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ABSTRACT

IMPORTANCE

On the surface of host cells, sialic acid (SIA) functions as the major attachment factor for influenza A viruses (IAV). However,
few studies have identified specific transmembrane receptors that bind and internalize IAV to facilitate infection. Here we identify human langerin as a transmembrane glycoprotein that can act as an attachment factor and a bone fide endocytic receptor for
IAV infection. Expression of langerin by an SIA-deficient cell line resistant to IAV rendered cells permissive to infection. As langerin represented the sole receptor for IAV infection in this system, we have defined the pathways and compartments involved in
infectious entry of IAV into cells following recognition by langerin.

I

nfluenza A viruses (IAV) enter and infect cells in a pH-dependent manner. In humans, epithelial cells lining the respiratory
tract are the primary targets of IAV infection and support productive replication, resulting in virus amplification and spread. Seasonal IAV also infect airway macrophages (M) and dendritic
cells (DC), generally resulting in abortive replication, although
virulent strains such as highly pathogenic avian influenza can replicate productively in these cells (reviewed in reference 1).
It is generally accepted that binding of the IAV hemagglutinin
(HA) to sialic acid (SIA) residues expressed at the cell surface is the
first step in initiating infectious entry; however, binding to SIA
residues per se does not induce virus internalization. Rather, induction of host cell signaling is required to sort IAV into specific
entry routes, and this is likely to be a property of transmembrane
receptors that may or may not bear SIA residues. Eierhoff et al.
reported that multivalent binding of IAV to cell surface SIA resulted in clustering and activation of receptor tyrosine kinases to
form a lipid raft-based signaling platform that stimulated internalization of virions (2). Infectious entry of IAV into epithelial
cells can occur via endocytic pathways that are clathrin dependent,
caveolin dependent, or independent of both clathrin and caveolin
or by macropinocytosis (reviewed in reference 3). The sorting of
IAV into specific entry pathways occurs at the plasma membrane
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and is likely to be determined by a specific adaptor protein(s) that
binds to the cytoplasmic tails of IAV receptors and coreceptors,
resulting in activation of intracellular signaling proteins and subsequent internalization of virus. Epsin-1, but not eps15, has been
identified as a cargo-specific adaptor protein for clathrin-mediated internalization of IAV by BS-C-1 cells (4); however, specific
transmembrane receptors linking adaptor proteins such as epsin-1 to virus internalization have not been identified.
In contrast to epithelial cells, significant progress has been
made toward identifying transmembrane proteins that can function as attachment and entry receptors for IAV on M and DC.
The macrophage mannose receptor (MMR) and macrophage ga-
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It is well established that influenza A virus (IAV) attachment to and infection of epithelial cells is dependent on sialic acid (SIA)
at the cell surface, although the specific receptors that mediate IAV entry have not been defined and multiple receptors may exist.
Lec2 Chinese hamster ovary (CHO) cells are SIA deficient and resistant to IAV infection. Here we demonstrate that the expression of the C-type lectin receptor langerin in Lec2 cells (Lec2-Lg) rendered them permissive to IAV infection, as measured by
replication of the viral genome, transcription of viral mRNA, and synthesis of viral proteins. Unlike SIA-dependent infection of
parental CHO cells, IAV attachment and infection of Lec2-Lg cells was mediated via lectin-mediated recognition of mannoserich glycans expressed by the viral hemagglutinin glycoprotein. Lec2 cells expressing endocytosis-defective langerin bound IAV
efficiently but remained resistant to IAV infection, confirming that internalization via langerin was essential for infectious entry.
Langerin-mediated infection of Lec2-Lg cells was pH and dynamin dependent, occurred via clathrin- and caveolin-mediated endocytic pathways, and utilized early (Rab5ⴙ) but not late (Rab7ⴙ) endosomes. This study is the first to demonstrate that langerin
represents an authentic receptor that binds and internalizes IAV to facilitate infection. Moreover, it describes a unique experimental system to probe specific pathways and compartments involved in infectious entry following recognition of IAV by a single cell surface receptor.
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permissive for IAV infection. Unlike SIA-dependent infection of
parental CHO cells, infection of Lec2-Lg cells is dependent on
lectin-mediated recognition of IAV, which can be inhibited by
mannan and modulated by the degree of glycosylation of the viral
HA. Importantly, Lec2 cells expressing endocytosis-defective langerin mutants bound IAV efficiently but remained resistant to
infection, demonstrating that langerin represented the only route
of infectious entry into Lec2-Lg cells. Langerin-mediated IAV infection was shown to be pH dependent and occurred via dynamindependent routes, including either clathrin- or caveolin-dependent pathways. Finally, we confirmed the importance of Rab5⫹
early endosomes, but not Rab7⫹ late endosomes, in IAV infection
of Lec2-Lg cells.
MATERIALS AND METHODS
Cell lines. CHO Pro-5 (CHO; ATCC) and Lec2 CHO (Lec2; ATCC) cells
were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and maintained in alpha minimal essential medium (Gibco
BRL, New York, NY) supplemented with 10% fetal calf serum (JRH Biosciences, Lenexa, KS), 4 mM L-glutamine, 100 IU penicillin (Gibco), 10
g/ml streptomycin (Gibco), nonessential amino acids (Gibco), and 50
M beta-mercaptoethanol. HeLa, Hep-2, and CV-1 cells were maintained
in Dulbecco’s minimal essential medium (Gibco) supplemented as described above.
Viruses. The IAV strains used in this study were A/PR/8/34 (PR8,
H1N1) and BJx109 (H3N2), a high-yielding reassortant of PR8 with
A/Beijing/353/89 (Beij/89, H3N2) and expressing the H3N2 surface glycoproteins. Other viruses used in these studies were (i) H3N2 strains
A/Memphis/1/71 (Mem/71), A/Beijing/353/89 (Beij/89), and A/New
York/55/2004 (NY/04), and (ii) H1N1 strain A/Brazil/11/1978 (Braz/78)
and A(H1N1)pdm09 strain A/California/7/2009 (Cal/09). Viruses were
grown in 10-day embryonated eggs by standard procedures, and titers of
infectious virus were determined by plaque assay on Madin-Darby canine
kidney (MDCK) cells (33) and expressed as PFU per ml. Viruses were
purified from allantoic fluid by rate zonal sedimentation on 25 to 75%
(wt/vol) sucrose gradients as described previously (33). Reassortant IAV
were generated by 8-plasmid reverse genetics (RG) as described previously (34) and included viruses which consisted of (i) 6 genes derived
from PR8 with the HA and neuraminidase (NA) genes from Beij/89 (RGPR8-Beij/89 HA NA), (ii) 7 genes derived from PR8 with the HA or NA
gene from Beij/89 (RG-PR8-Beij/89 HA and RG-PR8-Beij/89 NA, respectively), (iii) 7 genes derived from PR8 with the HA gene from PR8 containing two mutations introduced by site-directed mutagenesis resulting
in the addition of two potential sites of N-linked glycosylation (RG-PR8 ⫹
94/131) (35), or (iv) 8 genes from PR8 (RG-PR8).
Respiratory syncytial virus (RSV) strain A2 (from Rosa Gualano, Department of Pharmacology, The University of Melbourne, Parkville, Australia) was propagated in HEp-2 cells by standard procedures (36). Titers
of infectious RSV were determined by titration on CV-1 cells, followed by
immunofluorescence staining with monoclonal antibody (MAb) against
RSV fusion (F) protein (clone 133-1H; Millipore, MA, USA), and titers
are expressed in fluorescent-forming units (FFU) per ml.
Generation of Lec2 cells expressing langerin. Transfected Lec2 cells
were generated using neomycin-resistant plasmids encoding human langerin (Lg). The pcDNA3-langerin plasmid was a kind gift from Stuart
Turville (Westmead Millennium Institute for Medical Research, NSW,
Australia). An Lg mutant containing a point mutation in its cytoplasmic
domain (PREP to IREP) changing proline at position 23 to isoleucine (Lg
P23I) and an Lg mutant lacking 30 amino acids from its cytoplasmic
domain (⌬Lg mutant) were generated by PCR using specific primers (for
P23I, forward primer, 5=-AAA CAG AAC ATC TCC CTC TGG ATC CGA
GAG CCT-3=, and reverse primer, 5=-AGG CTC TCG GAT CCA GAG
GGA GAT GTT CTG TTT-3=; for ⌬Lg, forward primer, 5=-GGG GGA
TCC AAG ATG GGT CCA TCT CTG GTC CCG-3=, and reverse primer,
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lactose-type lectin (MGL) have been implicated as receptors for
infectious entry of IAV into murine M (5–7), and human DCSIGN has been reported to bind to IAV, resulting in enhanced
infection of host cells (8–10). MMR, MGL, and DC-SIGN are
C-type lectin receptors (CLRs) that express a conserved carbohydrate recognition domain that binds to derivatives of mannose
(for MMR and DC-SIGN) or galactose (for MGL), and these sugars are commonly expressed on the surface of a range of pathogens, including viruses (11). The diversity of CLR expression on
specific M and DC subsets in various tissues suggests the potential for different outcomes after CLR-mediated recognition by
pathogens (12).
Langerin (CD207) (Lg) is a type II transmembrane CLR comprising an extracellular domain, a transmembrane region, and a
cytoplasmic tail that contains a putative proline-rich signaling domain (PRD). Unlike other CLRs, langerin expression in cells is
associated with formation of Birbeck granules, rod-shaped pentalamellar structures of the endosomal compartment implicated in
the distribution, retention, and recycling of langerin itself (13–
15). Langerin recognizes mannose-rich sugars expressed by bacterial and fungal pathogens, such as Mycobacterium spp. (16) and
Candida albicans (17), and some viruses. Human immunodeficiency virus type 1(HIV-1) is recognized by a variety of CLRs,
including DC-SIGN, MMR, and langerin (18, 19). While initial
studies suggested that recognition by langerin resulted in uptake
and degradation of HIV-1 in Birbeck granules (20), recent studies
show that langerin-mediated uptake can facilitate transfer of the
virus from DC to T cells, in a manner analogous to that reported
for DC-SIGN (21–25). This occurs via two routes, either via
plasma membrane-linked (neutral pH) intracellular compartments or via receptors for enhanced de novo replication in DC,
thus facilitating virus transmission. While apparent contradictions have been reported regarding the role of langerin in HIV-1
infection, these likely reflect differences in the cell models used,
the isolation methods and maturation status of primary cells, and
the titers of inoculum used (20, 24). In addition to interactions
with HIV-1, langerin has been reported to bind to herpes simplex
virus 2 (26) and langerin-mediated capture of measles virus has
been implicated in contributing to the processing and presentation of antigen to virus-specific CD4⫹ T cells (27).
Human langerin is expressed primarily by Langerhans cells
(28), which in the airways tend to be present at a higher frequency
in the epidermis and epithelia of the upper respiratory tract than
in the lung (27). Murine langerin is also expressed by some DC
subsets, including mucosal CD11b⫺ CD103⫹ DC in the lungs, a
population that can migrate to draining lymph nodes following
IAV infection (29, 30). Moreover, depletion of langerin-positive
DC from mice prior to IAV infection resulted in severe weight loss
and delayed viral clearance, consistent with a role for langerin in
protective immunity against IAV (30). As langerin-positive cells
are present in the airways and have been implicated in protection
against IAV, it was of interest to determine if langerin recognized
IAV glycoproteins and if it could function as a cell surface receptor
for IAV infection.
Our laboratory has demonstrated that a mutant CHO cell line
(Lec2 cells) deficient in cell surface expression of SIA (31, 32) is
resistant to IAV infection (9). Therefore, putative receptors can be
expressed in Lec2 cells to assess their ability to function as attachment and/or entry receptors for IAV. Here we demonstrate that
Lec2 cells expressing langerin (Lec2-Lg cells) bind IAV and are
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MP3.10g2.1C7 (WHO Collaborating Centre for Reference and Research
on Influenza, Melbourne, Australia), which is specific for the nucleoprotein (NP) of IAV, or with MAb 133-1H, which is specific for RSV F protein, followed by fluorescein isothiocyanate (FITC)-conjugated goat antimouse Ig (Millipore, MA). The percentage of virus-infected cells was
determined after costaining with propidium iodide (PI) and counting the
total number of cells versus FITC-positive cells under ⫻100 magnification. A minimum of four random fields were selected for counting, with
⬎200 cells assessed for each sample.
In some experiments, cell monolayers were pretreated with (i) 10
mg/ml mannan in serum-free medium for 30 min at 37°C to block C-type
lectin receptors or (ii) 50 mU/ml bacterial sialidase from Vibrio cholerae
(Sigma-Aldrich) for 60 min at 37°C to remove cell surface SIA prior to the
addition of virus inoculum. In other experiments, ammonium chloride
(NH4Cl), bafilomycin A1 (BafA1; Sigma-Aldrich), or dynasore (Dy; Sigma-Aldrich) was added to cell monolayers either with the virus inoculum
or at various times after infection, as indicated.
In experiments designed to investigate endocytic uptake pathways,
cells were pretreated at 37°C for 30 min with Pitstop2-100 (high-purity
clathrin inhibitor; Abcam, United Kingdom) or genistein (SigmaAldrich). After 60 min at 37°C, virus inoculum and inhibitors were removed, cell monolayers were washed, and serum-free medium containing
10 mM NH4Cl was added to prevent further virus entry. The ability of
chemical inhibitors to block uptake pathways was assessed using confocal
microscopy and fluorescence-labeled ligands known to enter cells by
clathrin-mediated endocytosis (transferrin [Tf]) (37) or caveolin-mediated endocytosis (cholera toxin subunit B [CTB]) (38), as described previously (39). Cell monolayers were pretreated with Pitstop2-100 or genistein for 30 min at 37°C prior to the addition of 15 g/ml Tf-Alexa Fluor
594 (Life Technologies, CA) or 50 g/ml CTB-Alexa Fluor 488 (Life Technologies, CA). After 15 min at 37°C, cells were washed and fixed with 2%
paraformaldehyde (PFA), followed by staining with 4=,6-diamidino-2phenylindole (DAPI) for double-stranded nucleic acid. Images were acquired with a Zeiss LSM710 microscope and processed using Fiji ImageJ
software.
qRT-PCR for detection of vRNA and mRNA in IAV-infected cells.
Levels of viral RNA (vRNA) and mRNA in IAV-infected cells were determined using real-time quantitative reverse transcription-PCR (qRTPCR). Briefly, 5 ⫻ 104 cells/250 l seeded into eight-well chamber slides
were cultured overnight and infected with 107 PFU BJx109 for 1 h at 37°C,
washed twice, and incubated in serum-free medium. At 2 and 8 h postinfection, RNA was extracted from cells using an RNeasy minikit (Qiagen)
and stored at ⫺70°C. Reverse transcription was performed using an Omniscript reverse transcription kit (Qiagen) according to the manufacturer’s instructions along with an oligo(dT) primer for mRNA and a primer
complementary to the conserved 12 nt of the 3= end of the vRNA (primer
Uni12) for vRNA. Levels of matrix (M) gene vRNA and mRNA were
determined via qRT-PCR using TaqMan chemistry. The primers and
probes for the IAV M gene were as follows: forward primer, 5=-GAC CRA
TCC TGT CAC CTC TGA C-3=; reverse primer, 5=-GGG CAT TYT GGA
CAA AKC GTC TAC G-3=; and probe, 5=-FAM-TGC AGT CCT CGC
TCA CTG GGC ACG-BHQ1. GreenStar (2⫻) master mix for real-time
PCR was used (Bioneer, Australia) on an MX3005 real-time PCR instrument (Agilent Technologies, CA) using a standard program. vRNA and
mRNA copy numbers were calculated by generating a standard curve
using serial dilutions of plasmid containing DNA for the IAV M gene.
Antibody-mediated internalization of cell surface langerin. To assess MAb internalization by confocal microscopy, cells cultured overnight
in eight-well chamber slides were preincubated at 4°C for 20 min prior to
the addition of a FITC-conjugated mouse antilangerin MAb (clone caa828H10; Miltenyi Biotec, Germany). Cells were then incubated at 4°C or
37°C for 30 min, washed and fixed with 2% PFA for 10 min, and then
permeabilized with 1% Triton X-100 for 10 min at room temperature.
After washing, cells were incubated with rabbit anti-mouse antibody–
Alexa Fluor 488 for 30 min at room temperature and double-stranded
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5=-CCC CTC GAG CTG TCA CGG TTC TGA TGG GAC-3=). PCR-amplified products were purified following agarose gel electrophoresis and
ligated into pcDNA3.1/V5-Hi-TOPO. Competent Escherichia coli (DH5␣
strain) cells were transformed, plasmid DNA was extracted using a miniprep kit (Qiagen), and langerin inserts were confirmed by sequencing.
Lec2 cells were transfected with pcDNA3.1/V5-His-TOPO expression
vectors containing either full-length Lg, the P23I mutant, or the ⌬Lg mutant by using FuGene 6 transfection reagent (Roche Diagnostics, Switzerland) according to the manufacturer’s instructions. As controls, CHO and
Lec2 cells were transfected with pcDNA3.1/V5-His-TOPO expressing cytoplasmic hen egg ovalbumin (OVA) lacking the sequence for cell surface
trafficking, as previously described (9). Stable transfectants expressing
full-length Lg (Lec2-Lg), P23I mutant (Lec2-Lg P23I), Lg deletion mutant
(Lec2-⌬Lg), or cytoplasmic OVA (CHO-ctrl, Lec2-ctrl) were selected in
the presence of 1 mg/ml Geneticin (G418; Invitrogen). Transfected cells
were screened for cell surface expression of langerin using a phycoerythrin
(PE)-labeled MAb specific for human langerin (clone DCGM4; Beckman
Coulter). Single cells with high cell surface expression of langerin were
isolated using a FACSAria cell sorter (BD Biosciences) and expanded in
culture for use in experiments.
Western blotting. Whole-cell lysates were prepared by adding 1 ml
lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% Triton X-100,
1 mM CaCl2, 1 mM MgCl2, and broad-spectrum protease inhibitor cocktail; Roche, Mannheim, Germany) to a confluent TC75 flask for 1 h on ice.
Cells were collected and clarified by centrifugation (10,000 ⫻ g, 3 min),
and the protein concentration was determined by the Bradford assay (BioRad protein dye; Bio-Rad, CA). Lysates (⬃10 g protein) were boiled for
5 min and analyzed by SDS-PAGE under nonreducing conditions using a
12.5% gels, followed by transfer to a polyvinylidene difluoride membrane
(Millipore, MA) in Tris-glycine transfer buffer (25 mM Tris containing
192 mM glycine and 10% methanol; pH 8.3).
To detect langerin expression in lysates, membranes were blocked in
5% skim milk and 0.05% (vol/vol) Tween 20, and all subsequent wash and
antibody binding steps were performed in Tris-buffered saline (TBS; 0.05
M Tris-HCl, 0.15 M NaCl [ph7.2]) with 5% (wt/vol) bovine serum albumin (BSA) and 0.05% Tween 20. Membranes were incubated for 1 h at
room temperature with antilangerin antibody conjugated to biotin (clone
eBioL31; eBioscience, CA), and bound antibody was detected using
streptavidin-horseradish peroxidase (HRP) (Dako, Denmark) in conjunction with enhanced chemiluminescence (Western Lightning plus
ECL; Perkin-Elmer, CT). Blots were developed using a Kodak Image Station 4000 MM digital imaging system, and images were managed using
Adobe Photoshop software.
Binding of IAV to cells. Adherent cell lines were detached from TC75
flasks using 0.75 mM EDTA in phosphate-buffered saline (PBS; 0.05 M
Na2HPO4-12H2O, 0.14 M NaCl, pH 7.4) and washed in binding buffer
(TBS containing 0.1%, [wt/vol] BSA and 20 mM CaCl2). Cells were incubated with 10 g/ml of purified BJx109 on ice, followed by a biotinylated
MAb that binds the HA glycoprotein of BJx109 (MAb C1/1; from L. E.
Brown, Department of Microbiology and Immunology, The University of
Melbourne, Parkville, Australia), and then washed and stained with
streptavidin-allophycocyanin (BD Biosciences) before analysis using a
FACSCalibur (BD Biosciences). To determine if binding was calcium dependent, CaCl2 was omitted from the binding buffer and replaced with 5
mM EDTA.
Virus infection assays. CHO-ctrl, Lec2-ctrl, Lec2-Lg, Lec2-Lg P23I,
and Lec2-⌬Lg cells (5 ⫻ 104 cells/250 l) were seeded into eight-well
chamber slides (Lab-Tek, Nunc, Denmark), cultured overnight, and infected with 107 PFU of IAV (corresponding to a multiplicity of infection
[MOI] of 80), and the percentage of IAV-infected cells was determined as
described previously (5, 6, 9). Briefly, after overnight culture, cell monolayers were washed and incubated with IAV or RSV in serum-free medium
for 1 h at 37°C. Cells were then washed and incubated for a further 7 h
(IAV) or 18 h (RSV) at 37°C in serum-free medium. Slides were washed
with PBS, fixed with 80% (vol/vol) acetone, and stained using MAb
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RESULTS

SIA-deficient Lec2 cells expressing langerin are permissive to
IAV infection. SIA-deficient Lec2 cells were transfected with a
construct expressing human langerin, and clones showing stable
cell surface expression of langerin were selected. Flow cytometry
confirmed cell surface expression of langerin on Lec2-Lg cells,
compared to CHO-ctrl and Lec2-ctrl cells, respectively (Fig. 1Ai).
Similarly, Western blot analysis confirmed the expression of an
⬃38-kDa protein in lysates from Lec2-Lg but not CHO-ctrl or
Lec2-ctrl cells, consistent with expression of langerin by Lec2-Lg
cells (Fig. 1Aii).
To examine IAV entry and replication in Lec2-Lg cells, we first
assessed vRNA and mRNA expression. Cell monolayers were incubated for 1 h at 37°C with IAV strain BJx109, washed, and cultured for an additional 1 h or 7 h before cells were lysed, and
expression of vRNA/mRNA for the IAV M gene was determined
using qRT-PCR. As shown in Fig. 1Bi, vRNA levels increased between 2 h and 8 h postinfection in CHO-ctrl and Lec2-Lg cells. In
contrast, vRNA levels were reduced in Lec2-ctrl cells at 8 h postinfection, possibly indicating degradation of cell-associated virus
from the initial inoculum. Levels of mRNA increased significantly
between 2 h and 8 h in CHO-ctrl and Lec2-Lg cells, with a modest
but significant increase also observed in Lec2-ctrl cells (Fig. 1Bii).
Ratios of vRNA at 8 h to that at 2 h in Lec2-Lg cells were significantly higher than in Lec2-ctrl cells but lower than in CHO-ctrl
cells (Fig. 1Bi). Similar results were obtained when examining
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ratios of mRNA at 8 to 2 h (Fig. 1Bii). Together, these data demonstrate that expression of langerin provides a route of entry for
IAV into Lec2 cells that results in initiation of replication and
transcription of viral mRNA.
Next, we investigated the susceptibility of different cells to infection by IAV, as measured by detection of newly synthesized
viral proteins. Cell monolayers were incubated for 1 h at 37°C with
BJx109, washed, and cultured for an additional 1 h or 7 h before
the cells were fixed and stained for expression of viral NP as described previously (7, 9). Representative images show negligible
NP staining in any cell type at 2 h postinfection, compared to
strong nuclear and cytoplasmic expression in CHO-ctrl and
Lec2-Lg cells at 8 h (Fig. 1Ci). Counting NP⫹ (IAV-infected) and
PI⫹ (total) cells to determine the percentage of NP⫹ cells demonstrated that CHO-ctrl cells were highly susceptible whereas SIAdeficient Lec2-ctrl cells were resistant to infection (Fig. 1Ci and ii).
As shown in Fig. 1Cii, Lec2-Lg cells were also highly susceptible to
infection, with a similar percentage of IAV-infected cells as that in
CHO-ctrl cells. At 8 h postinfection, the percentage of Lec2-Lg
cells infected with IAV was significantly greater than that of Lec2ctrl cells (P ⬍ 0.001).
Flow cytometry confirmed negligible NP expression in all cell
lines at 15 min postinfection compared to high levels at 8 h postinfection (Fig. 1Di). Consistent with immunofluorescence data, a
high proportion of NP⫹ CHO-ctrl (⬃70%) and Lec2-Lg cells
(⬃80%) were detected, compared to a low proportion of NP⫹
Lec2-ctrl cells (⬍10%), at 8 h (Fig. 1Di). Similar results were obtained when staining for expression of IAV HA, although we did
note a higher expression of HA associated with CHO-ctrl cells at
15 min (Fig. 1Dii); however, cells expressed much higher levels of
HA by 8 h. Thus, expression of langerin by SIA-deficient Lec2 cells
results in permissiveness for IAV infection as measured by replication of the viral genome, transcription of viral mRNA, and expression of newly synthesized IAV proteins.
We and others have previously reported that CHO cells and
CHO cell mutants do not support productive replication of IAV
(7, 9, 41). Consistent with this, exposure of MDCK cells, but not
CHO-ctrl or Lec2-Lg cells, to a low dose of BJx109 (104 PFU,
corresponding to an MOI of 0.1) in the presence of trypsin resulted in increased titers of infectious virus at 72 h compared to 2
h postinfection (data not shown). Similarly, titers of infectious
virus in supernatants from CHO-ctrl or Lec2-Lg cells exposed to
107 PFU (MOI ⫽ 80) of BJx109 did not increase between 2 and 24
h postinfection (data not shown).
The lectin activity of langerin facilitates SIA-independent infection of Lec2-Lg cells. Given that langerin is a CLR, we next
examined the mechanisms by which langerin expression facilitated IAV infection of Lec2-Lg cells. We used flow cytometry to
examine the attachment of BJx109 to the surface of CHO-ctrl,
Lec2-ctrl, or Lec2-Lg cells in the presence of 20 mM Ca2⫹ or 5 mM
EDTA. Representative histograms (Fig. 2Ai), as well as the geometrical means from triplicate samples (Fig. 2Aii), are shown.
BJx109 bound to CHO-ctrl cells, but not to Lec2-ctrl cells, in the
presence of Ca2⫹ or EDTA, consistent with Ca2⫹-independent
binding of IAV HA to cell surface SIA on CHO-ctrl cells. In contrast, EDTA abrogated the binding of BJx109 to Lec2-Lg cells,
consistent with CLR-mediated recognition of IAV by cell surface
langerin. While langerin is predicted to express two sites of Nlinked glycosylation that may or may not be sialylated (GenBank
accession number NM_015717), our findings confirm that lan-
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DNA was stained using DAPI. Images were acquired using a Zeiss LSM710
microscope and processed using Fiji ImageJ software.
MAb internalization was also assessed using flow cytometry. First,
purified antilangerin MAb was conjugated to the specific hybridization
internalization probe (SHIP) as described previously (40). The SHIP sensor consists of a 5= fluorescent probe (FIPCy5; Integrated DNA Technologies, IA) and a complementary sequence with a 3= black hole quencher 2
(BHQ2; Integrated DNA Technologies, IA), which binds to exposed FIP,
quenching its fluorescence. Cells were incubated with FIPCy5-conjugated
antilangerin MAb at 4°C for 30 min, washed, and then incubated at either
4°C or 37°C for 30 min. After incubation, 1 M BHQ2 was added for 5
min and then cells were washed and Cy5 expression was detected by flow
cytometry using a FACSCanto analyzer (BD Biosciences).
IAV infection of cell lines transfected to express the wild type or
dominant negative mutants of Rab5 or Rab7. Plasmids of monomeric
red fluorescent protein (mRFP)-Rab5 (14437), mCherry-Rab5DN
(S34N) (35139), DsRed-Rab7 (12661), and DsRed-Rab7DN (T22N)
(12662) were obtained from Addgene (Cambridge, MA, USA). CHO-ctrl,
Lec2-ctrl, Lec2-Lg, and HeLa cells in 12-well plates were transfected with
each plasmid for 24 h using FuGene6 transfection reagent (Roche Diagnostics, Switzerland) according to the manufacturer’s instructions. Cells
were then washed and infected with IAV in serum-free medium as described above. At 8 h postinfection, cells were detached following incubation with 0.75 mM EDTA in PBS, fixed with 2% PFA for 10 min at room
temperature, and permeabilized in 1% Triton X-100 for 10 min at room
temperature. Fixed, permeabilized cells were stained for IAV infection
using anti-NP (MAb MP3.10g2.1C7), followed by FITC-conjugated goat
anti-mouse IgG, as described above. Cells were analyzed for IAV infection
(FITC⫹) or Rab5 expression (mRFP/mCherry⫹) by flow cytometry.
Statistical analyses. Graphing and statistical analysis of data were performed using GraphPad Prism (GraphPad Software, San Diego, CA). An
unpaired Student t test was used to compare two sets of data. When three
or more sets of values were compared, the data were analyzed by one-way
analysis of variance (ANOVA; nonparametric), followed by post hoc analysis using Tukey’s multiple-comparison test. A P of ⱕ0.05 was considered
significant.
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gerin expressed on the surface of Lec2-Lg cells retains C-type lectin activity.
Next, we investigated the role of cell surface SIA in langerin-mediated enhancement of infection in Lec2-Lg cells. Pretreatment of
CHO-ctrl cells with bacterial sialidase completely abrogated susceptibility to BJx109 infection but had only a modest effect on IAV infec-
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tion of Lec2-Lg cells (Fig. 2B). Moreover, pretreatment of cells with
mannan, a complex polymer of mannose residues, prior to virus addition blocked IAV infection of Lec2-Lg cells but did not alter the
susceptibility of CHO-ctrl cells to BJx109 (Fig. 2B). Together these
data indicate that lectin-mediated IAV recognition of langerin can
promote infection of Lec2 cells independently of SIA.
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FIG 1 Expression of langerin by SIA-deficient Lec2 cells results in permissiveness to IAV infection. (A) (i) Langerin expression histograms showing cell surface
expression of human langerin on Lec2-Lg, Lec2-ctrl, and CHO-ctrl cells. (ii) Western blot confirming expression of langerin in cell lysates from Lec2-Lg cells but not
CHO-ctrl and Lec2-ctrl cells. (B and C) Monolayers of CHO-ctrl, Lec2-ctrl, and Lec2-Lg cells were infected with 107 PFU of BJx109 at 37°C for 1 h, washed, and incubated
as described in Materials and Methods. (B) At 2 h and 8 h, supernatants were removed and total RNA was extracted from cell monolayers and used for qRT-PCR
measurements of vRNA (panel i) and mRNA (panel ii) levels of the IAV M gene. The amount of RNA at 2 h and 8 h postinfection is shown on the left panel, while the
fold increase in copy number between 2 h and 8 h postinfection is shown on the right. Data represent the mean (⫾1 SD) from triplicate samples and are representative
of two independent experiments. (C) (i) At 2 h and 8 h postinfection, cells were fixed and stained for expression of viral NP. Representative images show NP (FITC, green)
and nucleic acid (PI, red). (ii) Data show the mean percent infection (⫾1 SD) and are representative of five independent experiments. The detection limit is indicated by
a horizontal dotted line. (D) FACS histograms showing HA and NP expression 15 min and 8 h postinfection of Lec2-Lg (black filled histogram), CHO-ctrl (gray filled
histogram), Lec2-ctrl (gray unfilled histogram), and uninfected (dotted lines) cells. For data in panels B and C, statistical significance was assessed using Student’s t test
to compare two sets of data and a one-way ANOVA to compare multiple data sets. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.

Langerin Is a Receptor for Inﬂuenza Virus

The degree of glycosylation on the head of the IAV HA glycoprotein is a critical determinant of susceptibility to langerinmediated infection. IAV strains differ in glycosylation of the HA
and NA glycoproteins, in particular in the number sites expressed
on the head of the viral HA (reviewed in reference 42). BJx109 is
known to express four potential sites of N-linked glycosylation on
the head of its HA glycoprotein (43), whereas the PR8 strain is
notable for a complete lack of glycosylation on the head of its HA
(44). Both BJx109 and PR8 infected CHO-ctrl but not Lec2-ctrl
cells to high levels. Although Lec2-Lg cells were more susceptible
to PR8 infection than Lec2-ctrl cells, the overall levels of PR8 infection of Lec2-Lg cells were significantly less than BJx109 infec-
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FIG 2 The lectin activity of langerin facilitates IAV infection of Lec2-Lg
cells. (A) Binding of 10 g/ml of BJx109 was determined by flow cytometry.
(i) Representative histograms of BJx109 binding to CHO-ctrl, Lec2-ctrl,
and Lec2-Lg cells in the presence of 20 mM Ca2⫹ (black histograms) or 5
mM EDTA (gray histograms). Unstained cells were included as a negative
control (white histograms). (ii) The geometrical mean from triplicate samples of BJx109 binding to cells in the presence of 20 mM Ca2⫹ (black bars)
or 5 mM EDTA (gray bars). Unstained cells (white bars) are shown for
comparison. (B) Infection of Lec2-Lg cells is blocked by mannan but not by
pretreatment of cells with bacterial sialidase. Monolayers of CHO-ctrl,
Lec2-ctrl, and Lec2-Lg cells were treated with either 10 mg/ml mannan at
37°C for 30 min (Mn; stippled bars) or with 50 mU/ml of bacterial sialidase
from Vibrio cholerae (Sial; black bars) at 37°C for 60 min prior to infection or
incubated with serum-free medium alone (mock; white bars) before infection
with 107 PFU of BJx109. The percentage of infected cells was determined by
using immunofluorescence at 6 to 8 h postinfection. ***, P ⬍ 0.001; n.s., not
significant.

tion levels of Lec2-Lg cells (Fig. 3A, gray columns, P ⬍ 0.001,
one-way ANOVA). To refine these experiments and directly address the role of HA and NA as ligands for langerin-mediated
infection, we used genetically defined viruses engineered by reverse genetics (RG) to express seven genes from PR8 in conjunction with the HA or the NA gene from Beij/89 (known as RG-PR8Beij/89 HA and RG-PR8-Beij/89 NA, respectively). In addition,
we utilized PR8 derived by RG (RG-PR8) as well as a virus expressing six genes from PR8 with both the HA and NA genes from
Beij/89 (RG-PR8-Beij/89 HA/NA). All viruses infected CHO-ctrl
but not Lec2-ctrl cells efficiently, and viruses expressing Beij/89
HA (i.e., RG-PR8-Beij/89 HA/NA and RG-PR8-Beij/89 HA) infected Lec2-Lg cells to high levels whereas viruses expressing PR8
HA (i.e., RG-PR8 and RG-PR8-Beij/89 NA) did not (Fig. 3Bi).
Thus, these data indicate that expression of the HA protein of
Beij/89 is associated with efficient infection of Lec2-Lg cells.
Given that viruses expressing PR8 HA were particularly poor in
their ability to infect Lec2-Lg cells, we next utilized an RG-engineered virus expressing seven genes from PR8 in conjunction with
a modified form of the PR8 HA in which two N-linked glycosylation sites had been introduced using site-directed mutagenesis
(RG-PR8 ⫹ 94/131) as described previously (45). RG-PR8Beij/89 HA, RG-PR8, and RG-PR8 ⫹ 94/131 all infected CHO-ctrl
cells, but not Lec2-ctrl cells, to high levels; however, only RG-PR8Beij/89 HA infected Lec2-Lg cells efficiently (Fig. 3Bii). Of interest, RG-PR8 ⫹ 94/131 (two glycosylation sites on HA head) infected Lec2-Lg cells to significantly higher levels than RG-PR8 (no
sites on HA head), and these were significantly lower than the
infection levels of RG-PR8-Beij/89 HA (four sites on HA head).
Together, these data confirm that the degree of HA glycosylation
modulates the efficiency of langerin-mediated infection.
It is well established that “drift” strains of H1 and H3 subtype
IAV differ in degree of glycosylation on the head of the viral HA,
and this can be an important factor modulating the sensitivity of
strains to soluble and cell surface CLR (reviewed in reference 42).
H3N2 strains Mem/71, Beij/89, and NY/04 express two, four, and
six potential sites, respectively, of N-linked glycosylation on the
head of their HA molecules, and while Lec2-ctrl cells were largely
resistant to infection by all viruses, infection of Lec2-Lg cells
correlated with the degree of glycosylation of the viral HA (i.e.,
NY/04 ⬎ Beij/89 ⬎ Mem71 [Fig. 3C]). H1 strains PR8, Cal/09,
and Braz/78 express 0, 1, and 4 potential glycosylation sites, respectively, on the head of HA and also infected Lec2-Lg cells in a
manner that correlated with the degree of HA glycosylation
(Braz/78 ⬎ Cal/09 ⬎ PR8). Together, these studies highlight the
importance of HA glycosylation in determining the efficiency of
langerin-mediated infection using virus strains relevant to human
health.
The intracellular PRD of langerin is essential for langerinmediated infection of Lec2 cells by IAV. The cytoplasmic region
of langerin contains a proline-rich domain (PRD) that has been
suggested to function as a putative internalization and/or signaling domain (46), although its specific function is currently unknown. Therefore, we generated a deletion mutant of langerin
(⌬Lg mutant) lacking 30 amino acids from the cytoplasmic tail,
including the PRD, as well as a mutated form where proline at
position 23 was replaced with an isoleucine, the P23I mutant (Fig.
4A). Stable cell lines were selected, although Lec2-⌬Lg cells consistently displayed higher levels of cell surface langerin (Fig. 4B).
Next, we examined binding of BJx109 to Lec2 cells expressing
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mediated infection of Lec2-Lg cells. (A) BJx109 infects Lec2-Lg cells efficiently,
but the poorly glycosylated PR8 strain does not. Cells were infected with 107
PFU of BJx109 or PR8, and the percentages of infected cells were determined
using immunofluorescence at 6 to 8 h postinfection. (B) Glycosylation of the
IAV HA modulates the ability of IAV to infect Lec2-Lg cells. Cells were infected
with 107 PFU of RG-PR8-Beij/89 HA/NA, RG-PR8, RG-PR8-Beij/89 HA, and
RG-PR8-Beij/89 NA (panel i), or RG-PR8-Beij/89 HA, RG-PR8, and RG-PR8Beij/89 HA ⫹ 94/131 (panel ii), and the percentages of infected cells were
determined 6 to 8 h postinfection. (C) Lec2-ctrl or Lec2-Lg cell monolayers
were infected with 5 ⫻ 106 PFU of H3N2 strains Mem/71, Beij/89, and NY/04
or with H1N1 strains PR8, Braz/78, and Cal/09, and the percentages of infected
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cells were determined 6 to 8 h postinfection. Numbers in parentheses at the
bottom of the panel indicate the number of potential N-linked glycosylation
sites present on the head of the viral HA. For panels B and C, data represent the
mean percent infection (⫾1 SD) and are representative of at least two independent experiments. Statistical significance was assessed using one-way
ANOVA with Tukey’s post hoc analysis (*, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍
0.001.; n.s., not significant).
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FIG 3 Glycosylation on the head of HA modulates the efficiency of langerin-

wild-type (Lec2-Lg), mutated (Lec2-Lg P23I), or deleted (Lec2⌬Lg) forms of langerin. Representative histograms show that
Lec2-Lg, Lec2-Lg P23I, and Lec2-⌬Lg bound BJx109 in a Ca2⫹dependent manner (Fig. 4Ci). While Lec2-⌬Lg and Lec2-Lg P23I
bound significantly higher and lower amounts, respectively, of
BJx109 than Lec2-Lg, these data confirm no major defects in IAV
binding by mutated or deleted forms of langerin (Fig. 4Cii). Despite this, both Lec2-⌬Lg and Lec2-Lg P23I cells were markedly
less susceptible to infection by BJx109 (Fig. 4Di). Note that cells
expressing mutant forms of langerin were equally susceptible to
infection by RSV, a paramyxovirus that infects cells via fusion with
the plasma membrane (47, 48), confirming that Lec2-⌬Lg and
Lec2-Lg P23I were not inherently resistant to viral infection.
Lec2-⌬Lg cells express endocytosis-defective langerin,
whereas Lec2-Lg P23I cells show only a modest impairment
in langerin-mediated endocytosis. We used a langerin-specific
MAb to compare the endocytic activities of langerin expressed by
Lec2-Lg, Lec2-Lg P23I, and Lec2-⌬Lg cells. When examined by
confocal microscopy, the anti-langerin MAb was shown to stain
Lec2-Lg, Lec2-Lg P23I, and Lec2-⌬Lg cells but not Lec2-ctrl cells
(Fig. 5A). At 4°C, langerin-MAb complexes were detected only at
the cell surface. After incubation at 37°C, there was a marked
increase in the intensity of intracellular staining in Lec2-Lg and
Lec2-Lg P23I cells, consistent with receptor-mediated internalization of langerin-MAb complexes from the cell surface. However,
the staining pattern of Lec2-⌬Lg cells at 37°C remained very similar to that observed at 4°C, suggesting defective receptor-mediated endocytosis of langerin-anti-langerin MAb complexes.
The defect in endocytic capacity caused by the deletion of the
Lg cytoplasmic domain (⌬Lg) on Lec2 cells was quantified by flow
cytometry. In these assays, cells were incubated at 4°C with FIPCy5conjugated antilangerin MAb, washed, and moved to 37°C to facilitate internalization of cell surface MAb. After 30 min, cells were
washed in ice-cold buffer and 100 nM quencher probe was added
to remove cell surface-bound MAb; cells were then analyzed by
flow cytometry to determine the amount of MAb that had been
internalized. Representative histograms in Fig. 5Bi show that
FIPCy5-MAb was quenched at 4°C, consistent with cell surface
expression of anti-langerin MAb. However, after incubation at
37°C, the geometric means of quenched and unquenched samples
were quite similar, consistent with the internalization of FIPCy5MAb rendering it resistant to effective quenching. Data from triplicate samples were analyzed to determine the percentage of MAb
internalized, as described in Materials and Methods. After 30 min
at 37°C, Lec2-Lg, Lec2-Lg P23I, and Lec2-⌬Lg cells had internalized ⬃90%, ⬃60%, and ⬃20% of MAb, respectively (Fig. 5Bii).
Thus, the P23I point mutation conferred a modest, but significant, defect in the ability of langerin to endocytose ligand, whereas
a major defect in langerin-mediated endocytosis occurred as a
result of deletion of the cytoplasmic domain.
IAV infection of Lec2-Lg cells occurs via a pH-dependent,
dynamin-dependent pathway. IAV is known to enter cells via

Langerin Is a Receptor for Inﬂuenza Virus

amino acid sequences of the cytoplasmic domain of langerin showing sequences for wild-type langerin (Lg WT), as well as mutated forms of langerin containing
either a single mutation at position 23 which changes proline to isoleucine (Lg P23I) or a deletion corresponding to the first 30 amino acids of the intracellular
domain (⌬Lg). (B) Flow cytometry was used to determine cell surface expression of langerin on Lec2 cells expressing WT (Lec2-Lg, black histogram), P23I
mutant (Lec2-Lg P23I, gray histogram), and ⌬Lg mutant (Lec2-⌬Lg, dark gray histogram) forms of langerin. Lec2-ctrl cells were included to confirm the
specificity of binding. (C) Binding of 5 g/ml of purified BJx109 to Lec2 cells expressing mutated forms of langerin was determined by flow cytometry. (i)
Representative histograms of BJx109 binding to Lec2-Lg, Lec2-Lg P23I, and Lec2-⌬Lg in the presence of 20 mM Ca2⫹ (black histograms) or 5 mM EDTA (gray
histograms) are shown. Unstained cells were included as a negative control (white histograms). (ii) Geometric means (⫾1 SD) from triplicate samples of BJx109
incubated with cells in buffer containing 20 mM Ca2⫹ (black bars) or 5 mM EDTA (hatched bars) are shown. Unstained cells (white bars) were included for
comparison. **, P ⬍ 0.01; ***, P ⬍ 0.001. (D) Cells were infected either with 107 PFU of BJx109 for 8 h and then fixed and stained for expression of IAV NP (panel
i) or with 105 FFU of RSV for 18 h and then fixed and stained for expression of RSV F protein (panel ii). Data show the mean percent infection (⫾1 SD). Data
were analyzed by one-way ANOVA with Tukey’s post hoc analysis, ***, significantly reduced compared to results for Lec2-Lg (P ⬍ 0.001). No significant
differences were observed between cells infected with RSV. n.s., not significant.

multiple pathways; however, the identity of specific entry receptors has remained elusive. Moreover, the existence of multiple
entry receptors on sialylated cells may contribute to redundant
and/or parallel entry pathways in different cell types. In contrast,
IAV infection of Lec2-Lg cells is restricted to CLR-mediated entry
via langerin, allowing us to investigate this specific pathway of
infectious entry without the complications associated with the
contribution of unknown (and possibly multiple) receptors.
Irrespective of the particular IAV cell surface receptor and entry pathway, it is well established that IAV infection is pH depen-
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dent. Endosomal acidification induces an irreversible conformational change in the viral HA (3), activating its membrane fusion
activity and facilitating release of the viral capsid into the cytoplasm (49). Therefore, we incubated Lec2-Lg cells in increasing
concentrations of NH4Cl, a weak base that inhibits endosomal
acidification (50), and examined IAV infection 6 to 8 h later via
immunofluorescence. CHO-ctrl cells were used as an epithelial
cell control for SIA-dependent IAV infection. As shown in Fig.
6Ai, addition of ⱖ5 mM NH4Cl resulted in potent inhibition of
IAV infection of Lec2-Lg (black bars) and CHO-ctrl cells (white
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FIG 4 Mutations in the intracellular domain of langerin do not alter binding to IAV but do prevent IAV infection of Lec2-lg cells. (A) Nucleotide and deduced

Ng et al.

impairment in endocytic activity. Lec2-Lg, Lec2-Lg P23I, Lec2-⌬Lg, and Lec2-ctrl cells were incubated with a mouse MAb specific for human langerin or with
Alexa Fluor 488 donkey anti-mouse IgG alone (A488 only) on Lec2-Lg cells at 4°C or 37°C for 30 min. (A) After this time, cells were fixed, permeabilized, and
stained with Alexa Fluor 488 donkey anti-mouse IgG to amplify the fluorescent signal associated with antilangerin MAb bound to ligand. Representative images
show surface and cytoplasmic staining of langerin in a single plane. (B) Reduced endocytic capacity of langerin expressed by Lec2-⌬Lg cells was confirmed using
a flow cytometry-based assay. Cells were incubated with FIPCy5-labeled antilangerin MAb (LgCy5) for 30 min on ice, washed, and then placed on ice or at 37°C
for 30 min. After incubation, cells were washed and surface-bound MAb was quenched using a DNA quencher probe as described in Materials and Methods. (i)
Representative histograms show binding of labeled MAb to Lec2-Lg cells after incubation at either 4°C or 37°C, in the presence or absence of quenching. (ii) Data
were used to calculate the percentage of antilangerin MAb internalized by each cell line at 37°C. Data show the mean (⫾1 SD) from triplicate samples and were
analyzed by one-way ANOVA with Tukey’s post hoc analysis. **, P ⬍ 0.01; ***, P ⬍ 0.001.

bars). However, 10 mM NH4Cl had no effect on the ability of RSV
to infect CHO-ctrl (white bars) or Lec2-Lg (black bars) cells (Fig.
6Aii), consistent with previous studies which reported pH-independent infection of epithelial cells by RSV (47, 48). Next, we
examined the rate of virus entry (leading to IAV infection) by
incubating cell monolayers with BJx109 at 4°C, washing them, and
then culturing them at 37°C for various times before the addition
of 10 mM NH4Cl to prevent further infection. All cells were then
fixed at 8 h postinoculation and stained for expression of IAV NP
(Fig. 6Aiii). Inoculation of CHO-ctrl (white bars) and Lec2-Lg
(black bars) with no NH4Cl added (mock) resulted in 70% infection, whereas addition of NH4Cl immediately after incubation
with virus (t ⫽ 0 h) reduced infection levels to ⬍2%. Infectious
entry of BJx109 into Lec2-Lg cells was significantly reduced at 0.5
and 1 h compared to that into CHO-ctrl cells; however, by 2 h,
there were no significant differences between the two cell lines,
and addition of NH4Cl after this time did not alter the overall
percentage of infected cells (Fig. 6Aiii).
Cells were also incubated in the presence of up to 80 nM bafilomycin A1 (BafA1), an inhibitor of the vacuolar-type H(⫹)ATPase which also prevents endosomal acidification (51). Inclusion of BafA1 effectively blocked BJx109 infection of CHO-ctrl
(Fig. 6Bi, white bars, upper panels) and Lec2-Lg (Fig. 6Bi, black
bars, lower panels) cells but had no effect on RSV infection
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(Fig. 6Bii). Next, we examined the effects of dynasore on IAV infection of CHO-ctrl and Lec2-Lg cells. Dynasore is a small-molecule
inhibitor of GTPase dynamin 2, which is essential for endocytic
vesicle formation as it pinches the endosome from the plasma
membrane to form early endosomes (52). Addition of 25 M
dynasore inhibited IAV infection of CHO-ctrl cells and was even
more potent in its ability to block IAV infection of Lec2-Lg cells
(Fig. 6Ci). IAV infection of both cell lines was completely blocked
by 100 M dynasore (data not shown), but this concentration of
dynasore had no effect on RSV infection of CHO-ctrl and Lec2-Lg
cells (Fig. 6Cii). Note that the highest concentrations of NH4Cl,
BafA1, and dynasore used did not result in detachment of adherent cells (as determined by counting the total number of PI-positive cells after 8 h of incubation compared to mock-treated controls), confirming that these concentrations were not toxic (data
not shown).
Langerin-mediated IAV infection can occur via clathrin- or
caveolin-mediated endocytosis. Multiple pathways of IAV entry
have been reported, including both clathrin- and non clathrinmediated endocytosis and macropinocytosis (reviewed in reference 53). Dissection of IAV entry pathways generally relies on the
use of pharmacological inhibitors; however, the specificity of
many of these inhibitors for particular entry pathways has been
questioned (reviewed in reference 54). As IAV infection was

Journal of Virology

January 2016 Volume 90 Number 1

Downloaded from http://jvi.asm.org/ on January 25, 2017 by guest

FIG 5 Deletion of the intracellular domain of langerin results in an endocytosis-defective mutant, whereas the P23I mutation results in less significant

Langerin Is a Receptor for Inﬂuenza Virus

(black bars) cells either were infected with 107 PFU of BJx109 at 37°C for 1 h in the presence of increasing concentrations (mM) of NH4Cl, and after washing,
incubated a further 6 to 8 h in the presence of NH4Cl and then fixed and stained for expression of viral NP (panel i), were infected with 105 FFU RSV at 37°C for
1 h in the presence of 10 mM NH4Cl, and after washing, were incubated a further 18 to 20 h in the presence of NH4Cl and then fixed and stained with a MAb
specific for RSV F protein (panel ii), or were incubated with 107 PFU of BJx109 at 4°C for 30 min to allow virus binding and then moved to 37°C (panel iii). At
various times, supernatants were removed and replaced with medium containing 10 mM NH4Cl to prevent further infection (panel iii). (B and C) Monolayers
of CHO-ctrl (white bars) and Lec2-Lg (black bars) cells were infected with 107 PFU of BJx109 or 105 FFU RSV at 37°C for 1 h in the presence of increasing
concentrations (nM) of bafilomycin A1 (BafA1) (B) or with increasing concentrations (M) of dynasore (C). Cells were washed, incubated a further 6 to 8 h
(IAV) or 18 to 20 h (RSV) in the presence 10 mM NH4Cl, and then fixed and stained as described in Materials and Methods. All data represent the mean percent
infection (⫾1 SD) and are representative of two or more independent experiments. Data were analyzed by one-way ANOVA with Tukey’s post hoc analysis. ***,
P ⬍ 0.001; n.s., not significant.

strictly dynamin dependent, we focused on classical inhibitors of
clathrin (Pitstop2-100)- and caveolin (genistein)-mediated entry
to examine their ability to (i) block entry of known ligands of
specific entry pathways such as transferrin (Tf; clathrin-mediated
entry) and cholera toxin B (CTB; caveolin-mediated entry), (ii)
inhibit IAV infection, and (iii) inhibit infection by RSV, which
should occur independently of endocytic uptake.
Confocal microscopy was used to confirm the specificity of
each chemical inhibitor. Tf and CTB were all taken up effectively
by Lec2-Lg cells incubated in medium alone (Fig. 7A, mock),
whereas 5 M Pitstop2-100 blocked uptake of Tf but was less
effective at blocking uptake of CTB (Fig. 7A, Pitstop2-100), consistent with potent inhibition of clathrin-mediated endocytosis
and relatively modest effects on caveolin-mediated endocytosis.
In contrast, 50 g/ml genistein blocked uptake of CTB but had less
pronounced effects on uptake of Tf (Fig. 7A, genistein), consistent
with potent inhibition of caveolin-mediated endocytosis. To ex-
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amine effects on IAV infection, cell monolayers were incubated
with increasing concentrations of each inhibitor for 30 min prior
to the addition of virus. After incubation at 37°C for 60 min, cells
were washed to remove inhibitor and excess virus and then 10 mM
NH4Cl was added to prevent further viral fusion and infection.
Cells were then fixed and stained for expression of newly synthesized viral NP at 6 to 8 h postinfection. Incubation with either
Pitstop2-100 or genistein inhibited IAV infection of CHO-ctrl
cells (Fig. 7B, white bars) to significant levels. A similar pattern
was observed using Lec2-Lg (Fig. 7B, black bars), although genistein appeared to be a particularly potent inhibitor of IAV infection. Pitstop2-100 and genistein did not affect the ability of RSV to
infect CHO-ctrl or Lec2-Lg cells (Fig. 7B, right panel), nor were
they toxic to cells at 8 h postinfection (data not shown).
Rab5, but not Rab7, is implicated in langerin-mediated infection of Lec2 cells by IAV. IAV exhibits a conventional endocytic uptake pattern and is internalized into Rab5⫹ early endo-

Journal of Virology

jvi.asm.org

215

Downloaded from http://jvi.asm.org/ on January 25, 2017 by guest

FIG 6 IAV infection of Lec2-langerin cells occurs via a pH-dependent, dynamin-dependent pathway. (A) Monolayers of CHO-ctrl (white bars) and Lec2-Lg

Ng et al.

somes, which acidify during maturation to reach a suitable pH
that facilitates viral fusion and release into the cytoplasm (3).
Lec2-Lg cells were transfected with constructs encoding RFPRab5, cultured for 24 h, and then incubated with purified virus for
30 min at 4°C or 37°C. After this time, cells were fixed and stained
for viral HA. Colocalization between Rab5 and BJx109 HA was
observed after incubation at 37°C, but not 4°C, confirming that
langerin can deliver IAV to early endosomes in Lec2-Lg cells (data
not shown).
Lec2-Lg, CHO-ctrl, and Lec2-ctrl cells were transfected with
constructs encoding RFP-Rab5 (to mark Rab5⫹ early endosomes
and to retain functionality) or dominant negative (DN) RFP-Rab5
S34N (to mark Rab5⫹ early endosomes and to impair functionality), cultured for 24 h, and then infected with BJx109 before quantitation of viral NP at 8 h postinfection. Confocal microscopy
confirmed expression of RFP-Rab5 and RFP-Rab5 S34N (Fig. 8A,
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DISCUSSION

As Lec2 cells are deficient in cell surface SIA (31, 32) and largely
resistant to IAV infection (9), they provide a convenient system to
assess the ability of putative receptors to promote IAV attachment
and/or infectious entry in the absence of multivalent interactions
between IAV HA and cell surface SIA. Here we demonstrate that
expression of human langerin enhanced the susceptibility of Lec2
cells to IAV entry and infection. Langerin was the sole receptor for
infectious entry of IAV into Lec2-Lg cells, as cell surface expression of endocytosis-defective langerin mutants was associated
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FIG 7 Langerin-mediated IAV infection can occur via multiple entry pathways. (A) Lec2-Lg cells were incubated at 37°C for 30 min in serum-free medium alone (mock) or serum-free medium containing either 5 M Pistop2100 or 50 g/ml genistein. After the addition of 15 g/ml of Alexa Fluor
594-conjugated transferrin (Tf; clathrin dependent) or 50 g/ml of Alexa
Fluor 488-conjugated cholera toxin B (CTB; caveolin dependent), cells were
incubated at 37°C for a further 15 min and then fixed, stained for doublestranded nucleic acid (DAPI), and observed by confocal microscopy. Representative images are shown. (B) Effects of chemical inhibitors on IAV infection
of CHO-ctrl and Lec2-Lg cells. Monolayers of CHO-ctrl (white bars) and
Lec2-Lg (black bars) cells were incubated in serum-free medium alone (0) or
in serum-free medium containing increasing concentrations of Pitstop2-100
or genistein at 37°C for 30 min. Next, 107 PFU BJx109 (left panels) or 105 FFU
RSV (right panels) was added (while maintaining the concentration of chemical inhibitors) and incubated at 37°C for 1 h. Cells were then washed, 10 mM
NH4Cl was added to prevent further infection, and the cells were cultured for
a further 7 h (BJx109) or 18 h (RSV) and then fixed and stained for virusinfected cells. Data show the mean percent infection (⫾1 SD). Statistical
significance was assessed using one-way ANOVA. *, P ⬍ 0.05; **, P ⬍ 0.01;
***, P ⬍ 0.001; n.s., not significant.

Rab5) and that CHO-ctrl (Fig. 8Ai) and Lec2-Lg (Fig. 8Aiii) but
not Lec2-ctrl (Fig. 8Aii) cells were highly susceptible to infection
(Fig. 8A, NP). For CHO-ctrl and Lec2-Lg cells, many of the Rab5⫹
cells were also NP⫹; however, it appeared that fewer Rab5 S34N⫹
cells also stained NP⫹ (Fig. 8A, merged).
Flow cytometry was used to quantitate NP⫹ cells as well Rab5⫹
or Rab5 S34N⫹ cells (Fig. 8B). CHO-ctrl and Lec2-Lg but not
Lec2-ctrl cells were susceptible to IAV infection (see Fig. 8B, untransfected BJx109, for representative dot plots, Q2/Q3). Next, we
gated on cells expressing Rab5 or Rab5 S34N to investigate the
effects of the double-negative (DN) mutant on IAV infection (Fig.
8B, Q1/Q2). Expression of Rab5 (particularly very high levels) had
a modest effect on sensitivity to IAV infection; however, high levels of Rab5 S34N had a much more profound inhibitory effect
(Fig. 8B, compare sections marked by arrows between Rab5 and
Rab5 S34N panels). To quantitate data, we determined the percentages of NP⫹ cells from Rab5 or Rab5 S34N untransfected and
transfected cells. When cultures of cells transfected with Rab5 and
Rab5 S34N were compared, no difference was observed in the
percentages of NP⫹ cells in the untransfected cell gate (e.g., see
Fig. 8Ci, Rab5⫺ versus Rab5 S34N⫺). Of all Rab5⫹ transfected
cells, ⬃50% of CHO-ctrl and Lec2-Lg cells were also NP⫹,
whereas for DN Rab5 S34N⫹ transfected cells, significantly less
were NP⫹ (⬃20 to 25%) (Fig. 8Cii). Together, these data indicate
that IAV entry through Rab5⫹ early endosomes is important for
IAV infection of both CHO-ctrl and Lec2-Lg cells.
Rab5 marks early endosomes, while Rab7 and Rab11 mark late
and recycling endosomes, respectively (reviewed in reference 55).
Previous studies highlighted the importance of Rab7⫹ late endosomes in facilitating effective infection of HeLa cells by IAV (56).
Therefore, cells were transfected with constructs encoding RFPlabeled Rab7 or DN Rab7 (T22N), with the latter construct designed to impair the function of Rab7⫹ late endosomes. Confocal
microscopy confirmed expression of RFP-Rab7 and RFP-Rab7
T22N (Fig. 9A, Rab7) and susceptibility to IAV infection (Fig. 9A,
NP). However, we did not observe major differences in the frequencies of NP⫹ cells between Rab7⫹ and Rab7 T22N⫹ cells (Fig.
9A, merged). Furthermore, flow cytometry confirmed that untransfected cells (Rab7⫺ versus Rab7 T22N⫺) showed no differences in susceptibility to IAV infection (Fig. 9Ci). Expression of
DN Rab7 T22N had a modest but significant effect on the proportion of NP⫹ cells in CHO-ctrl cells; however, no differences were
observed in the proportion of NP⫹ cells between Rab7⫹ and Rab7
T22N⫹ populations of Lec2-Lg cells (Fig. 9Cii). Confirming previous studies (56), we found that both DN Rab5 S34N⫹ or DN
Rab7 T22N⫹ HeLa cells were significantly less susceptible to IAV
infection (data not shown). Together, these data define the importance of Rab5⫹ early endosomes, but not Rab7⫹ late endosomes,
in langerin-mediated infection of Lec2 cells by IAV.
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were incubated at 37°C for 24 h to allow for protein expression. After incubation, cells were infected with 107 PFU BJx109 at 37°C for 1 h, washed, and incubated
a further 6 to 8 h before they were fixed and stained for viral NP. (A) Representative images from confocal microscopy show RFP-labeled Rab5 and Rab5 S34N
expression in all cell lines (red, left panels) and newly synthesized viral NP (green, middle panels), as well as a merged image (right panels), including staining for
double-stranded nuclei acid using DAPI (blue). White arrows indicate examples of cells showing colocalization of Rab5 and viral NP. Note that cells are present
in the middle panel for Lec2-ctrl cells but did not stain for viral NP. (B) Following transfection and IAV infection, cells were detached using 0.75 mM EDTA in
PBS, fixed, and stained for viral NP prior to analysis via flow cytometry. Representative dot plots showing RFP-Rab5/RFP-Rab5 S34N expression (vertical axis)
and NP expression (horizontal axis) are shown. Gates have been included to identify Rab5/Rab5 S34N⫹ cells (Q1 and Q4) as well as NP⫹ cells (Q2 and Q3).
Arrows indicate cells with high expression levels of Rab5 or Rab5 S34N. (C) Analysis of transfected and untransfected CHO-ctrl, Lec2-ctrl, and Lec2-Lg cells
shows the percentage of IAV-infected cells in the RFP⫺ fraction of cells transfected with constructs encoding Rab5 (white bars) or DN Rab5 S34N⫹ (black bars)
(panel i) and the percentage of IAV-infected cells in the RFP⫹ fraction of cells transfected with constructs encoding Rab5 (white bars) or DN Rab5 S34N⫹ (black
bars) (panel ii). Data represent the mean (⫾1 SD) of triplicate samples and are representative of two independent experiments. Statistical significance was
assessed using one-way ANOVA with Tukey’s post hoc analysis. ***, P ⬍ 0.001; n.s., not significant.

with recognition of IAV, but cells remained resistant to infection
(Fig. 3C and D). Our studies are the first to demonstrate that
recognition by cell surface langerin can also lead to infectious IAV
entry. Langerin functions not only as an attachment factor but
also as a bone fide endocytic receptor for IAV delivery to early
endosomes, resulting in viral fusion and infection.
Our data provide evidence that in the absence of SIA, langerin
represents a specific transmembrane receptor that activates cellular signaling pathways to induce virus uptake, although the particular signaling components involved are yet to be elucidated.
The cytoplasmic domain of langerin does not contain the “classical” tyrosine-based internalization motifs such as those expressed
by related CLRs, such as DC-SIGN and MGL (reviewed in reference 57). Rather, the PRD (WPREPPP) in the cytoplasmic tail of
langerin has been proposed to interact with Src homology 3 (SH3)
domains found on adaptor proteins (58), which have been implicated in a diverse array of cellular processes, including vesicular
trafficking, cytoskeleton movement, and signaling through receptor tyrosine kinases (59). While little is currently known regarding
interactions between langerin and specific adaptor proteins, the
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PRD of dynamin is known to interact with specific SH3 domaincontaining accessory proteins to regulate the recruitment, assembly, and GTPase activity of dynamin during endocytosis (60). Removal of the intracellular domain (⌬Lg) or mutation within the
langerin PRD (P23I) abrogated langerin-mediated infection of
Lec2 cells by IAV; however, the P23I mutation was associated with
only a modest, but significant, defect in internalization of langerin-specific MAb. These findings argue that the major effect of
this mutation might be to disrupt interactions between the PRD of
langerin and SH3 domain-containing accessory proteins downstream of internalization, which could disrupt the GTPase function of Rab5 (61) or interfere with endosomal trafficking and maturation (62).
For epithelial cells, it is well established that clathrin-mediated
endocytosis is the primary route of IAV entry, although uptake of
IAV can also occur via clathrin-independent pathways (reviewed
in reference 3). It has been difficult to dissect IAV entry mechanisms further, as specific transmembrane receptors are not
known, multiple receptors may contribute to infection, and the
particular receptors used are likely to differ markedly between cell
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FIG 8 Langerin-mediated IAV infection involves entry via Rab5⫹ early endosomes. Cells transfected with expression vectors encoding Rab5 or DN Rab5 S34N

Ng et al.

types, as well as between cells derived from distinct species. The
selection of a particular entry pathway is often linked to a specific
receptor, and some receptors can promote entry via more than
one pathway. Langerin-mediated internalization has been reported to occur via clathrin-mediated endocytosis (63) or by
caveolin-mediated endocytosis (64), consistent with our findings
that infection of Lec2-Lg cells was strictly dynamin dependent but
that blocking of either clathrin- or caveolin-mediated endocytic
pathways with chemical inhibitors reduced the susceptibility of
Lec2-Lg cells to IAV infection.
Live cell imaging, in conjunction with small interfering RNA
and/or a range of DN mutants, has been used to identify entry
pathways and adaptor molecules involved in IAV uptake by epithelial cells (4, 65); however, many of the adaptor proteins expressed by CHO cells are quite distinct from those expressed by
humans and mice (e.g., CHO and human epsin-1 share only
⬃50% sequence identity), limiting the utility of such approaches
in our SIA-deficient model. The transfection/expression approaches described here allowed for characterization of interac-

218

jvi.asm.org

tions between langerin and IAV in the absence of additional cell
surface interactions with SIA or other IAV receptors. However,
future studies examining IAV uptake into primary Langerhans
cells from humans or mice would benefit from live-cell imaging
analysis to define cellular processes associated with recognition,
internalization, signaling, and intracellular trafficking of IAV in
Langerhans cells. As experimental culture conditions can modulate entry pathways, including induction of macropinocytosis as a
route of infectious entry for IAV into epithelial cells in the presence of fetal calf serum (66), it would also be of interest to examine
the pathways utilized for IAV infection of primary Langerhans
cells in the presence and absence of serum and/or bronchoalveolar
lavage fluids.
The transfection/expression approaches described in this study
overcome barriers that have limited identification and characterization of IAV receptors for many years. Namely, Lec2 CHO cells
lacking cell surface SIA are largely resistant to IAV infection such
that langerin represented the only route of infectious entry into
Lec2-Lg cells, allowing us to define the mechanisms underlying
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FIG 9 Rab7⫹ late endosomes are not required for langerin-mediated IAV infection. CHO-ctrl, Lec2-ctrl, and Lec2-Lg cells transfected with expression vectors
encoding Rab7 or DN Rab7 T22N were incubated at 37°C for 24 h to allow for protein expression. After incubation, cells were infected with 107 PFU BJx109 at
37°C for 1 h, washed, and incubated a further 6 to 8 h before they were fixed and stained for viral NP. (A) Representative images from confocal microscopy show
RFP-labeled Rab7 and Rab7 T22N expression in all cell lines (red, left panels), newly synthesized viral NP (green, middle panels), and a merged image (right
panels), including staining for double-stranded nuclei acid using DAPI (blue). White arrows indicate examples of cells showing colocalization of Rab7/Rab7
T22N and viral NP. Note that cells are present in the middle panel for Lec2-ctrl cells but did not stain for viral NP. (B) Following transfection and IAV infection,
cells were detached using 0.75 mM EDTA in PBS, fixed, and stained for viral NP prior to analysis via flow cytometry. Representative dot plots showing
RFP-Rab7/RFP-Rab7 T22N expression (vertical axis) and NP expression (horizontal axis) of CHO-ctrl, Lec2-ctrl, and Lec2-Lg cells are shown. Gates have been
included to identify all Rab7/Rab7 T22N⫹ cells (Q1 and Q4) as well as NP⫹ cells (Q2 and Q3). Arrows indicate cells with high expression levels of Rab7 or Rab7
T22N. (C) Analysis of transfected and untransfected of CHO-ctrl, Lec2-ctrl, and Lec2-Lg cells shows the percentage of IAV-infected cells in the RFP⫺ fraction of
cells transfected with constructs encoding Rab7 (white bars) or DN Rab7 T22N (black bars) (panel i) and the percentage of IAV-infected cells in the RFP⫹ fraction
of cells transfected with constructs encoding Rab7 (white bars) or DN Rab7 T22N (black bars) (panel ii). Data represent the mean (⫾ 1 SD) of triplicate samples
and are representative of 2 independent experiments. Statistical significance was assessed using one-way ANOVA with Tukey’s post hoc analysis. *, P ⬍ 0.05; n.s.,
not significant.
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enhanced IAV infection (i.e., via generation of endocytosis-defective mutants of langerin), as well as specific pathways and endosomal compartments. However, caution must be exercised when
extrapolating data from our experiments to our understanding of
virus-CLR interactions in general. For example, parental CHO
cells are inherently resistant to IAV infection and we required a
high infectious dose (MOI of 80) to achieve 60 to 80% infection,
which is much higher than doses required to obtain similar levels
of infection in highly susceptible epithelial cell lines such as
MDCK cells. Furthermore, we and others have reported that parental CHO cells (and mutant CHO cell lines) do not support
productive IAV replication, as infectious progeny are not released
(7, 9, 41), although the mechanisms underlying this block in replication are not known. While replication of seasonal IAV in M
and DC is also abortive, different mechanisms may well limit the
infectious cycle in such different cell types. Therefore, the studies
presented here have relied on the use of a high inoculum dose of
IAV to examine a single cycle of virus attachment, entry, and infection.
Birbeck granules are cytoplasmic organelles present in Langerhans cells but can be induced by ectopic expression of langerin in
heterologous cells (13, 27). The function of Birbeck granules is still
not clear, although most studies suggest an active role in receptormediated endocytosis, intracellular trafficking, and/or processing
and presentation of antigen (63, 67). In addition to Rab11⫹ recycling compartments (14), langerin colocalizes with early, but not
late, endosomes (13, 14). Consistent with this, langerin-mediated
IAV infection of Lec2 cells was inhibited by expression of DN
Rab5⫹ but not DN Rab7⫹ (Fig. 7 and 8). We did, however, confirm previous findings (56) that functional Rab5⫹ and Rab7⫹ endosomes were required for efficient trafficking and subsequent
IAV infection of HeLa cells (data not shown). Both the pathway
selected for endocytic entry and the endosomal requirements for
IAV infection will be modulated by the nature of receptor(s) used
to infect distinct cell types. Differences in endosomal pH between
cell types may also impact the efficiency of infectious entry of IAV
(68). The optimal pH required to trigger IAV fusion (⬃5.0 to 6.0)
can vary considerably between different IAV strains (69). Thus,
the efficiency of langerin-mediated infection could be restricted
for some strains, as langerin does not traffic from early to late
endosomes, where the pH is further reduced (70). Accordingly,
strains that do not fuse effectively with early endosomes may be
trafficked on to Rab11⫹ compartments, including Birbeck granules. The fate of such virions is unclear but may be analogous to
HIV-1, where a proportion of internalized virions can be trafficked into Birbeck granules and degraded, likely via the caveolin-1 degradation pathway (20, 64).
An additional level of restriction may also occur at the level of
virus recognition, as IAV strains expressing poorly glycosylated
HA are not recognized efficiently by the langerin carbohydrate
recognition domain (Fig. 2C and D). Of interest, when pandemic
IAV strains enter the human population, they tend to express a
poorly glycosylated HA but acquire additional glycans as they persist and circulate in the human population (reviewed in reference
42). Thus, the antiviral activities of soluble CLRs, such as mannose-binding lectin (MBL) and surfactant protein D (SP-D), and
cell-associated CLRs, such as DC-SIGN, MGL, and langerin, are
likely to be limited against emerging pandemic strains but are
more likely to contribute to effective innate defense against disease
severity following infection with seasonal IAV.
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