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Summary. The early events in the infection of human rectal tumor cells by
bovine coronavirus were investigated by colloidal gold-mediated immunoelec-
tron microscopy and by analysis of the effect of lysosomotropic weak bases on
virus yield. Electron microscopic studies revealed sites of fusion between the
virus envelope and the plasmalemma but fusion events along intracellular mem-
branes were not observed despite extensive searches. Virion-antibody-colloidal
gold complexes were, in fact, endocytosed by synchronously infected cells. These
complexes were apparently non-infectious, and they accumulated in vacuoles
that resembled secondary lysosomes. Exposure of cells to ammonium chloride
or to methylamine during the first hour of infection had little inhibitory effect
on the production of infectious virus. Chloroquine treatments were inhibitory
but this effect depended on relatively late events in the infectious process. The
chloroquine inhibitory step blocked infection of virus adsorbed to cells that
were exposed to buffers in the pH range of 4.4 to 8.4. These findings indicate
that BCV penetrates its host cell by direct fusion with the plasmalemma and
does not require an acidic intracellular compartment for infectious entry.

Introduction

Bovine coronavirus (BCV) is a member of the family Coronaviridae of enveloped
RNA viruses [31]. The BCV isolates studied in some detail agglutinate eryth-
rocytes of rodents and thus belong to the hemagglutinating coronaviruses.
Uniquely, the envelope of these coronaviruses has three glycoproteins. The
peplomers consist of the E1 membrane glycoprotein with a molecular mass of
24-26kDa, the E2 glycoprotein with a molecular mass of 100-110kDa which
has cell fusion functions after cleavage from 185kDa precursor [34] and the
E3 hemagglutinin with a molecular mass of 65kDa or its dimer of 126kDa.
Acetylesterase activity is associated with this hemagglutinin [38]. BCV replicates
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in absorptive epithelial cells of the intestinal tract in neonatal calves and induces
serious enteric disease [ 11]. Although many features of coronavirus replication
in cultured cells were described [10, 30, 321, the early events of BCV infection
remain poorly characterized.

At least, two distinct pathways evidently operate for the entry of enveloped
viruses into animal cells [15]. Some viruses penetrate the cell by direct fusion
of the viral envelope with the plasma membrane. Paramyxoviruses, for example,
fuse directly with the cellular plasma membrane under physiological conditions
[28]. Other viruses fuse with plasma membranes only at a nonphysiological,
low pH level [7, 8, 20, 40]. The second pathway for enveloped virus entry
involves cellular uptake by endocytosis [8, 17-20]. The endocytosed virions
travel to membrane bound intracellular compartments where acidic conditions
are maintained [25, 37]. The low pH of this cellular compartment apparently
facilitates fusion between the viral envelope and the vesicle membrane and
results in release of the nucleocapsid into the cytoplasm. Infection of cultured
cells by a variety of enveloped viruses can be blocked with lysosomotropic weak
bases [8, 9, 12, 14, 18, 20, 22, 24]. These bases accumulate in cells and alter
the pH of acidic cellular compartments [21, 25]. This change apparently prevents
low pH-dependent viral envelope fusion with the vesicle membrane and thus
blocks infection [9].

Studies of inhibition by lysosomotropic agents indicate an endocytic mech-
anism for the entry of mouse coronavirus [14, 16, 22, 36], but the validity of
this approach has recently been questioned [2]. Low pH conditions may not
be required for BCV entry because cells infected with this virus fuse under
slighly basic pH conditions [27]. In order to establish the route of entry for
BCV, we examined the early events of the infection process by using lysosom-
otropic weak bases and colloidal gold mediated immunoelectron microscopy.

Materials and methods

Cells and virus

Monolayers of the human rectal tumor cell line HRT-18 [35] were grown in the Dulbecco
modification of Eagle medium (DMEM) supplemented with 5% fetal calf serum. The
Mebus strain L9 of bovine coronavirus [29] was propagated in HRT-18 cells. Virus stocks
were prepared in cells infected at a multiplicity of approximately 0,01 PFU per cell, incubated
for 4 to 5days at 37°C in serum-free DMEM and harvested by freeze-thawing. Viral titers
obtained in these preparations ranged from 10° to 10’ PFU per ml.

Plague assays

The infectivity titer was assayed in HRT-18 monolayers grown in 6-well plates. The mono-
layers were adsorbed with virus for 1h at 37°C, overlayed with serum-free DMEM con-
taining 0.6% agarose and 4 pg of trypsin (Difco Laboratories, Detroit, Mich.) per ml. After
3 days of incubation at 37°C, plaques were counted without staining.
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Virus purification and concentration

Infected cultures were harvested at 4d post infection when more than 50% of the cells
evidenced cytopathic changes. The infected material was subjected to two freeze-thaw cycles
and disrupted by sonication (Sonifier 200; Branson Sonic Power Co., Danbury, Conn.) for
30sec on ice to release the virus. The virus suspension was clarified by centrifugation at
10,000 x g for 40 min, sedimented at 90,000 X g for 2h through a 20% sucrose cushion,
and resuspended in DMEM (pH 7.4) buffered with 12mM N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES) and 25mM NaHCO, (uptake medium). The recovery
of infectious virus ranged from 50 to 75%.

Immunoreagents

We used a polyclonal rabbit antibody against BCV particles purified from infected bovine
fetal kidney cells. The IgG fraction was obtained by protein-A sepharose column chro-
matography and was diluted in uptake medium to a level producing less than a 50%
reduction of virus infectivity as determined by a plaque neutralization test. Goat anti-rabbit
antibody (Ig(G) complexed to 5-nm colloidal gold particles (SP Supplies, West Chester,
Penn.) was used to probe for antibody binding sites in immunocytochemical investigations.

Immunogold labelling of virus entry

Cell monolayers, grown in 2-well chamber slides, were rinsed with uptake medium, chilled
to 4°C, and reacted with purified virus for 60 min at a multiplicity of 50 PFU per cell. The
virus-cell complexes were incubated on ice for 45 min with rabbit anti-BCV antibody, washed
twice with uptake medium, and incubated for 45 min with the antibody-colloidal gold
probe. After washing at 4°C, the cells were rapidly warmed to 37°C and incubated for
various lengths of time before primary fixation at 4°C with 2% glutaraldehyde and 2%
formaldehyde in 0.1 M sodium cacodylate buffer at pH 7.4.

Processing for electron microscopy

The aldehyde-fixed monolayers were post-fixed for 1 h at 25°C in a solution of 1% osmium
tetroxide in the presence of 1% potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.4),
dehydrated in a series of alcohols, and embedded in situ in a mixture of Epon and Araldite
epoxy resins [23]. Thin sections were stained with uranyl magnesium acetate and lead
citrate and viewed with a Zeiss EM-10 electron microscope at 80kV.

Effects of lysosomotropic bases on BCV infection

Monolayers of HRT-18 cells were grown in 24-well plates for experiments involving treat-
ments with lysosomotropic agents. The yields of infectious virus were determined by plaque
assays after 20 h of infection at 37°C.

Infection of HRT-18 cells was synchronized by temperature shift to analyze the relative
effects of chloroquine, ammonium chloride, methylamine, and amantadine. Monolayers
were washed with medium, chilled to 4°C, adsorbed for 60 min with BCV at a multiplicity
of approximately 3 PFU per cell, and rinsed with cold uptake medium to remove unadsorbed
virus. The monolayers were given warm medium with the appropriate lysosomotropic bases
and transferred to a 37°C incubator. In control monolayers, exposure to the base was
delayed until 1h post infection.

The effects of various concentrations of ammonium chloride and chloroquine in virus
infection at 37°C were tested on monolayers that were washed with uptake medium and
pretreated for 15min with the base diluted in uptake medium. The cells were infected with
BCV at 37°C for 60 min at a multiplicity of approximately 3 PFU per cell and then given
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fresh uptake medium containing the base. Exposure to the lysosomotropic agent was delayed
until 1 h post infection in control monolayers.

The time dependence of inhibition by 120 uM chloroquine was analyzed by measuring
the effects of increasing delays in chloroquine addition. The monolayers were synchronously
infected as described above except that chloroquine was first added to the cultures at various
times after rewarming.

The pH dependence of chloroquine inhibition was determined with monolayers that
were allowed to bind BCV at 4°C and then were washed with cold DMEM. The cells were
warmed to 37°C for 60sec by the addition of DMEM buffered with 12mM HEPES and
12mM 2-(N-morpholino-)ethanesulfonic acid (MES) at various pH levels and given fresh
uptake medium with 120 uM chloroquine. Chloroquine was added at 1 h post infection for
a final concentration of 120 uM in all monolayers.

Indirect immunofluorescence

Monolayers were fixed for 10 min in 4% formaldehyde, permeabilized for 5 min with acetone
at —20°C, incubated with rabbit anti-BCV antibody, and rcacted with goat anti-rabbit
antibody conjugated to fluorescein isothiocyanate. The preparations were viewed with a
Leitz fluorescent microscope and each field was photographed using both epifluorescence
and phase contrast optics. The percentage of fluorescent cells in each preparation was
calculated from 5 randomly selected fields of approximately 200 cells each.

Chemicals

Stock solutions were prepared daily of 20 mM chloroquine-HCI, 200 mM amantadine-HCl,
1.0M ammonium chloride, and 4.0 M methylamine (Sigma Chemical Co., St. Louis, Mo.)
in saline. The solutions were adjusted to neutral pH with NaOH, and diluted into uptake
medium.

Results
Morphologic analysis of BCV adsorption

Thin section of cells adsorbed with BCV particles and immunolabeled at 4°C
revealed that coated pit formation had ceased leaving all virions at the cell
exterior (Fig. 1). The virions were readily identified by the associated colloidal
gold particles. The use of highly dilute anti-BCV antibody labeled most virions
with only a few gold particles. These particles were separated from the viral
envelope by an average distance of about 15nm. The virus particles usually
contained an electron-dense core and were spherical in shape with diameters
ranging from 50 to 80 nm. Virions with ellipsoidal profiles also were observed.
The viral envelope was separated from the plasma membrane by a distance of
less than 15nm in many cases. Fibrillar connections were evident at the plasma
membrane attachment site (Fig. 1, inset) but the peplomer structures of BCV,
distinctive in negative stains, could rarely be distinguished. The virus particles
were unevenly distributed among the cells. Most cells in individual thin section
were free of virus particles or were associated with only one or two virions.
Other cells were observed with as many as 25 virions along the apical cell surface
in a single thin section. This distribution infers that virus particles were adsorbed
by only a subpopulation of HRT-18 cells in the monolayer.
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Fig. 1. Immunoelectron microscopic analysis of BCV interaction with the plasma membrane

at 4°C. A Virus particles are labeled with gold. Envelope projections contact the cell

membrane (inset, arrowheads). B Gold particles fail to bind with virions in preparations
incubated with normal rabbit serum IgG. Bars: 100 nm, inset bar: 50 nm

Endocytosis of BCV at 37°C

Virus particles at intracellular locations were morphologically less readily dis-
tinguished, but the associated gold label permitted identification of intracellular
BCYV particles during uptake. After the BCV-cell complexes were incubated for -
2 to 5min at 37°C, labeled BCV particles were evident in coated vesicles and
in small multiform vesicles with smooth membranes (Fig. 2).

Coated vesicles had circular profiles of 100nm in diameter, whereas the
smooth membrane vesicles were typically larger (160 to 300 nm in the greater
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Fig. 2. Early stages of BVC internalization. Monolayers were warmed for 2min (A) or
5 min (B). Immunogold labeled virus particles are found in a coated pit (CP). Bars: 100 nm

dimension) and had diversely shaped profiles. These membranous compart-
ments contained only one or two virus particles but had very little empty space
and few nonviral content. After 10 to 15 min incubation at 37 °C, the intracellular
virions accumulated in larger vacuoles, 400 to 800 nm across (Fig.3). These
vacuoles contained as many as 10 labeled virus particles which appeared to be
partially degraded. The large vacuoles also contained unlabeled vesicles, fibrillar
strands, and amorphous material, features of secondary lysosomes.

Gold particles were closely associated with virus structures and were sep-
arated from the nearest limiting cellular membrane by distances exceeding 20 nm.
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Fig. 3. Accumulation of BCV inside vacuoles. Virus-cell complexes were incubated for
10min (A) or 15min (B) at 37°C. Electron dense particles associated with gold represent
partially degraded virions. Vacuole contents also include unlabeled vesicles (v) and fibrillar
debris. Note possible site of goid association with vacuole membrane (). Bars: 100 nm

Fig. 4. Interaction of BCV envelope with plasma mem-
brane. Virus cell complexes were rewarmed for 30 sec.
» Site of apparent fusion. Bar: 50 nm
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Associations between gold particles and vesicle membranes were rarely seen
(Fig. 3). After rewarming, gold particles were observed at plasma membrane
sites distant from adsorbed virions. Apparent fusion of the virus envelope with
the plasma membrane was recorded (Fig. 4), but fusion of gold-labeled virions
with intracellular membranes was never observed. Cells with surface-adsorbed
virus that were incubated with normal rabbit IgG instead of anti-BCV antibody
were not labeled by the gold probe (Fig. IB).

Furthermore, few gold particles were observed at plasma membrane sites
in the absence of virus particles when virus-cell complexes were immunolabeled
and fixed at 4°C. These controls indicated that the immunoreagents specifically
marked BCV antigens and not HRT-18 cell membranes.

Effect of lysosomotropic agents on the yield of infectious virus

To compare the effect of bases, synchronously infected cells were treated with
chloroquine, amantadine, ammonium chloride or methylamine (Table 1) at con-
centrations previously found to be effective in studies of virus entry [§, 12, 20,
247]. Treatment with a given base was continued until virus harvest. Virus yields
were reduced to some extent by each of the inhibitors. The degree of the
reduction by each inhibitor depended on the duration of the treatment period.
We measured virus yields of cultures treated from the time of infection and
compared these values to yields in cultures first exposed to the inhibitor at 1 h
post infection. The latter value provided a baseline from which we could evaluate
the effects of the inhibitor during the first hour of infection.

Virus yields were suppressed to approximately 25% when 10 mM ammonium
chloride or 10 mM methylamine was added at 1h post infection. The presence
of these bases during the first hour of infection reduced BCV yields by 34 to
37%. Amantadine was a stronger inhibitor of virus yield but this inhibitory
effect was also seen in control preparations. Thus, only chloroquine suppressed
BCV replication during the first hour of infection. Infected cells that were
exposed to 120 uM chloroquine from the time of synchronous infection until

Table 1. Effect of lysosomotropic agents on BCV infection

Inhibitor (mM conc) Virus yield®

full exposure delayed exposure % reduction®
Ammonium chloride (10) 15 (7.02) 23 (7.20) 34
Methylamine (10) 15 (6.53) 24 (6.73) 37
Amantadine (0.5) 5.5 (6.09) 7.0 (5.90) 22
Chloroquine (0.12) 0.1 (3.87) 6.5 (5.72) 99

* Virus yield listed as percent of positive control and as log PFU per mi (in parentheses)
¥ Percent reduction calculated as (1.0— [full exposure/delayed exposure])
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Fig. 5. Effect of ammonium chloride on virus yield by infected HRT-18 cells synchronously
infected with BCV. Dashed line represents virus level when 10 mM ammonium chloride
was added at 1h post infection

Fig. 6. Effect of ammonium chloride on virus yield by HRT-18 cells infected by BCV at
37°C. Dashed line represents virus level when 10mM ammonium chloride was added at
1 h post infection

Fig. 7. Effect of chloroquine on virus yield by synchronously infected cells. Dashed line
represents virus level when 120 uM chloroquine was added at 1h post infection

Fig. 8. Effect of chloroquine on virus yield by HRT-18 cells infected at 37 °C. Dashed line
represents virus level when 120 uM chloroquine was added at 1 h post infection
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harvest produced only 1.4% as much virus as did cultures treated with chlo-
roquine 1h post infection.

Synchronously BCV infected monolayers were exposed to various doses of
ammonium chloride and chloroquine at the time of temperature shift to avoid
drug effects on the virus adsorption stage. A second set of monolayers was
pretreated with the drugs for 15min and infected at 37°C to ensure that intra-
vacuolar pH levels were altered. The effects of the agents were similar for both
infection protocols. Ammonium chloride reduced the yield of BCV in syn-
chronously infected cells by less than 1log-unit even at 20 mM levels (Fig. 5).
A similar unresponsiveness to ammonium chloride treatment occurred during
infection at 37°C. Pretreatment with 10mM ammonium chloride decreased
BCV by 37% from levels produced when the agent was added after a 1 h delay
(Fig. 6). Synchronous infection was strongly inhibited by 80 to 200 puM chlo-
roquine (Fig. 7). Cells pretreated with this base and infected at 37°C also pro-
duced less virus with increasing concentrations of the inhibitor (Fig. 8). Exposure
to chloroquine at the 120 uM level resulted in the optimal reduction in virus
yield. Concentrations of the drug higher than 200 uM diminished total virus
yield in 1 h delay treatments to levels obtained by pretreatment. The inhibitory
effect of 120 uM chloroquine on the early stages of BCV replication was therefore
examined more closely in subsequent experiments.

Chloroquine inhibition of viral antigen production in infected cells

Immunofluorescence studies revealed that chloroquine treatments affected the
number of BCV-infected cells in HRT-18 monolayers (Table 2). Treatments of
synchronously infected cultures decreased the number of fluorescent, antigen
producing cells at 12 to 36 h post infection. Replication of BCV occurred in 10
to 17% of the cell population in untreated cultures. Only 1% or less of the cell
population produced BCV antigens when exposed to chloroquine at the time
of infection. The numbers of fluorescent cells in the monolayers reached nearly
normal levels when this treatment was delayed for 1 h even though cells vac-
uolization was pronounced.

Table 2. Chloroquine inhibition of antigen production

Drug exposure % Fluorescing cells®

12h 18h 36h
None 10 17 10
Full 1 0 1
Delayed 9 5 11

2 Fluorescent cell population expressed as percent
of total at indicated times post infection



Initial events in bovine coronavirus infection 185

Time dependence of sensitivity to chloroquine inhibition

Chloroquine treatment was initiated at various times after synchronous infection
(Fig. 9). Virus yields remained at low levels in cultures that were initially exposed
to the drug at Smin or less. When exposure to chloroquine was delayed until
10 min post infection, virus yield was suppressed by more than 75%. Inhibition
at 50% of maximum occurred with a treatment delay of approximately 15 min.
These results show that 5 to 10 min are required for infection to proceed beyond
the chloroquine sensitive step in the very early stages of BCV replication.
Electron microscopy revealed BCV particles progressing from the endosome to
the lysosomes during this period.
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Fig. 9. Time dependence of chloroquine inhibition of BCV infection
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Fig. 10. Independence of chloroquine inhibition to pH treatments. Cultures were exposed
to chloroquine before the buffer treatment ([7) or after a delay of 1h ()
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Independence of chloroquine inhibition to pH treatments

In an attempt to overcome the chloroquine imposed block in BCV entry, we
provided conditions conducive to fusion between the plasma membrane and
envelopes of infecting virions. Monolayers with virus adsorbed at 4°C were
exposed to chloroquine and briefly treated with warm buffers at various pH
levels to simulate conditions in intraceliular vacuoles. We found that chloroquine
was an effective inhibitor of BCV infection despite buffer treatments in the pH
range of 4.4 to 8.4 (Fig. 10).

Discussion

Recent investigations have re-examined the role of endocytosis in infections by
several animal viruses. Morphologic analyses have generally indicated that
coronaviral entry is accomplished by endocytosis [3-5, 13, 26]; yet other in-
vestigations suggested that coronaviruses enter the cell by direct fusion with
the plasma membrane [6, 27]. One of the objectives of our study was to employ
immunolocalization to investigate the entry pathway for BCV.

Electron microscopic analysis revealed fusion of the viral envelope with the
plasma membrane and confirmed that BCV particles were endocytosed by HRT-
18 cells. Shortly after warming, virus particles were seen in coated pits and in
small endocytic vesicles with smooth membranes. Viral particles accumulated
later in structures with features of secondary lysosomes. These endocytic events
resemble superficially an alternative mode for infectious entry of BCV. Gold-
labeling of BCV particles was mediated by highly diluted neutralizing antibodies
which did not reduce infectivity to a measurable extent. Some of the labeled
virions probably represent non-infectious virus antibody-gold complexes. Their
endocytosis would lead to sequestration in lysosomal compartments. However,
this event appears to be irrelevant to infectious entry of BCV because we were
never able to find clear morphologic evidence of fusion events along the intra-
cellular membranes. This implies that BCV effects infectious entry by direct
fusion at the cell surface.

Experiments with lysosomotropic weak bases were conducted to assess the
requirement for an acidic compartment during BCV infectious entry. Our results
virtually failed to reveal an unequivocal involvement of an acidic compartment.
Ammonium chloride and methylamine, which raise the pH of endocytic vesicles
[21], were not inhibitory for events in the first hour of BCV replication. En-
docytosed viral particles reached lysosomes as early as 10 min after infection
but fusion with their membrane was not observed. Although amantadine treat-
ment from the time of infection reduced virus yield, this base was also toxic
when added after a 60-min delay.

Chloroquine interfered with a relatively early stage of BCV replication as
determined by the yield of infectious virus and by the number of BCV-infected
cells. This effect apparently did not involve inhibition of viral envelope fusion
with cell membranes. Besides raising the pH of lysosomes, chloroquine exerts
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other effects on cellular functions, including inhibition of viral RNA synthesis
[2]. These effects may be responsible for the 6.5% drop in BCV production
when the drug is added 1h after rewarming. We probed the chloroquine sen-
sitivity during the very early stages of BCV infection. The kinetics of time
dependence for chloroquine inhibition lead us to conclude that a sensitive step
in BCV replication occurs after Smin of infection (Fig.9). Addition of chlo-
roquine as late as 10 min after rewarming inhibits replication substantially [ 75].

In contrast, infection with Semliki Forest virus (SFV), which enters the cell
by the endocytic pathway, reaches the chloroquine insensitive phase within
4min, and later treatments with the base are relatively ineffective [§, 39, 40].
Brief treatment of SFV-adsorbed cell cultures with low pH media lifted the
chloroquine block apparently by inducing virus fusion at the plasma membrane
[8, 39]. The chloroquine-blocked step in BCV infection was essentially unaf-
fected by pH treatments in the range of 4.4 to 8.4. This failure to relieve the
chloroquine block in BCV replication would be expected if plasma membrane
fusion with BCV is not triggered by low pH treatments. This finding is in
harmony with BCV-induced cell fusion in infected bovine fetal spleen cells
which fused optimally at a slightly basic pH [27], similar to a murine corona-
virus-host cell system [33]. An alternative explanation for a continued chlo-
roquine block despite low pH treatment is inhibition of events in replication
subsequent to fusion. Investigators of Sindbis virus infection concluded that
chloroquine inhibits only postfusion events in the replication of this virus [2].
The inhibitory activity was attributed to an effect on viral RNA synthesis rather
than a block in Sindbis virus entry into the cell.

Our data indicate that BCV infection does not involve the endocytic route.
Endocytosis of this virus appears to represent an abortive infection with sub-
sequent virus degradation in lysosomes. The virions that were endocytosed were
not observed to fuse with the vesicle membrane. Instead, the particles accu-
mulated in a somewhat degraded form in lysosome-like structures. Furthermore,
a low pH compartment is apparently unnecessary for BCV infection and virus-
induced membrane fusion seems to be an event independent of low pH treat-
ments. These features suggest that BCV infects cells by direct fusion with the
plasma membrane. Doughri et al. [6] observed interactions of BCV strain LY-
138 with the plasmalemma of infected intestinal epithelial cells and asserted
that virus uptake had occurred by direct fusion with the plasma membrane.
Our studies provide evidence to support that conclusion.

Note added in proof. Recently published reports [33a, 38a] describe characteristics of
the mouse coronavirus spike glycoprotein E2 that are consistent with its role in infection-
penetration at the plasma membrane rather than within endocytic vesicles.
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