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Bovine herpesvirus 4 (BoHV-4) is a gammaherpesvirus with no clear disease association. Previous studies
have demonstrated that macrophages can harbor persistent BoHV-4. We found that the addition of prosta-
glandin E2 (PGE2) to bovine macrophage cells persistently infected with BoHV-4 increases viral replication.
Because opportunistic infection can increase PGE2 production, we propose a link between opportunistic
infection, PGE2 production, and BoHV-4 replication.

Bovine herpesvirus 4 (BoHV-4), a member of the Gamma-
herpesvirinae subfamily, was first isolated in Europe from re-
spiratory and ocular diseases by Bartha and colleagues (1) and
later in the United States by Mohanty and colleagues (12).
BoHV-4 has been isolated from a variety of samples and cells
from healthy cattle and from cattle with abortion, metritis,
pneumonia, diarrhea, respiratory infection, and mammary pus-
tular dermatitis (1, 7, 8, 11, 21). However, only a few investi-
gators have successfully produced experimental disease, and
the pathogenic role of BoHV-4 remains unclear (21). Like
other herpesviruses, BOHV-4 establishes persistent infection.
Although BoHV-4 has been identified in many tissues during
persistent infection, accumulated evidence suggests that one
site of persistence in both the natural and experimental host is
the cells of the monocyte/macrophage lineage (3, 4, 13, 14). We
previously established an in vitro model of BoHV-4 persistent
infection in a bovine macrophage cell line, in which persistent
infection was compatible with cell survival and replication (3).
Persistently infected cell lines produced low levels of infectious
virus. In the present study, we used this in vitro system to
examine a possible link between BoHV-4 persistent infection
and potential pathogenicity.

Establishment of macrophage cell line persistently infected
with BoHV-4. A persistently infected macrophage cell line
(BOMAC/BoHV-4EGFPATK) was established as previously
described (3) by infecting BOMAC cells, a cell line established
from peritoneal macrophages by transformation with simian
virus 40 DNA (18). Confluent monolayers of BOMAC cells
were inoculated (multiplicity of infection [MOI] of 1 X 50%
tissue culture infective dose [TCIDsg]/cell) with recombinant
BoHV-4 (BoHV-4EGFPATK), which contains an enhanced
green fluorescent protein (EGFP) gene inserted into the TK
gene of BoOHV-4 strain DN-599 (6). As we observed previously
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when we infected BOMAC cells with BoHV-4 (3), by the third
day postinoculation, more than 95% of cells had detached
from the monolayer, leaving behind a small number of cells
that did not exhibit cytopathic effect (CPE). Confluent mono-
layers established from surviving cells showed 100% infection,
as indicated by the strong fluorescent signal (Fig. 1a), but
without apparent signs of CPE (Fig. 1b). Also consistent with
our previous observations (3), the persistently infected macro-
phages produced infectious BoHV-4; medium recovered from
BOMAC/BoHV-4EGFPATK cells inoculated onto susceptible
BAE-7323 (bovine aortic endothelial cell line) or BEK (bovine
embryo kidney cell line) cells produced green plaques typical
of BoHV-4EGFPATK (data not shown). BOMAC/BoHV-
4EGFPATK cells were subcultured at a dilution of 1:2 every 3
days and their growth medium was stored at —80°C for viral
titration. The yield of virus in the culture medium on the day
the cells were subcultured remained in the range of 4 X 10?
TCIDs,/ml throughout the first 20 passages (Fig. 1c). The
ability of infected cells to propagate as long-term virus-shed-
ding cultures confirms that the culture represents a persistent
infection, like the persistently infected cells we previously char-
acterized (3).

After the first 20 passages, if the cells were subcultured at a
dilution greater than 1:4, a crisis developed that consisted of a
wave of cell fusion followed by cytolysis, possibly due to a
change to lytic infection in those cells. However, following the
crisis, the remaining cells continued to grow, allowing the cul-
ture to become confluent within roughly 3 days. Fluorescence
indicated that these cells remained persistently infected.

Although these data are generated in vitro, a theoretical
model of the strategy used by BoHV-4 to establish a persistent
infection in vivo can be formulated: following an acute repli-
cative infection, macrophages become a reservoir for BoHV-4,
where very low levels of virus are released unless insults caus-
ing reactivation of acute viral replication take place. Because
establishment of persistent infections involves close interac-
tions and adjustments in both host and virus, it would be
informative to establish a paradigm whereby a normally cyto-
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FIG. 1. Confluent monolayer of BOMAC/BoHV-4EGFPATK persistently infected cells expressing EGFP. Fluorescence (a) and phase-contrast
(b) images are shown. (c) Amount of virus produced by BOMAC/BoHV-4EGFPATK persistently infected cells through the passages, expressed

as TCIDs,/ml.

lytic viral infection can be easily converted to persistent infec-
tion, so that the different stages in developing persistent infec-
tion can be examined. That what we have seen was a bona fide
persistent infection was demonstrated by the ability of infected
cells to propagate as long-term virus-shedding cultures.

BOMAC cells persistently infected with BoHV-4 are resis-
tant to reinfection. Because persistently infected macrophages
produce infectious virus, persistently infected cells could po-
tentially be reinfected with released virus. To determine
whether persistently infected cells can be reinfected and to
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FIG. 2. (a) Fluorescence and phase-contrast images of monolayers of BOMAC cells persistently infected with BOHV-4/26A3neo and uninfected
BOMAC control cells, both reinfected at different MOIs (TCIDsg/cell) with BoHV-4EGFPATK. (b) Phase-contrast images of monolayers of
BOMAC cells persistently infected with BoHV-4/26A3neo and reinfected with 1 X TCIDs/cell of BoHV-4, BoHV-1, and bovine viral diarrhea

virus (BVDV).

determine the outcome of reinfection, we started from BO-
MAC cells infected with a recombinant BoHV-4 (BoHV-4
26A34neo) (5) strain which carries the neomycin-resistance
gene and allowed us, by drug selection, to ensure that all cells
were persistently infected with BoHV-4 (5). These cells were
reinfected with different doses (MOIs of 1, 3, and 9) of BoHV-

4EGFPATK, and infection was monitored by fluorescence mi-
croscopy at 24 (data not shown) and 48 h (Fig. 2a) postinfec-
tion. As expected, BOMAC cells persistently infected with
BoHV-4 were resistant to reinfection, as shown by lack of
EGFP expression, in contrast to the readily observable EGFP
expression upon infection of previously uninfected control BO-
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FIG. 3. Induction of BoHV-4 lytic replication in BOMAC/BoHV-4EGFPATK persistently infected cells by PGE2 treatment. Fluorescence (a)
and phase-contrast (b) images of BOMAC/BoHV-4EGFPATK persistently infected cells treated with 6 wM PGE2 at 72 h posttreatment, showing
a strong CPE. Fluorescence (c) and phase-contrast (d) images of untreated control BOMAC/BoHV-4EGFPATK persistently infected cells without
signs of CPE. (e) Difference in virus production in BOMAC cells persistently infected with BOHV-4EGFPATK and treated with PGE2 or
untreated.
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FIG. 4. Diagram showing the potential linkage between PGE2 production from an inflamed tissue and BoHV-4 replication.

MAC cells. At the highest dose of BOHV-4EGFPATK, a few
fluorescent cells were observed in the persistently infected
cultures, but clearly with lower frequency and lower intensity
than those in the previously uninfected BOMAC cultures. Fur-
thermore, the persistently infected BOMAC cells did not ex-
hibit the CPE evident in the previously uninfected BOMAC
cells infected with the highest dose of BoHV-4. Specificity of
resistance to BoHV-4 infection was confirmed by the observa-
tion that BOMAC cells persistently infected with BoHV-4
were susceptible to infection with other bovine viruses:
BoHV-1 (Colorado strain, ATCC VR-188) and bovine viral
diarrhea virus (NADL strain, ATCC VR-1422) (Fig. 2b). Both
viruses produced a strong CPE, even when used at a dose as
low as an MOI of 0.1; in contrast, no CPE was observed at the
highest dose of BoHV-4 (data not shown).

We did not investigate the mechanisms involved in resis-
tance to reinfection and CPE. Resistance likely involves epi-
genetic receptor interference, as shown for other viruses. This
would require that viral attachment proteins be expressed in
the persistently infected cells rather than a state of latency.
However, this simple but clear observation gives rise to the
model we are building, which considers persistently infected
macrophage cells as not only the site of persistent infection but
also a safe viral reservoir, protected from the CPE resulting
from reinfection with BoHV-4.

Prostaglandin E2 (PGE2) induces BoHV-4 lytic replication
in persistently infected BOMAC cells. We envisioned a sce-
nario whereby a soluble factor produced at sites of inflamma-
tion would be able to activate BoHV-4 lytic replication in
persistently infected macrophages, based on the following pre-
mises: (i) BOHV-4 has been isolated from animals with a va-
riety of inflammatory lesions such as metritis, pneumonia, di-
arrhea, respiratory infections, mammary pustular dermatitis,
interdigital dermatitis, vaginitis, and so on (1, 21); (ii) persis-
tently infected macrophages can serve as a reservoir of
BoHV-4; and (iii) persistently infected macrophages can easily

reach sites of inflammation through the bloodstream. PGE2, a
key mediator in the inflammatory response, has been shown to
be induced by bacterial infection and to perform an important
function in supporting herpesvirus replication (20, 22). Thus,
we determined whether PGE2 is a general activator of
BoHV-4 lytic replication in persistently infected macrophages
by testing the effect of exogenous PGE2 on BOMAC/BoHV-
4EGFPATK persistently infected cells in vitro. Persistently in-
fected BOMAC/BoHV-4EGFPATK cells and BOMAC unin-
fected control cells were treated with medium containing
increasing concentrations of PGE2 (1, 3, and 6 uM). At 72 h
posttreatment, a strong CPE appeared in BOMAC/BoHV-
4EGFPATK persistently infected cells treated with 6 uM
PGE2 (Fig. 3a, ¢); in contrast, no sign of CPE could be ob-
served in BOMAC uninfected control cells treated with 6 uM
PGE?2 or in BOMAC/BoHV-4EGFPATK persistently infected
cells treated with lower concentrations of PGE2 (data not
shown). The activation of BoHV-4 lytic replication by PGE2
treatment in BOMAC/BoHV-4EGFPATK persistently in-
fected cells was confirmed by determining the titer of virus in
the culture medium, which was approximately 10-fold higher
(10° TCIDs,/ml) than in medium from untreated cells (10*
TCIDs,/ml) (Fig. 3e).

The association of BOHV-4 with other pathogens in cases of
metritis has been consistently reported in the past (2, 9, 10, 15,
19), and bacterially induced metritis in cattle persistently in-
fected with BoHV-4 could possibly be exacerbated or become
chronic following the recruitment from the bloodstream to the
site of inflammation of macrophages persistently infected with
BoHV-4. Production of COX2 and PGE?2 in murine deciduas
is well known to increase rapidly in response to a number of
cell activators and inflammatory signals such as lipopolysac-
charide (16, 17). Therefore, these results together suggest that
PGE2 produced from a preinflammatory decidua through li-
popolysaccharide stimulation could activate BoHV-4 lytic rep-
lication in macrophages persistently infected with BoHV-4.
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Therefore, newly produced viral particles could infect the de-
cidua, which could further increase PG production, as has been
shown to occur in herpesvirus-infected cells in vitro (20, 22).
Thus, a positive-feedback loop between PGE2 production and
viral replication could be established (Fig. 4). This model sug-
gests that BoHV-4 could contribute to disease by increasing
inflammation. Obviously, the scenario described is just an ex-
ample, related to the bacterial inflammatory state of the
uterus, but the same mechanism could be applied to any site of
inflammation in an animal persistently infected with BoHV-4,
which is consistent with the fact that BoHV-4 can be easily
isolated from a wide variety of lesions.

This is an in vitro study, which clearly needs to be corrobo-
rated through an in vivo approach. Therefore, we would con-
sider this paper a simple starting point to shed light on the
presently obscure pathogenic role of BoOHV-4 in inducing dis-
ease.
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