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ABSTRACT

As a recycling center, lysosomes are filled with numerous acid hydrolase enzymes that break down waste materials and invading
pathogens. Recently, lysosomal cell death has been defined as “lysosomal membrane permeabilization and the consequent leak-
age of lysosome contents into cytosol.” Here, we show that the neuraminidase (NA) of H5N1 influenza A virus markedly deglyco-
sylates and degrades lysosome-associated membrane proteins (LAMPs; the most abundant membrane proteins of lysosome),
which induces lysosomal rupture, and finally leads to cell death of alveolar epithelial carcinoma A549 cells and human tracheal
epithelial cells. The NA inhibitors peramivir and zanamivir could effectively block the deglycosylation of LAMPs, inhibit the
virus cell entry, and prevent cell death induced by the H5N1 influenza virus. The NA of seasonal H1N1 virus, however, does not
share these characteristics. Our findings not only reveal a novel role of NA in the early stage of the H5N1 influenza virus life cycle
but also elucidate the molecular mechanism of lysosomal rupture crucial for influenza virus induced cell death.

IMPORTANCE

The integrity of lysosomes is vital for maintaining cell homeostasis, cellular defense and clearance of invading pathogens. This
study shows that the H5N1 influenza virus could induce lysosomal rupture through deglycosylating lysosome-associated mem-
brane proteins (LAMPs) mediated by the neuraminidase activity of NA protein. NA inhibitors such as peramivir and zanamivir
could inhibit the deglycosylation of LAMPs and protect lysosomes, which also further interferes with the H5N1 influenza virus
infection at early stage of life cycle. This work is significant because it presents new concepts for NA’s function, as well as for in-
fluenza inhibitors’ mechanism of action, and could partially explain the high mortality and high viral load after H5N1 virus in-
fection in human beings and why NA inhibitors have more potent therapeutic effects for lethal avian influenza virus infections at
early stage.

Lysosomes are membrane-bound organelles that are found in
the cytoplasm of most cells and contain various hydrolytic

enzymes that are usually active at an acidic pH (�5) (1). Lyso-
somes are known primarily to degrade macromolecules or in-
fected pathogens from the endocytic, autophagic, and phagocytic
pathways, which are essential for innate immunity recognition,
antigen presentation, and pathogen elimination (2). Lysosome-
associated membrane protein 1 (LAMP1) and LAMP2 constitute
ca. 50% of the proteins in the lysosome membrane and function to
maintain the structural integrity of lysosomal compartment to
prevent hydrolytic enzyme release (3). Most hydrolytic enzymes
and membrane proteins in the lysosome are highly glycosylated to
prevent themselves from being digested in the hostile environ-
ment of the lysosome (4). Furthermore, lysosomal rupture is re-
ported to induce cell death through the release of hydrolytic lyso-
somal enzymes, since partial release of enzymes could lead to
apoptosis, whereas total lysosomal rupture induces necrosis (5).
Previous reports have shown that HIV, adenovirus, and poliovirus
could cause lysosomal rupture; however, the underlying molecu-
lar mechanism remains unclear (6).

Influenza A virus infections have caused several pandemics
in the last century (7–9). Hemagglutinin (HA) and neuramin-
idase (NA) are the two main glycoproteins on the influenza

viral envelope. As reported previously, HA mediates virus entry
into the host cell by interacting with sialic acid, whereas NA
cleaves sialic acid to release new viral particles at the end of the
viral life cycle (7, 10).

The NA inhibitors are currently most effective clinical drugs
for influenza pandemics (11). NA has been reported to play a
crucial role in influenza virus pathogenesis (12). By performing
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assorted influenza virus experiments between high pathogenic
avian influenza (PAI) virus H5N1 and low-pathogenicity influ-
enza virus H1N1, quite a few manuscripts have revealed that NA
was an important virus segment protein contributing to the virus
pathogenesis both in vivo (mice and chickens) and in vitro
(MDCK cells) (13, 14), and the sialidase activity of NA expressed
in the infected cells was also detected in the lysosome (14). These
findings suggest that, in addition to its role in late-stage viral re-
lease from the host cell, NA may also play a role in the lysosome
with influenza virus infection.

We show here that, in addition to its classical mechanism of
releasing assembled virus particles from the cell membrane at the
late stage of the viral life cycle, the NA of influenza virus may
directly bind to LAMPs of lysosomes, reduce the glycosylation of
LAMPs, disrupt lysosome integrity, and increase the cell death
rate. NA inhibitors could effectively protect the lysosomal integ-
rity upon H5N1 influenza virus infection and prevent from cell
death.

MATERIALS AND METHODS
Influenza viruses. The seasonal influenza viruses H1N1 (A/New Caledo-
nia/20/1999 [H1N1]) isolated from human in 1999 and avian influenza
virus H5N1 (A/Jilin/9/2004 [H5N1]) isolated from chickens in 2004 were
used in the present study. Experiments with live influenza viruses were
performed in biosafety level 3 facilities according to governmental and
institutional guidelines. The viruses were propagated, and titers were
determined as described previously (15). Briefly, the viruses were propa-
gated by inoculation into 10- to 11-day-old, specific-pathogen-free em-
bryonated chicken eggs, and titers were determined using the Reed-
Muench method with MDCK cells. The titers are expressed as the 50%
tissue culture infective dose (TCID50)/ml of supernatant. Unless other-
wise stated, a multiplicity of infection (MOI) of 4 was used for the H1N1
or H5N1 influenza virus examined in the present study.

Antibodies and reagents. Primary antibodies against LAMP1
(ab24170) (for immunofluorescence), cathepsin K (ab19027), M6PR
(ab124767), and cathepsin L (ab58991) were purchased from Abcam
(Cambridge, MA). Cleaved cathepsin D (2284) and LAMP1 (3243) (for
immunoblotting) were purchased from Cell Signaling Technology (Dan-
vers, MA). Antibodies against the flag tag (F7425) and �-actin (clone
AC-15, A5441) were purchased from Sigma-Aldrich (St. Louis, MO). An-
tibodies against LAMP2 (clone H4B4, sc-18822) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The NA (IT-003-021M2)
antibody was purchased from Immune Technology (Foster City, CA), the
NP (C01321M) antibody was purchased from Millipore (Billerica, MA),
the TFEB (H00007942-M01) antibody was purchased from Abnova (Tai-
pei, Taiwan), and horseradish peroxidase (HRP)-conjugated secondary
antibodies and luminal reagents for immunoblotting were purchased
from Santa Cruz Biotechnology.

Dulbecco modified essential medium (DMEM), fetal calf serum, and
antibiotics were obtained from Gibco/Life Technologies (Carlsbad, CA).
F-12/Ham’s nutrient medium and the Halt protease inhibitor cocktail
were obtained from Thermo Fisher Scientific (Waltham, MA), and MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium inner salt] was procured from Promega Corp.
(Madison, WI). Acridine orange was acquired from Merck (Billerica,
MA). The anti-�-tubulin AF 488 kit, a peroxisome labeling kit for fixed
cells, LysoTracker Red DND-99, and ProLong Gold Antifade Mountant
with DAPI (4=,6=-diamidino-2-phenylindole) were purchased from Mo-
lecular Probes/Life Technologies (Eugene, OR). The NA inhibitors
peramivir and zanamivir were purchased from Santa Cruz Biotechnology.

Cell culture. The human lung adenocarcinoma A549 cell line was
purchased from the American Type Culture Collection (ATCC; Rockville,
MA) and cultured in F-12/Ham’s medium (HyClone); HEK293T (human
embryonic kidney cell line), HeLa, MRC-5, and H1650 cells were pur-

chased from the Peking Union Medical College Cell Culture Center (Bei-
jing, China). HEK293T and H1650 cells were propagated in DMEM, and
MRC-5 cells were propagated in Eagle minimum essential medium sup-
plemented with nonessential amino acids. All of these cells were cultured
in the indicated medium supplemented with 10% fetal bovine serum
(Gibco), 100 U of penicillin/ml, and 100 U of streptomycin/ml at 37°C
with 5% CO2. For the primary cell, the human tracheal epithelial cells
(HTEpiC; ScienCell Research Laboratories, Carlsbad, CA) were cultured
in the bronchial epithelial cell medium according to the protocol provided
by the manufacturer.

Plasmids. To determine which viral protein mediates the deglycosy-
lation of LAMPs, the avian influenza virus genes polymerase complex
PB1 (GenBank accession no. AAT73504.1), polymerase complex PB2
(GenBank accession no. AAT73545.1), polymerase complex PA (Gen-
Bank accession no. AAT70214.1), nucleocapsid protein (NP; GenBank
accession no. ABC66772.1), hemagglutinin (GenBank accession no.
AAV34704), neuraminidase (GenBank accession no. AAS89006), matrix
protein 1 (M1; GenBank accession no. Q6J8D2.1), matrix protein 2 (M2;
GenBank accession no. AAT70566.1), nonstructural protein 1 (NS1; Gen-
Bank accession no. AAT73445.1), and nonstructural protein 2 (NS2; Gen-
Bank accession no. AAT73391.1) were optimized with human high-fre-
quency codons as described before (16) for cDNA synthesis, and then each
of these gene was fused with a flag tag at the C terminus and cloned into
Peak13 vector (provided by B. Seed, Harvard Medical School, Boston,
MA). The full-length cDNAs encoding human LAMP1, LAMP2A, and
avian influenza virus NA (Jilin) A/Jilin/9/2004 (H5N1) were amplified by
using PCR from a cDNA library of A549 cells or cells infected with H5N1
influenza virus. All of these gene products were verified by DNA sequenc-
ing (Invitrogen, Beijing, China).

Plasmid transient transfection. 293T cells were transfected at 50 to
70% confluence with mixture of Lipofectamine 2000 transfection reagent
(Invitrogen) and each plasmid according to the manufacturer’s instruc-
tions. The transient transfections of A549 cells were performed with X-
treme Gene HP reagents (Roche Applied Science, Indianapolis, IN) ac-
cording to the protocol provided by the manufacturer.

Immunoblot analysis. Immunoblot analysis was performed as de-
scribed previously (17). Cells were collected and lysed with radioimmu-
noprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl [pH 7.5], 150
mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate [SDS], 5 mM EDTA,
0.5% deoxycholate sodium, 1 mM Na3VO4, 1 mM NaF, and protease
inhibitor cocktails), the total protein concentration of each sample was
determined with a BCA protein assay kit (TianGen, Beijing, China), and
the samples were boiled with 2� loading buffer after equalization of the
protein concentration. Samples were resolved by 10 or 12% SDS-poly-
acrylamide gel electrophoresis (PAGE), and proteins were transferred
onto a nitrocellulose filter membrane. Membranes were blocked in 2%
albumin and then incubated with the appropriate primary antibodies
overnight and then with HRP-conjugated secondary antibodies at room
temperature for 1 h. Binding of secondary antibodies was detected using
the Kodak film exposure detection system, and the film was scanned and
analyzed. For detection of the second primary antibody, the nitrocellulose
membrane was stripped with stripping buffer (1% SDS, 25 mM glycine
[pH 2.0]) and then incubated with another primary antibody.

LAMP2-Fc and Fc protein purification and degradation detection.
The methods for constructing the cell lines expressing the LAMP2-Fc and
control human IgG Fc fusion proteins have been previously described
(17). Briefly, LAMP2-Fc and Fc were expressed by the HEK293T/
LAMP2-Fc and HEK293T/Fc stable-expression cell lines, respectively.
LAMP2-Fc is a recombinant protein composed of the soluble extracellular
region (amino acids 1 to 376) of the human LAMP2A protein fused to the
IgG Fc at its C terminus. The fusion protein was purified with an AKTA
FPLC system (GE Healthcare, Piscataway, NJ), and the protein concen-
tration was measured using the BCA assay kit. Equal amounts of
LAMP2-Fc or Fc protein were conjugated to new protein A-agarose beads
(Santa Cruz) and washed several times with sterile H2O. Samples were
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FIG 1 Lysosomes were decreased significantly upon H5N1 influenza virus infection. (A) MTS assay of cell viability of A549 cells and primary HTEpiC treated
with vehicle or H1N1 or H5N1 virus at 48 h postinfection. (B) q-PCR analysis of influenza viral gene M in A549 cells infected with H1N1 or H5N1 virus. (C) A549
cells were infected with either seasonal H1N1 or H5N1 influenza virus or treated with the vehicle as a control. At 24 h postinfection, the cells were stained by
LysoTracker or immunolabeled for peroxisomal membrane protein PMP70 and �-tubulin, respectively. Images were obtained using confocal microscopy, and
the fluorescence signal of each cell shown on the right was estimated by examining more than 100 cells. (D) Confocal microscopy determination of changes of
lysosomes in primary HTEpiC that were infected with either seasonal H1N1 or H5N1 influenza virus or treated with the vehicle allantoic fluid (AF) as a control
at 24 h postinfection (h.p.i.). (E) FACS analysis of A549 cells and HTEpiC after staining with LysoTracker at 24 h after seasonal H1N1 or H5N1 infection or
treatment with vehicle, with unstained cells as the negative control. (F) Pearson correlation coefficients between cell viability at 48 h postinfection with H5N1
virus and the relative lysosome numbers measured by FACS using LysoTracker before infection in A549, HeLa, MRC-5, H1650, and HEK293T cells. All scale bars
indicate 50 �m, and data represent means � the SEM of three independent experiments. *, P � 0.05; **, P � 0.01.
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then rinsed with 20 mM acetate buffer (pH 4.0 or 5.0), 20 mM phosphate
buffer (pH 6.0), or phosphate-buffered saline (PBS; pH 7.4) with an equal
amount of LAMP2-Fc fusion or control Fc protein. Next, 5 �l (105

TCID50) of each virus or vehicle was added to each group and stored at
37°C for 8 h. Finally, an equal volume of 2� loading buffer was added to
the samples, which were then boiled for 5 min. Samples were separated
using SDS-PAGE (10% gel) and probed with an appropriate antibody.

Real-time quantitative PCR (q-PCR) analysis. Cells were lysed with
TRIzol reagent (Invitrogen), and total RNA was isolated according to the
standard protocol provided by the manufacture. cDNA was synthesized
from 1.5 �g of total RNA with a high-capacity cDNA reverse transcription
kit (Applied Biosystems/Life Technology). PCR amplification assays were
performed with the FastStart Universal SYBR green Master mix and Rox
(Roche) on a LightCycler 480 PCR system. The relative gene expression
levels were calculated using the CT value and normalized to the expression
of the human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ref-
erence gene. The specific primers that were used were as follows: GAPDH
forward, 5=-GGTGGTCTCCTCTGACTTCAACA-3=; GAPDH reverse,
5=-GTTGCTGTAGCCAAATTCGTTGT-3=; M1 forward, 5=-CTCTCTA
TCATCCCGTCAG-3=; M1 reverse, 5=-GTCTTGTCTTTAGCCATTCC-
3=; M2 forward, 5=-ATTGTGGATTCTTGATCGTC-3=; and M2 reverse,
5=-TGACAAAATGACCATCGTC-3=.

siRNA transfections. All small interfering RNAs (siRNAs) used in the
present study were designed and synthesized by Ribobio (Guangzhou,
China). Before siRNA transfection, A549 cells were seeded at 3 � 105

cells/well in 12-well plates. After 24 h, the cells were transfected with
Lipofectamine RNAiMAX reagent (Invitrogen) and a 50 nM concentra-
tion of the indicated siRNA diluted in Opti-MEM (Invitrogen) according
to the manufacturer’s guidance. Next, 48 h after siRNA transfection, the
downstream experiments were performed. The siRNA sequences for

LAMP1 were 5=-CAAUGCGAGCUCCAAAGAAdTdT-3= and 3=-dTdT
GUUACGCUCGAGGUUUCUU-5=, and the siRNA sequences for
LAMP2 were 5=-GCGGUCUUAUGCAUUGGAAdTdT-3= and 3=-dTdT-
CGCCAGAAUACGUAACCUU-5=.

Neuraminidase activity assay. The method for neuraminidase activ-
ity assay in different pH buffers was as described before (18). In brief, 5 �l
of H1N1 or H5N1 influenza A virus suspension (i.e., a 50% tissue culture
infective dose of 105) or the vehicle AF in different pH buffers (the same as
described above) were incubated with 5 �l of 4 mM 2=-(4-methylumbel-
liferyl)-�-D-N-acetylneuraminic acid sodium salt hydrate (4-MU�-
Neu5Ac; Sigma-Aldrich) at 37°C for 30 min. After stopping the reaction
by adding 1 ml of 100 mM carbonate buffer (pH 10.7), the released
4-methylumbelliferone was measured with a fluorescence microplate
reader (Synergy 2; BioTek Instruments, Inc., Winooski, VT) with a exci-
tation at 355 nm and an emission at 460 nm. Relative fluorescence units
(RFU) were used to show the NA activity.

Confocal microscopy. A549 cells were grown on coverslips in 24-well
plates; at the indicated time points after virus infection, the culture super-
natant was removed, and the coverslips were washed three times with PBS.
The cells were then fixed with 4% paraformaldehyde for 10 min, pene-
trated with 0.2% Triton X-100 for 5 min, and blocked with 10% goat
serum for additional 30 min. The coverslips were then incubated with the
indicated primary antibody at room temperature for 1 h and then with
Alexa Fluor 488- or Alexa Fluor 568-labeled secondary antibody (Molec-
ular Probes). The subcellular localization of each target protein was ob-
served using confocal laser scanning microscopy (FV-1000; Olympus, To-
kyo, Japan), and the images were analyzed using Olympus Fluoview 3.0
software. For the NP-positive nucleus analysis, at least 64 pictures were
continuously obtained by the confocal microscope automatically, and the

FIG 2 Lysosomes were ruptured at a late stage of H5N1 influenza virus infection. (A) Representative images of LAMP1 (green) and LAMP2 (red) in A549 cells
infected with the seasonal H1N1 virus or H5N1 virus or treated with AF at 24 h postinfection. The fluorescence signal of each cell analyzed from 50 to 100 cells
is shown on the right. (B) Confocal microscopy of the cathepsin D and LAMP1 after immunolabeling in A549 cells infected with seasonal H1N1 virus or H5N1
virus or treated with vehicle at 24 h postinfection. The colocalization rate of these two proteins was analyzed for 50 to 100 cells using Fluoview software. All scale
bars indicate 50 �m, and the data represent means � the SEM of three independent experiments. *, P � 0.05; **, P � 0.01.
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images were assessed with ImageJ software (National Institutes of Health,
Bethesda, MD).

To label cellular lysosomes, the cells were incubated with 300 nM
LysoTracker Red DND 99 (Molecular Probes) in fresh medium for 30 min
at 37°C, and the cells were then extensively washed with PBS and fixed
with 4% paraformaldehyde for 15 min. Lastly, the coverslips were covered
with the ProLong Gold antifade mounting medium with DAPI regent. We
calculated the colocalization efficiency directly using Fluoview FV10-
ASW 3.0 (Olympus) software according to the standard Pearson correla-
tion coefficient (r) method as recommended by the manufacturer.

Cell viability assays. A549 cells were infected with virus at an MOI of
4 or an equal volume of vehicle for the indicated time points. Cell viability
was then determined by the MTS assay (Promega). In the rescue experi-
ments, peramivir (30 �g/ml) or zanamivir (30 �g/ml) was added 1 h
before viral administration or at the indicated time points. In the siRNA
knockdown group, A549 cells were transfected with siRNA as described
before, and the MTS assay was performed 48 h after virus infection.

Fluorescence-activated cell sorting analysis (FACS). At the indicated
time points after experimental treatment, the cell medium was removed,
and the cells were refed with medium containing 75 nM LysoTracker Red
DND-99, followed by incubation at 37°C in 5% CO2 for 30 min. The cells

were then washed three times with PBS, harvested with trypsin-EDTA,
and washed with 1 ml of PBS. Finally, the stained cells were fixed with 4%
paraformaldehyde and analyzed by FACSAria II cytometer (BD, San Jose,
CA) with an excitation at 561 nm. Fluorescence-activated cell sorting
(FACS) data analysis was performed with Flow Jo software (Tree Star,
Inc., Ashland, OR).

Immunoprecipitation. 293T cells were transfected with GFP2, NS1
(H5N1)-flag, or NA (H5N1, Jilin)-flag expression plasmids in six-well
plates. At 30 h posttransfection, whole-cell extracts were obtained using
RIPA lysis buffer and centrifuged at 15,000 rpm for 15 min at 4°C. Then,
1 mg of total protein from each sample was incubated with the flag or
isotype control antibody at 4°C overnight on a rotator. Next, 60 �l of 50%
protein A-agarose beads (Santa Cruz) was added to the samples, and the
mixture was incubated for an additional 2 h at 4°C. The beads were then
washed extensively five times with TBS buffer (50 mM Tris-Cl [pH 7.5],
150 mM NaCl) and boiled for 5 min in 50 �l of 2� loading buffer. Im-
munoblotting analysis of the samples was then performed as described
previously.

Statistics. All data are shown as means � standard errors of the mean
(SEM). Measurements at single time points were analyzed by analysis of
variance and, if they demonstrated significance, were further analyzed by

FIG 3 LAMP1 and LAMP2 were significantly deglycosylated after H5N1 influenza virus infection. (A) Immunoblot analysis of LAMP1 and LAMP2 in A549 cells
infected with seasonal H1N1 or H5N1 virus at the indicated times (in hours) postinfection. �-Actin was used as a control. (B) Immunoblot analysis of LAMP1
and LAMP2 in 293T cells infected with H1N1 or H5N1 virus or treated with AF at 48 h postinfection. �-Actin was used as a loading control. (C) Immunoblot
analysis of LAMP1 and LAMP2 in A549 cells infected with seasonal H1N1 or H5N1 virus in the presence of actinomycin D (ACD) or cycloheximide (CHX) at
24 h postinfection. (D) Immunoblot analysis of highly glycosylated LAMP1 and those that were digested with the glycosidase PNGase F in A549 cells infected with
H1N1 or H5N1 virus at the indicated time points. The asterisk (*) indicates an unspecific band. (E) Immunoblot analysis of TFEB, M6PR, cathepsin B, cathepsin
D, cathepsin K, cathepsin L, ATPase, H� transporting, lysosomal 70-kDa, and V1 subunit A (ATP6V1A) in A549 cells at the indicated time points in hours
postinfection (h.p.i.) with H1N1 or H5N1 virus.

NA of Influenza A Virus Induces Lysosome Rupture
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FIG 4 Influenza virus NA could bind to the LAMPs directly and induce the deglycosylation of LAMPs. (A) Plasmids encoding H5N1 influenza viral proteins
(PB1, PB2, PA, NP, HA, NA, M1, M2, NS1, and NS2) (for the abbreviation definitions, see Materials and Methods) were separately transfected in 293T cells, and
LAMP1 and LAMP2 were detected by immunoblot analysis. The expression of each viral protein was detected using flag antibody. (B) Immunoblot analysis of
LAMP1 or LAMP2 in A549 cells transfected with control vector or the NA-flag plasmid. (C) Immunoblot analysis of glycosylated LAMP1 and those digested with
glycosidase PNGase F in 293T cells transfected with plasmids encoding NA of H5N1 or vector. An asterisk (*) indicates an unspecific band. (D) FACS analysis of
lysosomes stained with LysoTracker in 293T cells transfected with NA of the H5N1 virus or vector. (E) MTS assay of cell viability of A549 cells transfected with
control vector or NA(H5N1) gene at 48 h posttransfection. (F) Immunoblot analysis of LAMP1 and LAMP2 in A549 cells treated with NA protein of H1N1 or
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a two-tailed t test. All statistical tests were conducted using Prism 5.0
(GraphPad Software, San Diego, CA). P � 0.05 indicates statistical signif-
icance, and P � 0.01 indicates high significance.

RESULTS
Lysosomes were ruptured after influenza virus infection. H5N1
influenza virus could induce cell death in various cell lines (19, 20)
(Fig. 1A) and extremely high viral load in infected cells (Fig. 1B) or
patients (21). To identify potential function of organelles involved
in the cell death induced by H5N1 influenza virus, we used con-
focal microscopy to examine the amounts and structure of several
cellular organelles, including the lysosome, peroxisome, and cyto-
skeleton tubulin. In A549 cells at 24 h postinfection with live sea-
sonal H1N1 and H5N1 viruses, the number of lysosomes (labeled
with LysoTracker) in cells decreased significantly when infected
with the H5N1 virus but decreased slightly when infected with the
H1N1 virus compared to those in cells of vehicle controls (Fig.
1C). However, no significant differences were observed with the
peroxisome and tubulin present in each group (Fig. 1C). The lyso-
somes in primary cells human tracheal epithelial cells (HTEpiC)
also decreased significantly after H5N1 virus infection (Fig. 1D).
Using fluorescence-activated cell sorting (FACS) analysis, we also
observed a significant decrease in the overall number of lysosomes
per cell in A549 cells and HTEpiC infected with the H5N1 virus
and a moderate decrease when they were infected with the H1N1
virus (Fig. 1E). Next, we infected A549, HeLa, HEK293T, H1650,
and MRC-5 cells with the H5N1 virus and found that cell survivals
at 48 h postinfection were positively correlated to the cellular lys-
osomal numbers before infection (Fig. 1F), suggesting lysosome
may have protective function in influenza virus infections.

Using immunofluorescent assay, we also examined the changes
of lysosomal membrane protein LAMP1, LAMP2, and hydrolytic
enzyme cathepsin D and found that LAMP1 and LAMP2 were
significantly decreased 24 h after H5N1 virus infection (Fig. 2A);
moreover, lysosome hydrolytic enzyme cathepsin D changed to
diffuse throughout the cytosol and the colocalization of cathepsin
D and LAMP1 was also significantly decreased after H5N1 virus
infection (Fig. 2B). Collectively, these results suggest that the ly-
sosome integrity is disrupted upon H5N1 virus infection.

LAMP1 and LAMP2 were deglycosylated after influenza vi-
rus infection. Since the lysosomal membrane glycoproteins
LAMP1 and LAMP2 are important for maintaining the structural
integrity of the lysosomal compartment (22), we investigated
changes of these proteins in A549 cells infected with the H1N1 and
H5N1 virus. We observed the significant deglycosylation of
LAMP1 and LAMP2 upon live H5N1 virus infection in A549 cells
quickly after the virus infection (Fig. 3A) and HEK293T cells (Fig.
3B). Treatment with the mRNA transcriptional inhibitor actino-
mycin D or the protein biosynthesis inhibitor cycloheximide
showed similar patterns of deglycosylation of LAMP1 and LAMP2

as the control upon the H5N1 influenza virus infection (Fig. 3C),
which indicated that the viral proteins themselves could induce
the LAMP1 and LAMP2 deglycosylation directly. The digestion
assay with the glycosidase PNGase F suggested that protein degly-
cosylation is involved in the decrease of LAMPs after H5N1 influ-
enza virus infection (Fig. 3D).

We also studied two genes that regulate lysosome functions:
transcription factor EB (TFEB), which is a master activator of
lysosomal biogenesis (23), and mannose-6-phosphate receptor
(M6PR), which traffics hydrolytic enzymes transported to the ly-
sosome (2). The protein levels of TFEB and M6PR were not af-
fected significantly before 36 h after H5N1 influenza virus infec-
tion (Fig. 3E). Next, we examined levels of some important
hydrolytic enzymes: cathepsin B, cathepsin D, cathepsin K, and
cathepsin L. Compared to H1N1 virus infection, the active cathep-
sin B, mature cathepsin D and cathepsin L proteins were slightly
downregulated upon H5N1 virus infection at late stage, but the
cathepsin K remained unchanged (Fig. 3E). In addition, the ex-
pression level of ATP6V1A (ATPase, H� transporting, lysosomal
70 kDa, V1 subunit A), which is a component of the lysosomal
proton vacuolar-type H�-ATPase (Fig. 3E), also remained un-
changed upon influenza virus infection. These results indicate
that, under conditions of lysosomal rupture, released lysosomal
components, such as hydrolytic enzymes, might contribute to the
cell death (6).

Influenza virus NA induced lysosome rupture. To elucidate
the molecular mechanism of lysosomal rupture induced by the
H5N1 virus, we transfected all coding genes PB1, PB2, PA, NP,
HA, NA, M1, M2, NS1, and NS2 (for the abbreviation definitions,
see Materials and Methods) of the H5N1 virus, into HEK293T
cells. We showed that the deglycosylation of LAMP1 and LAMP2
was induced in HEK293T cells upon expression of the NA gene
(Fig. 4A). This result was also observed in A549 cells (Fig. 4B).
Similarly, after digestion by the glycosidase PNGase F, LAMPs
were deglycosylated significantly (Fig. 4C). In addition, the de-
crease of the lysosomal numbers per cell (Fig. 4D) and cell survival
rate (Fig. 4E) was also confirmed using FACS analysis of cells
transfected with the NA gene of the H5N1 virus. Furthermore, the
NA protein of H5N1 virus could also induce more seriously
LAMP1 and LAMP2 deglycosylation compared to the same
amount of NA protein from H1N1 virus in A549 cells (Fig. 4F).

We further observed the colocalization of LAMP1 and NA of
influenza virus as early as 3 h after live influenza virus infection in
A549 cells under confocal microscopy (Fig. 4G). We also demon-
strated the colocalization of NA-GFP and LAMP1-RFP or
LAMP2-RFP after transfections in A549 cells (data not shown).
Moreover, the NA of H5N1 was shown binding to LAMP1 and
LAMP2 by coimmunoprecipitation assays (Fig. 4H). Further-
more, the cell death and viral loads were increased when LAMP1

H5N1 virus which was expressed and purified from 293T cells at the indicated amounts. �-Actin was used as a control. (G) Confocal microscopy analysis showing
the interaction between viral NA and the lysosomal membrane marker LAMP1 in A549 cells at 3 h after H1N1 or H5N1 virus infection or treated with the vehicle
as a control. Scale bars, 50 �m. (H) 293T cells were transfected with vector, NS1-flag, or NA-flag encoding plasmids, and an immunoprecipitation (IP) assay was
performed with anti-flag or control IgG. Cell lysates (input) and immunoprecipitated complexes were analyzed by immunoblotting with anti-LAMP1, anti-
LAMP2, anti-NS1-flag, anti-NA-flag, or anti-�-actin antibodies. (I) MTS assay of the cell viability of A549 cells, which were transfected with nontarget control
siRNA (NC) or LAMP1- or LAMP2-specific siRNA and then treated with vehicle, H1N1 virus, or H5N1 virus. The knockdown efficiency is shown on the right.
(J) q-PCR analysis of influenza viral M gene in A549 cells after transfection of LAMP1, LAMP2, or nontarget control (NC) siRNA and infected with H5N1 virus.
(K) MTS assay of the viability of A549 cells transfected with vector control, LAMP1, or LAMP2 and then infected with H5N1 virus. The overexpression efficiency
is shown on the right. All scale bars indicate 50 �m, and data represent means � the SEM of three independent experiments. *, P � 0.05; **, P � 0.01.
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FIG 5 Influenza virus NA induced the LAMP deglycosylation depending on the its NA activity and low-pH environment. (A) Immunofluorescent colocalization
of MAL I-labeled sialic acid and lysosomal membrane marker LAMP2 in A549 cells infected with H1N1 or H5N1 virus or treated with vehicle as a control. The
sialic acid fluorescence signal colocalized with LAMP2 per cell (on the right) was estimated by examining 50 to 100 cells. Scale bars, 50 �m. (B) Immunoblot
analysis of LAMP1 and LAMP2 deglycosylation in 293T cells transfected with plasmids encoding vector, wild-type (WT) NA, or mutant NAs using NA-flag as an
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and LAMP2 were knocked down in cells before viral infection
(Fig. 4I and J), and the survival rate of alveolar epithelial cells was
increased upon H5N1 virus infection when LAMP1 and LAMP2
were overexpressed in A549 cells (Fig. 4K). Taken together, these
data suggest that the NA of H5N1 virus may bind to LAMP1 and
LAMP2, deglycosylate them, disrupt lysosomal integrity, and pos-
sibly induce cell death.

NA activity mediated LAMP deglycosylation. Sialic acids are
usually located on the surface of glycoprotein and are essential for
maintaining the integrity of glycoprotein especially in the hazard
acid lysosomes (24); moreover, the sialic acids are also the targets
of NA of influenza virus (25), so the interaction between NA and
LAMPs might cause the decrease of sialic acid on the lysosomes
which could contribute to the deglycosylation of LAMP1 and
LAMP2. We labeled sialic acid (linked [�2,3]) with Maackia Amu-
rensis Lectin I (MAL I) and lysosome marker LAMP1, the fluores-
cence intensity of sialic acid colocated with LAMP2 were observed
significantly decreased after H5N1 virus infection (Fig. 5A), as
well as Sambucus Nigra Lectin-labeled sialic acid (�2,6; data not
shown). Examination of the structure of influenza virus NA has
revealed conservative amino acids in its catalytic pocket (26).
Since these sites are crucial for the neuraminidase activity, we
mutagenized each of the conserved catalytic amino acids and as-
sessed the impact on interaction with the LAMPs. Similar with
previous reports that some mutations could significantly affect the
NA activity (27), we found that mutations of R98K, D131E,
E258G, and Y382F in the NA catalytic pocket site could markedly
prevent deglycosylation of the LAMPs (Fig. 5B) but did not sig-
nificantly affect the interaction between mutant NA and LAMP2
(Fig. 5C), indicating that the catalytic activity of NA plays a critical
role in NA-induced LAMPs deglycosylation.

Currently, the most widely clinical used effective drugs against
influenza are NA catalytic activity blockers, such as peramivir and
zanamivir. We showed that the treatment of 293T cells with either
of these drugs could effectively inhibit LAMPs deglycosylation
(Fig. 5D) and protect the LAMPs after H5N1 influenza virus in-
fection in A549 cells (Fig. 5E). We then examined the numbers of
lysosomes per cell in cells infected with the live H5N1 virus and
found that treatment with the NA inhibitors could ameliorate
lysosomal rupture (Fig. 5F). Collectively, these data demonstrate
that the NA inhibitors peramivir and zanamivir could reduce the
deglycosylation of LAMPs and protect from lysosomal rupture
induced by influenza virus infection.

Higher NA catalytic activity of the H5N1 virus at low pH. We
have shown that NA of H5N1 virus could bind directly to LAMPs,

degrade LAMPs, and markedly induce lysosomal rupture, while
NA of seasonal H1N1 virus may have much less effect. Previous
studies have shown that the NA catalytic activity of different
strains may be different (14, 28). We examined the NA catalytic
activity of both avian H5N1 influenza virus and seasonal H1N1
influenza virus, and the NA catalytic activity of H5N1 virus was
much higher than NA catalytic activity of H1N1 under acidic pH
conditions, which are more common in lysosomes, although their
activities are similar at pH 7.4 (Fig. 5G). We also demonstrated a
higher activity of the NA protein from H5N1 influenza virus than
NA from H1N1 influenza virus expressed in the 293T cells (Fig.
5H). Moreover, we also observed here that the NA of the live
H5N1 virus prefers to cleave glycosylated LAMPs at low pH (Fig.
5I). Furthermore, treatment with the lysosomotropic pH-elevat-
ing agents chloroquine, bafilomycin A1, and NH4Cl separately
could alleviate the LAMPs deglycosylation after NA transfection
in 293T cells (Fig. 5J). These results suggest that the NA catalytic
activity of avian H5N1 influenza virus may have markedly higher
impact on inducing lysosomal rupture than that of seasonal H1N1
influenza virus.

Effects of NA at the early stage of influenza virus life cycle.
Our studies have demonstrated that avian H5N1 influenza virus
NA protein induces lysosomal rupture, which may play an impor-
tant role in early stage of virus life cycle, in addition to the late stage
of virus life cycle. To investigate the role of NA in the early stage of
virus life cycle, we need to design experiments excluding effects of
NA at the late stage of the virus life cycle. Previous studies have
shown that the time from influenza virus cell entry to new influ-
enza virion production in cells is on average 6 h (29, 30). We
therefore investigated the effects of NA in cells within 6 h after
virus infection. Using NA inhibitors at different time points, we
found the cell survival was rescued more significantly at the early
stage of the first virus life cycle (Fig. 6A), suggesting that influenza
virus NA may play an important role at the early stage of the virus
life cycle. In order to analyze the effects of NA inhibitors on the
infection of influenza virus at early stage of life cycle, we measured
the viral NP-positive nuclei at 4 h after virus infection (Fig. 6B)
and found that the percentage of NP-positive nuclei in H1N1 or
H5N1 influenza virus-infected cells was significantly decreased by
the NA inhibitors, respectively. Also, the viral load was also re-
duced at the early stage of viral life cycle when the cells were treated
with NA inhibitors before infection (Fig. 6C). These results sug-
gest NA activity of H1N1 or H5N1 influenza virus may indeed
have effects at the early stage of virus life cycle.

overexpression control and �-actin as a loading control. (C) 293T cells were transfected with NS1-flag, wild-type NA-flag, or mutant NA (E258G) encoding
plasmids, respectively, and the immunoprecipitation (IP) assay was performed with anti-flag antibody. Cell lysates (input) and immunoprecipitated complexes
were analyzed by immunoblotting with anti-LAMP2 and anti-flag antibodies. (D) 293T cells were transfected with control plasmid or NA(H5N1)-encoding
plasmids. After 6 h, peramivir (30 �g/ml), zanamivir (30 �g/ml), or PBS was separately added into the media of these cultured cells. The deglycosylation of
LAMP1 and LAMP2 was analyzed by immunoblotting, and flag was used for NA detection and �-actin as a loading control. (E) Immunoblot analysis of LAMP1
and LAMP2 deglycosylation in A549 cells infected with H5N1 virus and treated with PBS, peramivir (30 �g/ml), or zanamivir (30 �g/ml), respectively, at the
indicated time points. (F) FACS analysis of the lysosome numbers in A549 cells treated with AF and in cells infected with H5N1 virus and treated with peramivir
(30 �g/ml), zanamivir (30 �g/ml), or PBS. (G) Assay of NA activity of H1N1 or H5N1 influenza virus or vehicle control AF in different buffers (pH 4.0, 5.0, 6.0,
or 7.4) at 37°C. RFU, relative fluorescence units. (H) Activity assay evaluating 0.1 �g of H1N1 or H5N1 influenza virus NA protein in different buffers (pH 4.0,
5.0, 6.0, or 7.4) at 37°C. The amounts of NA protein were also determined by immunoblot analysis (shown on the right). (I) The extracellular region of LAMP2
fused to the human IgG-Fc fragment (LAMP2-Fc) and the control protein human IgG-Fc (Fc) were conjugated to protein A-beads. After incubation with vehicle
or H1N1 or H5N1 virus in different buffers (pH 4.0, 5.0, 6.0, or 7.4) at 37°C for 6 h, protein changes were detected by immunoblotting with anti-LAMP2 antibody
or Fc antibody as a control. (J) 293T cells were transfected with NA(H5N1) gene and treated with control PBS, chloroquine (CQ), bafilomycin A1 (BfaA1),
chlorpromazine (CPZ), methyl-�-cyclodextrin (M�CD), or NH4Cl, and then, 48 h later, LAMP1 and LAMP2 were detected by immunoblotting with NA-flag
as an overexpression control and �-actin as a loading control. All data represent means � the SEM of three independent experiments. *, P � 0.05; **, P � 0.01.
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DISCUSSION

In summary, our data indicate that influenza A virus NA, espe-
cially H5N1 virus NA, may bind LAMP1 and LAMP2 proteins,
promote the deglycosylation of LAMPs, induce lysosomal rupture
(which may lead to block virus clearance), increase virus load, and
enhance cell death (21). NA inhibitors such as peramivir and
zanamivir can effectively inhibit the deglycosylation of the lyso-
somal structural proteins LAMP1 and LAMP2, protect lysosomal
integrity, and increase cell survival.

Our study revealed a novel mechanism of NA, namely, the target-
ing of LAMPs to induce lysosomal rupture at an early stage of viral
infection, in addition to its classic mechanism of releasing assembled
virus particles from the cell membrane at the late stage of the viral
cycle. We also demonstrated a new mechanism for NA inhibitors,
which could protect the integrity of the lysosome, decrease the
growth rate of influenza virus-infected cells at an early stage and the
high viral load after influenza virus infection, and partially explain
why NA inhibitors have potent therapeutic effects for lethal avian
influenza virus infections at early stage (31, 32).

As reported before, lysosome cell death could occur after lyso-
somal membrane permeabilization and the consequent leakage of
the lysosomal hydrolases such as cathepsin D into the cytosol
(namely, lysosome rupture), and there are numerous stimuli that
could lead to lysosome cell death (33). Here, we reported that the
lysosome rupture could be induced by the deglycosylation of
LAMP1 and LAMP2 after influenza virus infection. Since LAMPs
constitute up to 50% of lysosome membrane proteins and are
heavily glycosylated, the integrity of LAMPs should be essential for
the lysosome function by preventing hydrolases release into cyto-

plasm (34). Mice lacking both LAMP-1 and LAMP-2 are embry-
onic lethal (35), suggesting that lysosome functions are critical
maintaining mouse survival.

The deficiency of LAMPs may result from the impairment of
lysosome functions (36), leading to the inhibition of virus degra-
dation and clearance (37). Influenza virus was reported to enter
cells through the endocytic pathway, and endosome maturation
occurs through sequential interactions and fusion with lysosomes,
which are then degraded and cleared the influenza viruses (38).
Therefore, lysosome rupture may enhance virus replication in the
infected cells, in addition to releasing hydrolase enzymes into the
cytosol.

It is interesting that recombinant H5N1 viruses carrying NA
mutations that are resistant to NA inhibitors were reported to be
more virulent and were associated with significantly higher virus
titers in ferret lungs and livers than wild-type (WT) virus, and the
molecular basis for this phenomenon remains unknown (39, 40).
A possible interpretation is that these NA mutant recombinant
viruses had significantly higher NA enzymatic activity than those
of WT NA and that the mutant NA accelerates the deglycosylation
of LAMPs and induces more serious lysosome rupture.

We have observed more severe LAMPs deglycosylation caused by
H5N1 virus NA than by H1N1 virus NA, whereas a higher enzyme
activity for H5N1 influenza virus NA was detected than that for
H1N1 influenza virus NA in low-pH conditions. There are more
severe lysosome ruptures induced by H5N1 virus NA, and more cell
death resulted from H5N1 virus infection. Alveolar epithelial cell
death interferes with respiratory blood-oxygen exchange in humans
(41), and most avian influenza patients developed acute respiratory

FIG 6 Neuraminidase inhibitors could decrease influenza virus cell entry. (A) A549 cells were treated with PBS or the NA inhibitors peramivir (30 �g/ml) or
zanamivir (30 �g/ml) 1 h before or at the indicated times after H5N1 virus infection, and an MTS assay was performed to determine the viability of these cells
at 48 h postinfection. (B) A549 cells were treated with PBS or the NA inhibitors peramivir (30 �g/ml) and zanamivir (30 �g/ml) 1 h before H1N1 or H5N1 virus
infection and 4 h postinfection; the NP-positive nucleus was analyzed by confocal microscopy, and the percentages of NP-positive nuclei were determined using
ImageJ software. (C and D) q-PCR analysis of the influenza viral gene M at the indicated time points in A549 cells that infected with H1N1 virus (C) or H5N1
virus (D) and treated with PBS, peramivir (30 �g/ml), or zanamivir (30 �g/ml) 1 h before the infection. All data represent the means � the SEM of three
independent experiments. *, P � 0.05; **, P � 0.01.
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distress syndrome (42, 43). Our study may provide a novel molecular
mechanism to show why H5N1 is so lethal.
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