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Penetrate from Endosomes by Different Mechanisms

DANIELA SCHOBER,! PETER KRONENBERGER,? ELISABETH PRCHLA,' DIETER BLAAS,?
AND RENATE FUCHS'*

Department of General and Experimental Pathology, University of Vienna, A-1090 Vienna,' and
Institute of Biochemistry, University of Vienna, A-1030 Vienna,” Austria, and
Department of Microbiology and Hygiene, Vrije Universiteit Brussel,

B-1090 Brussels, Belgium?*

Received 14 February 1997/Accepted 25 October 1997

Intercellular adhesion molecule 1 and the low-density lipoprotein receptor are used for cell entry by major
and minor receptor group human rhinoviruses (HRVs), respectively. Whereas minor-group viruses, exempli-
fied by HRV2, transfer their genomic RNA to the cytoplasm through a pore in the endosomal membrane (E.
Prchla, C. Plank, E. Wagner, D. Blaas, and R. Fuchs, J. Cell Biol. 131:111-123, 1995), the mechanism of in vivo
uncoating of major-group HRVs has not been elucidated so far. Using free-flow electrophoresis, we performed
a comparative analysis of cell entry by HRV2 and the major group rhinovirus HRV14. Here we demonstrate
that this technique allows the separation of free viral particles from those associated with early endosomes, late
endosomes, and plasma membranes. Upon free-flow electrophoretic separation of microsomes, HRV14 was
recovered from endosomes under conditions which prevent uncoating, whereas the proportion of free viral
particles increased with time under conditions which promote uncoating. The remaining virus eluted within
numerous fractions corresponding to membraneous material, with no clear endosomal peaks being discernible.
This suggests that uncoating of HRV14 results in lysis of the endosomal membrane and release of subviral

135S and 80S particles into the cytoplasm.

The various members of the large family Picornaviridae use
a number of different membrane receptors to attach to and
ultimately infect their target cells. These surface proteins be-
long to families as diverse as the immunoglobulin (Ig) super-
family (14, 45, 47), integrins (4, 5), complement-inactivating
proteins (24, 49), lipoprotein receptors (17, 20), and mucin-
type glycoproteins (23). For several representative picornavi-
ruses, data have been presented which strongly suggest that the
virions are internalized by their respective receptors into en-
dosomes (50), where it was shown for foot-and-mouth disease
virus and for the minor-group rhinovirus human rhinovirus
type 2 (HRV2) that the low intravesicular pH triggers RNA
release (3, 39).

For poliovirus and major-group HRVs, it was demonstrated
that their receptors, poliovirus receptor and intercellular ad-
hesion molecule 1 (ICAM-1), respectively, are capable in a
soluble form of uncoating their cognate viruses in vitro at
physiologic pH (7, 11, 21, 22). This reaction results in so-called
A particles (sedimenting at 135S) and RNA-free B particles
(sedimenting at 80S) with altered conformation and with in-
creased hydrophobicity. The effect exerted by isolated recep-
tors raise the possibility that productive uncoating also takes
place at the plasma membrane. For polioviruses, internaliza-
tion into endosomes has been demonstrated by electron mi-
croscopy (50) and by cell fractionation techniques (26, 27).
Nevertheless, the question whether endocytosis is required for
productive infection is still controversial. For major-group rhi-
noviruses, receptor-mediated endocytosis has not been dem-
onstrated so far.

For HRV2, a minor-group rhinovirus, we have recently
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shown internalization into endosomes by the low-density li-
poprotein receptor and by the low-density lipoprotein recep-
tor-related protein (20, 39). Moreover, infection was shown to
be strictly dependent on the low endosomal pH. As demon-
strated by the size-dependent escape of cointernalized dextran
from isolated endosomes in vitro, virus-induced pores are
opened in the vesicular membrane in response to the low
intraendosomal pH. Although not explicitly shown, it is likely
that the viral RNA is released through these pores into the
cytoplasm (40). In contrast, major-group HRVs such as
HRV14 bind to ICAM-1, an immunoglobulin-like molecule
which lacks endocytosis signals and is involved in the interac-
tion between various types of lymphocytes (for a review, see
reference 10). Binding to AP2 adapter molecules of clathrin-
coated pits thus seems to be dispensable, since the receptor
remains functional for virus infection even upon replacement
of its transmembrane domain by a glycosylphosphatidylinositol
anchor (44). However, this does not necessarily exclude trans-
port to endosomes, since glycosylphosphatidylinositol-linked
proteins also enter the endosomal system via caveolin-coated
membrane invaginations (for a recent review, see reference
35). Indeed, some degradation of the viral capsid starting at 60
min postinfection is indicative of endocytosis and transport to
lysosomes (31). In addition, it was reported by Perez and
Carrasco that bafilomycin Al, a specific inhibitor of vacuolar
proton ATPases, which are present in endocytic and exocytic
vesicles, inhibits the infection of HeLa cells by HRV14 (37).
This strongly indicates that HRV14 also follows an endosomal
entry route. We therefore decided to investigate whether
HRV14 is indeed taken up into endosomes and whether it
releases its RNA by the same mechanism as that used by the
minor-group virus HRV2.

Employing free-flow electrophoretic vesicle separation tech-
niques, we here demonstrate an endosomal localization of
HRV14 and HRV2 at 20°C. Upon prolonged infection at 34°C,
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free subviral HRV14 particles accumulated as free particles.
Concomitantly, the endosomal peaks disappeared, with viral
counts spreading over many fractions. In contrast, HRV2 ac-
cumulated in early and late endosomes under all conditions.
From these data, we conclude that HRV14 infection results in
endosome rupture, thereby releasing subviral particles into the
cytoplasm.

MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma. Fluorescein isothiocya-
nate (FITC)-dextran (70 kDa) was extensively dialyzed against Tris-buffered
saline (pH 7.3) followed by phosphate-buffered saline (PBS) (pH 7.4) before use.
Horseradish peroxidase (HRP) P8250 and tolylsulfonyl phenylalanyl chloro-
methyl ketone (TPCK)-treated trypsin (TPCK-TXIII) were from Sigma.
[**S]methionine (2,000 Ci/mmol) was purchased from American Radiochemi-
cals. Bafilomycin A1l was kindly provided by K. H. Altendorf and was stored at
20 mM in dimethyl sulfoxide at —20°C. Methionine-free minimal essential me-
dium (MEM) was from Sigma.

Cell culture. HeLa cells (Ohio strain) were grown in monolayers in MEM-
Eagle containing heat-inactivated 5% fetal calf serum and 5% calf serum; in
suspension culture, Joklik’s MEM supplemented with 7% horse serum was used.
Media and sera were purchased from GIBCO-BRL.

Preparation of A and B particles. HRV2 and HRV14 were propagated and
labeled with [*S]methionine in HeLa cells and purified as described elsewhere
(34, 42). A particles were generated by mixing purified HRV with an equal
volume of 1 M sodium acetate buffer (pH 5.0). The mixture was left at room
temperature for 20 min, chilled, and neutralized with 1 volume of 0.5 M Tris (16).
B particles were prepared by heating purified virions in medium containing 10%
serum at 56°C for 30 min (25).

Internalization of fluid-phase markers. Suspension HeLa cells (5 X 107 to 9 X
107 cells in 2 ml of MEM) were first incubated with 20 mg of FITC-dextran per
ml for 5 min and then chased for 12 min with fresh medium at 34°C to label late
endosomes. Early endosomes were then labeled by the addition of HRP at 10
mg/ml for 2 min at 34°C. Alternatively, HRP (10 mg/ml) was internalized for 2 h
at 20°C to label both early and late endosomes. The cells were washed repeatedly
with ice-cold TEA buffer (10 mM triethanolamine, 10 mM acetic acid, 1 mM
EDTA [pH 7.4]) before homogenization.

Virus uptake. For binding at 4°C, 10° HeLa cells in 2 ml of infection medium
(MEM containing 2% fetal calf serum (FCS) and 30 mM MgCl,) were incubated
with approximately 4 X 10° cpm of 3°S-labeled HRV14 under slow rotation for
2 h. For uptake at 20°C, 5 X 107 cells in 2 ml of infection medium were incubated
with approximately 10° cpm of 3°S-labeled HRV2 or HRV14 for 2 h. For uptake
at 34°C, 9 X 107 cells were incubated in 6 ml of infection medium with 3 X 10°
cpm of 3°S-labeled HRV2 or HRV14. Aliquots were removed at 20, 60, and 120
min. In all cases, the cells were pelleted and washed twice with ice-cold PBS
containing 10 mM EDTA followed by 0.25 M sucrose in TEA buffer.

Preparation of microsomes for FFE. Equal numbers of cells having internal-
ized fluid-phase markers were mixed with cells which had been incubated with
virus under various conditions. The cells were pelleted and resuspended in 5
volumes of 0.25 M sucrose in TEA buffer with respect to the volume of the cell
pellet. Homogenization was carried out with a ball-bearing homogenizer (2), and
a postnuclear supernatant was prepared by centrifugation at 1,000 X g for 10
min. A microsomal pellet was then obtained by centrifuging the postnuclear
supernatant onto a 2.5 M sucrose cushion in a TST 60.4 swing-out rotor at
100,000 X g for 1 h. Material at the interphase was suspended in the sucrose
cushion and adjusted to 1 mg of protein per ml and to 0.25 M sucrose with TEA
buffer. The sample was then subjected to gentle trypsin treatment (32, 41) by
incubation with 0.03 mg of trypsin/mg of protein for 5 min at 37°C. The reaction
was halted by adding a 10-fold excess of soybean trypsin inhibitor and immediate
cooling to 4°C. The sample was injected into the free-flow electrophoresis (FFE)
apparatus (Elphor VaP22; Bender and Hobein) at 110 mA and 1,300 V with 0.25
M sucrose in TEA buffer in the chamber. Where indicated, trypsin treatment was
omitted. Ninety-six fractions were collected and analyzed for protein (6), fluo-
rescence (FITC-dextran), peroxidase (32, 41), alkaline phosphatase (36), and
radioactivity by liquid scintillation counting.

Fluorescence microscopy. HeLa cells were grown on eight-well tissue culture
chamber slides (Nunc) overnight, and the medium was replaced with infection
medium containing about 5 pg of sucrose gradient-purified HRV2 or HRV14,
respectively. The cells were incubated for 2 h at 20°C or 20 min at 34°C, chilled,
washed three times with cold PBS containing 1 mM CaCl, and 1 mM MgCl,,
fixed, and permeabilized for 15 min at 4°C with methanol precooled to —20°C.
HRV2 was revealed with purified monoclonal antibody 3B10 (19), and HRV14
was revealed with purified monoclonal antibody 17-1A (43) at final concentra-
tions of 25 and 50 pg/ml, respectively. After incubation for 1 h at room temper-
ature, the cells were washed as before and incubated with FITC-conjugated
rabbit anti-mouse IgG (Dako) at a dilution of 1:40. Control incubations were
carried out in the absence of virus. The cells were mounted in Moviol and viewed
with a Zeiss fluorescence microscope. Photographs were taken with a Quantix
charge-coupled device camera (Photometrics). For control purposes, FITC-dex-
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tran (10 mg/ml) was internalized under the same conditions and the cells were
fixed with 2% paraformaldehyde and mounted.

Infection assay. A total of 2 X 10° HeLa suspension cells in Eppendorf vials
were preincubated in 0.5 ml of methionine-free infection medium plus 2%
dialyzed FCS with or without 200 nM bafilomycin for 30 min at 34°C under
rotation. The medium was replaced with fresh medium containing 10° PFU of
HRV2 or HRV14, and the cells were incubated for 4.5 h. Thereafter, 20 wCi of
[**S]methionine was added, and incubation was continued overnight. Where
indicated, bafilomycin Al was present throughout. Cells and cell debris were
removed by centrifugation, and 300 pl of RIPA buffer (9) was added to the
supernatants. Virus in the supernatants was recovered by Staphylococcus aureus-
aided immunoprecipitation with rabbit hyperimmune sera directed against the
respective virus serotypes (34) (kindly provided by F. Heinz). Analysis was
carried out with 12.5% polyacrylamide-sodium dodecyl sulfate (SDS) minigels
followed by autoradiography.

RESULTS

FFE efficiently separates early and late endosomes and
plasma membrane-derived vesicles of HeLa cells. FFE has
been demonstrated to be a powerful technique to separate
early and late endosomes and plasma membranes of BHK and
CHO cells (32, 41). To verify that this also applies to HeLa
cells (Ohio strain [46]), which were used in the present study,
endosomes were labeled by fluid-phase endocytosis at 37°C
with FITC-dextran for 5 min followed by a chase of 12 min (to
label late endosomes) and with HRP for 2 min (to label early
endosomes), respectively. A microsomal pellet was then pre-
pared, and an aliquot was directly injected into the FFE ap-
paratus (Fig. 1A) whereas another aliquot was subjected to
gentle trypsin treatment prior to injection (Fig. 1B).
Trypsinization was previously shown to be required for efficient
separation of endosomal subpopulations (41). The concentra-
tions of the various markers in the FFE fractions were deter-
mined accordingly by fluorescence spectrometry or enzymatic
analyses. No separation was apparent in the absence of trypsin
treatment (Fig. 1A), whereas early endosomes were well sep-
arated from late endosomes and plasma membranes in the
sample that had been incubated with trypsin (Fig. 1B). Under
the latter condition, vesicle-enclosed markers were shifted to
the anode whereas free markers were recovered in fractions
eluting near the cathode. As a consequence, the total amounts
of endosomal and free markers could be calculated. Although
the incubation with the protease at 37°C was only for 5 min,
substantial leakage of internalized markers (about 30%) was
evident (compare the amount of free markers in Fig. 1A and
B). This is presumably due to a limited leakage of endosomal
content, which had to be taken into account in the quantifica-
tion of internalized versus released viral material (see below).

Estimation of nonspecific attachment of native and subviral
particles of HRV2 and HRV14 to microsomal material. Due to
leakage of endosomal content during preparation (see above),
the possible nonspecific attachment of native virus and of sub-
viral particles to the outer surface of vesicular material was
analyzed. 135S and 80S particles were prepared from the re-
spective [>°S]methionine-labeled HRVs by exposure to pH 5.0
and heating to 56°C, respectively, by published procedures (25,
29, 30). Homogenates from cells that had been allowed to
internalize HRP and FITC-dextran to label early and late
endosomes (see above) were then mixed with each of these
preparations from HRV2 (Fig. 2A) and from HRV14 (Fig.
2B), respectively, and microsomes were prepared. Under the
centrifugation conditions used, unattached input viral material
was also recovered in the microsomal pellet. Microsomes were
trypsin treated and subjected to FFE. The radioactivity in the
fractions was determined by scintillation counting. The posi-
tions of late endosomes, early endosomes, plasma membranes,
and the bulk of the protein were determined as in Fig. 1B. For
the sake of clarity, the corresponding profiles are not shown in
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FIG. 1. FFE profile of HeLa cell microsomes analyzed without (A) or with (B) trypsin treatment prior to analysis. HeLa cells were allowed to internalize
FITC-dextran for 5 min followed by a chase of 10 min and HRP for 2 min at 37°C. The cells were homogenized, and microsomes were prepared and either injected
as such (A) or treated with 3% trypsin for 5 min at 37°C prior to injection (B) into the FFE apparatus. In total, 96 fractions were collected, and the distribution of the
markers was analyzed by fluorescence spectrometry (FITC-dextran, late endosomes), for HRP activity (early endosomes), for alkaline phosphatase (Alk.Phosphatase)
activity (plasma membranes), and for total protein by the Bradford protein assay.

Fig. 2, but the positions of peak fractions are indicated by
arrows.

For HRV2, native virus and 135S particles were deflected to
the cathode, where they eluted in a single peak at the same
position (Fig. 2A). The 80S particles eluted in two peaks (frac-
tion 46 and 56). Thus, all viral counts were recovered in frac-
tion numbers higher than fraction 40, well separated from
membranous material. Only minor side fractions of plasma
membranes and the major protein peak were found to coelute
with the first peak of the 80S viral particles. Interestingly,
whereas only native particles were recovered upon incubation
of native HRV2 with the cell homogenate (Fig. 2A), about
14% of total native input HRV14 were converted to 80S par-

ticles, which eluted around fraction 48 (Fig. 2B). Apparently,
the short incubation at 37°C during trypsin treatment is suffi-
cient for a fraction of HRV14 to be uncoated by surface-
accessible membrane receptors. Moreover, some 80S material
was also recovered from the incubation of 135S particles. Upon
analysis of the nonspecific association of 80S particles with cell
homogenates, two peaks were observed; the first was in a
region corresponding to side fractions of the bulk of plasma
membranes, whereas the smaller one was essentially free ma-
terial. These experiments demonstrate the separation of free
virus and subviral particles from early and late endosomes and
other cellular material by FFE; in addition, substantial non-
specific attachment to cellular membranes can be excluded.
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FIG. 2. FFE profile of [**S]methionine-labeled HRV2 (A) and HRV14 (B) mixed with HeLa cell extracts. Endosomes were labeled with endocytic markers, and
the cells were homogenized as in Fig. 1. 3*S-labeled viruses were added, and microsomes were prepared and analyzed after trypsin treatment. The same experiments
were also carried out with artificially produced 135S particles and with 80S particles. The position of viral material was determined by scintillation counting. The
positions of endocytic markers were determined as in Fig. 1. The results of the runs with native 150S virus and 135S and 80S subviral particles of HRV2 (A) and HRV14
(B) are shown. The positions of late endosomes (LE), early endosomes (EE), plasma membranes (PM), and protein are also indicated.

Although 135S particles cannot be separated from 150S native
virus, the 80S particles eluted at a different position. However,
for unknown reasons, two distinct peaks were seen, with the
first presumably being associated with a subfraction of cellular
material.

FFE analysis of HRV14 bound to HeLa cells at 4°C. In
contrast to HRV2, which is released from the plasma mem-
brane upon chelation of Ca*>*, HRV 14 attaches to its receptor
in a Ca”*-independent manner (31). Therefore, the localiza-
tion of HRV14 bound to HeLa cells at 4°C can be analyzed by
FFE, which requires an EDTA-containing buffer, whereas the
method precludes the analysis of plasma membrane-bound
HRV2. Since trypsinization must be carried out at 37°C, a
temperature where receptor-mediated alteration of native

HRV14 to subviral particles can take place, we investigated the
distribution of the viral label as a function of trypsin treatment.
[*°S]methionine-labeled HRV 14 was bound to HeLa cells for
2 h at 4°C, the cells were washed, and microsomes were pre-
pared and analyzed either without (Fig. 3A) or with (Fig. 3B)
trypsin treatment by FFE. In the absence of trypsin treatment,
approximately 53% of the total input radioactivity colocalized
with the bulk of nonseparated membranes (compare to Fig.
1A), whereas the remainder was recovered as free virus
(around fraction 60). When the microsomes were subjected to
trypsin treatment prior to FFE, about 30% of total HRV14
colocalized with plasma membranes. Free native virus (or 135S
particles [see above]) amounted to 41%. Most noticeably, the
remainder (29%) eluted at a position corresponding to 80S
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FIG. 3. FFE profile of [**S]methionine-labeled HRV14 bound to HeLa cells at 4°C. [**S]methionine-labeled HRV14 was allowed to attach to HeLa cells for 2 h
at 4°C. The cells were mixed with HeLa cells labeled with endosomal markers (as in Fig. 1), and microsomes were prepared and analyzed without (A) or with (B) trypsin
treatment. Radioactivity was measured in each fraction by scintillation counting and is given as a percentage of the total recovered. For the sake of clarity, only the
protein concentration in each fraction is depicted; positions of early (EE) and late (LE) endosomes and plasma membranes (PM) are indicated by arrows. Total counts
in the respective cellular compartments were determined as follows. (A) Membrane-associated virus, fractions 20 to 49; free virus, fractions 50 to 70. (B) Plasma
membranes, fractions 16 to 44; free 80S particles, fractions 45 to 60; free virus 150S/135S, fractions 60 to 74.

particles. In any case, no radioactivity was seen in the region
corresponding to early or late endosomes. Taken together,
these data indicate that even in the absence of trypsin treat-
ment, a substantial amount of initially bound HRV14 dissoci-
ated from the membranes. Upon incubation with trypsin at
37°C, this amount was found to increase from 47 to 70%. In
addition, this short incubation time was apparently sufficient to
convert 29% of input virus to its 80S conformation.

HRV14 is internalized into endosomes. HRV14 is not un-
coated below 26°C (21, 28). In contrast, uncoating of HRV2
also takes place at 20°C and appears to be solely low-pH
dependent (34, 39). Therefore, internalization of [*S]methi-
onine-labeled HRV2 and HRV14 was first conducted at 20°C

for 2 h to prevent receptor-mediated uncoating of HRV14.
Cells loaded with HRP under identical conditions were added
prior to homogenization to allow the subsequent localization
of endosomes in the fractions collected from the FFE run. The
cells were washed and homogenized, and microsomes were
prepared, treated with trypsin, and injected into the FFE ap-
paratus. As seen in Fig. 4A, the majority of HRV2 localized to
early and to late endosomes, with only a small amount being
present as free particles (80S and 150S/135S). Under the same
conditions, HRV14 clearly colocalized with HRP in early and
late endosomes (Fig. 4B). Quantification revealed that the
majority of viral counts (about 68%) was present as free virus
around fractions 52 and 62 (80S and 150S/135S particles, re-
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FIG. 4. FFE profile of HeLa cell microsomes after challenge with [**S]methionine-labeled HRV2 (A) and HRV14 (B) at 20°C for 2 h. HeLa cells were incubated
with HRP or with *S-labeled virus for 2 h at 20°C, respectively. The cells were mixed, and microsomes were separated by FFE after trypsin treatment as in Fig. 3. For
quantification, pools of fractions 10 to 44 (membrane-associated material) and fractions 45 to 73 (free 80S and 135S/1508S particles) were counted. The positions of

plasma membranes and of the protein peak are indicated by arrows.

spectively). Nevertheless, the results of these experiments
strongly suggest that HRV14 reaches endosomal compart-
ments. Warming to 37°C during trypsin treatment results in
substantial release of membrane-associated virus and even in
some receptor-mediated uncoating (Fig. 3). Therefore, the
amount of endosome-associated viral material might be under-
estimated (Fig. 4B).

To obtain additional evidence for the presence of HRV14 in
endosomes upon infection at 20°C, HeLa cells were challenged
with HRV2 or with HRV14 for 2 h at 20°C. The cells were
fixed, and the respective serotype was detected by indirect
immunofluorescence. In addition, FITC-dextran was internal-
ized under identical conditions to reveal endocytic vesicles
accessible to fluid-phase uptake. As shown in Fig. 5, FITC-

dextran internalization resulted in labeling of vesicles through-
out the cytoplasm. HRV2 and HRV14 also exhibited a clear
endosomal staining pattern primarily in the perinuclear area.
However, since high virus concentrations are required to allow
detection by microscopy (18), we had to exclude virus uptake
by a fluid-phase mechanisms. Therefore, parallel experiments
were carried out with HEp-2 cells, which do not express
ICAM-1 and thus do not bind major-group HRVs (48). Fluo-
rescence microscopy revealed the presence of HRV2 in endo-
somes of HEp-2 cells, whereas no labeling was observed in
cells incubated with HRV14 (data not shown). This control
experiment clearly excludes fluid-phase uptake of HRV14.
Under infection conditions, HRV14 subviral particles are
released by disruption of endosomes. Incubation of Hel a cells
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FIG. 5. Immunofluorescence microscopy of HRVs internalized into HeLa
cells at 20°C for 2 h. HeLa cells grown on chamber slides were incubated with
FITC-dextran (10 mg/ml), HRV2 (5 pg/ml), or HRV14 (5 wg/ml). HRV2 was
detected with monoclonal antibody 3B10, and HRV14 was detected with 17-1A
followed by FITC-conjugated rabbit anti-mouse IgG.

with the radiolabeled viruses was then conducted at 34°C,
conditions which lead to productive infection. At 20, 60, and
120 min, aliquots were withdrawn and microsomes were pre-
pared and analyzed by FFE after trypsin treatment (Fig. 6).
Under all incubation conditions, HRV2 accumulated in late
endosomes at all incubation times, as exemplified by the ex-
periment conducted for 20 min (Fig. 6A). For HRV14, essen-
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tially no clear virus peaks could be seen to be associated with
endosomal material regardless of the incubation time. How-
ever, some radioactivity was equally distributed over the whole
region corresponding to these cellular compartments (frac-
tions 13 to 42 in Fig. 6B). Under all conditions, most of the
viral counts eluted as free 80S and 135S/150S particles. Deter-
mination of total radioactivity in the various fractions disclosed
a time-dependent increase in the amount of viral label in the
region corresponding to early and late endosomes and to
plasma membrane fractions. Whereas the viral label in these
fractions increased by 60% when the incubation time was in-
creased from 20 to 120 min, the increase in the number of free
viral particles was almost 100% within this period. For HRV2,
the relation between endosome-associated material and free
virus (plus subviral particles) was about 80 and 20%, respec-
tively, for all incubation times. For HRV14, quantification of
viral counts within the broad region including endosomal and
plasma membrane fractions gives a value of 42%, with 58%
free virus. Consequently, the substantially larger amount of
free HRV14 than of free HRV2 can certainly not be ascribed
to leakage of endosomal material during preparation but,
rather, is the product of endosome lysis in the process of
HRV14 uncoating. It should be mentioned that cointernaliza-
tion of HRV2 or HRV14 with endocytic markers had no effect
on the electrophoretic migration behavior of endosomes (data
not shown).

Again, additional evidence for endosomal lysis by HRV14
was obtained by fluorescence microscopy. HeLa cells were
infected at 34°C with HRV2 or HRV14. In accordance with the
results from the FFE experiments, HRV2 was clearly present
in endosomes; however, no fluorescence was evident for
HRV14 with respect to background staining of uninfected cells
(Fig. 7). This is most probably due to endosomal lysis, resulting
in dilution of virions in the cytosol and thus precluding their
detection.

Effect of bafilomycin A1 on HRV2 and HRV14 infection.
Perez and Carrasco (37) have previously used the specific vac-
uolar H"-ATPase inhibitor bafilomycin Al at 2 uM to dem-
onstrate the low-pH requirement for infection with HRV14. In
fact, these workers showed that host cell shutoff was prevented
in the presence of the drug. However, close inspection of the
gel shown in Fig. 8 of their article clearly reveals the presence
of viral bands under these conditions. Prchla et al. (39), using
immunoprecipitation techniques, subsequently showed that
HRV?2 infection was prevented by bafilomycin Al at concen-
trations as low as 200 nM. We thus decided to use this tech-
nique to reinvestigate whether the drug completely blocks
HRV14 infection (38). Suspension HeLa cells were infected
with HRV2 or HRV14 in the presence or absence of 200 nM
bafilomycin Al. Progeny viruses were labeled with [*>S]methi-
onine, precipitated with specific antisera, and analyzed by
SDS-polyacrylamide gel electrophoresis followed by autora-
diography. As seen in Fig. 8§, HRV2 infection was completely
inhibited by the drug whereas HRV14 infection was only re-
duced.

FFE was also carried out with microsomes prepared from
cells which had been allowed to internalize HRV2 or HRV14
in the presence of 200 nM bafilomycin A1l for 20 min at 34°C.
As shown in Fig. 9, under these conditions HRV2 accumulates
in early endosomes, in contrast to the situation in the absence
of bafilomycin A1l where virus is found in late endosomes (Fig.
6A). This is in agreement with inhibition of transport from
early to late endosomes by bafilomycin Al (8). In contrast, for
HRV14 no clear endosomal peaks are visible and the profile
resembles that observed in the absence of the drug (Fig. 6B).
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FIG. 6. FFE profiles of [**S]methionine-labeled HRV2 (A) and HRV14 (B) incubated with HeLa cells at 34°C. HeLa cells were incubated with the respective
labeled viruses at 34°C. Samples were withdrawn at 20, 60, and 120 min and mixed with cells which had been allowed to endocytose FITC-dextran and HRP (as in Fig.
1). Microsomes were prepared and analyzed as in Fig. 4. Only the profile of the incubation for 20 min is shown for HRV2, whereas all time points are depicted for
HRV14. Positions of the peak fractions of the markers are indicated by arrows. For quantification of free versus membrane-associated virus, the fractions were pooled
as follows: (A) endosome- and plasma membrane-associated HRV2, fractions 10 to 38; free virus, fractions 39 to 70; (B) endosome- and plasma membrane-associated

HRV14, fractions 10 to 42; free virus, fractions 43 to 70.

This is in line with the inability of bafilomycin Al to completely
inhibit HRV14 infection (compare with Fig. 8).

DISCUSSION

Major-group HRVs attach to ICAM-1, a member of the Ig
superfamily. This membrane receptor is devoid of any known
internalization signal and is involved in intercellular commu-
nication rather than in endocytosis of ligands; this is in contrast
to the receptors of minor-group HRVs, which are members of
the low-density lipoprotein receptor family which, as typical
recycling receptors, are rapidly clustered in coated pits, from
where they carry their cargo to early and late endosomes.

There, the ligands are dissociated and further transported to
lysosomes. The receptors are recycled to the plasma membrane,
from where they initiate another round of internalization.
Since we have shown that minor-group HRVs initiate infec-
tion from late endosomes (39), we asked whether major-group
viruses would also follow this route, assuming that ICAM-1
was internalized either as a result of clustering around the
multivalent virus capsid or as a consequence of its natural
turnover (1). By FFE separation techniques, we could clearly
demonstrate that at least a fraction of the major-group HRV14
localized to endosomal compartments upon infection of HeLa
cells at 20°C (Fig. 4). At this temperature, receptor-mediated
structural changes from native particles to 135S and ultimately
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Control

FIG. 7. Immunofluorescence microscopy of HRV internalized into HeLa
cells at 34°C for 20 min. HeLa cells grown on chamber slides were challenged
with 5 pg of HRV2 or HRV14 per ml. HRV2 was detected with monoclonal
antibody 3B10 and HRV14 was detected with 17-1A followed by FITC-conju-
gated rabbit anti-mouse IgG. Control incubations without HRV2 or HRV14 (not
shown) exhibited background fluorescence.

to 80S RNA free particles do not take place (7, 15, 21). Ap-
parently, virus thus becomes trapped in the endosomal com-
partment, from where it cannot escape at this temperature.
Nevertheless, a large proportion of free particles (150S/135S
and 80S) were observed under these conditions. These are due
to the short exposure of the microsomes to 37°C, as required
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FIG. 8. Effects of bafilomycin Al on infection of HeLa cells with HRV2 and
with HRV14. Suspension HeLa cells were preincubated with or without 200 nM
bafilomycin Al and challenged with HRV2 or HRV14. [**S]methionine was
added 4.5 h p.i., and incubation was continued overnight. Cells and debris were
removed, and progeny virus present in the supernatant was immunoprecipitated
with the respective antiserum aided by fixed S. aureus cells. Viral proteins were
analyzed by SDS-polyacrylamide gel electrophoresis followed by autoradiogra-

phy.

for trypsin treatment, since 80S particles were absent upon
omission of this treatment. Moreover, the proportion of mem-
brane-associated material was elevated (60 and 32% in the
absence and presence, respectively, of trypsin treatment [data
not shown]). Sucrose density gradient sedimentation analysis
of viral particles generated by in vitro incubation of cell ho-
mogenates demonstrated that a 5S-min incubation at 37°C with-
out trypsin essentially yielded the same proportion of modified
particles (data not shown). Therefore, it is not the trypsin
which causes particle release and/or modification. Attempts to
carry out trypsinization for prolonged periods at 4 or 20°C
were unsuccessful in achieving endosome separation.

The viral particles observed upon FFE analysis of HRV14
internalized at 20°C (Fig. 4) could be set free either by release
and/or alteration of plasma membrane associated virus or by
limited endosome lysis. The large proportion of these particles
already seen upon attachment at 4°C (Fig. 3B) makes it likely
that they originate from the plasma membrane. When cells
were infected at 34°C, no distinct peaks of viral label in endo-
somes were observed (Fig. 6B); instead, free viral material was
found to accumulate in a time-dependent manner. In addition,
viral label was distributed all over the region corresponding to
early endosomes, late endosomes, and plasma membranes
(Fig. 6B). Concomitantly, the proportion of free 80S particles
was seen increased with time. This indicates that virus was
transported into endosomes, where it most probably became
modified by the uncoating activity of ICAM-1, resulting in
endosome rupture and release of viral particles into the cy-
tosol. This scenario is in sharp contrast to that of the minor-
group rhinovirus HRV2, which was found to accumulate in
endosomes regardless of temperature and incubation time
(Fig. 4A and 6A).

The results of FFE are also supported by the data obtained
from fluorescence microscopy, which clearly show that HRV14
is internalized into endosomes at 20°C (Fig. 5). If cells were
challenged at 34°C, however, no fluorescence was seen, indi-
cating that virions were released from the vesicles and were no
longer detectable in the cytoplasm as a result of dilution. In
contrast, HRV?2 was seen in vesicular structures under all con-
ditions (Fig. 5 and 7).

The results of our experiments thus suggest that major-
group viruses are indeed internalized into endosomes, where
they undergo receptor-mediated structural changes leading to
an increase of hydrophobicity, which ultimately leads to dis-
ruption of the endosomal membrane. At least in this respect,
major-group HRVs resemble adenoviruses, which are also re-
leased into the cytoplasm as modified particles following inter-
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FIG. 9. FFE profile of HeLa cell microsomes after challenge with [**S]methionine-labeled HRV2 and HRV14 at 34°C in the presence of bafilomycin Al. The cells
were preincubated with 200 nM bafilomycin A1 for 30 min, whereupon the respective labeled viruses were added and internalized for 20 min. These cells were mixed
with HeLa cells that had internalized FITC-dextran and HRP as described in Fig. 1. Microsomes were prepared and analyzed as in Fig. 6. The positions of early (EE)
and late (LE) endosomes and plasma membranes (PM) are indicated. Data are expressed as percentage of the total radioactivity recovered after FFE.

nalization and rupture of endosomes (12, 13). Currently, we
use single-organelle flow analysis (33) to quantitate the endo-
somal content and pH of internalized markers (Cy5-FITC-
dextran) under the influence of viral infection. Preliminary
results indicate that adenovirus leads to a loss of 40% of the
dextran-labeled endosomes. For HRV14, a 30% loss has been
observed. Compared to HRV2 (0% loss), this is a clear indi-
cation for endosomal rupture being induced by HRV14.

Structural modifications of HRV14 from 150S to 135S also
occur upon exposure to low pH in vitro. Apparently, this does
not lead to rupture of the endosomal membrane, since virions
were found in endosomes upon internalization at 20°C, a tem-
perature where low endosomal pH is maintained but receptor
function is inhibited (Fig. 4B and 5).

Bafilomycin A1l was reported to inhibit HRV14 infection at
34°C (37). However, our data indicate that this drug inhibits
infection by HRV14 only to a small extent under the conditions
used (Fig. 8) (38). This raises the question of the distinct roles
of the receptor and the low pH in the process of endosome
rupture by HRV14. Therefore, we are investigating the effect
of bafilomycin Al on virus-induced release of fluid-phase
markers from endosomes by single-organelle flow analysis.

Although the results presented in this report do not identify
the endosomal route as being the exclusive infection pathway,
they demonstrate that HRV14 subviral particles are trans-
ferred into the cytosol whereas in the case of HRV2 most
probably only the RNA is delivered into the cytoplasm, with
the capsid proteins being degraded in lysosomes.
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