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Summary. Respiratory syncytial (RS) virus continues to cause serious human 
respiratory disease and no prophylactic vaccine is yet available. Serum anti- 
bodies to RS virus fusion protein (F) that have the appropriate specificities and 
activities could confer protection against severe RS virus infections° To explore 
human serum antibody responses to RS virus F we first characterised four 
epitopes on F and then measured the concentrations of human serum antibodies 
to these sites for 389 sera. Individuals varied in serum antibody concentration 
to the epitopes. The distribution patterns of the concentrations of antibodies 
reactive to each epitope were different. Antigenic variation of F at these epitopes 
in Southampton RS virus isolates was examined by immunofluorescence. The 
F proteins from different isolates varied within and between RS virus subtypes 
which co-circulated in the outbreak of winter 1985-1986. Variations in F de- 
tected by immunofluorescence were consistent with differences between the 
strains' susceptibilities to monoclonal antibody antiviral action. 

Introduction 

Respiratory syncytial (RS) virus, genus Pneumovirus, family Paramyxoviridae, 
is the major cause of severe lower respiratory tract infection (LRTI) in infants 
and young children [11]. Infection occurs worldwide, characteristically in reg- 
ular yearly epidemics lasting 2'5 months. In urban areas of Britain 2.5% of 
babies required hospitalisation with RS virus infection [23]. Older children and 
adults are regularly reinfected but adults generally experience milder illness, 
although severe LRTI may occur in the elderly, chronically ill, or immuno- 
compromised [10, 13]. 

RS virus has two major surface glycoproteins: a disulphide-linked, proteo- 
lytically processed, fusion protein F, Mr 70,000 [28], and an attachment protein 
G, Mr 90,000 [8]. Some monoclonal and polyclonal antibodies to these gly- 
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coproteins are able to neutralise RS virus infectivity in vitro and, on passive 
administration to animals, protect against infection [25]. Immunisation with 
purified F or G proteins or vaccinia virus expressing F or G proteins can also 
protect animals [18, 21]. The fusion protein has better prospects as a vaccine 
than G since it stimulates neutralising antibodies that are reactive with subtypes 
A and B of RS virus and because it stimulates better cytotoxic T cell responses 
[19]. 

Maternally acquired neutralising antibodies may account for the rarity of 
RS virus bronchiolitis and pneumonia in neonates. Thus babies with high levels 
of maternal antibodies experience primary infection that is delayed and of 
reduced severity [17] and women are prospective targets for vaccination. Cau- 
tion is required with vaccine design since children vaccinated with formalin- 
inactivated RS virus, which induced non-neutralising antibodies had more severe 
illness on exposure to natural infection [7]. We found that volunteers with 
highest levels of neutralising antibodies and antibodies to particular epitopes 
on F were not susceptible to experimental RS virus infection [33], suggesting 
these antibodies protect. 

The ability of RS virus to regularly re-infect susceptible adults may reflect 
virus strain variation, or may be because the specific response to infection is 
of very short duration, or dependent on HLA-linkage. To explore these pos- 
sibilities, variation between individual immune responses to F, and also the 
antigenic variation of F were assessed. Initially four epitopes on F were char- 
acterised using monoclonal antibodies (MAbs); then concentrations of anti- 
bodies reactive to these four epitopes were measured in 389 sera by inhibition 
ELISA. This assay should allow quick assessment of serum antibody responses 
to other vaccines. The antigenic variation of F at these epitopes was determined 
in local clinical isolates using immunofluorescence. 

Materials and methods 

Viruses and cells 

Edinburgh strain RS virus of subtype A [17] and 18537 virus of subtype B [4] and local 
isolates were grown in monolayer cultures of HEp-2 cells maintained in Dulbecco's minimal 
essential medium supplemented with 1% foetal calf serum (MM). Bulk growth of virus 
was performed as previously described [34]. 

Sera 

Pre-natal sera were obtained from bloods sent to Southampton General Hospital for rubella 
status. 

Monoclonal antibody production 

Spleen cells from BALB/c mice immunised i.p. with 107 p.f.u, of Edinburgh RS virus infected 
HEp-2 cells were fused with BALB/c P3-NS-I-IAg4-1 (NS-1) plasmacytoma cells with 
50% (w/v) polyethylene glycol containing 5% dimethyt sutphoxide as described by Ward 
et al. [31]. Hybridomas producing F protein reactive antibodies were cloned by limiting 
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dilution and ascites fluid was produced by injecting phenotypically stable clone cells (107) 
i.p. into pristane primed BALB/c mice. MAbs were affinity purified from ascites fluid using 
protein-A-sepharose (Pharmacia) chromatography as described by Watanabe and co-work- 
ers [323. 

Neutralisation assay 

Sera and MAbs were treated at 56 °C for 30 rain to inactivate complement; serially diluted 
four-fold in MM and mixed with 103p.f.u. RS virus for 1 h at 37°C. Fresh rabbit serum 
was added for complement assisted neutralisation. The mixture was adsorbed onto HEp- 
2 monolayers for 2 h, aspirated, and rinsed before overlaying with MM containing 0.75% 
(w/v) carboxymethyl cellulose (CMC). After 48 h the cells were stained with crystal violet 
and the syncytia counted by microscopy. Percentage syncytia reduction was determined 
for each serum dilution and the 60% neutralising dose (ND60) calculated by interpolation 
[33]. 

Fusion inhibition assay 

Monolayers of HEp-2 cells were stripped using 0.02% (w/v) EDTA in PBS, resuspended 
in MM, and infected with RS virus at m.o.i, of 10 in siliconised glass petri dishes. After 
3 h adsorption the infected cells were harvested by gentle shaking, washed twice in 0.02% 
(w/v) EDTA in PBS and resuspended in MM. Uninfected HEp-2 cells were mixed with 
the infected cells at ratios of 25 : 1 and added to tissue culture trays. Ninety minutes was 
allowed for cell attachment, then the medium replaced with maintenance medium containing 
MAb and 0.75% (w/v) CMC. Syncytia were counted after 48 h. 

Complement dependent cell lysis (CDCL) 

51Cr release cytotoxicity assays were performed to measure abilities of MAbs to cause 
CDCL of RS virus infected HEp-2. At 24 h post infection RS virus infected HEp-2 cells 
were washed and mixed with [51Cr]sodium chromate (Amersham International plc) at 
1.75 x 107 cells per mCi for 1 h at 37 °C. After extensive washing cells were aliquoted into 
96 v-well trays at 103 c.p.s, per well. Serial ~/10 dilutions of antibodies (0.03 to 100t~g per 
ml in MM) were mixed with the cells and complement for 1 h at 37 °C. The cells were then 
pelleted 1000 g for 1 rain in a GF8 Centrifuge and the released 5~Cr counted. Results were 
expressed as a percentage of the counts released by 10% (w/v) saponin detergent under 
identical conditions. Percentage 51Cr release for each antibody dilution was plotted against 
log~0 antibody concentration and the concentration causing 50% maximuna release was 
determined by extrapolation. 

Immunofluorescence 

RS virus infected cells or mock infected cells were washed three times in PBS by centrif- 
ugation at 500g for t0min. 10~tl cell suspension in PBS (5 × 103 cells) was added to 
multispot microscope slides (C. A. Hendley (Essex) Ltd.); air dried; acetone-fixed; and 
stored at - 70 °C. After rinsing with PBS, bovine anti-RS virus serum (Wellcome Reagents) 
diluted 1 : 10 in PBS or MAb diluted 1 : 100 in PBS were added to wells for 30min (20~tl/ 
well) at 37 °C. Following washing, fluorescein isothiocyanate conjugated (FITC) antisera 
[FITC-sheep antiserum to bovine IgG (Wellcome Reagents); or FITC-rabbit antiserum to 
mouse IgG (Dako immunoglobulins a/s)] were incubated for 30 min at 37 °C diluted 1 : 40 
in PBS containing 0.1% (w/v) naphthalene black (20 ~tl/well). After washing, glass coverslips 
were applied, and the wells examined with an Ortholux II Fluorescent Microscope (E. 
Leitz, Wetzlar, Federal Republic of Germany) equipped with a HBO-200 mercury vapour 
lamp and Ploem 1 incident illumination. 
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Enzyme linked immunosorbent assay (ELISA) 

ELISAs were performed in high-activated PVC immunoassay plates (ICN Flow Ltd.) at 
37 °C using 100 txl volumes throughout. Fusion protein was cholate-extracted from RS virus 
infected HEp-2 cells and immunoaffinity purified [34]. Antigen was diluted in coupling 
buffer (100 mM NazCO3/NaHCO3 plus 0.05% w/v sodium azide, pH 9.6) and coupled to 
wells by incubation for 16 h at 20 °C. Extensive washing was performed between each stage 
with PBS-W1 [PBS + 0.05% (w/v) polyoxyethylene ether-Wl]. Primary antibodies and 
HRPO-linked antisera were reacted in PBS-W1 containing 5% (v/v) rabbit serum (ELISA- 
diluent). TMB substrate (0.1 M sodium acetate pH6.0 + 0.15raM 3,3',5,5'-tetramethyl 
benzidine + 0.005% HzO2) was incubated for 5rain, then 50 gl 2M H2SO4 added to stop 
reaction. ELISA A450 was measured by Titretek Twinreader (Flow Laboratories) and 
converted to antibody concentration (gg/ml) using standard curves constructed as described 
previously [34]. 

F protein epitope mapping 

HPLC-purified MAbs (1 mg/ml in 150 mM phosphate buffer pH 7.0) were biotinylated with 
biotin-n-hydroxysuccinimide ester (BnHS; BRL, Maryland, U.S.A.) freshly dissolved in 
dry dimethylformamide to give a BnHS to protein mass ratio of 1 : 5. The reaction was 
stopped after 23 min at 20 °C by adding 1 M NH4C1 to a final concentration of 0.114 mM. 
Biotinylated antibodies at 90% maximum binding capacity were mixed with an equal volume 
of unlabelled MAb at ten times this concentration and transferred to fusion protein-coated 
wells and incubated at 37 °C for 1 h. After four washes the amount of biotinylated antibody 
bound to F in the presence of competing monoclonal was detected using streptavidin- 
biotinylated-HRPO complex (Amersham International, plc). Percentage inhibition by com- 
peting antibody was determined from the difference between the mean A450 obtained with 
(i) and without (u) competition, as a percentage of homologous inhibition (h): 

percentage inhibition = 100 x (A450u- A450i)/(A450u- A45oh ). 

Inhibition assay to measure serum antibodies reactive to specific F protein epitopes 

Fusion protein was attached to wells by incubation for 16h at 20°C in coupling buffer 
(1 gg/ml). Serially diluted sera were reacted for 2 h, the well rinsed with PBS, and MAbs(F 1, 
F2, F3 or F4) reacted at 10 gg/ml in ELISA-diluent for 1 h. The bound MAbs were detected 
using murine specific HRPO-linked anti-mouse IgG F(ab')2 (Amersham International plc). 
Twelve control wells lacking serum were included on each tray. 

The mass of serum antibodies reactive with F1, F2, F3, and F4 epitopes was determined 
as the difference in mass of MAbs bound with and without serum. The serum dilution 
nearest to allowing 25 ng MAb to bind to F (A450 = 0.5) was used to calculate final serum 
concentration. Masses of antibodies bound were determined from A45 using standard curves. 

Results 

Fusion protein epitope characterisation 

Epitope mapping  

M A b s  FI ,  F2, F3, and  F4 which specifically immunoprec ip i t a ted  F f rom RS 
virus-infected HEp-2  cells, and gave different  inhibit ion pat terns  with a panel  
o f  125I-labelled antibodies (data  no t  shown),  were biot inylated for  epi tope map-  
ping. The percentage inhibitions of  biot inylated antibodies binding to F by 
unlabelled M A b s  (see Fig. 1) conf i rmed their epitopes are distinct. 
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Fig. 1. Competitive inhibition between F 1, F2, F3, and F4 monoclonal antibodies. Inhibition 
of a F1, b F2, c F3, and d F4. Biotinylated MAbs were mixed with serial ten-fold dilutions 
of unlabelled MAbs and transferred to fusion protein coated ELISA wells. The amount 
of biotinylated antibody bound was detected using streptavidin-biotin-peroxidase complex 
in ELISA. Percentage inhibitions are plotted against log10 dilution of competing antibody: 
• inhibition by unlabelled FI; + inhibition by unlabelled F2; * inhibition by unlabelled 

F3; [] inhibition by unlabeUed F4 

In vitro antiviral properties o f  the MAbs  

In vitro antiviral assays were performed with MAbs  to measure their neutralising 
(both with and without complement),  fusion inhibiting, and C D C L  activities 
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against laboratory strains and clinical isolates of  both  RS virus subtypes (see 
Table 1). 

The MAbs  were chosen to be of  appropr ia te  ant ibody subclass to bind 
complement  (F1 was subclass IgGzb; F2, F3, and F4 were subclass IgGza). 
MAbs  F3 and F4 neutralised all the virus strains in the absence of  added 
complement  whereas MAbs  F1 and F2 were unable to neutralise RS virus 
strains wi thout  complement .  MAbs  F3 and F4 possessed fusion inhibit ion 
activity whereas MAbs  F1 and F2 failed to inhibit fusion. Subtype B viruses 
were more  resistant to the fusion-inhibit ion activities of  these MAbs  than  the 
subtype A strains. All MAbs  caused total complement  enhanced neutral isat ion 

Table 1. In vitro anti-viral properties of the monoclonal antibodies 

Assay Monoclonal antibody 

F1 F2 F3 F4 

Subtype A virus 
Edinburgh 

3650 

Subtype B virus 
8/60 

3093 

N 0 0 100 100 
N +  C 98 99 100 99 
F 0 0 95 94 
CDCL 0.20 0.45 0.65 1.00 

N 0 16 100 100 
N +  C 100 100 100 100 
F 0 0 100 96 
CDCL 0.30 0.45 0.90 0.30 

N 0 0 100 98 
N +  C 68 95 100 95 
F 0 0 65 79 
CDCL <0.10 <0.10 1.00 1.00 

N 7 13 100 100 
N +  C 100 100 100 100 
F 0 0 25 40 
CDCL 0.40 <0.10 0.75 1.00 

For neutralisation assays (N), 1 ml MAb (10 gg/ml) was mixed with 103 p.f.u. RS virus 
for 1 h at 37 °C and added to HEp-2 cell monolayers. Percentage plaque reductions compared 
to control wells after 48 h are presented. Complement assisted neutralisation (N + C), was 
performed similarly except 0.15 ml fresh rabbit serum was included in each well. For fusion 
inhibition assay (F), RS virus infected HEp-2 cells were mixed with normal HEp-2 cells 
(ratio 1 : 25) and overlayed with 1 ml 1.3% CMC in MM containing MAb (1 gg/ml). Per- 
centage reduction in the number of syncytia compared to controls after 48 h are presented. 
Complement dependent cell lysis (CDCL) was measured by reacting 1/10-fold dilutions of 
antibodies (100 gg/ml to 0.10 gg/ml) with 51Cr-labelled HEp-2 cells infected with each virus 
strain. The mass of antibody (ng) causing 50% maximum release (obtained by plotting 
51Cr release against log10 antibody mass) are presented 
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of the virus strains tested apart from F 1 and F2 MAbs which were less efficient 
against the 8/60 strain (68% and 95% neutralisation respectively). All four 
MAbs were effective at complement mediated cell lysis of HEp-2 cells infected 
with each of the virus strains tested. F3 and F4 were less active at CDCL than 
F1 and F2 particularly against cells infected with subtype B RS virus. The 
differences between isolates in their susceptibility to antibody antiviral action 
suggests that antigenic variation of F protein may reduce antibody binding and 
therefore activity. 

Concentrations of  human serum antibodies reactive to F protein epitopes 

The competitive inhibition assay measures the concentration of MAb blocked 
from binding to F by human serum antibodies. In addition to serum antibodies 
which bind to the epitope itself, the assay may, to a lesser extent, detect anti- 
bodies which bind to overlapping epitopes, and also other antibodies which 
interfere with MAb binding. The serum antibody concentrations quoted in this 
paper therefore give a measure of the levels of antibodies directed to the sites, 
rather than being the absolute concentrations of epitope specific antibodies. 

The competitive inhibition ELISAs demonstrated great variation between 
the concentration of antibodies to the different F epitopes for the 389 pre-natal 
sera. All of the sera contained antibodies reactive to F3 epitope, whereas twelve 
sera lacked antibodies reactive to the F2 epitope, thirteen lacked antibodies 
reactive to F4 epitope, and twenty-five sera (6.4%) lacked detectable antibodies 
reactive to F1 epitope. The results for eight sera, selected to show that sera 
highly reactive with one or more epitopes may be poorly reactive to other 
epitopes on the same antigen, are given in Table 2. 

The distributions of serum antibody concentrations for this population of 
pregnant women was determined by plotting the number of individuals with 
epitope specific antibody concentrations within sequential 3 ~g/ml concentration 
ranges (Fig. 2). Both the F1 and F2 reactive antibody concentrations within 
the population produced skewed Gaussian distributions. The similarity of F1 
and F2 distributions was reflected by their comparative values for the population 
range, mean and standard deviations (F1 epitope: range = 55.21~g/ml, 

= 10.80 I~g/ml, SD = 8.96 l~g/ml; F2 epitope: range = 67.7 I~g/ml, 
= 12.24 lag/ml, SD = 9.08 I~g/ml). 17% of the population had antibody levels 

to F 1 epitope below 3 lag/ml and 13% of the population had antibodies reactive 
to F2 epitope below this value. The distributions for concentrations of antibodies 
reactive with F3 and F4 epitopes were both narrower in range than the F1 and 
F2 distribution. The majority of the population possessed relatively low con- 
centrations of antibodies reactive to F4 (range = 25.10~tg/ml, ~ = 5.10 ~g/ml, 
SD = 4.54 lag/ml) and 40% had less than 3 p.g/ml. In contrast the F3 epitope 
reactive antibodies had a Gaussian distribution pattern with a higher population 
mean value (range = 39.20 ~g/ml, ~ = 12.78, SD = 4.46) with only 2% having 
less than 3 ~g/ml. 

Correlation coefficients (c) between the serum antibody concentrations re- 
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Table 2. Antibody concentrations (gg/ml) reactive to different epitopes on RS virus fusion 
protein in selected sera 

Patient Serum antibodies reactive with epitope 

F1 F2 F3 F4 

A 0.00 0.00 15.30 11.55 
B 0.00 13.80 19.50 1.05 
C 0.00 36.30 14.25 19.95 
D 15.75 0.00 15.30 12.60 
E 13.35 13.05 0.90 0.00 
F 21.60 1.35 10.50 0.00 
G 26.55 32.70 19.50 15.45 
H 44.70 29.55 16.95 16.50 

The concentrations of serum antibodies reactive to the epitopes on fusion protein defined 
by the monoclonal antibodies F1, F2, F3, and F4, were determined in 389 prenatal sera 
by competitive inhibition ELISA. The concentration of serum antibodies reactive to a 
particular epitope was calculated as the concentration of F1, F2, F3, or F4 displaced from 
binding to F by the serum. The values for eight selected sera (gg/ml) are presented to 
demonstrate that individuals varied in their serum antibody concentrations to the different 
fusion protein epitopes 

active to the four epitopes were different in value and highly significant. The 
highest mean correlation coefficient was for antibody concentrations reactive 
to F2 and F4 epitopes (c = 0.655) and the monoclonal  antibodies reactive to 
these competitively inhibited each other by 22%. The lowest correlation 
(c = 0.162) occurred between antibody concentrations to F1 and F3 epitopes 
defined by monoclonal  antibodies which did not competitively inhibit binding 
to fusion protein (F1, F2 c = 0.492; F1, F4 c = 0.439; F2, F3 c = 0.334; F3, 
F4 c = 0.238). These correlation coefficients confirm marked individual differ- 
ences in the epitope specificity of  the immunodominant  antibody response to 
F protein antigen in natural infection. 

Antigenic variation of F 

The antigenic variation of  F from Southampton clinical isolates collected during 
the outbreak of winter 1985-1986 was assessed by immunofluorescence. Virus 
isolates were grown in HEp-2 cells; acetone-fixed to slides and characterised 
by indirect immunofluorescence with a panel of  MAbs (see Table 3). The im- 
munofluorescence tests were read under code and confirmed by an independent 
observer. A2 (subtype A) and 8/60 (subtype B) RS viruses were included as 
positive controls and uninfected cells as negative controls. Cells were confirmed 
to be well-infected with RS virus strains by immunofluorescence using bovine 
anti-RS virus serum (Wellcome) before assaying with MAbs. Thus differences 
detected by IF could not be due to variation in virus growth. Results were 
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scored as negative ( - )  or graded positive ( +  to + + + + )  and are reported 
as either negative or positive for clarity (Table 3). Of  nineteen local RS virus 
isolates tested, five (26%) produced membrane fluorescence with subtype B 
specific MAbs  (i.e. were subtype B). The subtype B isolates gave positive mem-  
brane fluorescence with F1 and F4, and two reacted with F3. None  of  the 
subtype B viruses reacted with F2 suggesting that changes in this epitope are 
sufficient to abolish antibody binding in immunofluorescence assay. 

Fourteen of  the nineteen local isolates tested gave subtype A reaction pattern. 
Ten of  these subtype A viruses reacted with all antibodies, while four isolates 
produced a different reaction pattern (see Table 3). Thus, the fusion proteins 
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Table 3. Reactivity of monoclonal antibodies with local RS virus isolates 
by irnmunofluorescence 

Virus Isolation 
date 

Reactivity by immunofluorescence 

F1 F2 F3 F4 F(A) F(B) 

4064 3784  3179 3206 

Subtype A 
A2 prototype + 
3 6 4 2 4  01:11:85 + 
3 9 1 2 3  22:11:85 - 
3 9 1 2 4  22:11:85 + 
4 0 0 7 8  02:12:85 + 
41637 12:12:85 + 
41700 12:12:85 + 
41897 16:12:85 + 
42142 17:12:85 + 
4 2 8 1 6  20:12:85 + 
4 2 9 8 3  24:12:85 + 
46572 28:12:85 + 

1093 10:01:86 + 
1126 13:01:86 - 
1375 14:01:86 + 

Subtype B 
8/60 prototype + 
3 9 2 4 5  25:11:85 + 
4 2 9 0 0  23:12:85 + 

26 02:01:86 + 
909 09:01:86 + 

1202 13:01:86 + 

+ + + + + 
+ + + + + 
_ _ + + + 

+ + + + + 
+ + + + + 
+ + + + + 
+ + + + + 
+ + + + + 
- + + + + 

+ + + + + 
+ + -- + + 
+ + + + + 
+ + + + + 
+ -- + -- + 
+ + + + + 

m 

B 

h 

m 

D 

m 

- + + + + + 

- + + + + + 

- + + + + + 

+ + + + + + 
- + + + + + 

+ + + + + + 

HEp-2 cells infected with RS virus isolated in Southampton during the winter of 1985- 
1986 were acetone-fixed to slides and assayed by indirect immunofluorescence using F 
specific MAbs. MAbs specific for F subtype A virus (4064 and 3784) and for subtype B 
virus (3179 and 3026) were kindly provided by Dr. B. F. Fernie, Dept. Microbiology, 
Georgetown Universtiy, Maryland, U.S.A. 

+ Positive membrane immunofluorescence, - no reaction 

f rom RS viruses isolated in S o u t h a m p t o n  during a single epidemic varied within 
the subtype A and  B groupings. The var ia t ion in F was an impor t an t  f inding 

since this protein  has previously been considered relatively stable to antigenic 
change [ 15, 29-1. Isolates o f  bo th  A and B subtypes were found  to co-circulate 

t h roughou t  the entire outbreak.  
The F4 epitope was mos t  highly conserved with only one o f  nineteen isolates 

failing to react with F4 MAb;  F1 reacted with all but  two virus isolates; while 
F3 failed to react with six (32%) of  the strains. F2 reacted with all subtype A 
isolates but  none  o f  subtype B viruses by immunofluorescence.  
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The different reaction patterns of monoclonal antibodies by immunoflu- 
orescence is most likely caused by antigenic variation of F. F3 MAb caused 
only partial fusion inhibition of 8/60 in cell culture and failed to react with this 
strain by immunofluorecence. This suggests that antigenic variation of F in 8/ 
60 reduced the binding of F3. Further denaturation of F in IF probably by 
acetone fixation was sufficient to prevent reaction altogether. 

Discussion 

Antigenic sites on RS virus fusion protein have been characterised. MAbs to 
F with fusion inhibiting and virus neutralising activities, and MAbs with only 
complement-dependent neutralising activity have been described. Our fusion 
inhibiting and neutralising MAb (F3) reacts with F1 subunit (Mr 48,000) and 
a Mr 20,000 protein on reduced Western blots (not shown) probably binds to 
same antigenic region as fusion inhibiting monoclonals described by other 
groups which behave similarly [3, 9, 27, 29]. These MAbs are highly protective 
against RS virus infection in animals [-26]. 

This is the first study of the immunogenicity of different fusion protein 
epitopes in humans. The results confirm that the four epitopes defined by murine 
MAbs are immunogenic in humans. Individuals varied in their serum antibody 
concentrations reactive to the different epitopes, but most people possessed 
antibodies reactive with all four epitopes, and none of the epitopes appeared 
immunodominant. The degree of variation between individuals is surprising 
considering people inevitably encounter multiple infections with RS virus. The 
antigenic variation of F (as we demonstrate here by immunofluorescence) may 
account for differences in antibody levels to the different epitopes, although 
differences in individual responsiveness may also be important. Antibody re- 
sponses to influenza virus haemagglutinin also vary between individuals [30]; 
one study showed 41% of adult and 58% child sera failed to recognise viruses 
with HAs having single amino acid substitutions [16]. 

RS virus antigenic variation differs from influenza virus variation because 
there are no major antigenic shifts to produce pandemic strains. The two sub- 
types of RS virus have evolved separately for a long time [15]. However the 
indirect immunofluorescence did reveal antigenic variation in F and demon- 
strated heterogeneity of viruses within an outbreak. Immunological selective 
pressures causing antigenic variation of F, and the induction of different immune 
responses by the variant viruses may occur together. 

The analysis of antigenic variation by immunofluorescence revealed a high 
degree of variation in the fusion protein of strains isolated in Southampton. 
Of fifteen subtype A viruses two viruses failed to react with each of F1, F2, 
and F3 epitopes (six strains altogether), and one failed to react with F4. For 
the subtype B isolates, all six reacted with F1 and F4, none reacted with F2 
and four failed to react with F3. The variation detected by immunofluorescence 
appeared to correlate with susceptibility of isolates to fusion inhibition by 
antibodies. Thus 8/60 which failed to react with F3 in IF was more resistant 
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to fusion inhibition by this antibody. Sequencing of escape mutants to other 
antibodies suggest minor, possibly single, amino acid changes not necessarily 
within the epitope, may account for these differences [9]. 

It is important to know whether minor antigenic changes in F have clinical 
or immunological significance in human infections; antigenic variation of F 
may allow RS virus to re-infect adults. Antibodies produced following exper- 
imental infections with RS virus reacted equally well in ELISA with fusion 
protein of subtype A and subtype B [33]. Other work indicated that neutralising 
reponses to F are subtype cross-reactive [6, 20]; and CTL responses to F also 
appear to be cross-reactive [2]. Some reports have suggested natural immunity 
in humans protects more against the most recently infecting subtype [ 14]. Larger 
studies are required to confirm both this and also reports suggesting that subtype 
A viruses are more virulent and infect younger infants [22, 24]. 

A critical question for RS virus vaccine development is whether poor re- 
sponses to protective epitopes on RS virus infection protein are in part genet- 
ically determined. For example, a lack of response to hepatitis B vaccine was 
associated with homozygosity for the HLA-B8, DR3 haplotype suggesting this 
caused HBsAg to fail to bind to DR3 associated class II [1]. The levels of 
antibodies in pre-natal sera suggest there is no such population of "low re- 
sponders" to these fusion protein epitopes. The fact that all sera contained 
antibodies to at least one epitope (F3) suggests that all humans recognise the 
TH epitopes on F. The results do not exclude the possibility that some people 
fail to respond to certain B cell epitopes on F. 

Further analysis of sera from volunteers in the RS virus ts mutant vaccine 
trial [12, 33] suggests that critical levels of serum antibodies reactive to F1 and 
F3 epitopes provide protection against infection (B. S. Robinson, unpubl, data). 
Volunteers with levels of serum antibodies to F1 > 8.0 gg/ml and antibodies 
to F3 > 8.5 Ixg/ml appeared to be protected from experimental RS virus infection 
and clinical symptoms. 203 (59%) and 339 (87%) of the pre-natal sera assayed 
in this study contained these or higher levels of antibodies to F 1 and F3 epitopes 
respectively. It is of interest that these percentages are the same as the proportion 
of adult contacts spared from respiratory tract infection [5]. 

The relatively high values and narrow ranges of antibody concentrations to 
the four epitopes in pre-natal sera, as well as the small number of individuals 
lacking these antibodies (particularly F3) suggest people could be readily 
boosted to protective levels by appropriate vaccination. This hopefully would 
provide the neonate with sufficient maternal protective antibody to prevent life- 
threatening infection until he/she may be immunised. Prospective vaccines will 
require careful assessment to see they induce appropriate antibody responses. 

Acknowledgements 
The authors gratefully acknowledge the guidance provided by Professor P. J. Watt; and 
would like to thank Virology and Serology Departments at Southampton General Hospital 
for supplying viruses and sera. This work was supported by an MRC grant. 



Serum antibodies to RS virus fusion protein 285 

References 

1. Alper CA, Kruskall MS, Marcus-Bagley BS, Craven DE, Katz AJ, Brink S J, Dienstag 
JL, Awdeh Z, Yunis EJ (1989) Genetic prediction of nonresponse to hepatitis B vaccine. 
N Engl J Med 32t: 708-712 

2. Bangham CRM, Openshaw PJM, Ball LA, King AMQ, Wertz GW, Askonas BA 
(1986) Human and murine cytotoxic T-cells specific to respiratory syncytial virus 
recognise the viral nucleoprotein (N), but not the major glycoprotein (G), expressed 
by vaccinia virus recombinants. J Immunol 137:3973-3977 

3. Beeler JA, Van Wyke Coeting K (1989) Neutralization epitopes of the F glycoprotein 
of respiratory syncytial virus: effect of mutation upon fusion function. J Viro163: 2941- 
2950 

4. Coates HV, Kendrick L, Chanock RM (1963) Antigenic differences between two strains 
of respiratory syncytial virus. Proc Soc Exp Biol Med 112:958-964 

5. Hall CB, Geiman JM, Biggar R, Kotok DI, Hogan PM, Douglas RG, Jr (1976) 
Respiratory syncytial virus infections within families. N Engl J Med 294:414419 

6. Johnson PR, Spriggs MK, Olmsted RA, Collins PL (1987) The G glycoprotein of 
human respiratory syncytial viruses of subgroups A and B: extensive sequence diver- 
gence between antigenically related proteins. Proc Natl Acad Sci USA 84:5625-5629 

7. Kim HW, Canchola JG, Brandt CD, Pyles G, Chanock RM, Jensen K, Parrott RH 
(1969) Respiratory syncytial virus disease in infants despite prior administration of 
inactivated vaccine. Am J Epidemiol 89:422-33 

8. Levine S, Klaiber-Franco R, Paradiso PR (1987) Demonstration that glycoprotein G 
is the attachment protein of respiratory syncytial virus. J Gen Virol 68:2521-2524 

9. Lopez JA, Penas C, Garcia-Barreno B, Melero JA, Portela A (1990) Location of a 
highly conserved neutralising epitope on the F glycoprotein of human respiratory 
syncytical virus. J Virol 64:927-930 

10. Mathur U. Bentley DW, Hall CB (1980) Concurrent respiratory syncytial virus and 
influenza A infections in the institutionalised and chronically ill. Ann Intern Med 93: 
49-52 

11. McIntosh K, Chanock RM (1985) Respiratory syncytial virus In: Fields BN (ed) 
Virology. Raven Press, New York, pp 1285-1304 

12. McKay E, Higgens P, Tyrrell D, Pringle C (t988) Immunogenicity and pathogenicity 
of temperature-sensitive modified respiratory syncytial virus in adult volunteers. J Med 
Virol 25:411-421 

13. Milner ME, De La Monte SM, Hutchins GM (1985) Fatal respiratory syncytial virus 
infection in severe combined immunodeficiency syndrome. Am J Dis Child 139:1111- 
1t14 

14. Mufson MA, Belshe RB, Orvell C, Norrby E (1987) Subgroup characteristics of res- 
piratory syncytial virus recovered from children with two consecutive infections. J Clin 
Microbiol 25:1535-1539 

15. Mufson MA, Orvell C, Norrby E (1985) Two distinct subtypes of human respiratory 
syncytial virus. J Gen Virol 66:2111-2124 

16. Natali A, Oxford JS, Schild GC (1981) Frequency of naturally occurring antibody to 
influenza virus antigenic variants selected in vitro with monoclonal antibody. J Hygiene 
87:185-190 

17. Ogilvie MM, Vanthenen AS, Radford M, Codd J, Key S (1981) Maternal antibody 
and respiratory syncytial virus infection in infancy. J Med Virol 7:263-271 

18. Olmsted RA, Buller RML, Collins PL, London WT, Beeler JA, Prince GA, Chanock 
RM, Murphy BR (1988) Evaluation in non-human primates of the safety, immuno- 
genicity and efficacy of recombinant vaccinia viruses expressing the F or G glycoprotein 
of respiratory syncytial virus. Vaccine 6:519-524 



286 B. S. Robinson and J. S. Everson: Serum antibodies to RS virus fusion protein 

19. Pemberton RM, Cannon MJ, Openshaw PJM, Ball LA, Wertz GW, Askonas BA 
(1987) Cytotoxic T-cell specificity for respiratory syncytiat virus proteins: fusion protein 
is an important target antigen. J Gen Virol 68:2177-2182 

20. Prince GA, Hemming VG, Horswood RL, Chanock RM (1985) Immunoprophylaxis 
and immunotherapy of respiratory syncytial virus infection in the cotton rat. Virus 
Res 3:193-206 

21. Routledge EG, Willcocks MM, Samson ACR, Morgan L, Scott R, Anderson JJ, Toms 
GL (1988) The purification of four respiratory syncytial virus proteins and their eval- 
uation as protective agents against experimental infection in BALB/C mice. J Gen 
Virol 69:293-303 

22. Russi JC, Chiparelli H, Montano A, Etorena P, Hortal M (1989) Respiratory syncytial 
virus subgroups and pneumonia in children. Lancet ii: 1039-1040 

23. Sims DG, Downam MAPS, McQuillin J, Gardner PS (1976) Respiratory syncytial 
virus infection in north-east England. Br Med J 2:1095-1098 

24. Taylor CE, Morrow S, Scott M, Young B, Toms GL (1989) Comparative virulence 
of RS virus subgroups A and B. Lancet i: 777-778 

25. Taylor G, Stott EJ, Bew M, Fernie BF, Cote P J, Collins AP, Hughes M, Jebbett J 
(1984) Monoclonal antibodies protect against respiratory syncytial virus infection in 
mice. Immunology 52:137-142 

26. Taylor G, Stott EJ, Furze J, Ford J, Sullender W, Wertz G (1990) Identification of 
protective epitopes on the F protein of RSV. In: Abstracts VIIIth International Congress 
of Virology, Berlin, pp 106 

27. Trudel M, Nadon F, Seguin C, Dionne G, Lacroix M (1987) Identification of a synthetic 
peptide as part of a major neutralization epitope of respiratory syncytial virus. J Gen 
Virol 68:2273-2280 

28. Walsh EE, Hruska J (1983) Monoclonal antibodies to respiratory syncytial virus pro- 
teins: identification of the fusion protein. J Virol 47:171-177 

29. Walsh EE, Cote PJ, Fernie BF, Schlesinger JJ, Brandriss MW (1986) Analysis of the 
respiratory syncytial virus fusion protein using monoclonal and polyclonal antibodies. 
J Gen Virol 67:505-513 

30. Wang ML, Skehel JJ, Wiley DC (1986) Comparative analyses of the specificities of 
anti-influenza haemaggtutinin antibodies in human sera. J Virol 57:124-127 

31. Ward KA, Lambden PR, Ogilvie MM, Watt PJ (1983) Antibodies to respiratory 
syncytial virus polypeptides and their significance in human infection. J Gen Virol 64: 
1867-1876 

32. Watanabe M, Ishil T, Nariuchi H (1981) Fractionation of IgG1, IgG2a, IgGzb, and 
IgG3 immunoglobulins from mouse serum by protein A-sepharose column chroma- 
tography. Jpn J Exp Med 51 1:65-70 

33. Watt PJ, Robinson BS, Pringle CR, Tyrrell DAJ (1990) Determinants of susceptibility 
to challenge and the antibody response of adult volunteers given experimental respi- 
ratory syncytial virus vaccines. Vaccine 8:231-236 

34. Watt PJ, Zardis M, Lambden PR (1986) Age related IgG subclass response to respi- 
ratory syncytial virus fusion protein in infected infants. Clin Exp Immunol 64: 503- 
509 

Authors' address: Dr. B. S. Robinson, LC78, Microbiology, South Academic Block, 
Southampton General Hospital, Tremona Road, Southampton SO9 4XY, U.K. 

Received August 27, 1991 


