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Infants are protected from a severe respiratory syncytial virus (RSV) infection in the first months of life by maternal antibodies
or by prophylactically administered neutralizing antibodies. Efforts are under way to produce RSV-specific antibodies with in-
creased neutralizing capacity compared to the currently licensed palivizumab. While clearly beneficial during primary infec-
tions, preexisting antibodies might affect the onset of adaptive immune responses and the ability to resist subsequent RSV infec-
tions. Therefore, we addressed the question of how virus neutralizing antibodies influence the priming of subsequent adaptive
immune responses. To test a possible role of the neonatal Fc receptor (FcRn) in this process, we compared the responses in
C57BL/6 wild-type (WT) and FcRn ™'~ mice. We observed substantial virus-specific T-cell priming and B-cell responses in mice
primed with RSV IgG immune complexes resulting in predominantly Th1-type CD4* T-cell and IgG2c antibody responses upon
live-virus challenge. RSV-specific CD8™ T cells were primed as well. Activation of these adaptive immune responses was inde-
pendent of FcRn. Thus, neutralizing antibodies that localize to the airways and prevent infection-related routes of antigen pro-
cessing can still facilitate antigen presentation of neutralized virus particles and initiate adaptive immune responses against

RSV.

Antibodies are an important correlate of protection for many
viral infections. Neutralizing antibodies reduce viral load and
virus-induced pathogenesis. Virus infection may be directly cyto-
pathogenic or cause indirect tissue damage by host immune re-
sponses that follow viral exposure. In addition to lowering viral
load, virus-specific antibodies might reduce or alter innate im-
mune responses, affect antigen presentation and thereby the level
of T-cell activation (1-3), and potentially enhance disease (4-7).

Children experiencing a primary respiratory syncytial virus
(RSV) infection are protected against lower respiratory tract in-
fections (LRTIs) by maternal antibodies. However, maternal an-
tibodies decline rapidly within a few months after birth (8), and
high levels of serum antibodies are required to provide efficient
local protection in the airways. Adults with acquired immunity to
RSV, including RSV neutralizing serum antibodies and memory T
cells, still experience recurrent reinfections (9). Reduced titers of
serum antibodies correlate with increased RSV-associated hospi-
talization in patients of all ages (9-11). Based on these observa-
tions current vaccine development is focused on a vaccine prepa-
ration that induces the production of highly neutralizing
antibodies. Alternatively, palivizumab, a neutralizing antibody to
the fusion protein of RSV, can be administered prophylactically to
protect high-risk infants against LRTTs (12).

Because better neutralizing antibodies are being developed to
protect against severe RSV disease (13), it is essential to under-
stand the consequences of the presence of antibodies in vivo on the
outcome of the immune response upon infection. Previously, we
showed that the neutralizing capacity of RSV-specific antibodies
influenced the level of virus-specific CD8* and CD4™ T-cell re-
sponses in immune mice (14). Highly neutralizing serum anti-
bodies decreased the CD8* T-cell response, while both neutraliz-
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ing and nonneutralizing antibodies increased CD4" T-cell
responses. The increased T-cell responses in the presence of anti-
bodies was mediated by increased antigen presentation of RSV
immune complexes (IC-RSV) to CD4™ T cells in an FcyR-depen-
dent process (14).

Recently, yet another IgG Fc receptor, the neonatal Fc receptor
(FcRn), was also shown to participate in phagocytosis processes of
neutrophils, and it facilitates antigen presentation by dendritic
cells (DCs) of soluble antigens opsonized by IgG (15, 16). FcRn
was first described as a transporter of IgG across epithelial barriers,
including transmission of IgG across the placenta from mother to
infant. In addition, FcRn binds albumin and 1gG Fc within endo-
somes at low pH and increases the serum half-life of these ligands
by recycling them back to the cell surface, where the ligands are
released from FcRn at higher pH (17, 18). FcRn is also responsible
for antigen sampling from the airways and gut, by transporting
IgG complexes across epithelium for uptake into macrophages
and dendritic cells residing underneath the epithelial layer (19).

In the present work, we studied the effect of neutralizing anti-
bodies to RSV on the induction of RSV-specific adaptive immune
responses initiated after intranasal (i.n.) administration of anti-
body-bound RSV in mice. The role of FcRn in the local antigen
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presentation of RSV-palivizumab complexes was investigated by
comparing the immune responses of C57BL/6 wild-type (WT)
and FcRn ™/~ mice.

MATERIALS AND METHODS

Mice. Pathogen-free 6- to 8-week-old C57BL/6¢jo wild-type mice were
purchased from Charles River (Maastricht, The Netherlands). FcR com-
mon-y-chain ™/~ (y~/7) mice and FcRn~/~ mice on a C57BL/6 back-
ground (20) were bred and maintained at the central animal facility at
Utrecht University. Study protocols were approved by the UMC Utrecht
Animal Ethics Committee.

Virus and cell lines. The RSV-A2 strain was grown in HEp-2 cells
(ATCC CCL-23), purified by polyethylene glycol precipitation, and stored
inliquid nitrogen in 10% sucrose in phosphate-buffered saline (PBS). The
50% tissue culture infective dose (TCID5,) was determined after titration
in HEp-2 cells. Detailed methods have been described previously (14).

D1, a mouse dendritic cell line derived from C57BL/6 mice (21) used
in antigen presentation assays, was maintained in Iscove’s modified Dul-
becco’s medium (IMDM) (Gibco, Invitrogen) containing 5% HyClone
fetal calf serum (FCS) (Perbio, Logan, UT), 1% penicillin-streptomycin
and 50 uM 2-mercaptoethanol (Bio-Rad, Hercules, CA) supplemented
with 30% conditioned medium from granulocyte-macrophage colony-
stimulating factor (GM-CSF)-producing R1 cells (NIH 3T3 mouse fibro-
blasts transfected with the GM-CSF gene) (21). Bone marrow-derived
dendritic cells (BM-DCs) were prepared as described before (14, 22). The
percentage of CD11c™ cells (routinely >70%) was determined by staining
with anti-CD11c (clone HL3; BD Pharmingen, San Diego, CA).

TNP labeling of RSV. Trinitrophenol (TNP) labeling was performed
as described by Hale et al. (23). In short, 200 pg/ml UV-inactivated RSV
(UV-RSV) was incubated with 10 mM 2,4,6-trinitrobenzene sulfonic acid
(TNBS) (Sigma-Aldrich, Steinheim, Germany) in 1 ml Hanks’ buffer (In-
vitrogen) for 15 min at 37°C. Unbound TNBS was removed via dialysis
against PBS overnight at 4°C while stirring. Precipitated RSV-TNP was
removed by centrifugation at 1,500 rpm for 1 min. The concentration of
stably linked TNP groups was measured by the optical density at 350 nm
(OD;5).

Generation of human anti-2,4,6-TNP antibodies. The variable re-
gions of the heavy (VH) and light (VL) chains were cloned from an anti-
2,4,6-trinitrophenol (anti-TNP) hybridoma (24) and expressed as chime-
ric human IgG as previously described (25). RNA was amplified using the
SMART Race cDNA amplification kit with CH- and CL-specific primers
(Clontech, Inc., CA). Variable (V) genes were identified after sequencing
of clones. Codon-optimized V genes, including 5'-HindIII and 3'-EcoRI
restriction sites, Kozak sequence, and HAVT20 leader sequence (26), were
then designed and ordered from Geneart (Life Technologies), along with
codon-optimized human k or y1 constant regions for the variable light
and heavy chains, respectively. The IHH IgG1 HC variant was created by
inserting three mutations that negate binding to FcRn in the CH3 region
(where THH represents 1253A, H435A, and H436A) (27). The HindIII-
EcoRI fragment for the codon-optimized light chain was ligated into
pEE14.4 (Lonza), and the HindIII-EcoRI fragment for the heavy chain
was ligated into pEE6.4 (Lonza). A single-gene vector encoding either WT
IgG1 or IHH-IgG1 was subsequently generated by ligation of the BamHI-
Notl fragment from pEE6.4 [including a cytomegalovirus (CMV) pro-
moter, IgG1 heavy chain, and poly(A)] into the light-chain-encoding
pEE14.4 vector. The plasmids were then transfected in the FreeStyle 293
expression system (Life Technologies). Antibodies were purified on a pro-
tein A (WT IgGl) or protein G (IHH) HiTrap HP column (GE Life Sci-
ences) and dialyzed against PBS overnight.

In vivo RSV infection, IC-RSV priming, and tissue sampling. Mice
were lightly anesthetized with isoflurane and i.n. inoculated with 2 X 10°
PFU RSV in a volume of 50 pl. Lung cells were obtained from C57BL/6
mice 8 days after primary RSV infection at the peak of the T-cell response
(28) when used as a readout in the in vitro antigen presentation assays.

In the in vivo experiments testing the effect of immune priming in-
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duced with RSV immune complexes (IC-RSV), mice were i.n. inoculated
with IC-RSV or UV-inactivated RSV (UV-RSV) in a volume of 50 p.l at
day 0. A third group of mice was left untreated. IC-RSV was prepared by
preincubation of 4.7 X 107 PFU with 50 pg/ml palivizumab [humanized
IgG1 monoclonal antibody; Synagis, MedImmune, Gaithersburg, MD)
(12) for 15 min in a volume of 200 pl. At day 35, all groups were i.n.
challenged with RSV. Six days after challenge, T-cell responses in the lung
were analyzed.

To obtain lung cell suspensions, mice were sacrificed by intraperito-
neal (i.p.) injection of 300 .l pentobarbital. After bronchoalveolar lavage
(BAL), lungs were perfused with 10 ml ice-cold PBS containing 100 U/ml
heparin via the right ventricle. The lungs were removed, cut into pieces,
and incubated with collagenase (2.4 mg/ml; Roche Applied Science, Basel,
Switzerland) and DNase (1 mg/ml; Roche) for 20 min at 37°C. Single-cell
suspensions were prepared by processing the tissue through 70-pwm-pore
cell strainers (BD Falcon, Franklin Lakes, NJ).

In vitro antigen presentation assay. In vitro mouse antigen presenta-
tion assays were performed with D1 cells or, in experiments to study the
role of FcyRs and FcRn, bone marrow-derived DCs (BM-DCs) obtained
from Fcny/f, FcRn /™, or C57BL/6 WT mice.

To study antigen presentation of RSV immune complexes by BM-DCs
or D1 cells, UV-inactivated RSV (UV-RSV) at multiplicities of infection
(MOI) 0f 10, 3, 1, 0.1, and 0 was preincubated with either plasma derived
from secondary RSV-infected mice or naive mice (preimmune serum) for
15 min at 37°C. UV-RSV was used to completely rule out infection-related
effects. In parallel, RSV-TNP at MOI of 1, 0.3, 0.1, and 0 was preincubated
with 0.1 pg/ml anti-TNP IgGl1, anti-TNP-H435A mutant IgG1, or anti-
TNP-IHH mutant IgG1 (IHH 1253A, H310A, and H435A) (mutations
that abolish FcRn binding capacity [29, 30]) or without antibodies as a
control. RSV immune complexes were incubated with 5 X 10* BM-DCs
or DI cells for 24 h. Thereafter, antigen-presenting cells (APCs) were
incubated with 5 X 10° total lung cells in the presence of 25 U/ml recom-
binant human interleukin-2 (hIL-2) (Roche) and 10 wg/ml brefeldin A
(Sigma, St. Louis, MO) to facilitate intracellular accumulation of cyto-
kines, for 5 h at 37°C in 5% CO,. Lung cells of mice 8 days after a primary
RSV infection were used as a source of RSV-specific T cells. Antigen pre-
sentation of RSV was analyzed by measuring gamma interferon (IFN-vy)
production in lung CD4™" T cells by intracellular fluorescence-activated
cell sorter (FACS) staining.

Measurements of lung T-cell responses in IC-RSV priming experi-
ments. Single-cell suspensions of lung cells (10°) from RSV-infected wild-
type and FcRn ™'~ mice were stimulated for 5 h at 37°C in 5% CO, with
2 X 10° RSV-infected D1 cells or uninfected D1 cells in 200 wl IMDM
supplemented with 5% FCS, 1% penicillin—streptomycin, 50 WM 2-mer-
captoethanol, 25 U/ml recombinant hIL-2, and 10 pg/ml brefeldin A. D1
cells were infected for 48 h with RSV at an MOI of 2 before addition to the
lung cell suspension. Cytokine production by CD4 " and CD8 ™" T cells was
analyzed by intracellular cytokine staining.

Intracellular cytokine staining. Cytokine production by CD4™ and
CD8" T cells was measured by flow cytometry. Cells were stained for
surface markers with anti-CD8 (clone 53-6.7; BD) and anti-CD4 (clone
RM4-5; BD). Before intracellular staining, cells were fixed and permeab-
ilized with CytoFix/CytoPerm (BD) solution and Perm/Wash buffer
(BD). Intracellular cytokines were detected with anti-IFN-y (clone
XMGL1.2; BD), anti-IL-5 (clone TRFK5; BD), anti-IL-4 (clone 11B11;
BD), and anti-IL-13 (clone eBiol3a; eBioscience). Stained samples were
acquired on a FACSCanto flow cytometer (BD), and data were analyzed
using FacsDiva software (BD).

RT-PCR. (i) RSV-specific real-time PCR. A total of 2 X 10> A549 cells
were incubated with RSV or UV-RSV (MOI of 2) in the presence or
absence of palivizumab. RSV (4.7 X 10” PFU) was preincubated with 50
pg/ml palivizumab for 15 min before addition to the cells. After 24 h, total
RNA was extracted from these cells using MagnaPure LC (Roche) equip-
ment. cDNA was synthesized and viral loads were determined by real-
time quantitative PCR (RT-qPCR) as previously described (31). In short,
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extracted RNA was reverse transcribed using a MultiScribe reverse trans-
criptase kit (Applied Biosystems, Foster City, CA) and random hexamers.
Reverse transcriptase was inactivated followed by RT-qPCR performed on
20 wl cDNA using primers and probes specific for the N gene (31). Am-
plification and detection were performed with an ABI 7900HT fast RT-
qPCR system for 2 min at 50°C, 10 min at 95°C, and 45 cycles of 15 s at
95°C and 1 min at 60°C. Sample threshold cycle (C;) values were com-
pared with a standard curve of RSV-A2.

(ii) FcRn-specific RT-qPCR. RNA was isolated from cultured BM-
DCs of WT and FcRn™/~ mice with the Qiagen RNA extraction kit, and
c¢DNA was generated with random primers and Moloney murine leuke-
mia virus (MMLYV) reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. FcRn-specific mRNA was quantified by sub-
sequent TagMan RT-qPCR analysis with forward (5'-GTGGAAGGA-GC
CGCCGTCTATG-3") and reverse (5'-TGACCTCCAGCAATGACCATG
CG-3") primers and the 5'-ATCGTCATCGGTGTCTTGCTACTCACG
G-3’ probe. FcRn expression was normalized for the expression of the
housekeeping gene RPL27 (32).

ELISA. (i) RSV-specific IgG. RSV-specific IgG was determined in se-
rum samples obtained from C57BL/6 WT and FcRn~/~ mice 28 days after
i.n. inoculation with IC-RSV, UV-RSV, or control mice and from all
groups at 6 days after i.n. challenge with live RSV, using an RSV enzyme-
linked immunosorbent assay (ELISA) as described before (14). Denatured
RSV lysate from RSV-infected HEp-2 cells in PBS was used as a coating.
RSV-specific IgG was detected with secondary horseradish peroxidase
(HRP)-labeled antibodies, anti-IgG1 (Invitrogen) or anti-IgG2¢ (Immu-
nology Consultant Laboratory), and developed with the substrate
3,3',5,5'-tetramethylbenzidine in NaAc (pH 5.5) and H,O,. The enzy-
matic activity was stopped by adding 9.8% H,SO, and measured at OD 5,
(14). C57BL/6 mice express the Ighl-b allele encoding antibodies of the
IgG2c isotype and lack the allele of the IgG2a isotype (33). Therefore, we
used an IgG2c-specific secondary antibody.

(ii) IL-6 ELISA. In the supernatant of A549 cells incubated for 24 h
with RSV or UV-RSV (MOI of 2) in the presence or absence of palivi-
zumab, IL-6 production was measured by ELISA (M9316; Sanquin Pe-
lipair).

Statistical analysis. Data were analyzed for statistical significance us-
ing a one-way or two-way analysis of variance (ANOVA), as indicated in
the figure legends. Data are expressed as means = standard errors of the
means (SEM). A P value of <0.05 was taken as the level of significance.

RESULTS

H-2AP-mediated antigen presentation of IC-RSV by DCs is fa-
cilitated by activating FcyRs and not FcRn. In previous work, we
showed that activating FcyRs are involved in antigen presentation
of RSV-derived antigens to CD4" T cells during in vitro antigen
presentation with dendritic cells and during in vivo RSV infection
in mice (14). To determine whether FcRn also played a role during
presentation of RSV-derived antigenic peptides, we first per-
formed in vitro antigen presentation assays in the presence or
absence of virus-specific antibodies, using BM-DCs as antigen-
presenting cells obtained from WT, FcRn~’~, or FcR common-vy-
chain™~ (y~/7) mice. Expression of FcRn in WT BM-DCs and
D1 cells and its absence in FcRn~/~ BM-DCs were confirmed by
RT-qPCR (Fig. 1A). As a source of polyclonal RSV-specific T cells,
lung cells were harvested at day 8 after a primary i.n. RSV infec-
tion. T-cell activation was measured by intracellular staining for
IFN-v. A similar increased percentage of IFN-y-producing CD4 ™
T cells was observed when WT BM-DCs or BM-DCs from
FcRn ™/~ mice were pulsed with UV-inactivated RSV in the pres-
ence of serum derived from mice after secondary RSV infection
(immune serum) compared to the response of preimmune serum
(Fig. 1B). However, as described in our previous work, the IgG-
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FIG 1 Activating FcyR, but not FcRn, expressed by BM-DCs is involved in
antigen presentation of IC-RSV to RSV-specific CD4™ T cells. (A) WT BM-
DCs and D1 cells but not BM-DCs from FcRn ™/~ mice express FcRn. FcRn
expression levels were analyzed by RT-qPCR and normalized for RPL27 ex-
pression. The result of one representative culture out of three is shown. Error
bars represent the SEM of a duplicate within one experiment. Significance was
calculated using a one-way ANOVA. ***, P < 0.001. (B) BM-DCs obtained
from WT, FcRn~/~, or (C) WT and y~/~ mice were incubated with UV-RSV
(MOI of 10, 3, 1, 0.1, and 0) in the presence of 2% serum from naive mice or
from RSV-immune mice for 24 h. Lung cells harvested 8 days after a primary
RSV infection (a source of RSV-specific T cells) were added to the BM-DCs,
and the responding CD4 ™ T cells were visualized by intracellular staining for
IEN-v. Significance was calculated using a two-way ANOVA. Error bars rep-
resent the SEM on data of one out of three individual experiments with similar
results. **, P < 0.01; ***, P < 0.001.

mediated enhanced antigen presentation of IC-RSV to CD4" T
cells completely depended on functional expression of FcyRs on
BM-DCs (14) (Fig. 1C).

Individual DC cultures originating from bone marrow har-
vested from different mice might vary in the percentage of imma-
ture DCs. To exclude this experimental variation, we performed
experiments with a dendritic cell line (D1) expressing functional
FcRn (Fig. 1A) and used mutant antibodies unable to bind to FcRn
in the in vitro antigen presentation assay. We used either WT
anti-TNP or recombinant monoclonal antibodies with the same
antigen specificity but mutated at a single amino acid residue
(H435A) or three residues (IHH: I1253A, H310A, and H345A) in
the Fc domain. These positions are involved in FcRn binding but
do not interfere with binding to FcyRs (15, 29). TNP-labeled RSV
alone or opsonized with these recombinant WT or mutant
(H435A and IHH) IgG1l monoclonal antibodies, was incubated
with D1 cells, and antigen presentation was monitored using RSV-
specific lung T cells. The anti-TNP WT and mutant antibodies all
increased the percentage of IFN-y-producing CD4" T cells re-
sponding to D1 cells exposed to RSV-TNP to a similar extent
compared to the samples in which nonopsonized virus was incu-
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FIG 2 Abrogated binding of IC-RSV to FcRn does not affect antigen presen-
tation to RSV-specific CD4™ T cells. C57BL/6-derived D1 dendritic cells were
incubated with haptenized RSV (RSV-TNP) at MOI of 1, 0.3, 0.1, and 0 in the
presence of 0.1 pg/ml of either anti-TNP (a-TNP) IgG1, anti-TNP H435A
mutant IgG1, or anti-TNP IHH or without antibodies (No Ab) for 24 h. The
percentage of responding CD4" T cells (in lung cells harvested at 8 days
postinfection) was measured by intracellular staining for IFN-y. One repre-
sentative experiment out of three is shown. Significance was calculated using a
two-way ANOVA. Error bars represent SEM of a duplicate within one exper-
iment. ***, P < 0.001 comparing the no-antibody response to all three anti-
body-mediated responses.

bated with D1 cells (Fig. 2). These results confirmed that FcRn was
not involved in the in vitro presentation by DCs of IC-RSV-de-
rived antigenic peptides to virus-specific CD4™ T cells.
Noninfectious IC-RSV efficiently primes virus-specific
T-cell responses after i.n. inoculation. We next examined the
impact of antibody neutralization of RSV in the airways on the
initiation of the T- and B-cell responses by measuring recall re-
sponses during a virus challenge 5 weeks after immune priming.
Abortive replication has been described as occurring in RSV-im-
mune animals (34). This process of abortive replication is defined
as viral penetration followed by replication of viral genetic mate-
rial in the cytoplasm, without the production of infectious virus
particles. Abortive replication in vivo can be monitored by com-
paring lung viral loads using the PFU assay and by the PCR detec-
tion technique and has been observed in animals treated prophy-
lactically by virus neutralizing antibodies instilled systemically.
Abortive replication still induces inflammatory immune re-
sponses via cytoplasmic recognition of genomic viral RNA and
replication intermediates (35). Also, viral antigen expression
might still occur. To focus only on the contribution of neutralized
virus particles in priming of the immune response, we adminis-
tered in vitro-preformed RSV immune complexes intranasally.
Moreover, this approach also minimized the effect of increased
antibody degradation in FcRn~’~ mice that could lead to differ-
ences in virus neutralization in the lung, when antibody was ad-
ministered parenterally. We used a monoclonal humanized IgG1
antibody, palivizumab (12), specific for the fusion protein of RSV
in these experiments. Binding of palivizumab to RSV completely
abolished virus infection of A549 epithelial cells in vitro (Fig. 3A).
RSV-palivizumab complexes could still be detected by RT-qPCR
at a level of one-third of the input virus in the washed A549 sam-
plesincubated for 24 h with the different virus preparations. How-
ever, the amount of viral material still detected represented non-
infectious virus bound to A549 cells because expression of viral
pathogen-associated molecular patterns in the cytoplasm, which
leads to inflammatory cytokine production in RSV-infected A549
cells, was completely abolished. This was shown by the complete
absence of IL-6 production by A549 cells exposed to RSV-palivi-
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zumab (Fig. 3A). We used these antibody-inactivated RSV im-
mune complexes and UV-inactivated RSV to prime immune re-
sponses in vivo. Five weeks after intranasal inoculation of mice
with RSV immune complexes (equivalent of 2 X 10° PFU and 50
pg/ml palivizumab in a total volume of 50 wl) or control UV-
inactivated RSV (equivalent of 2 X 10° PFU in 50 wl), T- and
B-cell responses were measured in the lungs at day 6 after an i.n.
challenge with live RSV. A third group only received a primary
RSV infection.

Despite the failure of FcRn to enhance antigen presentation of
IgG-complexed RSV in vitro, the possibility remained that FcRn
might mediate translocation of ICs across the respiratory epithe-
lial layer and increase antigen presentation in the lungs of mice
(36). Therefore, we determined whether FcRn was involved in the
in vivo priming of RSV-specific immune responses upon i.n. ex-
posure to IC-RSV by comparing the priming of immune re-
sponses in C57BL/6 WT and FcRn ™/~ mice. Palivizumab contains
the complementarity-determining regions of a mouse neutraliz-
ing anti-RSV-F antibody grafted into the framework of a human
IgG1 constant region (37). Human IgG1 (and thus palivizumab)
binds mouse FcRn via its constant region with high affinity at pH
6.0 (34). In addition, mouse FcRn has been shown to extend the
half-life of human IgGl1 to a similar extent to mouse I1gG (17, 38,
39). Importantly, mouse FcRn has also been demonstrated to en-
hance antigen presentation of immune complexes through hu-
man IgG1 (15). The activation of T cells in the lungs after viral
challenge was measured by in vitro restimulation with untreated
or RSV-infected D1 cells and subsequent intracellular cytokine
staining. T cells from mice inoculated with IC-RSV showed an
increased percentage of RSV-specific CD8* IFN-y* T cells com-
pared to T cells from UV-RSV-inoculated mice and nonimmu-
nized mice when restimulated with RSV-infected D1 cells. An in-
crease in IFN-y- and IL-5-producing CD4" T cells was also
observed for IC-RSV-immunized mice in comparison to UV-in-
oculated mice. For IL-4% and IL-13" CD4™" T cells, the increases
were only significant in comparison to untreated mice but not in
comparison to UV-inoculated mice (Fig. 3B). The slight increase
in the percentage of Th2 cytokine-producing cells in IC-RSV-in-
oculated mice was not accompanied by an increase in the percent-
age of eosinophils in BAL specimens (data not shown). In both
WT and FcRn ™/~ mice, UV-RSV inoculation did not prime Thl
or Th2 responses against RSV. A slight decrease in IFN-vy produc-
tion was noticed in UV-RSV-immunized mice after challenge
compared to primary RSV-infected mice. Similar increased Th1
and Th2 responses after immune complex priming were observed
in FcRn™/~ mice (Fig. 3C) and WT mice (Fig. 3B), suggesting
again that FcRn-mediated processes were not involved in the IgG-
mediated enhancement of the immune responses to RSV.

In addition to increasing virus-specific T-cell responses, bind-
ing of palivizumab to RSV strongly potentiated RSV-specific
IgG2c antibody responses (Fig. 4). In FcRn™/~ mice, the antibody
responses were slightly lower than those in wild-type mice at day
28 after priming, probably due to the shorter antibody half-life in
the knockout mice (Fig. 4A) (18). However, at day 41 (i.e., 6 days
after challenge), the virus-specific antibody response was robust
and the responses were of equal magnitude in WT and FcRn ™/~
mice inoculated with immune complexes (Fig. 4B). Due to the
shorter half-life of IgG2c in FcRn ™/~ mice, this may indicate that
the relative net production of anti-RSV IgG in these mice may be
increased.
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FIG 3 Intranasal inoculation of IC-RSV efficiently primes RSV-specific CD4" and CD8™" T-cell responses in both WT and FcRn-deficient mice. (A) Palivizumab
neutralizes RSV. RSV (4.7 X 107 PFU) was preincubated for 15 min with 50 g/ml palivizumab. UV-RSV was used as a negative control for replication. RSV, RSV
plus palivizumab, UV-RSV, or UV-RSV plus palivizumab was added to epithelial A549 cells (equivalent of an MOI of 2), and the cells were incubated for 24 h.
The results of the RT-qPCR performed on the RSV N gene are shown for one representative experiment of two. Error bars represent the SEM of a duplicate within
one experiment. IL-6 production was measured in the 24-h supernatant of A549 cells treated with similar live- and inactivated-RSV preparations. One
representative experiment out of 6 is shown. Significance was calculated using a one-way ANOVA. **, P < 0.01. n.d., nondetectable. (B) WT mice and (C)
FcRn~/~ mice were primed with UV-RSV or IC-RSV at day 0. A third group was untreated. At day 35, all groups were challenged with RSV, and 6 days later, lungs
were analyzed for T-cell responses in the presence of uninfected (D1) or RSV-infected D1 (D1+RSV) cells. The percentage of cytokine-producing CD8" and
CD4" T cells is shown. Error bars represent the SEM of 5 individual mice per group. Results are shown for five mice per group of one of two representative

experiments. Significance was calculated using a two-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

In conclusion, these experiments showed strong immune
priming with opsonized RSV that was negligible when nonop-
sonized, noninfectious RSV was used. The enhanced immune
priming was independent of FcRn.

DISCUSSION

In the present work, we showed that intranasal administration of
noninfectious IC-RSV primed both virus-specific T- and B-cell
responses in mice, while administration of nonopsonized UV-
inactivated RSV did not. The increased RSV-specific immune re-
sponse observed after RSV challenge in IC-RSV-primed mice was
independent of FcRn. Therefore, FcRn-mediated transcytosis of
these immune complexes across epithelium was not the route by
which priming by IC-RSV was facilitated, and also a role in anti-
gen processing of FcRn during in vivo priming can be ruled out.
These observations were further substantiated in in vitro experi-
ments using IC-RSV-pulsed DCs as antigen-presenting cells to
stimulate RSV-specific T cells. Comparing WT BM-DCs with
FcRn ™/~ BM-DCs (Fig. 1) and WT IgG with mutant IgG1 unable
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to bind FcRn (Fig. 2), we did not find a contribution of FcRn in
antigen processing.

Previously, we found that neutralizing antibodies present in
immune mice affected RSV-specific T-cell responses by increasing
CD4" and decreasing CD8™" T-cell responses in vivo after an i.n.
live-RSV challenge (14). These findings suggested that virus-spe-
cific CD8" T cells are most efficiently primed upon live-virus
exposure, presumably via the classical cytoplasmic route of anti-
gen presentation and in the context of an innate immune response
triggered by the virus. Depending on the titer and affinity of serum
neutralizing antibodies, the efficacies of virus neutralization in the
airways may differ. In previous work, we studied the secondary T-
and B-cell responses in mice preexposed to RSV (14). In those
studies, both B-cell and T-cell responses were primed. The situa-
tion is different in infants before primary RSV exposure when only
antiviral antibodies are present without primed T cells (i.e., ma-
ternal IgG obtained via the placenta and/or prophylactically ad-
ministered antibody in children with a high risk of developing
severe RSV disease). It has been shown in both laboratory animals
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FIG 4 Intranasal administration of IC-RSV efficiently primes RSV-specific IgG2c responses in both WT and FcRn-deficient mice. WT mice and FcRn™' ™ mice
were inoculated with UV-RSV or IC-RSV (palivizumab) at day 0. A third group was left untreated. At day 35, all groups were challenged with RSV. Blood was
collected to analyze serum antibodies 7 days prior to RSV challenge (4 weeks after priming in panel A and 6 days after challenge in panel B). (A) RSV-specific
IgG2c levels were significantly increased in both WT and FcRn™/~ mice (P < 0.001) after inoculation with IC-RSV. However, the responses were lower in
FcRn™’'~ mice compared to those in WT mice (¥, P < 0.05 at 1/27 serum dilution). (B) At day 6 after challenge in both WT and FcRn™/~ mice, virus-specific
IgG2clevels differed significantly in IC-RSV-treated mice from nonprimed and UV-RSV-inoculated mice (P < 0.001), but no significant differences were found
between the WT and FcRn™/~ mice who received IC-RSV priming. These experiments were performed twice with similar results. Error bars represent the SEM

/

of 5 individual mice per group. Significance was calculated using a two-way ANOVA.

and humans, that systemic antibodies do not completely prevent
early viral replication steps and innate immune responses (34, 35,
40). This may be explained by inadequate serum titers and/or
insufficient access of antibodies to the airway lumen. Systemic
antibodies need to access the airways from the serum through a
process in which basolateral-to-apical transport across airway ep-
ithelium facilitated by FcRn might play a role (19). Furthermore,
the half-life of IgG antibodies in serum is affected by FcRn. There-
fore, several mechanisms might contribute to altered immune
priming when RSV neutralizing antibody is administered paren-
terally in FcRn™’~ compared to WT mice. To circumvent the
factors potentially affecting the efficacy of RSV neutralization and
to exclude residual RSV (abortive) infection in the lung by system-
ically administered palivizumab the way in which earlier studies
have been performed (41), we opted for the intranasal application
of in vitro neutralized virus.

In the present study, we show that in comparison to an i.n.
challenge with nonopsonized UV-inactivated virus particles, both
CD4" and CD8 " virus-specific T-cell responses were enhanced if
the virus was opsonized with palivizumab. Thus, while live-virus
infection might be the most effective way of priming CD8™ T-cell
responses in this mouse model due to viral replication, we dem-
onstrate that preexisting neutralizing antibodies do not block ini-
tiation of virus-specific CD8" T responses completely. It can be
envisioned that the inflammatory environment during T-cell
priming is different when live RSV or immune complexes are
present in the airways. This difference in innate immune response
might affect the quality of the memory response and the function-
ality of effector cells recalled during subsequent infections. Low
numbers of CD4™" T cells producing Th2 cytokines were detected
in RSV-palivizumab-primed mice after a challenge with live virus.
The lack of infection of RSV-palivizumab complexes might alter
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early innate immune responses that affect the nature of the local
adaptive immune response during challenge. However, these
numbers of Th2 CD4 " T cells are 1 to 4% higher than we usually
find after secondary RSV infections in C57BL/6 mouse lungs and
much lower than after intramuscular vaccination with inactivat-
ed-RSV vaccines (30 to 40%) (14, 42).

Similar T-cell responses were observed after i.n. RSV challenge
with or without prior intranasal priming with UV-RSV. Thus,
intranasal exposure with noninfectious virus appears to be an in-
effective route of T-cell priming and even may slightly decrease
Th1 priming (Fig. 3). We used UV-inactivated virus in these i.n.
challenge experiments, because we wanted to evaluate the role of
antibodies in the in vivo antigen presentation of noninfectious
virus (i.e., mimicking the situation when the virus is bound to
serum-derived neutralizing antibodies). It could be argued that
UV inactivation of RSV might damage the virus proteins or the
viral RNA, decreasing the efficiency of antigen presentation or
interfering with virus-induced innate immune responses. How-
ever, in in vitro antigen presentation experiments, we found that
antigen presentation to virus-specific T cells was equally efficient
when antibody-bound live RSV or antibody-bound UV-RSV was
incubated with antigen-presenting cells (14). Furthermore, the
pattern and intensity of cytokines produced by antigen-presenting
cells (monocytes, myeloid DCs [mDCs], and plasmacytoid DCs
[pDCs]) were similar when these cells were exposed to live or
UV-inactivated opsonized virus particles (data not shown).

FcRn-mediated transport across the airway epithelium has
been reported by others to be an effective way to introduce Ig-
antigen fusion proteins into the systemic circulation (36) and a
route of immune priming (43). Herpes simplex virus 2 (HSV-2)-
specific T- and B-cell responses were primed upon i.n. adminis-
tration of an IgG Fc-gD fusion protein in an FcRn-dependent way,
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resulting in protection against a lethal dose of an intravaginal chal-
lenge with HSV-2 (43). These observations might be explained by
FcRn-mediated transcytosis of gD-Fc across respiratory epithe-
lium. The findings with respect to the role of FcRn in immune
priming with gD-Fc fusion proteins and reports showing a role of
FcRn in antigen processing in DC of ovalbumin immune complex
(OVA-IC) contrast with our observations (15, 44, 45).

The observed difference between our findings and those pub-
lished with OVA and Fc-gD might be explained by the soluble
nature of the antigens; an Fc fusion protein or ovalbumin versus
RSV viral particles in our study, or perhaps due to inherent yet
unknown properties of RSV itself. However, a different explana-
tion might be that there was a difference in the antigen-presenting
cell populations involved in the processes described in the differ-
ent studies. A recent publication showed that FcRn exclusively
facilitated processing of multimeric Ig-complexed OVA in mac-
rophages and not in DCs (46). Apparently, the phagosomes in
DCs did not reach the low pH required for IgG binding to FcRn,
while in macrophages the pH rapidly dropped to <6.5, allowing
FcRn binding. Monovalent internalization of IgG-OVA was, how-
ever, FcRn dependent in both DCs and macrophages. Thus, FcRn-
independent IC-RSV antigen presentation might be simply due to
different mechanisms of uptake and presentation (phagocytosis
versus endocytosis), or as described by Liu et al. (46) due to the
neutral pH in the phagosomes of some types of DCs. In our stud-
ies, it might be possible that lung DCs efficiently captured IC-RSV
via FcyR but did not (efficiently) process them and only trans-
ported captured viral material to the draining lymph nodes. Here
antigen presentation could occur via cross-priming, possibly me-
diated by lymph node resident DCs (47). Dendritic cells located
underneath the epithelial barrier in lung tissue contribute to the
initiation of adaptive immune responses specific for RSV. DCs
internalize antigen via a specific phagocytosis or through FcyRs
when the antigen is opsonized by IgGs. Here we confirm previous
work, in a secondary RSV infection model in mice, that antigen
presentation and subsequent RSV-specific T-cell activation were
mediated via FcyRs in the presence of acquired antibodies (14).
Therefore, it might be hypothesized that IC-RSV is sampled
through FcyRs that are present on CD103" DCs in the airways.
Moreover, antigen presentation in lymph nodes might depend on
DCs that can more readily migrate to the lymph nodes compared
to macrophages.

In conclusion, our study suggests that prophylactic RSV an-
tibodies that suppress viral infection and the classical major
histocompatibility complex (MHC) class I route of antigen
presentation in the lung can boost the induction of adaptive
CD4" T-cell responses through FcyR, while a significant virus-
specific CD8 ™ T-cell response is elicited, presumably via cross-
priming.
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