VACCINES AND ANTIVIRAL AGENTS

SOCIETY FOR

; ®
microsioocy | \/ rOlogy '.)

L] amean | Journal of

Check for
updates

Stable Attenuation of Human Respiratory Syncytial Virus for
Live Vaccines by Deletion and Insertion of Amino Acids

in the Hinge Region between the mRNA Capping and
Methyltransferase Domains of the Large Polymerase Protein

Miaoge Xue,® Rongzhang Wang,? Olivia Harder,2 Phylip Chen,® Mijia Lu, Hui Cai,®* Anzhong Li,® Xueya Liang,?
Ryan Jennings,? Krista La Perle, Stefan Niewiesk,® {2’ Mark E. Peeples,P< Jianrong Li2

2Department of Veterinary Biosciences, College of Veterinary Medicine, The Ohio State University, Columbus, Ohio, USA
bCenter for Vaccines and Immunity, The Research Institute at Nationwide Children's Hospital, Columbus, Ohio, USA
<Department of Pediatrics, The Ohio State University College of Medicine, Columbus, Ohio, USA

ABSTRACT Human respiratory syncytial virus (RSV) is the leading viral cause of
lower respiratory tract disease in infants and children worldwide. Currently, there are
no FDA-approved vaccines to combat this virus. The large (L) polymerase protein of
RSV replicates the viral genome and transcribes viral mRNAs. The L protein is orga-
nized as a core ring-like domain containing the RNA-dependent RNA polymerase
and an appendage of globular domains containing an mRNA capping region and a
cap methyltransferase region, which are linked by a flexible hinge region. Here, we
found that the flexible hinge region of RSV L protein is tolerant to amino acid dele-
tion or insertion. Recombinant RSVs carrying a single or double deletion or a single
alanine insertion were genetically stable, highly attenuated in immortalized cells,
had defects in replication and spread, and had a delay in innate immune cytokine
responses in primary, well-differentiated, human bronchial epithelial (HBE) cultures.
The replication of these recombinant viruses was highly attenuated in the upper and
lower respiratory tracts of cotton rats. Importantly, these recombinant viruses elic-
ited high levels of neutralizing antibody and provided complete protection against
RSV replication. Taken together, amino acid deletions or insertions in the hinge re-
gion of the L protein can serve as a novel approach to rationally design genetically

stable, highly attenuated, and immunogenic live virus vaccine candidates for RSV. Citation Xue M, Wang R, Harder O, Chen P, Lu
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The clinical signs and symptoms associated with RSV range from mild respiratory
problems to severe cough, bronchiolitis, pneumonia, and death (1). Worldwide it is
estimated that RSV causes 3.4 million hospitalizations and between 66,000 and 199,000
deaths in young children less than 5 years of age (4, 5). The only FDA-approved therapy
for RSV infection is palivizumab (Synagis; Medimmune), a monoclonal antibody target-
ing the viral fusion protein, which is reserved for high-risk infants (such as cases of
prematurity and congenital heart diseases) (6). Currently, there is no FDA-approved RSV
vaccine, although several vaccine candidates, including live attenuated, subunit, and
virus-vectored vaccines are in preclinical or clinical trials (reviewed in reference 7).

Generally, inactivated and live attenuated vaccines are the two most common
strategies used in vaccine development. For safety reasons, an inactivated vaccine is
often preferred. However, a formalin-inactivated RSV vaccine developed and tested in
the 1960s not only failed to induce a protective immune response in humans, but
induced enhanced respiratory disease upon natural infection with RSV (8, 9). Eighty
percent of the vaccinated children were hospitalized following natural RSV infection,
and two children died. In contrast to inactivated vaccines, enhanced lung disease has
not been observed for candidate live attenuated RSV vaccines (1, 10). Therefore, live
attenuated vaccines are one of the most promising vaccine candidates for RSV.
However, it has been a challenge to identify an RSV vaccine strain that is genetically
stable, sufficiently attenuated, and grows to high titer in cultured cells while retaining
high immunogenicity (1, 10, 11). From the early 1960s to 1990, a panel of cold-passaged
(cp) and temperature-sensitive (ts) RSVs were identified and tested clinically (12-17),
but none was found to have a satisfactory balance between attenuation and immu-
nogenicity (15-17).

In 1995, reverse genetics for RSV was established, which provided a powerful tool to
rationally design attenuated strains by manipulating the viral genome (18). Attenuation
approaches that have been attempted include engineering mutations in the two major
glycoproteins (F or G), deleting a nonessential gene (encoding nonstructural proteins
NS1 and NS2, the small hydrophobic [SH] protein, or the M2-2 protein), and deopti-
mizing codon usage of the genes expressing viral proteins (10, 19-22). Many of these
approaches either affect genetic stability, virus growth in vitro, or immunogenicity or
lead to insufficient attenuation or overattenuation. Recently, several new candidates
(such as RSV with deleted M2-2, RSV with thermostabilized F protein, and RSV with
mutations in NS1 or NS2 protein) have been developed and show good attenuation
and immunogenicity in animal models (23-25). Although some of these vaccine
candidates are promising, the exploration of new approaches for the attenuation of RSV
for vaccine development are needed.

RSV belongs to the family Pneumoviridae in the order Mononegavirales. Similar to all
other nonsegmented negative-sense (NNS) RNA viruses, RSV encodes a large (L)
polymerase protein with molecular weight of 230 kDa that possesses all of the enzy-
matic activities for genome replication, mRNA transcription, and mRNA modifications
(26, 27). Amino acid sequence alignment of the L proteins of NNS RNA viruses has
identified six conserved regions (CR) numbered | to VI (Fig. TA). Functions of CR Ill, CR
V, and CR VI have been defined (28-33). CR Ill contains a GDN motif that is essential for
polymerase activity, whereas CR V and CR VI function as the mRNA capping enzyme
and the cap-modifying methyltransferases (MTases), respectively (28-33). A recent
structural study of the L protein of vesicular stomatitis virus (VSV) within the related
family Rhabdoviridae revealed that the L protein organizes as a core ring-like domain
containing the RNA-dependent RNA polymerase and an appendage of globular do-
mains containing a capping region (CR V) and a cap methyltransferase region (CR VI),
which are linked by a flexible hinge region (34). Interestingly, morbilliviruses (measles
virus, MeV [35]; rinderpest virus, RPV [36]; and canine distemper virus, CDV [37]) within
the family Paramyxoviridae, as well as VSV within the Rhabdoviridae (38), were shown
to tolerate in-frame insertion of the entire enhanced GFP (EGFP) at the region between
CR V and CR VI in the L protein, which resulted in viable recombinant viruses.
In addition, constructs with insertion of a hemagglutinin (HA) tag in this flexible region
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FIG 1 Design of RSV L deletion and insertion mutants. (A) Conserved regions (CRs) in the VSV L protein. The nucleotide polymerization motif
(GDN) in CR Ill, mRNA capping motif (GxxT[n]HR) in CR V, and mRNA cap methyltrasferase motif (SAM binding GxGxG...D) in CR VI are indicated.
(B) CRs in the RSV L protein. Based on the sequence alignment of RSV L (YP009518860.1) and VSV L (Q98776.1), the CRs and their predicted amino
acid positions are assigned. CD, connector domain; MT, methyltransferase; CTD, C-terminal domain; and EGFP, enhanced green fluorescent
protein gene. (C) Structure modeling of RSV L protein. The cryo-EM structure of the VSV L protein (PDB no. 5A22) was used as the template for
RSV L protein structure prediction using MODELLER program (version 9.20). Amino acids D1557 and M1558 are indicated.

in Nipah virus and RSV L proteins were found to be functional in a minigenome assay,
retaining 40 to 60% and 10 to 60% polymerase activity compared to the wild-type L
protein, respectively (39). However, it is unknown whether the HA insertion will lead to
recovery of viable recombinant viruses.

In this study, we found that the flexible hinge region between CR V and CR VI of RSV
L protein not only was tolerant to amino acid insertion but also tolerates amino acid
deletion. Recombinant RSVs (rRSVs) carrying a single or double deletion, or an alanine
insertion in this flexible region, grew to a high titer, and were genetically stable and
sufficiently attenuated, yet retained high immunogenicity in cotton rats. Therefore, these
rRSVs' deletion and insertion mutants are highly promising vaccine candidates for RSV.

RESULTS

Recovery of rgRSVs carrying a deletion or insertion in the L protein. Recent
structural studies of VSV L protein showed that CR V and CR VI are connected by two
linkers (linkers 1 and 2) separated by a connector domain (CD), suggesting that the
region between CR V and CR VI is flexible (34). More recently, the structure of RSV L has
been solved (40, 41). Unfortunately, the RSV L structure does not include the CD and CR
VI. Thus, we performed amino acid sequence alignment and structural homology
analysis between VSV and RSV L proteins. The analysis showed that CR | to VI, linkers
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1 and 2, and CD are conserved between RSV and VSV L proteins (Fig. 1A and B).
Previously, in-frame insertion of EGFP into linker 2 of VSV L resulted in a functional L
protein and a viable recombinant VSV (38). Based on the sequence alignment between
VSV and RSV L protein, we hypothesized that the homologous positions at amino acids
D1557 and M1558 in RSV L will tolerate amino acid insertions and deletions (Fig. 1C).
To generate mutants, we first deleted single amino acid D1557 or M1558 from the RSV
L gene, resulting in L-AD1557 and L-AM1558, respectively. Both D1557 and M1558 were
also deleted in one virus to generate the double deletion mutant, L-AD1557-AM1558.
To generate an insertion mutant, a single alanine residue was inserted between D1557
and M1558, resulting in L-1557-A-1558.

These RSV L mutants were tested in an RSV minigenome that expresses GFP and
found to be functional (Fig. 2A), although these L mutants expressed less GFP relative
to the wild-type (wt) L, suggesting that the L deletion and L insertion mutants are
capable of replicating genome and transcribing mRNA and thus may not be lethal to
the virus. Quantitative analysis showed that L-AD1557 expressed 90% as many GFP-
positive cells compared to wt L (P < 0.01) but had no significant difference in GFP
intensity from wt L (P > 0.05) (Fig. 2B and C). L-AM1558, L-AD1557-AM1558, and
L-1557A1558 produced approximately 83, 73, and 52% as much GFP-positive cells as
the wt minigenome expression, respectively (Fig. 2B). In addition, the GFP intensities of
L-AM1558, L-AD1557-AM1558, and L-1557A1558 were 78, 65, and 53% relative to that
of wt L, respectively. The total RNA was extracted from the cells transfected with the
minigenome, and the RNA copies of the replication product (minigenome) and tran-
scription product (GFP mRNA) were quantified by real-time reverse transcription-PCR
(RT-PCR). All of the L mutants had a significant reduction in minigenome replication
(Fig. 2D). With the exception of L-AD1557, all of the L mutants had a significant
reduction in GFP mRNA transcription (Fig. 2E). Therefore, these results showed that the
L deletion and L insertion mutants reduced both replication and transcription, leading
to reduced gene expression.

We next built these deletion and insertion mutations into an infectious cDNA clone
of RSV A2 strain in which the GFP gene had been inserted between the leader and the NS1
gene. GFP expression allowed us to monitor replication and gene expression of the
recombinant virus. All of the mutant viruses were successfully recovered and were named
rgRSV-AD1557, -AM1558, -AD1557-AM1558, and -1557A1558. All recombinant viruses were
plaque purified and further passaged 4 or 5 times in Vero cells. The entire genome was
amplified by RT-PCR and sequenced. All retained the desired deletion or insertion in the L
gene. No additional mutations were found elsewhere in their genomes.

rgRSV deletion and insertion mutants are attenuated in cell culture. We next
determined whether these rgRSV mutants were attenuated in HEp-2 and Vero cells.
HEp-2 and Vero cells were infected with each recombinant virus, and the expression of
GFP and virus production kinetics were monitored. The parental rgRSV had a maximal
level of GFP expression at day 3 postinfection, developing extensive cytopathic effect
(CPE) by day 4. However, all rgRSV mutants had delayed GFP expression and CPE in
HEp-2 cells, reaching maximal GFP expression at days 4 to 5 postinoculation. Extensive
CPE was not observed for these rgRSV mutants until days 5 to 6 postinoculation.

Quantification by flow cytometry showed that significantly fewer GFP-positive cells
were detected in HEp-2 cells that were infected by each of the mutants at 24 and 48
h postinfection, compared to rgRSV (P < 0.05) (Fig. 3A and B). We also compared the
growth kinetics of these rgRSV mutants with the parental rgRSV (Fig. 3C). The parental
rgRSV reached a peak titer of 10792 50% tissue culture infective doses (TCIDs,) at 48 h
postinoculation. The rgRSV-AD1557 mutant grew to a higher titer than rgRSV, reaching
a peak titer of 10713 TCID,, at day 3 postinoculation. The growth kinetics of rgRSV-
AM1558, -AD1557-AM1558, and -1557A1558 had a significant delay. Those rgRSV
mutants reached a peak titer at days 4 to 5 postinoculation and had a 0.4- to 0.6-log
reduced peak titer compared to rgRSV. These results demonstrated that all of these
rgRSV mutants had a significant delay in viral replication in HEp-2 cells.
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FIG 2 Examination of the function of L deletion and insertion mutants using a minigenome assay. (A) L deletion
and insertion mutants diminished GFP expression. Confluent HEp-2 cells were transfected with the minigenome
plasmid together with pTM1-N, pTM1-P, pTM1-M2.1, pTM1-L, or a pTM1-L mutant, using Lipofectamine 2000. GFP
expression was visualized by fluorescence microscopy at 48 h posttransfection. (B and C) Quantification of
GFP-positive cells (B) and GFP intensity (C) by flow cytometry. HEp-2 cells were transfected with the minigenome
and support plasmids. At 48 h posttransfection, cells were trypsinized, and the percentages of GFP-positive cells
(B) and GFP intensity (C) were counted by flow cytometry. (D and E) Quantification of genome (D) and mRNA (E)
of minigenome assay by real-time RT-PCR. HEp-2 cells were transfected with the minigenome and support
plasmids. At 48 h posttransfection, cells were lysed by TRIzol reagent, and total RNA was extracted. Purified RNA
was further treated by DNase to remove potential contamination of plasmid DNA. Then the genome (D) and mRNA
(E) of the minigenome were quantified by real-time RT-PCR. Data for each L mutant were normalized by wild-type
pL. The average from three independent experiments = standard deviation is shown. NS, no significant difference
(P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Antigen expression of rgRSV deletion and insertion mutants in A549 cells. An
ideal attenuated strain for vaccine purposes should generate sufficient amounts of viral
antigens in order to trigger a strong immune response. Since F and G proteins are the
two major surface glycoproteins responsible for inducing neutralizing antibody, we
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FIG 3 Characterization of rgRSVs carrying deletion and insertion in the flexible hinge region of the L protein. (A) Delayed GFP
expression by rgRSV mutants in Vero cells. Confluent Vero cells were infected by each rgRSV at an MOI of 0.1, and GFP expression was
monitored at the indicated time by fluorescence microscope. (B) Quantification of GFP-positive cells by flow cytometry. Confluent
HEp-2 cells were infected by each rgRSV (MOI of 1.0), and at the indicated time points, cells were trypsinized and GFP-positive cells
were quantified by flow cytometry. Data are the average from three independent experiments *+ standard deviation. (C) Single-step
growth curve of rgRSV mutants. HEp-2 cells in 12-well-plates were infected with each rgRSV at an MOI of 1.0. After adsorption for 1
h, the inocula were removed and the infected cells were washed 3 times with Opti-MEM medium. Fresh DMEM containing 2% FBS
was added, and the cells were incubated at 37°C for various times. The supernatant and cells were harvested by three freeze-thaw
cycles, followed by centrifugation at 1,500 X g at 4°C for 15 min at the indicated intervals. The viral titer was determined by TCID,,
assay in HEp-2 cells. The viral titers shown are the geometric mean titer (GMT) from three independent experiments *+ standard
deviation. NS, no significant difference (P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

monitored the dynamics of F and G protein expression in virus-infected cells (Fig. 4). At
18 h postinfection, all rgRSV mutants had significant defects in both F and G protein
expression compared to rgRSV. However, rgRSV-AD1557 and rgRSV-AD1557-AM1558
reached a similar level of F and G expression to rgRSV at 24 and 48 h postinoculation.
rgRSV-1557A1558 and rgRSV-AM1558 had less F and G expression at all three time
points compared to rgRSV. Consistent with the attenuation phenotype in cell culture,
all rgRSV mutants had a delay in antigen expression, but two mutants eventually
reached similar levels of antigen expression, relative to rgRSV.

Genetic stability of rgRSV deletion and insertion mutants in Vero cells. We
hypothesize that amino acid deletion and insertion in the L gene will enhance genetic
stability of rgRSV mutants. To do this, we successively passed these recombinant viruses
in Vero cells 15 times. At each passage, a 1.0-kb fragment spanning the deletion or
insertion mutations was amplified by RT-PCR and sequenced. The result showed that all
recombinant viruses retained the desired deletions or insertion at each passage. At
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FIG 4 F and G protein expression. A549 cells were infected with the parental rgRSV or rgRSV mutants at an MOI of 0.1. At 18,
24, and 48 h postinoculation, total cell lysates were harvested and subjected to Western blotting using a monoclonal antibody

against RSV F or G protein.

passage 15, the entire genome was amplified by RT-PCR and sequenced. No additional
mutations were found in the genome (data not shown). This result suggests that rgRSV
deletion and insertion mutants were genetically stable in cell culture.

Replication of rgRSVs in HBE culture. RSV infection has been studied mainly in
immortalized cell lines. However, virus replication in vitro in immortalized cell lines may
differ from replication in vivo in the human airway epithelium in many aspects, such as
receptors and entry and spread mechanisms. Primary, well-differentiated human bron-
chial epithelial (HBE) cultures have been shown to accurately represent the human
airway epithelium, in both appearance and function. Similar to RSV infection in the
airways of human lungs, RSV infects HBE cultures via the apical surface of the ciliated
cells. Therefore, we tested replication and spread of rgRSV deletion and insertion
mutants in HBE cultures at an inoculation dose of 400 TCIDs,. The parental rgRSV
produced visible GFP-positive cells at day 1, rapidly spreading at days 2 to 4, and
reaching a peak that involved most of the culture by day 6 (Fig. 5A). All rgRSV mutants
had delays in spreading in HBE cultures (Fig. 5A). At the indicated times, mucus was
washed off, supernatants were collected, and the dynamics of virus release from HBE
cultures was determined by TCID., (Fig. 5B). The parental rgRSV reached a peak titer of
10786 TCID5o/ml at day 6 postinoculation and decreased by day 8. All rgRSV mutants
had a significant delay in virus released from HBE cultures. rgRSV-AD1557 and rgRSV-
AD1557-AM1558 reached peak titers of 1097 TCID5,/ml and 10%->8 TCID5,/ml, respec-
tively, at day 6, whereas rgRSV-AM1558 and rgRSV-1557A1558 peaked at day 8, with
titers of 10540 TCID5so/ml and 10%-3¢ TCID5,/ml, respectively, before receding.

We also tested the replication of rgRSV mutants in HBE culture derived from a
different lung donor at a higher inoculation dose (2,000 TCID). In this experiment, we
did not disturb and wash the mucus off HBE culture until 65 h postinoculation.
Significantly less GFP signal was observed in these cultures for the rgRSV mutants (Fig.
6A). Quantification of GFP by ImagelJ software shows significant delays in viral spread-
ing for all rgRSV mutants, in some more than others (Fig. 6B). Based on the GFP
expression and virus titer, the robustness of spread and virus replication in HBE culture
can be ranked as follows: rgRSV > rgRSV-AD1557 > rgRSV-AD1557-AM1557 > rgRSV-
1557A1558 > rgRSV-AM1558.

Cytokine production in HBE cultures infected by rgRSV. A robust innate immune
response induced by live attenuated RSV vaccine candidates is critical for inducing the
subsequent adaptive immunity (42). Thus, we analyzed the production of cytokines in
HBE cultures. HBE cultures are a good model for RSV infection, likely mimicking RSV
infection in human lungs. We are particularly interested in those cytokines involved in
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FIG 5 rgRSV production in HBE cultures. (A) rgRSVs in HBE culture. HBE cultures were inoculated with 400 TCID,,
of each rgRSV (equivalent to an MOI of 0.001). At the indicated times, virus spread was monitored by fluorescence
microscopy. Representative images at each time point are shown. (B) Virus release from rgRSV-infected HBE culture.
Apical washes were collected every 2 days until day 14 postinoculation. Infectious virus in washes was quantified
by the TCID,, assay. The viral titers shown are the geometric mean titer (GMT) from three Transwells = standard
deviation. NS, no significant difference (P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

innate immunity, which include beta interferon (IFN-3 [type | IFN response]), IFN-A1, -2,
and -3 (type Il IFN response), IP-10 (interferon gamma-inducible protein 10 kDa, also
known as CXCL10 chemokine), and interleukin-6 (IL-6 [a signature cytokine for inflam-
matory response]). Briefly, HBE cultures were inoculated with 2,000 TCID., of rgRSV or
each mutant, and apical and basolateral fluids were sampled at days 2 and 5 postin-
oculation for cytokines. The amount of each cytokine was normalized by the degree of
viral spreading (GFP intensity). As shown in Fig. 7A, there was no significant difference
in IL-6 production at day 2 for medium harvested from the apical or basolateral surface
(P > 0.05). However, rgRSV-1557A1558 had significantly lower IL-6 production in the
apical surface compared to rgRSV at day 5 (P > 0.001). All rgRSV mutants had less IP-10
at day 2 compared to rgRSV (Fig. 7B) (P < 0.05 or P < 0.001). However, rgRSV-AD1557
and rgRSV-1557A1558 had higher IP-10 in basolateral samples (P < 0.05 or 0.01), and
rgRSV-AD1557-AM1558 and rgRSV-AM1558 had a similar level of IP-10 compared to
rgRSV at day 5 (P > 0.05). All rgRSV mutants had significantly less IFN-A1 at day 2 (P <
0.05 or 0.01) but reached a similar level at day 5 compared to rgRSV (Fig. 7C) (P > 0.05).
Interestingly, the majority of IFN-A2 and -3 was found in basolateral samples. rgRSV-
AD1557-AM1558 had a similar level of IFN-A2 and -3 (P > 0.05), whereas other mutants had
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FIG 6 rgRSV mutants spread more slowly in HBE culture. (A) Spreading of rgRSVs in HBE culture. HBE cultures were inoculated with 2,000 TCID,, of each rgRSV
(equivalent to an MOI of 0.005). At the indicated times, the entire Transwell was imaged by fluorescence microscopy. At 65 h postinoculation, 100 ul of PBS was added
to the apical surface of the HBE cultures. Representative images of three Transwells at each time point for each rgRSV are shown. (B) GFP expression in infected HBE
cultures. The GFP signal was quantified from a digital image by ImageJ software for each rgRSV-infected culture on the day they reached maximum infection. Fold
differences in GFP intensity of each rgRSV mutant-infected HBE culture relative to mock-infected HBE were calculated. The data are expressed as the mean from three
Transwells = standard deviation. NS, no significant difference (P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

less IFN-A2 and -3 at day 5 (Fig. 7D) (P < 0.05, 0.01, or 0.0001). All rgRSV mutants had less
IFN-B in basolateral samples at day 2 relative to rgRSV (Fig. 7E) (P < 0.05 or 0.01).
Interestingly, rgRSV-AD1557-AM1558 had significantly higher IFN-B in apical samples com-
pared to rgRSV (Fig. 7E) (P < 0.05). In addition, rgRSV-AD1557-AM1558 had a similar level
of IFN-B (P > 0.05), whereas all other mutants had less IFN-B in basolateral samples at day
5 (P < 0.05). These results demonstrated that rgRSV mutants had a delay in cytokine
production at an early time point (day 2) but were capable of inducing a high level of the
cytokines involved in innate immunity at day 5 in HBE culture.

Replication of rgRSVs in cotton rats. We next determined whether rgRSV deletion
and insertion mutants are attenuated in vivo. To do this, 6-week-old female cotton rats
were intranasally inoculated with 2 X 10> TCID, of parental rgRSV or rgRSV deletion
and insertion viruses. At day 4 postinfection, cotton rats were sacrificed, and viral
replication in nasal turbinates and lungs and pulmonary histology were examined.
Under our experimental conditions, the detection limit of rgRSV in lung and nasal
turbinate tissues was 2 log TCID,/g tissue. The parental rgRSV replicated efficiently in
the nasal turbinates and lungs of all five cotton rats. Average viral titers of 4.82 = 0.11
and 4.77 = 0.31 log,, TCIDs,/g were found in the lungs (Fig. 8A) and nasal turbinates
(Fig. 8B), respectively. The rgRSV deletion and insertion mutants had significantly
reduced viral replication in the nasal turbinates and lungs (Fig. 8A and B). For rgRSV-
AD1557, average viral titers of 3.35 = 0.43 and 4.06 * 0.25 log,, TCID,,/g were found
in the nasal turbinates and lung, respectively. For rgRSV-AD1557-AM1558, an average
titer of 2.44 + 0.16 log,, PFU/g was detected in the nasal turbinates (P < 0.0001), and
4 out of 5 rats had detectable virus in lung tissue, with a titer of 2.39 + 0.24 log,, PFU/g
(P < 0.0001). For rgRSV-1557A1558, 4 out of 5 cotton rats had detectable virus in the
nasal turbinates, with an average titer of 2.40 = 0.32 log,, PFU/g (P < 0.0001), and 4
out of 5 rats had detectable virus in lung tissue, with a titer of 2.45 = 0.26 log,, PFU/g
(P < 0.0001). rgRSV-AM1558 was the most attenuated in cotton rats, and the infectious
virus in nasal turbinate and lung tissue was below the detection limit.
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FIG 7 Production of interferons, IP-10, and IL-6 in RSV mutant-infected HBE cultures. The apical and
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FIG 8 Replication of rgRSV mutants in cotton rats. (A and B) RSV titer in lungs (A) and in nasal turbinates (B). Four-week-old SPF cotton rats were inoculated
intranasally with 2.0 X 10° TCID,, of each rgRSV. At day 4 postinfection, the cotton rats were sacrificed, and lungs and nasal turbinates were collected for virus
titration by TCID, assay. The viral titers shown are the geometric mean titer (GMT) from 5 animals =+ standard deviation. The detection limit is 2.0 log TCID,/g
tissue. (C and D) RSV genome RNA copies in lungs (C) and in nasal turbinates (D). Total RNA was extracted from the homogenized tissue using TRIzol reagent.
RSV genome copies were quantified by real-time RT-PCR. (E) Representative histologic changes from each group are shown. Hematoxylin-eosin (H&E) staining
of lung tissue is shown. Histological images were taken under light microscopy. Micrographs with X20 magnification (scale bar of 500 um) are shown. (F)
Histology score. Each slide was scored based on severity of peribronchiolitis, perivasculitis, bronchiolitis, alveolitis, and interstitial pneumonia. Scores: 0, no
lesion; 1, mild; 2, moderate; 3, severe. NS, no significant difference (P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Next, total RNA was extracted from lung and nasal turbinate tissues, and the RSV
genome copies were quantified by real-time PCR, which is more sensitive than the
TCID4, assay. Interestingly, lungs from the rgRSV-1557A1558 group had no significant
reduction in RNA copies compared to the lungs from the rgRSV group (P > 0.05) (Fig.
8C), despite the fact that infectious RSV titer had 2.5-log TCID,/g tissue reductions (Fig.
8A). The RNA copies in lung samples from rgRSV-AM1558 and rgRSV-AD1557-AM1558
had only 0.8- and 0.3-log reductions compared to rgRSV, respectively (Fig. 8C) (P <

FIG 7 Legend (Continued)

described in the legend to Fig. 5 at the time that each mutant-infected culture reached its maximum GFP
expression (indicated below each pair of bars). IL-6 (A), IP-10 (B), IFN-A1 (C), IFN-A2/3 (D), and IFN-B (E)
levels were assayed using the Legendplex human antivirus response panel (Biolegend) bead assay.
Basolateral values were multiplied by 5 to account for the dilution in 5 times more liquid. The data from
rgRSV mutants were compared to those from rgRSV. Statistical analysis is indicated. Data with no
significant difference (P > 0.05) are not labeled in the figure panels. *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001.
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FIG 9 Immunogenicity of rgRSV mutants in cotton rats. Four-week-old SPF cotton rats were inoculated intranasally with 2.0 X 10° TCID,, of each rgRSV. Blood
samples were collected from each rat weekly by retro-orbital bleeding. (A) Neutralizing antibody production. The RSV neutralizing antibody titer was determined
using a plaque reduction neutralization assay, as described in Materials and Methods. (B) Protection from RSV challenge. At week 4 postimmunization, cotton
rats were challenged with 2.0 X 10° TCID,, of rgRSV. At day 4 postchallenge, the cotton rats were sacrificed, and lungs and nasal turbinates were collected for
virus titration by TCID,, assay. The viral titers shown are the geometric mean titer (GMT) from 5 animals * standard deviation. The detection limit is 2.0 log
TCID,y/g tissue. (C) Representative histologic changes from each group are shown. Hematoxylin-eosin (H&E) staining of lung tissue is shown. Micrographs with
X 20 magpnification (scale bar of 500 um) are shown. (D) Histology score. Each slide was scored based on severity of peribronchiolitis, perivasculitis, bronchiolitis,
alveolitis, and interstitial pneumonia. Scores: 0, no lesion; 1, mild; 2, moderate; 3, severe. NS, no significant difference (P > 0.05); *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001.

0.0001 or 0.01). All rgRSV mutants had various degrees of reductions in RSV genome
RNA copies in nasal turbinates compared to rgRSV (P < 0.05, 0.001, or 0.0001) (Fig. 8D).
Histopathologic changes were comparably mild in lungs from all RSV-infected groups
and were generally characterized by few leukocytes surrounding bronchioles and blood
vessels, evidence of occasional bronchiolar goblet cell hyperplasia with granulocyte
exocytosis, and small numbers of discrete nodules of alveolar macrophages (Fig. 8E). In
addition, there were no significant differences among the RSV-infected group (P > 0.05)
(Fig. 8F). These results demonstrated that the rgRSV-AM1558, -AD1557-AM1558, and
-1557A1558 mutants were highly attenuated in viral replication in both the upper and
lower respiratory tracts in cotton rats, whereas rgRSV-AD1557 was moderately defective
in replication in cotton rats.

Deletion and insertion mutants of rgRSV provide complete protection against
RSV infection. Since rgRSV-AM1558, -AD1557-AM1558, and -1557A1558 were highly
attenuated in vivo, we next determined whether they are immunogenic. Briefly, 6-week-
old female cotton rats were intranasally immunized with 2 X 105 TCID;, of parental
rgRSV, or rgRSV deletion or insertion viruses. The parental rgRSV was used as a control.
An ideal attenuated vaccine candidate should retain a level of immunogenicity similar
to or higher than that of the parental rgRSV. After immunization, serum antibody levels
were determined weekly by a plaque reduction neutralization assay. Figure 9A shows
the dynamics of neutralizing antibody responses following immunization. rgRSV-
AM1558 and -AD1557-AM1558 triggered levels of neutralizing antibody comparable to
those induced by rgRSV immunization (P > 0.05). However, rgRSV-1557A1558 induced
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relatively lower antibody responses at weeks 3 and 4 compared to rgRSV (P < 0.05). No
RSV-specific neutralizing antibody was detected in the unvaccinated control. At week
4 postimmunization, cotton rats were challenged intranasally with 2 X 105 TCID,,, of
rgRSV. At day 4 postchallenge, cotton rats were sacrificed, and viral replication in nasal
turbinates and lungs and pulmonary histology were examined. Infectious RSV was
below the detection limit in all nasal turbinate and lung samples from the animals
immunized with rgRSV or rgRSV-AM1558, -AD1557-AM1558, or -1557A1558 followed
by challenge with rgRSV (Fig. 9B). Microscopically, all five groups had variable but mild
pulmonary changes (Fig. 9C and D). The rgRSV- or rgRSV mutant-immunized group had
fewer pathological changes compared to the unimmunized challenged control. How-
ever, there were no statistically significant differences among the groups (P > 0.05) (Fig.
9D). No enhanced lung damage was found for the rgRSV mutants. Therefore, these
results showed that cotton rats immunized with rgRSV deletion and insertion mutants
were protected from RSV challenge.

DISCUSSION

Despite major efforts, there is no FDA-approved vaccine for RSV. In this study, we
generated three RSV live attenuated vaccine candidates by deleting and inserting
single or double amino acid residues in the flexible hinge region between CR V and CR
VI of the L protein. We showed that these vaccine candidates were genetically stable,
highly attenuated in immortalized cells, HBE cultures, and an animal model, and
capable of inducing high levels of innate immune cytokines in HBE culture and
triggering a high level of neutralizing antibody and providing complete protection
against RSV infection in cotton rats. To the best of our knowledge, this is first time that
the flexible hinge region of L protein has been shown to tolerate amino acid deletion,
although it has been shown that this region is able to tolerate an in-frame GFP insertion
for several NNS RNA viruses.

The L protein is an important target for designing live attenuated vaccine candi-
dates for RSV, since the L protein is a multifunctional protein containing domains that
perform at least 10 functions, including nucleotide polymerization, replication, tran-
scription, mMRNA capping, cap methylation, and polyadenylation (26, 27, 34). Suppres-
sion or partial suppression of these enzymatic activities will lead to diminished viral
replication and gene expression, which potentially results in virus attenuation. Between
1960 and 1990, several RSV attenuated strains were developed by classic methods such
as cold or warm passage (cp or ts) and chemical mutagenesis (12-17, 43). Interestingly,
the amino acid residue(s) responsible for the temperature-sensitive (ts) phenotype of cp
ts RSV mutants often mapped to the CRI-IV region of L protein (44, 45), which is
essential for polymerase activity. Consistent with these findings, random substitutions
of a cluster of charged amino acids to alanine in the L protein resulted in recombinant
RSVs that also exhibited a ts phenotype (46). Interestingly, mutations responsible for
the host range and ts phenotype of other NNS RNA viruses (such as VSV and Sendai
virus) map to the flexible region or CR VI in the L protein, which affected the mRNA cap
MTase activity (33, 47, 48).

Genetic stability is one of the major challenges for developing a live attenuated RSV
vaccine. The primary advantage of using amino acid deletion and insertion is that this
strategy can permanently retain the genetic stability, as it would not be possible for
these deletion or insertion mutants to revert to wild-type virus. In our study, no
reversions or additional mutations were observed when these RSV mutants were
repeatedly passaged in Vero cells. In addition, RT-PCR fragments amplified from nasal
turbinate and lung tissues retained the desired deletion and insertion mutations. These
results suggest that these RSV mutants are genetically stable.

We found for the first time that the flexible hinge region of RSV L protein tolerates
amino acid deletion. Notably, a single or double deletion was sufficient to achieve
attenuation. rgRSV-AD1557 was moderately attenuated in replication in immortalized
cells, HBE cultures, and cotton rats. However, rgRSV-AM1558 and rgRSV-AD1557-
AM1558 were highly attenuated in vitro and in vivo. For these two mutants, the
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infectious RSV titer was near or below the detection limit in lungs and nasal turbinates
of cotton rats. However, significant amounts of RSV genome RNA were detected in lung
and nasal tissues, suggesting that these RSV mutants have some levels of replication in
vivo, which may be sufficient to trigger an RSV-specific immune response. In addition,
no enhanced lung damage was observed after reinfection with rgRSV. Another impor-
tant characteristic of these two RSV mutants is that they grow to a high titer in cell
culture despite high attenuation, making vaccine production economically feasible.
Thus, L deletion is a novel approach for rational design of live attenuated vaccines for
RSV and perhaps for other NNS RNA viruses.

We also found that a single alanine insertion at the flexible hinge region was
sufficient to attenuate RSV. The resultant recombinant virus, rgRSV-1557A1558, was
highly attenuated in cell culture, HBE culture, and cotton rats. Although it triggered a
relatively lower neutralizing antibody response compared to the two RSV deletion
mutants, it provided complete protection against RSV replication. In the case of MeV,
c-Myc tag or EGFP tag was inserted in the flexible region (35). Recombinant MeV (rMeV)
containing an EGFP insertion (240 amino acids) was more attenuated in cell culture
than rMeV with a c-Myc tag (6 amino acids) at the same position, suggesting that the
size of the insert correlates with the degree of attenuation (35). For CDV, it was shown
that insertion of EGFP at this position resulted in overattenuation of the virus, only
providing partial protection against CDV challenge (37). Insertion of GFP into this
flexible region of VSV L resulted in a virus displaying unusual properties, including a
temperature-sensitive growth phenotype and a lack of virion-associated polymerase
activity in vitro (38).

Although the exact mechanism(s) behind the attenuation of these RSV deletion and
insertion mutants is not clear, one possibility is that these insertion and deletion RSV L
proteins reduced the polymerase activity, which leads to the synthesis of less genomic
and antigenomic RNA as well as mRNAs. In a minigenome assay, we found significantly
fewer GFP-positive cells and lower GFP intensity for these L protein deletion and
insertion mutants. Analysis of minigenome RNA and GFP mRNA showed these L
mutants affected both replication and transcription. In RSV-infected cells, we found that
synthesis of viral F and G proteins was significantly delayed at early time points
compared to the parental RSV. Previously, it was shown that insertion of HA tag into
amino acid positions 1749 and 1695 in RSV L resulted in 60% and 10% bioactivity in a
minigenome assay (39). These results suggest that multiple locations in the flexible
hinge region in RSV L are tolerant to amino acid insertions, although it is unknown
whether viable recombinant virus can be recovered. Similarly, the EGFP inserted into
the PRV and CDV L proteins significantly reduced polymerase activity, retaining 1 to
85% and 30 to 60% of wt polymerase activity, respectively (37). For VSV, insertion of
EGFP into the flexible region of L (Lggep) resulted in a ts phenotype for polymerase
activity (38). Another possible mechanism of viral attenuation by these L deletion and
insertion mutants is that they affect mRNA capping and/or methylase activities since
they are located in the region between the mRNA capping and methylase domains. In
fact, it was previously shown that single amino acid substitutions in the flexible region
of VSV L significantly reduced both G-N-7 and ribose 2'-O MTase activities (47).

RSV encodes two nonstructural proteins (NST and NS2) that strongly inhibit innate
immunity (25, 42, 49). Generally, a robust innate immune response is critical for
induction of strong adaptive immunity (25, 42, 50). Thus, we examined cytokine
production in HBE culture, a near in vivo airway model for RSV infection. Production of
innate immune cytokines, including IFN-B, IFN-AT, -2, and -3, and IP-10, of rgRSV
mutants had a significant delay compared to rgRSV. However, all rgRSV mutants had
induced high levels of these cytokines at day 6. The production of these cytokines will
likely provide adjuvant effects for these vaccine candidates. IL-6 is a signature cytokine
for inflammatory response and correlates with disease severity upon pneumovirus
infection (51, 52). All rgRSV deletion mutants produced a similar level of IL-6 (P > 0.05),
whereas rgRSV-1557A1558 had a significant reduction in IL-6 (P < 0.001), suggesting
that some of these rgRSV mutants may not induce more pathogenesis than rgRSV. We
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also observed differential secretion of cytokines/chemokines from the apical and
basolateral surfaces in HBE, which is probably due to the difference in cell types in these
two sites. Similarly, it was recently found that the secretome of HBE is distinct at the
apical and basolateral surfaces and this profile is altered during RSV infection (53).

In summary, we found that amino acid deletions or insertions in the hinge region of
the L protein can serve as a novel approach to rationally design genetically stable,
highly attenuated, and immunogenic live vaccine candidates for RSV.

MATERIALS AND METHODS

Ethics statement. The animal study was conducted in strict accordance with USDA regulations and
the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Research
Council (54) and was approved by The Ohio State University Institutional Animal Care and Use Com-
mittee (IACUC; animal protocol no. 2009A0221). Every effort was made to minimize potential distress,
pain, or discomfort to the animals throughout all experiments.

Cell lines. The Hela (ATCC CCL-2), A549 (ATCC CCL-185), Vero (ATCC CRL-CCL81), and HEp-2 (ATCC
CCL-23) cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and
were grown in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS). Primary, well-differentiated human bronchial epithelial (HBE)
cultures were grown on collagen-coated Transwell inserts (Corning, Inc., Corning, NY) at an air-liquid
interface, as previously described (55). Upon reaching confluence and forming tight junctions, the apical
medium was removed, and cultures were maintained at the air-liquid interface for 4 to 6 weeks to
generate well-differentiated, polarized cultures. All cell lines used in this study were free of mycoplasma,
as confirmed by the LookOut Mycoplasma PCR detection kit (Sigma, St. Louis, MO).

Virus stocks and purification. Recombinant RSV containing a green fluorescence protein (GFP)
gene between the leader sequence and NS1 gene (rgRSV) (55) was propagated and its titer was
determined in Hela or HEp-2 cells. Virus was purified through a sucrose cushion by ultracentrifugation
and was resuspended in DMEM with 10% trehalose.

Plasmids and site-directed mutagenesis. Plasmid (RW30) encoding the full-length antigenomic
cDNA of RSV strain A2 with GFP inserted between the leader and the NS1 gene and support plasmids
expressing RSV A2 strain N (pTM1-N), P (pTM1-P), L (pTM1-L), and M2-1 (pTM1-M2-1) proteins were
generously provided by Peter Collins, NIAID, Bethesda, MD (18). The L deletions (AD1557, AM1558, and
AD1557-AM1558) and insertion (1557A1558) were introduced into the pTM1-L and RW30 plasmids using
the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). All plasmids and mutations were
confirmed by DNA sequencing.

Minigenome assay. Confluent HEp-2 cells were transfected with the minigenome plasmid together
with pTM1-N, pTM1-P, pTM1-M2.1, pTM1-L, or a pTM1-L mutant, using Lipofectamine 2000. GFP
expression was visualized by a fluorescence microscope at 48 h posttransfection. In addition, total RNA
was extracted and purified from transfected cells, and the minigenome RNA and GFP mRNA were
quantified by real-time RT-PCR.

Recovery of RSV from the full-length ¢cDNA clones. rgRSV mutants were rescued from the
full-length cDNA of the RSV A2 strain (18). Briefly, HEp-2 cells were infected with MVA-T7 at a multiplicity
of infection (MOI) of 0.1 and transfected with 1.2 ug of plasmid RW30 or RW30 mutant, 0.4 ug of pTM1-N,
0.2 pug of pTM1-P, 0.1 g of pTM1-M2-1, and 0.1 ug of pTM1-L using the Lipofectamine 3000 reagent (Life
Technologies). The successful recovery of the rgRSV was confirmed by the presence of green fluorescent
cells, followed by RT-PCR and sequencing. All rgRSV mutants were plaque purified. rgRSV mutants
carrying L deletion and insertion mutations were designated rgRSV-AD1557, -AM1558, -AD1557-AM1558,
and -1557A1558.

RT-PCR and sequencing. All plasmids, viral mutants and stocks, and virus isolates from the nasal
turbinates and lungs of cotton rats were sequenced to confirm virus identity. Viral RNA was extracted
from 100 ul of each recombinant virus using an RNeasy minikit (Qiagen, Valencia, CA). A 1.5-kb DNA
fragment spanning the flexible region between CR V and CR VI of the L gene was amplified by RT-PCR.
Also, the entire RSV genome was amplified using six overlapping fragments by RT-PCR. The PCR products
were purified and sequenced using a sequencing primer at The Ohio State University Plant Microbe
Genetics Facility to confirm the presence of the designed mutations.

Viral replication kinetics. Confluent HEp-2 and Vero cells in a 12-well plate were infected with
wild-type or mutant rgRSV at an MOI of 1.0. At different time points postinoculation, the supernatants
were harvested and kept on ice. Cell pellets were subjected to three freeze-thaw cycles in 0.2 ml of fresh
DMEM with 10% trehalose. The two portions of supernatants were combined, and the virus titer was
determined by TCID,, assay in HEp-2 cells (55).

Genetic stability of rgRSV mutants in cell culture. Confluent Vero cells in T25 flasks were infected
with each rgRSV mutant at an MOI of 0.1. At day 3 postinoculation, the cell culture supernatant was
harvested and used for the next passage in Vero cells. Using this method, each rgRSV mutant was
repeatedly passaged 15 times in Vero cells. At each passage, the flexible region between CR V and CV
VI of the L gene was amplified by RT-PCR and sequenced. At passage 15, the entire genome of each
recombinant virus was amplified by RT-PCR and sequenced.

Analysis of RSV protein expression by Western blotting. Confluent A549 cells were infected with
rgRSV and rgRSV mutants at an MOI of 0.1. At 18, 24, and 48 h postinfection, the cell culture supernatant
was removed and the cells were lysed in 150 ul of radioimmunoprecipitation assay (RIPA) buffer (Abcam)
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supplemented with protease inhibitor cocktail (Sigma-Aldrich). RSV F and G proteins were detected by
Western blotting using anti-RSV F (Abcam) or serum (Virostat) antibody. B-Actin was used as a loading
control.

Examination of GFP expression by microscopy and flow cytometry. Vero or HEp-2 cells were
infected with rgRSV or mutants at an MOI of 1.0, and GFP expression was monitored at the indicated
times by fluorescence microscopy. At the indicated time points, cells were trypsinized and fixed in 0.01%
of paraformaldehyde solution, and then the number of GFP-positive cells and GFP density were
quantified by flow cytometry.

Replication, spreading, and cytokine production in HBE culture. Purified virions were titrated on
HEp-2 cells and were diluted in HBE cell medium. The apical surface of well-differentiated HBE cells in
Transwells was washed with phosphate-buffered saline (PBS) for 2 h, and the basal medium was changed
before the virus was added (at 400 or 2,000 TCID,,) to the apical chamber of the Transwell. Fluorescent
cells were visualized with an EVOS2 fl inverted fluorescence microscope (Life Technologies). At indicated
times, 100 pl of PBS was added to the apical surface of HBE culture, gently rocked for 30 min, and
collected for virus titration. The amount of the HBE culture expressing GFP-positive cells was determined
from a digital image using ImageJ software. In addition, the medium at the apical wash and the
basolateral medium from HBE cultures were collected at days 2 and 5 postinoculation for detection of
cytokines (IFN-B, IFN-A1, IFN-A2/3, IP-10, and IL-6) by a flow cytometer bead assay (LEGENDplex;
Biolegend, San Diego, CA).

Replication and pathogenesis of rgRSV mutants in cotton rats. Thirty 4-week-old specific-
pathogen-free (SPF) male cotton rats (Envigo, Indianapolis, IN) were randomly divided into 6 groups (5
cotton rats per group). Prior to virus inoculation, the cotton rats were anesthetized with isoflurane. The
cotton rats in group 1 were inoculated with 2.0 X 10° TCID, of parental rgRSV and served as positive
controls. The cotton rats in groups 2 to 5 were inoculated with 2.0 X 10° TCID,, of four rgRSV mutants:
rgRSV-AD1557, -AM1558, -AD1557-AM1558, and 1557A1558. The cotton rats in group 6 were inoculated
with DMEM and served as mock-infected controls. Each cotton rat was inoculated intranasally with a
volume of 100 ul. At day 4 postinfection, the cotton rats were sacrificed via carbon dioxide inhalation.
The left lung and nasal turbinates were collected for virus titration, and the right lung was collected for
histological analysis. In addition, total RNA was extracted from lung and nasal turbinate tissues, and RSV
genome RNA copies were determined by real-time RT-PCR.

Immunogenicity of rgRSV in cotton rats. For the immunogenicity study, 25 4-week-old female
cotton rats (Envigo) were randomly divided into five groups (5 cotton rats per group). Cotton rats in
groups 1 to 4 were intranasally inoculated with 2.0 X 10° TCID,, of three rgRSV mutants (rgRSV-AM1558,
-AD1557-AM1558, and -1557A1558) and rgRSV, respectively. Cotton rats in group 5 were mock infected
with DMEM and served as the unvaccinated challenged controls. After immunization, the cotton rats
were evaluated daily for any possible abnormal reaction, blood samples were collected from each cotton
rat weekly by orbital sinus blood sampling, and serum was used for detection of neutralizing antibodies.
At 4 weeks postimmunization, the cotton rats in all groups were challenged with 2.0 X 10° TCID,, of
parental rgRSV via the intranasal route and evaluated twice daily for the presence of any clinical
symptoms. At 4 days postchallenge, all cotton rats were euthanized by CO, asphyxiation, and their lungs
and nasal turbinates were collected for virus titration. The immunogenicity of rgRSV mutants was
assessed based on their ability to trigger neutralizing antibody, the ability to prevent rgRSV replication
in lungs and the nose, and the ability to protect the lung from pathological changes.

Pulmonary histology. After sacrifice, the right lung of each animal was removed, inflated, and fixed
with 4% paraformaldehyde. Fixed tissues were routinely processed, embedded in paraffin, and sectioned
at 4 um. Slides were then stained with hematoxylin and eosin (H&E) and evaluated by light microscopy
by veterinary anatomic pathologists board certified by the American College of Veterinary Pathologists.
Sections were evaluated for peribronchiolitis, perivasculitis, bronchiolitis, alveolitis, and interstitial pneu-
monia using a modification of adapted criteria (56, 57).

Determination of viral titer in lung and nasal turbinates. The nasal turbinates and the left lung
from each cotton rat were removed, weighed, and homogenized in either 3 or 2 ml of DMEM. The lung
was homogenized using a Precellys 24 tissue homogenizer (Bertin Instruments, Rockville, MD) by
following the manufacturer's recommendations. The nasal turbinates were homogenized by hand with
a 15-ml-capacity Pyrex homogenizer (Corning, Inc., Corning, NY). The presence of infectious virus was
determined by TCID,, assay in HEp-2 cells. The detection limit of rgRSV in lung and nasal turbinates was
2 logTCID,,/g tissue. Titer below the detection limit was reported as 2 log TCID,,/g tissue.

Determination of RSV neutralizing antibody. RSV-specific neutralizing antibody titers were deter-
mined using a plaque reduction neutralization assay as described previously (58, 59). The virus-serum
mixtures were incubated at 37°C for 1 h, added to confluent HEp-2 cells for 1 h, and overlaid with 0.75%
methylcellulose in overlay medium (1X minimal essential medium [MEM], 2% FBS, sodium bicarbonate,
25 mM HEPES, 1% L-glutamine, 1% penicillin-streptomycin [Pen-Strep]) and incubated for 3 days before
counting the fluorescent foci. The numbers of foci at each serum dilution were plotted, and the 50%
plague reduction titer was used as the RSV-specific neutralizing antibody titer.

Sequence alignment and analysis. L protein sequences were aligned by ClustalW2. The RSV-L
(YP009518860.1), VSV-L (Q98776.1), RPV-L (NC_006296.2), CDV-L (NP_047207.1), and MV-L (Z66517.1)
were included.

Structure modeling of RSV L protein. The cryo-electron microscopy (cryo-EM) structure of the L
protein of vesicular stomatitis virus (PDB no. 5A22) was chosen as the template for RSV L protein
structure prediction using the MODELLER program (version 9.20).
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Statistical analysis. Quantitative analysis was performed by either densitometric scanning of

autoradiographs or by using a phosphorimager (Typhoon; GE Healthcare, Piscataway, NJ) and
ImageQuant TL software (GE Healthcare, Piscataway, NJ). Statistical analysis was performed by one-way
multiple comparisons using SPSS (version 8.0) statistical analysis software (SPSS, Inc., Chicago, IL). A P
value of <0.05 was considered statistically significant.
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