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Respiratory syncytial virus (RSV) is a major cause of bronchiolitis and viral pneumonia in young
children and a serious health risk in immunocompromised individuals and the elderly. Immunity to RSV
is not completely understood. In this work, we established a method for monitoring RSV infection by
real-time PCR and applied this method for analysis of RSV replication in vivo in the cotton rat model in
naive animals and in animals rendered immune to RSV by prior RSV infection. We found that even though
no virus could be isolated from the lungs of RSV-challenged immune animals, RSV infection in fact took
place and an accumulation of viral RNA transcripts was observed. This type of replication, therefore, can
be termed “abortive,” as RSV is capable of entering the cells in the lungs of immune animals, yet the
production of progeny viruses is impaired. Similar patterns of RSV gene expression gradient were
observed between naive and reinfected animals, indicating that the skewing of mRNA gradient of viral
gene expression, a mechanism documented during latent infection by other viruses, is not likely to be
responsible for abortive replication of RSV during reinfection. We found that passive administration of
antibodies to RSV prevents productive infection normally accompanied by viral release in the lung, but it
does not prevent abortive replication of the virus. To the best of our knowledge, this is the first evidence

of abortive replication of RSV in vivo.

Respiratory syncytial virus (RSV) is a major cause of bronchi-
olitis and viral pneumonia in young children, and the primary viral
cause of death in infants (38, 43). By the age of 2, most children
have been infected with RSV at least once, and half of those
children have been reinfected (13). Reinfection with RSV, often
occurring with milder symptoms or as asymptomatic, is common.
RSV infection in children is associated with recurrent wheezing
later in life, pointing to a link between RSV and inflammatory
allergic disorders (35, 39, 41). In addition to being a causative
agent of serious respiratory disease in pediatric populations
worldwide, RSV poses a serious health risk in immunocompro-
mised individuals and the elderly (17, 44).

RSV is an enveloped, nonsegmented, negative-strand RNA
virus that belongs to the family Paramyxoviridae. The RSV
genome contains 10 genes in the order NS1, NS2, N, P, M, SH,
G, F, M2, L from the 3’ end, which give rise to 11 proteins (the
M2 open reading frame [ORF] encodes two proteins, M2-1
and M2-2). RSV proteins include three transmembrane sur-
face proteins, G, F, and SH; the virion matrix protein M;
nucleocapsid proteins L, N, P, M2-1, and M2-2; and two pu-
tative nonstructural proteins, NS1 and NS2. RSV genes are
transcribed sequentially from the 3’ end of the genome, with
promoter-proximal genes transcribed more frequently than
downstream genes (8). This results in a transcription gradient
characteristic also of other mononegaviruses. Upon accumu-
lation of virally expressed proteins in infected cells, RSV be-
gins a replicative cycle in which a positive-strand copy of ge-
nome, the antigenome, is synthesized as an intermediate. Both
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genomic and antigenomic RNA get packaged into completed
virions in a process dependent on ongoing viral protein syn-
thesis (21).

Immunity to RSV is still not completely defined. The reason
for the absence of long-lasting protection against RSV is not
known. Clearance of RSV during primary infection is thought
to be mediated by CD4" and CD8" T lymphocytes; however,
the same cells can augment pathology of RSV disease (6, 15).
Antibodies appear to be an illness-sparing mechanism and
were shown to protect both mice and cotton rats (CRs) from
RSV infection administered prophylactically without inducing
pathology of the disease (31, 42). Moreover, when adminis-
tered therapeutically at the height of RSV infection, anti-RSV
antibodies were shown to clear virus from the lungs within 24 h
(30). Antibodies also appear important for protection against
excessive illness during reinfection. Mice depleted of B lym-
phocytes by anti-p. treatment were still partially protected from
RSV replication during reinfection, but the illness score was
dramatically increased compared to that of mice with intact
humoral responses (14).

Animal studies using the CR model indicate that inflam-
matory changes in the lung are elicited in animals immune
to RSV even in the absence of detectable virus production
(32). One possible explanation for that phenomenon could
be abortive viral replication triggering an inflammatory re-
sponse in the lung. We have undertaken experiments to
closely monitor the progression of RSV infection in the CR
Sigmodon hispidus during primary RSV infection and during
reinfection of animals immune to RSV. Our results present
evidence of abortive RSV infection in the rechallenge model
and may provide an explanation for the phenomenon of
recurrent respiratory problems in humans recovering from
RSV bronchiolitis.



9444 BOUKHVALOVA ET AL. J. VIROL.
TABLE 1. Primers used for the real-time PCR analysis of RSV amplicons®
Viral gene Forward primer Reverse primer Startp;)ifmfgrrbward A?elr}:gtcl? n
NS1 CACAACAATGCCAGTGCTACAA TTAGACCATTAGGTTGAGAGCAATGT 231 83
N AAGGGATTTTTGCAGGATTGTTT CTCCCCACCGTAGCATTACTTG 719 66
M ATGTGCTAATGTGTCCTTGGATGA TGATTTCACAGGGTGTGGTTACA 270 68
G CGGCAAACCACAAAGTCACA TTCTTGATCTGGCTTGTTGCA 191 64
F TAAGCAGCTCCGTTATCACATCTC ATTGGATGCTGTACATTTAGTTTTGC 1,205 74
M2 CATGAGCAAACTCCTCACTGAACT TCTTGGGTGAATTTAGCTCTTCATT 294 80
L CACTCTACAAAACAAAAAGACACAATCA AGGATGCTGCATTGAACACATT 529 72

“ Primers were designed using Primer Express software.

® Shown are the number of nucleotides from the first nucleotide in the start codon (ATG) to the beginning of the amplicon.

MATERIALS AND METHODS

Animals. Inbred S. hispidus CRs were obtained from a colony maintained at
Virion Systems, Inc. Animals were housed in large polycarbonate rat cages with
a bedding of paper mill by-products and were fed a standard diet of rodent chow
and water. The colony was monitored for antibodies to paramyxoviruses, and no
such antibodies were found. All studies were conducted under applicable laws
and guidelines and after approval from the Virion Systems, Inc. Institutional
Animal Care and Use Committee.

Viruses, cells, and viral assays. The prototype Long strain of RSV was ob-
tained from the American Type Culture Collection (VA). Virus was propagated
in HEp-2 cells and serially plaque purified to reduce defective-interfering par-
ticles (16). A single pool of virus containing 3.7 X 107 PFU/ml was used. Viral
titers in the lungs of infected animals and in the supernatants of infected cells
were determined by plaque assay (33). For animal studies, viral titers were
expressed as geometric means * standard errors of means (SEM) for all animals
in a group. For cell culture studies, viral titers were expressed as means = SEM
for two different wells per treatment type. Human alveolar epithelial type II cells
(A549) were obtained from the American Type Culture Collection. A549 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 100 TU/ml of penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, and
10% fetal bovine serum in a humidified 37°C incubator with 5% CO,. Peritoneal
macrophages were obtained from S. hispidus as previously described (4).

Drugs. The humanized monoclonal antibody palivizumab (Synagis; 100 mg/
ml) directed against the F protein of RSV and pooled human anti-RSV antibody
preparation RSV immune globulin (RSVIG) (RespiGam; 50 mg/ml) were pro-
vided by MedImmune, Inc. (Gaithersburg, MD).

RSV infection in vitro. A549 cells were infected with RSV diluted in plain
DMEM medium to yield various multiplicities of infection (MOIs) (0.001 to 0.1).
At various times postinfection, cell supernatants were harvested for viral quan-
tification by plaque assay. Cells in the wells from which supernatants were
collected were lysed with the RLT buffer with B-mercaptoethanol, and RNA was
extracted using the RNeasy purification kit (QIAGEN). For assays of antibody
inhibition of RSV infection of A549 cells or macrophages, RSV was incubated
for 1 h at room temperature with various concentrations of palivizumab (0 to 600
pg/ml) in plain DMEM or RPMI medium, respectively, and then used to infect
the cells. Twenty-four hours after infection, supernatants were harvested for viral
quantification and cells were harvested for RNA isolation as described above.

RSV infection in vivo. For primary RSV infection studies, CRs were inoculated
once intranasally (i.n.) with 100 pl of RSV suspension, 10>° PFU per animal.
Animals were sacrificed by CO, inhalation at 6 h, 12 h, and 1, 2, 4, 7, and 14 days
after infection (four animals per time point). A group of animals was sacrificed
prior to infection (0 h) and served as uninfected controls. For secondary RSV
infection studies, CRs were inoculated twice i.n. with 100 pl of RSV suspension,
10%° PFU per animal, with an interval of 21 days between infections. Animals
were sacrificed at 6 h, 12 h, and 1, 2, 4, 7, and 14 days after the second viral
challenge. Control (0 h) animals were sacrificed just prior to the second chal-
lenge. Animals with primary and secondary infection were age matched at the
time of sacrifice. The lungs were removed from the thorax and dissected for viral
titrations and RNA extraction.

For experiments for inhibition of RSV replication by palivizumab, animals
were administered a single intramuscular injection of palivizumab (15 mg/kg of
body weight) and infected with RSV 24 h later (10°° PFU RSV per animal in 100
pl in.). Animals were sacrificed at 0 h (prior to infection), 12 h, and 2, 4, and 14
days postinfection (four animals per time point), and lungs were harvested for
viral titrations and RNA extraction. Control animals were infected with RSV
without prior inoculation with palivizumab and sacrificed at 0 h, 12 h, and 2, 4,

and 14 days postinfection. Treatments with RSVIG and anti-RSV CR serum
were performed by inoculating animals i.n. with 100 pl of 50 mg/kg RSVIG or
with 100 pl CR serum (RSV neutralizing titer 1:1, 250) 1 h prior to infection.
Animals were then infected with 10>° PFU RSV per animal in 100 wl in.
Infected animals continued to receive inoculations of RSVIG or CR serum for
3 consecutive days following RSV infection. On day 4, all animals were sacrificed
(four animals per group) and lungs were harvested for viral titrations and RNA
extraction. Control animals were infected with RSV without any antibody treat-
ment and sacrificed on day 4 postinfection.

Real-time PCR. Total RNA was extracted from homogenized lung tissue or
from infected cells using the RNeasy purification kit (QIAGEN) and treated with
DNase (QIAGEN). One microgram of total RNA was used to prepare cDNA
using SuperScript II RT (Invitrogen) and one of the following primers: oligo(dT)
(for analysis of RSV gene expression and for measurements of housekeeping
gene B-actin mRNA), primer 5 CAATGAACTAGGATATCAAGAC 3’ (for
analysis of the amount of RSV genome), or primer 5" GTCTTGATATCCTAG
TTCATTG 3’ (for analysis of the amount of RSV antigenome). The sequences
of the last two primers correspond to the positive and negative strands within the
intergenic region between the SH and G genes of RSV. This region was chosen
for genome/antigenome analysis because of its reported resistance to the tran-
scriptional read-through phenomenon (18).

For all real-time PCRs, the Bio-Rad iQ SYBR green supermix was used in a
final volume of 25 pl with a final primer concentration of 0.5 wM. Primer Express
software was used to design primers for viral amplicons (Table 1). A 64-nucle-
otide amplicon in the B-actin transcript was amplified using primers 5’ TACG
CCAACACAGTGCTGTCT 3’ (forward) and 5" TCTGCATCCTGTCGG
CAAT 3’ (reverse). Reaction mixtures were set up in duplicates in 96-well trays.
Amplifications were performed on a Bio-Rad iCycler for 1 cycle of 95°C for 3
min, followed by 40 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 15 s.
Melting curves were completed for each primer pair, and no nonspecific ampli-
fication was noted under conditions tested. The baseline cycles and cycle thresh-
old (Cy) values were calculated by the iQ5 software in the PCR base line-
subtracted curve fit mode.

Relative quantitation of DNA was applied to all samples. The standard curves
were developed using serially diluted cDNA sample most enriched in the tran-
script of interest (e.g., lungs from day 4 postprimary RSV infection). The C,
values were plotted against log;, cDNA dilution factor. These curves were used
to convert the C; values obtained for different samples to relative expression
units. These relative expression units were then normalized to the level of B-actin
mRNA (“housekeeping gene”) expressed in the corresponding sample. For an-
imal studies, mRNA levels were expressed as the geometric means + SEM for all
animals in a group at a given time. For cell culture studies, mRNA levels were
expressed as the means = SEM for two different wells per treatment type.

RESULTS

Development of real-time PCR assay to monitor dynamics of
RSV infection. Real-time PCR analysis has been used in the
past to detect RSV infection (10, 11, 20, 29). However, this
method has never been used to monitor dynamics of RSV
infection in progression. We established conditions for mea-
suring the expression of RSV genes and the production of RSV
genome/antigenome in infected cells. This method was verified
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FIG. 1. Establishing real-time PCR assay of RSV replication. (A) Am-
plification of various RSV genes from RSV antigenome inserted into a vec-
tor. Six 10-fold dilutions of antigenome-containing vector were used to gen-
erate a standard curve. C; values were plotted against log,, quantity of
antigenome used as a template. Correlation coefficients (R?) of the best fit are
shown next to the symbols corresponding to the seven RSV genes analyzed.
Each point on this graph includes symbols for all seven genes. (B) Expression
of RSV genes in infected A549 cells. A549 cells were infected with RSV at an
MOI of 0.1. Six and 24 h after infection, total RNA was extracted from
infected cells and reverse transcribed using oligo(dT) primer. Expression of
mRNA for each RSV gene indicated was measured by real-time PCR. The
relative level of each amplicon was normalized by B-actin mRNA level (also
measured by real-time PCR) in the corresponding sample and expressed
relative to the level of NS1 amplicon at 24 h. The insert shows gradient of
RSV gene expression at 6 h on an adjusted y scale to highlight differences
between levels of various amplicons. The results represent the means = SEM
for two different wells per time point.

using cultures of RSV-infected epithelial cells and then applied
to monitor the progression of RSV infection in vivo.

RSV amplicons NS1, N, M, G, F, M2, and L were targeted
for quantification. All amplicons were less than 100 nucleotides
in size, with the primers defining them shown in Table 1. To
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compare efficiencies of each primer pair, a standard curve was
developed using serial 10-fold dilutions of plasmid containing
the entire RSV antigenome (correlation coefficients of 0.996 to
0.998) (Fig. 1A). Each primer pair was efficient in amplifying
appropriate DNA fragment, and efficiencies between primer
pairs were nearly identical (98 to 99%). To assess validity of
real-time PCR assay for monitoring dynamics of RSV infec-
tion, human A549 alveolar epithelial cells were inoculated with
RSV and RNA was extracted at 6 and 24 h after infection. As
shown in Fig. 1B, the infection of A549 cells was slow, with
transcripts of RSV genes appearing at 6 h and accumulating
considerably by 24 h postinfection, consistent with reports of
RSV infection of epithelial cells measured by other methods
(3). A pronounced gradient of RSV gene expression was ap-
parent in infected A549 cells, with amounts of transcripts di-
minishing dramatically in the order from NS1 to L. Reverse
transcription with oligo(dT) primer, used in this particular
experiment, results in a cDNA pool that contains not only
reverse-transcribed copies of individual mRNA produced dur-
ing RSV transcription but also copies of RSV antigenome.
However, because antigenome would be represented similarly
in reactions for different RSV genes, the differences between
amplicon levels measured by reverse transcription-PCR (RT-
PCR) here are attributed to differences in gene expression
levels. For simplicity, hereafter we will refer to fluctuations in
the different RSV amplicon levels measured in oligo(dT)
cDNA as gene expression differences.

The newly developed RT-PCR assay was next tested for its
ability to accurately quantify viral load in infected cells. A549
cells were inoculated with RSV at various MOIs (0.001 to 0.1).
Forty-eight hours after infection, cell supernatants were col-
lected for viral titrations, while the cells themselves were lysed
for RNA extraction. Viral yield in supernatants of A549 cells
accurately represented the level of infection (Table 2). Cells
infected with the 10-fold-increasing amount of RSV released
virus in the quantities that also differed by ~10-fold. When
viral RNA from these cells was analyzed by RT-PCR using
primers for RSV NS1 gene, the difference in the amount of
NS1 amplicon detected in A549 cells also differed by ~10-fold
among cultures infected with RSV at MOIs of 0.001, 0.01, and
0.1. We also measured the level of negative-sense (genome)
and positive-sense (antigenome) RNA in RSV-infected cells
(Table 2). To do so, total RNA of infected cells was reverse
transcribed using forward or reverse primer annealing to the
genomic or antigenomic strand of RSV, respectively. The

TABLE 2. Comparison of RSV detection by viral culture and real-time PCR in RSV-infected epithelial cells

MOTI at”:
Yield or expression level
0.001 0.01 0.1
Viral yield (log,, PFU/ml) 2.24 = 0.06 3.26 = 0.20 477 £ 0.25
RSV gene expression level” 0.004 = 0.001 0.069 = 0.005 1 £ 0.1909
RSV genome level® 0.0009 = 0.0002 0.020 = 0.003 1+0.117
RSV antigenome level® 0.0003 = 0.0002 0.005 £ 0.002 0.269 = 0.057

“ A549 alveolar epithelial cells were infected with RSV at an MOI of 0.001 to 0.1. Forty-eight hours after infection, cell supernatants were collected for the
quantification of viral yield by plaque assay, while cells themselves were lysed and used as a source of RNA for real-time PCR analysis of RSV transcripts.

> The expression of RSV NS1 amplicon was analyzed by real-time PCR, normalized by the expression of B-actin in the corresponding cell culture, and presented
relative to the amount NS1 amplicon in infected culture with an MOI of 0.1 (assigned a relative value of 1).

¢ Expression of RSV genome and antigenome was analyzed by real-time PCR, normalized by the level of B-actin in the corresponding cell culture, and presented
relative to the amount genome in infected culture with an MOI of 0.1 (assigned a relative value of 1).
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FIG. 2. RSV replication in vivo: evidence of abortive replication in the reinfection model. CRs were infected with RSV once for primary
infection studies or twice (with an interval of 21 days) for secondary infection studies. At the indicated time points after the final challenge, lungs
were collected for viral titer determination by plaque assay (A) or for analysis of RSV replication by real-time PCR (B to D). (A) Pulmonary viral
titers in CRs with primary RSV infection (prim) and secondary RSV infection (sec). Viral titers were determined by plaque assay as previously
described (limit of detection 2 log,, PFU/g) (33). (B) RSV genome and antigenome replication in primary and secondary RSV infection. RNA
was extracted from the lungs of infected animals and reversed transcribed using primers complementary to the genomic or antigenomic strand of
RSV. Relative genome (and antigenome [insert]) amounts were determined by real-time PCR, normalized by the B-actin mRNA level in the
corresponding sample, and expressed relative to the level of genome (or antigenome [insert]) detected in the lungs of animals with primary RSV
infection on day 4. (C) Expression of RSV genes during primary and secondary RSV infection. The RNA extracted from animals described above
was reverse transcribed using oligo(dT) primer. The expression of NS1 mRNA was measured by real-time PCR, normalized by B-actin as described
above, and expressed relative to the level of NS1 mRNA detected in the lungs of animals with primary RSV infection on day 4. (D) Gradient of
RSV gene expression at 12 h postinfection in primary and secondary RSV disease. NS1, M, and L amplicon levels were measured by real-time PCR
in cDNA prepared using oligo(dT) primer. The expression of each amplicon was normalized by B-actin and expressed relative to the level of NS1
mRNA detected in the lungs of animals with primary RSV infection. The results represent the means = SEMs for four animals per time point

for each primary and secondary infection.

amount of reverse-transcribed product was then measured by
real-time PCR using primers specific for RSV amplicon G
or M proximal to the start of genome or antigenome frag-
ment prepared, respectively. The amount of genome and anti-
genome detected increased progressively in samples infected
with an increasing amount of RSV, similar to the pattern of
viral gene expression (Table 2), although reflecting less pre-
cisely differences between MOIs of infection and viral yield in
infected cells. Real-time PCR analysis of extracts of cells in-
fected with RSV indicated that the RSV genome was about
seven- to eightfold more abundant in infected cells than was
the antigenome at 24 h and about three- to fourfold more
abundant than was the antigenome at 48 h postinfection. These
results are consistent with reports for other paramyxoviruses,
in which the antigenome constitutes only 10 to 40% of genome
in infected cells (23, 24, 34). Overall, these results indicate that
the established real-time PCR assay can be used to accurately
monitor RSV infection.

Abortive replication of RSV in the reinfection model. We
applied the newly developed real-time PCR method to moni-
tor the progression of RSV infection in vivo to compare the
level of infectious virus that could be isolated from the lung to

the amount of viral genetic material expressed in the same
organ. The infection of naive CRs with RSV (primary RSV
infection) results in efficient virus replication in the lungs that
reaches peak on day 4 postinfection and disappears by day 7
(Fig. 2A). If animals inoculated once with RSV are kept for
21 days and then rechallenged with RSV (secondary RSV
infection), no virus is detected in the lungs of such animals
(Fig. 2A).

Genome and antigenome synthesis in primary RSV
infection (Fig. 2B) increased progressively following RSV chal-
lenge, reaching its peak on day 4 postinfection and diminishing
after that. This pattern of genome/antigenome production par-
alleled the amount of infectious viral particles detected in the
lungs of animals with primary RSV infection (Fig. 2A) on
corresponding days. The only difference was seen at day 7,
when no virus could be recovered from the lungs, and yet
genomic and antigenomic strands of RSV could still be de-
tected. We did not detect the persistence of RSV transcripts
beyond day 7 for RSV infection in CRs, although RSV viral
persistence has been reported for the BALB/c mouse model of
RSV disease (37).

Analysis of viral RNA expression in secondary RSV infec-
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tion demonstrated surprisingly high levels. As Fig. 2B demon-
strates, secondary RSV infection was accompanied by efficient
synthesis of both genomic and antigenomic strands of RSV. It
reached peak at 12 h postinfection and declined afterwards to
an undetectable level by day 7. The production of genomic/
antigenomic RNA was indistinguishable between primary and
secondary RSV infection at 12 h postinfection. After that, the
amount of viral RNA in animals with secondary infection
started to decrease, and the differences between primary and
secondary infection increased in magnitude with each subse-
quent time point as infection progressed. Because the scales of
changes in viral titer and RSV RNA production in Fig. 2A and
B were set to be comparable (spanning 3 orders of magnitude
each), the large discrepancy in the extent of viral RNA repli-
cation and production of infectious viral particles during sec-
ondary RSV infection can be easily appreciated. For example,
while the amount of infectious viral particles on day 1 in pri-
mary RSV infection was at least 288-fold higher than that in
secondary RSV infection (taking the 2 log,, PFU/g detection
limit into account and allowing for the possibility of the pres-
ence of some undetectable virus in the lungs of the secondarily
infected animals), the difference in RSV RNA level between
primary and secondary infection was only eightfold. We also
analyzed the expression of individual RSV genes during RSV
infection in vivo. The expression of NS1, M, and L was fol-
lowed for several days postinfection during primary and sec-
ondary RSV infection of CRs. The dynamics of RSV gene
expression changes were very similar to those of genome/anti-
genome variations noted above and are exemplified by changes
in the NS1 amplicon level shown in Fig. 2C. NS1 gene expres-
sion in secondary RSV infection increased between 6 and 12 h
and declined afterwards, while NS1 expression in primary in-
fection increased progressively past the 12-h time point,
reached peak on day 4 postinfection, and declined afterwards.
M and L amplicons followed identical patterns of time-depen-
dent changes after RSV infection (data not shown). Similarly
to the case for the genome/antigenome changes, the expression
levels of RSV genes between primary and secondary infection
were very similar at 12 h postinfection for each particular gene
analyzed.

Abortive RSV replication is not associated with changes in
viral gene expression gradient. For some paramyxoviruses
(e.g., measles virus), the difference between lytic and abortive
infection is thought to be associated with a decrease in the
expression of distal viral genes (7). We decided to investigate
whether the gradient of RSV gene expression in secondary
infection was different from that in primary RSV infection,
possibly providing the explanation for the absence of budding
virus during reinfection. Twelve hours postinfection was cho-
sen for analysis, as similar levels of NS1 amplicon were de-
tected at this time point between primary and secondary in-
fection (Fig. 2C). The amounts of NS1, M, and L amplicons in
animals 12 h after primary RSV infection were quantified by
real-time PCR, and the ratio of NS1, M, and L gene transcripts
was found to be 1.000:0.326:0.004 (Fig. 2D). An analysis of
NS1, M, and L gene transcripts during secondary RSV infec-
tion revealed a 1.000:0.298:0.004 ratio. Therefore, similar gra-
dients of RSV gene expression were detected in both primary
and secondary RSV infection 12 h postinfection. The same
ratio of NS1, M, and L gene transcripts was detected in animals
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with secondary infection on day 1 (data not shown), in spite of
the fact that the overall level of gene expression was consid-
erably lower in secondarily infected animals compared to an-
imals with primary infection (Fig. 2C). This suggests that the
pattern of RSV transcription is not impaired during secondary
RSV infection and that the lack of productive infection is not
associated with an imbalance of various RSV gene expression.
Of interest is the fact that the gradient of RSV gene expression
in the lung during RSV infection was somewhat different from
the gradient of RSV gene expression in infected epithelial
AS549 cells. On average, there was a difference of about 250- to
900-fold between NSI1 and L levels in RSV-infected lungs,
while RSV-infected A549 cells had ~100- to 200-fold more
NS1 transcripts than L transcripts. This difference in the gra-
dient of RSV gene expressions might reflect a wider variety of
cells that get infected with RSV in the lung.

Antibodies prevent virus production, but not abortive RSV
replication in the lung. Experiments described above demon-
strated that RSV replication occurs in immune animals early
after RSV inoculation. This suggested that anti-RSV antibod-
ies do not prevent infection of the lung. To address this issue
in a more controlled manner, we used anti-RSV antibodies to
block virus production during primary RSV infection. Mono-
clonal anti-RSV antibody palivizumab, currently used for pro-
phylaxis of severe RSV disease in high-risk infants, was used
for these experiments. Animals were inoculated with palivi-
zumab 24 h prior to RSV infection. At various time points after
infection (12 h and 2, 4, and 14 days), lungs were collected for
analysis of viral load by plaque assay and analysis of RSV
replication by real-time PCR. As shown in Fig. 3A, no virus
was detected in the lungs of animals inoculated with palivi-
zumab prior to RSV infection. However, when the expression
of RSV genes was analyzed, high levels of NS1 amplicon were
detected in the lungs of animals infected with RSV following
antibody inoculation (Fig. 3B). Viral RNA levels were compa-
rable between antibody-pretreated and untreated animals at
12 h postinfection and remained relatively high in antibody-
treated animals on days 2 and 4. In fact, there was difference of
only about 10-fold in the level of NS1 gene expression between
antibody-treated and untreated animals on day 4 postinfection,
a time when over 5 log,, PFU/g RSV was detected in the lungs
of animals with primary RSV infection and no virus was re-
covered from the lungs of RSV-infected animals pretreated
with palivizumab. A similar pattern of viral RNA expression
was noted for other RSV genes and genome/antigenome in the
lungs of palivizumab-treated animals (data not shown). This
indicates that anti-RSV antibodies prevent the production of
infectious viral particles in infected lungs but do not prevent
the replication of viral RNA and the expression of viral genes.

To verify that the replication of viral RNA observed in
palivizumab-treated animals was not specific to the type of
antibody used to inhibit RSV replication, we carried out anal-
ogous experiments using serum from RSV-immune CRs or
human anti-RSV antibody preparation RSVIG. Animals were
treated with CR anti-RSV serum or with RSVIG prior to and
following RSV infection and were sacrificed on day 4 for anal-
ysis of viral load and viral RNA expression. As shown in Fig.
3C, treatment either with immune CR serum or with RSVIG
significantly diminished viral load in the lungs of RSV-infected
animals on day 4 postinfection (neither of the antibody prep-
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FIG. 3. Abortive replication of RSV in antibody-treated CRs. (A) Naive
CRs were infected with RSV following treatment with anti-RSV antibody
palivizumab (Syn) or in the absence of antibody treatment (no Ab). Animals
were sacrificed at the indicated times after infection, and viral titers were
determined in the lungs by plaque assay. The results represent the means *+
SEM for four animals per time point. No virus was detected in the lungs of
animals infected with RSV after palivizumab treatment. (B) Real-time PCR
analysis of RSV gene expression in the lungs of animals from the experiment
described above. Levels of NS1 amplicon were measured by real-time PCR,
normalized by the B-actin level in the corresponding organ, and expressed
relative to the level of NS1 detected on day 4 in the lungs of naive animals
challenged with RSV. (C and D) Abortive RSV replication in the lungs of
CRs treated with anti-RSV immune CR serum (CRser) or with RSVIG
(Resp). Control groups included CRs infected with RSV in the absence of
antibody treatment (noAb) and CRs infected with RSV after palivizumab
treatment (Syn). All animals were sacrificed on day 4 postinfection, and lungs
were collected for viral titrations (C) and real-time PCR analysis of RSV NS1
expression (D). NS1 levels were expressed relative to the level of NS1 in the
“noAb” group. The results represent the means = SEM for four animals per
treatment type.

arations, however, was as effective as palivizumab in blocking
RSV replication). An analysis of viral RNA expression, exem-
plified by NSI1 amplicon in Fig. 3D, indicated that large
amounts of RSV transcripts were present in the lungs of ani-
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mals treated either with CR immune serum or with RSVIG
and infected with RSV. The difference between amounts of
RSV transcripts in the lungs was much smaller than the dif-
ference in the amount of infectious viral particles recovered
from the lungs of these animals. For example, while the
amount of NS1 transcripts in the lungs of CR serum-treated
animals was ~10-fold lower than that present in the lungs of
untreated, RSV-infected animals (0.079 = 0.022 versus 1.00 =
0.101), the amount of virus particles detected in the lungs of
animals treated with CR serum was ~200-fold lower than
that present in the lungs of untreated, RSV-infected animals
(3.26 = 0.024 versus 5.58 = 0.05 log,, PFU/g). Similarly, the
difference in the amount of viral transcripts and viral load in
RSV-infected animals treated with RSVIG and in untreated
animals was ~50-fold (0.022 = 0.008 versus 1.00 * 0.101) and
>2,000-fold (2.15 = 0.015 versus 5.58 = 0.05 log,, PFU/g),
respectively. Furthermore, even though these differences in
viral gene expression and pulmonary viral load were less than
those seen in palivizumab-treated animals (probably due to the
different nature of antibodies used and different routes of
antibody administration [30]), they provide another evidence
of abortive viral replication of RSV under conditions of pre-
existing immunity.

Antibodies do not completely prevent infection of epithelial
cells and macrophages in vitro. The finding that RSV infection
in vivo occurs in immune animals prompted us to explore the
effect of neutralizing antibodies on RSV replication in vitro.
RSV primarily infects and replicates in the superficial layer of
respiratory epithelium (28); however, it is also capable of in-
fecting other cell types, including monocytes, macrophages,
and dendritic cells (2, 9, 12). And even though efficient expres-
sion of RSV genes in these cells has been noted, minimal to no
viral release was documented, suggesting that RSV replication
in these cells is abortive (9, 12). We performed experiments to
analyze RSV infection of epithelial cells (A549) and macro-
phages (8. hispidus peritoneal macrophages) in the presence or
absence of RSV-neutralizing antibodies (Fig. 4). In agreement
with findings from other laboratories (9, 12), we observed little
RSV release from infected macrophages, although efficient
viral gene expression was seen in these cells. Anti-RSV anti-
bodies inhibited the infection of both epithelial cells and mac-
rophages. The inhibition, however, was incomplete, and a cer-
tain level of viral gene expression was visible in cells infected in
the presence of antibody concentrations, precluding detectable
viral release (e.g., 600 pg/ml palivizumab). These results sug-
gest that a subpopulation of virus might be refractory to the
neutralizing effect of antibodies.

DISCUSSION

In this work, we established a method for monitoring RSV
infection by real-time PCR and applied this method for anal-
ysis of RSV replication in vivo in naive animals and in animals
immune to RSV. We found that RSV reinfection of animals
infected 21 days earlier results in increasing expression of viral
transcripts and genome replication but does not lead to the
production of detectable progeny virus. This type of replica-
tion, therefore, can be termed “abortive,” as RSV is capable of
entering the cells in the lungs of immune animals, yet the
production of progeny viruses is impaired. The skewing of
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FIG. 4. Antibodies do not completely prevent infection of epithe-
lial cells and macrophages in vitro. Human A549 alveolar epithelial
cells (4 X 10° cells/well) (A and C) and CR peritoneal macrophages
(2.5 X 10° cells/well) (B and D) were infected with RSV (MOI of 0.1
to 0.5) preincubated with the indicated amounts of palivizumab (Syna-
gis). Twenty-four hours after infection, cell supernatants were har-
vested for viral quantification by plaque assay (limit of detection, 1
log,, PFU/g) (A and B), while cells were used for analysis of RSV gene
expression (C and D). Total RNA was extracted from infected cells
and reverse transcribed using oligo(dT) primer. The expression of
mRNA for NS1 gene was measured by real-time PCR, normalized by
B-actin mRNA level in the corresponding sample, and expressed
relative to the level of NS1 amplicon in A549 cells infected with
RSV untreated with antibody (0 pg/ml palivizumab). Uninfected cells
(uninf) were used as a negative control. The results represent the
means = SEM for two different wells per treatment type.

gradient of viral gene expression at the level of mRNA, a
mechanism documented during latent infection by other vi-
ruses (7), is not likely to be responsible for abortive replication
of RSV during reinfection, as similar patterns of RSV gene
mRNA expression were observed between animals with pri-
mary and secondary infection. We found that passive admin-
istration of antibodies to RSV prevents productive infection
normally accompanied by viral release in the lung, but it does
not prevent abortive replication of the virus. To the best of our
knowledge, this is the first evidence of abortive replication of
RSV in vivo.

The abortive RSV replication we observed in vivo might be
due to several factors. First, the infection of respiratory epi-
thelial cells during reinfection might proceed to some extent in
spite of the presence of high titers of neutralizing antibodies in
immune animals, but it would be blocked at some yet-uniden-
tified step required for the production and release of large
amounts of progeny virus. While this is an intriguing possibil-
ity, it is hard to reconcile with the classical definitions of viral
neutralization by antibodies, which state that neutralizing an-
tibodies block viral infectivity by interfering with viral attach-
ment and/or entry (22). For some animal viruses (e.g., polio-
virus and Aleutian mink disease parvovirus), however,
neutralized virus was shown to penetrate cells at the same ratio
and to the same degree as did unneutralized virus (1, 25),
suggesting that neutralization of viral infectivity by antibodies
might occur on subcellular level. Moreover, our in vitro exper-
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iments with cultured cells suggest that a fraction of virus might
be refractory to the neutralizing effect of antiviral antibodies
and may establish abortive infection in the presence of such
antibodies. In immune animals with secondary RSV infection,
abortive replication of RSV subsides on day 2 postinfection,
while it is seen extending beyond day 2 in naive animals treated
with anti-RSV antibodies prior to infection. Because abortive
viral replication in animals with only humoral immunity lasts
longer than that in animals with both humoral and cellular
immunity, cellular immunity may play an important role in
terminating abortive replication of RSV.

Abortive replication of RSV might be important for several
basic aspects of RSV biology as we know it. In the simplest
case, it may indicate that reinfection with RSV occurs more
frequently than currently appreciated. Typically, RSV infec-
tion is diagnosed by the isolation of virus from respiratory
secretions of infected individuals. These cases would represent
children infected with RSV for the first time as well as children
and adults reinfected with RSV after a period of time sufficient
for the immune protection against virus to wane. However, our
results suggest that reinfections might also occur shortly after
previous challenge and happen at a time when immune re-
sponse is sufficiently strong to suppress productive infection,
but not abortive replication, of the virus. Clinically, these re-
infections would be characterized by the expression of viral
antigens in the absence of virus production and may go unde-
tected if viral cultures are used to monitor disease. Notably,
results of several recent human studies support the possibility
of frequent “abortive” RSV infections. These studies, in which
respiratory secretions were analyzed for RSV presence by viral
culture and by RT-PCR, revealed that consistently more sam-
ples test positive for RSV by RT-PCR than by culture (10, 11,
20, 29). These results might indicate that some individuals with
RSV detected by RT-PCR, but not by culture, might have
recently recovered from RSV and are currently undergoing
reinfection accompanied by abortive replication of the virus.

Abortive replication may have important implications for
the establishment of both adaptive and innate immune re-
sponses to RSV. RSV is a poor inducer of long-term immu-
nological memory. Repeated expression of RSV antigens dur-
ing frequent reinfections may impair the balance between the
establishment of short-term memory and the establishment of
long-term memory. Persistent stimulation by reencountered
antigen is known to promote short-term memory (26). Addi-
tionally, the capacity of memory lymphocytes to proliferate is
not unlimited, and continuous viral antigen stimulation might
reduce the memory lymphocyte pool (27). This might result in
a suboptimal memory response similar to the one documented
for memory responses to intracellular parasites (5). Abortive
replication of RSV might also be important for aberrant stim-
ulation of the innate immune system during reinfection. For
example, RSV replication and transcription involves the for-
mation of single- and double-stranded RNA replication inter-
mediates, which can serve as viral molecular patterns recog-
nized by Toll-like receptors (e.g., TLR7/8 and TLR3) and can
modulate the activation state of a variety of cells, including
macrophages, dendritic cells, and natural killer cells (19, 36,
40). Frequent activation of the cells of the innate immune
system by repeated infections with RSV in children may result
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in an altered microenvironment of the lung, predisposing chil-
dren to inflammatory allergic disorders.
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