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Abstract
To characterize the humoral response to the unglycosylated central region of the respiratory
syncytial virus (RSV) attachment (G) protein, we generated glutathione S-transferase (GST)-RSV
G subdomains (central core (CC), residues 151–190; proximal central core (PCC), 151–172, and
distal central core (DCC), 173–190) to screen paired sera from RSV subtype A- or B-infected
adults in hospitalized or outpatient settings. Following RSV infection, a ≥ 4-fold increase in
homo- and heterosubtypic IgG response was noted in most subjects against the RSV G CC and
PCC regions; in contrast, such titer increases against the RSV G DCC was only noted in a
homosubtypic manner. Our results have implications for RSV G-based serological diagnostics and
vaccine development.
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1. Introduction
Respiratory syncytial virus (RSV) is a significant cause of wintertime respiratory tract
infections among patients of all ages [1,2]. Following RSV infection, one of the key targets
of adaptive host immune response is the RSV attachment (G) protein that bears a genetically
variable, extensively glycosylated ectodomain [3]. Previous serological studies of anti-RSV
G antibody response have primarily utilized purified, full-length G protein, recombinant G
protein fragments, or a series of overlapping G-derived peptides as screening antigens for
immunoglobulin G (IgG) titer measurements in pediatric primary RSV infections[4–12].
RSV G-specific antibodies in adults, including G domain- and homo/heterosubtypic-specific
immune responses, remain largely uncharacterized.

A structural hallmark of the RSV G protein is its central unglycosylated domain that is
typically comprised of residues 151–190 [3]. Within these contiguous amino acids (aa),
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residues 151–172 (termed the proximal conserved core; PCC) bears overlapping epitopes for
two partially neutralizing, RSV subtype-independent monoclonal antibodies (MAbs) K6 and
L9 [13]. Within and carboxy-terminal to the PCC, residues 164–176 are universally
conserved among all clinical isolates [3]. Cysteines at positions 173, 176, 182, and 186 are
involved in two disulfide bonds that comprise a “loop” structure. Residues 182–186
comprise a CX3C chemokine (fractalkine) structural motif that contributes to the
immunomodulatory functions of the RSV G protein[14]. Thus, humoral response against the
unglycosylated region of RSV G may be critically important to RSV immunity with
implications for vaccine development.

We have recently shown that the RSV G PCC subdomain is the target of a ≥ 4-fold increase
in IgG response between acute- and convalescent-phase sera in ~40% of adults infected with
subtype A RSV [13]; the ≥ 4-fold increase in IgG titers against RSV-encoded glycoproteins
is the historical standard by which serological evidence of RSV infections has been
determined[15,16]. To extend these results, we analyzed the serum reactogenicity against
various bacterially derived RSV G subdomains using paired acute and convalescent sera
from RSV A and B infected adult human subjects.

2. Materials and Methods
Mammalian cells and RSV isolates

HEp-2 cells and RSV A2 and B1 strains were obtained from the American Type Culture
Collection (ATCC). HEp-2 cells were maintained in Modified Eagle’s Media (MEM) + 5%
fetal calf serum + penicillin-streptomycin (Invitrogen).

DNA constructions and manipulations
The RSV A2 and B1 strain G cDNAs (GI accession 138294 and 9629205, respectively)
were codon-optimized and used for plasmid constructions. For glutathione S-transferase
(GST) - RSV G 151–190 (numbers refer to the residue positions within the G protein),
polymerase chain reaction (PCR) was used to amplify the cognate cDNA fragments from
each of the codon-optimized G cDNAs. The resulting amplicons were ligated into the
pGEX4T-1 BamHI site that generates the linker aa sequence …GS…between GST and the
RSV G moieties. For plasmid constructions encoding shorter fragments of RSV G protein
(residues 151–172, 173–190, or 173–190mut in which serines were substituted for each of
the four cysteines at positions 173, 176, 182, and 186; Figure 1), complementary
oligonucleotide pairs encoding the relevant RSV A2- or B1-derived G aa residues followed
by a termination codon were phosphorylated, annealed, and ligated into the BamHI-EcoRI
sites of pGEX4T-1. For plasmids encoding the GST-G 173–190 and 173–190mut, a slightly
longer linker sequence (…GSGSG… with the underlined residues were derived from the
BamHI site) was engineered between the GST and the RSV G moieties so as to reduce
potential steric interactions. The integrity of the RSV G cDNA-derived sequences was
verified by sequencing (Eurofins MWG Operon).

Bacterial manipulations and protein purification
Competent E. coli (DH5α strain) were transformed with each of the pGEX4T-1 derivatives
and propagated in LB or 2XYT broth with carbenicillin. The recombinant GST-fusion
proteins were expressed using 0.1–0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG;
Invitrogen) at 37°C for 3–4 hrs and purified using glutathione-agarose beads (Sigma-
Aldrich) according to the manufacturer’s instructions (Amersham).

For Coomassie staining of proteins, bacterially derived proteins (~0.5–1 µg) were diluted
1:1 (vol:vol) with 2X sodium dodecyl sulfate (SDS)-sample buffer containing β-
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mercaptoethanol, denatured at 95°C for 2–5 minutes, and then resolved on 12%/6%
discontinuous SDS-polyacrylamide gel electrophoresis (PAGE). The resolved proteins were
visualized by staining with Coomassie Blue R-250.

Collection and immunological analysis of human sera
Patient identifier-unlinked acute and convalescent paired sera were previously collected
during an institutional review board-approved epidemiological study of RSV among elderly
and hospitalized adults [2]. For this study, we identified a subset of archived, paired sera
from RSV A or B-infected adults whose nasopharyingeal secretions were positive by reverse
transcriptase-polymerase chain reaction (RT-PCR) for RSV and in whom there was a ≥
four-fold increase from acute to convalescent serum immunoglobulin G (IgG) titers (in
reciprocal log2 dilutions) to purified, subtype-specific RSV G glycoprotein as measured in
ELISAs. Such RSV diagnoses were made while the subjects were in hospitalized (subtype
A-infected: n = 16; subtype B infected: n = 24) or outpatient (subtype A: n=16; subtype B:
n=8) settings.

Patient demographics
For the non-hospitalized cohort, the median (range) age for subtype A and B infected
outpatients were 79 (55–96) and 70 (59–83), respectively; the difference in the median age
between the two groups was not statistically significant. The status of underlying medical
conditions were as follows: no underlying cardiopulmonary diagnoses: n=10 and n=0
(subtype A- and B-infected, respectively); subjects with cardiac condition: n=1 and n=2;
underlying pulmonary condition: n=4 and n=6; and nursing home resident: n=1 and n=0.

For the hospitalized cohort, the median (range) age for subtype A and B infected inpatients
were 74 (55–96) and 78 (47–98), respectively; the difference in the median age between the
two groups was not statistically different. Admission (ICD-9) diagnoses for the inpatient
cohort were as follows: Subtype A: chronic obstructive pulmonary disease (COPD)
exacerbation: 8; pneumonia: 6; myocardial infarction: 1; and respiratory arrest: 1; Subtype
B: COPD exacerbation: 11; pneumonia: 4; asthma: 3; congestive heart failure: 2; and 1 each
of myocardial infarction, respiratory arrest, and hypoglycemia.

Enzyme-linked immunosorbent assays (ELISAs)
Aliquots of each sera sample were tested in ELISAs that were performed essentially as
previously described for reactogenicity against GST alone or each of the GST-G derivatives
[17]. Typically, GST or each of the GST-RSV G derivatives was diluted in carbonate buffer
pH 9.0 and plated at 100 ng/well onto 96 well ELISA plates (Nunc) followed by overnight
incubation at 4°C. Following blocking of non-specific binding with PBS/0.5%
Tween-20/1mM ethylenediamine tetra-acetic acid (EDTA)/0.5% gelatin, the plate-bound
antigens were incubated with serial two-fold dilutions of human serum and then with
alkaline phosphatase-conjugated goat anti-human secondary antibodies (Southern Biotech).
Phosphatase substrate (p-nitrophenyl phosphate 104; Sigma-Aldrich) dissolved in
diethanolamine buffer was then used to detect antigen-antibody complexes. The resulting
colorimetric reactions were read at OD405nm using a 96-well enzyme linked immunosorbent
assay (ELISA) plate reader (Molecular Devices). For each GST-G fusion protein, the
OD 405nm generated by serum reactogenicity against GST alone was subtracted from that
elicited by the GST-G protein. The resulting OD405nm [GST-G – GST alone] readings vs.
serum dilutions were plotted using Excel 2003 (Microsoft) and used to calculate the end
point serum titers (expressed as mean ± standard deviation reciprocal log2 dilutions) as
previously described [17].
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Graphical/statistical analyses
Statistical manipulations were performed using JMP version 8.0 (SAS, Cary, NC). For
univariate analyses, means were compared with Wilcoxon rank-sum tests and proportions
were compared using two-tailed Fisher’s exact tests.

3. Results
To examine the humoral response against the RSV G unglycosylated region, we first
generated a series of GST fusion proteins, each bearing a portion of this domain from the G
protein of the prototypical RSV A2 (subtype A) and B1 (subtype B) strains. For each of the
two RSV subtype-derived G proteins, we generated four GST-G derivatives: 1) those
bearing the entire conserved core (CC; residues 151–190); 2) those bearing the proximal
central core (PCC; residues 151–172); 3) those bearing the distal conserved core (DCC;
residues 173–190, including the four cysteines); and 4) those bearing cysteine → serine
substitutions at each of the four cysteines within the DCC (DCCmut; Figure 1). Each of the
GST-G fusion proteins were affinity purified to >95% homogeneity (data not shown).

Using these recombinant proteins as screening reagents, we assayed the serum
reactogenicity to various portions of the RSV G central unglycosylated region in ELISAs
using paired acute and convalescent sera from RSV-infected adults. Subjects were classified
by the infection-associated RSV subtype A or B (N = 32 for each group) and were further
categorized into one of two subgroups (hospitalized/inpatient vs. outpatient) based on the
initial location of patient screening. In all paired sera, there was a ≥ four-fold increase in the
anti-RSV Ga or Gb IgG titers from acute to convalescent sera.

Among RSV A-infected adults, we observed a relatively high degree of acute and
convalescent serum reactogenicity against the entire RSV A2-encoded CC domain (mean ±
SD log2 reciprocal dilution: 10.2 ± 2.3 → 13.8 ± 2.0) and to the PCC (8.8 ± 1.7 → 10.8 ±
2.0) and DCC subdomains (10.3 ± 1.9 → 14.0 ± 2.8; Table 1). In all three cases, such
homosubtypic-specific titer increase was statistically significant (p < 0.05) and the
proportion of paired sera that bore ≥ four-fold increase in IgG titers against the A2-encoded
RSV G subdomains was ≥ 50% (Table 1). In parallel, we also observed statistically
significant titer increases against the RSV B1-derived PCC and CC subdomains (Table 1).
However, there was no significant change between the acute and convalescent IgG response
against GST-RSV B1 G DCC subdomain (10.0 ± 2.4 → 10.7 ± 2.8; p = 0.28) and the
proportion of subjects with a ≥ four-fold titer increase between paired sera was only 16% (n
= 5). In all sera, we noted no detectable serum reactogenicity against GST-A2 or –B1
DCCmut in which the four RSV A2 G-encoded cysteines were substituted by serines (data
not shown).

We also performed similar analyses with paired sera from RSV B-infected adults (Table 2).
Against RSV subtype B-derived G residues, we observed robust acute and convalescent
homosubtypic serum reactogenicity against the RSV B1 CC, PCC and the DCC; in all three
cases, such increase was statistically significant (p < 0.05) and the proportion of paired sera
that bore ≥ four-fold increase in IgG titers against the B1-derived subdomains was ≥ 56%
(Table 2). Against RSV A2- derived residues, we observed heterosubtypic titer increases of
10.0 ± 1.8 → 12.2 ± 2.3 and 8.3 ± 1.7 → 10.2 ± 2.8 for the A2 CC and PCC, respectively
(Table 2). However, we noted minimal change in paired serum reactogenicity against the
A2-derived DCC and only one (3%) of subjects demonstrated a ≥ four-fold titer increase
between paired sera (Table 2). As in the case of subtype A-infected adults, we noted no
detectable serum reactogenicity against GST-A2 or –B1 DCCmut (data not shown).
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Taken together, these data suggest that for RSV infected adults, there is a statistically
significant acute to convalescent titer increase against the homo- and heterosubtypic RSV G
CC and PCC. However, such titer increases specific to the RSV G DCC are homosubtype-
specific. The serine substitutions of the four DCC-embedded cysteines abolishes the serum
recognition of the RSV G DCC subdomain.

We performed a subgroup analysis to determine the correlation between the clinical setting
in which the patients were identified (inpatient vs. outpatient) and the titers and the
proportion of patient sera that reacted against the RSV G-derived residues. For RSV subtype
A-infected adults, there were no statistically significant differences between the mean acute
titers of outpatient vs. hospitalized groups for any of the A2- or B1-derived G subdomains
(Table 3). However, in convalescent sera, the mean titers were greater and in a statistically
significant manner (p < 0.05) in the inpatient population than in the outpatient cohort for
IgG response against the A2 PCC and DCC subdomains but not against the A2 CC and all
three B1-derived subdomains (Table 3). For RSV B-infected adults, the acute titers were
higher in the outpatient group (n = 8) as compared to the hospitalized cohort (n = 24) against
both RSV A2- and B1-derived PCC residues (Table 4). For convalescent serological
response among subtype B-infected patients, the inpatient group bore higher titers than the
outpatient cohort with respect to the A2 and B1 CC domains (Table 4); such increase was
statistically significant for anti-B1 PCC response (p < 0.05) and the anti-A2 PCC response
followed a similar trend (p = 0.054). These data suggest that: 1) the serum reactogenicity to
the RSV G PCC may correlate to severity of disease at the time of diagnosis for RSV
subtype B infection among adults; and 2) convalescent titers against portions of the RSV G
central region are higher in hospitalized than in outpatient subjects.

4. Discussion
To study the humoral response against the central unglycosylated region of the RSV G
protein, we screened sera from RSV-infected adults for reactogenicity against recombinant
GST-RSV G fusion proteins. Our approach utilized rational partitioning of the RSV G
unglycosylated central residues into the PCC, DCC, and the entire CC region; in contrast,
previous reports have utilized overlapping peptides or bacterially derived hypervariable G
domains with or without the unglycosylated core as screening reagents to determine RSV G
domain-specific serological responses [4–11].

For each of the six RSV G derivatives (PCC, DCC, and CC encoded by RSV A2 and B1
strains), we observed robust IgG titers in acute sera and in a homo- and heterosubtypic-
specific manner. This is not unexpected since adults in this study would have experienced a
number of RSV subtype A and B infections during their lifetimes [2]. In convalescent sera,
we noted statistically significant titer increases against the homosubtypic and heterosubtypic
RSV G PCC and CC domains. The subtype-independent reactogenicity against the PCC and
CC regions may primarily be due to the canonical aa sequence HFEVFNFVPCSIC (residues
164–176; Figure 1) that overlaps most of the PCC residues and is embedded within the CC
[3,13]. Our observations are also consistent with the fact that anti-RSV G MAbs with
cognate epitopes that overlap residues 164–176 typically recognize RSV G in a subtype-
independent manner [13,18].

Interestingly, convalescent sera from subtype A-infected adults responded weakly to B1-
derived DCC and subtype B-infected adults responded minimally to A2-derived DCC, i.e.
there is homosubtype-specific serum reactogenicity against the RSV G DCC subdomain. It
has previously been reported that peptides bearing RSV A2 or B1 strain-derived G residues
158–189 were recognized in a subtype-specific manner in paired sera from pediatric patients
with primary RSV infection [7,8]. Our results with adult convalescent sera confirm and
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extend these results by defining the potential residues that may be responsible for such
subtype-specific targets of immune response to those within the DCC.

Between the RSV A2- and B1-derived DCC, we note the following six residue differences:
A2: CSICSNNPTCWAICKRIP vs. B1: CSICGNNQLCKSICKTIP, in which differences at
positions 177, 180, 181, 183, 184, and 188 are underlined and in bold. Based on comparative
analysis of reference RSV G sequences, the RSV A2 and B1 DCC are likely to be
representative of subtype A and B-specific residues 173–190 of the RSV G protein ([19–
23]Murata, et al., unpublished observations). The existence of subtype-specific differences
within the DCC subdomain may be evolutionarily conserved since bovine RSV (BRSV) G
residues 180, 182, and 184 of strain 391-2 (subtype A) (CSTCEGNLACLSLCHIET) differ
from those of BOV-X (subtype B) (CSTCEGNPACSPLCQIGL; differences underlined and
in bold) [7]. We conclude that ≥ 1 of the six residue differences between subtype A and B
viral strains confers homosubtype specificity of acute to convalescent serum anti-RSV G
DCC reactogenicity increases in adult RSV infections. Furthermore, our analysis of
corresponding BRSV DCC residues implies the existence of similar DCC homosubtype-
specific humoral response in BRSV infections.

Our results are relevant to the structural and functional aspects of the RSV G DCC region,
which is not essential for RSV replication in vitro or in vivo but elicits robust
immunomodulatory effects, e.g. CX3C motif-mediated cellular trafficking [14,24]. Our
results suggest that the presence of cysteines is required for the antigenic/structural integrity
of DCC-embedded epitopes since the substitution of all four cysteine residues with serine
rendered the resulting DCCmut moiety non-reactogenic. Particularly notable is our
observation that for both RSV and BRSV, the subtype-specific residue differences at
residues 183 and 184, i.e. between C182 and C186, involve the CX3C motif; for BRSV G
protein, mutations of residues 183 and 184 are predicted to have major structural
consequences of the antigenic surface of the G “loop” region [25,26]. Taken together, these
observations raise the possibility of viral subtype-specific, evolutionarily conserved
immunomodulatory effects of the RSV DCC subdomain, including the CX3C homology
region.

Our data also have implications for clinical course and severity of disease among RSV-
infected adults. For subtype A-infected adults, there were greater and statistically significant
increases in A2 PCC- and DCC-specific convalescent titers among hospitalized patients as
compared to those of subjects diagnosed with RSV as outpatients; a similar but non-
statistically significant (p = 0.08) trend was also observed for A2 CC domain (Table 3).
Among subtype B-infected adults, outpatients bore higher anti-B1 PCC titers than did
inpatients at the time of diagnosis (i.e. acute sera) and hospitalized adults bore higher anti-
A2 and –B1 CC convalescent titers than did outpatients. Thus for RSV-infected adults,
hospitalization may be correlated with greater burden of disease, i.e. elevated viral loads,
and subsequent IgG increases in convalescent sera titers against RSV G CC and its
subdomains [27]. For RSV subtype B-infected adults, elevated acute titers against the RSV
G PCC may correlate with severity of illness at diagnosis and may potentially be utilized as
serological correlates of disease severity. We acknowledge the limitation that the number of
non-hospitalized subtype-B infected adults was relatively small (n=8) and thus the clinical
utility of such serological correlates requires additional studies.

Lastly, our results have implications for immunological function of RSV G and potential
epitopes for host adaptive humoral response and vaccine development. The RSV G CC
domain contains immunologically important structural and functional motifs, including: 1)
aa 184–198, thought to be involved in CD4+ T cell-mediated eosinophila; 2) canonically
conserved residues + G “loop” that collectively have been associated with broad anti-
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inflammatory effects; and 3) the presence of a human HLA DP4-restricted CD4+ T-cell
epitope (minimum epitope residues defined as either 163–171 or 162–175) [28–31]. Adult
and pediatric subjects who were either naturally infected with RSV or received live
attenuated RSV vaccine candidate generated IgG response that inhibited RSV G-mediated
leukocyte chemotaxis and RSV G-CXC3 receptor interactions [14]. To enhance such RSV
G-specific immune response, particularly against potential subtype-specific
immunomodulatory effects, it may be necessary to engineer the RSV G “loop” region as
DCC or the entire CC domain from both subtype A and B viruses for potential vaccine
epitopes. As an alternative immunogen, the RSV G PCC from either subtype A or B virus
strain may be sufficient to elicit viral subtype-independent antibody production and
protective efficacy. Such possibilities require empirical testing in animal immunogenicity
studies.
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Figure 1.
The central unglycosylated region of the RSV G protein. Upper panel: Residues 151–190 of
the RSV G protein from A2 and B1 strains. The invariantly conserved amino acids 164–176
are shown in bold. Lower panel: Schematic diagram of RSV G moieties that were bacterially
expressed and purified as glutathione S-transferase fusion proteins. Labels to the left
indicate the G conserved core (CC; residues 151–190), proximal conserved core (PCC;
residues 151–172), distal conserved core (DCC; residues 173–190) subdomains as well as
the DCCmut (residues 173–190 in which the four cysteines were altered to serines). Where
relevant, the residue positions are indicated by numbers above the aligned amino acids and
the positions of cysteine (C) or cysteine → serine substitutions (S) are also shown.
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