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The Secreted G Protein of Human Respiratory Syncytial Virus
Antagonizes Antibody-Mediated Restriction of Replication Involving

Macrophages and Complement
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The respiratory syncytial virus (RSV) G and F glycoproteins are the neutralization antigens, and G also is expressed in a soluble
form (sG). Previously, sG was demonstrated to reduce the efficiency of RSV antibody-mediated neutralization by serving as an
antigen decoy and to inhibit the antibody-mediated antiviral effects of Fc receptor-bearing leukocytes. The present study dem-
onstrated that effective antibody-mediated restriction in vivo, and the evasion of this restriction by sG, involves pulmonary mac-

rophages and complement, but not neutrophils.

Respiratory syncytial virus (RSV) is the leading cause of severe
respiratory disease in infants and children worldwide and is a
major cause of severe respiratory disease in the elderly (reviewed
in reference 3). Specific antiviral therapy or vaccines are not avail-
able, although infants and young children at high risk for severe
RSV disease due to underlying conditions can be substantially
protected by passive antibody immunoprophylaxis. Important
and unusual features of RSV include (i) its ability to frequently
infect and cause severe disease in young infants, suggesting that
RSV is less sensitive to restriction by maternally derived serum
antibodies than other common respiratory tract viruses (4, 6), and
(ii) its ability to reinfect symptomatically (but usually with re-
duced disease) throughout life without antigenic change, which
also is suggestive of inefficient restriction by host immunity (5).
The virus has two viral neutralization antigens, the G and F surface
glycoproteins, and the former is expressed as both the membrane-
bound (mG) and secreted (sG) forms due to the use of two differ-
ent translational start codons, ATG-1 and ATG-48 (7).

We previously compared antibody-mediated neutralization in
vitro and in vivo of a recombinant wild-type (wt) RSV versus a
recombinant mutant virus (mG RSV) in which the expression of
sG was disabled by changing its ATG-48 start codon to ATT (en-
coding Ile) (16). We found that the expression of sG by wt RSV
reduced the effectiveness of antibody-mediated neutralization by
acting as an antigen decoy and by inhibiting the antibody-medi-
ated antiviral effects of Fc receptor-bearing leukocytes (2). These
effects likely help the virus evade antibodies present from mater-
nal transfer or from prior infection and thus likely contribute to
the ability of the virus to infect early in life and to reinfect without
significant antigenic change. We hypothesized that the effect of sG
on Fc receptor-bearing leukocytes involved interference with the
influx and/or functioning of Fc-bearing cells, involving cell types
such as macrophages, neutrophils, and natural killer cells that oth-
erwise contribute to viral clearance by phagocytosis of antibody-
antigen complexes or by antibody-dependent cell-mediated cyto-
toxicity (ADCC) (2). Interference with complement-mediated
antiviral effects also was possible. The goals of the present study
were to investigate the possible involvement of macrophages, neu-
trophils, and the complement system in (i) the antibody-mediated
restriction of RSV replication in vivo, (ii) the sG-mediated evasion
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of this restriction, and (iii) the restriction of RSV replication in
RSV-naive animals.

In preliminary studies (data not shown), we investigated
whether sG produced by wt RSV had the ability to inhibit phago-
cytosis. This was evaluated in vitro using the J774 and RAW264.7
murine macrophage cell lines and the U937 human leukemic
monocyte cell line. Cells were infected for 24 h or 48 h with wt or
mG RSV and evaluated for the ability to phagocytize antibody-
bound phycoerythrin-labeled pHrodo Escherichia coli Bio-
Particles (Invitrogen), as measured by flow cytometry according
to the manufacturer’s recommendations. The infections margin-
allyincreased, rather than decreased, the level of phagocytosis, and
there was no evidence that the sG protein directly suppressed
phagocytic activity (data not shown). We also evaluated whether
sG affected the activation of pulmonary macrophages in mice.
BALB/c mice were infected intranasally with wt RSV or mG RSV.
On days 2 and 4, the animals were sacrificed and pulmonary
mononuclear cells (PMC) were isolated as described previously
(1). PMC were cultured overnight in the presence of monensin
and stained with antibodies specific for the surface markers
CD45b (a B-cell marker), CD11b, and CD11c and for intracellular
accumulation of the cytokines interleukin-12 (IL-12), tumor ne-
crosis factor alpha (TNF-a), IL-6, and alpha interferon (IFN-a),
which are markers for activation, and for IL-10, a marker for sup-
pression. Cell counting and flow cytometry analysis indicated that
the total number of PMC was increased 3- to 5-fold in response to
infection with either virus. However, the percentages of total mac-
rophages (defined as CD45b~ CD11c~ CD11b™ [8]) and of mac-
rophages secreting the individual cytokines, and the mean inten-
sity of fluorescence staining for the cytokines, were comparable in
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mice infected with either virus and in mice that were mock in-
fected (data not shown). Thus, there was no evidence that sG
affected macrophage activation.

Next, we investigated the effect of macrophages on RSV repli-
cation in RSV-naive BALB/c mice in the presence and absence of
normal serum containing natural antibodies. Natural antibodies
are “background” antibodies that are produced spontaneously
without antigen stimulation and can react with pathogens. In
naive animals, natural antibodies have been shown to play a cen-
tral role in restricting the early stages of several viral infections
(11). To investigate a role of natural antibodies in macrophage-
mediated restriction in RSV-naive mice, we used JHD mice, which
are deficient in B cells and have the BALB/c background (Taconic,
Germantown, NY), and control BALB/c mice of the same age.
Pulmonary macrophages were depleted by intranasally delivered
clodronate liposomes, which are taken up by macrophages and
induce apoptosis (10, 18). Specifically, mice were treated with
clondronate liposomes (Clodrosomes) or, as a control, empty
liposomes (both from Encapsula Nano Sciences, Nashville, TN)
by the intranasal route at 100 wl per animal under methoxyflurane
anesthesia on days —3 and —1. This resulted in a reduction in
pulmonary macrophages of 80 to 85% (not shown). The mice
were infected with 5 X 10° PFU of mG RSV (day 0), and the
animals also received serum from normal RSV-naive BALB/c
mice (Innovative Research, Novi, MI) or phosphate-buffered sa-
line (PBS) at 0.8 ml per mouse by the intraperitoneal (i.p.) route
ondays —1and 3 (Fig. 1A). We used mG RSV, rather than wt RSV,
in this experiment and other experiments that did not involve
comparison of the two viruses in order to avoid any possible in-
terference from the sG protein. In control BALB/c mice, depletion
of pulmonary macrophages resulted in a 51-fold increase in pul-
monary RSV replication (Fig. 1A, group B versus group A). This is
consistent with the recent study of Pribul et al., showing that pul-
monary macrophages play an important role in the early response
to RSV (13). In JHD mice, the titers were also increased with
macrophage depletion, although the increase was somewhat less
(16-fold; group E versus group C). In JHD mice not treated with
clodronate (Fig. 1A, group C), the viral titers were 3-fold lower,
rather than greater, than in control BALB/c mice (group A), sug-
gesting that the lack of natural antibodies was not associated with
increased RSV replication. In addition, the injections of normal
BALB/c mouse serum into JHD mice did not confer the increased
restriction of RSV replication (Fig. 1A, compare group D versus
group C), suggesting that this serum lacked natural antibodies
capable of restricting RSV replication. These data suggest that
BALB/c mice lack significant amounts of natural antibodies able
to restrict RSV, indicating that they did not contribute to the ob-
served macrophage-mediated restriction of RSV replication and
hence would not be relevant to sG-mediated evasion.

Next, we investigated the role of pulmonary macrophages in
the restriction of RSV replication conferred by RSV-specific anti-
bodies and in the ability of sG to evade this restriction. BALB/c
mice were treated (days —3 and —1) with clodronate or mock
treated as described above and then injected (day —1) with a con-
trol nonimmune serum or with a monovalent mouse antiserum
specific for the F protein of RSV, which had been raised by infec-
tion of donor animals with a vaccinia virus recombinant express-
ing the RSV F protein as described previously (2). This antiserum
was administered at a 1:20 dilution, which was shown in prelimi-
nary experiments to confer the partial restriction of RSV replica-

October 2012 Volume 86 Number 19

Secreted G and Antibody Neutralization of RSV In Vivo

A 6.0 -
Il mGRSV
Normal serum IP 55
| Clodronate IN | | Normal serum IP | 5.0
S a5 -
| Clodronate IN | Isolate T
lungs - 4.0
mG RSV IN (virus) §= 35
v vy
T T 1T 11 3.0 1
3 2-1 012 3 4
Days post infection 25
2.0 -
Group A B|C |D E
Mice B B|J|J|[J
Clodronate | - + - - +
Serum - - o
B Il mGRSV
Anti-F IP Isolate 5 1 B wiRsv
Lungs °
Clodronate IN (virus) E 4l
o
Clodronate IN 2
g2
mG or wt RSV IN
2 4
T 717 17T 171
3 -2-1 01 2 3 4
Days post infection Group AB |CD |EF
Anti-F 1:20 | 1:20
Clodronate = = +

FIG 1 Role of pulmonary macrophages in restricting RSV replication in naive
mice in the restriction of RSV replication in vivo by RSV-specific antibodies
and in the alleviation of that restriction by sG expressed by wt RSV. The plan of
each experiment is shown on the left, and the results are shown on the right.
(A) Pulmonary macrophages, but not natural antibodies, restrict pulmonary
RSV replication in RSV-naive mice. Groups of mice (B, BALB/c; J, JHD; 4
animals per group, except for 5 in group B) were treated intranasally with
clodronate to deplete pulmonary macrophages or mock treated, treated with
normal BALB/c serum or control serum, and infected with mG RSV. The
animals were sacrificed on day 4, and the pulmonary RSV titers were deter-
mined (PFU per gram of lung tissue [PFU/g], mean = standard error [SE]).
Statistical significance by Student’s unpaired t test: groups AB, AE, BC, BD, BE,
CE, and DE, P < 0.001; groups AC, P = 0.003; groups AD, P = 0.026. (B)
Pulmonary macrophages are involved in the restriction of RSV replication by
RSV-specific antibodies and in the alleviation of that restriction by sG ex-
pressed by wt RSV. BALB/c mice in groups of 5 were treated with clodronate or
mock treated, treated with RSV E-specific antiserum or PBS, and infected with
mG or wt RSV. The animals were sacrificed on day 4, and the pulmonary RSV
titers were determined. Statistical significance: groups AC, BD, CE, and DF,
P < 0.001; group BF, P = 0.010. The experiment shown in panel B was per-
formed three times with similar results.

tion. The next day (day 0), the mice were infected with 3 X 10°
PFU of mG RSV or wt RSV, and on day 4, the animals were sacri-
ficed and the pulmonary viral titers were determined. We ob-
served three effects. First, consistent with our previous study (2),
in animals that were not treated with clodronate, the administra-
tion of the RSV-specific antiserum restricted virus replication for
both mG (Fig. 1B, compare groups C and A, reduction of 424-
fold) and wt RSV (compare groups D and B, reduction of 26-fold).
Second, also consistent with our previous study (2), this antibody-
mediated restriction was greater for mG RSV, which does not
express sG, than for wt RSV, which does express sG (compare
groups C and D, 13-fold difference). Third, the antibody-medi-
ated restriction of each virus was ablated by depletion of pulmo-
nary macrophages, and indeed, replication of each virus was in-
creased beyond the level observed in the untreated, RSV-infected
controls (mG, compare groups A, C, and E; wt RSV, compare
groups B, D, and F). In summary, these results showed that the
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restriction of RSV replication mediated by the RSV-F-specific an-
tibodies depended in large part on pulmonary macrophages.

Next, we investigated the role of neutrophils in restricting RSV
replication in RSV-naive BALB/c mice, using animals depleted of
neutrophils by treatment with neutrophil-specific antibodies. The
mice were injected on day —1 with 0.2 ml of rabbit antiserum
specific for mouse neutrophils (Accurate Chemical, Westbury,
NY) or, in control animals, with an equal volume of normal rabbit
serum (Innovative Research). The mice were infected on day 0
with 10° PFU of mG RSV and, on day 2, were then injected again
with neutrophil-specific or control serum. On day 3, two mice
from each group were sacrificed, and PMC were isolated for flow
cytometry analysis using the following antibody stains: CD11c
labeled with fluorescein, CD11b labeled with phycoerythrin, and
Ly-6C (clone RB6-8C5) labeled with allophycocyanin. The neu-
trophil population was defined as described previously (9, 12, 14,
15), i.e., high side scatter and forward scatter, high to intermediate
for CD11b, negative for CD11c, and high for Ly6G/C (macro-
phages have slightly lower levels of Ly6G/C). We found that injec-
tion of the antineutrophil antiserum resulted in a mean 62% re-
duction in the number of neutrophils. To determine the effect of
neutrophil depletion on RSV replication, the remaining mice in
each group were euthanized on day 4 postinfection, the lungs were
isolated, and the virus titers were determined. We found no sig-
nificant effect of neutrophil depletion on pulmonary replication
of mG RSV (Fig. 2A). In a separate experiment, the effect of neu-
trophil depletion was compared for mG RSV and wt RSV: no
difference in the level of replication was observed (data not
shown). We then investigated the effect of neutrophil depletion on
the efficiency of restriction mediated by RSV-specific antibodies.
Groups of mice were injected with neutrophil-specific antiserum
as above (days —1 and 2). In addition, the animals were injected
with 0.5 ml of a 1:30 dilution of the previously described RSV
F-specific antiserum or normal mouse serum on day —1. On day
0, the animals were infected with 10° PFU of mG RSV, and on day
4, the animals were sacrificed, the lungs were isolated, and the viral
titers were determined (Fig. 2B). Depletion of neutrophils did not
significantly affect the level of the restriction of RSV replication
conferred by the anti-RSV F antibodies (Fig. 2B, compare group C
and group B). These data suggest that neutrophils are not involved
in the direct or antibody-mediated restriction of RSV replication
and thus are not involved in the RSV sG-mediated evasion of
antibody-mediated restriction.

Next, we investigated the effect of the complement system in
restricting RSV replication in RSV-naive BALB/c mice. The com-
plement system was inactivated by i.p. injections of cobra venom
factor (CVF) (Sigma-Aldrich, St. Louis, MO). CVF selectively de-
pletes two central components of the complement system, C3 and
C5, which results in disabling the complement system but other-
wise is nontoxic (17). We injected mice by the i.p. route with 20 pg
(or approximately 1 unit) of CVF in 500 pl of PBS or PBS without
CVF on day —1 prior to infection. On day 0, the mice were inoc-
ulated with 3 X 10° PFU of mG RSV. On day 3, the mice received
another injection of CVE. On days 0, 1, 2, and 4, blood samples
were collected, and the efficiency of disabling the complement
system was determined by analysis of serum C3 by enzyme-linked
immunosorbent assay (ELISA; GenWay, San Diego, CA). This
demonstrated a mean reduction of C3 of 89%, 93%, and 91% on
days 0, 2, and 4, respectively. To investigate the effect of disabling
the complement system on RSV replication, mice were injected
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FIG 2 Neutrophils do not play a role in restricting RSV replication in naive
mice or in the restriction of RSV in vivo by RSV-specific antibodies. The plan of
each experiment is shown on the left, and the results are shown on the right.
(A) Neutrophils do not restrict pulmonary RSV replication in RSV-naive mice.
BALB/c mice in groups of 5 were treated with neutrophil-specific antiserum
(anti-PMN IP) or normal serum and infected with mG RSV. Five animals from
each group were sacrificed on day 3 to quantify pulmonary neutrophils by flow
cytometry. The remaining animals were sacrificed on day 4, and the pulmo-
nary RSV titers were determined (PFU/g, mean * SE). (B) Neutrophils do not
affect the ability of RSV-specific antibodies to restrict RSV in vivo. Mice in
groups of 5 were treated with anti-PMN antiserum or mock treated, treated
with RSV F-specific antiserum or mock treated, and infected with mG RSV.
The animals were sacrificed on day 4, and the pulmonary RSV titers were
determined (PFU/g, mean * SE). Statistical significances by Student’s un-
paired ¢ test: groups AB, P = 0.012; groups AC, P = 0.006.

with CVF (days —1 and 3) and infected with mG RSV (day 0) as
described above, and on day 4, the animals were euthanized, the
lungs were isolated, and the RSV titers were determined. We
found that, unlike the effect of depleting pulmonary macro-
phages, disabling the complement system resulted in only a mar-
ginal, nonsignificant increase of the viral titers (Fig. 3A), suggest-
ing that the complement system is not significantly involved in
restricting RSV in virus-naive animals.

To determine the role of the complement system in restriction
mediated by RSV-specific antibodies, and in the sG-mediated eva-
sion of this restriction, we disabled the complement system in
groups of mice as described above and injected them (day —1)
with 0.5 ml per animal of a 1:30 dilution of antiserum from donor
mice that had been infected with RSV, as described previously (2),
and that, in preliminary experiments, was demonstrated to be
sufficient for a partial restriction of the administered dose of mG
RSV in BALB/c mice. On day 0, the mice were infected with 3 X
10° PFU of either mG RSV or wt RSV, and on day 4, the animals

Journal of Virology


http://jvi.asm.org

A 6
Blood for Il mGRsV
analysis
E®
mG RSV IN Isolate 2
lungs 5
cver | [cvEr ||| (virus) 3
-l 4 4
l Yy ¢ ¢ '¢
[ 1T 1
-1 0 1 2 3 4
Days post infection 3 -
[eve] - [+ ]
45
Anti-RSV IP Blood for Il mGRSV
analysis 0401 B wiRSV
wt RSV or 5
mG RSV IN L
Isolate 035 1
Lungs §’
lover || | [cver || wirus) 30
A ¢ Vi
[ 1T 11 25°
-1 0 1 2 3 4
Days post infection Groups | A B cb|EF
Anti-RSV - + +
CVF | - - *

FIG 3 The complement system does not play a role in restricting RSV repli-
cation in naive mice but does contribute to the restriction of RSV in vivo by
RSV-specific antibodies. The plan of each experiment is shown on the left, and
the results are shown on the right. (A) The complement system does not
restrict RSV replication in RSV-naive mice. BALB/c mice in groups of 4 were
treated with cobra venom factor (CVF) and infected with mG RSV. Serum
samples were taken on days 2 and 4 to measure depletion of factor C3. The
animals were sacrificed on day 4, and the pulmonary RSV titers were deter-
mined (PFU/g, mean * SE). (B) The complement system is required for the
effective restriction of RSV in vivo by RSV-specific antibodies. BALB/c mice in
groups of 4 were treated with CVF, treated with anti-RSV antiserum, and
infected with mG RSV or wt RSV. The animals were sacrificed on day 4, and the
pulmonary RSV titers were determined (PFU/g, mean = SE). Statistical sig-
nificances by Student’s unpaired t test: groups AC, P = 0.013; groups BF, P =
0.040; groups CE, P = 0.001. The experiment shown in panel B was performed
three times with essentially similar results.

were euthanized and the viral titers in the lungs were determined
(Fig. 3B). In the experiment shown in Fig. 3B, the inoculum of mG
RSV happened to be somewhat higher than that of wt RSV, result-
ing in higher levels of replication of this virus in the lungs, com-
pared to wt RSV (group A versus group B). In this particular
experiment, the passively transferred antibodies reduced the pul-
monary titers of mG RSV by 6.3-fold, but no reduction of wt RSV
titers was observed (groups C and D). Disabling the complement
system prevented this restriction (group E). Moreover, the titers
of both viruses were marginally increased compared to mice that
did not receive antibodies, with the increase insignificant for mG
RSV, and marginally significant for wt RSV (Fig. 3B, group F ver-
sus group B, P = 0.013). These observations were confirmed in
two additional experiments; specifically, the observed greater re-
striction of mG replication by the RSV-specific antiserum was
ablated when the complement system was inactivated, and the
resulting titers of the two viruses were equal. These data suggest
that the complement system is required for the effective antibody-
mediated restriction of RSV replication and also is involved in the
sG-mediated evasion of this restriction.

Taken together, the data presented in this study resulted in
three major conclusions. First, macrophages, but not neutrophils
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or the complement system, significantly contribute to the restric-
tion of RSV replication in RSV-naive animals. Second, pulmonary
macrophages and the complement system, but not neutrophils,
are required for the effective antibody-mediated restriction of
RSV in vivo. Third, the sG-mediated evasion of this restriction
(evident by the greater restriction of mG versus wt RSV) was no
longer observed following depletion of the pulmonary macro-
phages or inactivation of the complement system, while depleting
neutrophils had no effect. These data suggest an interplay between
the innate and adaptive immune systems during RSV infections,
which likely involves various mechanisms. For example, the in-
volvement of macrophages and complement in antibody-medi-
ated neutralization suggest roles for opsonization, ADCC, and
complement-mediated cytotoxicity. The data also suggest that the
presence of the unmodified G gene, producing both the mem-
brane and the secreted forms of the G protein in live attenuated
vaccines (19), may be beneficial from the standpoint of partially
preventing restriction and overattenuation of the vaccine by ma-
ternally derived antibodies in infants.
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