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SUMMARY

 

The characteristics of the immunity induced by viral antigens or conferred by antiviral antibody via dif-
ferent routes of administration were evaluated comparatively. C57BL/6 mice were immunized via intra-
nasal, intradermal or enteric routes with a live recombinant vaccinia virus expressing the respiratory
syncytial virus (RSV) F glycoprotein (F·rVV) or RSV, and then challenged intranasally with RSV. Inhi-
bition of RSV replication was observed in the lungs of all the mice; however, only intranasal immuni-
zation hindered virus replication in the nose. Lung inflammation, characterized by infiltration of
neutrophils and of mononuclear cells was strongest in the intradermally immunized mice, but was
observed in all F·rVV immunized mice to various degrees. Intranasal administration of a potently neu-
tralizing human anti-RSV antibody Fab fragment to infected mice inhibited RSV replication in the nose
and, when combined with intraperitoneal administration, protected both the lung and the nose in the
absence of deleterious lung pathology. These data suggest that intranasal immunization with F·rVV
reduces RSV replication in the respiratory tract, but still induces pathological lung inflammation, even
though this is milder than that observed following intradermal immunization. Local neutralizing anti-
body is indispensable for protection in the nose.
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INTRODUCTION

 

Respiratory syncytial virus (RSV) causes serious respiratory
infection in young children [1]. Although RSV has been recog-
nized as a priority for vaccine development, a safe and effective
vaccine is still not available for routine use [2,3]. In the 1960s, chil-
dren vaccined with formalin-inactivated RSV showed a strong
serological response against RSV, but were not protected from
subsequent natural infection. Moreover, 80% of vaccinated chil-
dren developed serious disease of the lower respiratory tract [4].
The mechanisms of vaccine-augmented disease have been inves-
tigated extensively, and yet the precise mechanism remains to be
defined [5–8].

After the 1980s, it has been suggested that virus-induced
immune responses, rather than the direct pathogenic effects of the
virus, may underlie the pathogenesis of RSV disease. Openshaw

 

et al

 

. [9] have shown that mice immunized systemically with
recombinant vaccinia virus carrying the G glycoprotein of RSV
had reduced lung virus titres following subsequent challenge with
RSV, but also an increase in the severity of lung pathology.
Recent studies suggest that the production of Th2 cytokines is
important in the pathogenesis of the exaggerated response to
infection and in virus-induced airway hyperresponsiveness
[10,11]; however, the role of Th1 cytokines, such as interferon-

 

g

 

,
during RSV infection is still not clear [12].

Parenteral administration of RSV-specific immunoglobulin
preparations containing anti-RSV antibodies to patients suffering
from bronchiolitis with RSV is now considered an effective
immunoprophylaxis, particularly in those individuals with serious
underlying diseases [13,14]. However, effective protection against
RSV infection should include the upper respiratory tract, such as
the nose, and not only the lower tract, because replicating virus in
the nose spreads to the lower tract and may be transmitted readily
to other individuals [15].

In this study, we have evaluated comparatively the immunity
induced by RSV F glycoprotein or by anti-RSV antibody via
mucosal routes.
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MATERIALS AND METHODS

 

Viruses

 

RSV long strain (the prototype RSV group A strain) was grown in
HEp-2 cells in minimal essential medium (MEM) supplemented
with 2% fetal calf serum (FCS), 2 m

 

M

 

 

 

L

 

-glutamine and antibiotics
(penicillin and streptomycin, 100 U/ml), and preserved at 

 

-

 

70

 

∞

 

C.
For animal experiments, virus was partially purified by polyethyl-
ene glycol precipitation followed by centrifugation in a 35–65%
discontinuous sucrose gradient, as described elsewhere [16].
Uninfected HEp-2 cells were processed similarly and used as
controls.

Live recombinant vaccina virus expressing the RSV F glyco-
protein (F·rVV) (provided by Dr R. A. Olsmsted [17]) and parent
vaccina virus (strain WR) were grown on HEp-2 cells and infected
cell lysates were sonicated for 2 min and centrifuged. The super-
natant was layered over 25% sucrose in 10 m

 

M

 

 Tris hydrochloride,
pH 8·8. After centrifugation at 18 000 r.p.m. for 80 min at 4

 

∞

 

C, the
pelleted virus was resuspended in 10 m

 

M

 

 Tris hydrochloride and
stored at 

 

-

 

70

 

∞

 

C until use.

 

Fab anti-RSV antibody

 

Phage bearing RSV-specific Fab was selected via panning from
antibody libraries expressed on the surface of filamentous phage
prepared from bone marrow RNA of RSV seropositive donors as
described previously [18]. Selected phages were converted to sol-
uble Fab expression. The clone, Fab RSV 19, exhibited high neu-
tralizing activity against RSV. Monoclonal IgG1 antibody (clone
C2) to the F glycoprotein was prepared as described previously
[19] and digested with pepsin to obtain F(ab

 

¢

 

)

 

2

 

 fragments. Such
fragments did not have RSV-specific neutralizing activity and
were used as control.

 

Experimental design

 

Male C57BL/6 mice 8 weeks of age (Nippon Clea, Shizuoka,
Japan) were immunized as follows: for enteric immunization,
mice were anaesthetized with ketamine after overnight starva-
tion, their abdomens were opened under aseptic conditions, and
the small intestine was injected with 1 

 

¥

 

 10

 

6

 

 plaque-forming units
(PFU) of F·rVV or control wild-type vaccinia virus (CVV)
through a 27-gauge needle, then the abdomen was closed with silk
sutures. For intranasal immunization, mice were anaesthetized by
inhalation of methoxyflurane and injected with 1 

 

¥

 

 10

 

5

 

 PFU of
F·rVV or CVV, or 1 

 

¥

 

 10

 

6

 

 PFU of RSV instilled into the noses
under methoxyflurane anaesthesia. RSV challenge was per-
formed intranasally in same way with 20 

 

m

 

l of RSV (1 

 

¥

 

 10

 

6

 

 PFU),
and HEp-2 cells were used as controls. There were seven mice in
each group.

Mice were sacrified by CO

 

2

 

 overdose and exsanguinated, then
blood, bronchoalveolar lavage (BAL), nasal washings, lung tissue
and nasal mucosa were collected. For BAL, the trachea was
exposed and 0·7 ml of Hanks’s balanced salt solution without Ca

 

2

 

+

 

and Mg

 

2

 

+

 

 (HBSS) was injected gently into the trachea just below
the larynx, expanding the lungs. The lavage was pulled back into
the syringe and injected into the lungs before final withdrawal.
For nasal washings, mice were pinned into a support tilted to ele-
vate the head. HBSS (200 

 

m

 

l) was injected into the larynx and
towards the nose. Nasal washings were collected in a tube as they
exited the nares. Both fluids were clarified by low-speed centrif-
ugation and stored at 

 

-

 

70

 

∞

 

C for determination of antibody titres
and cytokines by enzyme-linked immunosorbent assay (ELISA).

This laboratory animal study was approved by the local Ani-
mal Ethics Committee (Yamanashi Medical University), and con-
ducted in conformity with their guidelines.

 

Virus assay

 

For the vaccinia virus assay, the small intestine, lung and nasal
mucosa were homogenized in MEM containing 2% FCS and anti-
biotics. After repeated freeze-thawing, homogenates were clari-
fied by centrifugation and the supernatant fluid was stored at 

 

-

 

70

 

∞

 

for plaque assay. For RSV assay, lungs and nasal tissues were col-
lected 4 days after challenge. Both tissues were weighed and
homogenized in MEM containing 2% FCS and stored at 

 

-

 

70

 

∞

 

C
until assay.

Vaccinia virus and RSV were assayed by the plaque method
on HEp-2 cells in 24-well microplates in triplicate. The overlay for
the plaque assay consisted of MEM supplemented with 2% FCS,
antibiotics and 1% methylcellulose. Plates were incubated for
7 days at 37

 

∞

 

C. After the methylcellulose was removed, plaques
were fixed with 10% formaldehyde and stained with 0·1% crystal
violet.

 

Antibody assay

 

Neutralizing antibody response to RSV was assessed by the
plaque reduction method [20]. Briefly, 0·15 ml of serial fourfold-
diluted heat-inactivated sample was mixed with an equal volume
of RSV (200 PFU/0·1 ml) and incubated at room temperature for
1 h. Mixtures were then incubated on HEp-2 cells in 24-well
microtitre plates and incubated for 7 days. The titre of neutraliz-
ing antibody was determined as the reciprocal of the sample dilu-
tion, which produced a 60% reduction of RSV plaques. IgG and
IgA antibody response to RSV was measured by ELISA. Briefly,
the wells of ELISA plates (Nunc Co. Ltd, Roskilde, Denmark)
were coated with 100 ml of RSV or HEp-2 control preparations
after dilution to 5 

 

m

 

g protein/ml in carbonate buffer (pH 9·6)
overnight at 4

 

∞

 

C. Plates were then washed three times with PBS
containing 0·05% Tween 20 and incubated with PBS containing
10% FCS at room temperature for 2 h. After washing, wells were
filled with 100 

 

m

 

l of twofold serial dilutions of samples in PBS con-
taining 10% FCS and Tween 20. Plates were incubated for 2 h at
37

 

∞

 

C and were again washed with PBS-Tween. To detect IgG,
wells were incubated for 2 h at 37

 

∞

 

C with 100 

 

m

 

l of peroxidase-
conjugated, affinity-purified goat antimouse IgG (diluted 1 : 1000,
ICN pharmaceuticals, Inc., CA, USA). To detect IgA, wells were
incubated with 100 

 

m

 

l of peroxidase-conjugated, affinity-purified
goat antimouse IgA (diluted 1 : 2000, ICN pharmaceuticals, Inc.).
After being washed again, each well was developed for colour
with 200 

 

m

 

l of o-phenylenediamine in citrate-phosphate buffer
(pH 5·0) and O.D. at 490 nm was determined with an automated
microplate reader. The ELISA titre was calculated by conven-
tional positive-over-negative (P/N) in which the endpoint was the
highest dilution that gave a P/N ratio equal or greater than 2. The
antibody assay was carried out in duplicate.

 

Detection of cytokines

 

IL-2, IL-4, IL-5, IL-6, TNF-

 

a

 

 and IFN-

 

g

 

 were analysed in dupli-
cate based on the manufacture’s manual (Genzyme, Cambridge,
MA, USA).

 

Lung histopathology

 

Lungs were inflated 

 

in situ

 

 with buffered 10% formalin solution
and fixed in the same reagent. Lung sections were embedded in
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paraffin and stained with haematoxylin–eosin and examined for
peribronchial cellular inflammatory response and septal thicken-
ing. Coded lung sections were scored for lesions on an arbitrary
scale of 0–3 with 1 representing infiltration involving one or two
bronchioles or blood vessels and 3 representing lesions involving
most of the bronchioles and blood vessels. In each mouse a min-
imum of three lobes was examined and scored double-blinded to
avoid possible evaluator bias.

 

Anti-RSV antibody administration

 

RSV 19 antibody or control C2 antibody was administered to the
mice 24 h after infection intraperitoneally (5 

 

m

 

g in 100 

 

m

 

l PBS)or
intranasally (1 

 

m

 

g in 2 

 

m

 

l PBS). On the third day after antibody
administration, RSV replication in the respiratory tract and lung
pathology were examined as described above.

 

Statistical analysis

 

Comparison of experimental groups was by Student’s 

 

t

 

 -test.

 

RESULTS

 

Replication of F·rVV after immunization

 

After enteric immunization with 1 

 

¥

 

 10

 

6

 

 PFU of F·rVV, no infec-
tious virus was recovered from lung or nose. Recovery from the
intestine is shown in Fig. 1. Infectious F·rVV decreased and was
not detected on day 7. Figure 2 shows recovery from the lung after
intranasal immunization with 1 

 

¥

 

 10

 

5

 

 PFU of F·rVV; a peak was
observed on day 3 and declined over 7 days. Virus was recovered
from the nose for 10–12 days, but not detected on day 14.
Infectious virus was not recovered from intestine after nasal
immunization.

 

RSV replication in the respiratory tract after intranasal challenge

 

In non-immunized mice, after nasal inoculation with 1 

 

¥

 

 10

 

6

 

 PFU
of RSV, peak RSV replication in the lung was 10

 

3

 

 PFU/100 mg of
wet tissue (total lung weight is approximately 1 g) observed on
day 4, and declined until day 7. From nasal mucosa, RSV was
recovered for 12 days after inoculation (data not shown).

Figure 3 shows recovery of RSV from the respiratory tract of
immunized mice 4 days after RSV challenge on day 21. RSV rep-
lication in the lung was reduced (less than 50 PFU/100 mg of
tissue) in all immunized groups of mice except in the CVV
immunized group. In nasal mucosa, RSV recovered appoximately
2 

 

¥

 

 10

 

3

 

 PFU/100 mg of tissue in intradermal and enteric F·rVV-
immunized mice and HEp-2 administered mice. The protection in

the nose was observed only in the intranasal immunization
groups.

 

Anti-RSV antibody response in serum, BAL and nasal 
wash samples

 

IgG antibody in serum was detected in all mice on day 24, except
in the CVV immunization group. As shown in Fig. 4, IgG anti-
body titre was highest in the RSV immunization group and F·rVV
intradermal immunization groups and was lowest in the intranasal
immunization group.

IgA antibody response in BAL and in nasal washing samples
was highest in the RSV immunization group, then in the F·rVV
intranasal 

 

>

 

 enteric 

 

>

 

 intradermal immunization group, respec-
tively. In the intradermal immunization group a low IgA titre was
detected in BAL, but not in nasal washing samples. IgA antibody
titres (mean 

 

±

 

 s.e.) in serum range was 43·4 

 

± 

 

5·9, 11·4 

 

± 

 

1·4,
6·9 

 

± 

 

0·6 and 82·3 

 

± 

 

12·0 for F·rVV intradermal, F·rVV enteric,
F·rVV intranasal and whole RSV administered mice, respectively.

 

Detection of cytokines in BAL

 

As shown in Table 1, various cytokines were detected in BAL. In
F·rVV immunization groups, Th1 cytokines such as IFN-

 

g

 

, and

 

Fig. 1.

 

Recovery of infectious recombinant vaccinia virus after enteric
immunization. The data represent the mean 

 

±

 

 s.d. for five mice.

PFU/100 mg intestine
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53
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0 7 14 day
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Fig. 2.

 

Recovery of infectious recombinant vaccinia virus in lung and in
nasal mucosa after intranasal administration with 1 

 

¥

 

 10

 

5

 

 PFU in 5 

 

m

 

l. The
data represents the mean 

 

±

 

 s.d. for five mice. 

 

—

 

, PFU/100 mg nasal tissue;
—, PFU/100 mg lung tissue.
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Fig. 3.

 

Protective efficacy after immunization with vaccinia virus-RSV
recombinant virus or RSV. The data represent mean 

 

±

 

 s.d. for seven mice;
n.s.: not significant. 
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Fig. 4.

 

Antibody response to RSV in serum, BAL and nasal wash samples
4 days after RSV challenge. IgG in serum: F·rVV intradermal 

 

versus

 

F·rVV enteric or F·rVV intranasal: 

 

P

 

 

 

<

 

 0·05, RSV 

 

versus

 

 F·rVV enteric or
F·rVV intranasal: 

 

P

 

 

 

<

 

 0·05. IgA in BAL: F·rVV intradermal 

 

versus

 

 F·rVV
enteric, F·rVV intranasal or RSV: 

 

P

 

 

 

<

 

 0·01, F·rVV enteric 

 

versus

 

 F·rVV
intranasal or RSV: 

 

P

 

 

 

<

 

 0·01.IgA in nasal wash: F·rVV intradermal 

 

versus

 

F·rVV enteric, F·rVV intranal or RSV: 

 

P

 

 

 

<

 

 0·01, F·rVV enteric 

 

versus

 

F·rVV intranasal or RSV: 

 

P

 

 

 

<

 

 0·01, F·rVV intranasal 

 

versus

 

 RSV: 

 

P < 0·05.
�, IgG in serum; , IgA in BAL; �, IgA in nasal wash. n = 7.
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IL-2 were dominant and their concentration was higher in the
intradermal immunization group than in the enteric or intranasal
immunization group. Low levels of Th2 cytokines such as IL-4 and
IL-5 were detected only in the intradermal immunization group.

Lung pathology
No obvious inflammation was observed in the lung of any group
of mice on day 21 before RSV challenge. Four days after chal-
lenge, infiltration of neutrophils and of mononuclear cells and
thickness of alveolar walls were recognized at various levels
(Fig. 5). Inflammation was most severe in the intradermal immu-
nization group, less severe in the intranasal > enteric F·rVV
immunization groups and very mild in the RSV intranasal immu-
nization group (Table 2).

Antibody administration
RSV replication in the respiratory tract 3 days after administra-
tion of antibody to mice infected intranasally with RSV 1 day ear-
lier is shown in Fig. 6. C-2 antibody, which does not neutralize
RSV, did not protect against viral replication at all. Fab 19 anti-
body prepared by phage library technology with high neutralizing

activity reduced viral recovery only in the lung, but not in the nose
when administered intraperitoneally. When 1 mg of 19 antibody
was administered to the nose of infected mice, RSV replication in
the nose was dramatically reduced. Combined nasal/intraperito-
neal administration protected both the lung and nose. Neither 19
antibody nor C2 antibody augmented lung pathology (data not
shown).

Table 1. Concentration of cytokines in BAL 4 days after RSV challenge (mean ± s.d. pg/ml)

Virus and immunization route

Cytokines 

IL-2 IL-4 IL-5 IL-6 IFN-r

F·rVV intradermal 17·5 ± 8·5 8·9 ± 6·3 14·1 ± 6·8 140·1 ± 67·4 464·3 ± 224·0
F·rVV enteric 12·6 ± 4·9 <12 <12 74·2 ± 30·7 292·9 ± 166·3
F·rVV intranasal 18·3 ± 7·4 <12 <12 82·5 ± 38·2 292·9 ± 166·3
RSV intranasal <12 <12 <12 68·6 ± 22·1 399·3 ± 210·4

n = 7.

Fig. 5. Lung sections were examined for peribronchial cellular inflamma-
tory response and septal thickening. Inflammation was most severe in the
intradermal immunization group and less severe in the intranasal group.
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Fig. 6. Recovery of infectious RSV in lung and in nasal mucosa on the third day after RSV 19 antibody administration to RSV-infected
mice intraperitoneally (i.p.) or intranasally (i.n.). The data represent mean ± s.d. for 11 mice. n = 11; *P < 0·05.
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DISCUSSION

Our findings indicate that RSV-specific antibody titres in the
respiratory tract correlate more closely with resistance to respi-
ratory infection than levels of anti-RSV antibodies in serum
[21,22]. The bulk of these local antibodies, which are of the IgA
isotype, are induced by mucosal immunization, exemplified by
intranasal or enteric routes [23]. Intranasally administered anti-
gen induces the differentiation of local B lymphocytes into
IgA-secreting plasma cells. Enteric administration stimulates pre-
cursor B cells in gut-associated lymphoid tissues such as Peyer’s
patches, which enter the blood stream and specifically migrate to
the submucosa of the respiratory tract, where final differentiation
into IgA secreting plasma cells occurs. This migration of IgA
plasma cell precursors to distant mucosal membranes has contrib-
uted to the concept of a common mucosal immune system [24]. To
activate the mucosal immune system effectively, multiple admin-
istrations of large amounts of antigen are needed. Several strate-
gies, such as microencapsulation, incorporation in liposomes and
coupling to cholera toxin and transfecting to recombinant virus,
have been considered for enhancing the mucosal immune
response [25,26].

In this study, we evaluated comparatively immunization with
F·rVV via intradermal, enteric and intranasal routes. Intranasal
immunization provides protection from RSV replication after
intranasal inoculation in both the lung and nose, whereas

intradermal and enteric immunization protect only in the lung,
not in the nose. Poor induction of local IgA anti-RSV response in
the intradermal immunization group may account for the poor
protection of nasal tissues [27]. In the enteric immunization
group, significant IgA anti-RSV response was observed in nasal
wash samples, although the response may not have been large
enough for protection. Previous studies demonstrated that cell-
mediated cytotoxic activity could be induced in the respiratory
tract of cotton rats after intranasal inoculation with RSV, but not
after parenteral immunization [28]. The appearance of cell-medi-
ated immunity on the surface of mucosal membrane may have
contributed in part to protection in the nose. IgA anti-RSV anti-
body response in serum was highest in the RSV immunization
group than in the F·rVV intradarmal immunization group.
Although the role of serum IgA antibody is not clear, the low IgA
antibody titres in BAL and in nasal wash in the F·rVV intrader-
mal immunization group did not indicate the exudation of IgA
from serum to respiratory mucosa, nor the contribution of serum
IgA antibody to protection in the nose.

The long-term effects of these immunization on protection
were not clarified here; however, exacerbation of lung inflamma-
tion was observed after RSV challenge on the day 35 (date not
shown) even with the reduced viral replication.

Lung inflammation was observed in all F·rVV-immunized
mice after challenge with RSV, although this pathology was
milder in the mucosal immunization group than in the intrader-
mal immunized group. The mechanism promoting this inflamma-
tion is unknown. Serum IgG antibody may participate in the
formation of immune complexes resulting in lung injury. In addi-
tion, mice primed with F·rVV induce strong RSV-specific cyto-
toxic T cell response and these T cells recognize RSV antigen on
respiratory epithelial cells and may cause lung pathology [29–31].
However, in mice immunized intranasally with live RSV, lung
inflammation was very mild after RSV challenge. Here, neither
serum IgG antibody nor cytotoxic T cell activity appeared to have
a role in the induction of lung inflammation.

Intranasal administration of IgG possessing high RSV
neutralizing activity dramatically reduced RSV replication and
when combined with IgG administration via the intraperitoneal
route, resulted in protection of both the lung and nose without

Table 2. Lung pathology 4 days after RSV challenge

Virus and immunization route
used for immunization Lesion score (mean ± s.d.)

F·rVV intradermal 2·7 ± 0·49a

F·rVV enteric 1·1 ± 0·38b

F·rVV intranasal 1·7 ± 0·49c

RSV intranasal 0·4 ± 0·53d

a versus b, a versus c, a versus d: P < 0·01; b versus c, b versus d, c versus d:
P < 0·05.
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aggravated lung pathology. These findings suggest that, for RSV
eradication from the nose, local administration of neutralizing
IgG antibody is effective in mediating protection at the mucosal
level.

A promising RSV vaccine candidate should induce effective
immunity, by suppressing virus replication and reducing lung
inflammation [32]. For complete protection of the respiratory
tract, the presence of local neutralizing antibody is necessary, but
cytotoxic T cell activity is not. The mechanism of aggravated lung
pathology induced by immunization with F·rVV still remains
uncertain. Antiviral immunity appears to both protect against
infection and to contribute to lung pathology.

Once-combined nasal/parenteral administration of a neutral-
izing antibody against RSV could eradicate virus from the respi-
ratory tract without aggravated lung pathology. In this study,
intranasal immunization with F glycoprotein transfected to vac-
cinia virus protects against RSV replication in the respiratory
tract, but contributes to lung pathology. Local neutralizing
antibody is indispensable for protection in the nose. Local
admistration of even a low dose of anti-RSV antibody with high
neutralizing activity combined with parenteral administration,
may control viral replication very effectively without unwanted
inflammatory reaction in patients with serious RSV infection.
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