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ABSTRACT
Respiratory syncytial virus (RSV) infection is a leading cause of hospitalization and mortality in young
children. Protective therapy options are limited. Currently, palivizumab, a monoclonal IgG1 antibody, is the
only licensed drug for RSV prophylaxis, although other IgG antibody candidates are being evaluated.
However, at the respiratory mucosa, IgA antibodies are most abundant and act as the first line of defense
against invading pathogens. Therefore, it would be logical to explore the potential of recombinant human
IgA antibodies to protect against viral respiratory infection, but very little research on the topic has been
published. Moreover, it is unknown whether human antibodies of the IgA isotype are better suited
than those of the IgG isotype as antiviral drugs to combat respiratory infections. To address this, we
generated various human IgA antibody formats of palivizumab and motavizumab, two well-characterized
human IgG1 anti-RSV antibodies. We evaluated their efficacy to prevent RSV infection in vitro and in vivo
and found similar, but somewhat decreased efficacy for different IgA subclasses and formats. Thus,
reformatting palivizumab or motavizumab into IgA reduces the antiviral potency of either antibody.
Moreover, our results indicate that the efficacy of intranasal IgA prophylaxis against RSV infection in
human FcaRI transgenic mice is independent of Fc receptor expression.
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Introduction

Immunoglobulins of the IgA isotype play an important role in
defense against invading pathogens at mucosal surfaces.1 In
humans there are two IgA subclasses, IgA1 and IgA2, which
mainly differ in the length of their hinge regions and the abun-
dance of post-translational modifications such as glycosyla-
tion.2 IgA is produced in different molecular forms: as a
monomeric molecule (mIgA) by B cells in the blood and bone
marrow, and as a dimeric molecule (dIgA) by B cells in the
lamina propria. dIgA is transported by the polymeric immuno-
globulin receptor (pIgR) from the basolateral side of the muco-
sal epithelium to the luminal side, where it is released together
with the secretory component (SC, remnant of the pIgR) as
secretory IgA (sIgA).3 dIgA and sIgA are mostly found at the
mucosa, where they can bind and neutralize pathogens intra-
or extracellularly.4 In contrast, mIgA is mainly present in
serum and can efficiently engage FcaRI-expressing myeloid
cells to induce cellular effector functions.5 Therefore, IgA
monoclonal antibodies (mAbs) are investigated as therapeutics
to target tumor cells via neutrophils and macrophages in a

process referred to as antibody-dependent cell-mediated cyto-
toxicity (ADCC).6 ADCC may also be an important mecha-
nism in the elimination of virus-infected cells, as shown by
Ravetch and colleagues using IgG antibodies against influenza
virus.7

Respiratory syncytial virus (RSV) is a common pathogen
that can cause severe acute lower respiratory tract infection
with potentially fatal outcome in high-risk individuals, e.g., pre-
term infants, infants with congenital heart disease, immuno-
compromised patients and the elderly. Currently, the high-risk
infants are prophylactically treated in the clinic with the mono-
clonal IgG1 antibody palivizumab (Synagis�), which targets the
RSV fusion (F) protein. The efficacy of this antibody has been
shown in two large clinical trials resulting in 55% and 45%
reduction in RSV-associated hospitalization.8,9 To date, palivi-
zumab is the only US Food and Drug Administration (FDA)-
approved mAb directed against an infectious agent, and it is
administered via intramuscular injections solely to infants at
high-risk for severe RSV infection. Since the drug is only partly
effective, substantial efforts have been undertaken to develop
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new anti-RSV antibodies with improved affinity and better
neutralizing capacity. Motavizumab, the affinity-matured vari-
ant of palivizumab, reduced RSV titers in the lungs of RSV-
infected cotton rats by 100-fold compared to palivizumab,10

but did not receive FDA approval due to higher number of
allergic skin reactions in motavizumab- compared to palivizu-
mab-treated patients.11

The presence of RSV neutralizing IgG antibodies in serum
has been correlated with protection against RSV infection.12

Recently, mucosal IgA RSV neutralizing antibodies (nAbs)
were shown to better correlate with RSV protection than serum
IgG RSV nAbs.13 Experimental infection of adults with RSV
induces memory IgG B cells, but does not induce memory IgA
B cells.13 The lack of IgA memory B cell formation may explain
why individuals can become repeatedly infected with the same
RSV strain.13,14 RSV vaccines that manage to induce high levels
of mucosal IgA instead of IgG only may, therefore, provide bet-
ter protection against infection. Whether localization of the
antibody (i.e., serum vs. mucosa) or, in addition, the antibody
target and isotype (e.g., IgG vs. IgA) affect the effectiveness of
antiviral antibodies with the same antigen specificity remains
incompletely understood. In vitro comparison of an anti-hem-
agglutinin (HA) monoclonal IgA and IgG derived from the
same parental hybridoma (thus assumed to have the same epi-
tope specificity), suggested that IgA has increased potential to
prevent influenza virus infection compared to IgG.15 However,
intranasal (i.n.) delivery of a mouse monoclonal IgA (HNK20)
against the RSV F protein was less effective against RSV
infection in mice than a different mouse IgG antibody (133-
1H) that binds to the same antigenic site.16 Recently, we
showed that i.n. administration of antibodies derived from
human amniotic fluid protected mice against RSV infection
and that protection by IgG lasted at least one week.17

While the potential of related mouse IgA and IgG antibodies
against RSV infection has been previously investigated, no
study has ever compared the efficacy between (human) IgA
and IgG anti-RSV antibodies with identical Fab sequence. Also,
the difference in antiviral activity between human IgA sub-
classes (i.e., IgA1 vs IgA2) and formats (i.e., monomeric,
dimeric and secretory IgA) of the same antigen specificity is
unknown. Since IgA is the predominant antibody isotype at
mucosal surfaces and the first line of defense against viral respi-
ratory infection, we aimed to compare the anti-RSV efficacy of
all the different human IgA formats with IgG. We generated
recombinant human IgA and IgG antibodies with identical Fab
sequence as palivizumab and motavizumab and compared their
efficacy in vitro and in vivo against RSV infection.

Results

Recombinant antibody production and characterization

The palivizumab and motavizumab antibody panels consisted
of monomeric IgG1, and IgA1 and IgA2 antibodies of the
mIgA, dIgA and sIgA format. The production and purification
of recombinant human mIgA and dIgA have been previously
described.18,19 We have set up a new production method for
human sIgA, adapted from Moldt and colleagues.20 This new
method yielded almost 100% sIgA formation, compared to

30% sIgA formation by Moldt and colleagues. All antibodies
were analyzed by high-performance size-exclusion chromatog-
raphy (HPSEC) to confirm their purity and monomeric,
dimeric or secretory nature (Fig. 1). All antibody formats,
except dIgA2, showed a main single peak. The dIgA2 format
of both palivizumab and motavizumab showed a double peak,
which is known to be characteristic for human dIgA2.21 The
purity of all tested antibodies was above 95%.

In addition, antibody glycan profiles were analyzed to inves-
tigate differences in glycosylation between the recombinant
IgG and the various IgA subclasses and formats (Supplemen-
tary Fig. 1 and 2, and supplementary methods). Differences in
IgG glycosylation are known to influence FcgR-dependent
activities,22 such as ADCC, but little is known about the effect
of IgA glycosylation. In general, the antibody N-glycosylation
characteristics were highly similar between palivizumab and
motavizumab, but several differences could be found between
the IgG and IgA variants. The commercially available palivizu-
mab and the recombinant IgGs mainly showed three fucosy-
lated diantennary glycans, namely with zero, one or two
galactoses. IgA1 and IgA2 in addition displayed various degrees
of sialylation, high mannose glycans, and low levels of tri- and
tetraantennary species. Sialylation proved to be present in both
a2,3- and a2,6-linkage (for an overview of the major N-glyco-
sylation characteristics, see Supplementary Fig. 1 and 2). To
characterize the binding of the recombinant antibodies, their
ability to bind to RSV-infected HEp-2 cells was determined by
flow cytometry. For each antibody panel, the mIgA, dIgA and
sIgA antibodies within the IgA1 or IgA2 subclass bound very
similar to the RSV-infected cells, although for some of the con-
centrations in the dilution series a statistically significant differ-
ence in antibody binding was observed (Fig. 2). Overall, these
results indicate that dimerization and secretory antibody for-
mation did not influence their target binding capacity.

RSV neutralization

Next, we compared the RSV neutralization capacity of the pal-
ivizumab and motavizumab antibodies by equimolar concen-
trations of IgA and IgG among the different antibody
subclasses. For IgA1 and IgA2, the monomeric, dimeric and
secretory forms of each mAb showed a comparable capacity
to neutralize RSV (Fig. 3A and B), except for palivizumab
IgA2, where sIgA2 was less effective than mIgA2 and dIgA2.
All motavizumab antibodies were more effective than their
palivizumab counterparts. Moreover, antibodies of the IgG1
subclass (Fig. 3C) neutralized RSV slightly better than those
of the IgA1 or IgA2 subclasses, although only the differences
between palivizumab IgG1 and sIgA2 were statistically signifi-
cant (Table 1).

ADCC of RSV-infected HEp-2 cells

In pediatric patients with RSV-induced bronchiolitis, neutro-
phils constitute approximately 80% of the cellular infiltrate in
the airways.23 To determine if Fc receptors (FcRs, i.e., FcgRs
for IgG and FcaRI for IgA) on human neutrophils can play a
role in the clearance of RSV-infected cells by the recombinant
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palivizumab and motavizumab antibodies, we performed in
vitro ADCC assays using isolated human blood neutrophils as
effector cells and RSV-infected HEp-2 cells as target cells. Lysis
of the infected cells was observed with all antibodies in the
presence of neutrophils (Fig. 4). The neutrophils showed a

trend towards more lysis with monomeric IgA1 and IgA2 than
with IgG, which had comparable efficacy to dimeric and secre-
tory IgA. However, these differences did not reach statistical
significance. The same results were obtained for both the palivi-
zumab (Fig. 4A) and motavizumab (Fig. 4B) antibody panels.

Figure 2. Binding of RSV-specific human IgA and IgG to RSV-infected HEp-2 cells. RSV-infected HEp-2 cells were stained with a dilution series of IgG and IgA variants of
palivizumab (pali) and motavizumab (mota) and then analyzed by flow cytometry. (A) IgA1, (B) IgA2, and (C) IgG1 recombinant antibodies. Synagis: commercially available
palivizumab. Data represent the mean § SEM of duplicate measurements. Kruskal-Wallis test, #/�P < 0.05.

Figure 1. (A) Palivizumab and (B) motavizumab recombinant antibodies were analyzed by HPSEC. All antibody formats, except dIgA2, showed a main single peak. dIgA2
showed a characteristic double peak. The purity of all tested antibodies was>95%.
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Anti-RSV IgA prophylaxis in mice

Finally, we investigated the prophylactic efficacy of the recombi-
nant palivizumab and motavizumab antibodies in BALB/c mice.
The mice were treated i.n. with 0.05 mg/kg antibody or phos-
phate-buffered saline (PBS) one day before RSV infection, and
five days later bronchoalveolar lavage (BAL) was performed to
determine the virus load. Recombinant palivizumab IgG and
IgA prophylaxis in wild-type mice significantly reduced the RSV
load compared to PBS treatment (Fig. 5A). Similar to the in
vitro RSV neutralization results, prophylaxis with IgG was more
effective than with IgA. Palivizumab IgG1-treated mice demon-
strated a statistically significant decrease in RSV load in the
BAL fluid compared to palivizumab mIgA1-, mIgA2- and
sIgA2-treated mice, but was equally effective as dIgA1, dIgA2
and sIgA1 treatment.

Since FcRs may also be involved in antibody-mediated elim-
ination of virus-infected cells in vivo, as previously shown by
Ravetch and colleagues for FcgRs and IgG targeting influenza
HA,7 we aimed to investigate the involvement of FcaRI in IgA

in vivo protection against RSV infection. However, as mice lack
a homologue of human FcaRI,24 we used human FcaRI trans-
genic mice, which express this receptor on their myeloid cells.25

Palivizumab IgA prophylaxis in FcaRI transgenic mice did not
result in better protection against RSV infection compared to
wild-type mice (Fig. 5A). Consequently, the recombinant mota-
vizumab antibodies were tested only in wild-type mice. As
observed with palivizumab, motavizumab IgG seemed to be
slightly more effective than the motavizumab IgA antibodies,
but none of the differences in RSV load between motavizumab
IgG and IgA treatment were statistically significant (Fig. 5B).

Discussion

Immunoprophylaxis for RSV infection has been proven effec-
tive by the successful clinical use of the monoclonal IgG1 anti-
body palivizumab, although not all infants benefit from this
treatment. While several other IgG antibody candidates are
being evaluated, one would think that the natural isotype for
mucosal surfaces, i.e., IgA, is a far better candidate for (prophy-
lactic) treatment of lung viruses. Here, we investigated the pro-
phylactic efficacy of recombinant human IgA formats of
palivizumab and motavizumab, both well-characterized human
IgG1 antibodies against RSV, and compared their anti-viral
efficacy in vitro and in vivo by i.n. administration in BALB/c
mice. We found that most of these human IgA formats had
similar, but slightly reduced protective capacity compared to
IgG against RSV infection in mice and that the in vitro RSV
neutralizing capacity of these antibodies correlated with their
prophylactic efficacy upon i.n. administration.

Strikingly, mucosal IgA RSV nAbs were recently shown to
better correlate with RSV protection than serum IgG RSV
nAbs.13 Also, most vaccines are designed to induce high levels

Figure 3. RSV neutralizing activity of human IgG and IgA variants of palivizumab and motavizumab. RSV-GFP was preincubated with a dilution series of recombinant IgG
and IgA variants of palivizumab (pali) and motavizumab (mota) before infection of HEp-2 cells. GFP fluorescence of the infected cells was analyzed by flow cytometry.
Graphs show the neutralizing activity of (A) IgA1, (B) IgA2, and (C) IgG1 recombinant antibodies. Synagis: commercially available palivizumab. Data represent the mean §
SEM of triplicate measurements.

Table 1. In vitro RSV neutralizing activity of human IgG and IgA.

Palivizumab EC50 (nM) Motavizumab EC50 (nM)

Synagis 1.41400
IgG1 0.95850 0.07823
mIgA1 3.77700 0.19860
mIgA2 2.97200 0.29760
dIgA1 5.53250 0.16985
dIgA2 4.35550 0.50825
sIgA1 3.30550 0.40325
sIgA2 14.23000� 0.56330

Synagis: commercially available palivizumab. Kruskal-Wallis test, �P < 0.05 com-
pared to IgG1.
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of mucosal IgA for better protection against respiratory infec-
tions. However, the effectiveness of antibodies in preventing
respiratory infection seems to rely mostly on their abundance
and localization, with only minor influence of the isotype.
Mucosal antibodies, whether IgA or IgG, are closer to the site
of infection than serum antibodies, and this may therefore bet-
ter reflect the protective capacity against respiratory infections.
Moreover, the longer half-life of IgG compared to IgA antibod-
ies in serum benefits the effectiveness of IgG therapeutics when
administered intramuscularly or intravenously. The serum
half-life of human IgA1 and IgA2 antibodies is lower than
human IgG in mice (28.6–32.2 hours for IgA1 and 16.5–
20.4 hours for IgA2 vs 9 days for IgG).18,26 This half-life has
been extended by glycoengineering26,27 and integration of an
albumin binding domain (ABD) to enable recycling via the
neonatal Fc receptor (FcRn),18 but, despite these modifications,
the IgA half-life remained lower than the half-live of IgG. Our
data suggest that the half-life of IgG and IgA at the mucosa
may be very similar when administered i.n., since both anti-
body formats demonstrated comparable protective efficacy
against RSV infection in vivo. Several differences in antibody
N-glycosylation were found between the IgG and IgA variants
of both palivizumab and motavizumab, but these differences
did not appear to affect RSV neutralization, as this was similar
between the various antibody formats.

The production and purification of IgA antibodies has been
a challenge for many years. Unlike IgG antibodies, which were
easily purified using protein A and G that bind to the Fc region
of IgG (but not IgA), no good method existed for the purifica-
tion of IgA. Jacalin, a lectin that binds to O-linked glycopro-
teins, has been previously used to purify IgA1 from mixtures
containing IgA2 and IgG. More recently, the purification of
recombinant antibodies containing human IgA constant region
by kappa affinity purification has been described,28 which over-
comes this problem. While antibody yields in a single mamma-
lian/eukaryote cell-line are usually high for IgG and mIgA, the
yields of sIgA, and to a lesser extent dIgA, are extremely
low.29,30 Alternatively, recombinant sIgA production in plants is
very promising, although the antibody glycosylation patterns
differ from those in mammalian cells.31 Recently, Moldt and
colleagues have described a method that improves sIgA produc-
tion and purification by allowing free SC to bind to dIgA bound
on a Protein L column.20 However still, their average sIgA yield
was 30%. We have adapted this method by allowing free SC to
bind to purified dIgA in solution. This yielded almost 100%
sIgA formation. Therefore, our method to produce sIgA appar-
ently is among the most efficient methods described to date.

Another factor hampering the detailed study of human IgA
antibodies in mice is the fact that mice do not express a
homologue of human FcaRI.24 We previously generated

Figure 4. Neutrophils mediate ADCC of RSV-infected HEp-2 cells with RSV-specific IgA. Purified human blood neutrophils were incubated with 51Cr-labeled RSV-infected
HEp-2 cells in the presence of IgA (solid lines) and IgG (dashed lines) variants of (A) palivizumab and (B) motavizumab. Radioactivity in the cell supernatant was measured
after 4 hours to determine the percentage of cell lysis. Synagis: commercially available palivizumab. Data represent the mean § SEM of triplicate measurements from one
representative donor out of three. Kruskal-Wallis test, results were not significant.

Figure 5. In vivo protection against RSV infection by intranasally administered RSV-specific IgA and IgG. RSV load was determined in bronchoalveolar fluid from wild-type
(WT; closed circles) and human FcaRI transgenic (Tg; open squares) BALB/c mice prophylactically treated with recombinant IgA and IgG variants of (A) palivizumab and (B)
motavizumab. Graphs show the percentage of RSV infection; the mean RSV load of the PBS-treated group was set to 100% infection. ND5 mice per group. Data represent
the mean § SEM. Kruskal-Wallis test, � P < 0.05, �� P < 0.01, ��� P < 0.001, ���� P < 0.0001.
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human FcaRI transgenic mice and showed that IgA anti-
tumor therapy is enhanced in these transgenic mice compared
to wild-type mice.25 Recently, the requirement of FcgRs for
the therapeutic activity of broadly neutralizing anti-influenza
IgG antibodies was shown.7 However, in the present study,
the presence of human FcaRI on mouse myeloid cells in the
transgenic mice did not improve the prophylactic efficacy of
recombinant human IgA anti-RSV. A possible explanation for
this may be the therapeutic use of the anti-influenza antibod-
ies in the previous study compared to the prophylactic use of
the anti-RSV antibodies in the present study. Therefore, our
prophylactic in vivo setting may have favored immune exclu-
sion (i.e., RSV neutralization at the extracellular lumen) above
FcR-dependent cellular effector functions (usually directed at
infected target cells). Moreover, unlike human IgA, human
IgG can induce cellular effector functions in wild-type mice
by binding to mouse FcgRs.32 These mouse FcgRs have simi-
lar affinity as human FcgRs for human IgG.33,34 Therefore, we
cannot exclude FcgR enhancement of the anti-viral activity of
the tested human IgG anti-RSV antibodies in wild-type mice.
To determine this, Fcerg1¡/¡ mice, which lack activating
FcgRs, would be required. However, since FcaRI in the trans-
genic mice did not enhance the anti-RSV activity of the IgA
antibodies, we speculate that endogenous FcgRs in the wild-
type mice also did not contribute to the anti-RSV activity of
the IgG antibodies. Accordingly, the prophylactic efficacy of
the RSV nAbs in vivo was found to correlate with their RSV
neutralizing capacity in vitro.

The role of FcRs in mediating anti-viral antibody therapy is
likely to depend on the epitope or target. Ravetch and col-
leagues have shown that anti-influenza broadly neutralizing
IgG antibodies directed against the HA stalk region require
FcgR binding for their in vivo activity, whereas IgG antibodies
directed against the HA head domain do not depend on
FcgR interaction for their in vivo activity.7 Whether RSV
nAbs that bind to epitopes different than the palivizumab
and motavizumab epitope (e.g., antigenic site zero) require
FcR interaction for their in vivo activity remains to be
investigated.

Strikingly, in vitro lysis of RSV-infected HEp-2 cells was
observed with palivizumab and motavizumab IgA in the pres-
ence of human blood neutrophils, suggesting a role for FcaRI
on human neutrophils. Nevertheless, this effect was not
observed when human monocytes, which also express high lev-
els of FcaRI, were used as effector cells (data not shown). This
may be due to different killing mechanisms employed by these
cells, i.e., phagocytosis by monocytes and poorly understood
mechanisms by neutrophils. However, we and others have pre-
viously demonstrated that IgA can induce lysis of tumor cells
in vitro with both human macrophages and neutrophils.18,25,35

Moreover, tumor cell lysis by these effector cells was higher
with IgA than with IgG. Similarly, a recombinant IgA1 against
HIV (F4251g8 IgA1 variant) performed better in antibody-
dependent cell-mediated viral inhibition than the IgG variant.36

In the present study, we observed the highest lysis of RSV-
infected HEp-2 cells with mIgA and lower lysis with IgG, dIgA
and sIgA (independent of the antibody subclass), although the
differences were not statistically significant. Based on these
results, it is tempting to speculate that, in humans, FcaRI on

neutrophils may still enhance IgA-mediated clearance of RSV-
infected cells and benefit i.n. IgA treatment (i.e., therapeutic
setting) over IgG.

In conclusion, we generated and examined a panel of recom-
binant human IgA variants of established IgG anti-RSV anti-
bodies and found that reformatting IgG into IgA reduces the
antibody protective efficacy against RSV infection in vitro and
in mice. We found no role for FcaRI in IgA prophylaxis against
RSV infection in human FcaRI transgenic mice, but did
observe a trend towards increased lysis of RSV-infected HEp-2
cells by human blood neutrophils in vitro in the presence of
IgA. Since lysis with monomeric IgA tended to be better than
with IgG, future studies will be needed to determine whether
RSV-specific IgA may be more beneficial than IgG in a thera-
peutic setting compared to a prophylactic setting.

Materials and methods

Cells and viruses

FreeStyleTM 293-F cells (Invitrogen) were maintained in Free-
StyleTM 293 Expression Medium (Invitrogen) at 37�C, 8% CO2

in an orbital shaker (125 rpm). HEp-2 cells (ATCC) were main-
tained in IMDM (Gibco) supplemented with penicillin (100
Units/mL; Life Technologies), streptomycin (100 mg/mL; Life
Technologies) and 10% fetal calf serum (FCS) at 37�C, 5%
CO2. RSV-A2 and RSV-GFP were propagated in HEp-2 cells
(70–80% confluent), purified by polyethylene glycol 6000 pre-
cipitation, resuspended in PBS supplemented with 10% sucrose
and stored in liquid nitrogen.

Antibody production and purification

Variable heavy and light chain (HC, LC) sequences of the
recombinant IgA and IgG antibodies are derived from pali-
vizumab (Medi-493; Accession Number DB00110) and
motavizumab (Medi-524)37 and were synthesized by Shine-
Gene. Variable sequences were cloned into Lonza expression
vectors: pEE14.4-kappaLC, pEE14.4-IgG1, pEE14.4-IgA1
and pEE14.4-IgA2(m1). mIgA and dIgA were co-produced
by transient transfection of HEK 293-F cells with plasmids
encoding the HC, LC and His-tagged joining chain (JC;
kindly provided by Dr. Gestur Vidarsson) and pAdvantage
(Accession Number U47294; Promega) using 293fectinTM

Transfection Reagent (Invitrogen) according to the manu-
facturer’s instructions. IgG1 was produced in the same way,
except that the JC plasmid was excluded. sIgA was pro-
duced by incubating purified dIgA overnight (O/N) with
supernatant of HEK 293-F cells transiently transfected with
a plasmid encoding the SC (kindly provided by Dr. Jenny
Woof, with courtesy of Dr. Charlotte Kaetzel) and pAdvant-
age. Antibody-SC-containing supernatants were harvested
4 days after transfection and diluted 1:1 in PBS before puri-
fication. IgG1 was purified using Hi-trap protein A columns
(GE Healthcare), eluted with 0.1 M sodium acetate (Sigma
Aldrich) pH 2.5 and directly neutralized with 1 M Tris-
HCL (Roche Diagnostics) pH 8.8. Antibody-containing frac-
tions were pooled and dialyzed to PBS. mIgA and dIgA
were first co-purified by anti-kappa affinity chromatography
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(HiTrap KappaSelect, GE-Healthcare) and bound protein
was eluted using 0.1 M glycine (VWR International) pH 2.5
and directly neutralized with 1 M Tris-HCl pH 8.8. Anti-
body-containing fractions were pooled and dialyzed in His-
binding buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, pH 8.0). Then, dIgA (containing his-tagged JC)
was separated from mIgA by nickel affinity chromatography
(HisTrap HP, GE-Healthcare). mIgA remained in the flow-
through and bound dIgA was eluted using His-elution
buffer (His-binding buffer comprising 250 mM imidazole).
Finally, both the mIgA and dIgA fractions were subjected
to size-exclusion chromatography (SEC) (HiPrep 26/60
Sephacryl S-300 High Resolution, GE Healthcare) using
PBS. sIgA was first purified by anti-kappa chromatography
followed by SEC. Purified antibodies were analyzed on a
Shimadzu Prominence Modular HPLC by HPSEC (YarraTM

3u SEC-2000 column; Phenomenex) with 100 mM sodium
phosphate, 150 mM NaCl pH 6.8 as mobile phase (flowrate
of 0.35 mL/min and detection at 280 nm).

Quantification of antibody concentrations

Antibody concentrations were determined as follows:
OD value at 280 nm
correction factor mg 6 mL. Correction factor IgG: 1.36; IgA: 1.4.

Alternatively, antibody concentrations were determined by
enzyme-linked immunosorbent assay (ELISA). 96-well plates
(NUNC Maxisorp) were coated O/N at 4�C with 50 ng goat-
anti-hKappa antibody (Southern Biotech) in PBS. In between
steps, plates were washed three times with PBS containing
0.05% (v/v) Tween 20 (PBS-T). Plates were blocked for 1 h at
37�C with 1% bovine serum albumin (BSA; Roche) in PBS-T.
Two-fold antibody dilutions were added and incubated for
1.5 h at room temperature (RT). Palivizumab (Synagis�;
MedImmune) and purified human IgA (Bethyl) were used as
calibration standards. Horseradish peroxidase (HRP)-labeled
goat-anti-hIgG (0.5 mg/mL, Jackson, 109-035-088) or HRP-
labeled goat-anti-hIgA (0.5 mg/mL, Southern Biotech, 2050–
05) were used as detection antibody for 1 h at RT. Plates were
developed with ABTS substrate (Roche) and the absorbance
was measured at 415 nm with a Multiscan RC (Thermolab sys-
tems).

Fluorescent-activated cell sorting (FACS)-based antibody
binding assay

HEp-2 cells (70-80% confluent in T175 flasks) were infected
with 1 £ 105 plaque-forming unit (PFU) RSV-A2 and incu-
bated O/N at 37�C, 5% CO2. Cells were harvested by trypsiniza-
tion, seeded at 1 £ 105 cells/well in V-bottom 96-wells plates
(Greiner bio-one), and incubated with a dilution series of
recombinant palivizumab and motavizumab or PBS for 45 min
at RT. After three washes with PBS, Fluorescein isothiocyanate
(FITC)-labeled goat-anti-human kappa (0.5 mg/mL, Southern
Biotech, 2060–02) was added for 45 min at RT. Finally, cells
were washed with PBS, fixed with 1% formaldehyde and resus-
pended in PBS to analyze antibody binding by flow cytometry
(BD Bioscience, Canto II and FACS Diva software).

FACS-based RSV neutralization assay

HEp-2 cells (5 £ 104 cells/well) were seeded in flat bottom 96-
well plates (Nunc Microwell) and infected the next day with
RSV-GFP (1 £ 105 PFU) that was pre-incubated for 1 h at 37�C
with several dilutions of recombinant palivizumab, recombinant
motavizumab or IMDM culture medium. After 20–24 h, cells
were trypsinized, fixed with 1% formaldehyde and resuspended
in PBS to analyze the GFP expression by flow cytometry (BD
Bioscience, Canto II and FACS Diva software). To calculate the
neutralization percentages, the mean fluorescence intensity
(MFI) values of uninfected control cells and infected control cells
were set to 100% and 0% neutralization, respectively.

Human neutrophil ADCC assay

ADCC assays with 51Cr-labeled target cells were performed as
previously described.38,39 Briefly, polymorphonuclear neutrophils
(PMN) were isolated from healthy individuals (MiniDonor-
Dienst, UMC Utrecht) by Ficoll-Histopaque separation (GE
Healthcare; Sigma-Aldrich) and then incubated with 51Cr-labeled
RSV-infected HEp-2 cells (effector-to-target ratio D 40:1) and
the recombinant antibodies. After 4 h incubation at 37�C,
5% CO2, the supernatant was harvested and radioactivity was
measured with a liquid scintillation counter (MicroBeta;
Perkin Elmer). Specific lysis was calculated as follows:

% lysis D countssample ¡ countsminimal release

countsmaximum release ¡ countsminimal release
£100. RSV-infected

HEp-2 cells with PMN in culture medium or 5% Triton X-100
(Roche Diagnostics) were used to determine minimal- and maxi-
mum-release, respectively.

RSV challenge studies in mice

FcaRI transgenic BALB/c mice were housed and bred at our
local animal facility and were aged 8–20 weeks at start of the
experiment.25 Wild-type female littermates of the same age
were used or additional wild-type female BALB/c mice aged
6–8 weeks were purchased from Janvier Labs. Anesthetized
mice (4% isoflurane) were treated i.n. with 50 mL antibody
(0.05 mg/kg) or PBS and were challenged i.n. 1 day later with
3 £ 106 PFU RSV-A2 in 50 mL PBS. At day five post infection
the mice were euthanized by intraperitoneal injection of
sodium pentobarbital (200 mL of 60 mg/mL). Lungs were lav-
aged with 1 mL PBS and the bronchioalveolar lavage fluid was
used to determine the viral load, as described previously.40 The
RSV load (depicted as % infection) was calculated as follows:
% infectionD viral loadindividual mice

mean viral loadPBS¡ treated group
£100.

Study approval

All animal studies were approved by the local Committee for
Animal Experimentation.

Statistics

Statistical analysis and non-linear regression analysis were per-
formed with GraphPad Prism 6 software.
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Supplementary methods

Chemicals, reagents and enzymes

High purity water (MQ) was generated using a Q-Gard 2 sys-
tem (Millipore, Amsterdam, Netherlands), maintained at � 18
MV. Ethanol, trifluoroacetic acid (TFA), sodium dodecyl sul-
fate (SDS), Na2HPO4 £ 2H2O, KH2PO4 and NaCl were pur-
chased from Merck (Darmstadt, Germany). Nonidet P-40
substitute (NP-40), 1-hydroxybenzotriazole (HOBt), super-
DHB and 50% NaOH originated from Sigma-Aldrich
(Steinheim, Germany), while 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) hydrochloride was bought from
Fluorochem (Hadfield, U.K.), peptide-N-glycosidase F
(PNGase F) from Roche Diagnostics (Mannheim, Germany),
and HPLC SupraGradient acetonitrile (ACN) from Biosolve
(Valkenswaard, Netherlands).

Glycan release and ethyl esterification

In triplicate for each sample, protein N-glycosylation was
released by PNGase F as previously described.41 Briefly, 20 mL
2% SDS was added to 10 mL sample, followed by 10 min incu-
bation at 60�C. After letting the samples cool to room tempera-
ture, 20 mL release mix was added containing 2% NP-40 and
2.5 mU PNGase F in 2.5x PBS (14.25 g/L Na2HPO4 £ 2H2O,
1.25 g/L KH2PO4 and 21.25 g/L NaCl), followed by overnight
incubation at 37�C.

Next, 5 mL of release mixtures was derivatized by adding
35 mL 0.25 M EDC C 0.25 M HOBt in ethanol and incubating
for 1 h at 37�C, resulting in lactones for a2,3-linked sialic acids
and ethyl esters for a2,6-linked sialic acids.42 40 mL ACN was
subsequently added to prepare for glycan enrichment.

The glycans were recovered from the reaction mixture by
hydrophilic interaction liquid chromatography (HILIC) solid
phase extraction (SPE), using cotton as stationary phase.43 In
short, 200 mL pipette tips were packed with 200 mg cotton,
washed three times with 100 mL MQ, and three times with
100 mL 85% ACN. Next, the glycans were loaded by pipetting
the samples up and down 30 times, followed by three washes
with 100 mL 85% ACN 1% TFA, another three washed with
100 mL 85% ACN, and eluted in 10 mL MQ.

MALDI-TOF-MS measurement

One microliter of the eluted samples was spotted on a MTP
AnchorChip 600/384 TF MALDI target (Bruker Daltonics, Bre-
men, Germany), and mixed on-plate with 1 mL 5 mg/mL
super-DHB 1 mM NaOH in 50% ACN. Matrix-assisted laser
desorption/ionization (MALDI)-time-of-flight (TOF)-mass
spectrometry (MS) was carried out using reflectron positive ion
mode of an UltraFlextreme system (Bruker Daltonics) con-
trolled by Flexcontrol 3.4 Build 135 (Bruker Daltonics). The
instrument was calibrated before measurement using a peptide
calibration standard (Bruker Daltonics). Laser power was set as
high as possible to still allowing baseline separation of isotopic
peaks. Sample spectra were acquired by summing 10000 laser
shots in a random walking pattern, at a frequency of 1000 Hz,
and using a window from m/z 1000 to 5000 with suppression
up to m/z 950.

Data analysis

FlexAnalysis 3.3 (build 65) was used to process the spectra,
encompassing smoothing (Savitzky-Golay, width 0.2, cycles 1),
baseline subtraction (Top-hat), peak picking (Snap, S/N � 10),
and internal calibration on affirmed glycan compositions. Peak
lists were exported with S/N and area, and further analyzed in
Excel. Based on the average extracted m/z values, the most
likely N-glycan compositions were assigned (H D hexose;
N D N-acetylhexosamine; F D deoxyhexose (fucose); L D a2,3-
linked (lactonized) N-acetylneuraminic acid; E D a2,6-linked
(ethyl esterified) N-acetylneuraminic acid), and these composi-
tions were integrated from all spectra making use of Massy-
Tools version 1.0.0.44 Extracted glycans areas within a
spectrum were normalized to the total sum of areas, which was
further used for repeatability and derived trait calculation. Fig-
ures were assigned with structures created in GlycoWorkbench
2.1 build 146, following CFG annotation.45

Abbreviations

ABD albumin binding domain
ADCC antibody-dependent cell-mediated cytotoxicity
BAL bronchoalveolar lavage
BSA bovine serum albumin
dIgA dimeric IgA
ELISA enzyme-linked immunosorbent assay
F protein fusion protein
FACS fluorescent-activated cell sorting
FcRn neonatal Fc receptor
FcRs Fc receptors
FDA US Food and Drug Administration
FITC Fluorescein isothiocyanate
GFP green fluorescent protein
HA hemagglutinin
HC heavy chain
HPSEC high-performance size-exclusion chromatography
HRP horseradish peroxidase
i.n. intranasal
JC joining chain
LC light chain
mAbs monoclonal antibodies
MFI mean fluorescence intensity
mIgA monomeric IgA
nAbs neutralizing antibodies
O/N overnight
PBS-T PBS Tween
PBS phosphate-buffered saline
PFU plaque-forming unit
pIgR polymeric immunoglobulin receptor
PMN polymorphonuclear neutrophils
RSV respiratory syncytial virus
RT room temperature
SC secretory component
SEC size-exclusion chromatography
sIgA secretory IgA
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