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The attachment glycoprotein G of respiratory syncytial virus (RSV) is produced as both membrane-anchored
and secreted forms by infected cells. Immunization with secreted RSV G (Gs) or formalin-inactivated alum-
precipitated RSV (FI-RSV) predisposes mice to immune responses involving a Th2 cell phenotype which results
in more severe illness and pathology, decreased viral clearance, and increased pulmonary eosinophilia upon
subsequent RSV challenge. These responses are associated with increased interleukin-4 (IL-4) production in
FI-RSV-primed mice, and the responses are IL-4 dependent. RNase protection assays demonstrated that
similar levels of IL-4 mRNA were induced after RSV challenge in mice primed with vaccinia virus expressing
Gs (vvGs) or a construct expressing only membrane-anchored G (vvGr). However, upon RSV challenge,
vvGs-primed mice produced significantly greater levels of IL-5 and IL-13 mRNA and protein than vvGr-primed
mice. Administration of neutralizing anti-IL-4 antibody 11.B11 during vaccinia virus priming did not alter the
levels of vvGs-induced IL-5, IL-13, pulmonary eosinophilia, illness, or RSV titers upon RSV challenge,
although immunoglobulin G (IgG) isotype profiles revealed that more IgG2a was produced. vvGs-priming of
IL-4-deficient mice demonstrated that G-induced airway eosinophilia was not dependent on IL-4. In contrast,
airway eosinophilia induced by FI-RSV priming was significantly reduced in IL-4-deficient mice. Thus we
conclude that, in contrast to FI-RSV, the secreted form of RSV G can directly induce IL-5 and IL-13, producing
pulmonary eosinophilia and enhanced illness in RSV-challenged mice by an IL-4-independent mechanism.

Eosinophil recruitment and activation are promoted by a
number of factors, including interleukin-5 (IL-5), IL-4, IL-8,
eotaxin, RANTES, mast cell products histamine and tryptase,
and leukotriene B4, with IL-5 and eotaxin being highly specific
for eosinophils (10, 22, 29, 32, 46, 50, 60). Eosinophilia is
generally considered to be a component of the type 2 immune
response since it occurs in conjunction with IL-4-mediated
events. Classically, type 1 CD4™" T cells (Th1) secrete IL-2 and
gamma interferon (IFN-v), but little IL-4 or IL-5, upon acti-
vation (18, 54). Conversely, Th2 CD4" T cells secrete IL-4,
IL-5, IL-10, and IL-13 but no IFN-y. A similar classification
system has recently been proposed for CD8* cytotoxic T cells
(Tcl and Tc2) (63). Selective induction of either Thl or Th2
CD4" (or Tcl or Tc2 CD8™) T cells has been correlated with
more favorable outcomes after infection with a variety of
pathogens (16, 20, 43, 53, 57), thus associating the Th1-Th2
paradigm with microbe-induced disease pathogenesis. Type 2
CD4" and CD8"* T cells often produce both IL-4 and IL-5,
suggesting coordinate regulation of these two genes (16, 18, 40,
43, 54, 80). A critical role for IL-4 in the differentiation of Th2
cells has been shown in helminth-infected mice (38, 76) and in
allergen-sensitized mice (11). These data suggest a close reg-
ulation of IL-4 and IL-5, which may be explained by the pres-
ence of shared transcriptional elements in both promoters (40,
44). Thus, stimulatory signals and factors may induce transcrip-
tion of both genes. However, some elements controlling tran-
scription of IL-4 and IL-5 are distinct and, in some cases, have
been shown to be selectively induced (31, 38, 45, 76).
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Respiratory syncytial virus (RSV) is a major cause of respi-
ratory disease in infants (39, 62) and the elderly (14, 17).
Disease severity following RSV infection may be correlated
with cytokine production by various cellular populations (23)
with more severe disease resulting from induction of Th2 T-
cell responses. Detailed studies in BALB/c mice have demon-
strated that intranasal infection with RSV produces mild dis-
ease and mild-to-moderate pathology characterized by
lymphocytic infiltrates, predominantly composed of Th1 CD4*
T cells and CD8™ cytotoxic T lymphocytes (CTLs) and without
eosinophils (24, 26). However, BALB/c mice immunized with
formalin-inactivated RSV (FI-RSV) develop severe disease,
which is mediated by Th2 CD4* T cells, as demonstrated by
increased production of IL-4, IL-5, and IL-13 and eosinophilia
upon infection with live RSV (25, 51, 73, 74, 78). IL-4 has been
shown to have a crucial regulatory role in effecting these im-
mune responses to produce enhanced disease. Neutralizing
anti-IL-4 antibody administration during FI-RSV immuniza-
tion results in diminished levels of illness, viral titers, and
histopathology following challenge with live RSV (71). This is
associated with a shift of the immune responses induced during
priming from a Th2-like profile to a more Th1-like profile with
decreased IL-4 mRNA (relative to IFN-y) and increased levels
of RSV-specific antibodies having an immunoglobulin G2a
(IgG2a) isotype. However, the Th1-Th2 paradigm does not
fully explain the pathogenesis of RSV disease profiles. Admin-
istration of recombinant IL-12 during FI-RSV priming results
in decreased IL-4 production and increased titers of IgG2a
RSV-specific antibodies; yet illness following RSV challenge is
not reduced (72).

Two viral glycoproteins are expressed on the surface of in-
fected cells: the fusion (F) protein and the attachment (G)
protein. RSV G-induced immune responses have been pro-
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posed as an explanation for severe illness both in primary
infection and in vaccine-enhanced illness based on the Th2-like
phenotype of these immune responses. While T-cell clones
specific for RSV F exhibit a Thl-like phenotype, producing
IFN-v and little IL-4 or IL-5, G-specific clones generally have
a Th2-like phenotype (2, 4, 35, 68). Transfer of these clones
into naive mice demonstrates that F-specific clones protect
against infection with minimal disease, while transfer of G-
specific cells results in severe disease and eosinophilia (1, 3).
RSV-specific CD8" CTLs have recently been shown to regu-
late induction of eosinophil-recruiting CD4" T cells (33, 69).
While RSV F and matrix (M2) proteins induce vigorous CTL
responses, RSV G does not (52). However, when a defined
CTL epitope of M2 is inserted into G, an M2-specific CTL
response is generated (69). IL-4, IL-5, and pulmonary eosino-
philia are reduced in mice immunized with the G-M2 recom-
binant virus and challenged with RSV, suggesting that CD8" T
cells (potentially by IFN-y secretion) alter differentiation of
G-specific CD4™ T cells to a more Thl-like phenotype. Map-
ping studies have demonstrated that specific epitopes of RSV
G may be associated with protection against infection and with
induction of eosinophilia (65, 67). These data have led to the
hypothesis that the primary or secondary protein structure of
RSV G is responsible for the induction of immune responses
producing severe disease following subsequent live virus infec-
tion.

RSV G is produced by infected cells in both a membrane-
anchored and a secreted form due to the presence of an alter-
native initiation codon in the transmembrane region (59). We
and others have shown that it is not merely the primary or
secondary structure of RSV G, but also the form of protein
available for initial antigen presentation, that determines the
pattern of subsequent immune response and disease expres-
sion (7, 36). Mice immunized with recombinant vaccinia vi-
ruses expressing membrane-anchored (retained) RSV G
(vvGr) or secreted RSV G (vwGs) exhibit more severe disease
and more extensive histopathology following RSV challenge
when primed with vwGs. Since vwGs and FI-RSV immuniza-
tions result in similar disease profiles upon RSV infection, and
since disease severity is reduced by anti-IL-4 treatment during
FI-RSV priming, we sought to examine the role of IL-4 in
regulating the induction of immune responses during priming
with either vwGr or vwGs. We postulated that inhibition of IL-4
during vvGs priming would decrease the severity of illness and
pathology observed following RSV challenge. Surprisingly, in
this paper we show that G induces a Th2-like immune response
including increased IL-5 and IL-13 production and eosinophil
recruitment that is independent of IL-4.

MATERIALS AND METHODS

Mice. Pathogen-free 8-week-old BALB/c mice were obtained from Harlan
Sprague Dawley, Inc. (Indianapolis, Ind.). IL-4-deficient mice (IL-47/) were
generated by targeted gene disruption of the IL-4 gene as described by Kopf et
al. (38) on a C57BL/6 genetic background and were a gift of O. Kanagawa
(Washington University, St. Louis, Mo.). These mice have been shown to be
unable to produce Th2-associated cytokines upon initial exposure to antigen and
do not class switch to IgE isotype antibodies (38). As controls for experiments
using IL-47/~ mice, 8-week-old pathogen-free C57BL/6 mice were purchased
from Harlan Sprague Dawley, Inc. All mice were housed in a barrier facility
throughout the experiment.

Cell lines, antibodies, and virus stocks. HEp-2 and BSC40 cell lines were
maintained in Eagle’s minimal essential medium (EMEM) supplemented with
10% fetal calf serum (10% EMEM). The stock cultures were screened at quar-
terly intervals for mycoplasma contamination by PCR analysis (American Type
Culture Collection, Rockville, Md.). Neutralizing antibody 11.B11, specific for
murine IL-4, was kindly provided by the Biological Response Modifiers Program,
National Cancer Institute (Frederick, Md.).

A stock of RSV (A2 strain) was prepared in HEp2 cells and stored at —70°C
as previously described (26). FI-RSV was prepared as described elsewhere (25).
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Concurrently, supernatant from uninfected HEp2 cells was similarly treated with
formalin and alum precipitated to produce a mock immunization stock.

A panel of recombinant vaccinia viruses that express various RSV proteins was
constructed (5, 59). The vwGwt, vwGr, and vvGs viruses (previously designated
wWT G, vwM48I, and vwwM48, respectively) were kindly provided by Gail W.
Wertz (University of Alabama at Birmingham, Birmingham, Ala.). The vac-lac
virus (VSCS), a gift of Bernard Moss (National Institutes of Health [NIH],
Bethesda, Md.), has B-galactosidase inserted into the same HindIII F site used
for construction of G recombinants (9). Viral stocks were grown and purified by
density gradient centrifugation on potassium tartrate gradients as previously
described (36).

Mouse priming and challenge. Mice were primed with 5 X 10° PFU of
recombinant vaccinia virus by intradermal inoculation at the base of the tail and
were monitored daily for lesion formation. For in vivo IL-4 depletion experi-
ments, one-half of the mice in each priming group was injected intraperitoneally
with 200 wg of 11.B11 anti-IL-4 neutralizing antibody on days —2, —1, 0, 1, 2, 7,
and 14 around priming. Control mice were injected with 0.2 ml of sterile phos-
phate-buffered saline (PBS) on the same schedule. Six weeks after immunization,
the mice were anesthetized and intranasally infected with 100 wl of a solution
containing 107 PFU of RSV. We have shown that vaccinia virus replicates for
more than 2 weeks after intradermal immunization (unpublished data), dictating
the importance of a long interval between vaccination and challenge to allow for
the resolution of innate and adaptive immune responses directly stimulated by
the vaccinia virus vector. RSV-infected mice were weighed for 12 days following
challenge. Illness was graded daily by a blinded observer, with clinical features of
illness scored as the following: 0, no apparent illness; 1, slightly ruffled fur; 2,
ruffled fur but active; 3, ruffled fur and inactive; 4, ruffled fur, inactive, hunched
posture, and gaunt; and 5, dead.

To examine the effects of global IL-4 deficiency, IL-4 '~ and IL-4*/* C57BL/6
controls were immunized with 5 X 10° PFU (in 50 pl of solution) of recombinant
vaccinia virus by intradermal inoculation at the base of the tail and were mon-
itored daily for lesion formation. Two weeks later, additional groups of mice
were injected intramuscularly with FI-RSV or mock preparation (100 wl). Six
weeks after vaccinia virus priming and 4 weeks after FI-RSV priming, all mice
were anesthetized and infected intranasally with 107 PFU of live RSV in 100 pl
of solution. The mice were weighed and examined for 7 days following RSV
challenge.

RSV plaque assays. Four or six days following RSV challenge, mice were
sacrificed by CO, narcosis and cervical dislocation. The lungs were removed,
placed in 10% EMEM, and quick-frozen in an alcohol-dry ice bath. RSV titers
in the lungs were measured by standard plaque assays using 80% confluent
HEp-2 monolayers as previously described (36). Data are represented as the
geometric mean log;, PFU per gram of lung tissue at the dilution producing
greater than five plaques per well.

Quantitation of IFN-vy, IL-4, IL-5, IL-13, and eotaxin in lung tissues. Levels of
IFN-v, 1L-4, and IL-5 in lung tissues of primed and challenged mice were
measured with commercially available enzyme-linked immunosorbent assay
(ELISA) minikits (Endogen, Woburn, Mass.) according to kit protocols, using
day 4 lung supernatants. IL-13 levels were quantitated with ELISA kits from R
& D Systems, Inc. (Minneapolis, Minn.). Eotaxin concentrations were measured
in a sandwich ELISA as follows. Nunc Immulon MaxiSorp 96-well microtiter
plates were coated overnight with 100 ng of polyclonal affinity-purified goat
anti-mouse eotaxin (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.) diluted
in PBS. The wells were then blocked with 2% bovine serum albumin (Sigma
Chemical Co., St. Louis, Mo.) in PBS. After 1 h of blocking, the plates were
washed in PBS containing 0.2% Tween 20 (PBS-Tween). Samples and standard
dilutions were then added to each well. Serial twofold dilutions of recombinant
mouse eotaxin (R & D Systems, Inc.) ranging from 2.5 to 80 pwg/ml were used to
generate a standard curve. The plate was covered and incubated overnight at
25°C. Bound eotaxin was detected with biotinylated polyclonal goat anti-mouse
eotaxin (R & D Systems, Inc.) diluted to 0.5 pg/ml in PBS-Tween followed by
horseradish peroxidase-conjugated streptavidin (Jackson ImmunoResearch,
West Grove, Pa.). The plate was developed with freshly prepared tetramethyl-
benzidene substrate solution. Color development was stopped after 30 min by the
addition of 25 pl of 2.5 M H,SO,, and the plate was read at 450 nm on a
Dynatech MRX microplate reader (Dynatech Laboratories, Chantilly, Va.).
Concentrations of cytokines and chemokines were calculated from the standard
curves by linear regression.

RPA. Lungs from G-primed and RSV-challenged mice were harvested 4 days
postchallenge, quick-frozen in liquid nitrogen, and stored at —70°C. Individual
lungs were homogenized in 2 ml of RNazol (TelTest, Friendswood, Tex.), and
total RNA was isolated by phenol-chloroform extraction. The aqueous phase was
precipitated for 30 min at —20°C, resolubilized in diethyl pyrocarbonate-H,O,
divided into two equal aliquots, and precipitated again. The RNA aliquots were
stored at —70°C in isopropanol until the RNase protection assay (RPA) was
performed. RPA was performed with RiboQuant kits from PharMingen (San
Diego, Calif.) by using the mCK-1 cytokine and mCK-5 chemokine multiprobe
template sets according to the kit protocol. RPA products were resolved by
electrophoresis on a 5% polyacrylamide-8 M urea sequencing gel. After drying,
autoradiography was performed on Kodak X-Omat AR film. Radiographic anal-
ysis was performed by imaging on a ScanJet 6100C/T scanner (Hewlett-Packard,
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Palo Alto, Calif.), and densitometry was performed with Scion Image software
(NIH).

BAL of RSV-challenged mice. Mice were sacrificed 6 days after RSV challenge.
The trachea was surgically exposed, and a 19-gauge blunt-end needle was in-
serted into a small cut made in the trachea. Through this endotracheal tube, 0.5
ml of PBS containing 5% fetal calf serum was injected into the lungs. After
washing for approximately 30 s, the fluid was withdrawn and transferred to a
microcentrifuge tube. Smears were made of all bronchoalveolar lavage (BAL)
samples and were air dried. The dried smears were then stained with Diff-Quick
(Fisher Scientific, Pittsburgh, Pa.), and differential counts of standard cell types
were performed.

Statistical analysis. Data from individual experiments were maintained in a
Paradox database. Statistical analysis was performed by transferring data from
the database into SAS statistical software (Chapel Hill, N.C.) to perform analysis
of variance using Kruskal-Wallis and Wilcoxon rank sum tests. Comparisons
were made between individual experiments by statistical modeling and trend
analysis calculated by the General Linear Model method in the SAS program. P
values less than 0.05 were considered statistically significant.

RESULTS

Disease profiles of RSV-challenged vvGs- and FI-RSV-
primed mice. BALB/c mice were immunized with recombinant
vaccinia virus expressing an RSV protein or with FI-RSV and
then challenged with live RSV. Subsequent disease patterns in
these primed and challenged mice were compared. Severe
illness was induced by challenge of vwGs- or FI-RSV-primed
mice, with no significant difference in the severity of illness
observed between these groups (Fig. 1A). In contrast, immu-
nization with vwGr protected against illness following RSV
challenge. RSV titers were measured 4 and 6 days following
challenge to assess the abilities of the various immunizing
agents to protect against subsequent viral challenge (Fig. 1B).
While vwGr- and vwGs-primed mice had significantly lower
viral titers 4 days after challenge (P = 0.01), RSV titers were
not significantly reduced in mice immunized with FI-RSV. Yet,
some degree of protection against challenge was induced by
FI-RSV, as evidenced by the more rapid clearance and signif-
icantly lower titers at day 6 (relative to control mice). No
significant differences were observed in viral titers between
FI-RSV- and vwGs-immunized mice at any time after chal-
lenge. Induction of pulmonary eosinophilia is a hallmark of the
immune responses induced by both FI-RSV and RSV G im-
munizations. Therefore, BAL was performed, the cells were
differentially stained, and the percentage of eosinophils was
determined. Few (<1%) eosinophils were present in control or
vacF-primed mice (Fig. 1C). However, significant eosinophil
recruitment was induced in mice primed with FI-RSV or with
any form of RSV G. Pulmonary eosinophilia was induced to
similar levels in vwwGs- and FI-RSV-primed mice (P > 0.05;
Student’s ¢ test). Thus, the severity of illness and the extent and
cellular composition of pulmonary pathology are comparable
in mice immunized with vwGs or with FI-RSV following RSV
challenge, suggesting that the immune responses induced by
these immunization protocols may be similar. While it has
been suggested that eosinophils mediate disease during RSV
infection (19, 64), the ability of vwGr immunization to protect
against illness following RSV challenge while still predisposing
for low levels of pulmonary eosinophilia challenges this hy-
pothesis. These data suggest that the immune responses in-
duced by vwGs or FI-RSV priming are distinct from those
induced by vvGr immunization and that eosinophils are not
sufficient to cause illness measured by weight loss in RSV-
infected mice.

mRNA and protein levels of cytokines and chemokines. Cy-
tokine mRNA profiles produced in lungs of wGr-, vwGs-, and
FI-RSV-primed mice following RSV challenge were examined
by RPA. Similar levels of IL-4 and IFN-y mRNA were present
in lungs of vwGr- and vvGs-primed mice 4 days after challenge
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(Fig. 2A). These data are represented graphically in Fig. 2B,
where mRNA levels for each cytokine in single lungs were
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA levels for that sample. While not statisti-
cally significant, there was a trend toward increased IL-4
mRNA production in vwGs-primed, but not vwGr-primed, an-
imals following challenge. In contrast, IL-4 mRNA levels in
FI-RSV-primed mice were significantly greater than in vwGs-
primed mice (P = 0.016), even though RSV infection of wGs-
or FI-RSV-primed BALB/c mice resulted in similar disease
profiles (Fig. 1). Messenger RNA levels of IFN-y were greater
in FI-RSV- and G-primed mice than were observed in control
vac-lac-primed animals (P < 0.006; Student’s ¢ test). No sig-
nificant difference in IL-13 mRNA induction occurred between
vac-lac-, FI-RSV-, and vwwGr-primed, RSV-infected mice. How-
ever, IL-13 mRNA levels were significantly increased in vvGs-
primed mice relative to vac-lac-primed mice (P = 0.022). Also,
mice immunized with vwGs had significantly greater levels of
IL-13 mRNA than mice immunized with vwGr or FI-RSV (P =
0.02). The chemokine RANTES, which can induce recruitment
of eosinophils to sites of inflammation (15), was produced at
similar levels in all RSV-infected mice, regardless of immuni-
zation. However, mRNA expression of both IL-5 and the eosi-
nophil-specific chemokine eotaxin were significantly greater in
mice immunized with vwwGs or FI-RSV relative to both vwGr-
and vac-lac-primed animals (P < 0.01 and P < 0.02 for IL-5
and eotaxin, respectively; Student’s ¢ test). IL-5 and eotaxin
mRNA levels were not significantly different between vvGs-
and FI-RSV-primed mice (P = 0.069 for IL-5 and P = 0.24 for
eotaxin, comparing vwGs and FI-RSV groups). While levels of
IL-5 and eotaxin mRNA in vwGr-primed mice were not signif-
icantly greater than in vac-lac-primed mice, there were in-
creases in mRNA (Fig. 2B) and in protein (36). The produc-
tion of IL-5 and eotaxin by vwGr-primed mice is sufficient to
recruit eosinophils following RSV challenge, but the reduced
IL-5 and eotaxin levels are reflected in decreased pulmonary
eosinophilia relative to vwGs- and FI-RSV-primed mice. Thus,
while severe disease and altered pathology correlate with in-
creased IL-4 and IL-5 mRNA production in FI-RSV-primed
mice, the illness and pulmonary eosinophilia observed in vvGs-
primed mice correlate more closely with increased IL-5, IL-13,
and eotaxin mRNA production.

Illness and viral titers in RSV G-primed IL-4-depleted mice
following RSV challenge. Anti-IL-4 neutralizing antibody was
administered during vwGs priming to define the roles of IL-4 in
disease and virus replication in G-primed mice. Weight loss
and illness were monitored for 12 days following RSV chal-
lenge (Fig. 3). In contrast to the ability of vwvGr immunization
to protect against illness (Fig. 1A), peak weight loss was similar
in vac-lac- and vGs-primed mice. More importantly, neutral-
ization of IL-4 during vwwGs immunization did not diminish
weight loss. Illness scores mirrored weight loss (data not
shown). Similarly, anti-IL-4 treatment did not alter illness in
vvGr-immunized mice (data not shown). Therefore, in direct
contrast to the effects on FI-RSV-primed mice (71), IL-4 is not
necessary for the production of immune responses associated
with illness induced by vwGs immunization.

vwGs immunization provides partial protection against sub-
sequent RSV infection. Four and six days after RSV challenge,
significantly lower viral titers were measured in vwGs-primed
mice relative to titers in vac-lac-primed mice (Fig. 4) (P <
0.00001 for PBS-treated controls; Student’s ¢ test). Those
memory responses mediating viral clearance induced by vwGs
immunization appear to be regulated by mechanisms which do
not require IL-4, since 11.B11 treatment during vwwGs priming
did not decrease RSV titers following challenge (Fig. 4) (P =
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FIG. 1. Comparison of disease profiles in vwGs- and FI-RSV-primed mice.
Mice were primed with vaccinia virus (intradermally) or with FI-RSV (intramus-
cularly) and challenged with live RSV (intranasally) 4 to 6 weeks later. Panel A
shows weight loss in mice primed with control vac-lac (m), wGr (A), vwGs (®),
or FI-RSV (@). Panel B shows RSV titers at 4 (closed bars) and 7 (hatched bars)
days after challenge. Pulmonary eosinophilia in BAL fluids is shown in panel C.
Data represent the mean * the standard error of the mean (SEM), where n =
5 to 6 mice for each priming group in one of two representative experiments.
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0.97 when comparing PBS- and 11.B11-treated vvGs-primed
mice; Student’s ¢ test). Thus, in contrast to FI-RSV immuni-
zation (71), inhibition of IL-4 during priming with vwGs or
vwGr (data not shown) does not alter the anti-viral immune
response or improve viral clearance.

Composition of cells in BAL fluid. Next we sought to deter-
mine which cellular components in the RSV-infected lung cor-
relate with severe illness. Mice were primed with vwGs and
challenged with RSV, and BAL was performed 6 days after
challenge. Immunization with vwGs predisposed for increased
airway eosinophilia upon RSV infection (Fig. 5) (P < 0.00001,
relative to vac-lac-primed mice). Administration of anti-IL-4
during immunization did not modulate induction of bronchoal-
veolar eosinophilia in vvGs-primed mice or in vvGr-primed
mice (data not shown). Therefore, RSV G, especially in a
secreted form, does not require IL-4 to induce immune re-
sponses which result in airway eosinophilia after subsequent
RSV infection.

Effect of IL-4 inhibition on cytokine and chemokine produc-
tion. IL-4 and IL-5 expression may be coordinately regulated
(16). Thus, the ability of anti-IL-4 treatment during vvGs prim-
ing to modulate IL-5, IL-13, and eotaxin production at chal-
lenge was examined. RPA analysis was performed on total
RNA isolated from individual lungs 4 days following RSV
infection, and induction of cytokine and chemokine mRNA
was evaluated by densitometric analysis of radiographs of RPA
gels and by normalization of cytokine and chemokine mRNA
levels to GAPDH mRNA levels (Fig. 6). Production of IL-4
and IL-5 mRNA at challenge was not modulated by the inhi-
bition of IL-4 by administration of 11.B11 during priming with
wGs, as demonstrated by densitometry. However, expression
of IL-13 and eotaxin mRNA was significantly increased in
11.B11-treated vvGs-immunized mice after RSV challenge
(P < 0.001; Student’s ¢ test). Similar results were observed in
vwGr-primed, RSV-challenged mice (data not shown).

Correlation between cytokine and chemokine expression in
vvGs-primed mice was further evaluated by measuring protein
levels in lung supernatants. Lung supernatants were assayed by
ELISA 4 days after RSV challenge to quantitate concentra-
tions of IL-4, IL-5, IL-13, and eotaxin. All cytokines were
produced at higher concentrations in the lungs of vvGs-primed
mice than in vac-lac-primed mice (Fig. 7) (P < 0.05, comparing
vac-lac-primed and vvGs-primed PBS-treated groups; Stu-
dent’s ¢ test). Neutralization of IL-4 by 11.B11 antibody treat-
ment during priming did not alter the production of IL-5 or
IL-13. However, anti-IL-4 treatment during vwGs immuniza-
tion did modulate eotaxin protein levels with a slight but sig-
nificant decrease (P = 0.041). Levels of IL-4 protein were
decreased in anti-IL-4-treated mice, demonstrating that
11.B11 treatment did have an impact on the induction of im-
mune responses (P < 0.008, for PBS- and 11.B11-treated vwGs-
primed groups). Therefore, vvGs immunization induces IL-5-
and IL-13-producing memory responses independently of IL-4
influences during priming. This suggests that secreted RSV G
may induce early production of IL-5 or that IL-13 may com-
pensate for the loss of IL-4 by the induction of IL-5 expression
and eosinophil recruitment. In contrast, the presence of IL-4
during vwGs priming does impact subsequent eotaxin produc-
tion, increasing mRNA levels while decreasing protein levels.
Thus, the regulation of eotaxin expression may be influenced
by other factors, including the potency of virus challenge, but
the contributing factors have not been defined by these studies.

RSV infection of FI-RSV- and G-primed IL-4~'~ mice. In
vivo depletion of IL-4 during FI-RSV priming has been shown
to reduce illness and eosinophilia upon RSV challenge (71).
The contribution of IL-4 to immune regulation following vwwGs
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FIG. 2. Cytokine and chemokine mRNA after RSV infection of G-primed mice. Mice were immunized with vac-lac, wGr, or vwGs and challenged with RSV 6 weeks
later. Four days after RSV challenge, induction of cytokine and chemokine mRNA was examined by RPA using radiolabeled riboprobes. Panel A is a composite of
RPA radiograms from a typical experiment where each lane represents RNA isolated from a single lung. Each RPA has been performed on at least 25 individual
samples (from five separate experiments) for each group, with similar results obtained each time. Panel B represents densitometric analysis of RPA radiographs, with
cytokine-chemokine levels normalized to GAPDH levels (mean *= SEM) (one of five experiments; n = 5 for each group). *, significant increase compared to vac-lac
or wGr (P = 0.022); #*, significant increase compared to vac-lac (P < 0.006); #, significant increase comparing vGs and FI-RSV (P = 0.038).

and FI-RSV priming was compared by immunization and chal-
lenge of mice with targeted disruption of the IL-4 gene. Con-
firming data from IL-4 depletion experiments, illness and viral
titers were reduced in FI-RSV-primed IL-4~/~ mice but were
unchanged in vwGs-immunized IL-4-deficient mice relative to
IL-4*/* controls (data not shown). The impact of systemic IL-4
deficiency on transmigration of eosinophils to the bronchial
airways was examined by BAL 7 days after RSV challenge (Fig.
8). In RSV-infected parental C57BL/6 mice immunized with
FI-RSV, eosinophils comprised 24.68% of BAL cells, while
only 6.74% of cells were eosinophils in FI-RSV-primed IL-
47/~ mice (P = 0.011 when comparing IL-4~/~ and control

mice). When the composition of BAL cells was examined in
wGs-primed C57BL/6 mice, 7.85% of the cells were determined
to be eosinophils, while IL-4~/~ mice had 7.53% eosinophils in
the BAL compartment. Thus, IL-4 is not necessary for G-induced
responses leading to recruitment of airway eosinophils. This is in
striking contrast to the IL-4-dependent mechanisms of eosinophil
recruitment induced by FI-RSV immunization. Interestingly, eo-
sinophilia is not totally abolished in FI-RSV-primed IL-4~"~ mice
but is reduced to levels seen in vwGs-immunized mice. This sug-
gests that there may be similar IL-4-independent pathways in-
duced by both priming regimens but that an additional IL-4-
dependent pathway is also utilized during FI-RSV priming to
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FIG. 3. Effects of IL-4 depletion on RSV-induced illness in G-primed mice.
Mice were primed with vac-lac ((J, m) or wGs (<, #) intradermally at the base
of the tail. Either PBS (open symbols) or anti-IL-4 antibody 11.B11 (closed
symbols) was administered on days —2, —1, 0, 1, 2, 7, and 14 of priming. Six
weeks after priming, mice were challenged intranasally with live RSV, and weight
loss was monitored on days 4 to 11 following challenge. The data represent the
means = SEMs for two experiments (n = 10 for each treatment group). vwGs-
primed mice exhibited greater weight loss than did vac-lac-primed mice on days
4 to 9 (P < 0.002). No significant difference was observed between PBS- and
11.B11-treated mice for a single priming vector. Weight loss mirrored illness
(data not shown).

induce immune responses, resulting in more extensive eosino-
philia upon subsequent RSV challenge. Additionally, these data
demonstrate that IL-4 is not required at the time of either vwGs
immunization or RSV challenge for induction of the type 2-asso-
ciated immune responses resulting in production of IL-5 and
eotaxin and in pulmonary eosinophilia.
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FIG. 4. RSV titers in lungs of G-primed mice depleted of IL-4 during prim-
ing. Mice were immunized with recombinant vaccinia virus vectors, depleted of
IL-4 during priming, and challenged with RSV as described in Fig. 3. Four and
six days postchallenge, viral titers were measured by standard plaque assays on
HEp-2 monolayers and are represented as the mean log,, (PFU per gram of
lung) = SEM of two experiments with 10 control mice (solid bar) and 10
11.B11-treated mice (hatched bar) for each priming group. Immunization with
RSV G provides partial protection against RSV challenge (P < 0.00001, com-
paring vac-lac-primed mice to vvGs-primed mice). 11.B11 treatment does not
significantly influence viral clearance.
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FIG. 5. BAL and differential staining. Mice were primed, depleted of IL-4,
and RSV challenged as described in Fig. 3. Six days after challenge, BAL was
performed and eosinophilia was quantitated by examining Diff-Quick-stained
smears of BAL cells. Significantly greater eosinophilia occurred in vwGs-primed
mice than in vac-lac-primed mice (P < 0.00001), and the condition was not
reduced by depletion of IL-4. The data represent the means = SEMs for two
experiments (n = 10 for each group).

DISCUSSION

We have shown that immunization with recombinant vac-
cinia virus expressing the secreted form of RSV G glycoprotein
predisposes mice to immune responses which result in severe
illness, recruitment of airway eosinophils, and elevated levels
of IL-4, IL-5, IL-13, and eotaxin following RSV challenge (36).
This pattern of disease is similar to that induced by FI-RSV
priming (25, 26, 51). Depletion of IL-4 at the time of FI-RSV
immunization by administration of neutralizing 11.B11 mono-
clonal antibody results in less severe illness, decreased RSV
titers, and diminished IL-4 mRNA upon challenge (71). We
thus hypothesized that 11.B11 treatment during vvGs immuni-
zation would similarly influence disease and immune responses
following RSV challenge. However, depletion of IL-4 at the
time of immunization with RSV G does not alter illness, viral
clearance, or pathology, and IL-5 and IL-13 are not reduced by
anti-IL-4 administration in vvGs-primed mice. In addition,
wGs and FI-RSV immunization of IL-4~/~ mice demon-
strated IL-4-dependent induction of lung eosinophilia in FI-
RSV-primed mice but IL-4-independent induction of lung eo-
sinophilia in vwwGs-primed mice. We were careful in designing
these experiments to allow a sufficient interval between immu-
nization and challenge to diminish the confounding effects of
the vaccinia virus vector. Previous reports suggested that RSV
G-immunized C57BL/6 mice had little eosinophilia after chal-
lenge at 2 weeks (33, 34). However, we have shown that vac-
cinia virus replicates for more than 2 weeks after intradermal
immunization (unpublished data). Therefore, in addition to
immunization with control vaccinia virus vectors, RSV chal-
lenge was performed 6 weeks after vaccinia virus inoculation to
minimize the impact of vaccinia virus-induced innate and
adaptive immune responses on the response to RSV challenge.
The data suggest that, while the vaccine-enhanced illness in-
duced by FI-RSV utilizes primarily IL-4-mediated mecha-
nisms, secreted RSV G induces expression of IL-5, IL-13, and
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eotaxin associated with enhanced disease by another mecha- induction of distinct pathways of cytokine production leading
nism(s). In addition, the data suggest that this differential re- to the common end point of eosinophilia.
quirement for IL-4 is not due to the magnitude of the immune Since vvGs and FI-RSV immunizations result in similar dis-

response in FI-RSV-primed mice but rather results from the ease profiles following RSV challenge, it has been proposed
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FIG. 8. BAL eosinophilia in FI-RSV and G-primed IL-4~/~ mice. IL-4~/~
mice (hatched bars) or parental C57BL/6 controls (solid bars) were immunized
with vac-lac, vGs, or FI-RSV or were mock immunized. Six weeks after vaccinia
virus priming and 4 weeks after FI-RSV or mock priming, mice were infected
with RSV, and 7 days later BAL was performed and smears were stained as
described in Fig. 4. The percentage of airway eosinophils trafficking into the
bronchial spaces was not decreased in G-primed IL-4~/~ mice but was reduced
in FI-RSV-primed IL-4~/~ mice (P = 0.011) (n = 5 for each group).

that G epitopes are the component of FI-RSV which induced
the immune responses resulting in vaccine-enhanced illness (2,
4, 28, 68). Identification of an immunogenic domain of RSV G
directly associated with eosinophilia (65, 67) strengthened this
hypothesis. However, others have demonstrated that this do-
main can induce both Th1 and Th2 cytokine responses (70, 75).
Induction of Th1 immune responses during primary infection
(1, 23, 24) or rechallenge (24, 74) with live RSV, which con-
tains this epitope in G, is also consistent with these data. We
now show that G induces eosinophilia by an IL-4-independent
pathway, distinguishing it from FI-RSV-induced responses.
We therefore postulate that the secreted form of the RSV G
glycoprotein may be important for inducing some of the dis-
ease manifestations during primary RSV infection but that G
antigenicity per se was not the key factor in the FI-RSV vac-
cine-enhanced illness. The dose of FI-RSV used in this study
contained approximately 2 ng of G glycoprotein. Other RSV
proteins, including the fusion glycoprotein and nucleoprotein,
were present at 10- to 100-fold higher concentrations (27a),
although the effect of formalin treatment on G antigenicity is
unknown. FI-RSV immunization, therefore, resulted in the
induction of Th2 CD4™ responses against multiple RSV anti-
gens, among which G was underrepresented. The IL-4-rich
microenvironment produced by memory CD4" T cells might
then alter the induction of CD8" T cells stimulated by subse-
quent live RSV challenge. Delayed or diminished CTL induc-
tion has been shown to augment the immunopathology and
illness induced by vwGwt priming and subsequent challenge
(33, 69). Thus, we postulate that the IL-4-independent events
induced by secreted G during natural infection with RSV are
exacerbated in the presence of IL-4, in part because of the
diminished regulatory influence of RSV-specific CD8* cells,
and that this scenario can occur following prior immunization
with whole inactivated virus or with purified viral proteins or,
alternatively, in the setting of allergic airway disease.

J. VIROL.

IL-4 has been demonstrated to have a regulatory role in the
induction and differentiation of Th2 CD4" and CD8" T cells,
which then secrete IL-4 and IL-5 (16, 18, 43, 54). Additionally,
targeted disruption of the IL-4 gene results in reduced produc-
tion of the hallmark Th2 cytokines IL-4, IL-5, IL-9, and IL-10
by in vitro-stimulated T cells or by T cells from helminth-
infected mice (38, 76). This association may be extended to
RSV pathogenesis, where T-cell clones specific for RSV G
were shown to secrete both IL-4 and IL-5 (2, 4). These data
suggest a close regulation of IL-5 by IL-4, which may in part be
explained by common sequence motifs and regulatory sites in
the promoters (40, 44). Cooperation between IL-4 and IL-5
may also occur at an effector level. Recruitment of eosinophils
to inflammatory sites occurs in response to production of IL-5
and chemokines such as eotaxin and RANTES (32, 43, 60).
Yet, administration of IL-4 can also promote migration of
eosinophils to the site of injection (49), presumably through
indirect stimulation of cells that secrete IL-5. Recent studies
have demonstrated that at least two distinct pathways exist for
the induction of IL-5 (37, 47, 48). This may account for induc-
tion of Th2-associated events, such as reported in this paper
and elsewhere (30, 31), with no apparent requirement for IL-4.

This dichotomy between IL-4 and IL-5 production has also
been described in vivo in models of parasitic and allergic dis-
ease. In Plasmodium chabaudi-infected IL-4-deficient mice,
IL-5 levels are decreased but measurable (76). Similarly, fol-
lowing secondary infection of IL-4-deficient mice with Nip-
postrongylus brasiliensis, eosinophilia occurs (38). Cocultures of
splenocytes and granuloma eosinophils from Schistosoma man-
soni-infected mice secrete IL-5, but not IL-4 (45). Sensitization
of mice deficient in IL-4 with ovalbumin induces IL-5 expres-
sion, eosinophilia, and airway hyperresponsiveness, demon-
strating in vivo the existence of mechanisms for IL-5 induction
which operate independently of IL-4 (30, 31).

Work in the fields of asthma and allergy suggests that IL-5
and the chemokine eotaxin are key regulatory factors in the
induction of eosinophilia. CD4" T cells are a major source of
IL-5 in these disease states (32, 45), but CD8* T cells (16),
eosinophils (43), mast cells (43), and NK cells (79) may also
produce IL-5. Eotaxin is an eosinophil-specific chemokine in-
ducible in a variety of tissues but present at the highest levels
in type 1 alveolar epithelial cells (22, 41, 60). Eotaxin functions
to induce tissue eosinophilia in conjunction with IL-5, with a
two-step mechanism of eosinophil activation and transmigra-
tion proposed (50, 61). Expression of eotaxin can be induced
by IFN-v, tumor necrosis factor alpha, and IL-18 (41) and
appears to be independent of IL-4, since eotaxin levels are not
diminished in IL-4-deficient mice (22).

IL-4 and IL-13 have similar biological functions (12), which
may be due in part to shared use of a receptor subunit and
subsequent activation of common STAT proteins (42), sug-
gesting that IL-4 and IL-13 constitute a functional redundancy.
This hypothesis is supported by work which demonstrates that
IL-4 or IL-13 alone can produce asthma-associated pathology
(27), induce tissue eosinophilia (82), and regulate cell surface
protein expression (8, 77) and is important in resistance to
parasitic infection (81). Yet, IL-13 secretion may be induced
without a concomitant release of IL-4, suggesting multiple
mechanisms of IL-13 regulation, with some distinct from IL-4
(56). However, several recent studies demonstrate that a de-
gree of functional dichotomy also exists between IL-4 and
IL-13. This is most evident in studies of parasitic infection and
asthma. Bancroft et al. (6) demonstrated that mice deficient in
either IL-4 or IL-13 were susceptible to infection by an intes-
tinal nematode. However, the phenotypes of these mice dif-
fered, suggesting that IL-4 and IL-13 each play important, yet
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different, roles in the immune response. Wills-Karp et al. dem-
onstrated in vivo that the use of an IL-13 receptor antagonist
blocked airway hyperresponsiveness and mucus production in
allergen-sensitized mice without altering eosinophil recruit-
ment (81). Thus, IL-13 may function in the absence of IL-4 and
may also mediate a distinct set of immune responses by distinct
mechanisms. These IL-4-independent effects of IL-13 may
have significant bearing on immune responses induced by se-
creted RSV G.

While the induction of differential cytokine secretion pro-
files has been focused at the level of the T cell, recent studies
have begun to investigate the contribution of the antigen-
presenting cell (APC) in this process. Chemokine production
at the site of infection and selective expression of chemokine
receptors by the APC result in activation, trafficking, and mat-
uration of different subpopulations of APCs, initiating a cas-
cade which subsequently results in differential activation of
T-cell subsets (13, 21, 55, 58, 66).

The data presented in this paper demonstrate that RSV G
induces immune responses resulting in the production of IL-5,
IL-13, and pulmonary eosinophilia by mechanisms which op-
erate independently of IL-4. Thus, while immunization with
either vwGs or FI-RSV induces memory responses resulting in
severe disease upon RSV challenge and similar profiles of
cytokine induction and recruitment of eosinophils to RSV-
infected lungs, these common end points are reached by dis-
tinct immune mechanisms with different requirements for IL-4
in the induction of these responses. RSV G can induce im-
mune responses that result in eosinophil recruitment to the
lung by more than one pathway. The classical Th2 response
involving IL-4 has been demonstrated with G-specific T-cell
clones and G-specific peptides. We now demonstrate IL-4-
independent G-specific induction of IL-5, IL-13, and pulmo-
nary eosinophilia. Moreover, such a pathway has not been
described in viral pathogenesis and may be of particular im-
portance for understanding the role of eosinophils in mediat-
ing RSV-induced airway dysfunction and wheezing. This is
relevant to the problem of childhood asthma and has implica-
tions for clinical intervention strategies.
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