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The aim of the present study was to develop an in vitro system for presentation of bovine herpesvirus 1
(BHV-1) antigens to bovine T lymphocytes and to characterize the antigen-presenting cells (APC) which effi-
ciently activate CD41 T cells. Two approaches were used to monitor the infection of APC by BHV-1 as follows:
(i) detection of viral glycoproteins at the cell surface by immunofluorescence staining and (ii) detection of UL26
transcripts by reverse transcription-PCR. The monocytes were infected, while dendritic cells (DC) did not dem-
onstrate any detectable viral expression. These data suggest that monocytes are one site of replication, while
DC are not. The capacities of monocytes and DC to present BHV-1 viral antigens in vitro were compared. T lym-
phocytes (CD21 or CD41) from BHV-1 immune cattle were stimulated in the presence of APC previously incu-
bated with live or inactivated wild-type BHV-1. DC stimulated strong proliferation of Ag-specific T cells, while
monocytes were poor stimulators of T-cell proliferation. When viral attachment to the surface of the APC was
inhibited by virus pretreatment with soluble heparin, T-cell proliferation was dramatically decreased. Unexpect-
edly, incubation of DC and monocytes with the deletion mutant BHV-1 gD2/2, which displays impaired fusion
capacity, resulted in strong activation of T lymphocytes by both APC types. Collectively, these results indicate
that presentation of BHV-1 antigens to immune T cells is effective in the absence of productive infection and
suggest that BHV-1 gD2/2 mutant virus could be used to induce virus-specific immune responses in cattle.

Bovine herpesvirus 1 (BHV-1), a member of the Alphaher-
pesvirinae subfamily, is one of the major pathogens in cattle.
BHV-1 is the causative agent of a variety of diseases, including
infectious bovine rhinotracheitis (IBR), conjuntivitis, and pus-
tular vulvovaginitis (reviewed in reference 13). The natural
infection by BHV-1 occurs through mucous membranes of the
upper respiratory tract, conjunctival epithelium, or genital
tract (36).

The symptoms of the acute diseases are often associated
with destruction of infected epithelial cells. The virus may
spread in the infected host by viremia, gaining access to a
broader range of tissues and organs. Furthermore, the virus is
able to establish a latent infection and is eventually reactivated
and reexcreted (1).

During BHV-1 infection, CD41 T cells are considered to be
essential for virus clearance in vivo. They are required for the
generation of antibody-producing cells (2), class II-restricted
CD41 cytotoxic T lymphocytes (CTL) (12, 39), and NK-like
cytotoxicity (9). Some effects appear to be mediated by cyto-
kines such as interleukin-2 and gamma interferon (IFN-g)
(10–13).

Activation of CD41 T helper lymphocytes requires special-
ized cells that process protein and present antigenic peptide

fragments in the context of major histocompatibility complex
class II (MHCII) molecules. The population of antigen-pre-
senting cells (APC) is heterogenous and includes dendritic
cells (DC), B cells, and macrophages. DC represent a discrete
leukocyte population which has the unique capacity to sensitize
naive T cells (reviewed in reference 23). Bovine alveolar mac-
rophages (5, 6, 16, 17) and monocytes (31, 39) have been
shown to be infected by BHV-1. However, consequences of
infection of these cells on antigen-presenting function have not
been evaluated.

We have recently described the purification and character-
ization of bovine DC from peripheral blood (33). In the
present study, we develop an in vitro system, using bovine DC
and monocytes as APC for BHV-1. Our data show that the
susceptibility of APC to infection by BHV-1 and their capacity
to activate BHV-1-specific T cells are unrelated.

MATERIALS AND METHODS

Animals and culture media. Healthy cows were housed at the Veterinary and
Agrochemical Research Centre (VAR). Six selected cows were vaccinated in-
tranasally with attenuated gE-deleted virus (Bayovac IBR-marker vivum; Bayer)
and boosted 4 months later by subcutaneous inoculation of inactivated gE-
deleted vaccine (Bayovac IBR-marker inactivatum; Bayer). Blood samples were
used as source of primed cells.

The culture medium used for the isolation and Ag pulsing of APC was RPMI
1640 (Gibco BRL; Merelbeke, Belgium) supplemented with 10% fetal calf serum
(Byosis S.A., Compiègne, France), HEPES, 2-bmercaptoethanol, penicillin,
streptomycin, L-glutamine, and sodium pyruvate (Flow ICN Biomedicals, Bucks,
United Kingdom) as described elsewhere (33).
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Isolation of bovine DC and monocytes. DC (CD142) and monocytes (CD141)
were purified as described previously (33), with some modifications. Peripheral
blood mononuclear cells (PBMC) were obtained from whole blood by centrifu-
gation on Ficoll-Hypaque (Pharmacia) gradients. PBMC were seeded onto gel-
atin plasma-coated flasks, and then DC and monocytes were allowed to attach
for 2 h at 37°C. Nonadherent cells were removed by serial washes with phos-
phate-buffered saline (PBS). Cells attached to the gelatin were removed with
Hank’s balanced salt solution containing 10 mM EDTA, washed, and cultured
overnight. Nonadherent cells contained mainly DC and were further enriched by
centrifugation in Nycodenz gradients (d 5 1.068; Nycomed Pharma, Oslo, Nor-
way).

FACS sorting of DC. DC were further enriched by sorting of MHCII1,
CD142, and immunoglobulin M2 (IgM2) cells. Cells were labelled with mono-
clonal antibodies (MAbs) specific for CD14 (CC-G33) and IgM (ILA30), re-
vealed by fluorescein isothiocyanate (FITC)-coupled F(ab9)2 goat anti-mouse
IgG1, and with mouse MAbs specific for MHCII (ILA21) followed by treatment
with phycoerythrin-coupled F(ab9)2 goat anti-mouse IgG2a (Southern Biotech-
nology Associates, Birmingham, Ala.). MHCII1, CD142, and IgM2 cells were
sorted by using fluorescence-activated cell sorter (FACS) Vantage (Becton Dick-
inson). Reanalysis of the sorted cell population confirmed a purity of .97%.

Isolation of T cells. CD21 cells were isolated by rosetting with sheep eryth-
rocytes. CD41 cells were obtained by treating CD21 cells with MAbs to CD81

(CC63) and complement. Purified CD21 or CD41 cells were used in the pro-
liferation assays.

Viruses. BHV-1 strain LAM was kindly provided by J. T. van Oirschot (Lely-
stad, The Netherlands). BHV-1 recombinant strain 8221 (genetic background
BHV-1/Aus 12) carries the Escherichia coli b-galactosidase (b-Gal) gene inserted
between gD and gI open reading frames and under control of the mouse cyto-
megalovirus immediate-early gene promoter. BHV-1 LAM and BHV-1 recom-
binant strain 8221 were produced on Madin-Darby bovine kidney (MDBK) cell
monolayers. Virus supernatants were collected after the development of a com-
plete cytopathic effect. Supernatants were cleared and kept at 280°C until use.

BHV1/80-221 (genetic background BHV-1/Aus 12) is a gD deletion mutant;
the gD gene has been replaced by the E. coli b-Gal cassette (15). This virus was
multiplied on MDBK cells that constitutively express the gD protein (MDBK-
BUIV3-7 cells). The progeny virus was grown on MDBK cells, leading to the
production of gD2/2 virus (15).

Titration of BHV-1 8221 or LAM BHV-1 stocks was done by plaque assays on
MDBK cells as described elsewhere (20).

In some experiments, 4 3 106 PFU of wild-type BHV-1 (strain LAM)/ml were
exposed to shortwave UV radiation at 254 nm (UV General Electric 15 W
germicidal, model no. G15T8) at a dose of 1,500 J/m2 (dosimeter Latarj model
no. 162) for 5 min. Such exposure was shown to reduce virus infectivity in excess
of 5 log, as assessed on MDBK cells (data not shown).

In the virus-cell attachment experiments, BHV-1 8221 or BHV-1/80-221 were
incubated for 15 min at 37°C with soluble heparin at a final concentration of 500

U/ml. The treated viruses were added to the APC for 1 h. The cells were then
extensively washed and immediately used in the proliferation test.

Virus purification. BHV-1 recombinant strain 8221 was purified according to
a protocol described previously (29). The virus preparations were clarified by
centrifugation at 1,000 3 g for 20 min and pelleted at 40,000 3 g for 60 min at
4°C in a JA21 Beckman centrifuge. The viral pellets were suspended in PBS and
centrifuged at 95,000 3 g through 10 to 25% Ficoll 400 (Pharmacia) step gradient
for 1 h at 4°C in a 60Ti rotor on an LS 5 Beckman ultracentrifuge. The virus band
was removed by pipetting and resuspended in TNE buffer (1 M NaCl, 100 mM
Trisma, 10 mM EDTA, [pH 7.5]), mixed well, and pelleted at 95,000 3 g for 4°C
in a 60Ti rotor on an LS 5 Beckman ultracentrifuge. The viruses were resus-
pended in 1 ml of PBS, aliquoted, titrated, and stored at 280°C until use.

T-cell proliferation assays. DC and monocytes were incubated at a multiplicity
of infection (MOI) of 1 with live or UV-inactivated BHV-1 LAM, BHV-1 8221,
or BHV-1/80-221 (gD2/2) viruses for 60 min at 37°C. Serial dilutions of APC
were added to 2 3 105 CD41 or CD21 T cells. Cells were cultured for 5 days and
pulsed with 0.4 mCi of [3H]thymidine (specific activity, 2 Ci/mmol; Amersham
Corp., Little Chalfont, United Kingdom) during the last 18 h of culture. Labeled
DNA was collected onto filter paper, and thymidine incorporation was assessed
by liquid scintillation. The results were expressed in counts per minute and
corresponded to the means 6 standard deviations of triplicate cultures.

Assays for viral penetration and replication. (i) Detection of viral glycopro-
teins by FACS. DC or monocytes (106) were incubated for 1 h at 37°C with
BHV-1 LAM at an MOI of 5. Cells were then washed three times and cultured
for 18 h. Cells were washed twice with ice-cold PBS containing 1% bovine serum
albumin and 0.1% sodium azide and labeled for 30 min with murine MAbs
against BHV-1 glycoproteins gC (1507), gB (5106), and gD (3402). Cells were
washed with PBS and incubated for 30 min on ice with FITC-polyclonal rabbit
anti-mouse (Sigma Chemicals), washed again, and analyzed with a FACScan flow
cytometer (Becton Dickinson). Infected MDBK cells were used as a positive
control, while mock-infected DC, monocytes, and MDBK cells were used as
negative controls.

(ii) Staining of cells for lacZ expression and determination of b-Gal activity.
DC, monocytes, and MDBK cells were incubated with BHV-1 8221 (LacZ1) at
an MOI of 5 for 1 h and then washed. b-Gal expression was determined after 1,
3, 5, 8, 10, and 18 h. Cells were fixed for 30 min at 4°C with glutaraldehyde 0.5%
in PBS, washed with PBS, and incubated overnight at 37°C with PBS containing
660 mM Na2HPO4 z 2H2O, 330 mM NaH2PO4, 30 mM K4[Fe(CN)6], 130 mM
MgCl2, 30 mM K3[Fe(CN)6], and 20 mg of 5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside (X-Gal)/ml in dimethyl sulfoxide. Cells were visualized under
the microscope, and the number of blue cells was determined by counting at least
200 cells. Mock-infected cells and infected MDBK cells were used as negative
and positive controls, respectively.

(iii) RNA isolation and reverse transcription (RT). DC and monocytes (7 3
105) were incubated with the BHV-1 LAM strain at an MOI of 5 and collected
5 h postinfection. Similarly infected MDBK cells were used as a positive control.

FIG. 1. DC are not susceptible to BHV-1 infection, whereas monocytes are sites of viral replication. (Upper panels) The expression of viral glycoproteins was
analyzed by FACS 18 h after infection with LAM wild-type BHV-1. Results are representative of three independent experiments. Dashed histogram, uninfected cells;
open histograms, infected cells. (Lower panels) Percentages of cells expressing b-Gal activity. Monocytes, DC, or MDBK were incubated with BHV-1 8221 at an MOI
of 5 during 1 h and washed, and b-Gal expression was determined 8 h postinfection.
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Messenger RNAs were extracted by using the Oligotex direct mRNA purification
kit (Qiagen) according to the manufacturer’s instructions. Briefly, the cells were
lysed, the cell lysate was homogenized, and poly(A)1 mRNA was captured on
Oligotex oligo(dT)-coupled latex beads. After washing of the complex, mRNA
was eluted in 20 ml of elution buffer.

The PCRs were done with two sets of primers, one specific for the cellular
b-actin and one specific for the BHV-1 UL26 gene, respectively. The oligonu-
cleotides b-actin 59 (59 GAG AAG CTG TGC TAC GTC GC 39) and b-actin 39
(59 CCA GAC AGC ACT GTG TTG GC 39) were located on two different
exons. The size of the PCR product obtained after amplification of the mRNA
sample—261 bp if the cDNA was amplified and 350 bp if the template was
cellular DNA—was used to check the integrity of mRNA and the absence of
contaminating DNA in the mRNA preparations. BHV-1 infection was moni-
tored by the amplification of a 203-bp fragment of the g UL26 gene by using the
primers UL26-1 (59 GAT CAA CAT TGA CCA CGC AAG C 39) and UL26-2
(59 TAG TTG CTG ACG AGG TAC AGG 39).

The RT reaction was also performed in the absence of Moloney murine
leukemia virus reverse transcriptase to exclude the possibility that the DNA
products were amplified from contaminating DNA.

RT was done in a final volume of 20 ml containing 10 ml of mRNA, 10 mM
dithiothreitol, 50 mM Tris-HCl, 3 mM MgCl2, 4 mg of random hexamers, 0.2 mM
deoxynucleoside triphosphate, and 200 U of Moloney murine leukemia virus
reverse transcriptase (Gibco BRL). The reaction mixture was incubated for 1 h
at 37°C, and the reaction was terminated by incubation at 95°C for 5 min. The
PCRs were carried out in a total volume of 50 ml containing commercial PCR
buffer, Q solution, 1.5 mM MgCl2, 5 U of Taq DNA polymerase (Qiagen), 0.2
mM deoxynucleoside triphosphate, 150 pmol of each primer, and 2 ml of the RT
reactions. Amplifications were carried out for 35 cycles by denaturating at 95°C
for 1 min, annealing for 1 min at 51°C for the b-actin primers and at 49°C for the
UL26 primers, and extending at 72°C for 1 min.

Measurement of cell viability. Cell viability was determined at the single-cell
level by using a double fluorescent approach (viability/cytotoxicity kit; Molecular
Probes). Briefly, cells were washed and treated for 30 min with fluorescent dyes,
2 mM calcein AM, and 4 mM EthD-1, which stain viable and dead and dying cells,
respectively. Stained cells were counted by using fluorescence microscopy.

RESULTS

DC are not susceptible to BHV-1 infection, whereas mono-
cytes are sites of viral replication. We tested whether bovine
DC and monocytes could be productively infected by BHV-1.
Enriched DC and monocytes were shown to contain 86%
MHCII1 and CD142 cells and 86% MHCII1 and CD141

cells, respectively.
These cells were incubated with wild-type BHV-1 (strain

LAM) at an MOI of 5. Cells were washed at 1 h postinfection
and incubated in culture medium for 18 h. To detect BHV-1
infection, expression of viral glycoproteins was monitored by
immunofluorescence staining with a cocktail of MAbs against
gB, gC, and gD. Infected MDBK cells were used as a positive
control, while mock-infected APC and MDBK cells were used
as negative controls. All MDBK cells expressed high levels of
BHV-1 glycoproteins (Fig. 1). Under the same experimental
conditions, monocytes expressed viral glycoproteins at low lev-
els, while the expression on DC was undetectable.

In order to further assess the susceptibility of both APC
populations, DC, monocytes, and MDBK were cultured with a
b-Gal recombinant BHV-1 strain (BHV-1 8221 LacZ1) at an
MOI of 5 and stained for lacZ expression.

More than 90% of MDBK cells and 20% of monocytes
stained blue at 8 h postinfection (Fig. 1). The percentage of
monocytes expressing b-Gal did not increase with time (data
not shown). In contrast, no b-Gal activity was observed in the
DC-enriched population under the same experimental condi-
tions.

To further confirm that DC did not express viral messages,
we monitored the presence of mRNA coding for the g capsid
protein UL26, using RT-PCR on RNA isolated from FACS-
sorted DC (.97% MHCII1 and CD142) incubated with
BHV-1. As a positive control, we used enriched monocytes
(86% MHCII1 CD141) that express viral antigens. As UL26
mRNAs were detectable in monocytes at 5 h postinfection

(data not shown), the presence of mRNA coding for the
BHV-1 UL26 was tested on DC and monocytes at the same
time point. The results shown in Fig. 2A indicate a positive
signal for monocytes (lane 2) and MDBK (lane 3). In contrast,
no fragment was amplified from mRNA extracted from DC
(lane 1). Amplification in the absence of RT gave a negative
result for the three cell types (lanes 5 to 7). To control for
integrity of mRNA, we amplified a 261-bp fragment from
the b-actin gene. The data obtained with the b-actin primers
are illustrated in Fig. 2B. The expected 261-bp fragment was
amplified from pulsed DC (lane 1), monocytes (lane 2), and
MDBK cells (lane 3) incubated with BHV-1. No amplified
fragments were detected in control reaction mixtures from
which the reverse transcriptase was omitted (lanes 5 to 7).

To evaluate the PCR sensitivity, monocytes were infected
with dilutions of BHV-1. The UL26 primers were capable of
detecting viral mRNA 5 h after infection at an MOI of 0.001
(data not shown), suggesting that the difference observed be-
tween DC and the monocytes was not due to a lack of sensi-
tivity of the RT-PCR.

DC, but not monocytes, induce strong proliferation of BHV-
1-specific T lymphocytes in vitro. We next compared the ability
of DC and monocytes to present BHV-1 antigens to T cells in
vitro. Enriched DC (86% MHCII1 and CD142) and mono-

FIG. 2. UL26 transcript is detected in monocytes but not in DC. (A) Detec-
tion of UL26 mRNA expression by RT-PCR. A total of 7 3 105 FACS-sorted DC
(.97% MHCII1, CD142, and IgM2), enriched monocytes (86% MHCII1 and
CD141), or MDBK cells were infected with Lam BHV-1 at an MOI of 5 for 5 h.
Lanes (from left): 1, DC; 2, monocytes; 3, MDBK, 4, molecular markers; 5 to 7,
RT-PCR products of mRNA DC, monocytes, and MDBK, respectively, without
reverse transcriptase. (B) Detection of b-actin mRNA expression by RT-PCR.
Lanes are the same as for panel A.
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cytes (86% MHCII1 and CD141) were incubated with live
virus at an MOI of 1, washed extensively 1 h later, and cultured
with autologous T cells from a BHV-1-immune animal. The
data in Fig. 3 indicate that CD21 T cells proliferated in the
presence of DC incubated with live BHV-1 (Fig. 3A). Prolif-
eration was equivalent for an enriched population of CD41 T
cells (Fig. 3B). Monocytes that were infected with the same
viruses weakly activated CD21 T-cell proliferation (Fig. 3C)
and did not induce proliferation of purified CD41 T lympho-
cytes (Fig. 3D). Notably, we detected IFN-g in the culture
supernatants of T cells activated by DC but not monocytes
(data not shown), showing that T cells neither proliferated nor
secreted IFN-g.

As presentation of BHV-1 by DC did not seem to depend on
productive infection, DC were tested for their capacity to
present UV-inactivated BHV-1. The same DC population was
incubated with UV-inactivated BHV-1 and used in a prolifer-
ation test. The results shown in Fig. 3A and B indicate that live
and inactivated viruses were presented with similar efficiencies,
as measured per cell, to CD21 and CD41 T cells. Similar
results were obtained with FACS-sorted DC (97% purity) and
purified virus (data not shown), suggesting that DC process
viral proteins and do not take up peptides that are released by

contaminating monocytes or that are present in the viral inoc-
ulum. As expected, proliferation of T cells stimulated with
similar numbers of monocytes incubated with UV-inactivated
BHV-1 was undetectable (Fig. 3C and D).

Infected monocytes do not inhibit T-cell proliferation. We
next determined whether BHV-1-infected monocytes had a
suppressive effect on T-cell proliferation. DC and monocytes
were incubated with live virus, washed, and cocultured with
CD21 T cells. The data in Fig. 4 show that T-cell proliferation
induced by DC was not decreased in the presence of infected
monocytes. Indeed, comparable level of T-cell proliferation
was observed when T lymphocytes were stimulated with DC
alone or with a mixture of DC and monocytes (ratio of 1:1).
These results indicate that the failure of BHV-1-infected
monocytes to activate T-cell proliferation was not due to a
mechanism of active suppression.

Effects of heparin and gD mutant in BHV-1 antigen presen-
tation by DC and monocytes. We next evaluated whether the
difference between DC and monocytes in presentation of
BHV-1 antigen to T cells was linked to virus penetration into
the cell.

Attachment of BHV-1 to the cell membrane can be inhibited
by the addition of exogenous heparin (32). The second step
during infection involves the gD glycoprotein, which has been
shown to be essential for penetration into cells (15, 18). We
tested whether the addition of soluble heparin to purified gD1

virus (BHV-1 recombinant strain 8221) or gD2/2 deletion mu-
tant (BHV-1/80-221) would affect the presentation of BHV-1
antigens by DC and monocytes.

MDBK cells, infected either with gD1 or gD2/2 virus, which
were pretreated with soluble heparin, did not show evidence of
infection, demonstrating that attachment and penetration were
inhibited (data not shown). DC or monocyte populations iso-
lated from the same animal were incubated with both types of
viruses, pretreated with soluble heparin for 1 h or left untreat-
ed. Cells were washed extensively and cocultured with autolo-
gous T cells. The results are presented in Fig. 5. As expected,
monocytes infected with purified virus in the presence or ab-
sence of soluble heparin induced a low proliferation of CD21

T cells (Fig. 5A). The presence of soluble heparin diminished

FIG. 3. DC sensitize BHV-1-specific T lymphocytes in vitro. Increasing num-
bers of DC or monocytes, incubated with BHV-1 LAM, were cultured with 2 3
105 autologous CD21 (A and C) or CD41 (B and D) lymphocytes. Proliferation
was assessed by thymidine incorporation during the last 10 h of 5 days of culture.
The data are expressed as counts per minute (c.p.m.), and each point represents
the mean 6 standard deviation of triplicate cultures. The results are represen-
tative of three independent experiments. Open circles, mock-infected APC;
closed triangles, APC incubated with live BHV-1; closed squares, APC incubated
with UV-inactivated BHV-1.

FIG. 4. Infected monocytes do not inhibit T-cell proliferation induced by
DC. DC were incubated with live BHV-1 LAM, washed, and cultured with 2 3
105 autologous CD21 lymphocytes in the presence (black bars) or absence (open
bars) of monocytes pretreated with the same virus. Controls include cocultures of
T cells with mock-infected DC and monocytes (shaded bars). The total numbers
of APC are 2 3 104 (A) and 6 3 103 (B). Proliferation was assessed by thymidine
incorporation during the last 10 h of 5 days of culture. The data are expressed as
counts per minute (c.p.m.), and each point represents the mean 6 standard
deviation of triplicate cultures. The results are representative of three indepen-
dent experiments.
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the presentation of BHV-1 antigen by DC to T cells (Fig. 5B).
gD2/2 deletion mutant virus was presented by DC, and this
presentation was inhibited by pretreatment with heparin (Fig.
5D). Surprisingly, monocytes incubated with the gD2/2 dele-

tion mutant presented BHV-1 antigen to T cells with the same
efficiency as DC (Fig. 5C).

Previous studies (21) have shown that monocytes infected
with live BHV-1 undergo apoptosis, suggesting that the failure

FIG. 5. (Upper panel) The interaction of BHV-1 with cell membrane through the gD glycoprotein is dispensable for efficient antigen presentation, while attachment
is necessary. CD21 T lymphocytes were cultured with increasing numbers of APC infected with gD1 (recombinant strain 8221) (A and B) or gD2/2 (BHV-1/80-221)
BHV-1 strains (C and D). The viruses were left untreated (closed squares) or pretreated (closed triangles) with 500 U of soluble heparin/ml for 15 min at 37°C and
added to APC for 1 h. Proliferation was assessed by thymidine incorporation during the last 10 h of 5 days of culture. The data are expressed as counts per minute
(c.p.m.), and each point represents the mean 6 standard deviation of triplicate cultures. The results are representative of three independent experiments. (Lower panel)
gD2/2 does not reduce the viability of monocytes, in contrast to wild-type BHV-1. Monocytes were either mock infected (open bars) or incubated with live wild-type
BHV-1 (shaded bars) or with gD2/2 deletion mutant (black bars) at an MOI of 1. The monocytes were harvested at different days after treatment, and the percentage
of viable cells was determined as described in Materials and Methods. The results represent the percentage of dead/dying cells (mean 6 standard deviation of five
randomly selected fields), as determined by the number of calcein AM-positive cells/number of calcein AM and EthD-1-positive cells.
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of infected monocytes to activate T cells could be due to
decreased viability. We therefore compared the viability of
monocytes incubated with live wild-type virus or gD2/2 dele-
tion mutant. The data in Fig. 5 (lower panel) show that wild-
type BHV-1 did indeed reduce the viability of infected mono-
cytes from day 3 postinfection. By contrast, under the same
conditions, the gD2/2 mutant virus did not affect monocyte
viability at any time point tested.

DISCUSSION

The aim of this work was to evaluate the capacity of DC and
monocytes to stimulate BHV-1-specific T lymphocytes in vitro.
We first investigated the pathway of BHV-1 penetration in DC
and monocytes. Viral glycoproteins gB, gC, and gD and the
complex gH-gL represent a structural component of virions
that is thought to be involved in attachment and penetration of
the virion in susceptible cells (25, 38). The entry process begins
with a low-affinity attachment on the cell surface mediated by
an interaction between cell-surface heparan sulfate proteogly-
can and virion glycoproteins gB and gC and, to a lesser extent,
gD (25–27). Following this initial step, pH-independent fusion
of the virus envelope with the cell surface requires at least four
virion glycoproteins, including gB, gD, gH, and gL (25, 30, 38).
The major role of gD is to ensure a penetration-competent
conformation of the fusion complex (35) involving other cel-
lular receptors (19, 37).

In order to evaluate the role of the entry process in the
presentation of BHV-1, (i) the attachment of the virus to the
cell surface was blocked by treatment of the virus with soluble
heparin and (ii) the fusion step was impaired by the use of a
gD2/2 deletion mutant.

Our data show that DC efficiently present live, UV-inacti-
vated, and gD2/2 deletion mutant viruses. Pretreatment of
virus with soluble heparin completely inhibited the presenting
capacity of DC, showing that the virus attachment step through
binding of gB and/or gC on heparan sulfate receptors was
necessary for an efficient antigen presentation to immune T
cells. Notably, the presentation of the gD2/2 deletion mutant
by DC was as efficient as that of the parental virus, suggesting
that the fusion was not required. Our observations further
indicate that BHV-1 did not productively infect DC, as as-
sessed by the lack of transcription of a late capsid gene and the
absence of viral glycoprotein expression.

Monocytes poorly presented live or UV-inactivated wild-
type virus but strongly stimulated proliferation of virus-specific
T cells when incubated with the gD2/2 deletion mutant virus.
In contrast to DC, monocytes were productively infected by
wild-type BHV-1 as shown by immunofluorescence, RT-PCR,
and b-Gal activity. Similarly, we found that monocytes incu-
bated with gD2/2 deletion mutant virus expressed mRNA cod-
ing for the g capsid protein UL26 by RT-PCR (data not
shown), suggesting that the virus could penetrate monocytes
independently of gD, as previously reported (24, 34, 35).

The observation that monocytes incubated with UV-inacti-
vated or live viruses were defective for BHV-1 presentation
may result from inhibition of T-cell and/or monocyte function.
It has indeed been reported that, in the presence of live
BHV-1, activated CD41 T cells lose their expression of CD4
and undergo apoptosis (14). However, the addition of infected
monocytes to T cells and DC cocultures did not inhibit T cell
proliferation (see Fig. 4), excluding an inhibitory effect of in-
fected monocytes to T cells. Of note, several reports have
shown that monocytes were susceptible to BHV-1 infection
(31, 39) and that alveolar macrophages infected with BHV-1
displayed reduced Fc-mediated receptor activity, complement

receptor activity, and phagocytosis (17). Live and inactivated
BHV-1 were shown to induce apoptosis of bovine mitogen-
stimulated PBMC (20). The data presented herein show a
reduction of monocyte viability as a consequence of their sus-
ceptibility to BHV-1 infection (Fig. 5). By contrast, UV-inac-
tivated BHV-1 had a limited effect on monocyte viability, com-
pared to live virus (data not shown). Interestingly, gD2/2

mutant did not affect cell viability (Fig. 5), as shown previously
(22).

Our results are consistent with the model described for her-
pes simplex virus type 1, which proposed that this virus can
penetrate cells by two mechanisms. The first mechanism is the
fusion between the viral envelope and the plasma membrane,
leading to the entry of the virus into cytosol, and the second
corresponds to the endocytosis of viral particles. There is evi-
dence that the virus particles contained in the endocytic vesi-
cles are degraded (7, 8). Therefore, the entry of the virus by
way of endocytosis would result in a decreased number of
infectious viruses and therefore limit the cytopathic effect of
the virus.

Collectively, these observations would be consistent with the
hypothesis that APC have the capacity to present BHV-1 an-
tigens that enter the cell by endocytosis but not by fusion of the
envelope with the membrane. The efficient presentation of
wild-type BHV-1 by DC could be due to a deficient fusion
process and/or to a lack of cytopathic effect. It would be of
interest to analyze whether DC and monocytes express gD
receptor(s) (19).

The role of DC in the induction of virus-specific immune
responses has been amply demonstrated both in vitro and in
vivo. In particular, DC have been shown to present influenza
virus and lymphocytic choriomeningitis virus (3, 28; reviewed
in reference 4). Our data suggest that monocytes could be
vehicles to disseminate virus in the host, while DC would
initiate the immune response. Whether the difference in infec-
tivity and presentation between both APC is of physiological
relevance in vivo remains to be determined.

In conclusion, the interaction of BHV-1 with APC repre-
sents a complex event in which both routes of cellular pene-
tration (infection and endocytosis) could occur. Our data sug-
gest that BHV-1 infection could inhibit the presentation of
monocytes by affecting their viability. By contrast, DC are not
susceptible to infection but strongly activate T-cell function.
We further show that a gD2/2 deletion mutant virus has no
cytopathic effect on APC and can be presented efficiently by
both DC and monocytes. This mutant virus could be a prom-
ising tool for vaccine development.
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