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Specific protein receptors that mediate internalization and entry of influenza A virus (IAV) have not been identified for any cell
type. Sialic acid (SIA), the primary attachment factor for IAV hemagglutinin, is expressed by numerous cell surface glycopro-
teins and glycolipids, confounding efforts to identify specific receptors involved in virus infection. Lecl Chinese hamster ovary
(CHO) epithelial cells express cell surface SIA and bind IAV yet are largely resistant to infection. Here, we demonstrate that ex-
pression of the murine macrophage galactose-type lectin 1 (MGL1) by Lecl cells enhanced Ca*>*-dependent IAV binding and
restored permissivity to infection. Lecl cells expressing MGL1 were infected in the presence or absence of cell surface SIA, indi-
cating that MGL1 can act as a primary receptor or as a coreceptor with SIA. Lec1 cells expressing endocytosis-deficient MGL1
mediated Ca’*-dependent IAV binding but were less sensitive to IAV infection, indicating that direct internalization via MGL1
can result in cellular infection. Together, these studies identify MGL1 as a cell surface glycoprotein that can act as an authentic

receptor for both attachment and infectious entry of IAV.

he first step in influenza A virus (IAV) infection of host cells is

the attachment of virions to cell surface N-acetylneuraminic
acid (sialic acid; SIA). SIA is the terminal component of oligosac-
charide chains expressed by cell surface glycoproteins and glyco-
lipids, and numerous studies have implicated SIA as an essential
component of cellular receptors for influenza virus (reviewed in
reference 1). Although interactions between SIA and the viral
hemagglutinin (HA) are of low affinity (2), the abundance of SIA
on the surface of mammalian cells nevertheless results in virions
binding with high avidity to most cells.

Once bound to SIA, virus can be internalized by receptor-me-
diated endocytosis using clathrin- or caveolin-dependent path-
ways or pathways independent of both clathrin and caveolin (re-
viewed in reference 3). In addition, recent studies identified
macropinocytosis as an alternative entry route for IAV (4-6). Fol-
lowing internalization, virus is trafficked through the endosomal
maturation pathway until endosomal acidification triggers a con-
formational change in the viral HA, exposing its fusion peptide
and facilitating fusion of viral and endosomal membranes (7).
However, binding of IAV to sialylated cell surface receptors does
not always result in receptor-mediated internalization (8, 9), and
engagement of specific cellular signals may be required to initiate
endocytosis of IAV. Consistent with this, IAV attachment to epi-
thelial cells induces a signaling platform, activating receptor ty-
rosine kinases to facilitate virus uptake (10). Epsin 1 has been
identified as a cargo-specific adaptor for clathrin-mediated inter-
nalization of IAV (11); however, the specific cellular receptors
linking virus recognition and entry to epsin 1 (or to other adap-
tors) are not known.

The identification of specific IAV entry receptors is compli-
cated by the ability of the virus to enter cells via multiple pathways.
Studies utilizing a ganglioside-deficient fibroblast cell line (GM-
95) indicated that sialoglycoproteins were critical for IAV infec-
tion, whereas gangliosides were not (12). Chu and Whittaker pre-
sented evidence that infection of Chinese hamster ovary (CHO)

February 2014 Volume 88 Number 3

Journal of Virology p. 1659-1672

cells by IAV required host cell N-linked glycoprotein(s). In these
studies, a mutant CHO line lacking a functional N-acetylgluco-
saminyltransferase I (GnT1) gene (Lecl cells) was shown to be
resistant to AV infection despite efficient SIA-dependent binding
of virus to the cell surface (13). Recent studies confirmed Lec1 cells
to be resistant to IAV infection but reported efficient entry of IAV
into other GnT1-deficient cell lines (5), leading the authors to
propose that Lecl cells harbor additional defects that affect IAV
entry in the absence of sialylated N-linked glycans.

Detection of respiratory pathogens, including IAV, by airway
macrophages (M®) is a critical component of innate immunity to
infection. Infection of mouse M® by seasonal IAV is abortive
(14-17), but it does result in release of antiviral and proinflamma-
tory cytokines (18, 19), which may control early virus replication
and regulate inflammatory responses to infection. Depletion of
airway M® using clodronate-loaded liposomes results in en-
hanced TAV replication and exacerbated disease severity in mice
(20, 21) and in pigs (22). Previous studies from our group re-
ported that seasonal IAV strains, such as BJx109 (which induces
very mild disease in mice), infected murine M® to high levels in
vitro, whereas the mouse-adapted PR8 strain (which induces se-
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vere disease in mice) did not (14, 15, 23). Moreover, depletion of
airway M® from the lungs of mice markedly altered the course of
BJx109 infection, resulting in severe disease (20), arguing that
efficient infection of M® is an important factor limiting disease
severity.

C-type lectin receptors (CLR) recognize carbohydrate struc-
tures and are involved in pathogen uptake and antigen presenta-
tion by immune cells, including M® and dendritic cells (DC)
(reviewed in references 24-26). The macrophage galactose-type
lectin (MGL) is a type II transmembrane CLR containing a single
carbohydrate recognition domain (CRD) that is specific for the
monosaccharides galactose and N-acetylgalactosamine (GalNAc).
A single gene encodes human MGL, whereas 2 orthologs, murine
MGL1 and MGL2, are expressed in mice (27). Recent studies from
our group used direct binding methods to demonstrate that MGL
bound to IAV in a Ca*>*-dependent manner, and MGL was impli-
cated in mediating IAV infection of murine M® (23). Highly gly-
cosylated AV strains that infected M® to high levels were recog-
nized efficiently by MGL, whereas the PR8 strain was not, arguing
that (i) MGL acts as an attachment and/or entry receptor for IAV
into M®, (ii) differences in MGL-mediated recognition deter-
mine the tropism of virus strains for murine M®, and (iii) that
this, in turn, modulates the virulence of different IAV strains in
mice. However, direct studies to confirm the role of MGL in IAV
attachment, entry, and infection are lacking.

As Lecl cells are largely resistant to IAV infection (5, 13), they
provide a system that can be exploited for transfection and expres-
sion of putative receptors for IAV. Here, we expressed MGL1 in
Lecl cells to confirm its ability to function as an IAV attachment
receptor and to investigate its ability to promote IAV infection in
the presence or absence of cell surface SIA. Lecl cells expressing
endocytosis-defective MGL1 also bound IAV effectively but
showed a reduced susceptibility to infection. To our knowledge,
this is the first description of a specific glycoprotein that recog-
nizes IAV to facilitate receptor-mediated internalization of virus,
resulting in cellular infection.

MATERIALS AND METHODS

Cell lines and primary macrophages. CHO Pro-5 (CHO; ATCC CRL-
1781) and Lecl CHO (Lecl; ATCC CRL-1735) cells were obtained from
the American Type Culture Collection (ATCC, Manassas, VA) and main-
tained in alpha minimal essential media (aMEM; Gibco BRL, New York,
NY) supplemented with 10% fetal calf serum (JRH Biosciences, KS), 4
mM r-glutamine, 100 IU penicillin, 10 pg/ml streptomycin, nonessential
amino acids (Gibco), and 50 M beta-mercaptoethanol. The RAW 264.7
M® cell line (ATCC TIB-71) was maintained in Dulbecco’s minimal es-
sential medium (DMEM; Gibco) supplemented as described above. In
some experiments, RAW 264.7 M® cells were cultured in the presence of
400 ng/ml of recombinant murine interleukin-4 (IL-4; Jomar Biosciences,
Adelaide, Australia) for 48 h. RAW 264.7 M® cells were also transfected
with MGLI1-specific short interfering RNA (siRNA; target sequence, 5
CTGAGAGCCACTTTAGACA 3') (Sigma-Aldrich) using Lipofectamine
2000 transfection reagent (Life Technologies, Australia) by following
manufacturer’s guidelines. They were washed and cultured for 48 h before
use in experiments. Scrambled control siRNA to an irrelevant protein was
also provided by Sigma-Aldrich.

C57BL/6 and mannose receptor-deficient (MMR /™) mice (28) were
bred and housed in specific-pathogen-free conditions at the Department
of Microbiology and Immunology, The University of Melbourne. Mice
aged 6 to 10 weeks were used in experiments conducted according to the
guidelines of The University of Melbourne Animal Ethics Committee.
Peritoneal exudate cells (PECs) from C57BL/6 and MMR ™/~ mice were
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obtained as described previously (15), and M® (2.5 X 10° cells) were
seeded into 8-well glass chamber slides (Lab-Tek) and incubated for 4 h at
37°C. Cell monolayers were washed to remove nonadherent cells. The
next day, slides were washed in serum-free media to remove any remain-
ing nonadherent cells, and the adherent M® population was used in virus
infection assays as described below.

Viruses. The TAV strains used in this study were BJx109 (a high-
yielding reassortant of A/PR/8/34 [PR8, HIN1]| with A/Beijing/353/89
[H3N2], expressing the H3N2 surface glycoproteins) and PR8. Viruses
were grown in 10-day-old embryonated eggs and titrated on Madin-
Darby canine kidney (MDCK) cells by standard procedures. Viruses were
purified from allantoic fluid by rate zonal sedimentation on 25 to 75%
(wt/vol) sucrose gradients as described previously (29). Purified virus was
biotin labeled via exposed lysine groups using EZ-link-Sulfo-NHS-LC-LC
biotin reagent (Thermo Scientific, IL) according to the manufacturer’s
instructions, dialyzed against Tris-buffered saline (TBS; 0.05 M Tris-HClI,
0.15 M NaCl, pH 7.2), and stored at 4°C.

Reassortant IAV were generated by 8-plasmid reverse genetics as de-
scribed previously (30). The viruses used were (i) 7:1 reassortants consist-
ing of the PR8 backbone with the HA from BJx109 (RG-BJx109) or A/Bra-
zil/11/78 (RG-Braz) or (ii) eight genes from PR8 (RG-PR8). The rescued
viruses were recovered after 3 days and amplified in the allantoic cavity of
10-day-old embryonated eggs.

Parainfluenza virus type-3 (PIV-3) from the Victorian Infectious
Diseases Reference Laboratory, Victoria, Australia, was propagated in
HEP-G2 cells. Titers of infectious virus were determined following immu-
nofluorescence staining of HEP-G2 monolayers and expressed as fluores-
cent focus-forming units (FFU)/ml.

Generation of Lecl cells expressing MGL1. RNA isolated from the
spleen of C57BL/6 mice was used as a template to amplify full-length
MGL1 by PCR using specific primers (forward primer, 5° CACCATGAT
ATACGAAAACCTCCAGAACTC 3'; reverse primer, 5* CTAGCTCTCC
TTGGCCAGC 3’) that were then inserted into the pcDNA3.1/V5-His-
TOPO expression vector (Invitrogen, CA). MGL1 mutant lacking 45
nucleotides from its cytoplasmic domain (AMGL1) was generated by PCR
using specific primers (forward primer, 5 GGGAAGCTTACCATGCTC
CTGTTCTCCCTGGGC 3'; reverse primer, 5* CCCCTCGAGCTTCTAG
CTCTCCTTGGCCAGCTT 3’), and amplified products were purified fol-
lowing agarose gel electrophoresis and ligated into pcDNA3.1/V5-His-
TOPO. Competent Escherichia coli (DH5a strain) cells were transfected,
and vectors were purified using a Miniprep kit (Qiagen) according to the
manufacturer’s instructions. MGL1 inserts were confirmed by sequenc-
ing, and the full-length sequence was identical to NCBI reference se-
quence NM_010796.

Lecl cells were transfected with pcDNA3.1/V5-His-TOPO expression
vectors containing either full-length MGL1 or AMGLI using FuGene 6
transfection reagent (Roche Diagnostic, Switzerland) according to the
manufacturer’s instructions. As controls, CHO and Lec]1 cells were trans-
fected with pcDNA3.1/V5-His-TOPO expressing cytoplasmic hen egg
ovalbumin (OVA) lacking the sequence for cell surface trafficking, as pre-
viously described (31). Stable transfectants expressing full-length MGL1
(Lec1-MGLI), the MGL1 mutant (Lecl-AMGLI), or cytoplasmic OVA
(CHO-ctrl, Lec1-ctrl) were selected in the presence of 1 mg/ml Geneticin
(G418; Invitrogen). Transfected cells were screened for cell surface ex-
pression of MGL1 using a biotin-labeled monoclonal antibody (MAb)
specific for murine MGL (clone ER-MP23; AbD Serotec, Oxford, United
Kingdom) followed by streptavidin conjugated to allophycocyanin (APC;
BD Biosciences, USA), and single cells with high cell surface MGL1 ex-
pression were isolated using a FACSAria cell sorter (BD Biosciences) and
expanded in culture for use in experiments.

Western blot and virus overlay protein blot assays (VOPBA).
Whole-cell lysates were prepared by adding 1 ml lysis buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 0.5% [vol/vol] Triton X-100, 1 mM
CaCl,, 1 mM MgCl,, and broad-spectrum protease inhibitor cocktail;
Roche, Manheim, Germany) to a confluent TC75 flask for 1 h on ice. Cells
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were collected and clarified by centrifugation (10,000 X g, 3 min), and the
protein concentration was determined by Bradford assay (Bio-Rad pro-
tein dye; Bio-Rad, CA). Lysates (~10 pg protein) were boiled for 5 min
and analyzed by SDS-PAGE under nonreducing conditions using 10 to
12.5% gels, followed by transfer to polyvinylidene difluoride (PVDF)
membrane (Millipore, MA) in Tris-glycine transfer buffer (25 mM Tris
containing 192 mM glycine and 10% [vol/vol] methanol; pH 8.3).

To detect MGL1 by Western blotting, membranes were blocked in
phosphate-buffered saline (PBS) containing 0.5% (wt/vol) bovine serum
albumin (BSA) (or 2% skim milk) and 0.1% (vol/vol) Tween 20, and all
subsequent wash and antibody binding steps were performed in PBS con-
taining 0.05% (vol/vol) Tween 20. Membranes were incubated for 1 h at
room temperature (RT) with MAb LOM-8.7 (specific for MGL1), and
bound MAD was detected using horseradish peroxidase (HRP)-conju-
gated rabbit anti-rat immunoglobulins (Dako, Denmark) in conjunction
with enhanced chemiluminescence (ECL; Western Lightning plus ECL;
Perkin-Elmer, CT). Blots were developed using a Kodak Image Station
4000Mm, and images were managed using Adobe Photoshop software.

To detect virus binding, PVDF membranes were blocked with VOPBA
buffer (TBS containing 1% [wt/vol] BSA, 0.05% [vol/vol] Tween 20, and
5 mM CaCl,) for 4 h and incubated overnight with purified BJx109 (2
pg/ml). Membranes were washed and incubated with 2 wg/ml biotinyl-
ated MAD C1/1, which binds to the HA of BJx109 (a kind gift from Lorena
Brown and Georgia Deliyannis, Department of Microbiology and Immu-
nology, The University of Melbourne). After washing, bound virus was
detected using streptavidin-conjugated HRP and ECL imaging as de-
scribed above. All steps were performed using VOPBA buffer, and incu-
bation steps were performed at 4°C. To determine if interactions between
MGLI and BJx109 were Ca’* dependent, CaCl, was omitted from
VOPBA buffer and replaced with 10 mM EDTA.

Binding of plant lectins and IAV to cells. Adherent cell lines were
detached from TC75 flasks using 1 mM EDTA in PBS and washed in
binding buffer (TBS containing 0.1% BSA [wt/vol] and 10 mM CaCl,).
For lectin and virus binding, cells were preincubated for 60 min at 37°C
with serum-free media (mock) or 100 mU/ml of bacterial sialidase derived
from Vibrio cholerae (type I1I; sialidase; Sigma-Aldrich, MO). Following
incubation, cells were labeled on ice with 10 pg/ml of biotinylated
Maackia amurensis lectin II (MAA; binds a-2,3gal-linked SIA; EY Labo-
ratories, CA), 10 pg/ml of biotinylated BJx109, or 5 pg/ml of biotinylated
Phaseolus vulgaris-L (L-PHA; binds N-linked glycans; EY Laboratories),
and then they were washed, stained with streptavidin-APC, and analyzed
using a FACSCalibur (BD Biosciences). Note that for L-PHA staining,
BSA was omitted from the binding buffer. To test the lectin activity of
MGLI, cells were incubated with 10 pg/ml a-p-galactose-PAA-fluores-
cein isothiocyanate (FITC) (galactose-PAA; Glycotech, Maryland) on ice,
washed in binding buffer, and analyzed by flow cytometry. To determine
ifligand binding to MGL1 was Ca** dependent, CaCl, was omitted from
binding buffer and replaced with 0.5 to 5 mM EDTA as indicated. Values
indicated by mean fluorescence intensity (MFI) indicate the geometrical
mean value.

Antibody-mediated MGL1 internalization assay. The MGLI inter-
nalization assay was adapted from the protocol used by Van Vliet et al. to
examine internalization of MAb by human MGL (32). Briefly, cells were
detached and incubated with 0.1 mg/ml biotin-labeled anti-mouse MGL
MAD (clone ER-MP23; AbD Serotec) in TBS containing 10 mM CaCl,
(TBS-Ca) for 30 min on ice. Unbound MAb was removed by washing in
TBS-Ca, and cells were then placed on ice or at 37°C for 1 min or 30 min,
washed again, and incubated with streptavidin-APC before analysis by
flow cytometry. The MFI of samples incubated at 37°C were compared to
those of control samples incubated on ice to determine the percentage of
MAD remaining on the cell surface.

Virus infection assays. CHO, Lec1, CHO-ctrl, Lec1-ctrl, Lec1-MGLI,
or Lec1-AMGLI cells (5 X 10* cells/250 1) were seeded into 8-well cham-
ber slides (Lab-Tek) and infected with IAV, and the percentage of IAV-
infected cells was determined as described previously (15, 23, 33). Briefly,
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after overnight culture, slides with confluent cell monolayers were washed
and incubated with IAV in serum-free media for 1 h at 4°C (to allow virus
binding but to inhibit virus entry) or at 37°C (to allow virus binding and
entry). After removal of virus inoculum, cells were washed and incubated
for a further 1 to 8 h at 37°C in serum-free media. Slides were washed with
phosphate-buffered saline (PBS) and then fixed with 80% (vol/vol) ace-
tone. TAV-infected cells were stained using (i) MAb MP3.10g2.1C7
(WHO Collaborating Centre for Reference and Research on Influenza,
Melbourne, Australia), which is specific for the nucleoprotein (NP) of
type A influenza viruses, or (ii) MAb C1/1, which detects the HA of
BJx109, followed by FITC-conjugated goat anti-mouse Ig (Millipore,
MA). The percentage of virus-infected cells was determined by costaining
with 4',6-diamidino-2-phenylindole (DAPI) or propidium iodide (PI)
and counting the total number of cells versus FITC-positive cells under
X100 magnification. A minimum of 4 random fields were selected for
counting, assessing >200 cells for each sample. Images were acquired with
a Leica DMLB microscope (Leica Microsystems, Germany) and a Leica
DFC 490 camera in conjunction with Leica IM50 Image Manager soft-
ware. In some experiments, cell monolayers were pretreated with (i) 100
mU/ml of bacterial sialidase for 60 min at 37°C to remove cell surface STA
or (ii) 5 mg/ml of asialofetuin (ASF; Sigma-Aldrich) or 10 mg/ml of man-
nan (Sigma-Aldrich) in serum-free media for 30 min at 37°C to block
C-type lectin receptors prior to addition of virus inoculum. In other ex-
periments, 5 mM ammonium chloride (NH,Cl) or 50 M dynasore (Dy;
Sigma-Aldrich) was added to cell monolayers at various times as indi-
cated.

To detect IAV-infected cells by flow cytometry, cells in 12-well plates
were washed and incubated with IAV as described above. At various times,
cells were detached, fixed with 2% paraformaldehyde (PFA), and perme-
abilized for 20 min in 1% (vol/vol) Triton-X (Sigma-Aldrich). Cells were
then stained in PBS containing 0.5% Triton-X and 1% fetal bovine serum
using MAb MP3.10g2.1C7 or MAb C1/1, followed by FITC-conjugated
goat anti-mouse Ig.

The number of adherent cells remaining after exposure to IAV was
determined as described previously (20). Briefly, 24 h after exposure, cells
were incubated in 80% (vol/vol) acetone in water for 2 min and then
stained with 10 pg/ml propidium iodide (PI). Nuclear morphology was
assessed, intact nuclei were counted in 4 or more independent fields, and
these data were used to determine the percentage of viable cells. Levels of
MCP-1, tumor necrosis factor alpha (TNF-a), and interleukin-6 (IL-6) in
clarified supernatants from mock- or IAV-infected cells were determined
using a mouse cytokine bead array (CBA) flex set (Becton, Dickinson,
USA), and MIP-2 was detected by enzyme-linked immunosorbent assay
(ELISA) (Roche Diagnostics Corp.) according to the manufacturer’s in-
structions.

Binding of recombinant MGLI or plant lectin to IAV (ELISA). Wells
of a polyvinyl microtiter plate were coated overnight at 4°C with a series of
concentrations of purified IAV in PBS, blocked for 1 h with BSA (10
mg/ml), and washed with TBS containing 0.05% Tween 20 (TBST). To
detect binding of MGLI to IAV, wells were incubated for 2 h at room
temperature with 1 to 10 wg/ml of recombinant MGLI1 diluted in TBST
containing 5 mg/ml of BSA and either 10 mM CaCl, (BSA,-TBST-Ca**)
or 5mM EDTA (BSA,-TBST-EDTA) and then washed. Binding of MGL1
was detected by the addition of biotinylated anti-MGL-specific MAb
LOM-14 followed by streptavidin-HRP (GE Healthcare, Buckingham-
shire, United Kingdom).

To determine binding of plant lectin Ricinus communis agglutinin I
(RCA), wells coated with purified IAV were incubated for 2 h with 2 pg/ml
of biotin-labeled RCA (Vector Laboratories, CA) in BSAS—TBST—Ca2+
and washed, and bound lectin was detected using streptavidin-HRP fol-
lowed by substrate. In some experiments, biotinylated RCA was incubated
in BSA,-TBST-Ca** supplemented with 5 mg/ml ASF to inhibit binding
to TAV. To confirm equivalent coating levels of different IAV, duplicate
wells were probed with a carbohydrate-specific MAb (MAb 165) which
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recognizes the cross-reactive host antigen common to all egg-grown IAV
(34).

Statistical analysis. Graphing and statistical analysis of data were per-
formed using GraphPad Prism (GraphPad Software, San Diego, CA). An
unpaired Student’s f test was used to compare two sets of data. When
comparing three or more sets of values, the data were analyzed by one-way
analysis of variance (ANOVA; nonparametric) followed by post hoc anal-
ysis using Tukey’s multiple comparison test. P = 0.05 was considered
significant.

RESULTS

MGLI1 plays arole in the infectious entry of IAV into mouse M®
lacking MMR expression. In previous studies, we used biochem-
ical approaches to demonstrate interactions between IAV and the
C-type lectin receptors MMR (specific for Man-type glycans) and
MGLL1 (specific for Gal-type glycans), and both receptors were
implicated in TAV infection of mouse M® (23). RAW264.7 M®
express low levels of cell surface MGL1 (23) and do not express
MMR (23, 27). Therefore, we modulated MGL1 expression on
RAW264.7 M® to determine if this altered sensitivity to IAV in-
fection. Consistent with previous reports (35), culture of
RAW264.7 M® in the presence of recombinant murine IL-4 in-
creased cell surface expression of MGL. In 3 independent experi-
ments, IL-4-cultured RAW 264.7 M® showed a 3.4- + 2.8-fold
increase in MGL expression compared to mock-treated M® as
determined by flow cytometry (data not shown). Moreover, en-
hanced MGL expression correlated with a significant increase in
susceptibility of RAW264.7 M® to infection by IAV strain BJx109
(H3N2) (Fig. 1Ai, white bars), and infection was blocked by pre-
treatment of the cells with ASF, a multivalent ligand of MGL (Fig.
1Ai, black bars). Treatment of RAW264.7 M® with MGL1-spe-
cific siRNA resulted in a 2.1- £ 0.6-fold reduction (in triplicate
samples in 2 independent experiments) in cell surface MGL1 ex-
pression compared to M® treated with scrambled control siRNA
(data not shown), and knockdown of MGL1 correlated with re-
duced susceptibility to IAV infection (Fig. 1Aii). Note that no
significant differences were observed in the percentage of IAV-
infected cells between untransfected RAW264.7 M® and cells
transfected with control siRNA (data not shown).

MMR is expressed by primary M® from C57BL/6 mice but not
by M® from MMR ™'~ mice (Fig. 1Bi) (28), whereas both ex-
pressed cell surface MGL (Fig. 1Bii). M® isolated from the peri-
toneal cavity of C57BL/6 and MMR '~ mice were purified by
adherence to 8-well glass chamber slides incubated with BJx109,
and the percentage of IAV-infected cells was determined 8 h
postinfection as previously described (14, 15, 23). M® from
C57BL/6 and MMR ™/~ mice were equally susceptible to infection
by BJx109. Consistent with previous studies (15, 23), pretreat-
ment of C57BL/6 M® with either mannan (mannose-rich ligand
for MMR) or ASF (galactose-rich ligand for MGL1) significantly
reduced susceptibility to infection by BJx109 (Fig. 1Biii), consis-
tent with a role for both MMR and MGL in infectious entry of
JIAV. In contrast, mannan did not inhibit IAV infection of
MMR ™/~ M® but ASF did (P = 0.001) (Fig. 1Biii), indicating that
in the absence of MMR, MGL1 is a likely candidate receptor involved
in mediating efficient IAV infection of primary mouse M®.

MGLL is expressed by M® and not by epithelial cells, and the
latter represent the primary cellular targets that support produc-
tive AV replication. To understand the consequences of MGL1-
mediated infection, we examined M® responses following expo-
sure of MMR /™ M® to BJx109 (which infects M® to high levels)
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and the mouse-adapted PR8 strain (which infects M® poorly)
(14, 15, 23). First, we confirmed that 8 h after exposure, BJx109
infected MMR ™/~ M® to high levels whereas PR$ did not (Fig.
1Ci). By 24 h, only ~10% of BJx109-infected M® remained ad-
herent, whereas the numbers of adherent M® in PR8-infected
cultures were similar to those in mock controls (Fig. 1Cii). Titers
of infectious virus were similar in cell-free supernatants taken
from IAV-infected MMR '~ M® at 2 and 24 h after exposure to
TAV (data not shown), consistent with previous reports demon-
strating abortive infection in murine M® (15-17). Finally,
MMR ™/~ M® produced IL-6, TNF-a, MCP-1, and MIP-2 follow-
ing exposure to BJx109 but not PR8 (Fig. 1Ciii). Thus, IAV infec-
tion of murine MMR ™/~ M® results in cell death without release
of infectious virions as well as induction of soluble mediators
likely to modulate inflammation and immunity to infection.

Lecl cells are less sensitive to IAV infection than CHO cells.
As a first step toward utilizing an expression-based approach to
specifically address the role of MGLI as a receptor for IAV, we
screened a range of epithelial and fibroblast cell lines for resistance
to TAV infection. CHO, Caco-2, L929, HeLa, HEK293, BHK-21,
and Vero cells were all susceptible to IAV infection, as assessed by
immunofluorescence at 8 to 24 h postinfection (data not shown).
Lecl cells are derived from CHO Pro5 cells and cannot synthesize
mature N-linked glycans due to a defect in the N-acetylglucosami-
nyltransferase I (GnT1) gene (36, 37). CHO cells express high
levels of a(2,3)-linked, but not a(2,6)-linked SIA, due to a defi-
ciency in galactosidase a-2,6-sialytransferase (38). Consistent
with this, plant lectin MAA [specific for a(2,3)-linked SIA] bound
efficiently to CHO Pro 5 cells and Lec1 cells (Fig. 2Ai, black histo-
grams), and binding was markedly reduced if cells were pretreated
with bacterial sialidase (Fig. 2Ai, gray histograms). As predicted,
we did not detect sialidase-sensitive binding of plant lectin SNA
[specific for «(2,6)-linked SIA] to either cell line (data not
shown). L-PHA, a plant lectin that recognizes complex oligosac-
charides, bound to CHO cells but not Lecl cells (Fig. 2Aii), con-
firming that Lec1 cells do not express cell surface N-linked glycans.

The ability of IAV strain BJx109 (H3N2) to bind to CHO and
Lecl cells next was determined by flow cytometry. BJx109 bound
to both CHO cells and Lecl cells (Fig. 2B), and binding was abro-
gated if cells were pretreated with bacterial sialidase to remove cell
surface SIA. Overall, binding of IAV to CHO cells was markedly
higher than that to Lec1 cells. Together, these studies confirm the
phenotype of Lecl cells relative to parental CHO Pro5 cells and
demonstrate SIA-dependent binding of IAV to both cell types,
albeit less efficiently to Lecl cells. Of note, BJx109 is a human IAV
with HA preference for a(2,6)-linked SIA (39). While interactions
between the IAV HA and SIA are of low affinity (40), simultaneous
binding to multiple «(2,3)-linked SIA on the surface of CHO and
Lecl cells is likely to increase binding avidity.

Previous studies demonstrated Lecl cells were resistant to in-
fection by IAV (strain A/WSN/33 [HIN1]) and influenza B vi-
ruses (5, 13). To confirm these findings, monolayers of CHO cells
and Lecl1 cells were incubated with BJx109 (H3N2) for 1 h at 37°C,
washed, and fixed 1 hlater (i.e., 2 h after first exposure) or cultured
an additional 7 h prior to fixing (i.e., 8 h postexposure). Monolay-
ers were then stained for expression of viral NP or HA and exam-
ined by indirect immunofluorescence to count fluorescent and
total cells. Representative images shown in Fig. 2Ci demonstrate
negligible staining for viral NP or HA at 2 h compared to high
levels at 8 h. Similarly, NP and HA are not detected in Lec1 cells at
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FIG 1 Expression of MGL1 on murine M® correlates with susceptibility to infection by IAV. (Ai) RAW 264.7 M® were cultured for 48 h with or without 400
ng/ml of recombinant murine IL-4, incubated with or without 5 mg/ml ASF for 30 min at 37°C, and infected with 10* PFU of BJx109 for 1 h at 37°C. After
washing, cells were incubated a further 7 h in the presence of ASF, fixed, stained for expression of newly synthesized viral NP, and examined by immunofluo-
rescence. Data show the mean percent infection * 1 standard deviation (SD) from 3 independent experiments. (Aii) RAW 264.7 M® were transfected with
control (siScr) or MGL1-specific (siMGL) siRNA, cultured an additional 48 h, and infected with 10° PFU of BJx109 in serum-free medium and cultured, fixed,
and stained as described for panel Ai. Data from 1 of 2 independent experiments are shown. For panels iand ii, Student’s ¢ test was used for statistical analysis (***,
P = 0.001). (Bi) Western blot analysis confirming expression of MMR by PEC M® from C57BL/6 (B6) but not MMR ™/~ mice. Proteins were resolved by
SDS-PAGE under nonreducing conditions, transferred to PVDF membrane, and detected using MMR-specific MAb. Molecular weight markers (M) are shown.
(Bii) Cell surface expression of MGL by PEC M® of C57BL/6 mice or MMR '~ mice. Cells were stained with biotin-labeled MGL-specific MAb (solid
histograms) or isotype control (dashed histograms). (Biii) Susceptibility of M® to infection by BJx109. Monolayers of PEC M® were pretreated with 10 mg/ml
mannan (Mn) or 5 mg/ml ASF or were mock treated (—) and infected with 10° PFU BJx109. Data are representative of 2 independent experiments. One-way
ANOVA was used for statistical analysis (P =< 0.01 [**] and P < 0.001 [***] compared to percent infection of the respective mock-treated samples). (C) Responses
of MMR /™ to IAV strains BJx109 (BJ) and PR8. PEC M® from MMR ~/~ mice were infected with 10° PFU of each virus. (Ci) At 8 h, cells were fixed, stained for
expression of viral NP, and assessed by immunofluorescence. (Cii) At 24 h, cells were fixed and stained for nucleic acids using PI, and the number of adherent cells
remaining was determined by immunofluorescence. Data from panels Ci and Cii are representative of 3 independent experiments and were analyzed using
Student’s ¢ test (***, P < 0.001). (Ciii) At 24 h, cell supernatants were clarified and assayed for IL-6, MCP-1, TNF-a, and MIP-2 as described in Materials and
Methods. Detection limits of each assay are indicated by the dotted lines. One-way ANOVA was used for statistical analysis (P =< 0.01 [**] and P = 0.001
compared to mock-treated samples).

2 h, and the number of infected Lec1 cells expressing either viral
protein at 8 h is markedly reduced compared to that of CHO cells
(Fig. 2Cii).

To determine the percentage of IAV-infected cells at 8 h postin-
fection, DAPI" cellsand fluorescent NP™ or HA™ cells were counted.
Staining for viral NP or HA confirmed that CHO cells were more
sensitive than Lecl cells to infection by BJx109 (Fig. 2D). These find-
ings were confirmed using flow cytometry, as expression of viral NP
by CHO or Lecl cells was low at 2 h (Fig. 2Ei), but by 8 h CHO cells
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expressed significantly higher levels of NP than Lec1 cells (Fig. 2Fii).
Virus titers were not significantly different in supernatants removed 2
and 24 h after infection of CHO or Lecl cells with BJx109 (data not
shown), indicating that IAV replication was not productive in these
cell lines. Thus, these data are consistent with previous reports (5, 13)
demonstrating that Lecl cells were markedly less sensitive to IAV
infection than parental CHO cells.

Generation of Lecl cell lines expressing the C-type lectin re-
ceptor MGL1. We generated Lecl cell lines expressing MGL1
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FIG 2 Lecl cells are less susceptible to IAV infection than parental CHO cells. (A and B) CHO and Lec1 cells were incubated in medium alone (untreated; black
histograms) or medium supplemented with 100 mU/ml of bacterial sialidase (smhdase, gray histograms), washed, and used in binding assays. (A) Binding of
biotin-labeled MAA (i) or L-PHA (ii) was determined by flow cytometry. Representative histograms of triplicate samples are shown, and dashed lines represent
cells stained with streptavidin-APC alone. MFI (* 1 SD) of binding to mock- or sialidase-treated cells for MAA (i) were the following: CHO, 31.2 * 17.5 and
5.2 = 3.6, respectively; Lecl, 35.6 == 1.7 and 7.9 = 1.4, respectively. MFI (= 1 SD) for L-PHA (ii) were the following: CHO, 13.6 = 2.5and 14.1 = 1.4, respectively;
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(Lec1-MGLI cells) to determine if expression of MGL1 could en-
hance the susceptibility of Lec1 cells to IAV infection. Cell surface
expression of MGL on Lecl-transfected cells was confirmed by
flow cytometry (Fig. 3A), and Western blot analyses of cell lysates
showed a single band of ~35 kDa in Lec1-MGLI transfectants
corresponding to MGL protein (Fig. 3B). As MGLI expresses two
potential sites of N-linked glycosylation in its extracellular do-
main (27) and Lecl cells exhibit defects in expression of N-linked T0¢
glycans (37), it was important to confirm that MGL1 expressed by
Lecl cells retained C-type lectin activity. Therefore, we examined
binding of galactose-PAA, a multivalent ligand of MGLI, to the B
surface of Lec1-MGLI1 cells. As seen in Fig. 3C, Lec1-MGLI cells
bound PAA-galactose in a Ca’"-dependent manner, whereas
Lecl-ctrl cells did not.

Lecl cells expressing MGL1 show enhanced susceptibility to
IAV infection. To determine if MGL1 on Lecl cells acts as an
attachment factor for AV, Lec1-MGLI cells and Lecl-ctrl cells
were incubated on ice with purified BJx109 in the presence of
CaCl, or EDTA and washed, and the amount of virus attached to
the cell surface was determined. Overall, CHO-ctrl cells (Fig. 4Ai)
bound higher levels of BJx109 than Lec1-ctrl cells (Fig. 4Aii), and
binding to either cell type was Ca** independent, consistent with
recognition of cell surface SIA by IAV HA. In contrast, binding to
Lecl-MGLI1 cells was significantly enhanced in the presence of
Ca*" (Fig. 4Aiii). In addition, VOPBA confirmed Ca*"-depen-
dent interactions between BJx109 and an ~35-kDa species in ly-
sates from Lec1-MGL1 cells (Fig. 4B).

The susceptibility of Lecl-ctrl cells and Lec1-MGL1 cells to
IAV infection was examined next. By immunofluorescence,
BJx109 infected Lec1-MGLI cells at significantly higher levels than C
Lecl-ctrl cells (Fig. 4C), and these data were confirmed using flow
cytometry to detect NP (Fig. 4Di) or HA (Fig. 4Dii) at 8 h postin-
fection. IAV infection of Lecl-ctrl and Lec1-MGL1 resulted in
nonproductive virus replication with no increase in infectious vi-
rus detected in supernatants 2 or 24 h after exposure to virus
inoculum (data not shown). Thus, expression of MGL1 by Lecl
cells was associated with Ca®"-dependent binding of IAV to the 100 100 102 10°  10¢
cell surface and enhanced susceptibility to IAV infection. Galactose-PAA

M Lec1-MGL1 (MGL)
@ Lec1-ctrl (MGL)

Ed Lec1-MGL1 (un)
B Lec1-ctrl (un)

B Lec1-MGL1 (Ca?*)
[ Lec1-ctrl (Caz*)

E Lec1-MGL1 (EDTA)
B Lec1-ctrl (EDTA)

% of max

N
=]

o

The lectin activity of Lecl-MGL1 contributes to dynamin-
dependent infection of Lec1-MGL1 cells. Expression of MGL1 by
Lecl cells increases permissivity of IAV infection such that it is
equivalent to parental CHO-ctrl cells (Fig. 5Ai). However, prein-
cubation of cells with ASF blocked infection of Lec1-MGLI cells
but not CHO-ctrl cells (Fig. 5Aii), consistent with lectin-mediated
infection of Lec1-MGLL1 cells but not CHO-ctrl cells.

FIG 3 MGLI expressed by Lecl cells retains calcium-dependent C-type lectin
activity. (A) Cell surface expression of MGL1 (solid histograms) on Lecl-
MGLI (black histogram) and Lec1-ctrl cells (gray histogram) was determined
by flow cytometry using an MGL-specific MAb. Unstained cells (un; dashed
lines) are included for comparison. (B) Western blot analysis confirming ex-
pression of MGL in cell lysates from Lec1-MGLI cells but not Lec-1-ctrl cells.
Proteins were resolved by SDS-PAGE under nonreducing conditions, trans-
ferred to PVDF membrane, and detected using MGL-specific MAb. Data are

representative of 3 independent experiments. (C) Binding of galactose-PAA to
Lec1-MGLI (black histogram) but not Lec1-ctrl cells (gray histogram) in buf-
fer containing either 10 mM CaCl, (solid histograms) or 5 mM EDTA (dashed
lines). Data are representative of 2 independent experiments.

We next investigated the role of cell surface SIA in MGL1-
mediated enhancement of IAV infection of Lecl cells. Pretreat-
ment of CHO-ctrl cells with sialidase almost completely abolished

Lecl, 1.4 = 0.2 and 1.4 £ 0.2, respectively. (B) Binding of 5 pg/ml biotin-labeled BJx109 was determined by flow cytometry. Representative histograms of
triplicate samples are shown, and dashed lines represent cells stained with streptavidin-APC alone. MFI (* 1 SD) for binding to mock- or sialidase-treated cells
are shown (CHO cells, 395.3 * 2.3 and 5.5 = 0.1, respectively; Lec1 cells, 41.4 == 4.2 and 3.7 * 0.1, respectively.) (C and D) Monolayers of CHO or Lec1 cells were
infected with 107 PFU of BJx109 at 37°C for 1 h as described in Materials and Methods. At 2 or 8 h, cells were fixed and stained for expression of viral NP or HA.
(C) Representative images of CHO cells (i) and Lec1 cells (ii) using a Leica DMLB microscope (used to determine the percentage of IAV-infected cells) are shown.
Images show NP or HA (FITC) and double-stranded nucleic acid (DAPI). (D) Fluorescent and total cells were counted in at least 4 random fields (>200 cells)
of CHO and Lecl cells at 8 h postinfection. Data show the mean percent infection (* 1 SD) and are representative of 5 independent experiments. Student’s ¢ test
was used to determine significance (***, P =< 0.001). (E) Flow cytometry to determine expression of IAV NP at 2 h (i) or 8 h (ii) after infection with BJx109.
Representative histograms from IAV-infected (white histograms) or mock-infected (gray histograms) triplicate samples and mean percentages of infected cells
(= 1 SD) are shown. A gate was set to include 5% of cells in uninfected controls, and the percentage of infected cells was determined relative to this. Data are
representative of 3 independent experiments.
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FIG 4 Expression of MGL1 by Lecl cells results in enhanced IAV binding and increased susceptibility to IAV infection. (A) Binding of 5 pg/ml biotin-labeled
BJx109 to CHO-ctrl (i), Lec1-ctrl (ii), and Lec1-MGL1 (iii) cells was determined by flow cytometry in the presence of 10 mM CaCl, (black histograms) or 0.5 mM
EDTA (gray histograms). Representative histograms of triplicate samples are shown, and data were used to calculate mean MFI (= 1 SD) for each cell type in Ca**
or in EDTA: CHO-ctrl, 389.7 = 19.0 and 400 * 28.6, respectively; Lecl-ctrl, 16.5 = 3.2 and 13.5 * 1.7, respectively; Lec1-MGL1, 77.2 = 1.4 and 18.8 = 6.4,
respectively (P < 0.001 [***] compared to Lec1-MGLI in the presence of Ca>*; Student’s ¢ test). (B) Proteins in cell lysates of Lec1-MGLI cells were resolved by
SDS-PAGE under nonreducing conditions, transferred to PVDF membrane, and probed with purified BJx109 in VOPBA as described in Materials and Methods.
Arrow indicates Ca®"-dependent binding to a species of ~35 kDa, corresponding to the molecular mass of MGLI. (C) Lec1-ctrl or Lec1-MGLI cells were infected
with 107 PFU of BJx109, and expression of newly synthesized viral NP (i) or HA (ii) was determined 8 h later. Data represent mean percent infection (% 1 SD)
and are representative of 2 independent experiments (***, P < 0.001; Student’s ¢ test). (D) Flow cytometry to determine expression of IAV NP (i) or HA (ii) at
8 h after infection with BJx109. Representative histograms from IAV-infected (white histograms) or mock-infected (gray histograms) cells are shown along with
the mean percentage of infected cells (+ 1 SD) from triplicate samples. A gate was set to include 5% of cells in uninfected controls, and the percentage of infected

cells was determined relative to this. Data are representative of 2 independent experiments.

IAV infection (Fig. 5Aiii), whereas this treatment reduced, but did
not abrogate, susceptibility of Lec1-MGL1 cells. Moreover, ASF
completely blocked infection of sialidase-treated Lec1-MGL1 cells
(Fig. 5Aiv). Note that MAA staining of CHO-ctrl and Lec1-MGL1
cells confirmed that sialidase effectively removed cell surface SIA
from both cell lines (data not shown). Together, these data indi-
cate that MGL1 mediates lectin-mediated attachment and infec-
tion of Lecl cells by IAV in the absence of cell surface SIA.
However, MGL1-mediated infection is enhanced when SIA is ex-
pressed on the surface of Lec1 cells.

To elucidate the entry pathway of IAV into Lec1-MGLI cells we
included dynasore, a small molecule inhibitor of dynamin, which
blocks both clathrin- and caveolin-mediated endocytosis (41), in me-
dia during both virus inoculation and subsequent culture. As seen in
Fig. 5B, 50 pM dynasore reduced BJx109 infection of CHO-ctrl and
Lec1-MGLI cells to <5%, confirming that dynamin-dependent en-
docytosis was required for IAV infection of each cell type. PIV-3 is a
paramyxovirus that enters cells via direct fusion rather than by endo-
cytosis (42). Consistent with this, dynasore did not affect infection of
CHO-ctrl cells by PIV-3 (Fig. 5B).

IAV strains differ in the expression of galactose-rich glycans
and in their ability to infect cells expressing MGL1. [AV strains
differ markedly in the number of potential N-linked glycosylation
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sites expressed on the head of the viral HA (1, 43) and in their
ability to infect murine M® (15, 23). BJx109 expresses 4 potential
sites of N-linked glycosylation on the head of its HA and infects
M to high levels compared to PR8, which lacks glycosylation on
the head of its HA and is particularly poor in its ability to infect
murine M® (15, 23). Therefore, we investigated interactions be-
tween different IAV and MGL1. The galactose-specific plant lectin
RCA-1 bound to BJx109 more efficiently than to PR8 (Fig. 6A),
and binding was inhibited in the presence of ASF. Moreover, re-
combinant MGL1 also bound to BJx109 more efficiently than to
PRS, and binding was blocked by chelation of Ca** with EDTA
(Fig. 6B) or in the presence of ASF (data not shown). Thus, BJx109
expressed increased levels of Gal-type glycans and was recognized
more efficiently by MGL1 than PRS.

Lec1-MGLI cells were incubated with an equivalent infectious
dose of either BJx109 or PR8 and washed, and the percentage of
IAV-infected cells was determined at 8 h postinfection. Again,
mock-treated or sialidase-treated Lec1-MGL1 cells were markedly
more sensitive than Lecl-ctrl cells to BJx109 infection (Fig. 6Ci).
In contrast, mock-treated Lec1-MGL1 cells showed only a modest
increase in sensitivity to PR8 infection, and pretreatment with
sialidase reduced infection levels to <1% (Fig. 6Ci). To confirm
the importance of the viral HA, we used genetically defined viruses
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FIG 5 Role of cell surface sialic acid and dynamin-dependent endocytosis in
MGLI-mediated infection of Lecl cells by IAV. (A) Monolayers of parental
CHO-ctrl and Lec1-MGLI cells were mock treated or treated with 100 mU/ml
bacterial sialidase (Sial) for 60 min at 37°C, followed by incubation with 5
mg/ml ASF or medium alone at 4°C for 30 min. Cells were then incubated with
107 PFU of BJx109 for 1 h at 4°C to allow virus binding, washed, and incubated
for a further 7 h at 37°C. (B) Monolayers of parental CHO-ctrl and Lecl-
MGLI cells were incubated with 107 PFU of BJx109 alone (mock) or in the
presence of 50 wM dynasore for 1 h at 37°C, washed, and incubated for a
further 7 h in the presence or absence of dynasore. Cells were fixed and stained
for expression of newly synthesized viral NP as described in Materials and
Methods. Cells were fixed, stained, and examined by immunofluorescence as
described in the text. CHO-ctrl cells incubated with 10° FFU of PIV-3 in the
presence or absence of dynasore were fixed and stained at 16 h postinfection.
Data represent the mean percent infection (= 1 SD) and are representative of
2 independent experiments. ***, significantly different from mock-treated
control cells (P = 0.001; one-way ANOVA); #, significantly different from
mock-treated Lec1-MGLI1 cells (P = 0.001; one-way ANOVA).

which expressed 7 genes from PR8 in conjunction with the HA
gene of either BJx109 (RG-BJx109) or PR8 (RG-PR8). As such,
these viruses express an identical NA glycoprotein and differ only
in respect to the origin of the viral HA. Only expression of the
BJx109 HA was associated with increased infection of mock-
treated or sialidase-treated Lec1-MGL1 cells (Fig. 6Cii). A genet-
ically defined virus expressing 7 genes from PR8 with the HA from
Braz/78 (an H1 subtype HA, like PR8, but with 4 potential glyco-
sylation sites on the head of its HA [44]) also infected mock-
treated or sialidase-treated Lec1-MGL1 cells to higher levels than
Lecl-ctrl cells (Fig. 6Cii).

Generation of Lec1 cells expressing an endocytosis-defective
mutant of MGL1. Expression of MGL1 by Lecl cells could en-
hance IAV infection by a number of distinct mechanisms. MGL1
may act as an attachment factor, concentrating virions at the cell
surface to promote interaction with other (unknown) receptors,
which then mediate dynamin-dependent internalization of virus.
Alternatively, MGLI itself could act as both an attachment and
entry receptor for IAV. Therefore, we generated an MGLI1 con-
struct with 45 nucleotides (corresponding to 15 amino acids, in-
cluding the putative internalization motif YENL [27, 32, 45]) de-
leted from its cytoplasmic domain (Fig. 7A). Lecl cells were
transfected with this construct, and stable cell lines expressing the
MGL1 deletion mutant were generated (Lecl-AMGLI1) and
matched with Lec1-MGL1 for cell surface expression of the recep-
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tor (Fig. 7B). As expected, the MGL1 species expressed by Lecl-
AMGLI showed a reduced molecular mass by Western blotting
(Fig. 7C) and retained lectin activity equivalent to that of Lecl-
MGLI1 cells (Fig. 7D).

A biotin-labeled MAb specific for MGL1 was used to compare
the endocytic activity of MGL1 expressed by Lecl-MGL1 and
Lecl-AMGLI cells. Cells were incubated at 4°C with anti-MGL1
MAD, washed, and moved to 37°C to facilitate internalization of
cell surface MAb. After either 1 or 30 min, cells were washed in
ice-cold buffer, fixed, and stained with streptavidin-APC, and an-
alyzed by flow cytometry to determine the amount of MAD re-
maining at the cell surface. By 30 min, levels of MAb bound to
MGLL1 on the surface of Lec1-MGLI cells were significantly re-
duced (Fig. 7E), indicative of antibody-mediated internalization.
In contrast, levels of MAD on the surface of Lec1-AMGL1 cells at 1
or 30 min were not significantly different, confirming the impor-
tance of the intracellular domain in efficient MGL1-mediated en-
docytosis. To control for the off-rate of MAD, cells were fixed with
2% paraformaldehyde (PFA) prior to incubation with MAb. The
MFI associated with anti-MGL MAD detected at the cell surface of
fixed Lec1-MGL1 and Lec1-AMGL1 was not significantly differ-
ent following incubation at 37°C for 1 or 30 min (data not shown).

MGLI1 can act as an endocytic receptor for infectious entry of
IAV into cells. We next compared Lecl1 cells expressing MGL1 or
AMGLI for sensitivity to IAV. First, equivalent levels of BJx109
bound to the surface of Lec1-MGL1 and Lec1-AMGLI cells (Fig.
8A), and levels were significantly enhanced compared to those of
Lecl-ctrl cells. We next compared Lecl-ctrl, Lec1-MGL1, and
Lecl-AMGLI1 cells for susceptibility to infection by BJx109.
BJx109 infected Lecl-AMGLI cells less efficiently than Lecl-
MGLL1 cells (P = 0.001 by one-way ANOVA) (Fig. 8B). While
there was a trend for Lec1-AMGLI cells to be more susceptible to
IAV infection than Lecl-ctrl, this was not significant across mul-
tiple independent experiments.

We next examined the rate of virus entry (leading to infection)
in CHO-ctrl, Lec1-MGL1, and Lec1-AMGLI cells. In these exper-
iments, cell monolayers were inoculated with BJx109 at 4°C for 30
min (to allow virus binding but not endocytosis), washed, and
cultured at 37°C for various times before the addition of NH,Cl to
retain virus in endosomes and prevent further infection. All wells
were then fixed at 8 h postinoculation and stained for expression
of IAV NP (Fig. 8C). Note that gray bars indicate wells that did not
receive NH,Cl and were fixed at 8 h. Inoculation of CHO-ctrl and
Lecl-MGL1 with BJx109 (with no NH,Cl added was the mock
condition) resulted in ~90 and ~70% infection, respectively,
whereas addition of NH,Cl immediately after incubation with vi-
rus (t = 0 h) reduced infection levels to <1%. Infectious entry of
BJx109 into CHO-ctrl cells (Fig. 8Ci) and Lec1-MGL1 cells (Fig.
8Cii) occurred during the first 30 min at 37°C, whereas infectious
entry into Lec1-AMGLI cells was not detected at this time (Fig.
8Ciii), consistent with defects in MGL-mediated endocytosis. By 8
h after virus exposure, the percentage of IAV-infected Lecl-
AMGLI cells was approximately half that of Lec1-MGL1 cells (Fig.
8, compare gray bars in panels ii and iii). Under similar infection
conditions using an inoculum of 107 PFU of BJx109, the percent-
age of IAV-infected Lec1-AMGLI cells had increased further by 24
h (Lec1-AMGLI cells, 72.8% =+ 7.8% infected; Lec1-MGLI cells,
85.2% = 3.2% infected), consistent with delayed kinetics of
MGL1-mediated virus entry into Lecl-AMGLI cells (data not
shown).
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FIG 6 IAV strains differ in expression of galactose-rich glycans and in the
ability to infect cells expressing MGL1. (A) Binding of plant lectin RCA to
Gal-type glycans expressed by purified BJx109 and PR8. Wells coated with
increasing concentrations of purified virus were probed with biotin-labeled
RCA in the presence or absence of 5 mg/ml ASF. MAD 165 was used to confirm
equivalent coating levels of each of the purified viruses (data not shown). (B)
Binding of recombinant MGLI to purified IAV. Wells coated with 10 pg/ml or
1.25 pg/ml of BJx109 or PR8 were incubated with 2 wg/ml recombinant MGL
in buffer containing 25 mM CaCl, (white bars) or 5 mM EDTA (black bars).
Data shown are the means from triplicate samples (= 1 SD) and are represen-
tative of 3 independent experiments. P < 0.001 (***) compared to binding to
an equivalent coating concentration of BJx109 in the presence of CaCl,. OD,
optical density. (C) Monolayers of Lecl-ctrl and Lec1-MGLI1 cells were mock
treated or treated with 100 mU/ml of bacterial sialidase (sial) for 1 h at 37°C
before infection with 10”7 PFU of BJx109 or PR8 (i) or 7:1 viruses (ii) generated

Lec1-ctrl
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DISCUSSION

Although specific entry receptors required for infectious entry of
influenza virus into host cells have not been identified, these mol-
ecules are likely to differ depending on cell type. MMR and MGL
are expressed on M® but not epithelial cells, and our studies have
implicated both CLRs in infectious entry of IAV into murine M®
(23) (Fig. 1 and 5A). In addition, BJx109 and PR8 infect epithelial
cells to equivalent levels, whereas PR8 is particularly poor in its
ability to infect primary M® and M® cell lines (Fig. 1C) (15, 23).
Here, we demonstrate that BJx109, but not PR8, infected M®
from MMR /™ mice to high levels, consistent with the notion that
MGL1 alone can facilitate IAV entry and infection. Moreover,
expression of MGLI in an epithelial cell line deficient in endoge-
nous entry/internalization receptors (Lecl cells) resulted in en-
hanced IAV attachment and infection. MGL1-mediated infection
occurred in the absence of cell surface SIA but was enhanced when
SIA was expressed on the surface of Lecl cells. IAV also bound to
Lecl cells expressing endocytosis-defective MGL1, but these cells
were markedly less sensitive to virus infection. Together, these
studies demonstrate that MGL1 can act as an attachment and en-
try receptor for influenza virus infection.

It is well established that IAV can enter host cells via clathrin-
mediated and clathrin-independent endocytic pathways (46—48),
with the majority of virions entering via clathrin-mediated endo-
cytosis (CME) (48). The particular receptors engaged by IAV are
likely to determine selection of particular endocytic pathways. Ex-
perimental cell culture conditions also modulate endocytic path-
ways (49-53), and addition of serum was shown to induce dy-
namin-independent macropinocytosis as an alternative [AV entry
pathway in addition to CME (5, 54). Compared to spherical viri-
ons, filamentous IAV use macropinocytosis as the primary mech-
anism of virus entry, likely avoiding the size restriction of clathrin-
coated vesicles (6). Identification of MGL1 as a specific receptor
for virus attachment and entry is an important step toward the
dissection and study of IAV entry pathways. Surprisingly little is
known regarding how IAV enters immune cells, such as M® and
DC, which naturally express MGL1. Future studies will investigate
the specific pathways used by IAV to enter immune cells, the role
of C-type lectin receptors in this process, and how IAV entry
might be modulated in the presence of serum or by incubation in
the presence of protein-rich airway fluids.

GnT1-deficient cell lines do not express sialylated N-linked
glycans, although SIAs are present on O-linked glycoproteins and
glycolipids (55-57). Complementation of GnT1 restored IAV en-
try in GnT1-deficient CHO 15B cells but was much less efficient in
Lecl cells, consistent with the proposal that GnT1-deficient Lecl
cells harbor an additional defect(s) that affects IAV entry in the
absence of sialylated sugars (5). Our approach to demonstrate the
receptor function of MGLI for IAV depended on identification of
a cell type that showed some resistance to IAV irrespective of the
cellular defect associated with reduced virus entry. Despite virus

by reverse genetics. Cells were fixed at 8 h and stained for newly synthesized NP
as described in the text. Data represent the mean percent infection (= 1 SD)
and are expressed relative to the positive control (CHO-ctrl cells) for each virus
infection. Experiments were performed 3 times with similar results. P < 0.05
(*), P<0.01 (**),and P < 0.001 (***) compared to infection of mock-treated
cells by BJx109 (i) or RG-BJx109 (ii). §, percent infection was <1% of total
cells.
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FIG 7 Mutant of MGLI lacking 15 amino acids from its cytoplasmic domain retains C-type lectin activity but shows reduced endocytic activity when expressed
by Lecl cells. (A) Nucleotide and deduced amino acid sequences of the cytoplasmic domain of wild-type MGLI and a deletion mutant lacking 15 amino acids
from the cytoplasmic domain (AMGL1). The putative internalization domain YENL is underlined. (B) Cell surface expression of MGL1 on Lec1-MGL1 (black
histogram), Lec1-AMGLI (gray histogram), or Lecl-ctrl cells (dashed line). (C) Western blot detecting MGL in lysates from Lec1-AMGLI cells. (D) MGL1 on
Lec1-AMGLI cells retains lectin function equivalent to that of MGL1 on Lec1-MGLI cells. Data are representative of 2 independent experiments. (E) Reduced
endocytic capacity of MGLI expressed on Lec1-AMGLI cells. MGL1-mediated endocytosis was determined as described in Materials and Methods. The asterisk
indicates cell surface MADb levels that were significantly different between samples after 1 and 30 min (P = 0.05; Student’s ¢ test). n.s., not significant.

binding to cell surface SIA (presumably to O-linked glycans and
gangliosides), the limited sensitivity of parental Lecl cells to IAV
infection suggests that specific signaling required to initiate virus
entry was inefficient. Expression of MGL1 was sufficient to over-
come such defects, and Lec1-MGL1 cells could be infected by IAV
to levels comparable to those of CHO-ctrl cells (Fig. 5Ai). In this
context, binding of IAV to MGL1 induced appropriate signaling,
and Lecl cells expressing MGL1 were fully susceptible to virus
entry and infection.

Chu and Whittaker reported a dramatic reduction in suscep-
tibility of Lecl cells to IAV infection (~95% compared to <1%
for CHO and Lecl cells following incubation with virus strain
A/WSN/33) (13), and recent studies confirmed these findings (5).
In our hands, BJx109 infected CHO cells and Lec1 cells to ~80 and
~25%, respectively, suggesting that Lecl cells differ in their sus-
ceptibility to different virus strains. Reassortant viruses expressing
the HA of Beij/89, Braz/78, and PR8 also mediated SIA-dependent
infection of Lecl-ctrl cells to levels higher than those previously

February 2014 Volume 88 Number 3

reported using A/WSN/33 (Fig. 6), suggesting that the HA/NA
balance of particular IAV strains is critical for effective binding to
sialylated receptors on Lecl cells which lack sialylated N-glycans.
Consistent with this, AV infection of Lec1-MGLI cells generally
was more efficient when cells expressed cell surface SIA. Together,
these data indicate that both levels of galactose-rich glycans ex-
pressed by different IAV as well as interactions between the viral
HA/NA and cell surface SIA can modulate MGL1-mediated entry
and infection by IAV.

Recombinant human MGL retained C-type lectin activity
comparable to that of native MGL (58), consistent with our find-
ing that recombinant MGL1 mediated Ca®"-dependent binding
to IAV (Fig. 6B). As recombinant MGL1 expressed in E. coli lacks
appropriate glycosylation, these data confirm that the two sites of
N-linked glycosylation on MGL1 are not required for lectin func-
tion. When expressed by Lec1 cells, MGL1 mediated Ca*>"-depen-
dentbinding to galactose-PAA (Fig. 3) and to IAV (Fig. 4Aiii), and
the enhanced susceptibility of Lec1-MGLI cells to IAV infection

jviasm.org 1669

1sanb Aq 2T0Z ‘¥T AINC uo /6o wse’IAly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Ng et al.

A c
(i) CHO-ctrl
x
g §120
S g
= E 80
100 10" 102 104 § 40 §
Virus binding ° 0
B Lect-MGL1 X mock 0 05 1 4 6
eCcl- .
Lec1-MGL1
@ Lec1-AMGL1 (i) Lec
OLect-ctrl 3120
HLec1-MGL1 (un) 3
HLec1-AMGL1 (un) £ 80
B Lec1-ctrl (un) 2 40
[S]
B n.s 5 0 §
-0100' ';* s mock 0 05 1 4 6
3 801 (iii) Lec1-AMGL1
= 01 3120
2 40 1 g 80
o 1 (2]
ES 23 T 40
SIS 32
IR RY S “mock 0 051 4 6
&N .
NAFAIN Time of NH,CI
bk addition (hr)

FIG 8 Lecl cells expressing endocytosis-defective MGL1 show reduced sensi-
tivity to IAV infection. (B) Binding of 5 jug/ml biotin-labeled BJx109 to cells in
the presence of 10 mM CaCl, was determined by flow cytometry. Representa-
tive histograms of triplicate samples are shown, and dashed lines represent cells
stained with streptavidin-APC alone (un). MFI (= 1 SD) of BJx109 binding to
Lecl-ctrl, Lec1-MGL1, and Lec1-AMGL1 cells (14.4 * 2.8, 48.4 *= 7.1, and
65.9 £ 22.5, respectively). **, P < 0.01 by one-way ANOVA compared to
Lecl-ctrl. (C) Monolayers of Lecl-ctrl, Lec1-MGLI, and Lec1-AMGLI were
infected with 107 PFU of BJx109 as described in Materials and Methods. Cells
were fixed at 8 h, stained, and then examined by immunofluorescence. Data
show the mean percent infection (* 1 SD) from 6 independent experiments.
(**, P = 0.01; ***, P < 0.001; n.s., not significant; one-way ANOVA). (D)
Monolayers of CHO-ctrl (i), Lec1-MGLI (ii), and Lec1-AMGLI (iii) were
incubated with 107 PFU of BJx109 at 4°C for 30 min to allow virus binding and
then moved to 37°C. At various times, supernatants were removed and re-
placed with media containing 5 mM NH,CI to prevent further infection.
NH,CI was not added to mock-treated cells. All cells were fixed at 8 h and
stained for expression of viral NP. Data represent the mean percent infection
(= 1 SD) and are representative of 3 independent experiments. §, percent
infection was <1% of total cells.

was blocked by ASF (Fig. 5Aii). MMR is a complex C-type lectin
that expresses multiple sites for N- and O-linked glycosylation.
Inhibitors of oligosaccharide processing did not affect C-type lec-
tin activity of MMR (59); however, expression of MMR by Lecl
cells was associated with severe defects in MMR-mediated recog-
nition and internalization of mannose-specific ligands (60). It is
well established that N-linked glycosylation can be an important
regulator of molecular and cellular interactions, and as such, the
transfection/expression-based approach described here will not
be appropriate to examine all putative virus receptors.

MMR and DC-SIGN are Man-specific CLRs that bind glycans
expressed on IAV HA/NA, and they have been implicated in pro-
moting infection of different M® and dendritic cell populations
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(15,23, 33, 61). These and additional CLRs have been reported to
act as attachment factors and promote infection by a range of
other viruses; however, in most studies the mechanism(s) under-
lying CLR-mediated infection enhancement has not been eluci-
dated (reviewed in reference 31 and 62). That said, removal of the
putative internalization motif from DC-SIGN prevented anti-
body-mediated internalization of DC-SIGN but still allowed effi-
cient replication of dengue virus (DV) (63), indicating that DC-
SIGN acts as an attachment factor but not as an essential entry
receptor for DV. However, cells expressing an endocytosis-defec-
tive mutant of DC-SIGN were resistant to phlebovirus uptake and
infection (64), confirming that DC-SIGN can act as a true viral
entry receptor in other instances. Currently, less is known regard-
ing the role of MGL as an attachment factor and/or virus entry
receptor. Human MGL binds to the highly glycosylated mucin-
like domain within the envelope glycoprotein of filoviruses to en-
hance virus attachment and infection (65, 66); however, the
mechanisms by which MGL promotes infection are not clear. Our
findings that MGL1 and endocytosis-defective MGL1 are able to
bind equivalent amounts of IAV but differed dramatically in their
ability to facilitate infectious virus entry demonstrate that MGL1
can function as a true entry receptor for IAV.
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