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Abstract: Clathrin-mediated endocytosis has been described as the primary
internalization pathway for many viruses, including the influenza virus. However,
caveolae, an aternative clathrin-independent endocytotic pathway, has also been
described as mediating the entry of some molecules, including viruses. To address
the question of pathway sdlection by the influenza virus, we have investigated
whether the virus is internalized via clathrin-coated pits and/or caveolae in Madin
Darby canine kidney (MDCK) cells. By applying pharmacological manipulations
to selectively disrupt the céll internalization pathways, we found that, in MDCK
cedlls, the influenza virus may be internalized via caveolae in addition to entry by
clathrin-mediated endocytosis. However, a small contribution by another mode of
entry, as recently proposed [Sieczkarski, S.B. and Whittaker, G.R., J. Virol. 76
(2002) 10455-10464], cannot be excluded.
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INTRODUCTION

Influenza virus is a lipid-enveloped virus that belongs to the family of
orthomyxoviruses. This virus is a common pathogen of humans and of a wide
variety of animal species[1], causing significant morbidity and mortality. One of
the mgjor surface viral proteins, which projects radially from the outer lipid
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bilayer, is hemagglutinin (HA) [2-4], the most studied fusion protein. HA
mediates the binding of the virus to sialic acid-containing receptors on the target
cell surface [5-7]. After virus-cell binding, influenza virus is internalized by
receptor-mediated endocytosis [8]. Virions are, therefore, delivered into
endosomes, compartments involved in intracellular sorting [8]. The acid pH
generated in these organelles by the vacuolar proton ATPase induces a
conformational change in the viral HA, which triggers fusion between the viral
envelope and endosomal membranes[2, 9, 10].

Severa viruses, including influenza virus, were identified in clathrin-coated
vesicles during early stages of internalization [11-13]. However, non-coated
vesicles containing the virus were also observed in these studies [12]. Caveolae,
an aternative clathrin-independent endocytotic pathway, has recently been
described as mediating the entry of some molecules and viruses, such as SV-40
[14-18]. Caveolae are small flask-shaped invaginations of the plasma membrane,
characterized by high levels of cholesterol and glycosphingolipids and also by the
presence of caveolin, an integral membrane protein [19, 20]. These structures are
found most abundantly in certain endothelia of the continuous type but aso to
various degreesin many, if not all, cell types[20].

Cholesterol, alipid that regulates both the flexibility and mechanical stability of the
membrane bilayer, plays a critical role in assembling membrane microdomains,
such as rafts and caveolag, in a separate phase from the rest of the bilayer [21-23].
Thus, the most effective way of disrupting caveolae function involves the use of
sterol-binding drugs that sequester cholesterol. The depletion, redistribution, or
remova of this lipid results in the flattening and disassembly of caveolae, and
unclustering of receptors, leading to the loss of caveolae-mediated endocytosis [ 20,
24, 25]. Such sterol-binding drugs include nystatin, filipin and methyl-b-
cyclodextrin (MbCD) [16, 20, 25, 26], none of which typicaly affect clathrin-
mediated endocytosis[19, 25, 26].

To address the question of pathway selection by influenza virus, we investigated
whether the virus is internalized via clathrin-coated pits and/or caveolae in Madin
Darby canine kidney (MDCK) cells. MDCK cells were used because they exhibit
endocytotic activity through both pathways [12, 27, 28] and also because of our
previous studies on the characterization of influenzavirusinteractionswith this cell
line [29, 30]. To quantify influenza virus fusion activity with the endosomal
membrane of MDCK cells, we used the fluorescent probe octadecylrhodamine B
chloride (R18). Aswe previously described [31], this fluorescent probe seemsto
be the probe of choice to monitor membrane fusion when it is necessary to label
pre-existing bilayers. By applying pharmacological manipulations to selectively
disrupt the cdl internalization pathways, we found that influenza virus may be
internalized via caveolae in addition to entry by clathrin-mediated endocytosis.
Recently, it was demonstrated that influenza virus might infect Hel a cells by an
endocytotic pathway, which isnot clathrin or caveolae-dependent [32]. The current
study does not exclude the possibility of such amode of entry in the case of MDCK
cells, but by focusing on the issue of binding and fusion, we find that both clathrin
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and caveolae-mediated endocytosis play an important role in the pH-dependent
fusion of influenza virus with endosomes.

MATERIALSAND METHODS

Materials

The A/PR8/34 (HIN1) strain of the influenza virus, was obtained from SPAFAS
(Preston, CT). The virus was grown for 48 h at 37°C in the dlantoic cavity of 11-
day-old specific pathogen-free embryonated eggs, purified by discontinuous
sucrose density gradient centrifugation and stored at -70°C in phosphate saline
buffer. Cells were obtained from the UCSF Cell Culture Facility (San Francisco,
CA). Antimycin A, NaNs, Sephadex G-25, filipin, chlorpromazine, MbCD and N-
ethylmaeimide (NEM) were purchased from SigmaAldrich (St. Louis, MO),
nystatin from Calbiochem (San Diego, CA), trypsin from Gibco (Grand Island,
NY) and octadecylrhodamine B chloride (R18) was obtained from Molecular
Probes (Eugene, OR).

Viral labeling

Vira preparations were labeled with the fluorescent probe octadecylrhodamine B
chloride as previously described [7, 29, 31, 33-34]. The fina self-quenching
concentration of added probe corresponded to approximately 5 mol % of total viral
lipid and that of ethanol was less than 1% (v/v). The mixture was incubated in the
dark for 30-45 min at room temperature. R18-labeled virus was separated from
noninserted fluorophore by passage through a column (Biorad bio-spin) of
Sephadex G-25, and was collected under centrifugation at 850 ° g for 4 min. The
protein concentration of the labeled virus was determined using the Sedmak assay
[35].

Cedls

MDCK cellswere maintained in DM E medium containing 10 mM Hepesand 1 g/L
sodium bicarbonate, supplemented with 10% fetal bovine serum, pH 7.4. Thecells
were grown in T-75 flasks under a 5% CO,/95% air atmosphere at 37°C up to cdll
confluence. Asthis cell line grows adherent to the bottom of the flasks, just before
experiments, cells were placed in suspension after a brief treatment with trypsin
(0,05%). The cells were harvested and washed by centrifugation at 180 * g for 5
min at room temperature in DME medium, and then once in medium A containing
110 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, 10 mM
Hepes, 10 mM Mes and 10 mM sodium acetate, pH 7.4. The cells were
resuspended in the latter buffer and kept on ice in polypropylene tubes until use.
Cdll viahility was determined using Trypan blue exclusion and was routinely above
95%.

Cell treatments
MDCK cells (5.0~ 10° cells) were preincubated for 30 min at 37°C in 2 ml of
medium A containing chlorpromazine (10 nmg/ml) or nysatin (25 ng/ml).
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Alternatively, MDCK cells (5.0~ 10° cells) were preincubated for 15 min at 37°C
in 2 ml of medium A containing filipin (1 ng/ml or 5 ng/ml) or NEM (1 mM).
Every agent was included in the medium throughout the subsequent incubations.
Stock solutions of filipin and NEM were made in ethanol and the final added
ethanol concentration was 1% (v/v) or less.

Potassium depletion of MDCK cells

MDCK cellswere rinsed with K*-free buffer (140 mM NaCl, 20 mM Hepes, 1 mM
CaCl,, 1 mM MgCl,, 1 mg/ml D-glucose, pH 7.4) and subsequently rinsed for 5
min with hypotonic buffer (K*-free buffer diluted 1:1 with water). Cells were then
washed twice with K*-free buffer before fusion experiments. As a control, cells
were incubated in asimilar buffer containing 5 mM KCl.

Fusion of R18 labeled influenza viruswith MDCK cells

Fusion was monitored continuously using the R18 fluorescence assay [7, 29, 31,
33-34] at 37°C. Fusion of influenza virus with the endosomal membrane was
monitored following rapid injection of R18-labeled virus (2 ng viral protein)
into a cuvette containing untreated (control) or treated MDCK cells (5~ 10°
cells) in afina volume of 2 ml of Medium A, at pH 7.4. Parallel experiments
were performed in the presence of the following metabolic inhibitors of
endocytosis: 1 ng/ml antimycin A, 10 mM NaF and 1 mg/ml sodium azide [36].
Fusion of influenza virus with the plasma membrane was triggered by lowering
the pH of the external medium to 5 following a 5 min virus preincubation with
cells at pH 7.4. The fluorescence scae was calibrated such that the initial
fluorescence of the R18-labeled virus and cell suspension was set at 0%
fluorescence. The value obtained by lysing the virus and cellular membranes
after each experiment with Cy,Eg (at afinal concentration of 2 mM), was set at
100% fluorescence. Fluorescence measurements were performed in a Spex
Fluorolog 2 fluorometer using the front-face configuration in the emission
channel, with excitation at 560 nm and emission at 590 nm. A high-pass filter
(50% transmission at 590 nm: Schott Glass OG590, Melles-Griot) was placed
between the cuvette and the emission monochromator. The sample chamber was
equipped with a magnetic stirring device and the temperature was controlled
with athermostatted circulating water bath.

Cell binding and cell association

Fluorescently labeled influenza virus was incubated with control or treated MDCK
cells (5.0~ 10° cells), in afinal volume of 2 ml of medium A for various times at
4°C or 37°C. The cells were sedimented by centrifugation at 4°C for 8 minat 180 °

g, and the fluorescence was measured at 37°C in the supernatant and in the pellet
following detergent lysis of the virus and the membranes after each experiment
with C,Eg (at afina concentration of 2 mM). The percentages of cell binding and
cell association were cal culated according to the following equation:
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F pellet
F supernatant + F pellet

~100

% binding or cell association =

where F isthe value of fluorescence.
RESULTS AND DISCUSSION

Involvement of clathrin-mediated endocytosisin influenza virus entry

The entry of influenza virus into MDCK cells by clathrin-mediated endocytosis
has already been described [12]. However, we addressed the question whether
additional entry pathways could exist. To distinguish between the relative
involvement of a clathrin-mediated versus non-clathrin mediated internalization
pathway for influenza virus endocytosis in MDCK cells, we investigated the
effect of pretreating the cells with chlorpromazine on virus-cell interaction. This
cationic amphiphilic drug causes clathrin to localize and accumulate in late
endosomes, thereby inhibiting coated pit endocytosis [16, 37]. Preincubation of
MDCK cells with chlorpromazine and keeping the drug present during the
incubation of influenza virus with the cells at 37°C and pH 7.4 caused an
inhibition on virus fusion with the endosomal membrane of MDCK cells of
approximately 60% at 30 min incubation (Fig. 1).
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Fig. 1. Effect of chlorpromazine and potassium depletion on the lipid mixing kinetics of
influenza virus with the endosomal membrane of MDCK cells. MDCK cdlls (5 10°) were
preincubated with chlorpromazine (10 ng/ml) (-) for 30 min at 37°C or subjected to K*
depletion (0). Thereafter, R18 labeled influenza virus (2 ng viral protein) was added to the
cells and the kinetics of lipid mixing was followed for 60 min at 37°C in afinal volume of 2
ml a pH 7.4. The results are expressed as the percentage of the untreated control cells
(100%). Each point represents the mean + standard deviation of at least four experiments.

Since cell treatment with chlorpromazine has been reported to be non-specific
[32], we used the more specific and less toxic technique of potassium depletion
combined with hypotonic shock to obtain further insight into the role of clathrin-
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mediated internalization pathway for influenza virus endocytosis in MDCK
cells. Such treatment has been well established to reversibly arrest clathrin-
coated-pit formation [38]. Asillustrated in Fig. 1, a 50% inhibition of influenza
virus fusion with the endosomal membrane of potassium-depleted MDCK cells
at the 30 min incubation point was detected, similar to what was observed with
chlorpromazine. However, the inhibition was not complete, indicating that
clathrin-mediated endocytosis is not the only internalization pathway for
influenza virus in MDCK cells. In potassium-depleted and chlorpromazine-
treated cells, the decrease in the extent of fusion is more pronounced at early
times of virus-cell incubation (15 min) than later. However, due to the high
variability of the experimental results, we cannot conclude whether this apparent
recovery of virusinternalization is significant.

In order to account for some unspecific exchange of the R18 probe, the values
obtained for the fluorescence increase from paralel experiments performed in
the presence of metabolic inhibitors of endocytosis were subtracted from those
in the absence of the inhibitors, both in chlorpromazine treated and potassium-
depleted cells.

Involvement of caveolae-mediated endocytosisin influenza virus entry

To investigate the potential contribution of caveolae-mediated endocytosis in
influenza virus internalization, we examined the effects of treating MDCK cells
with nystatin and filipin, on virus fusion with the endosoma membrane.
Nystatin and filipin are sterol-binding agents that sequester cholesterol, a
prominent component of lipid rafts involved in caveolae formation, thus
disrupting caveolae structure and function [16, 20, 24, 25]. Both drugs are
believed to selectively inhibit caveolae invaginations, leaving coated-pit
organization unaffected and without perturbing the uptake of ligands through
this pathway [19, 24]. Preincubating MDCK cells with nystatin and maintaining
nystatin presence during the subseguent virus-cell incubation did not
significantly reduce the fusion activity of influenza virus towards the endosomal
membrane of MDCK cells (Fig. 2). These results seem to indicate that influenza
virus does not require the calveolae uptake pathway in MDCK cells. However,
the exposure of MDCK cellsto filipin greatly inhibited fusion of influenza virus
with the endosomal membrane, 1 ng/ml of filipin being sufficient to decrease the
extent of lipid mixing by nearly 50%, thus indicating that influenza virus entry
in MDCK cells may occur to some extent by caveolae-mediated endocytosis. It
should be noted that viability of filipin-treated cells (at both 1 mg/ml and 5 ng/ml
of filipin), as assessed by Trypan blue exclusion, was aways 390% of the
untreated control cells (data not shown).

In order to account for some unspecific exchange of the R18 probe, the values
obtained for the fluorescence increase from paralel experiments performed in
the presence of metabolic inhibitors of endocytosis were subtracted from those
in the absence of the inhibitors, both in the case of nystatin and filipin treatment.
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Fig. 2. Effect of nystatin and filipin on the lipid mixing kinetics of influenza virus with the
endosomal membrane of MDCK cells. MDCK cells (5" 10°) were preincubated with
nystatin (25 ng/ml) (m) for 30 min at 37°C or with 1 ng/ml (0) or 5 mg/ml (-) of filipin for
15 min a 37°C. Thereafter, R18 labeled influenza virus (2 ng viral protein) was added to the
cells and the kinetics of lipid mixing was followed for 60 min at 37°C in afina volume of 2
ml a pH 7.4. The results are expressed as the percentage of the untreated control cells
(100%). Each point represents the mean + standard deviation of at least four experiments.
Symbolsindicate significance relative to control by unpaired t-test, **P£0.01, ***P£0.001.

Usually, when nystatin and filipin are used to block caveolae-mediated
endocytosis, they are described as having similar effects[20, 39]. Therefore, and
since the inhibitory effect of filipin on virus fusion with the endosomal
membrane could potentially result from its direct interaction with the receptor
and/or ligand, preventing cell surface binding, we tested the effect of filipin on
influenza virus binding to the plasma membrane of MDCK cells. For this
purpose, experiments were carried out by preincubating the cells with filipin for
15 min at 37°C before performing the binding assay at 4°C for 60 min. We found
no evidence for interference with the binding (Fig. 3). Next, we considered the
possibility that the decrease in the extent of virus fusion with the endosomal
membrane, upon cell treatment with filipin, would be due to an inhibition of
membrane lipid mixing. To test this possibility, we investigated the effect of
filipin on the low pH-induced fusion of influenza virus with the plasma
membrane of MDCK cells. Asshown in Fig. 3, cell treatment with filipin did not
result in any inhibitory effect. From these results, we can conclude that the
inhibitory effect of filipin on virus fusion with the endosomal membrane is
attributed to a decrease in the extent of virus internaization. Since cell
association encompasses virus binding, internalization and fusion with the
endosomal membrane, such a decrease might be reflected in a reduction of the
percentage of virus that associated with filipin-treated cells. In fact, we observed
a dlight but statistically significant decrease in cell association following virus-
cell incubation for 30 min at 37°C upon cell treatment with filipin (Fig. 3). It
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should be recalled that a significant fraction of virus association with these cells
following 30 min incubation arises from its binding. These results confirm our
hypothesis that the inhibitory effect of filipin is exerted at the level of virus
internalization.
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Fig. 3. Effect of filipin on influenza virus interaction with MDCK cells. cell binding, cell
association and fusion with the cell plasma membrane. MDCK cells (5° 10°%) were incubated
with 1 ng/ml or 5 ng/ml of filipin for 15 min at 37°C in afinal volume of 2 ml at pH 7.4.
Thereafter, R18 labeled influenza virus (2 mg viral protein) was added to the cells. In cell
binding experiments, the virus was incubated with the cells for 60 min at 4°C, whilein cell
association experiments, virus-cell incubation was performed for 30 min at 37°C. The
experimental values for virus cell binding/cell association were determined from
fluorescence valuesin the pellet and supernatant, after the addition of C,Eg to dequench the
R18. Lipid mixing of influenza virus with the plasma membrane of MDCK cells was
monitored for 10 min at 37°C at pH 5, following virus-cell preincubation for 5 min at 37°C
at pH 7.4. The results are expressed as a percentage of untreated control cells (100%). Each
point represents the mean + standard deviation of at least four experiments. Symbols
indicate significance relative to the control by unpaired t-test, **P £ 0.01.

While this study was being conducted, it was reported that influenza virus might
infect HeLa cells by an additional non-clathrin-dependent, non-caveolae-
dependent endocytotic pathway [32]. These authors used nystatin and MbCD to
block caveolae-mediated endocytosis. MbCD has been described to bind
cholesterol with high specificity [40] and has therefore been extensively used as a
cholesterol-depleting reagent [ 26, 32, 41-43]. However, other studies reported that
MbCD induces the inhibition of clathrin-mediated endocytosis, whereas non-
clathrin-mediated endocytosis is much less affected [44)]. In our studies, attempts
made to use MbCD failed, because this cyclodextrin interfered with R18
fluorescence (data not shown). Nystatin had no effect on the lipid mixing kinetics
of influenza virus with the endosomal membrane using 25 pug/ml, indicating that
caveolae may not be involved in influenza virus entry in MDCK cells, as had
been observed with HelLa cells [32]. However, as we observed an inhibitory
effect at the level of virus internalization upon cell treatment with filipin, we
believe that caveolae may be involved at some extent in the internalization of



CELLULAR & MOLECULAR BIOLOGY LETTERS 55

influenzavirusin MDCK cells. It is possible that the use of 25 pg/ml of nystatin
is not sufficient to induce a similar inhibition to that observed with filipin on
influenzavirusentry in MDCK and in HeLacells.

Effect of NEM on influenza virus endocytosis

It is well established in a variety of cell types and in reconstituted cell-free
assays in vitro that transport mediated by membrane vesicular carriers between
specific intracellular compartments can be inhibited by NEM. It was
demonstrated that this thioalkylating agent inhibits transferrin uptake, which is
mediated by clathrin-coated vesicles, and caveolae-mediated intracellular and
transcellular transport [14, 27, 45]. These vesicular pathways may require key
intracellular component(s) that are sensitive to akylation with NEM [45].
Accordingly, we decided to investigate the effect of this thioalkylating agent in
order to obtain additional experimental support for the involvement of caveolae
in influenza virus cell uptake. Fig. 4A shows that fusion of influenza virus with
the endosomal membrane of MDCK cells is essentially abolished upon cell
treatment with 1 mM of NEM. It should be noted that the results shown in Fig. 4
represent the difference between the values observed for the fluorescence
increase in the absence of metabolic inhibitors of endocytosis and those obtained
from parallel experiments performed in the presence of the same inhibitors.
Similarly to what was observed with filipin, NEM had no effect on binding and
on low pH-induced fusion of influenza virus with the plasma membrane of
MDCK cells (Fig. 4B). However, we observed a significant reduction of the
percentage of virus that associated with NEM-treated cells, indicating that this
thioalkylating agent exerts its inhibitory effect at the level of virus
internalization by MDCK cdlls, similarly to what was observed with filipin. Cell
viability after NEM treatment was 3 85% of the untreated control cells (data not
shown).

The observation that the inhibition of influenza virus fusion with the endosomal
membrane of MDCK cells following cell treatment with NEM is more extensive
than that obtained with chlorpromazine and potassium depletion gives support to
the notion that influenza virus may be internalized via caveolae-mediated
endocytosis and/or by an additional non-clathrin-dependent, non-caveolae-
dependent endocytotic pathway, in addition to clathrin-mediated endocytosisin
MDCK cells. The interaction between influenza virus and MDCK cells at
neutral pH resulted in similar values of fluorescence increase using NEM or the
metabolic inhibitors of endocytosis (antimycin A, Sodium azide and NaF).
These results provide evidence that under the conditions used to quantify R18
unspecific probe transfer, the endocytotic pathways are completely inhibited,
and therefore the fluorescence increase observed with time is exclusively due to
unspecific R18 probe transfer.

The results abtained in this study show that caveolae-mediated endocytosis may
play an important role in influenza virus entry into MDCK cells in addition to
clathrin-mediated endocytosis. However, an additional non-clathrin-dependent,
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non-caveol ae-dependent endocytotic pathway cannot be excluded. It should be
stressed that the caveol ae pathway and that involving clathrin-coated pits are not
mutually exclusive and thus each one can yield varying contributions to the
entry of influenzavirusinto cells depending on the cell type.
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Fig. 4. Effect of N-ethylmaleimide on influenza virus interaction with MDCK cdlls. A: lipid
mixing Kinetics with the endosoma membrane. B: cell binding, cell association and fusion
with the cell plasma membrane. MDCK cells (5° 10°) were incubated with NEM (1 mM) for
15 min a 37°Cin afina volume of 2 ml a pH 7.4. Thereafter, R18 labeled influenza virus
(2 ng viral protein) was added to the cells. Lipid mixing kinetics between influenza virus
and the endosoma membrane of MDCK cells was followed for 30 min at 37°C. In cell
binding experiments, the virus was incubated with the cells for 60 min at 4°C, while in cell
association experiments, virus-cell incubation was performed for 30 min at 37°C. The
experimental values for virus cell binding/cell association were determined from
fluorescence values in the pellet and supernatant, after the addition of C;,Eg to dequench the
R18. Lipid mixing of influenza virus with the plasma membrane of MDCK cells was
monitored for 10 min at 37°C at pH 5, following virus-cell preincubation for 5 min at 37°C
a pH 7.4. The results are expressed as a percentage of untreated control cells (100%). Each
point represents the mean + standard deviation of at least four experiments. Symbols
indicate significance relative to control by unpaired t-test, ***P £ 0.001.
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