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Abstract

Current efforts to develop a vaccine against human respiratory syncytial virus (HRSV) are focused
on live attenuated strains. However, the unstable nature of HRSV is a major challenge for the
preparation, storage and distribution of live vaccine candidates. We report here that the stability of
HRSV can be improved by incorporation of the GP64 glycoprotein from baculovirus Autographa
californica multiple nucleopolyhedrovirus. GP64 was incorporated in place of or in addition to the
homologous HRSV glycoproteins and was either expressed from the HRSV genome or provided by
propagating the virus in a Vero cell line constitutively expressing GP64 (Vbac cells). The infectivity
of the different virus stocks was monitored after storage at 4°C, 22°C or 37°C, over a period of 8
weeks. The results showed that the infectivity of HRSV could be stabilized by up to 10,000 fold by
the GP64 protein, when stored at 22°C for six weeks. This approach for stabilizing live HRSV may
be important for vaccine development and may also prove useful for stabilizing other enveloped
viruses.
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1. INTRODUCTION

Human respiratory syncytial virus is the main viral cause of severe respiratory tract disease in
infants and children under two years of age [1,2] and a common cause of morbidity in the
elderly and immunocompromised individuals [3,4]. Despite considerable work, there is no
vaccine available. In the late 1960s, a vaccine trial using formalin-inactivated HRSV, resulted
in enhanced disease after exposure to wild type virus [5,6]. Enhanced HRSV disease does not
occur upon natural re-infection, which is a factor supporting the development of live attenuated
vaccines. To date several candidates have been evaluated in clinical trials, but they were either
under attenuated or over attenuated [7-9]. Achieving a balance between attenuation and
immunogenicity has proven to be a formidable challenge. Another difficulty with regard to a
live HRSV vaccine, is the unstable nature of the virus [10-12] and this may be a critical obstacle
for distribution and storage of a future live vaccine. One approach to overcome these limitations
has been to incorporate the HRSV F and G glycoproteins genes into related paramyxoviruses
that have greater stability, such as human parainfluenza virus or Newcastle disease virus [13—
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15]. However, these vectored vaccines deliver only a subset of HRSV antigens and notably
lack important CTL targets contained in the M2 and N proteins [16,17]. Whether these
limitations affect efficacy and safety remains to be determined. In the present study we show
an approach to improve the stability of HRSV to facilitate its use as a live virus vaccine and
as a potential delivery vector.

Heterologous glycoproteins are able to complement enveloped viral particles by pseudotyping
and this has been shown to provide increased stability for retroviruses and other gene therapy
vectors [18-22]. The VSV envelope glycoprotein (G) has been used extensively for this
purpose, but it has several drawbacks, including cytotoxicity [23]. In recent work, the major
envelope glycoprotein GP64 of baculovirus Autographa californica multiple
nucleopolyhedrovirus was shown to be a highly suitable protein for pseudotyping [23-25].
GP64 is a type | glycoprotein that contains both fusion and attachment functions in a single
polypeptide [26,27]. Pseudotyping with GP64 permitted production of high titers of lentiviral
particles [23]. The GP64 pseudotyped lentivirus also displayed wide tissue tropism and lacked
the associated cytotoxic effects observed with VSV G. Previous studies from our laboratory
showed that the authentic GP64 protein as well as a version in which its cytoplasmic tail was
replaced with amino acids 563-574 from the carboxi-terminal region of the HRSV F protein
(GP®¥/F), were incorporated into the membrane of HRSV. GP64 and GP%/F were able to
mediate infectivity of the virus, since viruses containing these proteins as their only
transmembrane glycoprotein were neutralized with GP64-specific antibodies. This finding also
demonstrated that GP64 could substitute for both the attachment protein and fusion protein of
HRSV [24]. Further, this initial work indicated that GP64 enhanced the stability of HRSV upon
prolonged storage at 4°C [24].

In the present work we investigated the extent to which GP64 confers stability to HRSV. To
do this we provided the baculovirus transmembrane glycoprotein in place of, or in addition to
the three HRSV transmembrane glycoproteins: the small hydrophobic protein (SH), the
attachment protein (G) and the fusion protein (F). Two different approaches were used to
provide GP64 to HRSV. We used either an HRSV having the GP4/F gene engineered into its
genome where it was expressed concomitantly with the other HRSV gene products, or
alternatively HRSV was propagated in a Vero cell line that constitutively expressed GPS4/F
(Vbac). HRSV complemented with the GP54/F protein by growth in Vbac cells, incorporated
the GP®/F protein into its membrane as was shown by immuno-electro microscopy using an
anti-GP64 monoclonal antibody [25].

In the work reported here, we compared the stability of HRSVs having GP64 provided by each
of these two methods after storage at different temperatures (4°, 22° or 37°C) for intervals up
to two months.

2. MATERIALS AND METHODS

2.1. Cell lines and antibodies

Vero 76 (Vero) cells were acquired from the American Type Culture Collection (ATCC) and
grown at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 5% fetal
bovine serum (FBS), 200 mM L-Glutamine and antibiotics (Penicillin G, Kanamycin and
Streptomycin).

Vero cells that constitutively express the baculovirus GP64 protein modified to carry the C-
terminal half of the HRSV F protein cytoplasmic tail (residues 563-574) in place of its own
cytoplasmic tail (GP4F), were isolated and characterized previously and designated VVbac cells
[25]. These cells were maintained at 33°C in DMEM containing 5% FBS, 1 mg/ml of G418
sulfate (Geneticin, Invitrogen) and 25 mM HEPES.
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Monoclonal antibody 6 (MAD 6) specific for the HRSV N protein was provided by Geraldine
Taylor (Institute for Animal Health, Compton, United Kingdom) and MAb AcV5 specific for
the GP64 protein was provided by Gary Blissard (Boyce Thompson Institute at Cornell
University, Ithaca, N.Y.).

2.2. Gene content of engineered viruses

Several engineered HRSVs generated previously [24,28] and having a genome content as
shown in Figure 1 were used for this study. Virus RSASH, a virus with the small hydrophobic
(SH) protein open reading frame (ORF) deleted and replaced with that of the green fluorescent
protein (GFP) has previously been shown to replicate in cell culture to similar levels as wild
type HRSV [28]. To take advantage of the presence of GFP in the genome as a rapid marker
of infectivity, we used the virus RSASH as a surrogate wild type virus. Virus RSASH,G,F/
GPS4/F is a virus having all three HRSV transmembrane glycoproteins (SH, G and F) ORFs
deleted and replaced with those of GFP, GP%¥/F and B-glucuronidase (GUS) respectively. Next,
virus RSASH,G,F, is a virus having all three HRSV glycoproteins deleted and replaced with
GFP, chloramphenicol acetyltransferase (CAT) and GUS respectively.

Virus RSASH,G was generated and recovered for these studies. In this virus, the SH and G
proteins ORFs were deleted and replaced with those of GUS and GFP surrounded by authentic
HRSV transcription signals, while the wild type F gene of HRSV was maintained intact. Since
the gene position relative to the 3’ promoter is important for control of gene expression in
negative strand RNA viruses, the number of genes and gene junctions within all the engineered
viruses was kept the same as in the wild type virus [29].

All engineered cDNAS were based on the A2 strain of HRSV and were constructed as
previously described [28]. To generate the cDNA for virus RSASH,G, a shuttle vector
containing the ORFs encoding GUS, GFP and HRSV F proteins and flanked by Fsel and
Ascl restriction sites, was constructed. This Fsel/Ascl fragment was cloned into the A2 cDNA
backbone that lacked SH, G and F ORFs and which contained the same restriction sites. To
recover infectious virus, each of the engineered cDNAs was transfected into HEp-2 cells
previously infected with modified vaccinia virus Ankara T7 [30] along with plasmids encoding
each of the proteins required for viral transcription and replication (nucleocapsid (N) protein,
phosphoprotein (P), polymerase (L) and M2-1 transcription factor), and a plasmid encoding
the VSV G protein carrying the HRSV F protein cytoplasmic tail (VSV-GRSF), using lipofectin
(Invitrogen) as described previously [31]. Virus was collected from the supernatants at 2—3
days post transfection and amplified by passage in VVero cells. The genomes of engineered virus
stocks were verified by RT-PCR and sequence analysis of the cloned regions. Passage 4 stocks
were used for the experiments described.

2.3. Preparation of virus stocks and storage

Virus stocks for each of the engineered viruses were generated as previously described [24].
Briefly, Vero or Vbac cells were infected at low multiplicity (0.01-0.1) and stocks were
harvested 6 days post infection by scraping cells into the supernatant, followed by gentle but
extensive pipetting and removal of the cell debris by centrifugation at 750 x g for 4 minutes
in a Sorvall RT6000B centrifuge. Stocks were divided into 100 ul aliquots and 25 tubes of
each stock were stored at each of the indicated temperatures (4°C, 22°C and 37°C), always
protected from light. Virus RSASH,G,F could only be propagated on Vbac cells, since this
virus lacked all three HRSV glycoproteins.

2.4. Titration of virus stocks

Titers of all engineered virus stocks were determined in triplicate immediately after harvest
(time zero) and at the indicated time intervals by a 50% tissue culture infective dose
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(TCIDs) assay, as described previously [28]. Briefly, 10 fold serial dilutions of each virus
were used to infect 3.5 x 103 Vero cells (3 x 103 Vbac cells for virus RSASH,G,F) in 96-well
plates and incubated for eight days at 33°C. Since all of the engineered viruses contained the
GFP gene, wells positive for viral infection were detected using a fluorescence microscope.
Expression of GFP was previously shown to be a stable and accurate indicator of infectivity,
that correlated with the number of plaque-forming units (PFU) [28]. The remaining infectivity
at different time intervals was expressed as the percentage of the titer at time zero for the
corresponding virus.

2.5. Concentration and partial purification of virus

Vero or Vbac cells were infected at low multiplicity with virus RSASH,G,F/GPS¥F or
RSASH,G,F respectively, and incubated at 33°C in DMEM supplemented with 3% FBS. Three
days post-infection this medium was replaced with DMEM without FBS (VP-SFM,
Invitrogen). Infected cells were then incubated for one more day and then the viruses were
harvested from the supernatant. After low speed centrifugation (750 x g for 4 min) to remove
cell debris, the supernatant was centrifuged in an AH-629 rotor at 20,000 x g for 30 minutes
at 4°C. The pellet was resuspended in PBS and frozen at —80°C for further use. Mock infected
Vero and Vbac cells treated in the same way were used as control antigens.

2.6. Detection of GP64 by ELISA and Western Blot

The GP64 protein was detected and quantitated by ELISA and Western Blot. For ELISA,
viruses RSASH,G,F/GP®¥F and RSASH,G,F (prepared as described above in section 2.5) were
diluted in PBS and used to coat a 96-well microtiter plate. After overnight incubation at 4°C,
the viruses were fixed with 80% acetone in PBS for 15 min at 4°C and then treated with 0.02%
Triton X-100 in PBS. Wells were blocked for 30 min with 1% BSA in PBS. Monoclonal
antibodies against N (MAb 6) and GP64 (AcV5) proteins, diluted in 0.1% BSA in PBS were
added to the wells and incubated for 1 hour at room temperature. After washing with PBS,
bound antibodies were detected via incubation with peroxidase-labelled anti mouse
immunoglobulin and OPD as substrate, following the manufacturer’s instructions (Sigma-
Aldrich). Mock infected Vero and Vbac cells were treated the same way as the isolated viruses
and used as a control antigen.

Western Blot analysis was carried out by electrophoresing virus preparations on a 10% sodium
dodecyl sulfate-polyacrylamide gel (SDS-PAGE) under reducing conditions. Detection of the
proteins was followed by immunoblot using an anti-GP64 monoclonal antibody (AcV5) and
a goat anti-mouse immunoglobulin conjugated with an infrared fluorophore (Alexa Fluor®
680, Molecular Probes, Eugene, OR) as a secondary antibody. Specific bands were visualized
using the Odyssey Infrared Imaging System (LI-COR Biosciences).

3. RESULTS

3.1. GP64 expressed from the viral genome provides enhanced stability to glycoprotein
deleted HRSV at 4°C, 22°C and 37°C

The unstable nature of HRSV is a significant problem for both basic research and the
development of potential live vaccines. Although the cause of this instability is unknown, we
previously reported that the instability of HRSV appeared to be associated with the attachment
protein, G and/or the fusion protein F, as viruses lacking the genes for these two proteins and
containing instead the baculovirus entry/exit protein (GP64) were significantly more stable
than wild type HRSV upon storage at 4°C [24]. Moreover these viruses were infectious,
indicating that GP64 could promote entry and exit of HRSV [24].
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In the present work we extended these studies to examine whether GP64 when expressed from
the viral genome in place of the HRSV glycoprotein genes, was able to impart stability for long
periods of time not only at 4°C, but also at 22 °C and 37°C.

We first compared the stability of a virus having GP64 in place of all three authentic HRSV
glycoproteins, with that of a virus having the homologous HRSV attachment and fusion
proteins. The glycoprotein deleted HRSV had the SH, G and F ORFs deleted and replaced with
those of GFP, the GP64 protein having the F protein cytoplasmic tail engineered into it
(GP®¥F) and GUS respectively. The three deleted genes were replaced in order to maintain the
same number of transcriptional units in the viral genome. This virus was termed RSASH,G,F/
GP®%/F (Figure 1). The virus used for comparison was an HRSV having the authentic G and F
genes, but having the SH protein ORF deleted and replaced with that of GFP, termed RSASH
(Figure 1). Previous work showed that the growth characteristics and stability of RSASH at 4°
C was similar to that of wild type A2 strain of HRSV in cell culture [24] and RSASH therefore
was used as a surrogate wild type virus for these experiments. Stocks of virus RSASH and
RSASH,G,F/GP%/F were prepared in Vero cells and identical, replicate aliquots of each stock
were stored at 4°C and 22°C as described in Materials and Methods. The infectivity of triplicate
samples of these viruses was measured by TCIDgg at 1-week intervals over a period of 8 weeks
and compared with titers determined at time zero.

The results in Figure 2A (4°C) showed that infectivity of virus RSASH,G,F/GP®¥F, which had
all three HRSV glycoprotein genes deleted and replaced with GP®4F, was stable upon storage
at 4°C and suffered no decrease in titer over an eight week period. In contrast, the titer of
RSASH virus declined rapidly and was 10,000 times lower than the titer of the virus
RSASH,G,F/IGPS4F after eight weeks at 4°C. These data confirm and extend the results
published previously by our laboratory [24]. When stability was examined at room temperature
(Figure 2A, 22°C), the virus expressing GP%4/F as its only viral transmembrane glycoprotein
showed no loss of infectivity during six weeks of storage. Even after eight weeks of storage,
the infectivity of virus RSASH,G,F/GP84/F was 10,000 fold higher than that of the surrogate
wild type HRSV (RSASH), which had little remaining infectivity.

We next examined the stability of the GP64-containing virus when stored at higher temperature,
37°C. As before, stocks of viruses RSASH and RSASH,G,F/GP54/F were generated from Vero
cells and equal aliquots of each were stored at 37°C. In this case, neither virus was stable over
a period of weeks (data not shown). In place of weekly intervals, the remaining infectivity was
measured at 12h, 24h, 2, 3, 5 and 7 days. The data show that the titer of both viruses decreased
rapidly upon storage at 37°C. However, in contrast to the control virus RSASH, the infectivity
of the virus containing GP%/F remained undiminished during the first three days of storage at
37°C before starting to decline (Figure 2A, 37°C). These results show that the stability of HRSV
was substantially increased in the presence of the GP64 glycoprotein, not only upon storage at
4°C but also at higher temperatures.

3.2. Stability imparted by GP64 provided in trans by the complementing cell line, Vbac

We next examined the stabilizing effect of GP64 on HRSV, when GP64 was provided by
propagating viruses in a cell line (Vbac) that constitutively expresses the GPS4/F protein [25].
The Vbac cells were generated to provide a method to complement lethal mutations in the
HRSV transmembrane glycoproteins in order to study the roles of these proteins in HRSV
infectivity, and in previous work we showed that these cells effectively support replication of
HRSV lacking all transmembrane glycoprotein genes [25,32].

In the present study, we used these cells to test whether providing the GP64 protein to HRSV
by complementation in trans could also impart increased stability to virions. Stocks of virus
lacking all three HRSV glycoproteins (RSASH,G,F) were prepared in VVbac cells and stored at

Vaccine. Author manuscript; available in PMC 2008 December 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sastre et al.

Page 6

4°C and 22°C. The stability of infectivity after storage was measured by TCID5g at weekly
intervals over an eight week period. The stability of HRSV infectivity was greatly improved
at both 4°C and 22°C when GP84/F was provided from the complementing cell line (Figure
2B). The improvement was not as great as seen in Figure 2A, where GP%/F was expressed
from the viral genome. Nevertheless, the stability of virus that acquired GP84/F by
complementation from Vbac cells was 1,000 fold higher after eight weeks of storage at either
4 or 22°C than the surrogate wild type virus grown in Vero cells, RSASH (Compare Figure
2A and 2B). From these results we conclude that GP64 can provide enhanced stability to HRSV,
not only when expressed from the viral genome, but also when it is provided by propagating
the virus in the complementing cell line, Vbac.

3.3. Analysis of GP64 in virions

The difference in stability between the viruses having GP64 expressed from the genome
(RSASH,G,F/GP%4/F) or provided by complementation (RSASH,G,F grown in Vbac cells) was
surprising, given that both had GP%4/F as their only transmembrane glycoprotein. To investigate
this difference in stability of viruses having GP64 provided by the two different methods, we
analyzed the level of GP64 protein present in virions. Viruses with GP64 protein provided by
complementation in cis or trans were isolated as described in Materials and Methods by
ultracentrifugation from the supernatant fluids of infected cells. First, the presence and integrity
of the GP®¥/F protein in the virions (virus RSASH,G,F/GP84F and virus RSASH,G,F) was
confirmed by Western Blot, using a monoclonal antibody to GP64, AcV5 [33,34]. An
approximately 64 kDa band corresponding to the GP54/F protein was detected in viruses
RSASH,G,F/GP/F and RSASH,G,F (Figure 3A, lanes 2-3 and 5-6, respectively) and
uninfected Vbac cells (Figure 3A, lane 7), but not in uninfected Vero cells (Figure 3A, lane
4).

To determine whether there was a difference in the quantity of GP64 protein between the two
viruses, we measured the amount of GP®4F protein in each virus preparation relative to the
viral nucleoprotein (N). Similar amounts of each virus, based on PFU, were coated onto 96
well plates and examined by ELISA. The results in Figure 3B show that virus RSASH,G,F/
GP®%/F had a higher amount of GP®¥F protein relative to N than virus RSASH,G,F grown in
Vbac cells, suggesting that the former virus contained more GP84/F protein per particle. The
higher amount of GP84/F may contribute to the difference observed in thermostability between
the two viruses.

3.4. Stability provided by GP64 to HRSV containing its homologous membrane glycoprotein

genes

We next investigated whether addition of the GP4/F protein could provide enhanced stability
to HRSV carrying its own F and G proteins, since these antigens are the main target of
neutralizing antibodies against HRSV in experimental animal models as well as in humans
[35-38].

Stocks of virus RSASH, containing the F and G genes, were prepared by propagating the virus
in either Vero or Vbac cells. The stability of the resulting viruses was compared after storage
at 4°C or 22°C by measuring infectivity weekly over a period of 8 weeks. The data in Figure
4A show that the stability of RSASH was 10-100 fold higher either at 4°C or 22°C when
propagated in the Vbac cells expressing GP54/F than when propagated in Vero cells. This level
of increased stability provided by GP%4/F was modest but consistent, and showed that the
addition of the GP54/F protein by complementation of HRSV containing its own F and G
proteins also increased virus stability.
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Of the three HRSV glycoproteins, F is the most critical for infectivity and therefore an
important target of the immune response. Thus, we next tested the ability of GP64 to provide
enhanced stability to a virus carrying the F protein as its only homologous glycoprotein
(RSASH,G). Stocks of this virus were prepared by propagation in Vero or Vbac cells and their
stability compared after storage at 4 or 22°C. A 100-1000 fold increase in stability was
observed at 4°C when the virus RSASH,G was propagated in Vbac cells as compared to Vero
cells (Figure 4B, 4°C). At 22°C, the increase in stability was approximately 10 fold, which was
more modest than the stabilizing effect seen at 4°C (Figure 4B, 22°C). However, the results of
Figure 4A and 4B show that the stability of HRSV containing GP%4/F in addition to the F protein
alone or both the F and G proteins was significantly improved.

4. DISCUSSION

Respiratory syncytial virus isa highly labile virus that loses substantial infectivity upon storage,
even at temperatures below zero [10-12]. The instability of the virus is a serious hurdle for
basic research as well as for vaccine development; especially since research to develop a
pediatric HRSV vaccine has recently been focused on live attenuated strains. A number of
compounds such as inorganic salts, some sugars and proteins have previously been added to
the culture medium in order to increase the stability of HRSV and other viruses. For instance,
MgSQy, sucrose or sorbitol helped stabilize the infectivity of viruses such as measles and
HRSV for periods of 3 to 4 months at 4°C and temperatures below zero [10,11,39]. Influenza
vaccine liquid formulation can be stored frozen at —20°C for a year in the presence of sucrose
and for at least twenty days at 4°C by addition of deuterium oxide (D,0) [40,41]. Lyophilized
formulations of measles and influenza can usually be stored long term at higher temperatures,
although they need to be used as soon as possible after reconstitution [42,43]. Non enveloped
viruses such as adenoviruses and polioviruses can be stabilized for longer periods of time at
high temperatures such as 37°C and 45°C [39,44,45]. MgCl, is used as a stabilizer for the oral
poliovirus vaccine [39]. Such stabilized vaccine can be kept for 28 months at 2—-8°C, for six
weeks at 25°C and for three days at 37°C, with no loss of titer or immunogenicity. It is generally
considered that enveloped viruses are more labile and susceptible to heat inactivation and
therefore more difficult to stabilize than non-enveloped viruses, suggesting that the lipid bilayer
is a major factor of virus instability. The aim of this study was to characterize the extent to
which the stability of HRSV, a notoriously unstable enveloped virus, could be improved by
incorporating a heterologous protein, the baculovirus membrane glycoprotein, GP64. The
budded virus phenotype of baculovirus ACMNPV, of which GP64 is the major envelope
glycoprotein, is a highly stable insect virus that can be stored at 4°C for more than a year
without loss of infectivity, if protected from light [46].

We used two different approaches to pseudotype HRSV with GP64. First, we used an HRSV
that had the GP84/F gene engineered into its genome, from which the homologous HRSV
glycoproteins (SH, G and F) had been removed. This led to a substantial increase in stability
as shown in Figure 2A. The infectivity of this virus was completely stable for at least two
months upon storage at 4°C, for up to six weeks at 22°C and for three days at 37°C. These
results indicate that, surprisingly, the viral nucleocapsid and the RNA dependent RNA
polymerase are stable at room temperature for over 6 weeks and also suggest that the instability
of HRSV is most likely associated with the viral glycoproteins and not the lipid envelope per
se. Little is known about thermostability of the HRSV F and G proteins; one study suggested
that the conformation of purified F protein and F protein in virus was not altered after brief
exposure to high temperatures as indicated by circular dichroism and antibody binding [47].
However, infectivity of the virus after high temperature treatment was not examined.

In addition to providing GP84/F to HRSV by expressing it from the viral genome, we propagated
the virus in Vbac cells that constitutively express GP%4/F to complement the virus in trans.
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Virus RSASH,G,F complemented in this manner, also showed a significant improvement in
stability when compared to the surrogate wild type virus ASH grown in Vero cells at 4°C and
22°C (Figures 2A and 2B). Moreover, this second approach of providing GP64 to HRSV may
represent an advantage in terms of vaccine safety, since the GP%/F provided from the cell line
is degraded after entry and no additional GP®¥F would be expressed from the genome as when
provided in cis. Therefore, viruses containing no other functional glycoproteins would be
unable to spread after the first round of infection. Thus, this approach provides a live viral
vector for delivery, but in a virus where infectivity will not progress. As was mentioned in the
introduction, GP64 has been used to pseudotype viral particles for gene therapy purposes due
to its wide tissue tropism. For HRSV vaccine development this may be not beneficial, since
the disease is primarily respiratory. To address this question we are currently investigating the
targeting in vivo of HRSV having GP64 in its membrane as compared to wild type virus.

The improvement in stability provided by GP64 protein to viruses lacking all three
glycoproteins, was greater when GP64 was expressed from the viral genome (RSASH,G,F/
GP®%4/F) than when it was provided via the cell line (i.e. virus RSASH,G,F grown in Vbac).
Analysis of GP64 protein from these viruses by Western Blot revealed that the molecular
weight and integrity of the protein in both cases was as expected. However, quantitation by
ELISA showed that virus expressing GP®¥F from the viral genome had higher amounts of
GP64 protein per amount of viral nucleocapsid protein (Figure 3). The different amounts of
GP®%/F incorporated into virions prepared by the two methods may explain the different degrees
of added stability; however this needs to be examined in more detail.

Since the F and G proteins are important protective viral antigens, we also examined the
stability of an HRSV that retained its homologous membrane glycoproteins, F and G, when
GPS4F was provided in trans. While titers of virus RSASH not supplemented with GP64
(grown in standard Vero cells) decreased significantly after storage, the same virus propagated
in the GPS4/F complementing Vbac cells was 10100 times more stable at 4°C and 22°C,
respectively (Figure 4A). The same was true for a virus carrying F as its only homologous
glycoprotein (RSASH,G). After storage at 4°C or 22°C the infectivity of virus RSASH,G
containing GP®4/F by being propagated in VVbac cells was 100-1000 greater than when the same
virus was grown in Vero cells (Figure 4B). Thus, GP64 can improve the stability of HRSV
even in the presence of its homologous viral proteins, F and G. However, none of the above
viruses (RSASH and RSASH,G) showed an improvement in stability as great as that achieved
when the virus lacked all the three homologous viral glycoproteins. Possible explanations for
this are that the presence of the G and/or F protein may impart instability regardless of the
presence or absence of GP64, or that there is competition for incorporation into the membrane
between GP64 carrying the F cytoplasmic tail and the homologous HRSV glycoproteins.
Viruses RSASH and RSASH,G are the most interesting from a vaccine point of view since they
retain the principal immunogens of the virus, the F and G proteins. Therefore, our next aim is
to examine whether the presence of GP64 in the membrane of these viruses affect the
immunogenicity of HRSV in vivo.

In conclusion, these findings demonstrate the potential of the GP64 protein as a stabilizer of
HRSV. The ability to stabilize these viruses represents a significant advantage both for the use
of the virus in the laboratory and for maintenance and transport of potential live vaccines against
HRSV, in particular in cases where cold-chain infrastructure is lacking. Furthermore, this
approach may well prove to be applicable for stabilizing other labile enveloped viruses of
medical importance.
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Figure 1.

Gene content of the engineered cDNAs. All engineered viruses were generated from a cDNA
of the A2 strain of HRSV. Virus RSASH has the SH ORF deleted and replaced with that of
GFP. Virus RSASH,G has the SH and G ORFs deleted and replaced with ORFs encoding
marker proteins GUS and GFP. Virus RSASH,G,F/GP%¥/F has the SH, G and F ORFs deleted
and replaced with the ORF of GP%¥/F along with ORFs encoding GFP and GUS. Finally, virus
RSASH,G,F has the ORFs encoding the three HSRV glycoproteins replaced with that of
reporter genes GFP, CAT and GUS.
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Figure 2.

Stabilizing effect of GP64 on HRSV lacking its homologous transmembrane glycoproteins.
(A\) Stability of virus having the GP®4F gene added to its genome (RSASH,G,F/GP%¥/F) and
(B) stability of virus having the GP4/F protein provided by complementation from Vbac cells
(RSASH,G,F). Stocks of viruses RSASH and RSASH,G,F/GP54/F were generated in VVero cells
(A) and stocks of virus RSASH,G,F were prepared in Vbac cells (B), and then stored at 4°C,
22°C or 37°C. Titers were determined by TCIDsq over different time intervals as indicated on
the graphs and compared with the titers from the day of harvest. Infectivity was plotted as a
percentage of the TCIDsy at the start of the experiment (time 0). Error bars represent standard
deviations from the mean of triplicate samples.
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(A) Western Blot analysis of GP64 protein from isolated viruses and uninfected cells. Lane 1
shows the molecular weight markers. Lanes 2 and 3 correspond to virus RSASH,G,F/GPS4/F;
lane 3 contains double (2X) the amount of lane 2 (X). Lanes 5 and 6 correspond to virus
RSASH,G,F; lane 6 contains double (2X) the amount of lane 5 (X). Lanes 4 and 7 show

uninfected Vero and Vbac cells, respectively. The location of GP64, as determined by

incubation with monoclonal antibody AcV5, is indicated with an arrow. (B) Comparison of
GP64 levels in virions where GP54F is expressed from the genome (RSASH,G,F/GP54F) or
where GP%/F is acquired by complementation (RSASH,G,F). Viruses were prepared from

infected cells (Vero and Vbac respectively) as described in Materials and Methods, and the
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titer of each stock was determined by plaque assay. Relative GP64 and N levels of the isolated

viruses were then determined simultaneously by ELISA using monoclonal antibodies (AcV5
and MADb 6, respectively) and plotted against the number of plague-forming units (pfu).
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Figure 4.

Cgmparison of the stability of HRSV cointaining F and G proteins (A) or F alone (B), when
grown in Vbac cells versus Vero cells. VVero («....) and Vbac (—) cells were infected with
virus RSASH (A) or RSASH,G (B) and stocks were generated. Aliquots of both viruses were
stored at 4°C or 22°C and titers were determined by TCIDsg at 1-week intervals over a period
of 8 weeks.
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