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Introduction

Summary

Human respiratory syncytial virus (hRSV) is the leading cause of infant
hospitalization related to respiratory disease. Infection with hRSV pro-
duces abundant infiltration of immune cells into the airways, which com-
bined with an exacerbated pro-inflammatory immune response can lead
to significant damage to the lungs. Human RSV re-infection is extremely
frequent, suggesting that this virus may have evolved molecular mecha-
nisms that interfere with host adaptive immunity. Infection with hRSV
can be reduced by administering a humanized neutralizing antibody
against the virus fusion protein in high-risk infants. Although neutralizing
antibodies against hRSV effectively block the infection of airway epithelial
cells, here we show that both, bone marrow-derived dendritic cells (DCs)
and lung DCs undergo infection with IgG-coated virus (hRSV-IC), albeit
abortive. Yet, this is enough to negatively modulate DC function. We
observed that such a process is mediated by Fcy receptors (FcyRs)
expressed on the surface of DCs. Remarkably, we also observed that in
the absence of hRSV-specific antibodies FcyRIII knockout mice displayed
significantly less cellular infiltration in the lungs after hRSV infection,
compared with wild-type mice, suggesting a potentially harmful, IgG-inde-
pendent role for this receptor in hRSV disease. Our findings support the
notion that FcyRs can contribute significantly to the modulation of DC
function by hRSV and hRSV-IC. Further, we provide evidence for an
involvement of FcyRIII in the development of hRSV pathogenesis.

Keywords: dendritic cells; Fcy receptors; human respiratory syncytial
virus; immune complexes; neutralizing antibodies; palivizumab.

establishment of an effective immunological memory and
therefore re-infections occur with high frequency.”®

Human respiratory syncytial virus (hRSV) is an enveloped,
single-stranded and negative-sensed RNA virus belonging
to the Paramyxoviridae family, Pneumovirus genus.' Infec-
tion with hRSV is the major cause of lower respiratory
tract disease in infants and young children worldwide.>’
Human RSV is highly infectious, affecting > 70% of chil-
dren in the first year of life and nearly 100% of children
by the age of 2 years.* Besides being highly infectious,
following disease resolution hRSV interferes with the

Indeed, these features of hRSV support the notion that
this virus has developed molecular mechanisms to evade
the host immune response.””® Because hRSV represents a
major health burden worldwide, development of an effec-
tive vaccine against this virus is considered a major goal
since its identification as a human pathogen in 1957.°
However, despite intensive research efforts to date there
are no licensed vaccines capable of inducing protective
immunity against this virus in humans.'®™"*

Abbreviations: BAL, bronchoalveolar lavage; FcRs, Fc-receptors; FcyRIIb, Fcy receptor IIb; FcyRIIL, Fey receptor III; hRSV
human respiratory syncytial virus; hRSV-IC, IgG-coated human respiratory syncytial virus; hRSV-UV, ultraviolet-treated human

respiratory syncytial virus; IC, immune complex
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Alternatively, host infection can be prevented by passive
immunotherapy using palivizumab (Synagis™), an hRSV-
specific monoclonal antibody directed to the virion sur-
face fusion protein (F), which was approved in the USA
for human use in 1998.">'® The protective effect of pali-
vizumab has been demonstrated in two animal models
for RSV infection, as well as in humans by decreasing
hRSV-associated hospitalization rates by up to 55%, com-
pared with placebo.'” " Because protection conferred by
palivizumab consists of passive immunity, periodic injec-
tions of the antibody are required for effectiveness.”>*!
However, it is currently unknown whether treatment with
this neutralizing antibody can block hRSV infection of
immune cells, such as dendritic cells (DCs). Further,
research is required to define whether systemic adminis-
tration of this antibody can elicit protective immunity in
the host during a simultaneous exposure to hRSV. A pre-
vious study suggests that palivizumab-coated hRSV can
enhance hRSV-specific T-cell responses during hRSV
infection, whereas another proposes that antibody-coated
hRSV impair CD8" T-cell activation in vitro.”> **
Athough antibodies against several microbes have been
shown to promote the establishment of antimicrobial
T-cell responses in animal models,”>® the opposite has
also been observed.?’>' Hence, we sought to determine
whether neutralizing antibodies specific for the hRSV F
protein decrease or enhance T-cell activation by antigen-
presenting cells, such as DCs in vitro and in vivo.

Receptors binding to the Fc portion of immunoglobu-
lin G (FcyRs) are expressed on the surface of immune
cells, such as phagocytic antigen-presenting cells and
granulocytes. These receptors can also be expressed by
non-immune cells, such as mesangial cells.”> Whereas the
high-affinity FcyRI receptor binds mainly monomeric
IgGs, the low-affinity FcyRIIb and FcyRIII receptors bind
IgG in the form of immune complexes (ICs). These IgG—
antigen conjugates are capable of inducing activating sig-
nals in immune cells when binding to FcyRIII, which
promote the activation of inflammatory responses. In
contrast, IC binding to inhibitory FcyRIIb leads to down-
modulation of cellular responses and reduced inflamma-
tion. Furthermore, whereas IC binding to FcyRIII
enhances antigen processing and T-cell activation,>*”**3*
binding of ICs to FcyRIIB counteracts and down-modu-
lates this process.”®”> > Hence, Fcy expression on anti-
gen-presenting cells links humoral immunity with the
modulation of T-cell immune responses.”>**

Dendritic cells are professional antigen-presenting cells
that reside in peripheral tissues and lymphoid organs to
sense, capture, process and present pathogen-derived anti-
gens to T cells as peptides bound to either MHC class I
or class II molecules.””*® After binding to ICs, FcyRs can
modulate the capacity of DCs to uptake and present anti-
gens to T cells.”>*® For this reason, pathogens such as
viruses have developed molecular mechanisms that exploit
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FcyRs to impair DC function and avoid clearance by the
adaptive immune response.” "

Notably, in many cases pathogen capture and degra-
dation, antigen presentation and T-cell activation can
be significantly enhanced by targeting antigens to speci-
fic FcyRs on the surface of DCs. For instance, it has
been previously shown that Salmonella enterica serovar
Typhimurium can no longer escape from degradation
within DCs if delivered as ICs to FcyRs.”>*” Further-
more, opsonized Salmonella promotes T-cell priming by
DCs, which ultimately leads to bacterial degradation
and clearance.”* Similarly, FcyRs have been shown to
play an important role in the context of respiratory
viral infections, such as that mediated by influenza A
virus.*®

Here, we assessed the role of FcyRs in the capture and
processing of IgG-hRSV (hRSV-IC) by DCs using two
neutralizing monoclonal antibodies against the viral
fusion protein: RS-348°°*" and palivizumab.'” " We
observed that FcyRs expressed on the surface of DCs
mediated viral entry of hRSV-IC both, in vitro and
in vivo, which hampered efficient CD4" and CD8" T-cell
priming. Although treatment with palivizumab reduced
viral loads in the lungs of hRSV-infected animals, admin-
istration of this antibody did not enhance the in vivo
priming of T cells upon viral challenge. Notably, hRSV-
inoculated FcyRIII™'~ mice displayed significantly less air-
way inflammation than did wild-type mice, as well as
reduced viral replication in the lungs. These findings sug-
gest that FcyRIII probably plays a pro-inflammatory role
during hRSV infection. Taken together, our data support
the notion that FcyRs contribute to DC entry with anti-
body-coated hRSV, which ultimately dampens T-cell
activation.

Materials and methods

Mice

Wild-type (WT) C57BL/6] mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). FcyRIIbfl ~ and
FcyRIIT '~ mice (C57BL/6 background) were generously
provided by Dr. T. Takai (Tohoku University, Tohoku,
Japan) and Dr. K. Smith (University of Cambridge, Cam-
bridge, UK), respectively. The OT-I and OT-II transgenic
mice strains*® expressing specific T-cell receptors for
I-A’’OVAsz3 35, and  H-2K°/OVAssy 264 respectively,
were kindly provided by Dr. R. Steinman (The Rocke-
feller University, New York, NY). All animal procedures
used in this study are based on both the Handbook for
Standard Biosafety, Conicyt 2008, Chile; and the Guide for
the Care and Use of Laboratory Animals (NRC 2011). All
procedures were performed under the supervision of a
veterinarian and approved by the institutional bioethical
committee.

© 2015 John Wiley & Sons Ltd, Immunology, 147, 55-72
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Virus preparation and titration

Monolayers of confluent HEp-2 cells (CCL-2, American
Type Culture Collection, Manassas, VA, USA) were
infected with 3 x 10”7 plaque-forming units (PFU) of
hRSV  serogroup A strain 13018-8 (clinical isolate
obtained from the Instituto de Salud Publica de Chile) or
a recombinant hRSV encoding the green fluorescent pro-
tein (GFP) kindly provided by Dr Mark E. Peeples (The
Research Institute at Nationwide Children’s Hospital) and
maintained in OptiMEM-I (Gibco, Sao Paulo, Brazil)
media at 37° and 5% CO,. After 12 hr of incubation, cul-
ture medium was replaced with fresh OptiMEM-I and
incubated for 48 hr. Then, infected-HEp-2 cell super-
natants were harvested and stored in small aliquots
(1 ml) at —80°. Virus was titrated over HEp-2 cells in
96-well plates and screened for syncytia formation after
crystal violet staining. Viral titres in supernatants were
estimated in HEp-2 cells (25 000 cells/well) monolayers.
Cells were infected with serial dilution of 20 pl of hRSV
per well on 96-well plates and incubated at 37° for 48 hr.
Screening for detection and quantification of syncytia was
performed after cell fixation with 1% paraformaldehyde—
PBS. Also titration was performed by immunochemistry;
cells were permeabilized with Saponin 0-2%-PBS for
20 min and then blocked with BSA 0-1%-PBS for
10 min. Next, cells were incubated with mouse mono-
clonal anti-N antibody developed in our laboratory (clone
1E9D1*?) for 1 hr (dilution 1 : 750 in PBS-BSA), washed
twice and then incubated with horseradish-peroxidase-
conjugated anti-mouse IgG (dilution 1 :2000) for
45 min. Next, cells were washed twice and the substrate
TRUE BLUE Peroxidase (KPL, Gaithersburg, Maryland,
USA) was added and incubated for 10 min. Lysis plaques
were visualized with a microscope and quantified.
Ultraviolet inactivated virus (hRSV-UV) was generated by
exposing 2 ml virus preparations covered with an ice-
pack for 45 min over a 302 nm, 15 W lamp transillumi-
nator as previously described.”** ‘Mock’ consist of super-
natants from uninfected HEp-2.

Neutralization assays

Human RSV-IC was produced by incubating 5 x 10°
PFU with different dilutions of a neutralizing anti-RSV
Fusion protein monoclonal antibody (anti-F RS-348,
kindly provided by Dr Pierre Pothier, Université de Bour-
gogne, France) (stock concentration 2-8 mg/ml) for 2 hr
at 4° or incubating 5 x 10° to 5 x 10" PFU of hRSV
with 50 pg/ml of palivizumab for 15 min at 37°. HEp-2
cells were grown in 24-well plates at 2 x 10° cells per
plate and 24 hr later were inoculated either with hRSV or
hRSV-IC at a multiplicity of infection (MOI) equal to 1.
Untreated cells were included as a control. The
neutralizing capacity of different antibody dilutions was

© 2015 John Wiley & Sons Ltd, Immunology, 147, 55-72
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evaluated by flow cytometry. Forty-eight hours after inoc-
ulation, cells were gently washed with PBS to remove
debris and then mechanically detached by pipetting. For
assessing hRSV-F protein expression, cells were stained
with RS-348 in PBS/BSA 2% for 1 hr at 4°. Then, cells
were washed and stained with an anti-mouse IgG-FITC
antibody (BD Pharmingen, San Jose, CA, USA) for 1 hr.
For hRSV-N protein expression cells were first fixed with
PBS/paraformaldehyde (PFA) 2% for 30 min. Then, cells
were permeabilized with Saponin 0-2%-PBS for 20 min.
Later, cells were stained with an anti-N antibody (clone
1E9D1) in 0-2% Saponin—2% BSA-PBS, washed and
finally stained with a goat anti-mouse IgG-FITC antibody
(BD Pharmingen). Samples were evaluated in a FACS-
Canto II flow cytometer. Dead cells were excluded by
FSC/SSC analysis and by viability staining.

Real-time PCR for detection of RSV RNA

Total RNA was obtained from lungs and DCs by using
TriZol Reagent (Invitrogen, Waltham, MA, USA), as sug-
gested by the manufacturer and reverse transcribed to
cDNA by the use of Improm-II Reverse transcription sys-
tem (Promega, Madison, WI, USA) with random primers.
Then, hRSV N protein and f-actin RNA were detected by
real-time PCR using Brilliant QPCR Master Mix (Strata-
gene, La Jolla, CA, USA) on an Mx3000P thermal cycler
(Stratagene, La Jolla, CA, USA). Data were expressed as
copy numbers of hRSV N RNA per 5000 copies of f-
actin. Primers used for hRSV N gene detection were for-
ward: 5'-GAG ACA GCA GCA TTG ACA CTC CT-3’ and
reverse: 5-CGA TGT GTIT GTIT ACA TCC ACT-3.
Detection of fi-actin was used as a housekeeping reference
gene with primers forward: 5-AGG CAT CCT GAC CCT
GAA GTA C-3' and reverse: 5-TCT TCA TGA GGT
AGT CTG TCA G-3'. For the infection kinetic experi-
ments, data were expressed as copy numbers of hRSV N
RNA per ng of total cDNA.

Cytokine ELISA

Release of interleukin-6 (IL-6), IL-10 and IL-12 by DCs
was measured 24 hr after challenge with hRSV, hRSV-IC
or hRSV-UV. Briefly, ELISA plates (Maxisorb; Nunc,
Rochester, NY, USA) were coated with 50 ng/well of
purified anti-IL-6 (clone MP5-20F3), anti-IL-10 (clone
JES5-2A5) or anti-IL-12 (clone 9A5) antibodies in 50 pl
PBS. Then, plates were blocked with PBS-BSA 3% and
200 pl of supernatant from cultures was added to each
well and incubated overnight at 4°. After this time, wells
were washed twice with PBS and 25 ng/well of anti-IL-6-
biotin (clone MP5-32C11), anti-IL-10-biotin (clone SXC-
1) or anti-IL-12-biotin (clone C17.8) was added in BSA
1%—PBS. Finally, plates were washed and incubated with
streptavidin-horseradish peroxidase. All antibodies used

57

85U80|7 SUOWWIOD @A a1 3|qeo!(dde 8Ly Aq peusenob afe sejonte VO ‘@sn Jo sa|nJ Joj Azeiq18uljuO 8|1 UO (SUOTHPUOD-pUR-SLBIAL0D" A8 | 1M AeIq 1 BUIUO//:SANY) SUORIPUOD PUe SWe 1 843 89S *[2202/2T/0z] Uo ARiqiaulluo A8|IM ‘01j01D PepsieAlun Bo13nuod AQ TvSZT WWI/TTTT OT/I0PAW0D A8 1M Aeiq 1 pul|uo//Sdny Wwouy pepeoumod ‘T *9T0Z ‘L9S2G9ET



R. S. Gomez et al.

for ELISA were purchased from BD Pharmingen. 3-3'-5-
5'-Tetramethyl-benzidine, final concentration 100 pg/ml
(Sigma-Aldrich, St Louis, MO, USA) was used as a col-
orimetric substrate. Enzymatic reaction was stopped with
2 M H,SO, and absorbance was recorded at 450 nm.
Recombinant IL-2, IL-6, IL-10 and IL-12 (BD Pharmin-
gen, San Jose, CA, USA) were used as standards for cyto-
kine quantification.

DC viability and antigen-presentation assays

Bone marrow-derived DCs from C57BL/6, FcyRIIIfl* and
FcyRIIb '~ mice were prepared as previously described.”
On day 5 of culture, DCs were inoculated for 24 hr with
hRSV or hRSV-IC at an MOI equal to 1. The hRSV-IC was
prepared with neutralizing concentration of anti-F RSV
348 antibody (0-86 mg/ml). Simultaneous to virus inocula-
tion, for antigen presentation assays, DC cultures were
treated with 10 ng/ml of OVA,5; 564 peptide or 20 ng/ml
of OVAs3,; 339 peptide. Viability of DCs was determined by
trypan blue exclusion. In the respective assays, FcyRIII and
FcyRIIb were blocked by incubating DCs for 2 hr with
5 pg/ml of anti-CD16/CD32 blocking monoclonal anti-
body (clone 2.4G2; BD Pharmingen) before DC inocula-
tion with either hRSV or hRSV-IC. The DCs were then
cultured with purified OT-II and OT-I T cells at a DC : T-
cell ratio equal to 1. OT-II CD4" T cells or OT-1 CD8" T
cells were purified from spleens of transgenic mice and iso-
lated by negative selection (purity > 95%, Miltenyi Bio-
tech, Bergisch Gladbach, Germany). Release of IL-2 and
interferon-y (IFN-y) was measured after 20 hr of DC-T-
cell co-culture as previously described.”® As a control, cell
viability was determined by Trypan blue exclusion during
and after the co-culture experiments.

Flow cytometry

Flow cytometry analyses were performed on FACSCanto-
II flow cytometer or FACSCalibur flow cytometer (BD
Biosciences, Mountain View, CA). For determination of
DC infection with hRSV, DCs were inoculated as men-
tioned above. Forty-eight hours after inoculation, cells
were double-stained with anti-CD11c-allophycocyanin
(APC) (clone HL3; BD Pharmingen) and anti-hRSV
Fusion protein (clone RS-348, same one used for immune
complex formation).*' After washing, cells were stained
with a goat anti-mouse IgG-FITC (BD Pharmingen).
Maturation of DCs was determined with fluorescence-
labelled antibodies against CD40, CD80, CD86, H-2K"
and 1-A® as previously described®” (all antibodies from
BD Pharmingen). For analysis, our gating strategy first
considered CD11c* cells, which were evaluated for the
expression of all other markers. Acquired data were anal-
ysed using FCS Express (DENovo Software V4) or FLowJo
Software v.8-4 for Macintosh (Tree Star Inc., Ashland,
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OR, USA). For in vivo evaluation of DC infection and T-
cell activation at the lungs of control and hRSV-infected
mice, animals were killed either at day 7 or 17 post-infec-
tion with an overdose of ketamine/xylazine. Lungs were
extracted and homogenized through a 70-pum cell-strainer
in PBS containing 10 mm EDTA-10% fetal bovine serum
(FBS). For T-cell activation, 3 x 10° lung cells were
stained with a mixture of antibodies containing anti-
CD69-FITC, anti-CD8a-phycoerythrin (PE), anti-CD3-
peridinin chlorophyll protein (PerCP), anti-T-cell recep-
tor-f-APC, anti-CD4-PE-Cy7 and anti-CD25-APC-Cy7
(all antibodies from BD Pharmingen) in PBS-FBS 2% for
30 min at room temperature. To assess conventional DC
infection at the lungs, 5 x 10° lung cells were incubated
with a mixture of antibodies containing anti-EpCAM-PE,
anti-CD11b-PerCP, anti-Ly-6G-APC, anti-CD11c-PE-Cy7,
anti-I-A I-E-APC-Cy7 and anti-N-hRSV-Alexa 488 (clone
1E9D1) in PBS-Saponin 0-2%-FBS 2% for 1 hr at room
temperature. Samples were analysed by FACS, which was
set to acquire at least 3 x 10° CDI1lc" I-A/I-E*
Ly-6G EpCAM  cells, that were then analysed for the
surface expression of hRSV Nucleoprotein as recently
described by our group.**

Passive antibody immunization and hRSV challenge

Lyophilized palivizumab (Synagistm) was reconstituted in
100 pl of sterile water to a final concentration of 12-5 ng/
ul. Then, WT, FcyRIIb~'~ and FcyRIII'~ mice (C57BL/6
background) were injected intraperitoneally with 50 mg/kg
(approximately 1-25 mg per mouse) of palivizumab (a
humanized neutralizing monoclonal antibody (IgGl)
against the hRSV fusion protein). At day 1 after immuniza-
tion WT, FcyRIIb~/~ and FcyRIII™'~ mice were anaes-
thetized with 150 pl of a 0-8% ketamine—0-1% xylazine
solution in PBS 1x (NaCl 0-14 m; KH,PO, 1-47 mm;
Na,HPO, 7-81 mm; KCI 2-68 mm), and challenged intrana-
sally with 1 x 107 PFU of hRSV in 75 pl. Similarly, for
hRSV  re-infection assays (herein, second challenge),
10 days post-infection mice were challenged with hRSV
without receiving a second dose of palivizumab. Mouse
weight was monitored daily after starting palivizumab
administration until euthanasia.

Analysis of infiltrating cells in bronchoalveolar lavages

On day 6 after infection, mice were terminally anaes-
thetized and lungs were washed through the trachea three
times with 500 pl of sterile PBS. Recovered cells were sep-
arated in two aliquots, one was centrifuged at 300g for
6 min, re-suspended in 300 ul and stained with a
1: 1000 dilution of anti-CD11b-FITC and anti-Gr-1
(Ly-6G)-APC antibodies (BD Pharmingen) for 40 min on
ice. Alternatively, bronchoalveolar lavages (BALs) were
stained with anti-CD11b-FITC, anti-Siglec-F-PE, anti-Ly-
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6C-PerCP, anti-Ly-6G-APC and anti-CD11c-PE-Cy7.
Data acquisition was performed with FACSCalibur and
FACSCanto-II flow cytometers (BD Biosciences). The sec-
ond aliquot of cells was spun onto glass slides, air dried
and stained with May—Griinwald and Giemsa stains (Mer-
ck, Kenilworth, NJ, USA).

Kinetics of airway inflammation after hRSV challenge

Wild-type and FcyRIII™~ mice were challenged at day 0
with 1 x 107 PFU of hRSV in 75-pl inocula and control
mice were challenged with supernatants of non-infected
Hep-2 cells. After 1, 3 and 5 days of infection, mice were
terminally anaesthetized and BALs were obtained on the dif-
ferent days (see above). The obtained cells were centrifuged
at 300g for 6 min, resuspended in 300 pl and stained with
1 : 1000 dilution of anti-CD11b-FITC and anti-Gr-1 (Ly-
6G)-APC (BD Pharmingen, San Jose, CA, USA) for 40 min
on ice. Data acquisition was performed on a FACSCalibur
cytometer (BD Biosciences, San Jose, CA, USA).

Lung histopathology

Lungs of control and infected mice were surgically
removed. The upper lobules were conserved in Tissue-
Tek OCT Compound (Sakura, AJ Alphen aan den Rijn,
Netherlands) at —80°. Slices of 5 pm thickness were pre-
pared on a cryostat. For immunofluorescence assays,
slides were fixed and permeabilized in 70% ethanol for
2 hr at —20°. Then, tissue sections were changed to 100%
ethanol for 30 min and dried for another 30 min at room
temperature. Before staining, lung sections were hydrated,
starting with 95% ethanol for 30 min, transferred to 75%
ethanol for 5 min, then to 0-4% Triton X-100 in PBS for
5 min and finally rinsed twice in PBS. Tissue sections
were incubated in blocking solution (4% BSA in 1 x
PBS) for at least 30 min at room temperature. Then,
slides were incubated over night at 4° with a biotin-con-
jugated rabbit polyclonal anti-hRSV antibody, diluted
1:100 in blocking solution (United States Biologicals,
Swampscott, MA). Tissue sections were then incubated
with FITC-conjugated streptavidin (1 : 200) for 1 hr at
room temperature and washed with PBS. Nuclei were
stained with Hoescht 33342 (5 pg/ml) for 30 min. Cover-
slips were mounted and examined in a Fluoview FV1000
Laser Scanning Confocal Microscope.

Results

Human RSV neutralization with anti-F IgG

To evaluate the capacity of neutralizing antibodies against
hRSV to block virus entry into DCs, first we assessed the
antibody concentrations that were sufficient to block the
infection of epithelial cells (HEp-2 and A549). Unlike

© 2015 John Wiley & Sons Ltd, Immunology, 147, 55-72
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DCs, HEp-2 and A549 cells do not express FcyRs on their
surface, as determined by flow cytometry (data not
shown). Increasing concentrations of neutralizing mono-
clonal antibodies against the fusion protein of hRSV,
antibody RS-348 or 50 pg/ml of palivizumab, were used
to form IgG-hRSV immune complexes (hRSV-IC or
hRSV-IC Pali) and tested on HEp-2 and A549 cells. As
determined by bright-field microscopy (cytopathic effect,
Fig. 1a) and flow cytometry (surface staining of the
fusion protein or intracellular staining of the hRSV N
protein, Fig. 1b-d or hRSV-derived GFP expression in
the Supplementary material, Fig. S1C, D), increasing
amounts of anti-F RS-348 (Fig. 1c¢ and Supplementary
material, Fig. SIA-C) and palivizumab (see Supplemen-
tary material, Fig. S1C, D) prevented syncytia formation,
as well as the expression of both virus-derived proteins
within A549 and HEp-2 cells. To ensure complete virus
neutralization, we used a final concentration equal to
0-86 mg/ml of anti-F antibody throughout the following
experiments.

DCs undergo abortive infection with hRSV-IC

To assess the infective capacity of hRSV-IC on immature
murine bone marrow-derived DCs, we evaluated DC
infection after challenge with hRSV and hRSV-IC. Expres-
sion of the hRSV fusion protein on DCs was measured at
1, 24 and 48 hr after virus inoculation using an MOI
equal to 1 (Fig. 2 and Supplementary material, Fig. S1E).
As shown in Fig. 2(b), 48 hr after inoculation, over 25%
of hRSV-inoculated DCs expressed the hRSV F protein
on the surface, which was consistent with our previous
findings.” Unexpectedly, an equivalent proportion of DCs
inoculated with hRSV-IC expressed the hRSV fusion pro-
tein on the surface, which suggested equivalent levels of
virus entry and viral protein expression within these cells,
as compared to free virus (Fig. 2b and Supplementary
material, Fig. S1E). Dendritic cells inoculated with UV-
inactivated hRSV did not display significant surface
expression of the viral protein (data not shown). Addi-
tionally, we assessed the effect of the anti-F antibodies on
hRSV entry into DCs using the GFP-expressing recombi-
nant hRSV mentioned above. Because of the low infectiv-
ity of this virus in murine DCs regardless of the MOI
used (< 5% GFP" CD11c¢" MHC-II" cells), no significant
differences were observed in the presence of anti-F IgG
(data not shown). It is noteworthy that DCs pre-incu-
bated with an FcyR-blocking antibody (clone 2.4G2, Fc
Block™) and then challenged with hRSV-IC did not dis-
play significant surface expression of the F protein, and
fluorescence was equivalent to background levels dis-
played by uninfected DCs (Fig. 2b). The DCs pre-treated
with 2.4G2 and then challenged with free hRSV displayed
a discrete reduction for the surface expression of the F
protein compared with DCs infected with hRSV alone,
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(a)

Figure 1. Human respiratory syncytial virus
(hRSV) coated with an IgG1 neutralizing anti-
body displays impaired capacity to infect HEp-
2 cells. HEp-2 cells were inoculated with hRSV
and IgG-coated hRSV (hRSV-IC) at a multi-
plicity of infection (MOI) of 1 for 48 hr and
then analysed for RSV infection. (a) Cyto-
pathic effect (syncytia formation, arrowheads)

(b) (c) on HEp-2 cells inoculated with hRSV and
PR hRSV-IC. Images were taken at 40 x magnifi-
— Unpulsed 8 404 ) cation. (b) Expression of hRSV F protein on
- — hRSV by the surface of HEp-2 cells determined by flow
- () 4 . . .
S — hRSV-UV P 30 cytometry. Representative histogram showing
= — hRSV-IC ¢ . .
1 3 20 the expression of F protein on the surface of
% HEp-2 cells pulsed either with hRSV (black),
% 101 hRSV-UV (grey) or hRSV-IC (red). Uninfected
= od cells were included as a control (thin black
10" 102 10 10* 10° line). (c) tificati £ HEp-2 cell -,
hRSV F protein - FITC K ine). (c Qu.an ifica 10T1 0 p-. ce s posm.ve
\)(\Q for F protein expression after infection with

hRSV, hRSV-UV and hRSV-IC. The hRSV-IC
was prepared with increasing amounts of a

Anti-F RSV 348

v monoclonal neutralizing antibody. (d) FACS

analysis of intracellular N protein expression in

— Unpulsed HEp-2 cells pulsed with hRSV (black), hRSV-
- ::2&UV UV (grey) and hRSV-IC (red) using an anti-
— hRSV-IC body dilution equal to 0-86 mg/ml with hRSV.

Data are means + SEM of two independent
experiments **P < 0-01, ***P < (0-001; data
104 were analysed by one-way analysis of variance

RSV N protein

and Bonferroni post-test.

although differences between both treatments were not
significant (Fig. 2b and see Supplementary material,
Fig. S1E).

Real-time quantitative PCR quantification of hRSV
nucleoprotein RNA in DCs was consistent with the data
obtained by flow cytometry. As shown in Fig. 2(c) and
the Supplementary material, Fig. SIF, DCs inoculated
with hRSV-IC or free hRSV displayed significant amounts
of hRSV N protein RNA, which only decreased signifi-

and then inoculated with IgG-coated hRSV (Fig. 2¢).
Dendritic cells inoculated with UV-inactivated hRSV dis-
played an insignificant expression of hRSV N protein
RNA (Fig. 2¢), which is consistent with previous data
from our group.”**

To further characterize the type of interaction between
DCs and hRSV, we determined the amount of infectious
viral particles released into the supernatants of DCs trea-
ted with hRSV and hRSV-IC. As shown in Fig. 2(d), DCs

cantly at 48 hr when DCs were pre-treated with 2.4G2 inoculated with hRSV and hRSV-IC did not release

Figure 2. IgG-coated human respiratory syncytial virus (hRSV-IC) infects murine dendritic cells (DCs). DCs derived from wild-type (WT),
FcyRIIb '~ and FeyRIII ™/~ mice were incubated overnight with hRSV at a multiplicity of infection (MOI) equal to 1 and analysed 48 hr later for
hRSV infection. Pre-treatment with the Fc-blocking antibody 2.4G2 was applied when indicated. (a) Gate strategy used for analysing hRSV-
infected DCs. CD11c" cells were subsequently analysed on histogram overlays for F protein expression. The M1 marker was used to measure
F-derived fluorescence beyond the baseline of unstained cells. The grey-filled histogram represents control CD11c" cells stained with the sec-
ondary antibody. (b) Expression of RSV F protein on the surface of CD11c* DCs pulsed either with hRSV or hRSV-IC measured by FACS. Unin-
fected DCs were included as control. (c) Real-time quantitative PCR for the detection of RSV nucleoprotein RNA in DCs. Graphs show number
of copies of N RNA molecules per 5000 copies of f-actin. (d) Generation of infective hRSV particles by plaque assay on HEp-2 cells. As a control
we included supernatants of uninfected or hRSV-infected HEp-2 cells. Plaque-forming units per ml (PFU/ml) from supernatants of hRSV and
hRSV-IC inoculated. Data are means = SEM of three to nine independent experiments *P < 0-05, **P < 0-01, ***P < 0-001, ns: non-significant;
data were analysed by one-way analysis of variance and Bonferroni post-test.
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significant levels of infectious viral particles into the
supernatants, regardless of the treatment. Therefore, con-
sistent with previous studies, these data suggest that
hRSV-IC undergoes abortive infection in DCs, similar to
free hARSV”®* or to hRSV-IC in macrophages.*®

Modulation of dendritic cell function by hRSV-IC

DC maturation and cytokine secretion induced by
free and IgG coated-hRSV

Engagement of activating FcyRs by antibodies contained

in immune complexes can trigger DC maturation and
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promote antimicrobial adaptive immune responses.?”*”8
Importantly, the masking of particular viral antigens by
the antibodies within immune complexes can also skew
or alter DC activation.”” Hence, to assess the effect of
hRSV-IC over DCs, we evaluated DC maturation in
response to free and IgG-coated virus. With this aim, we
assessed surface expression of maturation markers such as
CD40, CD80, CD86, MHC-I (H-2K") and MHC-II (I-A")
in uninfected, hRSV-, hRSV-IC- and hRSV-UV-inocu-
lated DCs in the presence or absence of the FcyR-block-
ing antibody 2.4G2 (see Supplementary material, Fig. S2).
At 24 hr post-inoculation, only CD40, CD80 and H-2K®
were significantly upregulated in hRSV-inoculated DCs,
whereas CD86 remained similar in all groups (see Supple-
mentary material, Fig. S2A). MHC-II only varied
significantly for hRSV-UV-treated DCs. Interestingly,
hRSV-IC-treated DCs did not display significant differ-
ences compared with uninfected DCs for any of the mat-
uration markers assessed (see Supplementary material,
Fig. S2A). The DCs pre-treated with 2.4G2 and then inoc-
ulated with hRSV-IC significantly up-regulated the
expression of CD40 and CD80 (see Supplementary mate-
rial, Fig. S2A). As controls, we evaluated uninfected DCs
pre-treated with 2.4G2 and DCs inoculated with hRSV-
UV. Controls displayed expression levels similar to those
of uninfected DCs for the maturation markers assessed,
except for MHC-II which was reduced both in 2.4G2-
treated and hRSV-UV-inoculated DCs (see Supplemen-
tary material, Fig. S2A). These results suggest that anti-F
IgG-hRSV immune complexes elicit poor DC maturation,
comparable to free virus.

Next, we measured the secretion of IL-6, IL-10 and IL-
12p70 by DCs challenged with hRSV and hRSV-IC (see
Supplementary material, Fig. S2B). As previously
reported, DCs infected with free hRSV produced signifi-
cant amounts of 1L-6,” regardless of whether FcyRs were
blocked or not with 2.4G2. On the contrary, DCs did not
secrete measurable amounts of IL-6 in response to hRSV-
IC (see Supplementary material, Fig. S2B). Compared
with uninfected control cells, DCs inoculated either with
hRSV or hRSV-IC secreted only minor amounts of IL-10
and IL-12p70. Furthermore, inoculation with hRSV-UV
failed to promote significant secretion of IL-6, IL-10 and
IL-12p70 by DCs (see Supplementary material, Fig. S2B).
These data support the notion that hRSV-IC does not
promote significant DC maturation.

Abortive infection with hRSV-IC requires surface
expression of FcyRs on DCs

To identify the FcyR responsible for mediating abortive
infection by hRSV-IC, DCs were generated from either
FcyRITb '~ or FcyRIIT '~ knockout mice and challenged
with IgG-coated hRSV (Fig. 2b—d). Dendritic cells derived
from FcyRIII'~ and FcyRIIb '~ mice showed a
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significant reduction in viral protein expression in hRSV-
IC-treated DCs (Fig. 2b). Similarly, FcyRIII '~ and
FcyRIIb '~ DCs displayed reduced expression of viral
nucleoprotein RNA after challenge with hRSV-IC com-
pared with cells challenged with free hRSV (Fig. 2¢). UV-
inactivated hRSV was included as a control, showing
reduced expression of viral nucleoprotein RNA (Fig. 2¢).
These results suggest that both receptors, FcyRIII (activat-
ing) and FcyRIIb (inhibitory), contribute to facilitating
abortive infection of DCs with hRSV-IC in vitro.

Abortive infection by hRSV-IC impairs the activation
of CD8" and CD4" T cells by DCs

To determine whether abortive infection with hRSV-IC
can modulate the capacity of DCs to activate naive T
cells, as previously reported for free hRSV,” in vitro DC—
T-cell co-culture assays were performed. Transgenic OT-I
or OT-II T cells were cultured with ovalbumin peptide-
loaded DCs that were either challenged with hRSV or
hRSV-IC. T-cell activation in response to control, hRSV-
or hRSV-IC-inoculated DCs was determined by measur-
ing the secretion of IL-2 for CD4" T cells and IFN-y for
CD8" T cells (Fig. 3a—f). As previously described,”®
hRSV-pulsed DCs showed a significantly reduced capacity
to induce IL-2 secretion by CD4" T cells (Fig. 3a).
Importantly, CD4" T cells co-cultured with hRSV-IC-
challenged DCs also displayed a reduced capacity to pro-
duce IL-2 (Fig. 3a). T-cell activation was restored when
DCs were inoculated with hRSV-IC in the presence of
2.4G2 (Fig. 3a). As expected, T cells stimulated either
with uninfected, 2.4G2- or hRSV-UV-pulsed DCs secreted
significant amounts of IL-2 (Fig. 3a and data not shown).

To assess the effect of hRSV-IC on the capacity of DCs
to activate CD8" T cells, IFN-y secretion by these cells
was measured. Interferon-y secretion was also significantly
diminished when CD8" T cells were stimulated with DCs
pulsed either with hRSV or hRSV-IC, compared with
peptide-pulsed uninfected DCs (Fig. 3b). However, FcyR
blockade with 2.4G2 did not restore IFN-y secretion by
CD8'T cells when DCs were challenged with hRSV-IC
(Fig. 3b). Interleukin-2 secretion by CD8" T cells showed
a similar pattern to that observed for IFN-y when cells
were stimulated with hRSV-or hRSV-IC-pulsed DCs (data
not shown). Trypan blue exclusion assays performed dur-
ing these experiments did not show any significant
decrease in T-cell viability, suggesting that the reduced T-
cell activation described above was not due to cell death
(data not shown).

Next, FcyRIII- and FcyRIIb-deficient DCs were used to
determine the contribution of individual FcyRs to hRSV-
IC-induced inhibition of T-cell activation. As shown in
Fig. 3, FcyRIII- and FcyRIIb-deficient DCs challenged
with free hRSV were unable to activate T cells (Fig. 3c—f).
On the contrary, FcyRIII- and FcyRIIb-deficient DCs

© 2015 John Wiley & Sons Ltd, Immunology, 147, 55-72
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Figure 3. IgG-coated human respiratory syncytial virus (hRSV-IC) impairs the capacity of dendritic cells (DCs) to activate naive T cells. (a, ¢
and e) Secretion of interleukin-2 (IL-2) by OT-II CD4" and (b, d and f) interferon-y (IFN-y) by OT-I CD8" T cells stimulated with pOVA-
pulsed DCs (a and b wild-type (WT) DCs: ¢ and d FcyRIIb~'~ DCs; and e and f FcyRIII™/~ DCs), either uninfected, hRSV- or hRSV-IC-inocu-
lated. When indicated, DCs were pre-treated with 2.4G2 to block FcyRIIB and FcyRIIL. Data are means = SEM of at least three independent
experiments *P < 0-05, **P < 0-01, ***P < 0-001, ns: non-significant; data were analysed by one-way analysis of variance and Bonferroni

post-test.

challenged with hRSV-IC induced IL-2 secretion by OT-II
T cells in an antigen-dependent manner (Fig. 3¢ and e).
However, IFN-y secretion by CD8" OT-I T cells was not
induced by FcyRIII- and FcyRIIb-deficient DCs pulsed
with hRSV-IC (Fig. 3d and f). These data suggest that
hRSV-IC differentially affects the capacity of DCs to acti-
vate CD4" and CD8" T cells and that this process is
FcyR-dependent. Moreover, inhibition of DC function by
hRSV and hRSV-IC indicates that limited viral replica-
tion, such as that seen in the abortive infection of DCs,
generates sufficient levels of viral proteins and RNA to
interfere with the fundamental function of these antigen-
presenting cells.

Human RSV infects lung DCs and modulates T-cell
responses after challenge

To assess DC infection in vivo, control or palivizumab-
treated WT, FcyRIII™'~ and FcyRIIb~/~ mice were chal-
lenged with hRSV and their lungs were analysed by flow
cytometry (Fig. 4 and see Supplementary material,
Fig. S3). We analysed the recruitment of CDI11c*

© 2015 John Wiley & Sons Ltd, Immunology, 147, 55-72

MHC-IT" cells to the lungs 6 days after primary infection
with hRSV (Fig. 4a) and then 6 days after secondary
infection with the same virus (Fig. 4b). The population
assessed and the time-point analysed (day 6) were consis-
tent with previous reports showing that CD11c" MHC-
II" cells are recruited to the lungs of infected mice at this
time-point.’>" As shown in Fig. 4(a), DCs obtained from
the lungs of mice pre-treated with palivizumab and chal-
lenged with hRSV expressed significant amounts of viral
nucleoprotein (hRSV-N) on the surface, compared with
DCs obtained from mice that did not receive this anti-
body (Fig. 4a). However, the opposite was observed for
FcyR knockout mice, in which hRSV-challenge in the
presence of palivizumab resulted in reduced hRSV-N
expression on the surface of DCs compared with animals
receiving hRSV alone (Fig. 4a). These data suggest that
FcyRs contribute to the capture of hRSV-IC by DCs
in vivo. As expected, lung DCs from hRSV-infected WT
and FcyRIII™'~ mice showed increased expression of N
protein compared with uninfected animals, although dif-
ferences were not statistically significant (Fig. 4). These
differences might be due to the migration of infected DCs
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Figure 4. Pulmonary dendritic cell (DC) infection and in vivo T-cell responses after human respiratory syncytial virus (hRSV) challenge. Wild-

type (WT), FcyRIIb™'~ and FcyRIIT™'™ mice received an intraperitional dose of palivizumab (50 mg/kg, ~ 1-25 mg/mouse) and 1 day later were

infected with 1 x 107 plaque-forming units (PFUs) of hRSV. Uninfected mice were included as control in all groups. (a) Expression of hRSV
nucleoprotein (N) in CD11¢" MHCII" cells was analysed by FACS at day 6 post infection in the lungs of WT, FcyRIII '~ and FcyRIIb '~ mice.
(b) Ten days after primary infection, animals were re-challenged with hRSV and 6 days later CD11c* MHCII* lung cells from WT, FcyRIII ™~
and FcyRIIb ™'~ mice were analysed for nucleoprotein expression. (c and e) Percentages of total CD4" CD3" and CD8" CD3" cells were mea-
sured in the lungs after first challenge and (d and f) percentage of activation of CD4" CD25" CD69" (gated on CD4") and CD8" CD25" CD69"
(gated on CD8") on the lungs from WT, FcyRIIb '~ and FcyRIII ™~ mice after first challenge were analysed by flow cytometry. Data are

means + SEM of two independent experiments. *P < 0-05, ***P < 0-001, ns: non-significant. Data were analysed by one-way analysis of variance

and Bonferroni post-test.

to the lymph nodes at earlier time-points than those
assessed herein, as previously described by others.”" Lung
DCs from WT and FcyRs™’~ animals exposed to a sec-
ondary infection with hRSV overall did not display any
differences in viral protein expression regardless of palivi-
zumab treatment (Fig. 4b).

Next we evaluated the effect of palivizumab treatment
over T-cell phenotype and migration into the airways.
First, we assessed the migration of CD4" (Fig. 4c) and
CD8" (Fig. 4e) T cells into the lungs after primary infec-
tion. Interestingly, in most cases treatment with palivizu-
mab did not significantly alter the percentage of CD4"
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and CD8" T cells in the lungs after hRSV challenge in
WT and FcyRHI_/_ mice, (Fig. 4c and e). Only,
FcyRIIb /~ mice displayed a reduced percentage of CD4"
T cells in the lungs after palivizumab treatment (Fig. 4c).
Additionally, we analysed the phenotype of the T cells
located at the lungs by measuring surface expression of
CD25 and CD69, two T-cell activation markers (Fig 4d
and f). Although WT mice challenged with hRSV alone
exhibited a slightly lower percentage of activated CD4" T
cells in the lungs than uninfected animals (Fig. 4d), treat-
ment with palivizumab did not significantly increase the
activation of CD4" and CD8" T cells in the lungs of WT

© 2015 John Wiley & Sons Ltd, Immunology, 147, 55-72

85U80|7 SUOWWIOD @A a1 3|qeo!(dde 8Ly Aq peusenob afe sejonte VO ‘@sn Jo sa|nJ Joj Azeiq18uljuO 8|1 UO (SUOTHPUOD-pUR-SLBIAL0D" A8 | 1M AeIq 1 BUIUO//:SANY) SUORIPUOD PUe SWe 1 843 89S *[2202/2T/0z] Uo ARiqiaulluo A8|IM ‘01j01D PepsieAlun Bo13nuod AQ TvSZT WWI/TTTT OT/I0PAW0D A8 1M Aeiq 1 pul|uo//Sdny Wwouy pepeoumod ‘T *9T0Z ‘L9S2G9ET



and FcyRIIT'~ mice (Fig 4d and f). Interestingly, lungs
of FcyRIIb ™'~ mice pre-treated with palivizumab and
then infected with hRSV displayed an increased percent-
age of activated CD8" T cells when compared with
untreated or uninfected animals (Fig. 4f).

As mentioned above, similar experiments were per-
formed in mice that were re-infected with hRSV 10 days
after the primary infection to recall naturally occurring
hRSV-specific memory T cells in the lungs. Similar to the
results obtained after primary infection, treatment with
palivizumab did not elicit increased percentages of acti-
vated CD4" or CD8" T cells after secondary encounter
with the virus (see Supplementary material, Fig. S3). Fur-
thermore, we observed that the lungs of FcyRHbf/ ~ mice
displayed significantly fewer CD4" and CD8" T cells than
did WT and FcyRIII™/~ mice after a second challenge
with hRSV (see Supplementary material, Fig. S3).

These findings suggest that FcyRs are probably involved
in the entry of IgG-coated hRSV into lung DCs and that
CD4" and CD8" T-cell responses are somewhat equiva-
lent, either in the presence or absence of hRSV-neutraliz-
ing antibodies. Therefore, it would seem that there was
no significant improvement in T-cell immunity against
hRSV as a result of passive anti-F IgG therapy with a
simultaneous hRSV infection.

FcyRIIb- and FcyRIII-deficient mice show differential
lung hRSV replication

To determine whether FcyRs modulate hRSV replication
in the lungs in the presence or absence of palivizumab,
we evaluated lung infection 6 days after viral challenge.
This time-point was chosen based on viral replication
kinetics that showed sustained virus replication in the
lungs at this time (data not shown). Lungs from WT,
FoyRIII'~ and FcyRIIb~'~ mice were collected 6 days
after hRSV challenge to determine the expression of both
viral RNA and viral proteins. As expected, WT mice chal-
lenged with hRSV expressed large amounts of viral RNA
for the virus nucleoprotein, as measured by quantitative
real-time PCR (Fig. 5a). Importantly, WT mice treated
with palivizumab before hRSV infection expressed signifi-
cantly less (P < 0-01) viral RNA than did mice challenged
only with hRSV (Fig. 5a). Similar results were obtained
for FcyRIIT '~ mice, although lower levels of viral RNA
were detected overall when compared with WT mice
(Fig. 5a). On the other hand, FcyRIIb~'~ mice challenged
with hRSV, displayed significantly higher levels of viral
RNA in the lungs after hRSV challenge, compared with
WT mice. Finally, FcyRIII "'~ mice displayed lower levels
of viral RNA compared with WT and FcyRHbf/ ~ mice,
regardless of palivizumab treatment (Fig. 5a).

In addition to measuring hRSV RNA, we performed
immunofluorescence experiments to detect viral proteins
in the lungs of infected mice (Fig. 5b, c). Consistent with
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the quantitative PCR assays described above, lungs from
hRSV-challenged WT and FcyRIIb '~ mice expressed
viral proteins in the airway epithelium (Fig. 5b, c¢). On
the contrary, viral proteins were hardly detectable in the
lungs of palivizumab-treated WT and FcyRIIb™/~ mice.
Remarkably, viral proteins were also virtually undetectable
in the lungs of FcyRIII ™/~ mice, independent of palivizu-
mab treatment (Fig. 5b, ).

These results are consistent with previous reports
describing the capacity of neutralizing antibodies, such as
palivizumab to prevent lung epithelial cell infection with
hRSV."®" However, our data strongly suggest that
FcyRIII plays an important role in promoting the infec-
tion of lung epithelial cells by free hRSV (Fig. 5). Inter-
estingly, FcyRIIb seems to have a somewhat protective
effect on infection, in contrast to FcyRIII (Fig. 5).

FcyRIII '~ mice display reduced airway inflammation

To evaluate whether FcyRs modulate hRSV pathology in
the presence of anti-hRSV neutralizing antibodies, WT,
FcyRIIT '~ and FcyRIIb ™'~ mice were passively immu-
nized with palivizumab before hRSV challenge. As
expected, WT mice infected with hRSV displayed massive
immune cell infiltration into the lungs, as determined by
flow cytometry analyses of BAL fluid (Fig. 6). Bright-field
microscopy analyses of BAL cytospins, as well as flow
cytometry analyses of these samples revealed that most
infiltrating cells were neutrophils and monocytes express-
ing CD11b and Gr-1 on their surfaces (Fig. 6a, b). Fur-
ther analyses revealed that a significant fraction of
infiltrating cells expressed the eosinophil marker Siglec-F
(data not shown). Strikingly, the majority of the CD11b-
positive cells were also Siglec-F-positive in FcyRITb '~
mice (data not shown). Nevertheless, visual analyses of
BALs (cytospins) did not reveal significant numbers of
eosinophils in these samples (Fig. 6a).

Treatment with palivizumab in WT and FcyRIIb '~
mice reduced inflammatory cell infiltration caused by
hRSV challenge to levels equivalent to those in uninfected
animals (Fig. 6b, upper panels). These data are consistent
with previous studies showing the capacity of palivizumab
to protect against hRSV.'®' However, untreated and
palivizumab-treated FcyRIII ™/~ mice showed completely
different responses after hRSV challenge, compared with
WT and FcyRIIb '~ mice. More specifically, hRSV-
infected FcyRIII ™/~ mice that did not receive palivizumab
displayed significantly fewer infiltrating cells in BALs
(Fig. 6a, b) than WT and FcyRHbf/* mice. In contrast,
treatment with palivizumab significantly increased cellular
infiltrates in BALs of FcyRIIIfl* mice (Fig. 6b). These
data suggest that FcyRIII plays an important role at regu-
lating cellular infiltration into the airways during hRSV
infection and mediates the protective effect of palivizu-
mab. The inflammation observed in FcyRIII-deficient
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Figure 5. FcyRIII™'~ mice display reduced human respiratory syncytial virus (hRSV) replication in the lungs. Wild-type (WT), FcyRIIb '~ and
FcyRIIT™'™ mice were passively immunized with palivizumab (50 mg/kg, ~ 1-25 mg per mouse) and infected 1 day after with hRSV. (a) At day 6
post infection, total RNA from lungs of control and hRSV-infected animals (three mice per group) were obtained and reverse-transcribed to
quantify the number of hRSV-nucleoprotein RNA copies by real-time PCR. Data are expressed as the number of hRSV-nucleoprotein gene copies
per 5000 copies of the f-actin gene. Data are means + SEM of four independent experiments *P < 0-05, **P < 0-01, ns: non-significant. Data
were analysed by two-way analysis of variance and Bonferroni post-analysis. (b and c) Six days after infection, lungs were removed, fixed onto
slides, permeabilized and stained with a biotin-conjugated anti-hRSV antibody followed by streptavidin-FITC. Nuclei were stained with Hoescht
33342 as a counterstain. (b) shows lung microphotographs for all treatments at 40 x magnification, (bar represent 50 pm) (c) shows only
microphotographs for infected animals taken at 10 x magnification (upper panels: counterstain, middle panels: hRSV (green fluorescence) and
lower panels: (counterstain and hRSV stain merged). (Bars represent 200 pm).

mice treated with palivizumab could be the result of
impaired immune-complex clearance in these animals, as
previously described.”

Cellular infiltration in the lungs of FcyRIII '~ mice
during hRSV infection

To better define the contribution of FcyRIII to the lung
pathology caused by hRSV infection, which is character-
ized by the infiltration of immune cells into the lungs,
Gr-1" CD11b" cells infiltrating this tissue were measured
at different time-points after virus challenge. The WT and
FcyRIII™/~ mice were mock-treated (HEp-2 non-infec-
tious supernatants) or hRSV-infected and killed 1, 3 and
5 days later to collect and characterize lung infiltrates
(Fig. 7a).

Upon infection, WT and FcyRIII™/~ mice displayed
contrasting cellular infiltration patterns in the lungs,
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compared with mock-treated animals. Although at day 1
FcyRIIT '~ mice showed slightly increased infiltration of
Gr-1" CD11b" cells in BALs, compared with WT mice,
by day 5 this effect was reversed in FcyRIII ™/~ mice,
which showed a sharp decrease in the number of lung
infiltrating cells (Fig. 7a). In contrast, WT mice displayed
a gradual increase in cellular infiltrates at days 3 and 5.
These data suggest that expression of FcyRIII is associated
with an early increase in inflammatory cell infiltration
into the lungs after inoculation with free hRSV.

Next, to evaluate whether reduced lung pathology in
FcyRIII™™ mice was the result of reduced viral replica-
tion in the lungs, quantitative PCR analyses were per-
formed at the same time-points as indicated above.
Significant viral RNA was detected in the lungs of
FcyRIII '~ mice, which peaked at 5 days post-infection
(Fig. 7b) but then decreased by day 6 (Fig. 5). Therefore,

decreased lung pathology in FcyRIII™/~ mice, despite the
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Figure 6. FcyRIII ™'~ mice display reduced recruitment of inflammatory cells into the airways. Wild-type (WT), FcyRIIb '~ and FcyRIII ™'~ mice

received an intraperitional dose of palivizumab (50 mg/kg, ~ 1-25 mg per mouse) and were later infected with 1 x 107 plaque-forming units

(PFU) human respiratory syncytial virus (hRSV). Uninfected mice were included as control in all groups. (a) Six days after RSV challenge, bron-
choalveolar lavages (BALs) were obtained from WT, FcyRIIb '~ and FcyRIII '~ mice inoculated with hRSV and spun on glass slides, stained with
May—Grunwald and Giemsa stains, and observed under the microscope at 40 x magnification. Graph on the right shows the quantification of

neutrophils, eosinophils, monocytes and total cells observed in cytospin slides obtained from BALs of hRSV-infected mice. Data are total num-
ber + SEM and were analysed by Student’s t-test. (*P < 0-05, ***P < 0-001, ns: non-significant) Bars represent 50 pm. (b) Percentage of CD11b
and Gr-1 positive cells in BALs 6 days after inoculation. Data are means = SEM of four independent experiments analysed by one-way analysis

of variance and Bonferroni’s Multiple Comparison Test (*P < 0-05, **P < 0-01, ns: non-significant).

presence of viral RNA, suggests that lesser pulmonary dis-
ease is probably a result of reduced recruitment of
inflammatory cells into the airways, rather than reduced
viral replication. To evaluate whether decreased hRSV
replication on day 6 post-infection in FcyRIII ™/~ mice
could be the result of pre-existing or newly synthesized
anti-hRSV antibodies, ELISA were performed with sera
derived from these animals. As shown in Fig. 7¢, no-sig-
nificant hRSV-specific antibodies were detected in the
sera of these animals.

© 2015 John Wiley & Sons Ltd, Immunology, 147, 55-72

Discussion

Neutralizing antibodies are essential for the clearance of
most viruses.”®>> The coating of viruses with antibodies
to form immune complexes can enable phagocytic cells,
such as neutrophils, DCs and macrophages, to capture
and eliminate these pathogens, avoiding further replica-
tion and dissemination in the host.*® Furthermore,
capture of ICs containing microbes by DCs can signifi-
cantly contribute to establishing robust and effective
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Figure 7. FcyRIII™'~ mice display early inflammatory cell recruitment into the lungs, as compared with wild-type (WT) mice. WT and FcyRIII ™/~
C57BL/6 mice were mock-inoculated (HEp-2 non-infectious supernatants) or human respiratory syncytial virus (hRSV) infected (1 x 107 PFU).
(a) Flow cytometry for CD11b*GR-1" cells in bronchoalveolar lavage (BAL) was performed at different time-points. Data are represented as the
differences in the percentage of inflammatory cells, between hRSV-infected and mock-inoculated mice for each day analysed. WT mice: closed
circles; FcyRIII™'~ mice: open circles. Data are means &= SEM of two pooled independent experiments and were analysed by one-way analysis of
variance using Bonferroni’s Multiple Comparison Test (¥*P < 0-05) (b) Quantitative real-time PCR analyses of lung from hRSV-infected mice.
The graph shows number of RSV-nucleoprotein RNA copies detected per ng of cDNA in lungs from WT (close circles) and FcyRIII™'~ (open
circle) mice. Data are means + SEM of two independent experiments analysed by Student’s t-test (¥**P < 0-01). (c) Sera from WT and FcyRHI*/
~ mice were collected 6 days after infection with hRSV to assess specific antibodies against hRSV by ELISA. Data represent 1/20 dilution of the
serum. A serum from uninfected WT mouse (Uninfected) was used as a negative control and anti-F RS-348 mouse antibody as a positive control.
Data are means = SEM of two independent experiments. Data were analysed by one-way analysis of variance and Bonferroni’s Multiple Compar-

ison Test (¥**P < 0-0001, ns: non-significant).

antigen-specific T-cell responses that elicit memory and
protective immunity.*>*”>*

Antibodies targeting the antigenic site II of the hRSV F
protein®>*>>® have been developed as prophylactic strate-
gies to reduce viral infection with equivalent results in
humans and animal models.'®'%%%55% Indeed, palivizu-
mab (a humanized IgG antibody) and the anti-F RS-348
antibody (mouse IgGl antibody) have been shown to
decrease hRSV  viral loads and hRSV-associated
immunopathology in mice."®'**" Nevertheless, whether
virus encounter with such neutralizing antibodies can eli-
cit enhanced antiviral T-cell responses or protective
immune memory and immunity against hRSV has not
been fully evaluated.’® >’ Hence, we assessed whether
hRSV coated with anti-F neutralizing antibodies could

68

mediate virus entry into DCs or modulate their pheno-
type and ability to activate T cells.

Here, we showed that DCs treated with hRSV-IC
underwent, abortive infection in vitro, similar to previous
findings with free hRSV.*>*> Importantly, this process was
mediated by surface FcyRs and was enough to negatively
modulate the function of DCs. Modulation of DCs by
hRSV and hRSV-IC could be mediated by viral proteins
expressed within these cells. Indeed, DCs displayed sus-
tained increases in the expression of viral proteins (F and
N) and viral RNA over time, implying productive virus
entry, viral protein expression and nucleic acid synthesis.
We have recently reported that the hRSV nucleoprotein
alone can prevent immunological synapse assembly
between T cells* and the DCs treated with UV-
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inactivated virus corroborated that we were in the pres-
ence of abortive infection, rather than DC capture of
inactive viral particles. Concomitantly, few infectious
virus particles were obtained from these cells, suggesting
that DCs may be deficient for determinants required for
virus egress or actively restrain this process. It is worth
mentioning that other viruses have also been described as
undergoing similar types of infection processes in DCs
while retaining their virulence.*® >

Other viruses, such as dengue virus, have been shown
to be infective in the form of ICs by exploiting the
human FcyRIIA activating receptor, a homologue of
FcyRIII in the mouse.” Similarly, immune-complexed
porcine reproductive and respiratory syndrome virus can
increase its infectivity by binding to swine FcyRII, a
homologue of human FcyRIIb.”® Hence, the infectivity of
IgG-coated viruses depends on, among other things, the
microbe itself and FcyRs expressed on the surface of tar-
get cells.

Our in vitro results showed that DCs inoculated with
hRSV-coated with anti-F neutralizing antibodies were
impaired at activating both CD4" and CD8" T cells, in a
similar way to free virus.” Plaque formation assays con-
firmed that the antibody concentrations used in our
experiments fully blocked F-mediated infection of HEp-2
cells, suggesting that hRSV-IC infection of DCs is FcyR-
mediated. Although the participation of these receptors
was evidence for CD4" T cells when using 2.4G2, we were
unable to restore CD8" T-cell activation using this block-
ing agent. Interestingly, a recent study that also reported
impaired T-cell activation for CD8, but not CD4", T
cells using peripheral blood mononuclear cells and palivi-
zumab-coated hRSV, found that opsonization with anti-
bodies directed against another viral antigen, namely
glycoprotein G, restored CD8" T-cell activation.”” This
last observation suggests that hRSV G protein might
interfere with CD8" T-cell activation, and so could
explain why DCs inoculated with hRSV-IC and 2.4G2 did
not restore CD8" T-cell activation in our assays.

Although recent studies have evaluated the effect of
hRSV on DCs in vivo, they have mainly approached the
question as to how the virus can modulate DC migration
from the lungs to the lymph nodes, rather than directly
assessing infection of these cells.”"**** Indeed, whether
hRSV infects or modulates DC function in vivo has not
been conclusively defined. Furthermore, the question as
to hRSV-IC could impair the capacity of DCs to activate
T cells had not been approached. Here, we were able to
detect hRSV-infected DCs in the lungs of WT and FcyR ™’
~ mice pre-treated with palivizumab and challenged with
hRSV. These results are in agreement with our in vitro
results, which also showed DC infection with hRSV-IC in
the presence of FcyRs. These results suggest that hRSV
can gain access within lung DCs through FcyRs, despite
neutralization of the fusion protein. It is important to
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note that the infectious capacity of IgG-coated hRSV in
the lungs was somewhat limited only to CD11¢” MHCIT"
cells analysed in our study, as palivizumab-treatment sig-
nificantly reduced epithelial cell infection in the airways,
as previously reported for this passive immunization
strategy.'® Although we were able to detect signs of hRSV
infection in CD11c"-MHCII" pulmonary cells at day 6
post-infection, it remains to be determined what specific
DC subsets are more susceptible to infection and func-
tionally impaired by hRSV.>***%” Moreover, it would be
important to determine in future studies the migratory
capacity of these cells in and out of the lungs after infec-
tion in FcyR-deficient mice. This aspect has been previ-
ously assessed for WT mice after hRSV infection.”™'

Further, we observed that FcyRs can significantly con-
tribute to the pathogenesis of hRSV infection either in
the absence or presence of neutralizing antibodies.
Indeed, in the absence of palivizumab lack of FcyRIII sig-
nificantly reduced lung pathology caused by hRSV infec-
tion, despite the fact that mice showed significant viral
RNA early after infection in the lungs. These data are in
agreement with studies suggesting that FcyRIII can pro-
mote T helper type 2 inflammatory immune responses in
the lungs of mice, a type of adaptive immunity known to
increase susceptibility to hRSV-induced pathology.®® Con-
sistent with this notion, hRSV challenge of FcyRIII-defi-
cient mice showed a significant reduction of
inflammatory cells in the lungs at day 6 post-infection, as
well as reduced viral RNA and nearly undetectable levels
of hRSV proteins in the lungs at this time-point. These
results suggest that the activating FcyRIII receptor is likely
to promote immune cell migration into the airways dur-
ing infection with hRSV. In contrast, the inhibitory
FcyRIIb receptor may play a protective role against non-
IgG-coated hRSV by reducing lung inflammation. Indeed,
we observed that FcyRIIb-deficient mice challenged with
hRSV displayed significant levels of inflammatory cell
infiltration in the lungs, particularly increased eosinophil
infiltration, as well as increased levels of both hRSV RNA
and proteins in the lungs. These data are in agreement
with previous studies describing that the deficiency of this
receptor increases eosinophil migration in a rhinitis
model.”” These data also suggest that in the absence of
neutralizing antibodies, FcyRIII could be deleterious to
the host upon hRSV infection. FcyRIII-mediated pathol-
ogy could promote viral infection of lung cells, whereas
FcyRIIb could play a protective role by reducing viral
replication in these cells.

In the presence of hRSV-neutralizing antibodies, vari-
ant results were obtained for FcyRIII-deficient mice.
Although palivizumab treatment reduced the amount of
hRSV RNA in the lungs of FcyRIII-deficient mice, equiva-
lent to WT mice, palivizumab induced a slight increase in
infiltrating cells in FcyRIII-deficient mice, when compared
with WT mice. This observation is consistent with a
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recent study describing that the antiviral effect of pas-
sively transferred anti-hRSV antibodies requires inflam-
matory cells that express FcyRs on their surface.”® It is
important to point out that other groups have reported
that FcyRIII-deficient mice display difficulties at eliminat-
ing immune complexes, such as IgG1-coated particles by
macrophages.” Yet, these animals have been described
overall as responding in a similar way to WT mice in
IgG-independent inflammatory processes.”' However, we
cannot rule out that this knockout mouse may harbour
uncharacterized immune abnormalities that could influ-
ence the results observed.

The findings described here, which show that hRSV
remains infective in DCs and alters their capacity to acti-
vate naive T cells despite being bound to neutralizing
antibodies is consistent with the notion that naturally
occurring anti-hRSV antibodies can fail at establishing an
effective immunity to the virus, although there are con-
flicting results.”**7*7> Along these lines, the contribu-
tion of maternal antibodies to protection against hRSV
remains controversial. Although some studies conclude
that maternal neutralizing antibodies are beneficial against
hRSV infection in the newborns,’®’7 others have sug-
gested that these antibodies fail to protect against hRSV
infection and can lead to detrimental effects, such as
recurrent wheezing, airway hypersensitivity and re-
infection.”® ®® These latter observations are more consis-
tent with our data, which suggest that coating hRSV with
a neutralizing antibody fails to prevent some of the viru-
lent features of hRSV, such as the infection of DCs that
interferes with the establishment of protective T-cell
responses. The lack of agreement on the contribution of
antibodies to hRSV pathogenesis highlights the impor-
tance of understanding the role of FcyRs that bind to
IgG-coated hRSV, such as maternally derived or newly
elicited antibodies. However, because neutralizing anti-
bodies effectively reduce epithelial cell infection, palivizu-
mab remains the best available alternative to prevent
hRSV infections in high-risk infants.'®***' Nevertheless,
more studies assessing the role of palivizumab in modu-
lating the immune response are needed to properly dis-
sect the biological functions of this neutralizing antibody.
Further, our data suggest that removing the Fc portion of
antibodies could prevent hRSV-ICs from binding to
FcyRs and subsequently infecting DC, eventually enhanc-
ing the effectiveness of neutralizing antibodies. Whether
such an approach would help to restore T-cell activation
and trigger long-term protective memory responses in
individuals remains to be determined.

In summary, our results support the notion that FcyRs
play a relevant role in hRSV-induced pathogenesis, both
in the presence and in the absence of neutralizing anti-
bodies. We found that, although anti-F antibodies
blocked viral infection of epithelial cells, hRSV immune
complexes remained infective in FcyR-expressing cells,
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such as DCs. Importantly, DC infection with hRSV-IC
led to poor maturation and impaired T-cell activation
capacity in vitro, as well as to poor T-cell responses
in vivo. Furthermore, we report that in the absence of
neutralizing antibodies there seems to be a balance on the
roles of FcyRIIb and FcyRIII, which down-regulate or up-
regulate hRSV pathogenesis, respectively. Future studies
should contribute at determining the specific roles of
these FcyRs in hRSV infection. Finally, the biological
properties of IgG-coated hRSV should be further evalu-
ated on FcyR-expressing cells to improve the effectiveness
of current and future antibody therapies.
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Figure S1. HEp-2, A549 and dendritic cell infection
with human respiratory syncytial virus (hRSV), hRSV-
immune complex (hRSV-IC), hRSV-green fluorescent
protein (hRSV-GFP) and hRSV-GFP-IC.

Figure S2. Dendritic cell maturation and cytokine
secretion in response to IgG-coated human respiratory
syncytial virus (hRSV).

Figure S3. Pulmonary CD4" and CD8" T-cell responses
after secondary challenge with human respiratory syncy-
tial virus (hRSV).
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