than N- and C-
terminal regions.

Anti-G3L antibody was generated and used to study the expression of G3L during Vaccinia
virus infection. Rabbits were immunized with a synthetic peptide derived from the G3L amino acid
sequence, and the antiserum produced was tested on immunoblots of lysates prepared from virus-
infected cells. The antiserum did not recognize any protein in mock infected cells but recognized a
12.8-kDa protein in infected cells that was detected at 8 h p.i. and increased in abundance until 24 h
p-i. (Figure 15C).
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Figure 15. WR-G3L gene encodes
conserved late protein in
Vaccinia virus genome.

The 12.8-kDa protein was expressed at the late phase in virus-infected cells, since araC, which
inhibits viral DNA replication, blocked G3L expression (Figure 15C).

The antiserum also recognized a 12.8-kDa protein in purified MV, demonstrating that G3L
protein is present in MV particles.

Vaccinia G3L as an MV membrane component: Purified MVs were extracted and the virion
membrane proteins were separated from the insoluble core components. As was expected, G3L was
extracted from purified Vaccinia MV with 1% NP-40 inclusion of DTT during extraction did not
result in greater release of G3L into the supernatant the results showed that G3L is associated with
membranes. Another MV membrane protein, H3L, served as a control and was similarly extracted
into the supernatant fraction. In contrast, the viral core proteins 4a/4b were resistant to detergent
extraction. Thus, G3L is a late protein that is present in the membrane of Vaccinia MV.
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Figure 16. Plaque assay and one-step growth curve of viG3L virus in BSC 40 cells.

Construction of a recombinant virus with inducible G3L gene: Here as well to explore the
role of G3L during Vaccinia virus life cycle in cell culture we generated a recombinant Vaccinia
virus, viG3L, expressing G3L conditionally regulated by IPTG [Izmailyan et al., 2006] viG3L was
generated from the vI7LacOlI parental virus with an inducible G3L cassette that contains the E.coli
gpt marker gene inserted into its endogenous locus. Then we tested G3L protein product in viG3L
recombinant virus on BSC40 cells that were infected with or without IPTG, abundant G3L was only
detected in the cells that were infected in the presence of IPTG, and its production was blocked by
araC demonstrating that expression of the G3L gene is tightly regulated at the late phase by IPTG.

Plaque formation and mature virus production with or without G3L expression: The role
G3L in BSC40 was investigated cells infected with viG3L in the presence or absence of IPTG
demonstrated that the control parental virus, vI7LacOl, formed similar plaques on cells in the
presence or absence of IPTG, whereas viG3L only formed plaques in the presence of IPTG,
suggesting that G3L expression is required for plaque formation. (Figure 16A), The measurement of
viG3L titer showed a 2-log increase at 24 and 48 h p.i., similar to the vI7lacOl parental virus,
whereas viG3L grew poorly in the absence of IPTG, with no increase in titer at 24 or 48 h p.i.
(Figure 16B), suggesting that G3L is required for Vaccinia virus growth in cell culture.

G3L is not required for virion morphogenesis of MV and EV: The study of MVs produced in
viG3L infected BSC40 cells in the presence or absence of IPTG revealed that viral crescents,
immature virions and other intermediate membrane structures are detected at 12 h.p.i., and a large
number of dense mature MV particles are detected in the cytoplasm at 24 hp.i. These MV particles

in both cells appeared to be indistinguishable from each other suggesting that G3L is not required
for MV formation.
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Figure 17. G3L imediates virus infected cell-cell fusion in a
low-pH dependant manner

Involvement of G3L for cell-cell fusion induced by low-pH treatment. The study of the
G3L in BSC-1 cell fusion from within showed that viG3L infected cells in the presence of IPTG do
not develop cell fusion at neutral pH at 24 h.p.i. However, they developed into gigantic fused cells
in acidic conditions. In the absence of IPTG when G3L protein is not expressed no cell fusion is
observed suggesting that G3L protein is required for low-pH-triggered cell—cell fusion (Figure 17),

CONCLUSIONS

1. It is shown for the first time that lipid raft protein integrin f1 is important for Vaccinia virus
entry. It associates with Vaccinia virus mature particles in lipid raft microdomain and is
mediates both Vaccinia virus attachment and penetration steps.

2. PI3K/Akt signaling is crucial for Vaccinia virus entry into cells and is dependant from integrin
B1. Vaccinia virus mature particles bind to the cells and activate PI3K/Akt phosphorilation.
Moreover, pharmocological inhibitors of PI3K (LY294002) and/or Akt (Akt IV) reduce
Vaccinia virus infection in both MEF and HeLa cells.

3. Newly discovered Vaccinia WR-53.5 protein is expressed abundantly on the surface of infected
cells and regulates cell morphology and adhesion. Attachment phenotype of WR53.5 protein is
Ca2+-independent.

WR53.5 contributes to Vaccinia virus virulence in vivo.

5. Vaccinia WR-G3L gene is conserved encodes a late viral envelope protein and presents in the
membrane fraction of Vaccinia mature virion.

6. Vaccinia virus WR-G3 protein is essential for virus entry, plaque formation, mature virus
production and virus penetration into cells, mediates low-pH-triggered cell-cell fusion and is an
essential component of entry fusion complex.
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Unwugpuypti pwnbp. htuptigpnpti g1, G3L dphpnwwwgphti uwypypwlmg, WR-53.5
Yhpnwaghts uwpyulmg, duwlghtpw ghpnw, plp-dhpnu dinfuwqntgnyenit:

Jdwyghuhw yYppnwup wywwwunw £ Poxviridae punmwuhph Orthopoxvirus nwuhu:
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£l dywu uwnduwihu $pppnpjwunubph dnwn: Uytiphu, gnyg £ wpdb, np dwyghuhw
dppnwp  pudbyghwu  hwugbgunud £ $nudwuwpnpihunghnini-3-4puwgh - (PI3K)
utippgowjht wqnwyh hunbgpht B1-Yuiujw) whnhywgdwup:

Wuwhuny, wnwoht wuqwd hwjnuwpbpyb] £ poowihu nbgbwwnnp dwyghuhw
yphpnwup hwdwp b wwywgnigyty £, np dwyghuhw yhpniup wunghwghwu huwnbigphu f1-p
htin  hwugbgunwd £ $nudwuwnpnpipunghnini-3-Ypubgh  wlywmhqwgdwup, husu
uwwuwnnd £ yppnwup Eunnghinnghtu Hela pohgubip:

SyYjw| wotuwwnmwupnud, hwjnuwpbpgtb] W nunwiuwuppyb Gu bwbe Gpynt unp hwuntu
Jwlghuhw Jhpnwh uyhwnwlnigubp' WR-53.5/F14.5 L WR-G3, npnug dniuyghwuutipp b
ntpp Ydwyghupw dphpnwh Yuwuph ghypnd nbnbu nwnwduwuppywsd s6u: Ubkp Ynndhg
Ywuwwpywd nwnwduwuppniejniutbpp gnyg Gu wyb), np WR-53.5/F14.5 uwhwnwynigp
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HN3mannsun Poza ApramecoBHa
HCCJIEIOBAHUE MMYTEA MPOHUKHOBEHUS BUPYCA BAKIITMHAHA B KJIETKY
PE3IOME

Knrwueesvie cnosa -  unmeepun f1, eupycuwiti 6erox G3L, eupycuuiii 6enox WR-53.5,

supyc Baxyunuu, 83aumooeticmsue supyca ¢ X035AUHOM.

Bupyc BakumHun mnpuHamne:xxut cemeicTtBy Poxviridae, xnaccy Orthopoxvirus. Bupycsl
cemeiictBa Poxviridae OTIWYAOTCS OT JPYTHX >KUBOTHBIX BHPYCOB OONBIIMMH pa3MepaMH,
CTPYKTYPHBIMHU CIOKHBIMU XapaKTEPHUCTHKAMH H 3apa)karoT IOYTH BCE KIICTOYHBIE KYIBTYPHI in
Vvitro, a TaK >k€ JIONeH M J>KUBOTHBIX in vivo. CaMblii BaKHBII M caMblii H3BECTHBI BHpYC,
MPUHAATIEKAIMUAA K 3TOMY CeMeICTBY — 3TO BHpPYC OCIIBI KOTOPBIH HaM HM3BECTEH TaK K€ ITOJ
Ha3BaHHeM Bapuona nnmm CMonmokce 1 sBisieTcst Bo30yauTeneM Oone3sHn ocmbl y mogaeit. HecmoTpst
Ha TO, YTO BHpPYC OCIBI OYEHb APEBHHI BUPYC M B TEUCHMH TBHICSUECNCTHH OTHSI XKHU3HH Yy
MHJUTHOHOB JIIOJIEH, 1O CHX IOp MOJTHOCTBIO HE MCIIEA0BAaHBI KaK MPOMCXOXKACHNE JaHHOTO BHPYCa,
TaK M IyTH €T0 Mepeaadn YeI0BEKy.

B 1980 romy BcemupHas opraHusanus 3ApaBOOXpaHEHHS OOBsSBWIIA, YTO Onaromaps
MacmTabHBEIM IPUBHBKAM BHPYC OCIBI YHHYTOXKEH H3 E€CTECTBEHHOW CpeAbl, MOCIE 4Yero OBLIN
IIpeKpanieHbl IPUBUBKU TIPOTHB OCTEL. TeM He MeHee, HCCIIeI0BaHHE BHPYCOB TPYIIBI OCIIBI IO-
MpEeXKHEMY aKTyalbHO M BayKHO IO CIEAYIOIINM IPHYIHHAM: 00pasel BUpyca J0 CUX II0p XPaHUTCS B
HEKOTOpHIX JlabopaTopusix Poccuiickoit dexepannu u CILLIA u mo ceil neHb sABIsSeTCs 00pasoM
6uonoruueckoro opyxus. Kpome TOro m3BecTHBI ciydad, KOTrJa WHQEKINH, BO30yKmaeMble
JIPYTHMH TIOKCBHPYCaMH, MOTYT OBITh HepeIaHbl 4YelloBEeKy OT »KuBOTHOro. Hampmmep, Bupyc
00e3bsIHHEH OCITBI, ITepeIaBasiCh YETOBEKY, BBI3BIBACT OOJIE3HB, TOX0XKYI0 Ha ocmy. ClIemoBaTensHO,
BEJIMKA OMACHOCTB, YTO CO BPEMEHEM BHPYC 00€3bSHHEH OCIBI MOXKET 3aMEHUTh HATYPaIIbHYIO OCITY
U BBI3BATh CEPhE3HYI0 OSmuaeMuio. [lo3TOMy, yYMTHIBas BBINIEH3IOKEHHOE, WCCIIEI0BAaHNE
MEXaHU3MOB MyTeH MPOHNKHOBEHHS M PEINIMKAINU TaHHOTO BHpYyca SBIAIOTCA BAXKHOU 3amadeit
JUTSL Y9CHHBIX TaHHOH CQepsl.

Bupyc Bakumaum - 310 060soueuHslii Bupyc ¢ aByxuemnouHoit JHK Bemmumnoit ~ 200x6 u
koxupyer Oonee uem 200 OTKpBITBIE paMKM CUHTHIBAHHUA. [locie NPOHWKHOBEHUS B KIETKY
MopdoreHe3 BUpyca MPOUCXOAUT HCKITIOYNTENEHO B IIUTOINIA3Me, BBIACIAS 3apakaroline JaCTHIIBI
HECKOJBKHX BHJOB, a MMEHHO, 3pEINbIil BUPYC, COCTOSIIMH M3 OONBIIOTO KOIMIECTBA OEIKOB,
CIOCOOCTBYIOMNX CIIOKHOMY IIPOIIECCYy NPOHHKHOBEHUS BHPYCa, a TaK JX€ BHPYC MOKPBITHIN
000JI09KOH 1 BHEKJICTOUHBIH BHPYC.

[Mpensigyniue pe3ynbTaTsl, NOIyYeHHBIE B HaIled 1abopaTOpHM IIOKa3ald, YTO IJIHIHIHBIE
padTeI, HaxomAmIEECS] B 000NOUKE KIETKH, SBISIOTCS MIATGOPMON ISl TPOHUKHOBEHHUS 3PEIOTo

Bupyca. B manHo# pabore MccnenoBaHMS THIHIHBIX ciaoeB kieTok Hela, 3apaskeHHBIX BHPYCOM
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Baxkmuann, moka3ainy, 9To B MPOIECCe yAATHOr0 MPOHNKHOBEHNS BUPYCa MHOTHE KJICTOUHbIE OSITKI
MOABEPraloTCs JTUHAMUYECKHM M3MEHEHUsAM. B Xozme manpHeHmNX ncciaenoBaHUH OBUIO BBISBIIECHO,
910 16% 13 3THX OENKOB SIBISIIOTCS MHTEPECYIONINE Hac OENKH KIeTOYHBIH MeMOpPaHbl - HHTETPHH
B1 u accommpyromme ¢ HIM MOJEKyJbl. VccaenoBanue cBsa3u nHTErpHHA Bl ¢ BUpycoMm Bakumanm
MOKA3aJI0, YTO JAHHBIH OEJIOK WTpaeT BaXKHYIO POJIb B IPOHHKHOBEHWM BUpyca BakumumHum kxak B
knetkn Hela, Tak 1 B MBIIIMHBIE SMOpHOHANBHEIE (PUOpoOIacTsl. bonee Toro, 6bUTO MOKa3aHO, YTO
nHdekmms  Bupyca BaknwHmm  mpuBoaMT K mHTeTpuH  Bl-3aBHCHMOM  aKTHBAIUU
(bochaTHIMIMHO3UTON-3-KHHA3A. Takum o0pa3oMm, B MaHHOW paboOTe BIEpBBIE OOHAPYKEH
KIIETOYHBII perenTop A1 BUpyca BaknuHun 1 66110 10Ka3aHO, 9TO accoIMaIys BUpyca Bakunann
¢ mHTerprHOM Bl HPHUBOAUT K aKTHBM3AIWHU (HOCHATHIUINHOZUTON-3-KHHE3a, YTO CHOCOOCTBYET
9HAOLMTO3Y BUpyca B KineTky HeLa.

Boimm Taxke oOHapyKEHBI M HCCIEIOBAHBI 1B HOBBIX O€lKa 3pelbIX BHPycoB Bakmunum - WR-
53.5/F14.5 u WR-G3, GyHKIUS U pOJb KOTOPBIX B IIUKJIEC KU3HH BHpyca Bakimanm He ObUIH paHee
nccnenoBansl. VccnenoBanue mokasano, 9to 0enok WR-53.5/F14.5 He BakeH A IUKIJIA BUpYyca B
KIETOYHBIX KyJIBTypax, OZHAKO CHOCOOCTBYET aAre3WH 3apaKCHHBIX KIETOK WM BHPYJICHTHOCTH.
Boinee Toro, skcriepuMeHT Ha MBIIIAX MOKa3all, 4To Korxa 6enok WR-53.5/F14.5 He mpon3BomuTes,
BHPYJICHTHOCTh BUpyca BakumHum pesko moHmkaercs. M HakoHen, mccnenoBanue Oenka WR-G3
MOKA3aJI0, YTO 3TOT OJIOK HUIPaeT BaXKHYIO POJb B IMKJIE JKH3HM BHPyca BakIMHNE B KI€TOYHBIX
KyJIbTypax.

Taxkum 00pa3oM, BBISBICHHE KIETOYHBIX PEIHENTOPOB M OeNKoB BHpyca BakumHnm He TONBKO
pacmupsieT u 00OTomaeT CyIIECTBYIOIINE 3HAHMUS OTHOCHTENBHO MOJEKYJISIPHO-KIETOUHBIX
MEXaHU3MOB IIPOHHKHOBEHMS BHPYCa, HO M CIIOCOOCTBYET pa3pabOTKe HOBBIX IPOTHBOBUPYCHBIX
MPEeTapaToB, a TakK K€ HOBHIX NOAXOIOB JUIS MPEAOTBPAIICHHS 3apaKCHUs W JUIA JICYCHHS YxKe

3apaXC€HHBIX ITAITUCHTOB.



