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Preventing Cleavage of the Respiratory Syncytial Virus Attachment
Protein in Vero Cells Rescues the Infectivity of Progeny Virus for
Primary Human Airway Cultures
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ABSTRACT

Alllive attenuated respiratory syncytial virus (RSV) vaccines that have advanced to clinical trials have been produced in Vero
cells. The attachment (G) glycoprotein in virions produced in these cells is smaller than that produced in other immortalized
cells due to cleavage. These virions are 5-fold less infectious for primary well-differentiated human airway epithelial (HAE) cell
cultures. Because HAE cells are isolated directly from human airways, Vero cell-grown vaccine virus would very likely be simi-
larly inefficient at initiating infection of the nasal epithelium following vaccination, and therefore, a larger inoculum would be
required for effective vaccination. We hypothesized that Vero cell-derived virus containing an intact G protein would be more
infectious for HAE cell cultures. Using protease inhibitors with increasing specificity, we identified cathepsin L to be the protease
responsible for cleavage. Our evidence suggests that cleavage occurs in the late endosome or lysosome during endocytic recy-
cling. Cathepsin L activity was 100-fold greater in Vero cells than in HeLa cells. In addition, cathepsin L was able to cleave the G
protein in Vero cell-grown virions but not in HeLa cell-grown virions, suggesting a difference in G-protein posttranslational
modification in the two cell lines. We identified by mutagenesis amino acids important for cleavage, and these amino acids in-
cluded a likely cathepsin L cleavage site. Virus containing a modified, noncleavable G protein produced in Vero cells was 5-fold
more infectious for HAE cells in culture, confirming our hypothesis and indicating the value of including such a mutation in
future live attenuated RSV vaccines.

IMPORTANCE

Worldwide, RSV is the second leading infectious cause of infant death, but no vaccine is available. Experimental live attenuated
RSV vaccines are grown in Vero cells, but during production the virion attachment (G) glycoprotein is cleaved. Virions contain-
ing a cleaved G protein are less infectious for primary airway epithelial cells, the natural RSV target. In the study described here
we identified the protease responsible, located the cleavage site, and demonstrated that cleavage likely occurs during endocytic
recycling. Moreover, we showed that the infectivity of Vero cell-derived virus for primary airway epithelial cells is increased
5-fold if the virus contains a mutation in the G protein that prevents cleavage. The blocking of cleavage should improve RSV vac-
cine yield, consequently reducing production costs. Posttranslational cleavage of the fusion glycoprotein of many viruses plays

an essential role in activation; however, cleavage of the RSV G protein is a novel example of a detrimental effect of cleavage on

virus infectivity.

In adults and teenagers, most respiratory syncytial virus (RSV)
infections produce upper respiratory tract infection and symp-
toms. However, in infants, the immunocompromised, and the
elderly, RSV has the potential to cause life-threatening lower re-
spiratory tract infection (1-4). Worldwide, in 2010 alone, over
230,000 children under 5 years of age died from RSV illness, with
the majority of these being infants under the age of 1 year (5).
Currently, only supportive care is available to treat individuals
with lower respiratory tract disease. A neutralizing monoclonal
antibody (MADb), palivizumab, is used prophylactically, but only
for infants considered at the greatest risk for severe disease. There
is a clear need for vaccines to combat this virus.

The attachment (G) glycoprotein and the fusion (F) glycopro-
tein are important for the initial steps in virus infection and at-
tachment and in membrane fusion, respectively. The G protein is
a 33-kDa type II membrane protein with a large number of post-
translational modifications, including N- and O-glycans, that in-
crease its apparent molecular mass to 90 kDa when produced in
most immortalized cell lines. Historically, it was difficult to deter-
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mine if the G protein was a viral or host protein (6-8) because
differences in the cell line, virus strain, and method of protein
detection all had an effect on the apparent size and presence of the
G protein (6—8). While HEp-2 cells produced a 90-kDa G protein,
BS-C-1 cells, an African green monkey kidney cell line, produced
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a 55-kDa G protein, and the size discrepancy was assumed to be
due to differences in glycosylation (9).

More recently, in the G protein produced by another African
green monkey kidney cell line, the Vero cell line, this size differ-
ence was found to be caused by cleavage, a different posttransla-
tional modification. Although the G protein is not absolutely es-
sential for infection of immortalized cells (10), virus lacking the G
protein is 10-fold less infectious for these cells (11). Virus lacking
the G protein is a further 10-fold less infectious for primary well-
differentiated human airway epithelial (HAE) cells in culture (12).
HAE cell cultures are an excellent in vitro model for the natural
target cells in the human respiratory tract (13, 14). Similarly, viri-
ons produced by Vero cells, which primarily contain the cleaved G
protein, are 5-fold less infectious for HAE cells in culture, suggest-
ing that cleavage severely compromises the attachment function
of the G protein (12).

This finding is of particular importance for live attenuated vac-
cine development because the viruses used in the initial formalin-
inactivated RSV vaccine tested in the 1960s (15, 16) and in live
attenuated vaccine candidates tested in clinical trials since the
1990s have been grown in African green monkey kidney or Vero
cells (10, 17-23).

Currently, only 3 cell lines are approved for use by the Food
and Drug Administration for live attenuated vaccine production,
MRC-5, WI-38, and Vero cells. MRC-5 and WI-38 cells are much
less proliferative than Vero cells, and the G protein is also cleaved
in MRC-5 cells (12) and WI-38 cells (unpublished data). In addi-
tion, Vero cells do not produce interferon (IFN) (24), which is
especially appealing if a vaccine candidate is deficient in inhibiting
the IFN response.

We hypothesized that virus with an intact G protein produced
in Vero cells would more efficiently infect HAE cells in culture and
in vivo would more efficiently infect the cells that line the human
airway. To test our hypothesis, we used protease inhibitors to
identify cathepsin L to be the protease responsible for cleaving the
G protein in Vero cells and demonstrated that cleavage likely oc-
curs during endocytic recycling. Others have shown that the
Nipah virus fusion protein is activated by cathepsin L during re-
cycling (25, 26). In addition, endocytic recycling is important in
the envelopment of RSV (27, 28). However, our work demon-
strates for the first time that endocytic recycling and cathepsin L
can be detrimental to the production of infectious viral progeny in
one cell type but not another.

In addition, we demonstrate that growing the virus in Vero
cells in the presence of a cathepsin L inhibitor resulted in RSV with
an intact G protein that was 5-fold more infectious for HAE cells
in culture. We also identified the amino acids that are important
for G-protein cleavage in Vero cells, built into the viral genomic
c¢DNA the mutation that most efficiently inhibited cleavage, res-
cued the modified virus, and demonstrated that this Vero cell-
derived virus has an intact G protein and is 5-fold more infectious
for HAE cells in culture without the addition of a protease inhib-
itor.

MATERIALS AND METHODS

Cell culture. HeLa and Vero cells (ATCC, Manassas, VA) were cultured in
Dulbecco modified Eagle medium (DMEM; Corning Incorporated,
Corning, NY) supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Norcross, GA), referred to throughout as “medium.” Cells
were incubated at 37°C in a 5% CO, atmosphere. Primary, well-differen-
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tiated HAE cell cultures were generated from human airway tissue as
previously described (29). HAE cell cultures were grown on collagen-
coated Transwell inserts (Corning Incorporated). Once the cells reached
confluence and formed tight junctions, the apical medium was removed
and the cells were maintained at the air-liquid interface for 6 to 8 weeks to
form well-differentiated, polarized cells before use. The basal medium was
changed three times weekly, and the apical surface was washed for 2 h once
weekly with Dulbecco’s phosphate-buffered saline (D-PBS).

Virus infection and drug treatment. HeLa or Vero cells were inocu-
lated with recombinant green fluorescent protein (GFP)-expressing RSV
(rgRSV), the D53 variant of the A2 strain (30, 31) or a mutant virus,
diluted in the medium. Cells were tipped at 37°C for 2 h, and the inoculum
was replaced with fresh medium. At 48 h postinoculation (hpi), fresh
medium was added, and at 72 hpi, the cells were scraped and the medium
containing the cells was collected and pulse vortexed. Cells were pelleted
by centrifugation at 1,200 X g for 5 min in a Megafuge centrifuge (Baxter
Scientific Products), and the supernatant was divided into equal aliquots,
snap-frozen on dry ice, and stored at —80°C. All viruses were titrated on
HeLa cells. HeLa or Vero cells were inoculated with rgRSV or rgRSV with
the L208A mutation (rgRSV-L208A) as described above. For protease
inhibitor experiments, at 7 hpi medium containing 0.5 wM cathepsin L
inhibitor III (Calbiochem, San Diego, CA) or an equal volume of vehicle
(dimethyl sulfoxide [DMSQO]) was added to the cells. At 72 hpi, virus was
harvested as described above and partially purified by layering over 35%
sucrose in 1 X Hanks balanced salt solution with calcium and magnesium
and centrifuged overnight at 4°C and 26,000 X gin an F14-14x50cy rotor
for the Sorvall Lynx 6000 centrifuge (Thermo Fisher Scientific). A por-
tion of these virus preparations was further purified through a sucrose
gradient by centrifugation in a TH-641 rotor (Thermo Fisher Scien-
tific) and Beckman ultracentrifuge at 287,000 X g for 20 h. Gradient
fractions were examined by immunoblotting and staining with an
MAD to the N protein (32). Fractions containing virus were separated
by SDS-PAGE, and G protein was detected by immunoblotting using
an MADb, L9 (33).

The full-length RSV ¢cDNA construct RW30 (34), representing the
D53 variant of the A2 strain, was used as the backbone for modification of
the G protein atamino acid 208 from leucine to alanine. Synthetic double-
stranded DNA (gBlock; Integrated DNA Technologies, Coralville, IA)
containing the G gene with the L208A mutation was inserted into plasmid
RW30 using restriction sites that flank the G-protein gene and a Gibson
assembly kit (New England BioLabs, Ipswich, MA). The G-protein mu-
tant virus, rgRSV-L208A, was rescued from this plasmid as previously
described (31).

HeLa and Vero cells were inoculated with rgRSV (multiplicity of in-
fection, 1) or mock inoculated, at 2 hpi the inoculum was replaced with
fresh medium, and at 4 hpi the medium was again replaced with fresh
medium containing 2-fold dilutions of the protease inhibitor (Sigma-
Aldrich, St. Louis, MO) aprotinin (3.125 to 50 pg/ml), leupeptin (6.25 to
100 pg/ml), or E-64 (6.25 to 100 wg/ml) dissolved in water or equal
volumes of water in medium. In other experiments, cells were treated at 6
hpi with drugs that block calpains and cathepsins, consisting of 10-fold
dilutions (0.1 to 100 pwM) of cathepsin inhibitor I (Calbiochem),
N-acetyl-leucine-leucine-methionine (ALLM; Santa Cruz, Dallas, TX),
chloroquine diphosphate salt (Sigma-Aldrich), or equivalent volumes of
vehicle (water) or of CA-074 (Calbiochem), cathepsin L inhibitor ITI (Cal-
biochem), or an equal volume of vehicle (DMSO) in medium. ALLM is a
calpain and cathepsin inhibitor, and CA-074 is a cathepsin B inhibitor.

Biotinylation and immunoblot analysis. At 24 hpi, the cells were
biotinylated with EZ-link sulfo-NHS-LC-biotin (Thermo Fisher Scien-
tific, Waltham, MA). The cells were lysed with lysis buffer containing 150
mM NaCl, 1% Triton X-100, 50 mM Tris, 0.1% SDS, and 1X Halt pro-
tease cocktail inhibitor (Thermo Fisher Scientific). Proteins were quanti-
fied using a bicinchoninic acid (BCA) protein assay kit (Pierce, Waltham,
MA), and equal amounts of protein were added to high-capacity strepta-
vidin agarose beads (Thermo Fisher Scientific). The mixtures were rotated
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for 1 h at 4°C, the beads were pelleted and washed with lysis buffer (with-
out protease cocktail inhibitor), the proteins were separated on NuPAGE
Novex 4 to 12% bis-Tris protein gels (Life Technologies, Carlsbad, CA),
and immunoblots were probed with mouse MAb L9 to the RSV G protein
or D14 to the RSV N protein (Ed Walsh, University of Rochester) or a
polyclonal rabbit anti-cathepsin L antibody that recognizes cathepsin L
(Sigma), followed by the appropriate human serum-adsorbed and perox-
idase-labeled secondary antibody: anti-mouse IgG (H+L) antibody or
anti-rabbit IgG (H+L) antibody (KPL, Inc. Gaithersburg, MD).

Cathepsin L treatment. Viruses grown in the presence of vehicle or a
cathepsin L inhibitor were pelleted through a sucrose cushion and resus-
pended in citric acid-sodium phosphate buffer at pH 5.5. Active cathepsin
L enzyme (Sigma) or vehicle was added to a final concentration of 50
ng/pl. Samples were incubated for 2 h at 37°C, and the G protein was
assayed by immunoblotting with the L9 MAb.

PCR. Primers against cathepsin L were designed to amplify a 294-bp
product and to cross exon-exon boundaries to decrease the chance of
amplifying genomic DNA (forward primer, GAGGCAACAGAAGAA
TCG; reverse primer, CCCAGCTGTTCTTCACC). Total mRNA was iso-
lated from uninfected cells at 24 hpi, reverse transcribed, and amplified by
PCR. The PCR products were separated on 2% agarose gels and visualized
with ethidium bromide.

Cathepsin activity assays. At 24 hpi, inoculated or mock-infected cells
were treated with lysis buffer without protease inhibitors and maintained
on ice. Protein concentrations were determined with a BCA protein assay
kit (Pierce) and assayed by use of a fluorogenic InnoZyme cathepsin L
activity kit (Calbiochem). The results were normalized for the amount of
protein added and are displayed as the log, , amount of amido-4-methyl-
coumarin (AMC) released per gram of protein. Protein from HeLa or
Vero cells was similarly assayed using the fluorogenic InnoZyme cathep-
sin B activity kit (Calbiochem).

Mutagenesis. A soluble version of the A2 strain G protein was con-
structed by replacing its cytoplasmic tail and transmembrane domain
with the cytoplasmic tail, the transmembrane domain, and a portion of
the stalk of the Schwarz measles virus H protein and inserting a furin
cleavage site, a 6-His tag, and a factor Xa site between the measles virus
stalk and the G protein.

For all other G-protein mutants, a codon-optimized strain A2 G-pro-
tein gene was mutagenized using synthetic gBlock DNA (Integrated DNA
Technologies) inserted into pcDNA3.1.

frG-protein transfection. Wild-type G protein or a furin-releasable
(fr) version of the G protein (frG protein) was expressed in HeLa or Vero
cells following plasmid transfection with the FuGene HD (Promega) or
Lipofectamine LTX (Life Technologies) reagent, respectively, in medium
containing 2% FBS. In frG experiments, the medium was collected and
concentrated using Ultracel 10K centrifugal filters (EMD Millipore, Bil-
lerica, MA). For other transfection experiments, Vero cells were trans-
fected using Lipofectamine 3000 (Life Technologies) in DMEM contain-
ing 10% FBS. For all transfection experiments, cells were lysed and protein
was quantified by the BCA assay. Equivalent amounts of HeLa or Vero cell
lysate protein and equivalent volumes of proteins concentrated from the
medium were analyzed by immunoblotting.

HAE cell viral infections. Partially purified virions were titrated on
HeLa cells. The apical surface of well-differentiated HAE cells in Tran-
swells was washed with D-PBS for 2 h, and the basal medium was changed
before equivalent numbers of PFU (between 2,000 and 10,000 PFU, re-
ferred to as HeLa cell-infectious units) of the appropriate RSV stock were
diluted in HAE cell medium and added to the apical chamber of the
Transwell. In parallel, HeLa cells were inoculated with 200 PFU. At 2 hpi,
the inoculum was removed from HeLa cells and replaced with fresh me-
dium only. Fluorescent (35) cells were visualized with an EVOS fl inverted
fluorescence microscope (Life Technologies), and the numbers of cells in
HeLa cell cultures were counted at 24 hpi and the numbers of cells in HAE
cell cultures were counted at 48 hpi.
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FIG 1 Protease inhibition of G-protein cleavage in Vero cells. Immunoblot-
ting was used to detect biotinylated cell surface RSV G protein (55 or 90 kDa)
produced in rgRSV-inoculated Vero cells treated with the following protease
inhibitors: 2-fold dilutions of aprotinin (3.125 to 50 pg/ml) or leupeptin or
E-64 (6.25 to 100 pg/ml) (A), 10-fold dilutions of the inhibitor ALLM (0.1 to
100 pM) (B), or 10-fold dilutions of CA-074 (a cathepsin B inhibitor) or
cathepsin L inhibitor III (0.1 to 100 puM) (C). The immunoblots were probed
with MAD L9. Data are representative of those from three independent exper-
iments.

Statistical analysis. All data are representative of those from one of
three experiments unless otherwise noted. Data from three to six repli-
cates of each experimental condition are expressed as the mean * stan-
dard deviation. All experiments were repeated =3 times. A 2-tailed Stu-
dent’s t test was employed to determine the significance of the differences
between experimental conditions. A P value of <0.05 was considered
statistically significant.

RESULTS

Protease identification with protease inhibitors. We hypothe-
sized that Vero cell-derived virus containing an intact G protein
would be more infectious for HAE cells in culture. To test this, we
set out to identify the protease responsible for cleavage. Vero cells
were inoculated with recombinant green fluorescent protein ex-
pressing RSV (rgRSV) and treated with the following protease
inhibitors: aprotinin (a serine protease inhibitor), leupeptin (a
serine/cysteine protease inhibitor), or E-64 (a cysteine protease
inhibitor). Since glycoproteins on the cell surface are the most
likely to be incorporated into the virion, at 24 h postinoculation
(hpi) the cell surface proteins were labeled with biotin. Biotinyl-
ated proteins were pulled down with streptavidin beads, and the G
protein was detected by immunoblotting with an antibody to the
G protein (Fig. 1A). As expected, in the untreated and vehicle-
treated samples, most of the cell surface G protein was cleaved
(~55 kDa), leaving only a small portion of full-length (~90 kDa)
G protein. Aprotinin had no effect on cleavage. However, both
leupeptin and E-64 prevented G-protein cleavage, suggesting that
a cysteine protease is responsible for cleavage of the G protein in
Vero cells.

To narrow the field of cysteine proteases, r gRSV-infected Vero
cells were treated with ALLM, a protease inhibitor that blocks the
activity of cathepsin B, cathepsin L, calpain I, and calpain II. While
nearly all of the cell surface G protein in Vero cells was cleaved in
the absence of the inhibitor, ALLM inhibited G-protein cleavage
in a concentration-dependent manner (Fig. 1B).

The G protein is a type Il membrane protein, whose N-termi-
nal signal sequence is not cleaved, serving also as its anchor in cell
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FIG 2 Cathepsin L and B expression and activity in HeLa and Vero cells. (A)
Cathepsin L mRNA from mock-treated or rgRSV-infected HeLa and Vero cells
was reverse transcribed and amplified by reverse transcription-PCR (RT-
PCR), and the specific 294-bp product was displayed by agarose gel electro-
phoresis. (B) Immunoblot detection of cathepsin L protein species in mock- or
rgRSV-infected cell lysates. (C and D) Enzymatic activity of cathepsin L (C)
and cathepsin B (D) in lysates. (A and B) Data are representative of those from
three independent experiments. (C and D) Data from four independent ex-
periments were combined. *, P < 0.05 (unpaired, 2-tailed ¢ test, unequal vari-
ance); **, P < 1077 (unpaired, 2-tailed ¢ test, unequal variance).

and virion membranes. During transit to the cell surface, the C-
terminal ectodomain of the protein would be inside vesicles and
only the N-terminal cytoplasmic tail would be exposed to the cy-
toplasm. Since calpains are exclusively cytoplasmic proteases, it is
unlikely that they would be responsible for cleavage. Cathepsins B
and L, however, reside inside vesicles and organelles or are se-
creted from cells and, therefore, would be more likely to have
access to the G protein.

To test the possibility of cathepsin cleavage of the G protein,
RSV-infected Vero cells were treated with a cathepsin B inhibitor
(CA-074) or a cathepsin L inhibitor (cathepsin L inhibitor III).
Vehicle-treated RSV-infected cells displayed a mixture of cleaved
and uncleaved G protein, and the cathepsin B inhibitor did not
change this pattern (Fig. 2B). However, the cathepsin L inhibitor
strongly prevented G-protein cleavage even at the lowest concen-
tration tested, suggesting that cathepsin L is the protease that
cleaves the G protein.
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FIG 3 Cathepsin L treatment of purified virions that had been grown in the
presence of a cathepsin L inhibitor (inh). Vero cells (A) or HeLa cells (B) were
inoculated with rgRSV and treated with medium containing vehicle (first and
third lanes) or 0.5 uM cathepsin L inhibitor III (second and fourth lanes).
Virus produced from these cells was partially purified and incubated with
vehicle (first and second lanes) or 50 ng/pl cathepsin L (third and fourth
lanes). G protein was detected by immunoblotting. Data are representative of
those from three independent experiments.

Cathepsin L expression and activity. Both Vero and HeLa
cells expressed cathepsin L mRNA in rgRSV-infected and unin-
fected cells (Fig. 2A). However, only Vero cells contained detect-
able cathepsin L protein, and expression was independent of in-
fection (Fig. 2B). Cathepsin L mRNA is present in HeLa cells, but
the protein is undetectable, suggesting that there could be a block
in protein synthesis, but determination of the mechanism of this
inhibition was not pursued.

Though cathepsin L is present in Vero cells, the protein may
not be active. Cathepsin L has multiple splice variants (34, 36, 37)
and at least two isoforms (38, 39). Like other acid hydrolases,
cathepsin L is a zymogen that needs to be cleaved three times for
full protease activity (35, 40—43). Mock- or rgRSV-infected cells
were harvested at 24 hpi in the absence of protease inhibitors and
assayed for cathepsin L activity. Vero cell cathepsin L was 100-fold
more active than HeLa cell cathepsin L (Fig. 2C). However, a com-
parable cathepsin B assay found a much smaller difference in ca-
thepsin B activity between infected HeLa and Vero cells (Fig. 2D).
These data support the inhibitor data suggesting that cathepsin L
is the protease that cleaves the G protein in Vero cells.

To directly determine if cathepsin L is sufficient to cleave the G
protein, we incubated G protein produced in Vero cells with pure,
active cathepsin L protein. To generate the intact G-protein sub-
strate, HeLa and Vero cells were infected with rgRSV and treated
with vehicle or the cathepsin L inhibitor during virus production.
Progeny virions were purified to remove the cathepsin L inhibitor
and incubated with cathepsin L or vehicle. As expected, virus
grown in Vero cells without the protease inhibitor contained a mix
of cleaved and intact G protein, while virus grown in the presence
of the protease inhibitor primarily contained intact G protein (Fig.
3A, first and second lanes). Exogenously added cathepsin L
cleaved most of the G protein that had remained uncleaved in
virions grown in vehicle-treated Vero cells. It also cleaved the in-
tact G protein produced in Vero cells that were treated with a
cathepsin L inhibitor (Fig. 3A, third and fourth lanes). In both
cases, the size of the cathepsin L-cleaved G protein was 55 kDa, the
same as that of the G protein cleaved in Vero cells. Interestingly,
the G protein in virus grown in HeLa cells was not cleaved when
the cells were incubated with exogenous cathepsin L (Fig. 3B),
suggesting a posttranslational modification of the G protein in
HeLa cells that prevents cleavage by cathepsin L; this posttransla-
tional modification does not occur in Vero cells.

Cellular location of cleavage. Cathepsin L is found in the nu-
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FIG 4 Furin-released and membrane-bound G-protein processing. (A) Chi-
meric protein that contains the N terminus of the measles virus hemagglutinin,
including its cytoplasmic tail, its transmembrane domain, and a portion of its
stalk, followed by the RSV G-protein ectodomain. The ectodomain contains
two hypervariable mucin-like regions flanking a central conserved domain, a
cysteine noose, and a heparin binding domain (HBD) (72). Amino acid num-
bering is based on the complete G protein from the A2 lab strain without the
MV stalk. (B) Membrane-bound G protein (mG protein) or frG protein from
HeLa and Vero cells detected by immunoblotting. (C) Immunoblot of biotin-
ylated cell surface RSV G protein (55 or 90 kDa) on Vero cells inoculated with
rgRSV and treated with vehicle or 10-fold dilutions of chloroquine (0.1 to 100
M). Data are representative of those from three independent experiments.

cleus and in the late endosomes/lysosomes and can be secreted.
While there is little likelihood and no evidence that the mem-
brane-anchored G glycoprotein would transit through the nu-
cleus, the G protein is transported through the cell in vesicles,
though no evidence for transit through the late endosomes/lyso-
somes has been presented. The G protein might also contact se-
creted cathepsin L at the cell surface. A soluble G protein would
allow us to test if the G protein is cleaved during transit to the cell
surface or after it is secreted into the medium.

The second methionine in the G protein gene can also be used
as a start codon, producing a secreted version of the G protein in
some cell lines (44-46). However, this G protein is released from
the cell as a monomer, whereas cell-associated G protein appears
to be in a tetramer form (47). In the hope of producing a soluble
tetramer, we constructed a gene that expresses a furin-releasable
version of the G protein (the frG protein). The construct (Fig. 4A)
contains the G-protein ectodomain attached to the measles virus
hemagglutinin (H) protein stalk, transmembrane, and cytoplas-
mic domains. A furin cleavage site was inserted between the mea-
sles virus H stalk and the RSV G-protein ectodomain. Our hope
was that the measles virus stalk would stabilize the G protein in its
tetramer form until it reached the trans-Golgi network, where it
would be released as the frG protein by furin cleavage and secreted
into the medium. The H stalk was utilized as a spacer to separate
the furin cleavage site from the plasma membrane so that furin
could more easily access this cleavage site, resulting in efficient
release of the frG protein from the H stalk. This frG protein is in a
tetramer form (C. Capella, S. M. Johnson, M. Mejias, O. Ramilo,
and M. E. Peeples, unpublished data).
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FIG 5 Ability of rgRSV grown in the presence of a cathepsin L inhibitor to
infect HAE cells. The infectivity for HAE cells of partially purified rgRSV viri-
ons that were produced in HeLa or Vero cells in the presence of a cathepsin L
inhibitor or DMSO (Fig. 3, the left two lanes of each panel) was tested. HAE
cells were inoculated with equal numbers of HeLa cell-infectious units of these
4 viruses, as were HeLa cells, on the same day and from the same dilution series
for comparison. The ratio of the number of infected HAE cells to the number
of infected HeLa cells is plotted. Data from three experiments were combined.
*, P < 0.01 (unpaired, 2-tailed ¢ test); **, P < 10~ * (unpaired, 2-tailed ¢ test).

HeLa and Vero cells were transfected with plasmids expressing
either full-length, membrane-bound G protein (mG protein) or
frG protein. At 48 h posttransfection, the cell culture medium was
collected and concentrated. While cleaved mG protein was de-
tected in Vero cell lysates, medium from both cell types contained
only the intact, 90-kDa frG protein (Fig. 4B). This result indicates
that the released frG protein is not cleaved during transit to the cell
surface or while exposed to the medium, strongly suggesting that
the full-length G protein is unlikely to be cleaved on its way to or
at the cell surface. The 90-kDa size of the released frG protein also
indicates that the protein is fully glycosylated.

If the G protein is not cleaved during transit to the cell surface,
the next most likely possibility would be for it to be cleaved during
endocytic recycling. As cathepsin L is present primarily in the
interior of the late endosome/lysosome and is optimally active at
acidic pH, we treated rgRSV-infected Vero cells with chloroquine
to raise the pH of acidic organelles. Chloroquine-treated Vero
cells primarily produced a full-length G protein, unlike the con-
trol treated samples (Fig. 4C). Taken together, these data suggest
that the G protein encounters cathepsin L during endocytic recy-
cling.

Infectivity for HAE cells of virus grown in the presence of a
cathepsin L inhibitor. We used the virus produced and assayed in
the experiment whose results are presented in Fig. 3 to test if virus
grown in the presence of a protease inhibitor is more infectious for
HAE cells in culture than the control treated virus. First, we deter-
mined the infectious titer of these viruses on HeLa cells, and on the
basis of those titers, HAE cells in culture were inoculated with
equivalent numbers of HeLa cell-infectious units of all viruses.
The same dilution series from each virus stock that was used to
inoculate the HAE cells was used to inoculate HeLa cells. The
numbers of infected cells in both cell cultures were counted, and
the data are displayed as the ratio of HAE cell-infectious units to
HeLa cell-infectious units (Fig. 5). The cathepsin L inhibitor pro-

jviasm.org 1315


http://jvi.asm.org

Corry et al.

N
) RS A
A o oS B 0@% @:L\:»" w"%"%;g:v"
kDa & &N kDa P& g P

110 110
80 80
60 60
50 50

'\

'\Vva‘? Ny '\% O

SN
NSNS

't?'b P

RSN

kDa 00
110
80

60
50

FIG 6 Mutagenesis of the G protein to identify the cleavage site. The results of
immunoblot analysis of transiently expressed RSV G protein with a premature
stop codon at amino acid 211 in HeLa cells (A), with overlapping deletion
mutations in this region in Vero cells (B), and with alanine mutations in this
region in Vero cells (C) are shown. Data are representative of those from three
independent experiments. wt, wild type.

vided during viral growth increased the infectivity of Vero cell-
derived virus for HAE cells by 6-fold, such that there was no sig-
nificant difference in the infectivity of virus derived from
cathepsin L-treated Vero cells and virus derived from cathepsin
L-treated HeLa cells. Virus produced in HeLa cells treated with the
cathepsin L inhibitor displayed 30% lower infectivity for HAE
cells than virus grown under the same conditions but without the
inhibitor. This relatively minor inhibitory effect on virus produc-
tion may reflect the loss of cathepsin L activity on one or more of
its many cellular functions.

Identification of the G-protein cleavage site. Another, more
permanent way to reduce G-protein cleavage during virus growth
in Vero cells would be to identify the site of cleavage using mu-
tagenesis and insert the mutation that most efficiently prevents
cleavage into the viral cDNA and rescue virus. Such a virus pro-
duced in Vero cells should display full infectivity for HAE cells.

To estimate the position of cleavage, we took into account the
positions of the 4 N-linked glycans in the strain A2 G protein and
the predicted positions of the many O-linked glycan sites using
NetOGlyc software (48). We predicted that the G protein is

g &8

HAEIHgLa infectious u
8

5 &

cleaved in Vero cells atabout amino acid 210. To test this estimate,
we mutated codon 211 to a stop codon. The resultant protein was
50 to 60 kDa (Fig. 6A), similar to the size of the cleaved G protein
in Vero cells.

To identify amino acids important for G-protein cleavage in
Vero cells, we deleted overlapping regions around amino acid 210
(amino acids 200 to 211, 204 to 213, 206 to 215, 208 to 217, or 209
to 213), with the expectation that deletion of the cleavage site
would prevent G-protein cleavage in Vero cells. All of these dele-
tion mutants reduced cleavage compared to that for the wild-type
G protein (Fig. 6B), confirming that this region contains the pro-
tease site. In addition, all deletion mutants were missing amino
acids 209 to 211, suggesting that cleavage requires these amino
acids but not ruling out the importance of other amino acids in
this region. Surprisingly, constructs with the deletion of amino
acids 206 to 210 and 206 to 215, both of which contain deletions of
all or the majority of amino acids 209 to 211, only partially inhib-
ited cleavage. However, deletions have the potential of bringing
together amino acids that might serve as a proteolytic site, and this
is likely the case here.

To further delineate the amino acids that are important for
cleavage, we individually mutated amino acids around amino acid
210 to alanine. Alanine substitutions at L208, K209, K212, K213,
and D214 were resistant to cleavage, consistent with our hypoth-
esis that amino acids 209 to 211 are important for cleavage. Amino
acid substitutions at positions 197,199, 200, 201, 204, 206, 210,
and 211 had little or no effect on cleavage.

Cathepsin L is able to cleave substrates with a variety of se-
quences but has preferential cleavage sites. Importantly, the L208/
K209 motif is consistent with a known cathepsin L cleavage pref-
erence consisting of a hydrophobic amino acid in the P-2 position
and a basic residue in P-1 (49), with cleavage occurring between
P-1and P-1'. In this case, cleavage would be between amino acids
209 and 210.

Infection of HAE cells with virus containing an uncleavable
G protein. We built the L208A mutation into the rgRSV genomic
c¢DNA (rgRSV-L208A) and rescued the virus. Both rgRSV and
rgRSV-L208A were grown in HeLa or Vero cells and sucrose gra-
dient purified (Fig. 7A). As expected, HeLa cell-derived rgRSV
contained an intact G protein and Vero cell-derived rgRSV con-
tained a mix of cleaved and uncleaved G proteins. However, con-
sistent with the transiently expressed modified G protein, Vero

HrgRSV
mrgRSVL208A

*

Vero-derived

Hela-derived

FIG 7 Comparison of rgRSV and rgRSV-L208A infection of HAE cells. HeLa cell-derived (H-D) and Vero cell-derived (V-D) rgRSV and rgRSV-L208A were
produced in HeLa or Vero cells. (A) Virus was purified by use of a sucrose gradient, and G protein was detected by immunoblotting. (B) Viruses were partially
purified by centrifugation through a sucrose cushion and titrated on HeLa cells. Equal numbers of HeLa cell-infectious units were used to inoculate HAE and
HelLa cells on the same day, as described in the legend to Fig. 5. Data from 4 experiments were combined. ¥, P < 10~ * (unpaired, 2-tailed t test, unequal variance).
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cell-grown rgRSV-L208A virions almost exclusively contained
uncleaved G protein. Partially purified viruses were titrated on
HelLa cells, and equivalent numbers of HeLa cell-infectious units
were used to inoculate HAE cell or HeLa cell cultures. Infected
cells were counted, and data are displayed as the ratio of the num-
ber of HAE cell-infectious units to the number of HeLa cell-infec-
tious units (Fig. 7B). Consistent with our hypothesis, rgRSV-
L208A was 5-fold more infectious for HAE cells than rgRSV when
they were grown in Vero cells.

DISCUSSION

Cells use endocytic recycling to transport proteins from the trans-
Golgi network, turn over their membranes, bring in nutrients
from the extracellular space (50), and process proteins for loading
into major histocompatibility complex class I complexes (51).
All enveloped viruses have hijacked this system to deliver their
glycoproteins to the correct membranes to envelop their capsid
structures (52—63). In at least one instance, the Nipah virus F
protein requires endocytic recycling to activate its F protein in
the late endosome/lysosome by either cathepsin B or cathepsin
L (26, 64, 65).

Unlike these examples where recycling is required for the pro-
duction of infectious virus, we have found that RSV G-protein
recycling in Vero cells is detrimental to the infectivity of progeny
virus for its in vivo target, the ciliated airway epithelial cell. In this
context, the cathepsin L encountered during endocytic recycling
serves as a viral restriction factor. Similar restriction factors could
reduce the production of other enveloped viruses in particular cell
lines, animals, or organs.

Cathepsins are critically important for lysosomal degradation
and a number of other cellular processes, and, as such, many are
ubiquitously expressed (66). However, the G protein is cleaved in
only a few cell lines (12). One reason for this difference is that
cathepsin L activity is much lower in HeLa cells than in Vero cells
(Fig. 2). Another is that the mature HeLa cell-derived G protein is
not susceptible to cathepsin L cleavage, while the Vero cell-derived
G protein is (Fig. 3). This result suggests that there is something
fundamentally different about the G protein when it is produced
in HeLa cells than when it is produced in Vero cells, and this is
most likely a difference in posttranslational modification. Each G
protein is modified by the addition of an estimated 35 O-glycans,
but their specific locations on the G protein have not been deter-
mined for any cell line. In any case, these results demonstrate that
not all immortalized cell lines are equivalent for viral production.

The immortalized cell receptor for the G protein is heparan
sulfate (HS) (67-72), along-chain glycan modification found on a
specific subset of cell surface glycoproteins on many cell types
(73). The first indication that Vero cell-derived RSV was different
from HEp-2 cell-derived RSV came when we found that HEp-2
cell-derived virus was 20-fold more infectious than Vero cell-de-
rived virus for CHO cells that express HS than for CHO cells that
are deficient in HS production (12). This finding prompted us to
examine the G protein in virions, and we found that most of it
was 55 kDa rather than 90 kDa. We went on to demonstrate
that its smaller size was due to cleavage. We concluded that the
loss of the G-protein C terminus reduced the ability of the Vero
cell-derived virus to infect cells expressing HS, assuming that
the HS binding domain had been lost when the C terminus was
removed by cleavage.

Originally, a highly basic peptide from the G protein represent-
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ing amino acids 184 to 198 was shown to bind to cells and to
inhibit infection (74). This region of the G protein was dubbed the
heparin binding domain (HBD). In the current study, we identi-
fied the site of cleavage in Vero cells to be between amino acids 209
and 210. This cleavage site is C terminal to amino acids 184 to 198,
the originally described HBD, so cleavage at this site does not
remove these amino acids from the 55-kDa G protein. However,
in another study, Shields et al. found that the basic amino acids
between amino acids 198 and 231 are also important for G-protein
binding to immortalized cells (72). Taken together, these results
support an extension of the HBD to encompass amino acids 184 to
231. Furthermore, from our current study the most important
region for HS binding would seem to be the portion of the region
from amino acids 183 to 231 that is lost by cleavage in Vero cells:
amino acids 210 to 231.

Though it is important for entry into immortalized cells, HS is
detectable only on the basal surface of HAE cells (75). RSV infects
only via the apical surface and, more specifically, targets the cili-
ated epithelial cells (88), strongly suggesting that there is a differ-
ent virus receptor on HAE cells. Consistent with this hypothesis,
we have found that soluble HS readily inhibits RSV infection of
HelLa cells but not HAE cells (89). In addition, we and others have
recently shown that a molecule known to interact with the G pro-
tein, CX3CR1 (76), is present on the cilia of HAE cells (77, 89) and
colocalizes with bound RSV virions in these cultures (77). Further,
we have shown that the RSV G-protein CX3C motif (amino acids
182 to 186) is important for infection of HAE cells (89).

If amino acids 182 to 186 are important for attachment to the
HAE cellular receptor CX3CR1 and these amino acids are retained
in the Vero cell-cleaved G protein, as they would be with cleavage
taking place between amino acids 209 and 210, it is not clear why
HAE cell infection would be impaired (Fig. 6 and 7). This result
suggests that the CX3C motif is not the only portion of the G
protein that is important for infection of HAE cells. The C-termi-
nal domain of the G protein, which is lost due to cleavage in Vero
cells, might also be involved in binding to the CX3CR1 receptor, in
binding to a second receptor, or in some other aspect of infection
initiation. However, it is also possible that protein cleavage
changes the structure of the G protein such that its CX3C motif is
no longer able to bind CX3CRI.

An important role for the C-terminal portion of the G protein
is consistent with the appearance, in 2003, of an RSV B strain virus
in Buenos Aires, Argentina, containing a 60-nucleotide duplica-
tion in the C-terminal third of the G protein (78). Since then, these
BA strain viruses have become the prominent circulating B strains
(79-85). More recently, an A strain with a 72-nucleotide duplica-
tion in the C-terminal third of its G protein has become a predom-
inant circulating A strain (79-81, 83, 85-87). The duplicated re-
gions in these A and B strains do not overlap, but the fact that these
viruses have arisen independently of one another and have be-
come the predominant circulating strains also suggests that this
C-terminal region of the G protein may play an important func-
tional role.

We identified key residues in the C-terminal third of the G
protein that are important for cathepsin L cleavage and chose the
most efficient cleavage-inhibiting modification, L208A, for inclu-
sion in the virus. rgRSV-L208A was equally infectious regardless
of the cell type that produced the virus. rgRSV-L208A grown in
Vero cells and rgRSV grown in HeLa cells were also equally infec-
tious, confirming the importance of the full-length G protein for
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RSV infection of HAE cells. Importantly, the comparable infectiv-
ity of Vero cell-derived rgRSV-L208A and HeLa cell-derived
rgRSV indicates that the L208A mutation does not affect G-pro-
tein function during virus entry into HeLa or HAE cells.

If a mutation that prevents G-protein cleavage in Vero cells is
incorporated into a live attenuated RSV vaccine candidate, the
virus produced would have an intact G protein and be 5-fold more
infectious for the nasal epithelium, the site of vaccine inoculation.
As a result, 5 times less inoculum could be used for each vaccina-
tion, resulting in a more economically feasible vaccine candidate.
Because cleavage is a posttranslational modification, airway epi-
thelial cells infected in vivo should spread within the airway epi-
thelium similarly to the wild-type virus because both viruses
would produce an intact, functional G protein. While the work
presented here appears to solve the problem of G-protein cleavage
in Vero cells for live attenuated vaccine production, efforts to
reach the right balance between attenuation and immunogenicity
continue.
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