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ABSTRACT Bovine herpesvirus 1 (BoHV-1) is an alphaherpesvirus that poses a sig-
nificant challenge to health and welfare in the cattle industry. We investigated the
cellular entry route utilized by BoHV-1. We report that BoHV-1 enters Madin Darby
bovine kidney (MDBK) cells, bovine turbinate cells, and African green monkey kidney
(Vero) cells via a low-pH-mediated endocytosis pathway. Treatment of MDBK cells
with hypertonic medium, which inhibits receptor-mediated endocytosis, prevented
infection as measured by a beta-galactosidase reporter assay. Treatment of cells with
noncytotoxic concentrations of the lysosomotropic agents ammonium chloride and
monensin, which block the acidification of endosomes, inhibited BoHV-1 entry in a
concentration-dependent fashion. The kinetics of endocytic uptake of BoHV-1 from
the cell surface was rapid (50% uptake by �5 min). Time-of-addition experiments in-
dicated that the lysosomotropic agents acted at early times postinfection, consistent
with entry. Inactivation of virions by pretreatment with mildly acidic pH is a hallmark
characteristic of viruses that utilize a low-pH-activated entry pathway. When BoHV-1
particles were exposed to pH 5.0 in the absence of target membrane, infectivity was
markedly reduced. Lastly, treatment of cells with the proteasome inhibitor MG132
inhibited BoHV-1 entry in a concentration-dependent manner. Together, these re-
sults support a model of BoHV-1 infection in which low endosomal pH is a critical
host trigger for fusion of the viral envelope with an endocytic membrane and neces-
sary for successful infection of the target cell.

IMPORTANCE BoHV-1 is a ubiquitous pathogen affecting cattle populations world-
wide. Infection can result in complicated, polymicrobial infections due to the immu-
nosuppressive properties of the virus. While there are vaccines on the market, they
only limit disease severity and spread but do not prevent infection. The financial
and animal welfare ramifications of this virus are significant, and in order to develop
more effective prevention and treatment regimens, a more complete understanding
of the initial steps in viral infection is necessary. This research establishes the initial
entry pathway of BoHV-1, which provides a foundation for future development of ef-
fective treatments and preventative vaccines. Additionally, it allows comparisons to
the entry pathways of other alphaherpesviruses, such as HSV-1.
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Viruses exploit constitutive components of cellular infrastructure to invade the cell
interior (1). Herpesviruses, like the majority of animal virus families, hijack endo-

cytosis pathways to deliver their genetic material to the subcellular site of replication
(2). Alphaherpesviruses, including the prototypical herpes simplex virus 1 (HSV-1),
utilize cellular endosomal pathways in a cell-specific manner, and both low-pH and
pH-neutral pathways have been described (3). Direct penetration at the plasma mem-
brane is also a cell-specific means of entry (4).

Bovine herpesvirus 1 (BoHV-1) is a cattle-specific alphaherpesvirus with a worldwide
distribution (5). BoHV-1 infection causes severe ulcerative rhinotracheitis, pustular
vulvovaginitis and balanoposthitis, abortion, transient immunosuppression, and, criti-
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cally, lifelong, latent infection (6–8). Host immune suppression by BHV-1 is considered
a significant contributor to the polymicrobial disorder known as bovine respiratory
disease complex, or shipping fever, which results in over $500 million a year in losses
to the United States beef industry (9, 10). BoHV-1 entry and infection is initiated by virus
interaction with cellular membranes mediated by viral glycoproteins gB, gC, and gD (7,
11, 12). BoHV-1 gC is nonessential for replication but plays a major role in attachment
by binding to cell surface heparan sulfate proteoglycans (13, 14). BoHV-1 gB and gD are
essential receptor-binding proteins that are involved in penetration and cell fusion (7,
15–19). BoHV-1 gD interacts with cellular receptors nectin-1 and poliovirus receptor
(Pvr) (20–22). BoHV-1 gB or a gH/gL complex may also interact with cellular membrane
proteins, including putative alphaherpesvirus gB-receptor PILR�, resulting in fusion of
the viral envelope with a cellular membrane (23–28). The cellular entry pathways of
BoHV-1 are poorly understood. Here, virus entry is defined as delivery of the uncoated
viral genome into the host cell nucleus.

A better determination of effective infectious disease prevention and treatment
strategies relies on a complete understanding of the replicative cycle of the pathogen.
Since BoHV-1 establishes lifelong latency, understanding the entry pathway and de-
veloping ways to interfere with it are particularly important. We delineated the entry
pathway of BoHV-1 into MDBK epithelial cells, a cell line commonly used to study
BoHV-1 infection in culture. We implemented an array of assays to demonstrate that (i)
BoHV-1 entry into MDBK cells requires low-pH-mediated endocytosis at an early,
postinternalization step, (ii) BoHV-1 also utilizes low pH for entry into bovine turbinate
(BT) and Vero cells, and (iii) BoHV-1 utilizes the host cell proteasome function for entry.
In sum, BoHV-1 utilizes a low-pH-mediated endocytosis mechanism to enter certain
target cells.

RESULTS AND DISCUSSION
Inhibition of endocytic uptake from the cell surface inhibits BoHV-1 entry into

MDBK cells. Treatment of cells with hypertonic medium inhibits receptor-mediated
endocytosis and viral entry by endocytosis (29–32). Hypertonic medium does not
inhibit virus entry via a nonendocytic mechanism, such as HSV-1 entry into Vero cells
(3). MDBK cells were prebound with BoHV-1 v4a (lacZ�) and incubated with glucose-
free medium containing 0.3 M sucrose for the first 30 min of infection. Beta-
galactosidase activity at 6 h postinfection (p.i.) is an indicator of viral entry. Cells treated
with hypertonic medium were resistant to BoHV-1 entry relative to untreated cells (Fig.
1). The level of inhibition produced by this treatment is consistent with reports of HSV-1
entry by endocytosis (3, 33). This treatment did not induce an evident inhibition of
HSV-1 entry into Vero cells, as expected. This suggests that BoHV-1 employs an
endocytosis mechanism for efficient entry into MDBK epithelial cells. This is the first
report of an endocytic pathway for BoHV-1 entry. These results align with the endocytic
pathway described for HSV-1 entry into human epithelial cells (34).

Lysosomotropic agents inhibit BoHV-1 infection of MDBK, BT, and Vero cells.
Viruses that enter by endocytosis may require delivery to an acidic endosome prior to
successful penetration into the cytosol (35). Ammonium chloride is a weak base that
elevates the low pH of acidic compartments and consequently inhibits entry of viruses
that require low pH for entry. Monensin is a carboxylic ionophore that prevents
endosomal acidification and also inhibits low-pH-dependent viral entry. To determine
the role of low pH in BoHV-1 entry, MDBK or bovine turbinate (BT) cells were pretreated
with ammonium chloride or monensin for 20 min, followed by infection with BoHV-1
v4a in the continued presence of agent. Beta-galactosidase expression at 6 h postin-
fection was an indicator of successful entry and infection. Both ammonium chloride
(Fig. 2A) and monensin (Fig. 2B) inhibited BoHV-1-induced beta-galactosidase activity in
a concentration-dependent manner in both cell types. The inhibitory concentrations of
the agents were not cytotoxic to MDBK or BT cells under the tested conditions. This is
consistent with BoHV-1 entry by endocytosis (Fig. 1). The results suggest that BoHV-1
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requires endosomal acidification for successful entry and infection of MDBK and BT
cells.

Vero cells are the prototype cells for pH-neutral entry of HSV-1, which utilizes
cell-specific entry pathways. Vero cells also support productive infection by BoHV-1 (28,
36). The entry pathway taken by BoHV-1 in Vero cells was investigated to determine
whether Vero cells could support low-pH entry by an alphaherpesvirus. Vero cells were
pretreated with ammonium chloride for 20 min, followed by infection with either
BoHV-1 v4a or HSV-1 tk12 in the continued presence of agent. Beta-galactosidase
expression at 6 h p.i. was an indicator of successful entry and infection. When Vero cells
were treated with increasing concentrations of ammonium chloride, there was a
dose-dependent inhibition of entry of BoHV-1 v4a (Fig. 3). Ammonium chloride had no
inhibitory effect on HSV entry into Vero cells, as reported previously (3). For successful
entry, an enveloped virus must overcome a formidable energy barrier to mediate
membrane fusion. This can be accomplished by host cell triggers acting on the virus,
including receptor binding or low intracellular pH (37). Here, we suggest for the first
time that BoHV-1 v4a relies on a low-pH trigger for entry into MDBK, BT, and Vero cell
lines. The highest concentrations of ammonium chloride tested on Vero cells inhibited
BoHV-1 by �43%, suggesting that BoHV-1 also utilizes pH-independent entry pathways
into Vero cells. These results further support the role of endocytosis in BoHV-1 entry.
HSV-1 is thought to enter Vero cells exclusively by pH-independent fusion at the
plasma membrane (3, 4, 25). The current results suggest that Vero cells are not
inherently defective in supporting herpesvirus entry by endocytosis or by a low-pH
mechanism.

Ammonium chloride acts at an early time point in BoHV-1 infection. In order to
specify the role of the lysosomotropic agents in BoHV-1 entry, we first established the
rate of internalization of BoHV-1 into MDBK cells. To determine the kinetics of BoHV-1
uptake by endocytosis, we used a sodium citrate inactivation plaque assay of viral
penetration. By 5 min p.i., 50% of BoHV-1 Colorado-1 strain was protected from citrate
inactivation (Fig. 4A). By 30 min p.i., greater than 90% of BoHV-1 had been endocytosed.
The entry kinetics are more rapid than those previously reported for a different strain
of BoHV-1 but are consistent with the rapid penetration of several alphaherpesviruses,
including pseudorabies virus and equine herpesvirus 1 (38–41).

FIG 1 Effect of inhibition of endocytosis on BoHV-1 entry into cells. BoHV-1 was prebound to cells for 2
h at 4°C and then treated with medium containing either 0.3 M sucrose (hypertonic medium) or normal
culture medium, and the cells were incubated at 37°C for 30 min. Treated and mock-treated cells were
washed with PBS, and noninternalized virus was inactivated with medium buffered to pH 4.7. Infection
proceeded for an additional 6 h in the presence of normal culture medium. The beta-galactosidase
expression is calculated as a percentage of the activity in mock-treated cells. Percent LDH activity
(cytotoxicity) is shown on the right axis. Values are the means of quadruplicate samples with standard
deviations. The P values were determined using Student’s t test. Results are representative of at least
three independent experiments. ns, not significant (P � 0.05).
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To determine when the lysosomotropic agents act on virus infection during the
reporter assay, BoHV-1 was prebound to MDBK cells at 4°C. Following shift to 37°C at
various times p.i., noninternalized virus was inactivated with sodium citrate buffer,
followed by the addition of 75 mM ammonium chloride. The later the drug was added,
the lower the inhibitory effect on BoHV-1 entry, indicating that lysosomotropic agents
act on an early step in BoHV-1 infection (Fig. 4B). Taking into account the kinetics of
BoHV-1 entry (Fig. 4A), these data also suggest that the inhibitory effect on entry was
not due to an effect on virus interaction with the cell surface. Together, the results
suggest that low pH is needed at an early step in BoHV-1 entry following viral binding
to and internalization from the cell surface, such as penetration from an endosome. We
propose that successful infection of specific cell types by BoHV-1 requires passage of
the virus through an acidic intracellular compartment. The BoHV-1 entry pathways
supported by other pathophysiologically relevant cell types, such as neurons, are of
great interest. We speculate that BoHV-1 relies on low intraendosomal pH for confor-
mational changes in viral envelope glycoproteins, particularly gB, that are necessary for
penetration of the host cell cytosol, as for HSV-1 (42–44).

FIG 2 Entry of BoHV-1 into cells treated with lysosomotropic agents. MDBK cells (A and B) and BT cells (C and D)
were treated with ammonium chloride or monensin at the indicated concentrations for 20 min at 37°C. Cells were
infected with BoHV-1 v4a (MOI of 2) for 6 h in the continued presence of the agents. Beta-galactosidase expression
was calculated as a percentage of activity in untreated, infected cells. Cytotoxicity is shown as percent LDH activity.
Values are the means from quadruplicate samples with standard deviations. The P values relative to no-drug
samples were determined using Student’s t test (*, P � 0.004). Results are representative of at least three
independent experiments.
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Role of the proteasome in BoHV-1 entry into MDBK cells. To further characterize
BoHV-1 entry into MDBK cells, we investigated the role of the host cell proteasome. The
eukaryotic proteasome system is the primary pathway for degradation of intracellular
proteins, regulating numerous cellular processes (45). The degradative activity of the
26S proteasome plays a critical role in HSV-1 entry at a postpenetration step (46).
MG132 is a peptide aldehyde that competitively inhibits the degradative activity of the
20S proteasome (46, 47). While MG132 has been shown to reduce the release of BoHV-1
from infected cells, the effects of this drug on virus entry have not yet been determined
(48). We used the beta-galactosidase reporter assay to evaluate the effect of MG132 on
BoHV-1 entry. MG132 treatment of MDBK cells resulted in a concentration-dependent
inhibition of BoHV-1-induced beta-galactosidase activity (Fig. 5). These results suggest
that BoHV-1 requires proteasome-mediated proteolysis for successful entry and infec-
tion of MDBK cells. The precise step in the BoHV-1 infectious cycle that is facilitated by

FIG 3 Effect of ammonium chloride on BoHV-1 and HSV-1 entry into Vero cells. Vero cells were treated
with ammonium chloride at the indicated concentrations for 20 min at 37°C. Cells were infected with
BoHV-1 v4a (MOI of 2) or HSV KOS tk12 (MOI of 7.5) for 6 h in the continued presence of agents. A higher
MOI for HSV-1 tk12 was required to achieve beta-galactosidase expression levels comparable to those of
BoHV-1 v4a. The beta-galactosidase expression was calculated as a percentage of activity in untreated,
infected cells. Cytotoxicity is shown as percent LDH activity. Values are the means from quadruplicate
samples with standard deviations. Results are representative of at least three independent experiments.

FIG 4 Kinetics of BoHV-1 entry by endocytosis. (A) BoHV-1 was prebound to MDBK cells in 6-well plates at 4°C for
120 min. Unbound virus was removed. At times from 0 to 120 min p.i., noninternalized virus was inactivated with
sodium citrate buffer. At 44 h p.i., plaques were counted. Percent infectivity is calculated as a percentage of plaque
formation in cells treated at 120 min p.i. Values are the means from quadruplicate samples with standard
deviations. Results are representative of at least three independent experiments. To determine the effect of time
of addition of ammonium chloride on BoHV-1 entry (B), BoHV-1 was prebound to MDBK cells at 4°C for 90 min.
Unbound virus was removed, and 75 mM NH4Cl was added at time points from 1 to 6 h p.i. Infection proceeded
for a total of 6 h. Beta-galactosidase expression was calculated as a percentage of activity in cells treated at 6 h p.i.
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the proteasome is not known. HSV-1 specifically requires proteasome activity for
transport of incoming capsids to the nuclear periphery, a process that is mediated by
tegument ICP0 (49, 50). In contrast, BoHV-1 ICP0 has not been detected as a virion
component, therefore the structural components that might contribute to the
proteasome-dependent entry of BoHV-1 are of continued interest (51). The nature and
identity of the substrate(s) targeted for degradation during alphaherpesvirus entry also
remains to be determined.

Effect of mildly acidic pH pretreatment on infectivity of BoHV-1 virions. A
hallmark of viruses that utilize a low-pH entry pathway is that they are inactivated by
exposure to mildly acidic pH in the absence of target membranes (44, 52, 53). Treat-
ment of HSV-1 particles in vitro with buffers of pH 5.5 or below results in the inhibition
of entry activity when the virions are added to cells. Experimental exposure of isolated
virions to low pH is thought to prematurely activate fusion glycoproteins, rendering
them incompetent for entry when virus is added to permissive cells. To support and
extend the finding that BoHV-1 entry proceeds via a low-pH pathway, we characterized
the effect of pH pretreatments of BoHV-1 particles. BoHV-1 Colorado-1 strain or v4a was
incubated at pH 7.2, 6.0, 5.5, or 5.0 for 30 min, neutralized with NaOH, and then assayed
for successful entry into MDBK cells. Virion infectivity decreased as the pH pretreatment
decreased (Fig. 6). For both the wild-type (Colorado-1) and v4a strains of BoHV-1,
approximately 50% of entry activity was abolished by pH 5.5 pretreatment, and greater
than 90% of entry activity was abolished at pH 5.0. Under these conditions, the
inactivation of BoHV-1 by low pH was irreversible, as neutralization of the treated virus
did not restore infectivity to normal levels. These results support the notion that
BoHV-1 requires low pH as a cellular cue for successful infection of MDBK cells and
suggest that low-pH inactivation of BoHV-1 is irreversible. This property of inactivation
is shared by HSV and a number of enveloped viruses. For HSV-1, a target of acid
inactivation is gB (42). Whether this is the case for BoHV-1 remains to be determined.
The primary portal of entry into the bovine host is the nasopharyngeal mucosal
epithelia. The results presented here support a model of BoHV-1 infection of epithelial
cells in which low endosomal pH serves as a critical host trigger for fusion of the viral
envelope with an endocytic membrane.

MATERIALS AND METHODS
Cells and viruses. MDBK, BT, and Vero cells (American Type Culture Collection, Manassas, VA) were

propagated in Dulbecco’s modified Eagle’s medium (ThermoFisher Scientific, Grand Island, NY) supple-
mented with 5% (MDBK) or 10% (BT and Vero) fetal bovine serum (Atlanta Biologicals, Atlanta, GA).

FIG 5 Effect of the proteasome inhibitor MG132 on BoHV-1 infectivity. MDBK cells were treated at the
indicated concentrations for 20 min at 37°C. Cells were infected with BoHV-1 v4a (MOI of 2) for 6 h in the
continued presence of the agent. The beta-galactosidase expression was calculated as a percentage of
activity in untreated, infected cells. Cytotoxicity is shown as percent LDH activity. Values are the means
from quadruplicate samples with standard deviations. Results are representative of at least three
independent experiments.
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BoHV-1 strain Colorado-1 (Cooper) (American Type Culture Collection, Manassas, VA) was propagated on
MDBK cells. A thymidine kinase-negative, beta-galactosidase-positive recombinant of BoHV-1 Colorado-1
containing the E. coli lacZ gene in place of the viral thymidine kinase gene (obtained from C. Whitbeck,
G. Cohen, and R. Eisenberg, University of Pennsylvania) was propagated on MDBK cells (54). HSV-1 strain
KOS tk12 (obtained from Patricia Spear, Northwestern University), which contains the lacZ gene under
the control of an HSV-inducible promoter, was propagated on Vero cells (55).

Cell viability. Cytotoxicity of agents was assessed by direct measurement of lactate dehydrogenase
(LDH) leakage (56). Confluent cell monolayers grown in 96-well plates were treated with experimental
concentrations of drugs or cell-culture-grade water for 5.5 h. Cells in triplicate wells were lysed, and
plates were incubated for an additional 30 min. LDH leakage was determined using a Pierce LDH
cytotoxicity assay kit (Thermo Scientific, Rockford, IL) by following the manufacturer’s instructions.

Plaque assay. Subconfluent cell monolayers grown in 6- or 24-well plates were infected with virus
and rocked at room temperature for 2 h, followed by replacement of medium with 5% fetal bovine serum
and 2% carboxymethyl cellulose (Sigma-Aldrich, St. Louis, MO). At 44 to 48 h p.i., 10% formalin (VWR
International, Solon, OH) was added to dissolve the carboxymethyl cellulose and fix the cells. Monolayers
were stained with crystal violet (Sigma-Aldrich, St. Louis, MO), and nonstaining regions (plaques) were
counted.

Beta-galactosidase reporter assay of BoHV-1 entry. Confluent cell monolayers grown in 96-well
plates were infected with BoHV-1 (multiplicity of infection [MOI] of �2) for 6 h at 37°C. Cell lysates were
prepared with 0.5% Igepal (Sigma-Aldrich, St. Louis, MO). Chlorophenol red-�-D-galactopyranoside
(Roche Diagnostics, Indianapolis, IN) was added, and beta-galactosidase activity was read at 595 nm with
a microtiter plate reader (BioTek Instruments, Winooski, VT). Mean results and standard deviations were
calculated for four replicate samples.

Inhibition of endocytic uptake of BoHV-1 from the cell surface. BoHV-1 v4a (MOI of 4) or HSV-1
KOS tk12 (MOI of 7.5) was prebound to cells on ice at 4°C for 1 h and then treated with glucose-free
DMEM (ThermoFisher Scientific, Grand Island, NY) containing 0.3 M sucrose (J. T. Baker, Center Valley, PA)
or normal culture medium for 30 min at 37°C. Cells were washed twice with warm phosphate-buffered
saline (PBS). Bicarbonate-free DMEM buffered to pH 4.7 was added for 2 min at 37°C to inactivate any
noninternalized virus. Cells were then incubated in normal culture medium for 6 h, and virus entry was
assessed.

Effect of lysosomotropic agents on BoHV-1 entry. Stock solutions of 1.5 M ammonium chloride
(Sigma-Aldrich, St. Louis, MO) in water were prepared immediately prior to use. Stock solutions of 100
�M monensin (Sigma-Aldrich, St. Louis, MO) in ethanol were stored at �80°C. Confluent cell monolayers
grown in 96-well plates were incubated with lysosomotropic agents at various concentrations at 37°C for
20 min. Virus was added and cells were incubated in the continued presence of agent for 6 h. For Vero
cell experiments, drug treatments and infections were performed on confluent cell monolayers grown in
24-well plates. At 6 h p.i., cells were lysed and beta-galactosidase activity was determined.

Kinetics of entry assay. Subconfluent MDBK cell monolayers grown in 6-well plates were preincu-
bated with binding medium comprised of serum-free DMEM buffered with 20 mM HEPES (ThermoFisher
Scientific, Grand Island, NY) and containing 0.2% bovine serum albumin (BSA; ThermoFisher Scientific,
Fair Lawn, NJ). BoHV-1 Colorado-1 was prebound to cells on ice at 4°C for 90 min. Cells were washed with
ice-cold PBS to remove any unbound virus, and then warm DMEM supplemented with fetal bovine serum
(FBS) was added and cells were shifted to 37°C. Every 5 min from 0 min p.i. to 30 min p.i. and at 60 and
120 min, virions that were external to the cells were inactivated by incubation with sodium citrate buffer
(pH 3.0) for 5 min. After inactivation, the cells were washed with warm PBS and entry was determined
by plaque assay.

FIG 6 Inactivation of BoHV-1 by pretreatment with mildly acidic pH. BoHV-1 Colorado-1 (Cooper) or v4a
was incubated at a range of pHs from 7.2 to 5.0, incubated at 37°C for 30 min, and then neutralized to
pH 7.2. Treated virions were added to MDBK cells in 24-well plates. At 44 h p.i. plaques were enumerated
as a measure of viral infectivity. The P values relative to the appropriate pH 7.2 sample were determined
using Student’s t test (*, P � 0.005).
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Proteasome inhibitor treatment of MDBK cells. A 40 mM stock solution of MG132 (Sigma-Aldrich,
St. Louis, MO) in dimethyl sulfoxide (DMSO) was diluted in DMEM. Confluent MDBK cell monolayers
grown in 96-well plates were incubated with MG132 at various concentrations at 37°C for 20 min. BoHV-1
v4a was added, and cells were incubated in the continued presence of drug for 6 h. Entry was
determined by beta-galactosidase reporter assay.

Low-pH treatment of BoHV-1 particles. BoHV-1 virions were diluted in serum-free DMEM buffered
with 5 mM HEPES, 5 mM 2-(N-morpholino)-ethanesulfonic acid, and 5 mM succinate containing 0.2%
BSA. Pretitrated amounts of HCl were added directly to virus preparations to achieve final pHs ranging
from 7.2 to 5.0. Samples were incubated at 37°C for 30 min and then neutralized to pH 7.2 by addition
of pretitrated amounts of 0.05 N NaOH. Subconfluent cell monolayers grown in 24-well plates were
infected with treated and control virus, and infectivity was determined by plaque assay.
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