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A BALB/c mouse model of enhanced pulmonary pathology following vaccination with formalin-inactivated
alum-adsorbed respiratory syncytial virus (FI-RSV) and live RSV challenge was used to determine the type and
kinetics of histopathologic lesions induced and chemokine gene expression profiles in lung tissues. These data
were compared and contrasted with data generated following primary and/or secondary RSV infection or RSV
challenge following vaccination with a promising subunit vaccine, BBG2Na. Severe peribronchiolitis and
perivascularitis coupled with alveolitis and interstitial inflammation were the hallmarks of lesions in the lungs
of FI-RSV-primed mice, with peak histopathology evident on days 5 and 9. In contrast, primary RSV infection
resulted in no discernible lesions, while challenge of RSV-primed mice resulted in rare but mild peribronchi-
olitis and perivascularitis, with no evidence of alveolitis or interstitial inflammation. Importantly, mice
vaccinated with a broad dose range (20 to 0.02 pg) of a clinical formulation of BBG2Na in aluminium
phosphate demonstrated histopathology similar to that observed in secondary RSV infection. At the molecular
level, FI-RSV priming was characterized by a rapid and strong up-regulation of eotaxin and monocyte
chemotactic protein 3 (MCP-3) relative gene expression (potent lymphocyte and eosinophil chemoattractants)
that was sustained through late time points, early but intermittent up-regulation of GRO/melanoma growth
stimulatory activity gene and inducible protein 10 gene expression, while macrophage inflammatory protein 2
(MIP-2) and especially MCP-1 were up-regulated only at late time points. By comparison, primary RSV
infection or BBG2Na priming resulted in considerably lower eotaxin and MCP-3 gene expression increases
postchallenge, while expression of lymphocyte or monocyte chemoattractant chemokine genes (MIP-1f3,
MCP-1, and MIP-2) were of higher magnitude and Kinetics at early, but not late, time points. Our combined
histopathologic and chemokine gene expression data provide a basis for differentiating between aberrant
FI-RSV-induced immune responses and normal responses associated with RSV infection in the mouse model.
Consequently, our data suggest that BBG2Na may constitute a safe RSV subunit vaccine for use in seronegative

infants.

Respiratory syncytial virus (RSV), a Pneumovirus of the family
Paramyxoviridae, is a major respiratory pathogen. Infection
often results in acute bronchiolitis or pneumonia in infants and
young children and can result in persistently abnormal pulmo-
nary function throughout childhood. In addition, adults be-
come reinfected despite enhanced serum antibody responses.
Consequently, development of an RSV vaccine is considered a
World Health Organization priority. The occurrence of a se-
vere pulmonary disease, characterized by the presence of ab-
normally numerous inflammatory cells (18), after subsequent
natural infection in children given a formalin-inactivated RSV
(FI-RSV) vaccine has greatly interfered in the development of
a successful and safe RSV vaccine (21).

We explored a subunit approach to the development of a
RSV vaccine and have described the construction and expres-
sion of a RSV (Long strain) G envelope glycoprotein fragment
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as part of a chimeric protein in Escherichia coli (20, 25). The
polypeptide of amino acids 130 to 230 of the G protein (G2Na)
is fused to BB, the albumin-binding domain of streptococcal
protein G, producing BBG2Na. The immune responses in-
duced by BBG2Na demonstrate a potent lung protective effi-
cacy against RSV challenge in both mouse and cotton rat
models of RSV infection (25). Importantly, this potent protec-
tive efficacy was maintained irrespective of whether BBG2Na
was administered intraperitoneally (i.p.), intramuscularly
(im.) or subcutaneously (s.c.) (15). The G2Na fragment con-
tains at least five murine B-cell protectopes, one of which
incorporates a stretch of amino acid residues that are com-
pletely conserved among all known RSV subgroup A and B
human isolates (9) and all of which overlap with peptide reac-
tivities in human RSV convalescent sera (24). Furthermore, we
recently reported that immunizations with BBG2Na do not
induce evidence of pulmonary inflammation upon RSV chal-
lenge, as demonstrated by the absence of aberrant and massive
lung infiltration of macrophages, eosinophils, and T cells (23).
In contrast, we found that in our BALB/c mouse model FI-
RSV induced extensive immunopathology, characterized prin-
cipally by massive lung infiltration of T lymphocytes, increased
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CD4"/CD8" T-cell ratios, and extensive lung eosinophilia,
coupled with large relative increases in interleukin 4 (IL-4),
IL-5, IL-10, and IL-13 gene expression (23) and serum cyto-
kine levels (12). Peak alterations in FI-RSV-immunized mice
occurred between days 7 and 9 postchallenge.

One of the limitations of our previous immunopathology
studies, however, is that a single dose of FI-RSV or BBG2Na
was used. Work by others has shown that there is a dose-
response effect of FI-RSV, with either too much or too little
antigen leading to suboptimal enhanced histologic disease
(45). Furthermore, Prince et al. (28) recently described pul-
monary lesions in a cotton rat model associated with primary
and secondary RSV infections and challenge of FI-RSV im-
munized animals. Interestingly, they reported that perivasculi-
tis and peribronchiolitis were associated with all three condi-
tions, although uniformly exacerbated in FI-RSV-primed
cotton rats. However, intra-alveolar infiltration (alveolitis) and
interstitial inflammation appeared to be unique to the latter
animals. This work also provided us, therefore, with the basis
to assess histological changes in mouse lungs as a function of
priming antigen.

To address these issues, we report here an extensive histo-
pathology study, in which BALB/c mice were immunized with
several different doses of FI-RSV or BBG2Na adjuvanted with
aluminum salts, followed by challenge with RSV and sacrifice
at several time points postchallenge. These mice were com-
pared for lung histologic alterations with those primed intra-
nasally (i.n.) with live RSV or injected with phosphate-buffered
saline (PBS) in adjuvant alone. The BALB/c mouse model was
chosen for these studies because of ease of handling; our ca-
pacity to induce reproducible FI-RSV-related enhanced pa-
thology that reflects, at least in part, the immunopathology
reported in the deceased infant FI-RSV vaccinees; and the
multitude of immunological and molecular reagents available
to extensively characterize the mouse immune responses. We
found that, while enhanced pathology was evident at all FI-
RSV doses tested, the extent of the lesions was dose depen-
dent. Consistent with previous reports in the cotton rat model
(28), the principle pathologies evident were perivascular
(perivascularitis) and peribronchiolar (peribronchiolitis) infil-
trations, although mild alveolitis and interstitial inflammation
were also observed. In contrast, no significant pathology was
evident postchallenge in BBG2Na immunized mice, irrespec-
tive of the dose, nor in mice primed with live RSV. Likewise,
mice undergoing primary infection had no discernible pathol-
ogy in our model.

To extend the understanding of our BALB/c mouse model
of enhanced pathology at the molecular level, we hypothesized
that chemokine expression at early time points postchallenge
may differ as a function of priming antigen, as these immune
modulators are involved in the initiation and propagation of
inflammatory responses by the recruitment of leukocytes at the
site of infection or tissue injury. Chemokines are a superfamily
of proinflammatory cytokines with chemotactic properties (for
reviews, see references 29, 37, and 42). Chemokine synthesis is
thus associated with the induction and maintenance of inflam-
matory events initiated by viral infections (for a review, see
reference 14), even if also implicated in host defense by the
installation of optimal antiviral defenses (34). The difference of
immune-competent cell chemotactic responsiveness towards
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particular chemokines might therefore greatly influence the
outcome of immune responses. For example, the pathogenic
potential and protective vaccine efficacy of live attenuated sim-
ian immunodeficiency viruses can be predicted by the analysis
of cytokine-chemokine gene expression (1, 46). Indeed, a
strong induction of chemokine gene expression was detected
only in the lymph nodes of macaques infected with a patho-
genic molecular clone and not in those infected with a non-
pathogenic vaccine strain.

To date, chemokine expression in response to RSV infection
has mainly been investigated in vitro, and a limited number of
chemokines has been analyzed (2, 16, 17, 22, 31, 32). Infected
airway epithelial cells, neutrophils, and eosinophils were shown
to release chemokines with discrete target cell selectivity.
These chemokines are thought to trigger and amplify, via au-
tocrine and paracrine mechanisms, accumulation and activa-
tion of inflammatory cells in mucosal tissues. In fact, their
biological activities are consistent with the recruitment of
blood eosinophils, basophils, and T cells observed in the patho-
logic process of inflammation in RSV bronchiolitis. These find-
ings were corroborated with nasal lavage fluids and lower re-
spiratory secretions obtained from RSV infected children (2,
16).

Investigation of chemokine expression patterns might there-
fore also give important clues to the understanding of the
FI-RSV-induced immunopathology and to the mechanisms of
action and safety of BBG2Na. We therefore examined chemo-
kine gene expression in the lungs of immunized and RSV-
challenged mice. We particularly focused on chemokines
whose known properties suggest a potential involvement in
FI-RSV- or RSV-induced pathologies and chemokines that
were shown to be produced by in vitro or in vivo RSV-infected
cells. Based on structural similarities in their primary amino
acid sequences, chemokines are classified into related gene
families. In the C-X-C subfamily, chemotactic mainly for neu-
trophils and lymphocytes but not monocytes, we looked for the
macrophage inflammatory protein 2 (MIP-2), gamma inter-
feron inducible protein 10 (IP-10), and KC (gro [melanoma
growth stimulatory activity gene]) transcripts. Members of the
C-C family (acting primarily on monocytes, eosinophils, and
lymphocytes) whose mRNA transcript levels were determined
included regulated upon activation normal T-cell expressed
and secreted protein (RANTES), macrophage inflammatory
proteins-la and -1B (MIP-1a and MIP-1B), monocyte chemo-
tactic proteins 1 and 3 (MCP-1 and MCP-3), and eotaxin.
Finally, determination of the mRNA levels of lymphotactin
(Ltn) (a member of the C subfamily with strong T-cell che-
moattractant effects) was also investigated. Our data indicated
differential chemokine gene expression as a function of immu-
nizing antigen and suggested an expression profile that may be
characteristic of FI-RSV-induced enhanced pulmonary pathol-

ogy.

MATERIALS AND METHODS

Mice. Specific-pathogen-free female BALB/c mice (age, 6 to 9 weeks) were
purchased from IFFA CREDO, L’Arbresle, France. All animals were confirmed
as seronegative vis-a-vis RSV before inclusion in the studies. Mice were fed
mouse maintenance diet A04 (UAR, Villemoisin-sur-Orge, France) and water
ad libitum. They were housed and manipulated according to national and Eu-
ropean guidelines.
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Vaccine antigen, viruses, and cells. The recombinant fusion protein BBG2Na
was expressed and purified in E. coli as described (20, 25). Protein content was
determined by the bicinchoninic acid method, and proteins were analyzed for
purity and antigenicity by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on 15% homogenous gels under reducing conditions and Western
blotting using RSV-specific serum, respectively. RSV subgroup A (Long strain;
ATCC VR-26; American Type Culture Collection, Manassas, Va.) was propa-
gated in HEp-2 cells (ECACC 86030501; European Collection of Animal Cell
Cultures, Porton Down, Salisbury, United Kingdom) as previously described
(25). Viruses were harvested at 48 to 72 h by scraping cells into the medium. The
suspension was centrifuged at 460 X g for 15 min, and the resulting supernatant
was used as virus stock. Stocks of FI-RSV used for these studies were prepared
as described by Prince et al. (26), except that they were not concentrated by
centrifugation. One stock of FI-RSV (stock 1) was stored at —80°C until use,
while the second (stock 2) was stored at 4°C. Except for the histopathology
experiments, the FI-RSV stocks were used at concentrations previously deter-
mined to induced significant enhanced pulmonary immunopathology in mice.

Immunization and challenge procedures. To study histologic changes in
mouse lungs following RSV challenge as a function of immunogen, groups of 15
mice received i.p. injections with 200-ul volumes on days 0, 14, and 24 with
BBG2Na (20, 2, 0.2, or 0.02 pg) formulated in Adjuphos [A1(PO), (400 pg of
aluminum; Superfos BioSector a/s, Vedbaek, Denmark]; FI-RSV (stock 2, un-
diluted, 1/10 and 1/100) formulated in Alhydrogel [A1(OH3) (400 pg Al); Su-
perfos BioSector a/s); or Adjuphos (400 wg of Al) alone in PBS. A final group
received 10° 50% tissue culture infectious doses (TCIDs,) of RSV i.n. on day 0
and were otherwise bled, challenged, and sacrificed as for the other groups. On
day 34 mice were challenged with 10° TCIDs, of RSV in. in 50 pl following
anesthesia (2.5 ml per kg of body weight of a 4/1 mixture (vol/vol) with ketamine
[Imalgene 500; Rhone Mérieux, Lyon, France] and xylasine [Rompun at 2%;
Bayer, Puteaux, France]). Five mice from each group were sacrificed on days 2,
5, and 9 postchallenge by terminal cardiac exsanguination following anesthetiz-
ing. The lungs were fixed in situ by transtracheal inflation with Bouin fixative
(Labonord, Villeneuve d’Asg, France), removed, and immersed in at least 10
volumes of Bouin following tracheal ligation, and coded.

To study chemokine gene expression in mice following immunization and RSV
challenge, three independent experiments were undertaken. All mice were im-
munized three times on days 0, 14, and 24 by i.p. or i.m. injection of BBG2Na,
FI-RSV (stock 1 diluted at 1/250 or stock 2 diluted at 1/100), or PBS in 20%
(vol/vol) Alhydrogel. On day 31, mice were bled from the retro-orbital venous
plexus to confirm anti-RSV seroconversion. On day 33, anesthetized mice were
challenged with 103 TCID5, of RSV by i.n. instillation. Just before challenge and
at various time points, anesthetized mice were exsanguinated by cardiac punc-
ture. Lungs were removed and were quick-frozen in liquid nitrogen prior to
storage at —80°C until RNA extraction or homogenization.

Serum antibody ELISAs. BBG2Na- and RSV-specific total immunoglobulin G
titers were determined by enzyme-linked immunosorbent assay (ELISA) as pre-
viously described using horseradish peroxidase-conjugated rat anti-immunoglob-
ulin G mouse antibodies (Southern Biotechnology, Birmingham, Ala.) (25).
ELISA-determined titers were expressed as the reciprocal of the last dilution
with an optical density (OD) of >0.15 and at least twofold that of the control well
to which no sample was added.

Histopathologic analyses. Fixed lungs were processed for histology and ana-
lyzed by R. Loire in a blinded manner. The lungs were embedded in hot paraffin
under vacuum (Hypercenter XP Shandon), thereby completing expansion of the
pulmonary parenchyma. The tissue was sectioned dorso-ventrally in 4-um-thick
slices and stained with hematoxylin-eosin-safran. Histologic changes, including
alveolitis, interstitial inflammation, perivascularitis, and peribronchiolitis were
scored separately on a scale of 0 (normal tissue) to 4 (severe pathologic changes),
according to Prince et al. (27, 28). The scores of each animal per time point per
group were averaged, and the mean scores * standard deviation (SD) were
plotted as a function of time postchallenge.

Semiquantitatification of chemokine protein and gene expression in lung
tissues. Eotaxin, MCP-1, and MIP-2 protein concentrations in lung tissue ho-
mogenates were determined by ELISA using appropriate Quantikine M Murine
kits following the manufacturer’s instructions (R&D Systems Inc., Minneapolis,
Minn.). Lung homogenates were prepared by homogenizing half of each thawed
lung in 500 pl of PBS containing appropriately diluted Complete protease in-
hibitor cocktail (Roche Diagnostics, Meylan Cedex, France), and using 0.5-mm-
diameter Zirconia silica beads in a Mini beadbeater (Biospec Products) at 5,000
rpm for 20 s. The homogenates were centrifuged at 10,000 X g for 5 min, and the
supernatants were stored at 4°C overnight. Chemokine protein concentrations
are presented as fractions of total lung homogenate protein concentrations
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determined by the bicinchoninic acid method (Pierce), i.e., relative chemokine
concentration = [chemokine] (pg/ml)/[total protein] (mg/ml).

Chemokine transcripts were analyzed by adapting and optimizing a previously
described reverse transcription (RT)-PCR ELISA method (23) for each chemo-
kine. Lungs were weighed and disrupted in 1 ml of RNA-B (Bioprobe Systems,
Montreuil-sous-Bois, France) using a Dounce homogenizer. Total RNA was
extracted from the equivalent of approximately 1 mg of lung homogenate, and
genomic DNA contamination of the samples was excluded by PCR analysis (23).
The isolated RNA was reverse transcribed to cDNA using avian mycloblastosis
virus reverse transcriptase and oligo dT;5 (Promega).

The sequences of the PCR primers for MIP-2, IP-10, KC, RANTES, MIP-1a,
MIP-1B, and MCP-1 were published by Su et al. (37); those of MCP-3 and
eotaxin primers were published by Chensue et al. (8). Oligonucleotides specific
for Ltn were determined using the Mac Vector software program (Oxford Mo-
lecular Group) and were 5'-TTGTGGAAGGTGTGGGGACTGAAGTC-3’
(sense) and 5'-GCAATGGGTTTGGGAACTGAG-3' (antisense). They ampli-
fied a 368-bp product. The sequence of PCR amplification was a first step at 95°C
for 10 min, followed by cycles of 15 s at 95°C, 30 s at 65°C (60°C for Ltn, 55°C
for eotaxin and MCP-3), and 1 min at 72°C. To obtain nonsaturated PCRs, 30
cycles were applied to amplify RANTES cDNAs; 32 cycles were applied for
IP-10, MCP-3, and Ltn cDNAs; 33 cycles were applied for KC, MIP-1a, and
MIP-1B cDNAs; 34 cycles were applied for Eotaxin ¢cDNAs; 35 cycles were
applied for MIP-2 ¢cDNAs; and 40 cycles were applied for MCP-1 cDNAs.
B-Actin cDNAs were amplified as internal controls (23).

Digoxigenin-labeled PCR products were captured in a streptavidin-coated
ELISA plate by hybridization with a 5’-biotinylated probe. Bound products were
detected with peroxidase-conjugated antidigoxigenin antibodies in a standard
colorimetric reaction. Probes were determined using the Mac Vector software
program. Their sequences (and concentration, determined per milliliter of hy-
bridization buffer) were the following: for MIP-2, 5'-CTGTCCCTCAACGGAA-
GAAC-3" (25 pmol); for IP-10, 5'-CTCCATCACTCCCCTTTACC-3" (25
pmol); for KC, 5'-ACGTGTTGACGCTTCCC TTG-3' (25 pmol); for RAN-
TES, 5'-TTGCCTACCTCTCCCTAGAG-3' (7.5 pmol); for MIP-1a, 5'-CACC
TGCATAGCTCCATCTC-3’ (25 pmol); for MIP-18, 5'-TCTCTCTCCTCTT-
GCTCGTG-3" (25 pmol); for MCP-1, 5'-GCCTGCTGTTCACAGTTGCC-3'
(25 wmol); for Ltn, 5'-AGACCTATATCATC TGGGAGGGGG-3' (7.5 wmol).
Sequences of MCP-3 and eotaxin probes were published by Chensue et al. (8),
and their concentrations were 25 and 15 pmol/ml hybridization buffer, respec-
tively. The OD at 405 nm (OD,5) was directly proportional to the level of target
PCR product, which was subsequently normalized relative to the OD,,5 detected
for B-actin cDNAs.

Statistical analyses. Statistical analyses were done using the ¢ test and the
Kolmogorov-Smirnov test (for low sample numbers) of the Statigraphic software
program (Manugistics, Rockville, Md.).

RESULTS

Histopathology. The influence of priming antigen and dose,
compared with naive controls, on lung histopathology follow-
ing RSV challenge was assessed by observing and semiquanti-
fying four different pathologies of the lung tissues: perivascu-
litis, peribronchiolitis, interstitial inflammation, and alveolitis.

Primary infection with RSV (PBS groups) did not result in
any appreciable pulmonary pathology in BALB/c mice (Fig. 1).
Priming with RSV i.n. (RSV-in groups) followed by RSV chal-
lenge resulted in mild perivasculitis and peribronchiolitis in
some animals, peaking at day 2 and progressively diminishing
to undetectable pathology by day 9 post challenge. Most ani-
mals in these groups, however, demonstrated normal lungs.
Neither interstitital inflammation nor alveolitis was evident in
these animals. In stark contrast, immunizing mice with FI-RSV
followed by challenge with RSV resulted in moderate to severe
perivasculitis and peribronchiolitis, with the former tending to
be more severe (Fig. 1). The lesions were characterized by
extensive infiltration of lymphocytes and, to a lesser extent,
large polynuclear cells. A dose effect was evident, with 1/10 and
1/100 dilutions inducing more-severe lesions than undiluted
FI-RSV stock. Pathology peaks were evident on days 5 and 9,
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FIG. 1. Pulmonary histopathology in BALB/c mice as a function of
priming antigen and time. Groups of 15 mice were immunized three
times with various doses of Alhydrogel-adsorbed FI-RSV or Adju-
phos-absorbed BBG2Na (as indicated below the axis) before challenge
with RSV. Alternatively, groups of 15 mice were i.n. primed with RSV
(RSV-in) or received PBS before RSV challenge. Mice were sacrificed
on day 2 (black bars), day 5 (hatched bars), and day 9 (dotted bars)
postchallenge. The lungs were inflated and fixed with Bouin, immersed
in paraffin blocks, sectioned at 4 pm, and stained with hemotoxylin-
eosin-safran. Histopathologic lesions, including perivascularitis (A),
peribronchiolitis (B), interstitial inflammation (C), and intra-alveolar
infiltration (D) were scored on the basis of normal (0) to severe (4) for
each animal at each time point. Mean scores and SD (error bars) per
group were plotted for each priming antigen and dose.

although significant infiltration was evident even at 2 days
postchallenge in the group immunized with 1/10-diluted FI-
RSV. Interestingly, interstitial inflammation and alveolitis
were also observed in almost all mice in the FI-RSV groups,
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FIG. 2. Validation of semiquantitative RT-PCR assays to study
chemokine gene expression profiles. Eotaxin, MCP-1, and MIP-2 pro-
tein and gene expression profiles were compared in mouse lung tissue
extracts following RSV challenge, as a function of priming antigen.
Groups of six mice were immunized three times i.p. with 20 or 50 pg
BBG2Na, FI-RSV (stock 2 diluted at 1/100), or PBS in the presence of
Alhydrogel. Mice were sacrificed 5 days after i.n. challenge with RSV.
Lungs were removed and processed for either relative chemokine
protein (solid bars) or gene expression (open bars) levels, as described
in Materials and Methods. Chemokine protein concentrations are pre-
sented as fractions of total lung homogenate protein concentrations,
i.e., relative chemokine protein concentration = [chemokine] (pg/ml)/
[total protein] (mg/ml). Chemokine gene expression data are pre-
sented as means + SD (error bars) of OD,ys for the chemokine
mRNA relative to the OD,5 for the B-actin mRNA.

with the latter being the more severe pathology of the two.
However, these pathologies were at worst moderate and more
usually mild. A dose effect and peak pathology were observed
similar to those described above for perivasculitis and peri-
bronchiolitis.

Unlike FI-RSV, no significant pulmonary pathology was ev-
ident following immunization with BBG2Na, irrespective of
the dose used (Fig. 2). Indeed, of 60 animals immunized, only
1 demonstrated mild perivasculitis and peribronchiolitis, while
a second had mild perivasculitis alone. In both cases, the ob-
served pathologies were never more severe than the mild pa-
thologies evident in the RSV-in groups. Like the RSV-in and
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PBS groups, no interstitial inflammation or intra-alveolar in-
filtration was observed following BBG2Na immunization.

Validation of RT-PCR semiquantification of chemokine
gene expression. As chemokines are intimately involved in
orchestrating cell-mediated immune responses, we hypothe-
sized that they might be implicated in the initiation and/or
amplification of the abherrent pulmonary immunopathology
observed in FI-RSV-immunized mice following RSV chal-
lenge. To study the temporal association of chemokines with
enhanced pulmonary pathology, and in the absence of specific-
protein ELISAs for each molecule, we developed semiquanti-
tative RT-PCR assays specific for 10 different chemokine
genes. We validated this approach by comparing the relative
RT-PCR and protein profiles, derived using three commercial
chemokine ELISA kits (eotaxin, MIP-2, and MCP-1), in lung
tissues in our mouse model. As no significant histopathological
differences were evident between the RSV-in and PBS groups,
we limited analyses to PBS, FI-RSV, and BBG2Na groups.
Groups of six mice were immunized i.p. with either 20 or 50 pg
of BBG2Na, FI-RSV (stock 2), or PBS and sacrificed on day 5
postchallenge, coincident with significant histopathology in the
lungs of FI-RSV immunized mice, as described above. The
BBG2Na doses were chosen to bridge between previously pub-
lished research doses (20 and 50 pg) (12, 23) and a dose used
in a recent clinical trial (50 ng). All BBG2Na and FI-RSV-
immunized mice seroconverted against RSV subgroup A anti-
gens, as evidenced by serum ELISA titers (mean * SD) of
4.81 = 0.42 (20 pg), 5.05 = 0.58 (50 pg), and 2.9 £ 0.85 log,,
respectively (not shown).

As evident in Fig. 2, both protein and RNA chemokine
profiles closely resembled each other for eotaxin and MCP-1.
Eotaxin was characterized by significant increases in both pro-
tein and RNA levels in the FI-RSV group relative to all other
groups (P < 0.05). Similarly, MCP-1 protein and RNA relative
concentrations were significantly higher in the FI-RSV group
relative to the other groups (P < 0.05), except the BBG2Na, 50
wg, group. Even in this case, mean MCP-1 protein and RNA
levels were higher in the FI-RSV group, with the lack of sig-
nificance undoubtedly due to the large SD. MIP-2 relative
protein concentrations were significantly higher in the FI-RSV
group compared to all other groups (P < 0.001), while relative
RNA concentrations were not. However, consistent with the
protein ELISA data, mean MIP-2 RNA levels were highest in
the FI-RSV group. These data, therefore, suggest similar an-
tigen-specific profiles of MIP-2 gene expression and protein
concentrations following RSV challenge, although the latter
provides clearer differentiation between groups. Interestingly,
no significant BBG2Na dose effects were evident on protein or
RNA levels for any chemokine, with the exception of MIP-2
RNA levels (P < 0.05). In general, the combined chemokine
protein and RNA data validate our semiquantitative RT-PCR
assays for studying the expression kinetics of several chemo-
kine genes in lung tissues.

Chemokine gene expression Kkinetics. Chemokine effects
may occur early to initiate migration of cellular immune re-
sponses or later to help amplify and modulate effector func-
tions. Therefore, we determined the kinetics of gene expres-
sion of 10 chemokines in mouse lungs following RSV challenge
at early (3 to 24 h) and late time points (5 and 7 days) following
RSV challenge. The later time points coincide with interme-
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diate and peak inflammatory events that occur in the lungs of
challenged FI-RSV-immunized animals (23). All chemokine
genes examined were constitutively expressed in the lung tis-
sues of naive nonchallenged BALB/c mice (data not shown).
For the purposes of the current experiments, baseline chemo-
kine expression levels were defined as those determined in
lung tissues of PBS-injected mice just before challenge.

Whereas PBS group animals remained seronegative in these
experiments, all animals of the BBG2Na and the FI-RSV
(stock 1) groups efficiently seroconverted against RSV follow-
ing i.m. administrations, as demonstrated by serum ELISA
titers of 5.29 = 0.33 and 3.74 = 0.24 log,,, respectively (data
not shown). Previous work in our laboratory demonstrated that
sera of BBG2Na-immunized mice present relatively low neu-
tralizing titers and that RSV was cleared from the lungs within
24 h postchallenge (25).

Prechallenge chemokine gene expression was close to base-
line levels in all groups and for all chemokines (Fig. 3). At early
time points following RSV challenge, FI-RSV-primed mice
were characterized by progressive and large relative increases
in mean eotaxin, MCP-3, and IP-10 gene expression within the
first 24 h (Fig. 3). Early and intermittent upregulation of KC
and MIP-2 gene expression, between 3 and 12 h, was also
observed in these mice. Alternatively, no significant expression
of MIP-1a, MIP-1B, or MCP-1 genes was evident, while RAN-
TES and Ltn gene expression diminished below baseline levels
during this period.

PBS control mice were characterized by progressive in-
creases in mean MCP-3, MIP-1B, KC, IP-10, MCP-1, and
MIP-2 gene expression in lung tissues at early time points (Fig.
3). In particular, MIP-13, MCP-1 and MIP-2 were clearly up-
regulated compared with FI-RSV-primed mice by 12 h post-
challenge. However, the levels of expression of MCP-3 and
IP-10 genes were much lower than in FI-RSV primed mice.
Furthermore, only small increases in eotaxin and MIP-1a were
observed, while the RANTES gene expression profile resem-
bled that of FI-RSV-primed mice. Interestingly, an initial drop
below baseline levels between 3 and 12 h was followed by a
significant increase in Ltn gene expression in the lungs of these
mice by 24 h postchallenge.

For many of the chemokines studied, BBG2Na primed mice
demonstrated lung tissue gene expression profiles at early
times that closely resembled those of PBS control mice (Fig.
3). This is especially evident for eotaxin, MCP-3, KC, MCP-1,
MIP-2, MIP-1a,, and RANTES gene expression kinetics. While
the MIP-1B expression profile paralleled that of PBS control
mice during the first 12 h postchallenge, expression was inter-
mediate between the levels observed in the PBS and FI-RSV
groups by 24 h. Furthermore, the kinetics of Ltn expression up
to 12 h was similar to those of both PBS control and FI-RSV-
primed mice but thereafter remained below baseline expres-
sion, as in the FI-RSV-primed group. Alternatively, IP-10 gene
expression kinetics in BBG2Na-primed mice during the first
24 h postchallenge were very similar to those in FI-RSV
primed mice.

At later time points (days 5 and 7), while chemokine gene
expression up-regulation was observed in some animals from
all groups, but with the exception of RANTES, significant
up-regulation above baseline was evident only in the FI-RSV
group (Fig. 4). Specifically, eotaxin and MCP-3 relative expres-
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sion in this group remained high on day 5 and diminished by
day 7. Interestingly, the intergroup relative expression profiles
of eotaxin at late time points (Fig. 4) were consistent with
those reported for the validation experiment (Fig. 2), even
though absolute values and the route of immunization differed.
Furthermore, IP-10 expression levels were relatively high on
day 7, although not on day 5. In contrast to early time points,
MCP-1 and MIP-2 genes were significantly up-regulated at
later time points in the FI-RSV group, particularly on day 7.
Indeed, these data were also consistent with those presented in
Fig. 2, despite the difference in route of administration. As at
early times, MIP-1B and KC expression remained near base-
line levels at later times. While mean expression levels were
above baseline, the intragroup variation in MIP-1a, Ltn, and
RANTES gene expression was such that no significant in-
creases above baseline were evident in the FI-RSV group on
days 5 and 7. Conversely, in the PBS and BBG2Na groups,
MIP-1B, KC, and IP-10 expression returned to baseline levels
by day 5, while significant RANTES gene expression was ob-
served only in the BBG2Na group and only on day 5.

In general, therefore, among the 10 chemokines studied, the
chemokine gene expression profiles and kinetics postchallenge
in the lung tissues of BBG2Na-immunized mice resembled
more closely those induced following primary infection with
RSV than those of mice immunized with FI-RSV. FI-RSV
priming was characterized primarily by high relative expression
of potent eosinophil and lymphocyte chemoattractant chemo-
kine gene following RSV challenge (eotaxin, MCP-3, KC, and
IP-10 at early time points; eotaxin, MCP-3, IP-10, MCP-1, and
MIP-2 at late times). In contrast, elevated expression of mainly
lymphocyte and monocyte chemoattractant chemokine genes
within 24 h of challenge (MIP-1B3, MCP-1, IP-10, and MIP-2)
was the most striking feature of primary RSV infection or
BBG2Na priming.

DISCUSSION

The failure of the FI-RSV vaccine field trials of the 1960s
has enormously perturbed development of an RSV subunit
vaccine for newborn infants. However, animal models of FI-
RSV-associated lung-enhanced pathology have facilitated our
understanding of the histology, kinetics, and mechanisms of
the immunopathologic process (10, 11, 23, 26, 28, 43, 44). We
extend this understanding in the current communication by
describing in the mouse model the kinetics and type of histo-
logic changes in the lung following RSV challenge as a conse-
quence of FI-RSV priming and identifying temporally associ-
ated chemokine gene expression patterns and kinetics in lung
tissues. These FI-RSV-induced histologic and chemokine gene
expression changes were compared and contrasted with those
resulting from primary and/or secondary RSV infection and
RSV challenge of BBG2Na-primed mice.

The observation of severe histopathology in the lungs of
FI-RSV-primed mice following RSV challenge is consistent
with previous reports in which massive infiltration of lympho-
cytes and large granular cells/eosinophils into the lungs were
the hallmarks of FI-RSV priming of BALB/c mice (23, 44, 45).
Peak histopathology was observed between days 5 and 9, which
also coincides with, and confirms, our recent observations of
peak leukocyte lung infiltration (23). Furthermore, our histo-

J. VIROL.

pathology data are similar to those recently described by
Prince et al. (28) for the cotton rat model of FI-RSV-induced
enhanced pulmonary pathology. Indeed, enhanced pathology
in the cotton rat was characterized by severe peribronchiolitis
and perivascularitis coupled with aveolitis and interstitial in-
flammation, with the latter two pathologies being unique to
FI-RSV-immunized animals. Prince et al. (28) suggested,
therefore, that these lesions may provide a means of discerning
unsafe vaccines. As alveolitis and interstitial inflammation
were also unique to the FI-RSV-primed mice, our data suggest
that these lesions may also correspond to hallmarks of en-
hanced pathology in the BALB/c mouse model.

However, the models diverge somewhat when lung his-
topathologies following primary and secondary RSV infection
are compared. While invariably milder than FI-RSV priming,
primary and secondary infection of cotton rats induced signif-
icant perivascularitis and peribronchiolitis. In contrast, in the
mouse model, no discernible histopathology was observed af-
ter primary infection, while only mild lesions were observed
following secondary infection. Our primary infection data also
differ somewhat from those described by Taylor et al. (40), in
which mild peribronchiolitis and perivascularitis were re-
ported. However, both data sets suggest that the severity of
perivascular and peribronchiolar lesions, coupled with the de-
tection of alveolitis and interstitial inflammation may represent
the most complete histologic indicators of unsafe vaccine-in-
duced responses in the mouse model. In this regard, our data
generated in mice primed with a clinical formulation of
BBG2Na over a broad dose range are very encouraging, as very
mild perivascular and peribronchiolar lesions were only rarely
observed, while no alveolitis and interstitial inflammation were
evident.

The differential histopathology described above confirms, as
expected, that the priming antigen determines inflammatory
events in the lungs following RSV challenge. We extended
these data at the molecular level by profiling the expression
kinetics of 10 chemokine genes in mouse lungs, with a view to
further facilitating differentiation between unsafe FI-RSV-like
immunopathology and potentially safe responses induced by
RSV vaccines. Interestingly, while routes of immunogen ad-
ministration and FI-RSV stocks differed between experiments
(Fig. 2, 3, and 4), our data suggest that this did not dramatically
change the relative profiles of the chemokines studied in lung
tissues. This is consistent with previous work in which we dem-
onstrated evidence of enhanced pathology postchallenge fol-
lowing immunization with the same FI-RSV stocks by either
i.p. and im. routes, but not with BBG2Na (12, 23). Further-
more, doses of 20 or 50 pg BBG2Na induced comparable
chemokine profiles in the lungs of BBG2Na-primed mice,
thereby diminishing a potential dose effect in interpretation of
our data.

Of considerable interest with regard to chemokine expres-
sion profiles, eotaxin and MCP-3 were more highly expressed
at early times in the FI-RSV groups than in the other groups,
suggesting that these chemokines might be good candidates for
signaling molecules leading to pathology. Indeed, they are po-
tent eosinophil and lymphocyte chemoattractants (3, 29, 35, 39,
41, 42), which comprise the principle infiltrating cells in the
mouse model of FI-RSV-induced enhanced pathology (23, 43,
44). Alternatively, the relatively homeostatic kinetics of
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MCP-1, MIP-1a, MIP-1B, MIP-2, Ltn, and RANTES gene
expression at early time points postchallenge in this group
suggest that these chemokines are not implicated in initiation
of the associated pathology. The significant up-regulation ex-
clusively in the FI-RSV groups of MCP-1 and MIP-2 expres-
sion at late time points, however, suggests that these chemo-
kines are consequences, rather than instigators, of the cellular
infiltration to the lungs. As they are potent lymphocyte che-
moattractants, MCP-1 and MIP-2 might be implicated in the
amplification of the immunopathologic response in the FI-
RSV group once it has begun. Similarly high expression of
IP-10 in FI-RSV and BBG2Na groups at early time points
suggests that this chemokine is not implicated in the enhanced
pathology process, despite its chemotactic properties (38), as
no evidence of enhanced pathology was observed in the latter
group.

The progressive increase of MCP-1, MIP-1B3, and MIP-2
gene expressions at early time points in PBS control mice is
consistent with previous reports of chemokine responses in
RSV-infected human and murine cells in vitro (5, 17, 22, 33).
It also concurs with a mainly T-cell recruitment to the lungs
during primary RSV infection (23, 39). As BBG2Na-immu-
nized mice demonstrated similar expression kinetics for these
chemokines, and MIP-18 and MIP-2 are associated with pref-
erential Th-1 type T-cell responses (30), our data might explain
the lack of a recall Th-2 type T-cell response following RSV
challenge of BBG2Na-primed mice (12).

The absence of a MIP-1a or RANTES expression at early
time points in the PBS control group, however, contrasts with
previous reports of in vitro or in vivo infections with RSV for
reasons that are unclear at this time (5, 6, 7, 16, 22, 31).
Similarly, in contrast to our data, infection of BALB/c mice
with pneumonia virus of mice, a close relative of RSV, resulted
in MIP-1 « production (13). However, no changes were ob-
served in RANTES expression in this model, consistent with
our data. Interestingly, significant Ltn expression was evident
only in the PBS control group at 24 h, while it remained below
baseline levels in the other groups. As Ltn is a potent T-cell
chemoattractant with adjuvant properties (19) and significant
T-cell lung infiltration occurs during primary RSV infection
but not in BBG2Na-primed mice (23), it is possible that the
differential Ltn expression may explain the presence and ab-
sence of significant T-cell infiltration in the lungs of the re-
spective mouse groups.

Our work suggests potential key regulators of the immune
responses to RSV challenge that differ according to the antigen
used to prime the immune system and that confer different
immunopathologic outcomes. Similar observations were made
in the macaque model of siman immunodeficiency virus (SIV),
in which the chemokine expression profiles were indicative of
the pathogenic potential of live SIV strains (46). Briefly, nef-
deleted SIVmac, (a live attenuated strain) was compared with
wild-type SIV for chemokine expression 1 week following in-
travenous inoculation and correlated with subsequent disease
progression. Indeed, high levels of C-C chemokines in lymph
nodes correlated with disease progression following wild-type
infection, while low levels were associated with nonprogression
following infection with the attenuated strain. Although the
animal models are very different, it may be more than an
interesting coincidence that the chemokine protagonists in FI-
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RSV-immunized mice at early time points postchallenge were
eotaxin and MCP-3, both C-C chemokines.

The chemokine expression profiles observed in the lungs of
BBG2Na-immunized animals are of particular importance.
Our results indicate that T-lymphocyte and eosinophil che-
moattractants were not induced at high levels upon live RSV
challenge, in contrast to profiles observed in the lungs of FI-
RSV-primed mice. We confirm, at the molecular level, our
histopathological data presented above and previously pub-
lished observations on the absence of any sign of lung inflam-
matory events in BBG2Na-immunized mice (23). The immu-
nological mechanisms responsible for the innocuity of the
BBG2Na vaccine candidate are not yet elucidated, but the
chemokine expression profiles provide some clues for future
experiments. As neither granulocytes nor increase or activation
in the lymphocyte subsets was detected in the lungs of
BBG2Na-immunized mice, immunosuppressive factors might
also be induced at the time of vaccination or challenge.

Finally, our data demonstrate that analyzing in vivo chemo-
kine mRNA induction in animal models following viral chal-
lenge extends our understanding at the molecular level of the
immunological events associated with FI-RSV-induced lung
enhanced pathology in the BALB/c mouse model. In addition
to histopathology, FACScan analysis of lung-infiltrating cells,
and cytokine gene expression profiles, chemokine gene expres-
sion analysis broadens the range of markers available to detect
FI-RSV-like disease. Although we cannot extrapolate directly
to humans, the capacity to comprehensively determine in mice
whether novel RSV vaccine candidates behave like FI-RSV, or
not, in terms of enhanced immunopathology will greatly in-
crease our confidence in the innocuity of such vaccines. In-
deed, it may ultimately provide a logical and scientific basis for
deciding the acceptability of clinical trials with such vaccines in
the principle target population for RSV vaccines, i.e., seroneg-
ative infants. In this regard, the data generated with BBG2Na
thus far in the mouse model remain encouraging.
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