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Bovine herpesvirus 1 (BHV-1) induces immune suppression, but the mechanisms for suppression are not
well identified. We examined the induction and activity of BHV-1-specific cytolytic CD4* T lymphocytes (CTL)
by stimulating peripheral blood mononuclear cells (PBMC) of cattle immunized with attenuated live BHV-1.
Cytolytic effector cells were primarily CD4* T lymphocytes and lysed autologous, but not allogeneic, macro-
phages infected with BHV-1 or pulsed with BHV-1 polypeptides. Apoptosis of BHV-1-expressing target cells was
observed in CD4* CTL assays by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) analysis. To determine if apoptosis was mediated by a perforin- or Fas-mediated pathway, EGTA, a
known selective inhibitor of the perforin pathway, was used. EGTA did not inhibit CD4"-T-cell-mediated
cytotoxic activity, but it did limit the NK cell cytotoxicity of virus infected cells. These findings support the
concept that CD4* CTL lyse macrophages pulsed with BHV-1 polypeptides through a Fas-mediated lytic
pathway by inducing apoptosis in the target cells. The prominent cytotoxicity mediated by CD4* CTL suggests
a mechanism of selective removal of viral antigen-associated antigen-presenting cells.

Bovine herpesvirus 1 (BHV-1) is a member of the Alphaher-
pesvirinae subfamily. Other members of the subfamily include
herpes simplex virus (HSV), pseudorabies virus, and equine
herpesvirus. Like these viruses, BHV-1 afflicts both the respi-
ratory and genital tracts (15). Because herpesvirus persists in
the presence of specific antiviral antibody and because a cell-
to-cell viral transfer pathway of infection occurs (39), cell-
mediated immunity is considered an important mechanism in
viral elimination (5, 9). This idea is supported by cytotoxic
T-lymphocyte (CTL) activity against viral surface glycoproteins
gB, gC, and gD in HSV-1 and BHV-1 infection (14) and by
protection from lethal HSV-1 challenge in mice by adoptive
transfer of immune T cells (30).

Interestingly, BHV-1, as well as HSV, is known to down-
regulate the expression of major histocompatibility complex
(MHC) class I molecules (25, 32). Inhibition of MHC class I
expression on the surface of infected cells would probably
interfere with the protective function of CD8" CTL. Although
bovine CD8" CTL have been reported as a mechanism to lyse
BHV-1-infected cells (14), these CTL cells are difficult to dem-
onstrate in vitro (37). Mechanisms other than CD8" CTL may
play an important role in controlling viral infection.

In HSV infection, CD4" CTL activity has been proposed as
one of the major immune mechanisms to control HSV recur-
rence in herpesvirus stromal keratitis in humans (10), and mice
(16). In fact, early efforts to clone CTL specific for HSV-1 and
HSV-2 resulted in CD4™" rather than CD8" CTL clones (46,
47). In HSV infection, both CD4* and CD8" HSV-specific
CTL were induced with UV-inactivated HSV or live HSV
stimulation (35, 40). In contrast to HSV, little is known about
the protective mechanisms against BHV-1.

CTL trigger target cell death though T-cell receptor—pep-
tide-MHC complex involvement. CD8% CTL can lyse target
cells through either Fas- or perforin-mediated cell death (27).
The Fas-dependent pathway may play a more prominent role
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in CD4"-, rather than, CD8*-CTL-mediated lysis. CD4" T
cells may even lyse exclusively through the Fas-mediated lytic
pathway (24, 27). However, perforin-mediated cytotoxicity by
human CD4" CTL has been found in a CD4"-T-cell clone and
in peripheral CD4™" T cells (43, 45), although perforin expres-
sion is confined mainly to CD8" T cells, natural killer (NK)
cells, and vd T cells. Recently, bovine Fas cDNA was isolated
and its nucleotide sequence was determined (48), providing
support for the notion that this Fas lytic mechanism may exist
in cattle. The identification of bovine Fas provides support for
the notion that CD4" CTL may lyse target cells through the
Fas-mediated lytic pathway in cattle (48). In humans, CD4*
CTL lyse antigen-pulsed target macrophages by inducing apo-
ptosis (11).

Our work focused on the possible mechanisms of bovine
CD4" CTL lysis of cells expressing BHV-1 peptides. Defining
the mechanism(s) of cellular protection in BHV-1 infection is
a critical step to understanding viral pathogenesis and control-
ling viral spread. The present study characterizes the pheno-
type and functional aspects of CTL detectable in peripheral
blood mononuclear cells (PBMC) of BHV-1-immunized cattle,
using autologous macrophages pulsed with BHV-1 polypep-
tides or infected with live BHV-1. The CTL could serve as a
major immune mechanism against BHV-1 infection, as well as
a possible role in selective elimination of virus-infected anti-
gen-presenting cells.

MATERIALS AND METHODS

Animals, cells, and virus strains. Normal healthy cattle (Jersey, Holstein, or
Guernsey), 2 to 8 years old, were housed at the University of Wisconsin—
Madison Dairy Cattle Center and were used for all experiments. Cattle were
immunized annually with a strain of temperature-sensitive modified live bovine
rhinotracheitis-parainfluenza 3 vaccine (SmithKline Beecham, Philadelphia, Pa.)
and were seropositive for BHV-1. Blood was taken for experiments throughout
the year irrespective of the date of immunization. Culture supernatant contain-
ing BHV-1 (Cooper strain ATCC VR-864) was harvested after infection of
MDBK cells (ATCC CCL 22) for 3 days. The MDBK cells were cultured in
RPMI 1640 containing 10% heat-inactivated fetal bovine serum (FBS), 100 U of
penicillin per ml, and 100 pg of gentamicin per ml. The BHV-1 infectivity titer
was determined by limiting-dilution titer determination in MDBK cells. BHV-1
(MclIntyre) was kindly provided by Judd Aiken (University of Wisconsin—Mad-
ison). Bovine leukemia virus (BLV) was recovered from the BL3 cell line (ATCC
CRL 8037) by ultracentrifugation at 140,000 X g for 2.5 h. Autologous adherent
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macrophages and the canine osteosarcoma cell line D17 (ATCC CCL183) were
used as target cells.

Peptide preparation. BHV-1 virions from culture supernatant were precipi-
tated by ultracentrifugation at 140,000 X g for 2.5 h. The virus pellet was
dissolved in 70% formic acid, and 500 mg of cyanogen bromide (Sigma Chemical
Co., St. Louis, Mo.) was added to the virus suspension overnight at room
temperature (31). The solvent was evaporated under a stream of nitrogen over-
night, and the residue was suspended in water. The nitrogen-treated BHV-1
residue was purified twice on a Sephadex G-75 column, and the fractions con-
taining polypeptides were collected and lyophilized. The BHV-1 polypeptides
were assessed by sodium dodecyl sulfate (SDS)-gel electrophoresis, and no intact
BHV-1 remained in the cyanogen bromide-treated BHV-1 preparations. Ovalbu-
min (OVA) (grade VI; Sigma), BLV, and HSV-1 were prepared similarly to
BHV-1 to obtain polypeptides.

Antibodies and immunofluorescent staining. Monoclonal antibodies 16-1E10
(anti-CD2), and biotin-labeled C5B6 (anti-CD11c) were produced in our labo-
ratories (18, 19). Additional monoclonal antibodies were SBU-T8 (anti-CDS;
University of Melbourne, Parkville, Victoria, Australia), CC15 (specific for the
WC1 molecule on bovine yd T cells; Chris Howard, Institute for Animal Health,
Compton, England), IL-A12 (anti-CD4; C. Baldwin) (3), 33 (anti-immunoglob-
ulin M [IgM]; Klaus Nielsen, Animal Research Institute, Nepean, Ontario,
Canada), P1.17 (an isotype control, ATCC TIB10), W6/32 (anti-MHC class I;
Accurate Chemical & Scientific Corp, Westbury, N.Y.), and H4 (anti-MHC class
II; One Lambda, Los Angeles, Calif.). One-color immunofluorescence was per-
formed with fluorescein-conjugated goat anti-mouse IgG (heavy plus light
chains) (Jackson ImmunoResearch Laboratories, Inc., Avondale, Pa.). Mono-
clonal antibody CAM36A (anti-CD14) (Veterinary Medical Research and De-
velopment, Pullman, Wash.) was biotin labeled as specified by the instructions
accompanying the EZ-Link NHS-LC-biotinylation kit (Pierce, Rockford, IlL.).
The percentage of fluorescent cells was determined by flow cytometry (EPICS;
Coulter, Hialeah, Fla.).

Activation of virus-specific cytotoxic cells. PBMC were recovered from the
interface following centrifugation (25°C for 30 min at 1,800 X g) of venous blood
through Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). After being washed
three times in 1X phosphate-buffered saline (PBS), recovered cells were resus-
pended in RPMI 1640 (Sigma) supplemented with 2 mM L-glutamine, 25 mM
HEPES, 5 X 107> M 2-mercaptoethanol, 100 U of penicillin per ml, 100 pg of
streptomycin per ml, and 10% FBS (Equitech-Bio, Ingram, Tex.). Isolated
PBMC were cultured in RPMI 1640 in 25-cm? tissue culture flasks (2 X 107
cells/flask) with UV-inactivated BHV-1 at a multiplicity of infection (MOI) of 2
and 50 U of recombinant human interleukin-2 (rhIL-2; Boehringer Mannheim).
Virus inactivation following UV irradiation was confirmed by a lack of viral
replication in MDBK cells. BHV-1-exposed cytotoxic effector cells were gener-
ated after 7 to 10 days of culture at 37°C under 5% CO,.

CTL assay. In CD4*-CTL assays, the PBMC cultured with UV-inactivated
BHV-1 were used as effector cells while the adherent macrophages pulsed with
BHV-1 polypeptides were used as target cells. Briefly, macrophages isolated
from PBMC were cultured in six-well cell culture plates as target cells in RPMI
1640-10% FBS after 1 week at 37°C in a humidified 5% CO, incubator. Each
well of six-well plates contained 5 X 10° to 10 X 10° adherent macrophages, and
BHV-1 polypeptides or live BHV-1 (MOI, 10) was added 2 or 12 h before the
CTL assays. The target cells were labeled with 250 pCi of >'Cr for 1 h,
trypsinized, washed three times with 1X PBS, and incubated with the effector
cells in triplicate at 5 X 103 cells in round-bottom microtiter wells at 37°C for 6 h.
Effector cells were washed twice and added in triplicate to the plated target cells
at various effector-to-target ratios. The total volume was 200 wl/well. The assay
mixture was incubated for 4 h in a humidified 5% CO, incubator at 37°C, and
following culture, 100 pl of supernatant/well was counted in a gamma counter.
Samples were counted as positive when the mean exceeded the control by 3
standard deviations in 'Cr release. Data were used only if the spontaneous
release was less than 25% of the maximum release. The percent specific >'Cr
release was calculated from the following formula: percent specific lysis = 100 X
(cpm experimental — cpm spontaneous lysis)/(cpm total release — cpm sponta-
neous lysis). NK-like cytotoxicity was determined with freshly isolated PBMC as
effector cells and D17 cells infected with BHV-1 at an MOI of 10 for 2 h as target
cells. NK-like assay mixtures were incubated for 18 h at 37°C under 5% CO,. The
chemical inhibitors EGTA, MgCl,, or CaCl, were added at the beginning of
selected CTL or NK-like assays.

DNA apoptosis analysis. Standard CTL assays were performed, except that the
target cells were not labeled with Na®'CrO,. After 4 h of incubation, medium
control and experimental cells were transferred into 1.8-ml tubes. All cells were
incubated with biotinylated anti-CD11c and anti-CD14 antibodies for 30 min at
4°C. After being washed with 1X PBS, the cells were treated with phycoerythrin-
conjugated streptavidin (1:100) (Jackson ImmunoResearch Laboratories) for 30
min at 4°C. After two washes with 1X PBS, all the cells were treated as specified
by the protocol of the In Situ Cell Death kit (Fluorescein) (Boehringer Mann-
heim, Indianapolis, Ind.). The cells were fixed with 4% paraformaldehyde. After
two washes with 1X PBS, the cells were permeabilized (0.1% Triton X-100 in
0.1% sodium citrate) for 2 min on ice. Adherent macrophages were collected and
washed twice with 1X PBS. The macrophages serving as a positive control were
treated with 10 U of RQ-DNase (Promega, Madison, Wis.) for 10 min at room
temperature. Following two washes with 1X PBS, the cells (including positive
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TABLE 1. PBMC cultured with or without UV-inactivated BHV-1¢

% of T-cell type in®:

10-day-cultured PBMC Monoclonal

Phenotype Fresh

With Without antibody (isotype)
PBMC inactivated  inactivated

BHV BHV
CD2* 422 3.6 838*=37 479=x22 16-1E10-B3 (IgG2a)
CD4™* 246 = 6.2° 761 *33 256 *37 IL-Al2 (IgG2a)
CD8* 147 +20.7 148 £11.0 19.6 =10.5 SBUTS (IgG2a)
IgM* 50=x92 4.1 *0.6 1217 33 (IgGl)
WC1* 75272 114+88 204 =174 ccl5 (IgG2a)

“ PBMC were obtained from attenuated BHV-1 immunized cattle and cul-
tured with UV-inactivated BHV-1 for 10 days.

> The percentage of cells identified does not equal 100 because the CD2
molecule is present on CD4- and CD8-staining cells.

€ CD4" T lymphocytes increased as the dominant cell population, ranging
from 70 to 90% in five different experiments.

4 WCl is a cell surface molecule that is expressed on bovine 3 T cells.

control macrophages) were incubated with the TUNEL (terminal deoxynucle-
otidyltransferase-mediated dUTP nick end labeling) reaction mixture (terminal
deoxynucleotidyltransferase, fluorescein-labeled nucleotide mixture). The mac-
rophages serving as a negative control were incubated with the fluorescein-
labeled nucleotide mixture without terminal transferase. Target cells were ana-
lyzed by flow cytometry and gated by a combination of forward and 90° light
scatter.

Depletion of CD4* and CD8" T-lymphocyte subsets. Effector cells (2 X 107
cells) were depleted of CD4* or CD8™ T lymphocytes after 7 to 8 days in culture
by using anti-CD4 (IL-12A) or anti-CD8 (SBU-T8) antibodies, washed twice,
and treated with 1:5 rabbit complement (Cedarlane Laboratories, Hornby, On-
tario, Canada) on ice for 30 min. The effector cells were washed twice before
being reconstituted in RPMI 1640 with 10% FBS, and an aliquot of treated
effector cells was analyzed by flow cytometry for cell phenotype.

CD4™"-T-lymphocyte enrichment. In the effector cell population, CD8™ T cells,
vd" T cells, and B cells were selectively depleted by using anti-CD8 (SBU-T8),
anti-WC1 (CC15), and anti-IgM (33) antibodies with an AIS MicroCELLector
(Applied Immune Sciences, Inc., Menlo Park, Calif.) as recommended by the
manufacturer. By using this selection technique, CD4™" T cells were enriched to
greater than 95% as confirmed by flow cytometry.

MHC class II typing. Lymphocytes were typed for BoLA-D by restriction
fragment length polymorphism (12, 36). Briefly, chromosomal DNA from donor
PBMC was isolated with the TurboGen-Genomic DNA purification kit (Invitro-
gen, San Diego, Calif.). Genomic DNA (20 pg) was digested with Pvull and Tagl
(Promega), and the digests were electrophoresed in 1% Tris-borate-EDTA
(TBE)-agarose gels followed by capillary transfer to Magna NT nylon transfer
membranes (MSI, Westboro, Mass.). The membranes were prehybridized and
hybridized with formamide hybridization solutions at 42°C (50% formamide, 1%
SDS, 10% dextran sulfate, 200 wg of salmon sperm DNA per ml) for 4 h and
overnight, respectively. Human HLA-DRa, HLA-DRB, HLA-DQa, and HLA-
DQB cDNAs (ATCC 57392, ATCC 57080, ATCC 57390, and ATCC 57082,
respectively) were used as hybridization probes. The cDNAs were isolated from
their plasmids and 3?P-labeled by the random-primer method (Life Technologies
Inc., Gaithersburg, Md.). Following hybridization, the membranes were washed
in 0.4 M NaOH at 45°C for 30 min and subsequently twice in 0.2X SSC (1x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS-0.2 M Tris (pH 7.5) at
room temperature for 10 min to remove the probes. Then the transfer mem-
branes were washed twice in 2X SSC-0.5% SDS for 10 min and once in 1.0X
SSC-0.5% SDS at 60°C for 40 min. The membranes were exposed to autoradio-
graphic film at —70°C for 1 to 5 days.

RESULTS

CTL effector cell phenotype. We have previously shown that
T lymphocytes from BHV-1-immunized donors proliferated in
response to recombinant herpesvirus proteins (28). To deter-
mine the phenotype of responding cells, PBMC cultured with
UV-inactivated BHV-1 for 7 to 10 days were incubated with
MADbs and analyzed by flow cytometry. After 7 days of culture,
CD4™" T lymphocytes increased as the dominant cell subpopu-
lation, ranging from 70 to 90%), in contrast to the situation for
PBMC cultured without BHV-1 (Table 1). The percentage of
CD8™" T cells as well as that of y3* T cells remained relatively



7042 WANG AND SPLITTER

A

50

40 -
|2
i
= 304 s
i
g Rl e S
<
8 20+
& e fieeee
R

10

0 T Y T T T

10:1 30:1 50:1

E:T Ratio

J. VIROL.

B
60
w
BHV+iL-2 E
—
rIL-2 only &
S
Noncultured PBMC &,
w2
Sero-negative I3

OI T T I T
0 100 200 300 400 500

Ag Conc. (ug/ml)
E:T=50:1

FIG. 1. (A) BHV-1-specific CTL were induced in PBMC bulk cultures stimulated with UV-inactivated BHV-1 (MOI, 10). The effector cells were PBMC isolated
from BHV-1 immunized cattle and stimulated with UV-inactivated BHV-1 and rhIL-2 at 80 U/ml for 7 to 10 days. Target cells were macrophages recovered from PBMC
and pulsed for 2 h with BHV-1 polypeptides and 1 h with >'Cr before the CTL assays. The CTL assay mixtures were incubated for 6 h. Effector cells from a
nonimmunized seronegative animal served as a control. This result is representative of 12 separate experiments. (B) BHV-1 polypeptide antigen (Ag) concentration

was titrated for CTL activity. At an effector-to-target (E:T) ratio of 50:1, BHV-
were counted as positive when the mean lysis exceeded the medium control by
release. This experiment was repeated once with similar results.

unchanged following culture of the cells with virus for 7 days.
Typically, 2.5 X 107 to 3.7 X 107 viable cells/flask were recov-
ered following culture. The increase in the number of CD4* T
lymphocytes suggests that these cells are BHV-1 responsive.
To determine the function of these cultured cells, we tested
BHV-1-specific T-lymphocyte activity.

BHV-1-specific CTL and antigen dose-dependent CTL ac-
tivity. In the murine system, exogenous peptides can be pre-
sented through both exogenous and endogenous pathways and
can be expressed with MHC class I and II molecules on the cell
surface (6, 31). Because macrophages are infected with BHV-1
(21), we used autologous macrophages infected with BHV-1 or
pulsed with BHV-1 polypeptides as target cells for BHV-1-
specific CTL. The results of a CTL assay representative of 12
assays are shown in Fig. 1A. By this criterion, BHV-1 seroneg-
ative cattle were uniformly negative. CTL assays were carried
out on cells stimulated with UV-inactivated BHV-1 in vitro for
7 to 10 days in the presence or absence of exogenous rhIL-2. It
is unlikely that the observed BHV-1-specific cytolysis is an
artifact of prolonged culture or exogenous cytokines, since
cytokines alone were unable to induce detectable antigen-spe-
cific CTL activity (Fig. 1A). rhIL-2 at 80 U per ml improved the
consistency of cytolysis among different CTL assays. However,
increased rhIL-2 concentrations greater than 100 U/ml in the
effector cell culture lead to nonspecific effector cell lysis of
both nonpulsed and antigen-pulsed target cells (data not
shown). Since macrophages pulsed with BHV-1 polypeptides
served as target cells, antigen concentrations were titrated to
determine the minimal antigen quantity for optimal CTL ac-
tivity (Fig. 1B). At an effector-to-target-cell ratio of 50:1, BHV-
1-specific lysis increased as the BHV-1 polypeptide concentra-
tion increased to 200 pg/ml.

Freshly isolated PBMC or unstimulated, cultured lympho-
cytes from BHV-immunized or nonimmunized donors did not
show appreciable lysis of autologous targets (Fig. 1A). Differ-
ent target antigens were used to determine the viral specificity
of CTL (Fig. 2). Antigen-specific CTL activity confirmed that

1-specific lysis increased as the BHV-1 polypeptide concentration increased. Samples
3 standard deviations. The spontaneous release was less than 25% of the maximum

macrophages pulsed with BHV polypeptides were lysed by
BHV-1-stimulated PBMC while autologous macrophages
pulsed with polypeptides of OVA, BLV, or the related HSV-1
were not lysed by BHV-stimulated PBMC, similar to the me-
dium control (Fig. 2). The success of finding BHV-specific
CD4" CTL was confirmed repeatedly in BHV-1-immunized
cattle of Holstein, Jersey, and Guernsey breeds (data not
shown).

50

% Specific Lysis

E:T Ratio

FIG. 2. The antigen specificity of bovine CTL was determined by using dif-
ferent target antigens in CTL assays. BHV-1, OVA, BLV, and HSV-1 were
treated with cyanogen bromide (CNBr) to produce polypeptides. Autologous
macrophages were lysed by effector cells only when BHV-1 polypeptides were
added. Similar results were obtained in three additional experiments. Symbols:
[, CNBr plus BHV-1; ¢, live BHV-1; O, CNBr plus HSV; A, CNBr plus OVA;
i, CNBr plus BLV; 4 no antigen.
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FIG. 3. The BHV-1-specific CTL response is mediated by CD4* T cells. Individual cell populations of BHV-1-infected cultured PBMC were negatively selected
by specific antibodies plus complement. The CD2"- or CD4™-T cell deletion led to the absence of BHV-1-specific cytolysis. cont., control; C’, complement.

The CTL response is mediated by CD4* cells. To identify
the phenotype of the effector cell population, subpopulations
of cultured PBMC were negatively selected by specific anti-
bodies plus complement. CD4", CD8*, and y3* T lympho-
cytes were selectively removed from cultured PBMC before
CTL assays by using anti-CD4, anti-CDS8, anti-y3, and isotype
control monoclonal antibodies plus rabbit complement. Flow
cytometry confirmed that greater than 95% CD4", CD8*, and
v8* T lymphocytes were depleted by using the respective an-
tibodies (data not shown). Effector cells treated with the IgG2a
isotype control monoclonal antibody (P1.17) plus rabbit com-
plement showed a similar cell phenotype to nontreated effector
cells. Following antibody and complement treatment, effector
cells were used in CTL assays (Fig. 3). CD4"-T-cell depletion
led to a marked loss of CTL activity against autologous mac-
rophages pulsed with BHV-1 polypeptide. In contrast, neither
CD8™ T-cell nor y8" T-cell depletion correlated with the loss
of BHV-1-specific cytolysis. Thus, CD4 *-T-cell depletion with
the resulting absence of BHV-1-specific cytolysis strongly sug-
gested that BHV-1-specific CTLs are CD4" T lymphocytes
which were generated from PBMC stimulated in vitro with
UV-inactivated BHV-1 (Fig. 3).

To further confirm the importance of BHV-1-specific
CD4*-T-cell cytolysis, individual effector cell subpopulations
were enriched. Isolated CD4™" T cells were approximately 95%
of the cell population after negative selection by a panning
technique (data not shown). CTL assays performed with these
enriched CD4" T cells lysed macrophages pulsed with BHV-1
polypeptides (Fig. 4). Similar attempts were made to enrich
CDS8™ T lymphocytes and yd" T lymphocytes; however, insuf-
ficient CD8" and y3" T cells were obtained for CTL assays.
Positive CD4*-T-cell selection was not performed since unre-
stricted cytolytic effector cells are produced by cross-linking
CD4 molecules during positive selection (7).

CD4* CTLs are MHC restricted. To determine the role of
MHC in peptide recognition by CD4" CTL, BoLA class II
alleles were characterized by restriction fragment length poly-
morphism (RFLP) (2, 36). Each of the animals possessed un-
related class II HLA-DQS@ alleles (data not shown) based on
RFLPs reported for the nine classes of class II genes found in

cattle (1, 12). Additional RFLP studies further elucidated that
the animals possessed unrelated BoLA class II HLA-DRa and
HLA-DRB (data not shown). Thus, the cattle were MHC class
IT unrelated in DR and DQ alleles. After BoLA typing, autol-
ogous and allogeneic CTL assays were performed to evaluate
CD4" CTL MHC restriction. As expected, BHV-stimulated
lymphocytes exhibited virus-specific lysis against only autolo-
gous targets and no lysis against mismatched allogeneic mac-
rophages presenting viral peptides (Fig. 5). These data indicate
that the BHV-1-specific immune response can be mediated by
CD4", MHC class II-restricted T cells in attenuated BHV-1-
vaccinated cattle. Inhibition of BHV-1-specific cytolysis was
attempted by using anti-MHC class I (W6/32), anti-MHC class

60
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FIG. 4. Enriched CD4" T lymphocytes mediated the lysis of BHV-1 polypep-
tide-pulsed target cells. The enriched CD4* CTL activity paralleled the nonen-
riched effector cell population. Symbols: [J, PBMC effector cells; <, enriched
CD4* T cells; O, medium control.



7044 WANG AND SPLITTER

80
@ 60
‘@
-
)
2]
b=
o
2
a 40 -
®
20
0
Target 612,869,919,949 869,612 919,612,869,949 949,612,869,919
Effector 612 869 919 949

E:T Ratio (50:1)
FIG. 5. BHV-1-specific CD4" CTL are MHC restricted. BHV-1 stimulated
CTL from immunized cattle exhibited no virus-specific lysis activity against
mismatched allogeneic macrophages pulsed with BHV polypeptides. Antigen-

specific CD4* CTL lysed only autologous macrophages pulsed with BHV-1
polypeptides. This result is representative of six separate experiments.

IT (H4), anti-CD4 (IL-A12), or anti-CD8 (SBU-T8) antibodies
added to effector cells 30 min before the CTL assays. Minimal
inhibition of CTL activity was observed in any monoclonal
antibody combination in assays repeated two or three times
(data not shown).

CD4*-CTL-mediated cellular cytotoxicity is not blocked by
Mg>* and EGTA. To evaluate the perforin or Fas pathway
involvement in CD4" CTL lysis of macrophages pulsed with
BHV-1 polypeptides, EGTA and MgCl, were added to the
CTL assay mixture as a Ca*>" chelator to remove free Ca®" in
the medium at the beginning of the assays. In the presence of
4 mM EGTA, antigen-specific CD4"-CTL activity was not
inhibited, suggesting that CD4* CTL activity is not sensitive to
the absence of free Ca®* in the medium of the assays (Fig. 6).
Since the perforin-mediated lytic pathway is sensitive to the

301 ] medium
4 [A o6 mM EGTA+Mg2+
BEJ 1 mM EGTA+Mg2+

B 2 mm EcTA+Mg2+
Il 4 mM EGTA+Mg2+
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FIG. 6. CD4* CTL are not Ca>* dependent and may use the Fas-mediated
lytic pathway. Addition of selected concentrations of Mg?* and EGTA (Ca**
chelator) to the CD4* CTL assay mixtures did not inhibit BHV-specific cytolytic
activity, suggesting that antigen-specific CD4" CTL are not calcium dependent.
Medium was added to macrophage target cells as a negative control for miscel-
laneous lytic activity in CTL assays. Similar results were obtained in five separate
experiments.
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FIG. 7. Apoptosis of macrophages pulsed with viral polypeptides induced by
CD4* CTL. All macrophages were treated with anti-macrophage antibodies
(anti-CD11c and anti-CD14) and were gated by forward and low-angle light
scatter as large and complex cells. The anti-CD11c and anti-CD14 antibodies
were labeled with phycoerythrin (red fluorescence) to identify macrophages,
while the fragmented DNA of apoptotic cells were labeled with fluorescein
isothiocyanate-dUTP by terminal deoxynucleotidyltransferase (green fluores-
cence). Intact macrophages were either not labeled with fluorescein isothiocya-
nate-dUTP (negative control) (A) or not labeled with fluorescein isothiocyanate-
dUTP (positive control) (B). Compared to the target cells without viral
polypeptide treatment (medium control) (C), about 30% of target cells pulsed
with BHV-1 polypeptides exhibited apoptosis in CTL assays (D).

absence of calcium while the Fas-mediated lytic pathway is not
(27), these results suggested that CD4" CTL may involve the
Fas-mediated lytic pathway.

NK-like cytotoxicity is blocked by Mg>* and EGTA. NK-cell
cytotoxicity assays were performed as a control for CD4"-CTL
activity since NK cells in general lyse their target cells through
a perforin-mediated lytic pathway (9, 27). D17 cells infected
with BHV-1 served as target cells and noncultured PBMC
served as effector cells in an 18-h cytotoxicity assay. NK-cell
cytolytic activities were inhibited by 1.5 mM EGTA plus MgCl,
and could be partially recovered by calcium addition (data not
shown). This finding suggests that NK-cell cytotoxicity requires
free calcium for lytic function and parallels the requirements of
the lytic pathway.

Apoptosis of target cells is mediated by CD4* CTL. The
macrophage target cells were gated for size and complexity by
flow cytometry and analyzed for fluorescence by the TUNEL
method. Approximately 30% of target cell macrophages pulsed
with BHV-1 polypeptides exhibited programmed cell death
after the 4-h CTL assay compared to 7% of macrophages in the
medium control (Fig. 7).

Cells were treated with biotin-labeled anti-CD11c and anti-
CD14 antibodies, specific for leukocyte function antigen-1 and
the lipopolysaccharide receptors, respectively, present on mac-
rophages and were then treated with phycoerythrin-conjugated
streptavidin. Then the large, complex cells were gated as can-
didates for apoptosis evaluation. In viral polypeptide-specific
CTL assays, 30% of target cells were positive by TUNEL
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FIG. 8. A standard >! Cr CTL assay was performed in parallel with the
TUNEL CTL assay in Fig. 7, demonstrating CD4" CTL lysis of autologous
macrophages pulsed with BHV-1 polypeptides. The “medium” curve indicates
macrophages cultured without viral polypeptides. Antigen-specific lysis of the
S1Cr-releasing CTL assay (indicated by the “BHV-1 polypeptides” curve) was
within the same range as the apoptosis observed in Fig. 3D.

analysis, compared to about 7% of target cells not treated with
viral peptides, suggesting that CD4* CTL lysed autologous
macrophages through an apoptotic pathway. Parallel *'Cr cy-
totoxicity assays indicated that CD4" CTL lysed 40% of au-
tologous macrophages pulsed with BHV-1 polypeptides (Fig.
8).

DISCUSSION

Our data indicated that BHV-specific CD4* CTL precursors
are present in peripheral blood of BHV-seropositive cattle, the
natural host for this infection. BHV-1-specific cytolytic activity
of CD4" T cells can be induced after PBMC are cocultured
with UV-inactivated virus. This observation supports the hy-
pothesis that CD4" CTL are preferentially activated by cell-
free UV-inactivated BHV while CD8" CTL are stimulated
primarily by fixed BHV-infected fibroblasts (15). Such a dif-
ferential activation has also been reported for cell-free HSV
activating CD4 ™" T cells, whereas HSV-infected fibroblasts pri-
marily stimulated CD8" T cells (44).

Our findings indicate the effector cells produced in response
to cell-free BHV-1 could lyse autologous macrophages pulsed
with BHV-1 polypeptides. The cytolytic activities are BHV-1-
antigen specific, since macrophages pulsed with OVA, BLYV,
and related HSV polypeptides or macrophages without antigen
could not be lysed by similar effector cells. Similarly, live BHV-
1-infected macrophages can serve as target cells lysed by CD4™"
CTL. However, results obtained with pulsed BHV polypep-
tides were more consistent than those obtained with live virus
for several possible reasons. First, the inconsistency observed
with live virus could result from variation in macrophage-virus
infection (21) or virus induced macrophage death. Second, live
virus may induce apoptosis of CD4" T cells, as observed in
bovine CD4 T cells with BHV-1 infection (20) and in human
CD4 T cells from cord blood with human immunodeficiency
virus type 1 infection (26). Third, peptide-bound class I MHC
molecule complexes are more heterogeneous than those pro-
duced by intracellular processing, indicating that peptide-
pulsed macrophages may be recognized by a more diverse
group of CTL than are virus-infected macrophages (42).

However, in BHV-1 infection, the role of CTL, important
cells in many viral infections, has received minimal attention
(37). BHV-1 infection in murine and bovine fibroblasts down-
regulates MHC class I expression (25, 32), as well as class I
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transcription. Interfering with MHC class I expression, BHV
could escape a CD8" CTL immune response. Similar herpes-
viruses, e.g., HSV, Epstein-Barr virus, and cytomegalovirus,
have confirmed mechanisms to evade the immune system by
blocking viral antigen loading by transporters associated with
antigen processing to MHC class I molecules (22, 29). Studies
with BHV-1 have identified that modified live vaccines, as well
as wild-type virus, can decrease MHC class I but not class II
expression (32). The virus mediates this effect by interfering
with the synthesis of class I heavy chain and the assembly/
transport of class I molecules by 8 to 12 h. Although blocking
viral antigen transfer to the endoplasmic reticulum has not
been confirmed in BHV-1 infection, this unique herpesvirus
evasive mechanism supports the importance of cytolytic CD4™
lymphocytes in herpesvirus infection. Therefore, activation of
CD4" CTL during BHV infection could compensate for the
loss of BHV-1-specific CD8" CTL activity caused by viral
down-regulation of MHC class I antigen presentation.

Macrophages expressing MHC class II molecules are in-
fected by BHV-1, and expression of MHC class II can be
enhanced by a variety of stimuli, particularly gamma interferon
(IFN-vy) and tumor necrosis factor alpha. Also, after IFN-y
treatment, class II molecules can be induced in other cell types,
e.g., vascular endothelial cells, dermal fibroblasts, placental
cells, and melanocytes (23). Activated T lymphocytes can ex-
press MHC class II molecules, and BHV-1 infection can in-
duce local leukocyte infiltration and IFN-y production by ac-
tivated T lymphocytes (39). Therefore, cells other than
macrophages and B cells might express MHC class II mole-
cules and viral peptides during BHV-1 infection. In bovine
Theileria parva infection, culture of infected a™ T cells, vy T
cells, and B-cell lines revealed high expression of MHC class II
molecules. However, in vivo, MHC class II-negative parasit-
ized lymphocytes progressively outnumbered MHC class II-
positive parasitized cells, suggesting that host-mediated de-
struction or antigenic modulation of parasitized MHC class
II-expressing cells was occurring (13). Similarly, BHV-1-spe-
cific CD4* CTL may play an important role to control BHV-1
infection in vivo by killing virus infected cells transiently ex-
pressing MHC class II molecules.

The often massive infiltration of leukocytes in herpesvirus
infection could result in extensive cytokine production. In her-
petic stromal keratitis, human epidermal keratinocytes are in-
duced to express HLA class II (DR) molecules by IFN-y and
HSV-infected are killed by both CD4* T lymphocytes and NK
cells (10, 16). Thus, depletion of certain antigen-presenting
cells by CD4™ T cells could regulate the immune response in
herpesvirus infection, potentially polarizing or influencing cy-
tokine production without severe immunopathology (4).

In contrast, depletion of MHC class II-bearing macrophages
by CD4" CTL could also limit the local immune response to
BHV-1 infection, suppressing immune surveillance and allow-
ing the virus to escape. Macrophages play an important role in
controlling virus spread during the initial stage of virus infec-
tion. The monocytes and macrophages obtained from BHV-1-
infected animals produce IFN-«, function as cytotoxic cells,
and express increased MHC class II molecules, serving as an-
tigen-presenting cells for further activation of virus-specific
immune response (39). Presumably, these activities are di-
rected to limit virus spread; therefore, depletion of macro-
phages from infected animals could subvert immune functions
that control viral infection. In this context, CD4"-CTL activity
may be a major immune system mechanism for removal of
virus-infected cells and control of virus spread, or it could be
an immunosuppressive mechanism where CD4" CTL help the
virus evade immune responses. Further studies and direct ev-
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idence are needed to clarify the possibility of antigen-specific
CD4™" CTL facilitating virus spread.

Interestingly, our parallel studies of apoptosis by using
TUNEL analysis and standard >'Cr release CTL assays re-
vealed comparable levels of cell death, an observation similar
to others (8) supporting a mechanism of programmed cell
death initiated by CD4" CTL. CD4" CTL are believed to
predominantly use the Fas-mediated lytic pathway (17), al-
though occasionally they use the perforin-mediated lytic path-
way (27, 38, 45). Macrophages can express Fas (CD95) mole-
cules on the cell surface, and there is evidence that Thl-type
CD4" CTL lyse target cells through Fas-mediated apoptosis
(11, 33, 34). Perforin undergoes a calcium-induced conforma-
tional change, forming pores on the target cell membrane that
are inhibited in the absence of free Ca>* by the Ca®" chelator
Mg?* and EGTA, while Fas-dependent cytotoxicity is only
minimally inhibited in the presence of EGTA (27). In our CTL
assays, cytotoxicity is not inhibited by EGTA, suggesting that
CD4* CTL lyse BHV-1-polypeptide-pulsed macrophages
through the Fas-mediated lytic pathway. In contrast, NK-cell
cytolytic activity, used for comparison, involves the perforin-
mediated lytic pathway (41). The NK-cell cytotoxicity was in-
hibited in the absence of Ca", and addition of Ca®" to the
cytotoxicity assay mixtures restored the NK-cell cytotoxicity.
The present studies suggest that NK cells may lyse BHV-1-
infected target cells through the perforin-dependent pathway
while CD4" CTL mediate lysis through the Fas-dependent
pathway. In contrast to the present observations, others have
observed that HSV-1 could induce the apoptosis of CD4 T
cells but apoptosis was not inhibited by anti-Fas or anti-FasL
antibodies (26). These workers concluded that Fas-FasL was
not the mechanism of apoptosis. However, virus-altered cells
may use the same intracellular apoptotic pathway but not re-
quire surface Fas-FasL triggering for apoptosis induction. Ad-
ditional studies to explore the role of the Fas-dependent path-
way could utilize caspase inhibitors to block CTL activity,
measuring caspase activity in target cells following effector cell
treatment, or inhibiting Fas-FasL interaction by monoclonal
antibody treatment. Presently, anti-bovine Fas or FasL anti-
bodies are not available.

Our experiments revealed the presence of CD4" CTL pre-
cursors in animals immunized by attenuated BHV-1 vaccine.
The successful induction of CD4™ CTL from bovine peripheral
blood showed the long-anticipated scenario of CD4* CTL
involvement in cell-mediated immunity against BHV-1 infec-
tion. CD4" CTL may induce the apoptosis of macrophages
through Fas-mediated lysis, suggesting BHV-1-specific CD4*
CTL probably compensate for the loss of CD8" CTL since
BHV-1 can down-regulate MHC class I expression in infected
cells (25, 32). However, since CD4" CTL also lysed virus-
infected antigen-presenting cells, we predict that CD4" CTL
might actually limit a local immune response; therefore, in
vivo, CD4" CTL may control viral spread and limit the local
immune response to viral infection.
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