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Three subtypes of influenza A virus cause human disease: H1N1, H2N2, and H3N2. Although all
result in respiratory illness, little is known about how these subtypes infect differentiated airway
epithelia. Therefore, we assayed A/PR/8/34 (H1N1), A/Japan/305/57 (H2N2), and X31 (H3N2)
influenza virus strains for binding and infection on fully differentiated primary cultures of airway
epithelia isolated from human bronchus, grown on semiporous filters at an air–liquid interface. In
this model system, viral infectivity was highest when virus was applied to the apical versus the
basolateral surface; Japan was most infectious, followed by PR8. The X31 strain showed very low
levels of infectivity. Confocal microscopy and fluorescence-resonance energy transfer studies indi-
cated that Japan virus could enter and fuse with cellular membranes, while infection with X31
virions was greatly inhibited. Japan virus could also productively infect human trachea explant
tissues. These data show that influenza viruses with SAa2,3Gal binding specificity, like Japan,
productively infect differentiated human airway epithelia from the apical surface. These data are
important to consider in the development of pseudotyped recombinant viral vectors for gene
transfer to human airway epithelia for gene therapy.
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INTRODUCTION strains often exhibit specificity for erythrocytes bearing
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Influenza viruses comprise some of the most common
pathogens of the human upper and lower respiratory tract
(1). The virus lipid envelope surrounds a segmented RNA
genome, with the envelope protein, hemagglutinin (HA),
responsible for binding and fusion to host cells (1). An-
other viral surface glycoprotein, neuraminidase, is impor-
tant in both budding and entry (1). Humans are infected
by influenza A virus subtypes with the classification of
H1N1, H2N2, and H3N2.

The HA proteins bind to sialic acid-bearing receptors on
host cells. Specificity for sialic acid residues terminating in
a2,6-galactose b1,4-N-acetyl glucosamine (SAa2,6Gal) or
SAa2,3Gal is determined by HA protein sequence (2–6).
Earlier studies showed that many human isolates prefer-
entially bind and agglutinate red blood cells bearing oli-
gosaccharides terminating in SAa2,6Gal while the avian

1 To whom correspondence and reprint requests should be addressed
at the Department of Internal Medicine, University of Iowa College of
Medicine, Iowa City, IA 52242. Fax: (319) 353-5572. E-mail: beverly-
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SAa2,3Gal receptors (3, 4, 7). In subtypes cultured in the
laboratory, the host cell used to culture the virus can
direct HA-coding sequence alteration (5, 8–10) and alter
sialic acid-binding specificity.

Cells in the human trachea express both types of oligo-
saccharides (11). Using specific lectins it was shown that
ciliated cells express SAa2,6Gal moieties on their surface,
while mucus-secreting goblet cells stain positive for
SAa2,3Gal. The ability of influenza to infect differentiated
airway cells expressing one, both, or neither oligosaccha-
ride is not currently known. However, an earlier report
showed that an H3 human virus strain with SAa2,6Gal
pecificity could bind to formaldehyde-fixed human re-
piratory epithelium (12).

Experiments that examined influenza virus–host cell
nteractions, using dog renal epithelia (13–15), showed
hat virus binding and budding occur preferentially at the
pical surface of polarized cells. Binding to cultured air-
ay cells or tissues has also been examined. Prior reports
emonstrated that an H1N1 strain could bind and prop-
gate in dissociated airway epithelia cultured from fetal
ung tissue explants (16). The strain PR8 was also shown
395



to productively infect airway epithelial cells grown as
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Infection of airway epithelial cells. For measurement of the kinetics of
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dissociated cells on plastic dishes (17). Thus these exper-
iments together with earlier studies (11) do not directly
address the polarity of infection or budding of influenza
strains on differentiated respiratory epithelia.

A culture system which closely resembles the airway
epithelium both morphologically and physiologically has
been described (18–21). In this model, airway epithelia
cells are isolated from human trachea or bronchus and
the cells dissociated. The cells are grown on filter inserts
and cultured at the air–liquid interface. In approximately
2 weeks, the culture is multilayered and polarized, with
basal cells, intermediate cells, and columnar cells present.
The most apical layer contains both ciliated and noncili-
ated cells. This model has been used to demonstrate the
polarity of infection of recombinant retroviruses (21), re-
combinant adenoviruses (22, 23), and recombinant ad-
eno-associated viruses (24).

We examined the polarity of influenza virus binding,
fusion, and budding in human airway epithelia cultures.
The H3 strain, X31, with SAa2,6Gal specificity; A/Japan/
305/57, an H2N2 influenza strain with SAa2,3Gal speci-
ficity; and a strain with mixed specificity (A/PR8, H1N1)
were tested. Our results demonstrate that influenza A
strains bind to the apical surface of the epithelia. For
H2N2 and H1N1 this results in a productive infection. We
also demonstrate entry and fusion of the H2N2 virus with
cellular membranes and show that X31 virions can bind
but do not productively infect differentiated airway epi-
thelia.

MATERIALS AND METHODS

Primary culture of human airway epithelia. Primary cultures of human airway
epithelia were prepared from bronchi by enzymatic dispersion according
to established methods (18, 22). Briefly, epithelial cells were disassociated
and seeded onto collagen-coated, semipermeable membranes with a
0.4-mm pore size (Millicell-HA; surface area, 0.6 cm2; Millipore Corp.,
Bedford, MA). Millicell inserts were placed into 24-well plastic cell culture
cluster (Costar, Cambridge, MA). Twenty-four hours after seeding, the
mucosal medium was removed and the cells were allowed to grow at the
air–liquid interface as reported previously (21). The culture medium,
which consisted of a 1:1 mixture of Dulbecco’s modified Eagle medium
and Ham’s F-12 with 2% Ultroser G (Sepracor, Inc., Marlborough, MA),
100 U of penicillin/ml, and 100 mg of streptomycin/ml, was added to the
wells to feed cells from the basolateral surface. Only well-differentiated
cultures .2 weeks old were used in these studies, with approximately 4 3
105 cells/Millicell. The presence of tight junctions was confirmed by trans-
epithelial resistance measurements (resistance .500 V z cm2).

Influenza viruses. Influenza virus preparations were purchased from
Spafas Laboratory (Storrs, CT). Preparations were provided as concentrated
and partially sucrose-gradient-purified preparations. Three strains of influ-
enza A virus were used in this study: A/PR/8/34 (H1N1) (PR8), A/Japan/
305/57 (H2N2) (Japan), and X31 (H3N2). The latter strain is a reassortment
with surface glycoprotein genes from A/Aichi/2/68 (H3N2) and internal
genes from A/PR/8/34 (25). The total protein concentration of each virus
preparation was 2 mg/ml. Viruses were titrated by serial dilutions on
MDCK cells in the presence of 2 mg/ml TPCK-treated trypsin (Sigma, St.
Louis, MO) (26). Infected wells were determined by the presence of hem-
agglutination activity in the culture medium. The tissue culture infectious
dose 50% (TCID50) was calculated using previously described methods
27).
396
nfluenza virus production from infected airway cells in one infectious
ycle, 100 ml of the virus preparation was diluted in Dulbecco’s PBS (Life
echnologies, Inc., Grand Island, NY) and applied to the apical surface of
he epithelia (m.o.i. of 0.1). After incubation for 30 min at 37°C the cells
ere washed three times with PBS and incubation at 37°C was continued

or various time periods with 100 ml of PBS left on the surface of epithelia.
elease of the progeny virus into PBS or basolateral cell culture medium
as assayed by hemagglutination with human donor erythrocytes (7).
here was no hemagglutination activity in the third PBS wash.
To infect airway epithelia with different influenza virus strains from the

asolateral side, the Millicell culture insert was turned over and virus
reparations diluted in PBS were applied in a 100-ml volume to the bottom
f the membrane (m.o.i. 5 0.1). After incubation for 30 min at 37°C, the
uspension was removed and the membranes were washed three times
ith PBS. The Millicell insert was returned to its regular upright position
ith 100 ml of PBS added to the apical side. After incubation for 16 h at
7°C, virus hemagglutination titer was assayed in both the apical PBS and
he basolateral cell culture medium.

For testing viral infectivity during a multiple cycle infection, 100 ml
f the virus preparations was added to the apical side of the airway
pithelia at an m.o.i. of 0.1 and incubated for 30 min at 37°C. The viral
uspension was then removed and the cells were washed three times
ith PBS. Epithelia were incubated at 37°C for 18 h to allow for initial
irus production. To assay for virus release, 100 ml of PBS was added to
he mucosal surface and cells were incubated at 37°C for 1 h. To test the
ffects of protease on influenza virus HA, TPCK-treated trypsin was
dded to the PBS (final concentration of 2 mg/ml) in some experiments.
fter incubation, surface liquid was collected and assayed by hemag-
lutination for the presence of the virus. The cells were incubated
urther at 37°C without medium on the apical side. These steps were
epeated every 24 h for 4 days. After 96 h of incubation the cells were
ysed in Laemmli sample buffer (28), and viral proteins were analyzed
y immunoblot assay.

Metabolic labeling of virus proteins. Airway epithelia were infected with
ifferent influenza virus strains from the apical side, at an m.o.i. of 0.1, for
h at 37°C. After the initial infection epithelia were incubated in methi-

nine- and cysteine-free cell culture medium (Life Technologies, Inc.) for
h at 37°C to accommodate the initial steps of the virus replication cycle.

35S]Methionine (NEN Life Science Products, Boston, MA) was then added
to the basolateral culture medium (50 mCi/ml final) and incubation con-
tinued for 10 h at 37°C. Cell-free virus was collected from the apical side
and cells were lysed in Laemmli sample buffer. Analysis of radioactively
labeled proteins was done by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) with subsequent autoradiography.

Antiviral polyclonal antibodies. Polyclonal antibodies against Japan and
X31 strains were generated by inoculation of sheep with the
corresponding partially purified formalin-inactivated virus by Elmira
Biologicals (Iowa City, IA). The antibodies were purified from serum
using a combination of ammonium sulfate precipitation and DEAE-
cellulose chromatography (29). For immunostaining, purified antibod-
ies were labeled with either Texas red or fluorescein isothiocyanate
(FITC) using FluoReporter Protein Labeling kits (Molecular Probes, Inc.,
Eugene, OR). Reactions were performed according to the manufac-
turer’s recommendations.

Immunoblot assay. Following PAGE, proteins were transferred to nitro-
cellulose membranes (Immobilon-NC; Millipore Corp.) using a semidry
transfer cell (Trans-Blot SD; Bio-Rad Laboratories, Hercules, CA), 0.5 h at
50 mA. Membranes were blocked with 5% fat-free dry milk, 2 h at room
temperature, followed by overnight incubation at 4°C with anti-Japan
sheep serum diluted 1:5000 in 0.1% Tween 20/PBS solution. Specific virus
proteins were stained with peroxidase-conjugated AffiniPure donkey anti-
sheep IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA),
used at 1:20,000 dilution for 2 h at room temperature. The bands were
visualized on X-ray film after development with the ECL kit (Amersham
Pharmacia Biotech UK Ltd., Little Chalfont, England). Staining of mem-
branes with preimmune serum was negative.
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Influenza virus interactions with airway epithelia. Partially purified prepa-
rations of influenza virus were labeled with N-(lissamine rhodamine B
sulfonyl) diacyl phosphatidylethanolamine (Rh-PE) (Avanti Polar Lipids,
Inc., Alabaster, AL) by passive insertion into the virus envelope according
to earlier described methods (30). Cellular membranes were labeled with
N-octadecyl-N9-(5-(fluoresceinyl))thiourea (F18; Molecular Probes) by ad-
dition of the dye into the basolateral culture medium at a final concen-
tration of 10 mM and incubation for 2 h at 37°C. F18-labeled airway
pithelia were infected with Rh-PE-labeled influenza virus by adding 100
l of virus suspension to the apical surface (m.o.i. 5 5). Virus was allowed

to internalize for 30 min at 37°C. Cells were then washed three times with
PBS and fixed with 2% paraformaldehyde for 30 min at room temperature.
Cells were then washed two times with PBS and the Millicell inserts
removed and mounted onto slides for microscopy. Cells were scanned
using a MRC confocal microscope (Bio-Rad). Images were acquired using
two photomultipliers, set for a double-labeling protocol (fluorescein and
PE-rhodamine), and analyzed using Cut Plane Program software, allowing
for xy and xz axis stacking of sections. For fluorescence-resonance energy
ransfer (FRET) assays cells were scanned using customized settings with
he excitation wavelength set for fluorescein only. Images were acquired
sing the same double-labeling protocol as above. At this excitation wave-

ength, detection of red indicates FRET.

Influence of influenza virus infection on fluid-phase endocytosis in airway
ells. Airway epithelia were cooled on ice and influenza virus preparations
iluted 10-fold in PBS were added to the apical side (m.o.i. of 1). The virus
as allowed to adsorb for 30 min at 4°C. Virus was then removed, cells
ere washed three times with cold PBS, and 37°C-warm FITC–dextran

olution (3000 MW, anionic, lysine fixable; Molecular Probes) 0.5 mg/ml
n PBS was added. Cells were incubated at 37°C for 5 min, washed three
imes with PBS, and fixed with 2% paraformaldehyde for 30 min at room
emperature. Cells were counterstained with Texas red-labeled lectin from
aackia amurensis (Sigma), specific for sialic acid.

Infection of tracheal explants. Blocks of human trachea, approximately 0.1
m2 in size, were placed in airway culture medium in a 24-well plastic

cluster dish. Explants were infected with the influenza virus preparations
diluted to the same concentration as for evaluation of fluid-phase endo-
cytosis (above). Virus was incubated for 2 h at 37°C. Excess virus was then
removed by four washings with PBS, with the last wash tested for virus by
hemagglutination assay. Infection of airway epithelia was allowed to pro-
ceed overnight at 37°C in the airway culture medium, and the release of
the progeny virus was assayed by hemagglutination. Twenty-four hours
after infection explants were washed two times with PBS and fixed with
2% paraformaldehyde. Fixed tissues were cryoprotected and embedded
and 15-mm sections obtained for staining. The sections were stained with
FITC- or Texas red-labeled sheep IgG against Japan or X31 strains. Pho-
tomicrographs were acquired using a Leica DM RBE fluorescence micro-
scope equipped with a Sony digital camera and captured with Adobe
PhotoShop software.

Characteristics of Influenza

Strain name Subtype
Receptor

specificitya

A/Japan/305/57 H2N2 SAa2,3Gal
X31 H3N2 SAa2,6Gal
A/PR/8/34 H1N1 Both

a As determined previously by hemagglutination assay with deriva
b Hemagglutination titers are expressed as the maximum dilution
c Hemagglutination inhibition titers are expressed as the reciproca

causing inhibition of agglutination by 4 hemagglutination units of v
d Average TCID50 titers and standard deviations from six indepen
MOLECULAR THERAPY Vol. 3, No. 3, March 2001
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RESULTS

Influenza Virus Infection of Airway Epithelia

We first compared the abilities of X31 (H3N2), Japan
(H2N2), and PR8 (H1N1) strains to infect cultures of pri-
mary human airway epithelia. This model culture system,
in which human airway epithelia are cultured at the air–
liquid interface (18, 22), has been invaluable in testing
how other viruses can or cannot access intracellular com-
partments when applied to the mucosal surface (21, 22,
31). The titers of the strains tested were determined in
MDCK cells, and SA-Gal specificities were confirmed on
erythrocytes. Titers and SA-Gal specificities are listed in
Table 1.

The viruses were applied to the apical side of the airway
epithelia at m.o.i. equal to 0.1. The amount of the virus
released to the apical surface fluid was measured at differ-
ent time points by hemagglutination. The results of a
representative experiment are shown in Fig. 1. In all cases,
virus production in airway epithelia was highest for the
Japan strain. The number of virus progeny produced by

s Strains Used in the Study

HA titerb
Titer in HAI
with NHSc TCID50 in MDCK cellsd

16,000 4 6.3 3 107 6 7.8
16,000 20,480 1.1 3 107 6 4.2
16,000 64 2.5 3 107 6 5.1

ed erythrocytes (7, 29).
ing complete agglutination of human donor erythrocytes.
the highest dilution of heat-inactivated normal horse serum (NHS)

s.
t titrations are shown.

FIG. 1. Kinetics of influenza virus production in human airway epithelia
cultures. At time 0 cells were infected from the apical side with Japan, PR8, or
X31 strains. Virus was recovered at the indicated times and assayed by hem-
agglutination. The data shown are representative of three independent exper-
iments done with cells derived from different donor lungs.
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untreated with trypsin did not exceed 1 log (Fig. 3A).
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PR8 was considerably lower than that of Japan, but higher
than that of X31. For Japan, virus release started 10 h after
virus inoculation and continued to rise throughout the
18-h time course. The virus production was somewhat
delayed compared to the MDCK cell model, in which
maximal virus production was reached in approximately
10 h (32). However, the kinetics of virus production ob-
served in our experiments were very similar to previous
reports for human airway cell lines infected with the
H1N1 influenza A strain (16). There was no drop in transepi-
thelial resistance measurements throughout the study (data
not shown), indicating that the epithelia remained intact.

Our first experiment tested the ability of influenza A
viruses to productively infect airway epithelia when ap-
plied to the mucosal surface. We next compared the
amount of virus produced after basolateral or apical ap-
plication. The virus released into the basolateral or apical
compartments was measured by hemagglutination. Api-
cal infection of the airway epithelia produced 8- to 16-
fold more virus than basolateral infections (Fig. 2). When
Japan strain was allowed to infect from the top of the
cultures, approximately 2-fold more virions were gener-
ated than when PR8 was applied and approximately 100-
fold more viruses than following X31 infection. In similar
studies, we found no cross-release of the virus (data not
shown).

Cleavage of hemagglutinin is an important, and often a
host-limiting, step of influenza virus infection. In most
cell culture systems used for replication of influenza virus
the addition of exogenous trypsin is required for multiple
cell infection. We asked whether a multiple-cycle infec-
tion could proceed in airway cells without the addition of
proteases. To perform this experiment, airway epithelia
were infected with X31, PR8, or Japan strains and then
washed with PBS with or without addition of trypsin.
Virus production was monitored by hemagglutination.
Protease treatments and assays were repeated on days 2, 3,
and 4 after infection. It was found that the difference in
TCID50 between Japan virus-infected filters treated and

FIG. 2. Polarized production of influenza virus following application of
Japan, PR8, or X31 to the apical or basolateral side of human airway epithelia
cultures. Hemagglutination titers were assayed 18 h later, with the results of a
representative experiment shown. There was no drop in the transepithelial
resistances throughout the culture period.
398
nfectivity of X31 strain under either condition was very
ow (data not shown), precluding our ability to test for
leaved HA.
Immunoblot assays were done to confirm that Japan

irus hemagglutinin was cleaved in the absence of exog-
nously added proteases (Fig. 3B). Japan strain hemagglu-
inin precursor (HA0) in the absence of trypsin can be
een in Fig. 3B (lane 2T). The addition of trypsin facili-
ated more complete digestion of the hemagglutinin pro-
ein (Fig. 3B, lane 1T), but as noted this additional cleav-
ge did not dramatically increase virus production.

Infection of Human Airway Epithelia with X31 Strain
Is Blocked at the Stage of Endocytosis

The X31 strain is a reassortment virus generated for
vaccination purposes (33). Prior work showed that H3N2
strains similar to X31 could productively infect nasal pol-
yps grown as organ cultures (34). Also, other work showed
effective binding of X31 to formaldehyde-fixed tracheal
tissues. To determine if the block in X31 infection was
after entry or after binding, both metabolic labeling and
binding assays were performed.

Cultures of airway epithelia were infected with X31 or
Japan strains and metabolically labeled with [35S]methi-
onine 8 h after infection. Virions released to the apical

FIG. 3. Replication of Japan influenza strain in human airway epithelia in the
presence and absence of trypsin. (A) Airway epithelia were infected with Japan
virus, and on subsequent days virus was collected in apical washings in the
absence or presence of trypsin (2 mg/ml). (B) The status of HA in apical washes
as determined by immunoblot assay. Apical washes were collected from cul-
tures infected 4 days earlier with Japan strain (Jp sups) and subjected to
SDS–PAGE and immunoblot using anti-Japan antibody. The 1T and 2T lanes
refer to washes containing or devoid of exogenously added trypsin, respec-
tively. Recombinant HA (rHA) expressed from an SV40 vector in CV-1 cells was
used as a positive control for HA0. Partially purified Japan virus preparation (Jp)
was used as a positive control for HA1. The positions of HA0, NP, and HA1 are
indicated (arrowheads).
MOLECULAR THERAPY Vol. 3, No. 3, March 2001
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side were analyzed by SDS–PAGE. The data in Fig. 4A
show accumulation of influenza nucleoprotein (NP) in
apical washings from Japan-infected cells (Fig. 4A, lane JS)
but not X31-infected cells (Fig. 4A, lane XS). The authen-
ticity of viral NP protein was confirmed using an immu-
noblot with anti-Japan antiserum (Fig. 4B). This result
indicates that the hindrance to X31 infection occurs at
early stages of the infectious cycle.

Japan and X31 strain infection was monitored by con-
focal microscopy after application of fluorescently labeled
virions to the cultures (m.o.i. 5 5) to determine if the X31
strain was capable of entry into human airway epithelia.
To distinguish between viruses and cells, the rhodamine-
labeled lipid probe Rh-PE was introduced into the viral
envelope, and cellular membranes were labeled with F18
(fluorescein lipid probe). Thirty minutes after application
of virus, cells were washed, fixed, and observed by confo-
cal microscopy. The photomicrographs in Fig. 5 show an
en face view (Figs. 5A and 5B) or x-z stacked series (Figs. 5C
and 5D) from the acquired images of influenza virus-
infected airway epithelia. Japan virions were noted both
apically and internally (Fig. 5C). In contrast, the X31
strain is localized to the apical surface only (Fig. 5D). We
next tested for evidence of fusion using the FRET assay.
The assay was designed to test for FRET between the
fluorescein label in cellular membranes and the rhoda-
mine fluorophore in the viral envelopes. This process can
take place only if the distance between the two dyes is in
the range of 10 to 100 Å (35), as can be accomplished
during membrane fusion processes. Figures 5E and 5F are
representative of the level of FRET occurring in the pres-
ence of excitation of fluorescein only. FRET, detected as

FIG. 4. Synthesis of viral proteins in human airway epithelia. (A) Airway cells
were infected with Japan or X31 viruses and viral protein synthesis was de-
tected using [35S]methionine-metabolic labeling followed by SDS–PAGE and
utoradiography. VC, Coomassie-stained lane of Japan virus control (vector
ontrol); JS and XS, apical washings after Japan or X31 infection, respectively.
B) Confirmation of Japan NP protein synthesis by immunoblot assay with
nti-Japan antibodies. JS, Japan supernatant. CS, control supernatant from a
ock-infected culture.
MOLECULAR THERAPY Vol. 3, No. 3, March 2001
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the thickness of the culture after application of labeled
Japan strain (Fig. 5E). For cultures to which Rh-PE-labeled
X31 was applied, FRET was rarely detected (Fig. 5F).

Fluid-phase endocytosis is minimal in fully differenti-
ated airway epithelia (36). To investigate if application of
influenza virus would increase endocytosis, FITC-labeled
dextran, as a fluid-phase marker, was applied to the cells
after their infection with Japan or X31 strains. After in-
cubation with virus for 5 min at 37°C (m.o.i. 5 1), cells
were washed and intracellular fluorescence was observed
using confocal microscopy. The results of this experiment
show that endocytosis in the cells infected with Japan
strain was significantly enhanced, probably as a result of
virus uptake (Fig. 6A). In contrast, FITC–dextran uptake
in the cells infected with X31 was very low (Fig. 6B) and
was indistinguishable from that of control, uninfected
cells (not shown).

Infection of Human Trachea Explants with Influenza
Virus

To confirm the ability of Japan to productively infect
human airway cells, experiments were done on freshly
explanted human trachea. After overnight infection with
Japan strain, culture fluid was collected and assayed by
hemagglutination for the presence of the virus. The Japan
strain produced a HA titer of 1:8. In similar studies with
PR8 and X31, the titers were 1:8 and undetectable, respec-
tively. Thus qualitatively, in both the cell culture and the
explant models, Japan and PR8 influenza strains were
capable of infection, while X31 was not. The infection of
the tracheal epithelium by Japan virus was also confirmed
by immunostaining (Fig. 7). Notably, only the apical sur-
face was positive for influenza proteins. The detection of
virus proteins was replication-dependent, as staining of
control tracheal explants, fixed immediately after adsorp-
tion of the viruses, was negative (data not shown).

DISCUSSION

We compared the infectious activity of three influenza A
strains in differentiated primary human airway epithelia
grown at an air–liquid interface. Each of the viruses tested
was representative of a different HA subtype. X31 (H3N2)
has binding specificity for SAa2,6Gal, Japan (H2N2) binds
preferentially to SAa2,3Gal, and PR8 (H1N1) is able to
utilize both types of oligosaccharides (6). We confirmed
the SA-Gal specificity (3, 7) of our viruses in hemaggluti-
nation inhibition tests with normal horse serum (Table 1).
Based on studies of virus binding to fixed sections of
human trachea (12), and human respiratory tissue (34),
we initially hypothesized that application of viruses with
SAa2,6Gal specificity would be most likely to result in a
productive infection in human airway epithelia. How-
ever, our data show that influenza strains with preferen-
tial binding to SAa2,3Gal receptors productively infect
human airway epithelia. This was recently confirmed by
clinical observations; avian influenza viruses isolated
399



ARTICLE
FIG. 5. Analysis of Japan and X31 virus entry into human airway epithelia. Influenza viruses were labeled with Rh-PE and cell membranes were stained with
F18 as described under Materials and Methods. (A, B) Photomicrographs depicting an en face view of airway epithelia cultures 30 min after application of
fluorescently labeled Japan (A) or X31 (B) virions. (C, D) Stacked x-z series from A and B, respectively. (E, F) FRET evaluation of the series shown in C and D,
respectively. Arrows denote top of epithelium.
400 MOLECULAR THERAPY Vol. 3, No. 3, March 2001
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SAa2,3Gal specific (37).
Prior studies using specific lectin staining showed that

tracheal epithelia express sialyloligosaccharides with both
SAa2,3Gal and SAa2,6Gal linkages (11, 12). In earlier
work by Baum and Paulson (11), goblet cells and their
corresponding mucus droplets stained with lectins spe-
cific for SAa2,3Gal, while ciliated cells stained predomi-
nantly with lectins specific for SAa2,6Gal. These data
supported studies done by Liu (38), showing binding of
dye-labeled human isolates with SAa2,6Gal specificity to
ciliated epithelia of the ferret trachea. Similar studies,
using paraformaldehyde-fixed preparations of human tra-
chea, confirmed binding of viruses with SAa2,6Gal spec-
ificity to ciliated cells (11). Interestingly, the authors of
this study also noted labeled virus with SAa2,6Gal speci-
ficity situated over goblet cells, but attributed this binding
to tissue preparation artifact. In our experiments binding
and infection were tested using viable cells, with clear
evidence of SAa2,3Gal-specific strain binding and fusion
with the apical membranes of polarized airway epithelia.

Like Japan, X31 could bind to the apical surface of
airway epithelia. However, it could not enter the cells;
there was minimal evidence of membrane fusion within
the cells as was found with the Japan strain, and there was
little to no virus produced after 18 h of infection. The
block in infection was not due to defective virus, since the
titer in MDCK cells was similar to those of the other
viruses tested. Also, we did not find an overall block in
infection by other H3N2 strains with SAa2,6Gal specific-
ity, since other H3N2 human isolates could productively
infect human airway epithelia from the apical surface
(39). One possibility for the inability of the X31 strain to
infect airway epithelia could be mutations within HA that
do not alter binding specificity, but do inhibit interaction
with a secondary receptor or entry of the virus into cells.
Sequencing of the HA RNA encoding the HA1 subunit
from X31 and A/Aichi/2/68 virions revealed only a con-
servative mutation: Ile182 in Aichi to Val in X31 (data not
hown). However, we cannot discount that mutations in
A2 or other proteins were responsible for the low infec-

ious activity of X31 in airway epithelia. A second possi-
ility may relate to the susceptibility of Japan or X31 HA
o inactivation (40). Work by Korte and colleagues dem-
nstrated that X31 HA is more sensitive to inactivation
fter preincubation in low-pH buffer (pH 5.0–5.2) than
apan virus. Those studies showed that a 10-min preincu-
ation of X31 at pH 5.0 reduced the fusogenic capacity of
he virus by 70%. Japan was more stable under these

FIG. 6. Fluid-phase endocytosis in human airway epithelia infected with Japan
epithelia in the cold, followed by addition of a 37°C solution of FITC–dextran t
with Texas red-labeled lectin to label the apical surface, and observed by confo
of endocytosis (not shown) in the absence of added virus were uniformly low

FIG. 7. Cryosection of trachea explant infected with Japan virus. Trachea e
described under Materials and Methods. Cryosections (15 mm) were stained
epresentative of the level of anti-Japan immunoreactivity seen in three indep
rom control tissues, or mock-infected tissues, were negative (not shown). The
API staining.
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R8, the rate and extent of inactivation were greater than
or X31. However, we noted that PR8 was more infections
han X31 in airway epithelia, suggesting that inactivation
f X31 HA may not be the sole determinant for its inabil-
ty to infect airway epithelia in this study. Finally, the
bserved differences between the parent strains (PR8 and
/Aichi) and their reassortant (X31) could be due to al-

ered interactions between surface glycoproteins derived
rom the H3N2 strain and the membrane proteins (M1
nd M2) originating from H1N1 virus. How the require-
ents for these interactions would differ between kidney

ells and airway epithelia is unclear at this time.
Infection of epithelial cells by most viruses is polarized

n terms of entry and release of virus particles (reviewed in
41)). We noted previously that entry of Moloney murine
etrovirus vectors with amphotropic or xenotropic enve-
opes into human airway epithelia was restricted to the
asolateral surface (21). In contrast, influenza virus infec-
ion resulted from binding to the apical plasma mem-
rane ((32) and this study), similar to coronavirus (42, 43)
nd measles virus (44). Researchers investigating viral vec-
ors for application to the treatment of cystic fibrosis have
hown that one of the major limitations to infection of
irway epithelia from the apical side is receptor inacces-
ibility (21–24). Recently, methods have been developed
o transiently disrupt the tight junctions to allow enve-
ope viruses access to all cell layers of the epithelia (45).
n alternative method to target retroviral vectors to
irway epithelia from the mucosal side may be to
seudotype them with envelopes shown to allow for pro-
uctive infection when applied to the apical surface. Our
ata suggest that Japan, but not X31, could be a candidate
nvelope protein for such an approach.
For consideration of gene therapy for CF or other air-
ay diseases, it would be advantageous to use an envelope
ot currently circulating in the human population (like

apan). This would preclude problems of existing neutral-
zing antibodies. Such envelopes, coupled with lentivirus
ectors, which we previously showed to result in long-
erm expression (46), may be ideal.

In conclusion, we confirm the previously reported po-
arity of influenza virus binding and budding, but using a

odel of well-differentiated airway epithelia cultured at
n air–liquid interface. Our data revealed interesting dif-
erences between X31 infectivity in MDCK vs airway ep-
thelia and suggest that the block in X31 infection was
ue to inhibition of infection after binding to the cell
urface. We demonstrate that Japan virus can bind and

X31 strain of influenza virus. Influenza virus preparations were added to airway
tect fluid-phase endocytosis. After a 5-min incubation cells were fixed, stained

icroscopy. The photomicrographs are a stacked x-z series. Background levels
previously published (36).

ants were left uninfected or were infected with the Japan influenza strain as
FITC-labeled antibodies against Japan virus. The photomicrograph shown is

ent experiments using blocks of trachea from different donor lungs. Sections
w points to the apical side of tracheal epithelium. Nuclei were detected using
or
o de
cal m
as

xpl
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fuse with apical cellular membranes, increase fluid-phase

6

airway epithelia fail to kill bacteria because of abnormal airway surface fluid. Cell 85:

3

5
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endocytosis, and replicate in viable cultures of well-differ-
entiated epithelia. Finally, we speculate that the HA from
Japan, or from similar strains shown to productively in-
fect airway epithelia models, may be useful for targeting
other enveloped viruses, such as recombinant lentivi-
ruses, to the apical surface of airway epithelia for gene
therapy of lung diseases.
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