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Therapeutic treatment with a non-neutralizing monoclonal antibody (mAb) (131-2G) specific to
respiratory syncytial virus (RSV) G glycoprotein mediates virus clearance and decreases
leukocyte trafficking and interferon gamma (IFN-y) production in the lungs of RSV-infected mice.
Its F(ab’), component only mediates decreased leukocyte trafficking and IFN-y production
without reducing virus replication. Thus, this mAb has two independent actions that could
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facilitate treatment and/or prevention of RSV infection by reducing both virus replication and virus-
induced pulmonary inflammation.

Respiratory syncytial virus (RSV) is an important cause of
severe respiratory disease in infants, young children and
the elderly (Panitch, 2001; Shay et al, 1999; Hall et al.,
1991; Falsey et al., 1995). Despite several decades of
research, there is still no effective treatment for or licensed
vaccine to prevent RSV infection. While prophylaxis with
Palivizumab, a humanized IgG monoclonal antibody
(mADb) directed against the F protein of RSV, has
demonstrated a level of effectiveness in reducing hospit-
alization, neither it nor any other antiviral therapy has been
effective in treating disease once infection is established.
One possible explanation for the difficulty in treating RSV
disease is that the host inflammatory response induced
early in infection is an important contributor to disease
pathogenesis and persists after virus replication has ended
(Varga & Brachiale, 2002; Mejias et al., 2004).

It is clear from animal studies that RSV proteins modulate
many aspects of the immune response to infection,
particularly the RSV G protein (Tripp, 2004). A potential
contributor to immune modulation and disease pathogen-
esis is CX3C chemokine mimicry mediated by the CX3C
motif in the central conserved region of the G glycoprotein
of RSV (Tripp et al,, 2001). Through this motif, the RSV G
protein binds to the fractalkine receptor, CX3CR1, and this
interaction facilitates virus infection and modulates
leukocyte chemotaxis (Tripp et al, 2001), including
adversely affecting CX3CR1™ T cell responses (Harcourt
et al., 2006). Studies have shown that antibodies that block

G protein CX3C-CX3CR1 interaction protect against some
of the G protein-associated enhanced inflammation
observed after RSV infection (Haynes et al, 2003). In
addition, anti-RSV G protein antibody responses after
natural infection or vaccination with live-attenuated RSV
vaccine in young children are associated with the inhibition
of G protein-mediated human leukocyte migration and G
protein CX3C-CX3CR1 interaction (Harcourt et al., 2004).
A non-neutralizing anti-RSV G protein mAb, 131-2G, has
been shown to inhibit RSV G protein binding to CX3CR1
and RSV G protein-induced chemotaxis (Tripp et al,
2001), so we hypothesized that this mAb might also
decrease RSV G protein-mediated inflammation that might
contribute to disease pathogenesis. In a murine model of
RSV infection, we found that treatment with mAb 131-2G
3 days after infection not only reduced pulmonary
inflammation and inflammatory cytokine production but
also increased virus clearance (L. Haynes and others,
unpublished results). The increase in viral clearance was
not expected because mAb 131-2G does not neutralize RSV
(Anderson et al., 1988). One possible mechanism used by
non-neutralizing antibodies to mediate increased viral
clearance is antibody-dependent cellular cytotoxicity
(ADCC) (Hirsch, 1982). ADCC is triggered when antibody
bound to the surface of a virus interacts with Fc receptors
on leukocytes, whereby the virus is eliminated. To
determine whether ADCC contributed to mAb 131-2G-
associated viral clearance, we examined viral clearance and
pulmonary inflammation following treatment with intact
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or F(ab'), forms of mAb 131-2G in an established BALB/c
mouse model.

131-2G F(ab'), fragments were generated by pepsin
digestion (Sigma). Briefly, purified mAb 131-2G was
digested with porcine pepsin overnight at 37 °C, and
digested mAb was passed through a protein G Sepharose
column (GE Healthcare) to eliminate Fc fragments and
undigested antibodies. Purified F(ab’), fragments were
dialysed and concentrated using Centricon spin column
(Millipore) with a 30kDa cut-off. The purity of the
F(ab'), fragments was determined by SDS-PAGE (Bio-
Rad) under non-reducing conditions followed by
Western blot analysis, using anti-Fab and anti-Fc
antibodies (Bethyl Laboratories). The protein concentra-
tion was determined by micro BCA protein assay (Pierce)
and the reactivity of the F(ab'), fragments was deter-
mined by RSV ELISA as described previously (Harcourt
et al, 2003). Anaesthetized (Avertin), 6-8-week-old
BALB/c mice (Charles Rivers) were intranasally inocu-
lated with 10° p.f.u. RSV A2 strain (Centers for Disease
Control and Prevention) in 50 pl serum-free Dulbecco’s
modified Fagle’s medium (Invitrogen). On day 3 post-
infection (p.i.), mice were treated intraperitoneally with
150-300 pg intact or F(ab’), forms of mAb 131-2G per
mouse. Control mice were treated with the same isotype
and concentration of intact or F(ab’), normal mouse 1gG
(nlg) (Pierce). Appropriate groups of mice were anaes-
thetized with Avertin and exsanguinated by severing the
right caudal artery on days 3 (prior to treatment), 5 (the
peak of virus replication) and 7 p.i. No fewer than three
mice per treatment were examined per time point and
the experiments were independently repeated three times.
All studies were performed in accordance with the
guidelines of the Institutional Animal Care and Use
Committee.

Virus titration was performed on individual lungs that
were homogenized in sterile PBS (Invitrogen) and virus
titres were determined by immunostaining plaque assays as
described previously (Haynes et al., 2002). Bronchoalveolar
leukocytes (BAL) were harvested by lavaging the lungs of
anaesthetized mice three times with 1 ml sterile PBS and
the cell types were enumerated using Turk’s staining. The
procedure used for extracellular staining of BAL was
modified for microculture staining as described previously
(Tripp et al, 1999), using fluorescein isothiocyanate-,
phycoerythrin- or allophycocyanin-conjugated antibodies
anti-CD3 (145-2C11), anti-CD45R/B220 (RA3-6B2), anti-
pan natural killer (NK) cell (DX5), anti-CD11b (M1/70),
anti-neutrophil [polymorphonuclear leukocyte (PMN)]
(RB6-8C5) and isotype control antibodies (BD
Biosciences and eBiosciences). The concentrations of
interferon gamma (IFN-y) and interleukin (IL)-4 in the
BAL cell-free supernatant were measured by ELISA
(eBioscience) and the results were expressed as pg (ml
BAL fluid) ~'. Statistical significance was determined using
Student’s t test, where a P-value <<0.05 was considered
statistically significant.

Treatment of BALB/c mice 1 day prior to or 3 days after
RSV infection with mAb 131-2G dramatically inhibited
RSV replication at day 5 p.i. [<200 p.f.u. (g lung tissue) ']
compared with normal isotype control mAb treatment
[1400-5000 p.f.u. (g lung tissue) ~'] (L. Haynes and others,
unpublished results). To understand the mechanism of
virus clearance linked to treatment with this mAb better,
RSV-infected mice were treated with either intact or
F(ab'), fragments of nlIg or mAb 131-2G on day 3 p.i. and
the virus titres were determined (Fig. 1). The viral load in
lungs of mice treated with intact nlg increased from days 3
to 5 p.. and, as expected, virus was cleared by day 7 p.i.
Two days after mAb 131-2G treatment, the viral load in
mice treated with intact mAb was significantly (P<<0.048)
reduced compared with lung titres in F(ab’),-treated mice
which showed no significant reduction compared with nlg-
treated mice. The ability of this non-neutralizing antibody
to prevent virus replication in vivo is consistent with earlier
observations and reports using other non-neutralizing RSV
G protein antibodies (Corbeil et al, 1996; Plotnicky-
Gilquin et al., 1999; Mekseepralard et al., 2006). The results
suggest that mAb 131-2G may mediate virus clearance
through an ADCC mechanism. Failure of the mAb 131-2G
F(ab'), fragments to control virus replication may also be
related to differences in pharmacokinetic properties, serum
half life, tissue distribution and accumulation of F(ab’),
fragments compared with the intact immunoglobulin
(Brown et al. 1987).

The levels of pulmonary cell infiltration and cytokine
expression were compared to determine the effect of intact
and F(ab’), mAb 131-2G treatment on aspects of the
inflammatory response associated with RSV infection. By day
5 p.i., which is the period of maximal virus replication (Fig.
1), treatment with mAb 131-2G was associated with a
significant (P<<0.05) decrease in the total BAL cell infiltration
compared with nlg antibody-treated mice (Fig. 2a). Mice
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Fig. 1. RSV titres in lungs following antibody treatment. The lungs
from antibody-treated [nlg, anti-RSV G or anti-RSV G F(ab’),]
mice were harvested on days 3, 5 and 7 p.i. and virus titres were
determined by immunostaining plaque assays. Results are
representative of three independent experiments (mean = SE).
Asterisks indicate a significant difference (P<<0.05) between nlg-
treated and antibody-treated mice.
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Fig. 2. Pulmonary infiltration and cytokine
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production following antibody treatment. (a)
BAL cell numbers in the lungs of mice treated
at day 3 p.i. with nlg, anti-RSV G mAb or anti-
RSV G F(ab’), mAb were determined at days
3 (prior to treatment), 5 and 7 p.i. Data shown
are the means £ sk. (b, ¢) ELISA was used to
determine the IFN-y (b) and IL-4 (c) cytokine
levels in cell-free BAL lavage fluid from
antibody-treated mice. The data are expressed
as the mean (+SE) cytokine concentration.
Asterisks indicate a significant difference
(P<0.05) between nlg-treated and antibody-
7 treated mice. Results are representative of
three independent experiments.

treated with intact mAb 131-2G exhibited a 65-78 %
reduction in cell types expressing PMN, B220" and
CD11b™, and a modest decrease in CD3™ and DX57 cells
(Table 1), suggesting that mAb 131-2G treatment reduces the
parameters of RSV-associated pulmonary inflammation.
Interestingly, mAb 131-2G F(ab'),-treated mice also dis-
played a similar reduction in total pulmonary infiltration,
particularly in B220", CD11b™, CD3™ and PMN cells.
Furthermore, mAb 131-2G F(ab'), treatment was associated
with a significant (P<0.032) decrease in DX5% NK cell
infiltration (56 % reduction) (Table 1). It is of note that BAL
cell infiltration and levels of cytokine production after
treatment with nlg F(ab’), fragments or IgGl isotype-
matched control mAbs were comparable to nlg controls
(data not shown). Additionally, IFN-y production in BAL
fluids at day 7 p.. was dramatically and significantly

(P<<0.05) decreased following intact or F(ab’), mAb 131-
2G treatment (Fig. 2b), but neither antibody treatment
affected the already low levels of IL-4 (Fig. 2¢c). These results
suggest that, while the Fc portion of 131-2G mAb is necessary
for mediating clearance of RSV, it is not required for
modulating the pulmonary cell infiltration and pro-inflam-
matory cytokine production. Taken together, these results
show that mADb 131-2G can both decrease replication of RSV
and alter the virus-induced host immune response to
infection. Interestingly, viral clearance mediated by mAb
131-2G requires the Fc portion, while the ability to modify
pulmonary inflammation is independent of both reduction
in virus replication and the presence of Fc receptor.

There are several possible mechanisms by which non-
neutralizing antibodies can facilitate virus clearance,

Table 1. Pulmonary leukocyte trafficking in nlg-, anti-G- or anti-G F(ab’),-treated RSV strain A2-infected mice

RSV-infected mice were treated with nlg, anti-G mAb or anti-G F(ab’), mAb 3 days p.i. BAL were recovered from three mice per group
on days 3, 5 and 7 p.i. The results from day 5 p.i. from a representative experiment are shown. Data represent the mean ( +SE) total BAL
cells of each phenotype per lung (representative of two separate experiments). The total number of BAL cells expressing a particular
phenotype was determined from the total number of BAL cells. Values in bold type are significantly different (P<<0.05).

Phenotype nlg Anti-G Reduction* Anti-G F(ab’), Reduction
CD3 14733 +2043 12650 + 1462 14 9280+ 1341 37
B220 2513+ 349 550 +63 78 1220+ 176 51
DX5 11786 + 1634 8750+ 1011 26 5200+ 751 56
CD11b 7713+ 1069 2675+ 309 65 2000 + 289 74
PMN 5720+793 1525+176 73 2200+ 319 62

*The reduction is the change in total cell type after antibody treatment relative to total cell type after nlg treatment (%).
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including ADCC, complement-dependent lysis of infected
cells and complement-independent, cell-independent virus
neutralization (Hirsch, 1982). Others have demonstrated
that non-neutralizing anti-RSV G protein mAbs are
sufficient to protect against RSV infection in mouse
models (Corbeil et al., 1996; Plotnicky-Gilquin et al.,
1999; Mekseepralard et al, 2006). For example, it was
reported that passive administration of a non-neutralizing
mADb (18A2B2) against the central conserved region of RSV
G protein subgroup A protected mice from RSV infection
(Corbeil et al. 1996). In these previous studies, treatment
with the same mAb in complement-deficient mice or
treatment with mAb F(ab’), fragments did not confer
complete protection, suggesting that protection by the
intact mAb involved both Fc-dependent pathways and the
complement system (Corbeil et al., 1996). Other studies
investigating a different subgroup A-specific anti-RSV G
mAb (1C2) that recognized a similar region on the G
protein, and a related mouse-human chimeric mAb (y1
1C2), showed a level of protection against RSV infection
when these antibodies were administered prophylactically
to BALB/c mice (Mekseepralard et al. 2006). In these
studies, virus replication was minimally inhibited in mice
treated with an aglycosyl chimeric mAb defective in
complement activation, FcyR binding and, therefore,
ADCC activation, leading to the conclusion that protection
from RSV infection was mediated by both Fc-dependent
and Fc-independent mechanisms (Mekseepralard et al,
2006). In the studies cited here, F(ab’), fragments of mAb
131-2G did not facilitate virus clearance, suggesting that
ADCC was involved in viral clearance from the lungs of
RSV-infected mice. Previous in vitro neutralization assays
demonstrated that mAb 131-2G does not neutralize RSV in
the presence or absence of complement (data not shown),
but these studies do not rule out the possibility that
complement-mediated mechanisms are involved in mAb
131-2G-mediated viral clearance in vivo. We have not yet
evaluated the role of the complement system in mAb 131-
2G-mediated viral clearance.

The other role that mAb 131-2G plays in RSV infection in
vivo, i.e. modifying the inflammatory response to RSV
infection, is independent of the Fc portion of the antibody
and not linked to viral clearance (Fig. 1). This finding is
consistent with mAb 131-2G blocking immunomodulatory
functions of the RSV G protein (Tripp, 2004). We suspect
that this effect may be linked to blocking G protein CX3C-
CX3CR1 interaction (Tripp et al., 2001). Our previous work
has shown that mADb 131-2G can block RSV G protein CX3C-
CX3CRI interaction and associated downstream events that
include altered leukocyte migration and activation that are
mediated during RSV infection and that are associated with
RSV G protein expression (Tripp et al, 2001).

The ability of mAb 131-2G to react against both A and B
strains of RSV (Anderson et al., 1988) suggests that it binds
within the central conserved region of G protein, from aa 164
to 176. The other regions of the G protein are hypervariable
among A and B strains of RSV (Fodha et al., 2008). mAb 131-

2G has been shown to bind to G protein from A and B strains
of RSV between aa 1 and 173 (Sullender, 1995), which
supports this hypothesis. Given its proximity to the CX3C
chemokine motif, aa 182186, it is not surprising that mAb
131-2G blocks G protein binding to CX3CR1.

In summary, the results show that 131-2G has two
independent effects that could facilitate treatment and/or
prevention of RSV disease, i.e. mediating virus clearance
and decreasing virus-induced host pulmonary inflam-
mation, a feature that is independent of the Fc portion of
the antibody. Thus, mAb 131-2G or anti-G protein
antibodies that react at the same region on the G protein
could improve treatment and prevention of RSV disease,
possibly in combination with a neutralizing F protein mAb
or antiviral drugs, by increasing virus clearance or, possibly
more importantly, by decreasing the RSV G protein-
induced inflammatory response.
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