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Bovine leukemia virus (BLV) is a complex B-lymphotrophic retrovirus of cattle and the causative agent of
enzootic bovine leukosis. Serum antibody in infected animals does not correlate with protection from disease,
yet only some animals develop severe disease. While a cytotoxic T-lymphocyte response may be responsible for
directing BLV pathogenesis, this possibility has been left largely unexplored, in part since the lack of readily
established cytotoxic target cells in cattle has hampered such studies. Using long-term naturally infected
alymphocytic (AL) cattle, we have established the existence of cytotoxic T-lymphocyte response against BLV
envelope proteins (Env; gp51/gp30). In vitro-expanded peripheral blood mononuclear (PBM) cell effector
populations consisted mainly of gd1 (>40%), CD41 (>35%), and CD81 (>10%) T lymphocytes. Specific lysis
of autologous fibroblasts infected with recombinant vaccinia virus (rVV) delivering the BLV env gene ranged
from 30 to 65%. Depletion studies indicated that gd1 and not CD81 T cells were responsible for the cytotoxicity
against autologous rVVenv-expressing fibroblasts. Additionally, cultured effector cells lysed rVVenv-expressing
autologous fibroblasts and rVVenv-expressing xenogeneic targets similarly, suggesting a lack of genetic re-
stricted killing. Restimulation of effector populations increased the proportion of gd1 T cells and concomi-
tantly Env-specific cytolysis. Interestingly, culture of cells from BLV-negative or persistently lymphocytic cattle
failed to elicit such cytotoxic responses or increase in gd1 T-cell numbers. These results imply that cytotoxic
gd1 T lymphocytes from only AL cattle recognize BLV Env without a requirement for classical major
histocompatibility complex interactions. It is known that gd1 T lymphocytes are diverse and numerous in
cattle, and here we show that they may serve a surveillance role during natural BLV infection.

Bovine leukemia virus (BLV) is among the most widespread
livestock pathogens in the United States. A recent comprehen-
sive survey revealed that 89% of dairy operations in the United
States, and 41 to 47% of all dairy cattle, are infected with BLV
(25). Despite a continued effort to link immune responses
against BLV and development of the nonbenign states of en-
zootic bovine leukosis (EBL) (i.e., persistent lymphocytic [PL]
state and tumor development), the role of cell-mediated im-
munity remains enigmatic. Yet, the host must keep the number
of BLV-positive (BLV1) cells from accumulating, as two-
thirds of infected cattle remain in the benign alymphocytic
(AL) state of infection. Due to the protracted pathology of
EBL in cattle, most investigations of BLV pathogenesis have
been done in sheep. In contrast, we chose to pursue the role of
cellular cytotoxicity in the natural host, cattle. Consequently,
the extended latency of BLV dictated the use of a cross-sec-
tional study, comparing groups of cattle that had remained in
their state of infection for an extended period of time. This
study was designed to address whether the state of infection
correlated with a specific immune response.

In BLV investigations using sheep, proviral integration and
an increase in circulating CD81 lymphocytes precede serocon-
version (60). In the sheep model, identification of specific CD4
and CD8 T-cell epitopes (19) and protection against BLV
challenge (38, 39, 42) have been demonstrated after rVVenv
inoculation. Furthermore, peptide immunizations have also

been shown protective against BLV infection in sheep (24).
The picture is less defined in cattle. While several immuniza-
tion studies in cattle have induced (2, 31) or failed to produce
(6, 48) protection, none of these studies addressed the role of
cellular cytotoxicity. Also, in cattle, class I and class II BoLA
haplotypes show some correlation with state of infection (12,
32, 62, 64). However, an actual effector population of cellular
cytotoxicity against components of BLV has not been identi-
fied in cattle.

A functional role of gd1 T cells in response to pathogens in
cattle is still poorly defined. gd1 T lymphocytes in ruminants
express a diverse repertoire of the T-cell receptor (TcR) (22,
23), and ruminants have an unusually high number of gd1 cells
in circulation as well as in certain tissues (9). The possible
connection between a gd1 T-cell response and the ability of
most BLV-infected animals to avoid severe disease has not
been addressed. gd1 T cells have been shown to mount cyto-
toxic, cytokine, and proliferative responses in several other
viral infections. Most relevant to the present study is herpes
simplex virus infection, where gd1 T cells have been shown to
directly recognize the gI protein (51) and also correlate with
protection (30, 51, 52). In addition, gd1 T cells are notably
activated in cytomegalovirus (14), influenza virus (26), and
Sendai virus (37) infections and, importantly, in several bovine
viral infections such as those caused by bovine respiratory
syncytial virus (50), bovine herpesvirus 1 (47), and foot-and-
mouth disease virus (3). Activated gd1 T cells are also evident
during simian and human immunodeficiency virus (SIV and
HIV) infections, although their presence does not necessarily
correlate with protection (63; reviewed in reference 41), and
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activated gd1 T cells in SIV and HIV infections also react to
certain cells lines (17, 57; reviewed in references 8 and 28).

Human T-lymphotropic virus type 1 (HTLV-1) is genetically
and structurally closely related to BLV. However, the immune
responses to these viruses may require separate consideration,
as no report links (HTLV-1) and gd1 T-cell responses. First,
HTLV-1 infects T cells in humans, while BLV infects B cells in
cattle. Inherently, the potential for affecting the immune sys-
tem varies when a different lymphocyte population is the major
target for infection. Second, the gd-TcR repertoire in cattle is
much greater than in humans (23), allowing for a more diver-
sified gd1 T-cell response in cattle.

Here, we test the hypothesis that AL cattle possess lympho-
cytes capable of lysing cells expressing BLV antigen. The
results demonstrate that cytotoxic gd1 T lymphocytes of the
natural host, cattle, recognize both autologous and xenogeneic
target cells expressing BLV env but not irrelevant viral antigen
(wild-type vaccinia virus). Additionally, this response is not
seen in cattle that are BLV negative (BLV2) or PL, suggesting
that these gd1 cytotoxic T lymphocytes (CTLs) are intimately
connected to BLV pathogenesis.

MATERIALS AND METHODS

Classification of BLV2 and AL animals. Delineation between infectious states
of naturally BLV-infected cattle used previously established criteria (1) of total
white blood cell (WBC) counts and agar gel immunodiffusion (AGID) analysis.
Four BLV2, five BLV1 AL, and five BLV1 PL adult cattle used in this inves-
tigation are listed in Table 1. Briefly, BLV2 cattle were free of serum antibody
to BLV and had no integrated provirus as seen by PCR of the pol gene (4). AL
cattle were seropositive and carried BLV provirus. In contrast to AL animals,
which had WBC and B-cell counts similar to those of BLV2 animals, PL animals
had elevated numbers of WBC and circulating B cells. All BLV1 cattle had
remained unchanged in status for 5 to 8 years.

Flow cytometry for surface markers. Briefly, mouse monoclonal antibodies
(MAbs) specific to bovine surface markers were incubated with 106 cells for 90
min at room temperature. Cells were washed three times with phosphate-buff-
ered saline (PBS) and incubated with fluorescein isothiocyanate-conjugated goat
anti-mouse immunoglobulin G (IgG; heavy plus light chain) for 90 min at room
temperature. Cells were washed three times with PBS, fixed in 1% paraformal-
dehyde in PBS, and analyzed on an EPICS Profile II (Coulter Corp., Miami, Fla.)
within 5 days. Antibodies to CD2 (ILA42), CD4 (ILA11), CD8 (ILA51), and
IgM (ILA30) (27), from the American Type Culture Collection (Manassas, Va.),
and gd-TcR1 subset (86D) (33), from the European Collection of Animal Cell
Culture (Salisbury, United Kingdom), were produced from purchased hybrid-
omas, while the pan-gd-TcR MAb GD3.8 (61) was kindly provided by the
laboratory of Mark Jutila (Bozeman, Mont.). Both 86D, which recognizes an
external epitope, and GD3.8 gd-specific antibodies immunoprecipitate 38- and
40-kDa peptides, supporting TcR1 specificity. Another CD8 MAb (38-65) from
the First International Antibody Workshop (27) was available in our lab. Two-
color flow cytometry was performed similarly, with the addition of a 20-min
preincubation with Fc Block (PharMingen, San Diego, Calif.) to eliminate inter-
ference from Fc receptor expression. Biotinylated MAbs were added at preopti-
mized concentrations followed by strepavidin-phycoerythrin conjugate. Cells were
analyzed the same day or fixed in 1% paraformaldehyde and analyzed within 5 days.

Cell culture of hybridomas, target cell lines, PBM cells, and autologous
fibroblast lines. All cells were maintained in complete RPMI 1640 (cRPMI)
supplemented with either 5% (cRPMI-5) or 10% (cRPMI-10) fetal calf serum
(FBS; Sigma, St. Louis, Mo.). Before use, each lot of serum was verified free of
detectable anti-BLV antibody by the AGID assay. Hybridomas were grown in
cRPMI-5. Peripheral blood mononuclear (PBM) cells were isolated and cultured

as described below (“Effector cell expansion protocol”). Primary autologous
fibroblast cultures used for target cells were established from skin biopsies of
each AL and BLV2 animal studied and were either used directly or frozen at
270°C in 10% dimethyl sulfoxide in FBS. Briefly, minced skin sections were
cultured for 10 to 14 days, and outwardly migrating fibroblasts were collected for
an initial expansion of three to four passages, at which point aliquots were frozen
in liquid nitrogen to allow for retrieval of early passages. In general, fibroblasts
could be passaged more than 30 times before senescence (approximately 100
generations). D17 cells (canine osteosarcoma; obtained from the lab of Howard
Temin) were maintained in cRPMI-5.

Recombinant and wild-type vaccinia virus preparation. Wild-type vaccinia
virus and recombinant vaccinia virus expressing the BLV env gene (rVVenv)
were kindly provided by Misao Onuma (39) and Virogenetics, Inc. (Troy, N.Y.).
New viral working stocks were produced by infecting a monolayer of Vero cells
with the original virus preparations at a multiplicity of infection of 2 and cultur-
ing the cells in cRPMI-10 for 5 days. The infected cells were pelleted for 10 min
at 250 3 g in a preparative centrifuge, and the pellet was freeze-thawed three
times. Prior to use, viral stocks were trypsinized for 30 min at 37°C. Viral titer was
determined using a standard plaque assay. Tenfold dilutions of vaccinia virus were
added to monolayers of either Vero cells or autologous fibroblasts in cRPMI without
FBS for 2 h. An equal volume of cRPMI-10 was then added to each well, and the
plates were incubated for 3 to 4 days; then the culture medium was removed, and
the cells were stained with 1% crystal violet (Roboz Surgical Instrument Co.,
Washington, D.C.). Similar PFU for a given virus preparation were observed
with Vero cells or autologous fibroblasts (data not shown). Viral stocks were kept
at 4°C or frozen at 270°C, depending on length of storage before use.

Effector cell expansion protocol. Heparinized blood was obtained by jugular
venipuncture from normal and infected adult Holstein females. PBM cells were
isolated over IsoPrep (Robbins Scientific, Bloomington, N.J.) at 1,400 3 g for 30
min, washed three times with PBS, resuspended in 25 ml of cRPMI-10, and
incubated at 1 3 106 to 2 3 106/ml for 2 h in a 162-cm2 tissue culture flask.
Adherent cells were then discarded; nonadherent cells were transferred to a
standing 75-cm2 tissue culture flask and incubated for 3 days, after which 25 ml
of cRPMI-10 with 50 U of recombinant human interleukin-2 (rhIL-2) per ml was
added. Expansion was continued for 7 to 9 days; then viable cells were isolated
over IsoPrep and used in cytotoxicity assays. Short-term cell lines were restim-
ulated on a similar culture cycle. Briefly, viable cells were isolated from the
expansion culture and combined with autologous irradiated PBM cells (3,500
rad) for 2 to 3 days; then rhIL-2 (25 U/ml; half the concentration used in the initial
expansion) was added for another 7 to 9 days. Lines remained viable in sufficient
numbers for use in assays for four to six cycles of restimulation. Although IL-12
can elicit gd1 T cells, we have shown that macrophages from AL animals produce
prostaglandin E2, which can inhibit in vitro expansion of gd1 T cells (46).

Cytotoxicity assays. Autologous fibroblasts, uninfected or infected with vac-
cinia virus vectors (multiplicity of infection of 5) for 12 to 18 h, were trypsinized,
rinsed, and labeled with 1 mCi of Na51CrO4 per 2,000 cells in cRPMI for 45 min.
As target cells, autologous fibroblasts and D17 cells were .95 and 99% viable (by
trypan blue exclusion), respectively, at 36 h of infection (data not shown). Using
immunofluorescence, rVVenv-infected cells were approximately 80% positive for
vaccinia virus antigen 12 h postinfection (data not shown). After labeling, targets
were washed three times with PBS and resuspended in cRPMI-10; then 5,000
cells were added per well in 96-well plates for the assay. Gradient-purified effector
cells were added at various effector-to-target (E:T) ratios, with a final volume of
200 ml. Plates were spun for 3 min at 150 3 g before and after the 6-h assay.
Supernatants were transferred to tubes and counted using a gamma counter.

Depletion of CD81 and gd1 T cells from the effector population. Using MAbs
to CD8, CD4, and gd-TcR, specific subpopulations were depleted by comple-
ment lysis or two rounds of panning as adapted from previously published
protocols (16, 34). Briefly, complement lysis was accomplished by incubating the
population with a preoptimized amount of MAb on ice for 1 h in cRPMI. A final
volume of 33% rabbit complement (Cedarlane, Hornby, Ontario, Canada) was
added, and incubation continued with rotation for 1 h at 37°C; then cell debris
was allowed to settle for 5 min on ice. Suspended cells were washed three times
in cRPMI and adjusted to desired concentrations in cRPMI-10. Alternatively,
plastic culture dishes were coated with MAb diluted in PBS with 1% bovine
serum albumin at 4°C overnight and were washed five times with PBS before use.
Cells were allowed to adhere to the plate for 1 h at room temperature. Nonad-
herent cells were transferred to a second plate, and the incubation was repeated.
CD8 and CD4 depletions were done by complement lysis (MAb 38-65 [IgG2a]
and ILA11 [IgG2a], respectively) and depletions by two rounds of panning (MAb
86D [IgG1]). Following depletions, the remaining cells were washed three times
and resuspended to the original volume with cRPMI-10.

RESULTS

gd1 T-lymphocyte expansion from PBM cells is unique to
AL animals. Because the majority of BLV-infected cattle re-
main in the benign AL state of infection, BLV-specific T cells
may limit viral infection. To address the hypothesis that anti-
gen-reactive effector cells could be expanded from BLV1 but

TABLE 1. Classification of BLV-infected cattlea

Classifi-
cation Animal no. WBC/ml BLV

AGID
% B lympho-

cytesb

BLV2 602, 617, 920, 4205 4,000–6,500 Negative 25–30
AL 1, 4, 17, 201, 234 4,000–7,000 Positive 20–35
PL 182,c 612, 2, 19, 191 .8,000 Positive 40–70

a Animals were tested throughout study, and none changed status.
b Determined by flow cytometric analysis.
c Animal died during the time of the study. Cause of death was not related to

BLV status.
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not BLV2 animals, PBM cells were cultured in vitro. T-cell
proliferation is composed of two phases, antigen-specific acti-
vation resulting in up-regulated IL-2 receptor expression fol-
lowed by IL-2-dependent expansion of activated cells (5). The
distribution of phenotypes of freshly isolated and cultured pop-
ulations from BLV2, AL, and PL cattle is shown in Table 2.
Preexpansion cell populations were similar in both AL and
BLV2 animals, although AL animals had more CD41 and
CD21 cells than either BLV2 or PL animals. Further analysis
of these CD markers was not done. PL cattle showed the
symptomatic increase in B cells. However, following the 10- to
12-day expansion in the presence of endogenously expressed
BLV and rhIL-2, AL animals had a significantly higher pro-
portion of gd1 T lymphocytes than either BLV2 (P , 0.001) or
PL (P , 0.001) animals, suggesting that activation of T cells by
BLV followed by IL-2 expansion of antigen-specific T cells
occurs preferentially in the cells from AL animals. The post-
expansion cultures from BLV2 and PL cattle did not contain
statistically different numbers of gd1 T cells (P . 0.025). While
the relative numbers of CD41 cells also increased slightly in all
groups, the proportion of CD81 cells in AL animals decreased
in contrast to both BLV2 (P , 0.001) and PL animals (P ,
0.001). Typically, expansion of cells from BLV-free cattle
yielded few viable cells, presumably due to the lack of antigen-
specific stimulation during the first 3 days of in vitro culture.

In vitro expansion of AL PBM cells yields an Env-reactive
cytotoxic population. To examine the function of the expanded
cell populations, autologous fibroblasts were used as targets to
assess cytotoxic ability. Expression of rVVenv in target cells
was confirmed by intracellular immunofluorescence and West-
ern blot analysis using polyclonal anti-vaccinia virus serum and
anti-gp51 MAbs, respectively (data not shown). Cytolytic ac-
tivity against autologous fibroblasts infected with rVVenv but
not against wild-type vaccinia virus was detected in expanded
populations from AL animals (Fig. 1A). In seven different
experiments with five different AL animals and three BLV2

animals, the Env-specific lysis by cells from AL animals ranged
from 30 to 65%, while cells from uninfected animals failed to
lyse the target cells (less than 5%). Despite the expansion of
mainly CD81 T cells from BLV2 animals on three occasions
(Table 2), those effectors were not able to lyse rVVenv-ex-
pressing autologous fibroblasts (Fig. 1B).

Depletion of gd1, but not CD81 and CD41, T lymphocytes
reduces Env-specific lysis in AL animals. To determine the

T-lymphocyte population responsible for the observed lysis,
CD81 and/or gd1 T lymphocytes were depleted in the postex-
pansion effector populations. A reduction of cytotoxicity re-
sulted when gd1 cells were removed (Fig. 2). Treatment with
MAb 86D, which recognizes 50 to 70% of gd1 T cells in the

TABLE 2. Surface phenotypes of PBM cells from
BLV2, AL, and PL cattle

Marker

Cell population (% 6 SD)a

BLV2 AL PL

Ex vivob Culturedc Ex vivo Cultured Ex vivo Cultured

CD2 38 6 8 72 6 13 57 6 11 72 6 7 18 6 1 48 6 10
CD4 17 6 4 19 6 1 37 6 8 38 6 5 13 6 4 24 6 7
CD8 13 6 7 47 6 5 16 6 4 11 6 2d,e 7 6 2 27 6 8f

Surface IgM 30 6 3 NDg 36 6 5 15 6 4 56 6 8 28 6 11
gd-TcR 14 6 2 21 6 14 15 6 3 41 6 3d,e 9 6 4 8 6 2h

a For ex vivo cells, n 5 10 for all groups. For cultured cells: BLV2, n 5 3 (of
8); AL, n 5 10 (of 10); PL, n 5 10 (of 10).

b Ex vivo cells are nonexpanded PBM cells freshly isolated from blood.
c Nonadherent cells were cultured with endogenously expressed BLV antigen

for 2 to 3 days and then rhIL-2 (50 U/ml) for an additional 7 to 9 days.
d Statistically different from BLV2 (P , 0.001).
e Statistically different from PL (P , 0.001).
f Statistically different from BLV2 (P , 0.005).
g ND, not determined.
h Not statistically different from BLV2 (P . 0.025).

FIG. 1. Cytotolysis of rVVenv-expressing autologous fibroblasts by expanded
PBM cells from AL animal 17 (A) and BLV2 animal 4205 (B). Targets were
either infected with rVVenv (triangles) or wild-type vaccinia virus (circles) or
uninfected (squares) in a 6-h 51Cr release assay. Spontaneous release was less
than 30%, and all determinations were performed in triplicate. The data are
representative of seven experiments with three different AL animals and two dif-
ferent BLV2 animals. Standard deviations were less than 5% for all data points.

FIG. 2. Cytotolysis of rVVenv-expressing autologous fibroblasts by expanded
PBM cell subsets from two AL animals, 17 (A) and 201 (B). The assay was per-
formed as for Fig. 1, at E:T ratios of 50:1 (A) and 30:1 (B). Target cells were either
infected with rVVenv (filled) or wild-type vaccinia virus (hatched) or uninfected
(clear). Spontaneous release was less than 30%, and all determinations were
performed in triplicate. The data are representative of two experiments with two
different AL animals. See Materials and Methods for depletion protocols.
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expanded populations, caused an approximate 50% reduction
in lysis of env-expressing target cells, suggesting the involve-
ment of gd1 T cells. Depletion of CD81 T cells or CD41 and
CD81 T cells, to remove the ab-TcR population and address
the role of ab-TcR cells in BLV cytotoxicity, did not alter
Env-specific lysis (Fig. 2). Thus, BLV-infected animals in the
AL state of infection possess gd1 T cells that lyse env-express-
ing target cells, while BLV2 animals did not have detectable
cytotoxic gd1 T cells.

Expanded AL effectors are not classically MHC restricted.
Previously, NK-like cell lines from cattle (40) were shown to
lyse bovine herpesvirus 1-infected D17 cells (a canine osteo-
sarcoma cell line). The vast majority of cells in that study were
gd1 T cells, which prompted us to test the cytolytic activity
of the AL-derived effectors against several common target
cell lines. Effectors expanded from AL animals would not
kill K562, YAC-1, Daudi, Vero, NMU, or COLO cells (data
not shown). However, similar to autologous fibroblasts (Fig. 1),
D17 cells were also lysed by AL-derived effector cells when
infected with rVVenv (Fig. 3). Minimal lysis of wild-type vac-
cinia virus-infected and uninfected D17 cells was noted at the
highest E:T ratio (,10% specific lysis). The phenotypic distri-
bution of the effector populations used in Fig. 3 are shown in
Table 3. The use of D17 cells consequently allows comparison
of animals in different states of infection using a single target
population, while focusing the examination on major histocom-
patibility complex (MHC)-nonrestricted cytotoxicity. Thus, as
expected, cytolytic gd1 T cells from BLV-infected animals in
the AL state are not classically MHC restricted. Interestingly,
PL animals possess higher numbers of BLV-producing cells in
vivo (18), and in vitro demonstration of BLV antigens is much

enhanced using cells from PL animals compared to AL animals
(15). Therefore, based on BLV antigen availability in culture,
gd1 T-cell expansion and cytotoxicity should be greater in cells
from PL animals. This outcome was not observed in Table 2
and Fig. 3, suggesting only cytotoxic gd1 T cells from AL
animals recognize BLV Env.

Restimulated AL cell lines retain their ability to lyse
rVVenv-expressing targets. Since culture of PBM cells from
AL animals evoked a cytotoxic effector population, the cul-
tured cells were restimulated to assess continued antigen spec-
ificity and enrichment for cytotoxicity. Indeed, Fig. 4 shows that
short-term cell lines were capable of substantial (50 to 100%)
lysis after three to four rounds of restimulation. Although
individual cultures varied in their relative lysis of rVVenv and
wild-type vaccinia virus-infected targets, specific cytotoxicity
remained high with continued in vitro culture (Fig. 4).

Cell lines from AL animals are unique in their lysis of
rVVenv-expressing targets. To test whether in vitro restimula-
tion results in cytotoxic gd1 T cells regardless of state of
infection, cell lines from animals in all three categories were
tested for cytotoxic ability. Figure 5 shows that restimulated
AL-derived cell lines lysed rVVenv-expressing D17 cells, while
cell lines from BLV2 and PL animals did not (Fig. 5). Cells
from one AL animal (animal 4) rarely lysed rVVenv-expressing
targets after initial PBM cell expansion. However, following
repeated restimulation, cells from this AL animal also showed
high env-specific lysis (Fig. 6). Therefore, cattle in the AL state
of infection possess cells capable of lysing cells that express a
BLV antigen; in contrast, animals in the PL state of infection,
as well as uninfected animals, do not have cytotoxic cells spe-
cific for BLV antigens.

FIG. 3. Cytotolysis of rVVenv-expressing D17 cells by short-term cell lines
(culture and one restimulation) from AL animal 17 (A), PL animal 2 (B), and
BLV2 animal 602 (C). Targets were either uninfected (squares) or infected with
wild-type vaccinia virus (circles) or rVVenv (triangles) and used in a 6-h 51Cr
release assay. Spontaneous release was less than 30%, and all determinations
were performed in triplicate. The data are representative of two experiments
with two different AL animals, two different BLV2 animals, and three different
PL animals. Standard deviations were less than 5% for all data points.

TABLE 3. Phenotypes of short-term cell linesa

Markerb
% Expressing marker

602-1x (BLV2) 17-1x (AL) 2-1x (PL)

CD2 76 78 69
CD4 61 52 26
CD8 13 13 32
gd-TcR 8 24 7

a Cell lines used for Fig. 3 (one restimulation after initial expansion [21x]).
b Gate set to nonpermeable cells as determined by propidium iodide exclusion.

FIG. 4. Env-specific lysis of rVVenv-infected D17 cells by short-term T-cell
lines from animal 201. Lines were restimulated three to four times with irradi-
ated PBM cells and 25 U of rhIL-2 per ml after initial expansion culture (2nx).
Independently derived 3-week cultures are given the letters A, B, and C. D17
cells were infected with either rVVenv (solid) or wild-type vaccinia virus
(hatched). Spontaneous release was less than 35%, and determinations were
done in triplicate at an E:T ratio of 20:1. The data are representative of two
restimulation experiments for this animal.

8302 LUNDBERG AND SPLITTER J. VIROL.



gd1 T cells in restimulated AL cell lines increase in relative
number and correlate with cytotoxicity. Because others have
observed an increase in CD22 gd1 T cells in BLV1 cattle (54),
and the expanded gd1 cells from AL animals may be CD22

(Table 2), we determined if cells of this phenotype from AL
animals were expanded. The phenotypes of cell lines restimu-
lated one to five times (Table 4) were compared for their
cytotoxic potential (Fig. 7A). Increasing numbers of gd1 T
cells correlated with the level of cytotoxicity. Conversely, the
number of CD81 T cells declined more than 6-fold (Table 4),
while env cytotoxicity increased nearly 10-fold (Fig. 7A). Ad-
ditionally, when we determined the coexpression of CD2 and
the gd-TcR, a correlation between increased cytotoxicity and
the number of gd1 T cells that were CD22 was equally striking
(Fig. 7B), suggesting the phenotype of the cytotoxic cell is gd1

CD22. Similar findings between CD22 gd1 T cells and in-
creasing cytotoxicity were evident for long-term-cultured cell

lines from two other AL animals. The findings from this ex-
periment further support the role of gd1 T cells from the AL
state of infection are responsible for in vitro lysis of cells
expressing a BLV antigen.

DISCUSSION

BLV is among the most persistent pathogens in cattle, whose
immune system, like that of all ruminants, is unique in its gd1

T-cell prevalence and diversity. Despite these two distinct phe-
nomena, the relevance of gd1 T cells to BLV pathogenesis has
not been thoroughly explored. To address this lack of under-
standing, we determined if gd1 T cells from BLV-infected
animals could recognize cells expressing components of BLV.
A large proportion of the expanded effector cell population
from adult AL animals were gd-TcR positive. These gd1 T
cells were cytotoxic to rVVenv-expressing target cells. In con-
trast to the AL animals, PBM cells from BLV2 animals typi-

FIG. 5. rVVenv-specific lysis of D17 target cells by restimulated lines from
AL but not from BLV2 or PL animals. Lines were restimulated one to four times
with irradiated PBM cells and 25 U of rhIL-2 per ml after initial expansion
culture. D17 cells were infected with either rVVenv (solid) or wild-type vaccinia
virus (hatched). Two BLV2 (A, 920-3x; B, 920-2x), seven AL (C, 4-4x; D, 17-4x;
E, 17-3x; F, 17-2x; G, 201-2x; H, 201-1x; I, 234-1x), and seven PL (J, 019-3x; K,
019-2x; L, 019-1x; M, 2-3x; N, 2-1x; O, 191-3x; P, 191-1x) cell lines were used. The
cell lines are representative of a larger pool tested, and sequential numbers do
not necessarily refer to a continuous restimulation culture. Spontaneous release
was less than 30%, and determinations were done in triplicate at an E:T ratio of
30:1. The data are representative of two restimulation experiments.

FIG. 6. rVVenv-specific lysis of D17 target cells by restimulated lines from
AL animal 4 despite insignificant lysis after first culture. Effector populations
were either cultured once from PBM cells (cultured) or subsequently restimu-
lated two (4-2x) or four (4-4x) times with irradiated PBM cells and 25 U of rhIL-2
per ml after initial culture. D17 cells were infected with either rVVenv (solid) or
wild-type vaccinia virus (hatched). Spontaneous release was less than 25%, and
determinations were done in triplicate at an E:T ratio of 20:1.

TABLE 4. Phenotypes of multiple restimulated cell linesa

Cell line
% Expressing surface marker

CD21 CD41 CD81 gd1

17-1xb 72 74 26 25
17-2x 83 71 21 23
17-3x 77 73 14 31
17-4x 54 35 9 59
17-5xc 53 68 4 62

a Cell lines from animal 17 used for Fig. 7.
b 2nx indicates number of restimulations for
c Not enough cells for CTL assay; phenotypic distribution determined only to

demonstrate continued decrease of CD81 and increase of gd1 T cells.

FIG. 7. Cytotoxic activity against rVVenv-infected D17 cells correlated with
CD22 gd1 T cells in cell lines. Short-term cell lines from animal 17 (17-1x, 17-2x,
17-3x, and 17-4x) were restimulated with irradiated PBM cells one, two, three,
and four times, respectively. For flow cytometry data on these lines, see Table 4.
These are the aggregate data on sequential restimulations of the same culture.
(A) Increase in cytolytic activity against rVVenv-infected (filled) but not wild-
type vaccinia virus-infected (hatched) D17 cells with each restimulation. Spon-
taneous release was less than 30%, and determinations were done in triplicate at
an E:T ratio of 20:1. (B) Increase in percent CD22 gd1 T cells of total gd1 T
cells with each restimulation.

VOL. 74, 2000 gd1 T-CELL CYTOTOXICITY IN BLV-INFECTED CATTLE 8303



cally failed to survive in parallel cultures. Only approximately
1/10 of the number of the cells survived in 3 of 8 attempted
BLV2 cultures, compared to the constant recovery of cells
from each of 10 AL and 10 PL cultures (Table 2). Further-
more, cultures from PL animals contained approximately equal
numbers of B cells, CD41 T cells, and CD81 T cells, all being
threefold more prevalent than gd1 T cells, and these PL-
derived effectors failed to lyse rVVenv-expressing target cells.

The role of gd1 T cells in ruminants may extend beyond the
proposed role of complementing gd1 T cells suggested for
primates (58). The prominence of gd1 T cells in our in vitro
studies and the high proficiency of BLV-specific CTL activity
suggests that gd1 CTL play a significant role in controlling
BLV infection in the AL state. The lack of this reactive gd1

CTL population in PL animals implies that gd1 T cells are
intimately connected to BLV pathogenesis. To our knowledge,
this is the first time that gd1 T cells have been shown to
respond specifically to retroviral proteins in ruminants.

Depletion of CD81, CD41, and gd1 cells indicated that gd1

cells expanded from AL animals were largely responsible for
the target cell lysis. Additionally, the cytotoxicity to Env was
not MHC restricted, as evidenced by the lysis of rVVenv-
infected D17 cells (Fig. 3). However, expanded PBM cells from
AL cattle typically showed no significant cytotoxicity against
noninfected and wild-type vaccinia virus-infected autologous
target cells, indicating that the cytotoxicity was not the result of
NK cells. Cultured cells from AL animals also contained a
large proportion of CD41 T lymphocytes, while CD81 T lym-
phocytes comprised less than a third of the gd1 T-lymphocyte
population. While the 10 to 20% CD81 T lymphocytes may be
responsible for the high levels of cytotoxicity observed, deple-
tion of CD81 effector cells did not alter cytotoxicity (Fig. 2),
and reduction in CD81 cells occurred while cytotoxicity in-
creased in the short-term cell lines (Table 4 and Fig. 7). Also,
the substantially higher levels of CD81 T cells in BLV2 and PL
cattle following culture was not accompanied by increased
cytotoxicity (Fig. 3, Fig. 5, and data not shown). The relatively
large proportion (.35%) of CD41 T lymphocytes in expanded
cultures from AL animals would be additional candidates for
cytotoxic effector cells. However, CD41 CTLs are MHC class
II restricted (reviewed in reference 21), while autologous fi-
broblast targets are MHC class II negative and D17 cells are
xenogeneic to cattle. Recently, gd1 T cells were reported to
present antigen and stimulate CD41 cells (10). This possiblity
would explain the continued presence of CD41 cells in our
cultures (Tables 2 to 4). Alternatively, there may be a recip-
rocal relationship between CD41 and gd1 cells that is required
for gd1 cell expansion and/or cytotoxicity. Also, CD41 cells
may be stimulated nonspecifically in culture through the pres-
ence of endogenous IL-2 or other cytokines. Although inves-
tigation regarding the continued CD41 T-cell presence in cul-
ture was beyond the scope of this study, depletion of CD41 T
cells did not affect cytotoxicity in our system (Fig. 2); moreover,
despite large proportions (26 to 61%) of CD41 cells in cell
lines from BLV2 and PL animals, these effector populations
were not cytotoxic (Table 3, Fig. 3, and data not shown).

Since CD41 and CD81 cells are primarily CD21, the single
surface marker staining in Table 2 suggests that cultured cells
from AL animals increase in gd1 cells but not in CD21 cells.
Additionally, CD22 gd1 cells increase in BLV1 cattle (54),
and we show here that loss of CD2 expression on gd1 T cells
correlated with restimulation of effector cells concomitantly
with increased cytotoxicity (Table 4 and Fig. 7). However,
decreasing CD21 cells over time may be a consequence of
CD2-mediated apoptosis (55). Future experiments should ad-
dress the relevance of this gd1 subpopulation in the rVVenv-

specific cytotoxic response. In all cytotoxicity assays, the rela-
tive numbers of gd cell subsets, TcR-N3, TcR-N4, TcR-N6,
TcR-N7, TcR-N12 (13), and 86D, were determined, but none
of these populations demonstrated a correlation with BLV
infection status or cytotoxicity in cultured cell populations
(data not shown). The exclusive role for gd1 CTLs is corrob-
orated by the lysis of D17 targets expressing BLV proteins,
where a conventional coreceptor model cannot explain the
data. While an apparent lack of MHC restriction was observed,
nonclassical presentation molecules (such as CD1) cannot be
excluded. However, recognition of nonclassical MHC mole-
cules by bovine gd1-TcR has not been shown to date and may
be an unlikely explanation.

Occasionally, AL animals in this study had slightly elevated
levels of circulating gd1 cells relative to noninfected control
animals, but the increase was not statistically significant (Table
2). However, the BLV2 animals used in this study had a
slightly higher number of circulating gd1 cells than previously
reported (18), possibly due to the lack of a specific pan-gd-TcR
MAb in the earlier study.

Considering that BLV mRNA can be detected ex vivo in
sheep (43), the immune system of infected cattle may encoun-
ter BLV antigen with relative frequency despite the extended
latency of BLV in cattle. Indeed, individual cells of cattle have
been shown to express BLV mRNA in vivo (20). In the sheep
model, periodic appearance of Rex-specific antibodies and sus-
tained antibodies against other BLV components was detected
(43), implying opportunity for repeated contact with BLV an-
tigen and repeated stimulation of BLV-specific gd1 T cells.
Although disease development in cattle is not precisely mim-
icked by sheep, infected cattle similarly remain seropositive
and proviral DNA can be found throughout life. Furthermore,
endogenous BLV antigen is produced by B cells from cattle
during in vitro culture (references 1, 15, and 29 and data not
shown), providing a source of BLV antigen for gd1 T cells.

In HIV, Vg9/Vd2 T-cell responses to HIV-infected targets
exist in both uninfected and infected individuals (59), but these
cells are diverse in the complementarity-determining region 3
of the TcR and also recognize other virus-infected cells. We
have no evidence that the gd1 T cells identified in this study
are similarly limited in gd chain expression, but they recognize
neither wild-type vaccinia virus-infected targets nor any of sev-
eral common cell lines in our cytotoxicity assay. In HIV-neg-
ative humans, Vg9/Vd21 T cells recognize HIV- or SIV-in-
fected cells and Daudi cells without a requirement for prior
activation (7; reviewed in reference 57), suggesting that anti-
gen-specific stimulation may not be necessary for antiretroviral
activity. Additionally, Vg9/Vd21 T cells from HIV-positive
individuals are functionally defective in the ability to respond
to stimulation by Daudi cells and ethyl pyrophosphate (59).
Similarly, in SIV, gd1 CTLs respond to infected target cells
and Daudi cells (17, 56). The extent to which the gd1 T cells in
HIV- or SIV-positive primates parallel the PBM cells from
BLV1 cattle remains to be determined. Additionally, gd1

CTLs have not been identified in individuals infected with
HTLV-1, and the bovine gd1 CTLs in the present study were
unique to AL animals and were not reactive to Daudi cells.

Often, CTL studies use a specific antigen derived from the
pathogen of interest, many times in the form of peptide-pulsed
antigen-presenting cells (APC). By necessity, peptide-pulsing
studies select for a CTL population capable of engaging APC
surface molecules carrying the administered peptide antigen.
In contrast, the present study relied on endogenous BLV as a
source of antigen, followed by expansion of antigen-responsive
T lymphocytes in culture. Consequently, the antigen presenta-
tion pathway is determined by natural viral expression during
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effector stimulation. The presence of BLV antigen and reverse
transcriptase activity in culture supernatants from BLV-in-
fected animals in this study was confirmed but not quantified
(data not shown). Addition of rhIL-2 at the start of the in vitro
culture or omission of rhIL-2 during the 7- to 9-day expansion
phase resulted in high nonspecific or no cytotoxicity, respec-
tively (data not shown). The use of endogenous BLV as the
antigen may more accurately represent the role that BLV plays
in vivo. The minimal manipulation of the cultured PBM cells
more likely representative than peptide-pulsed APC stimula-
tion in modeling what occurs as the integrated BLV provirus
breaks latency.

Aside from antigen availability during culture, correlation of
the AL and PL states of infection with BoLA haplotypes (12,
32, 62, 64) and cytokine profiles (36, 44–46, 54) suggests that
immune responses from BLV1 animals are linked to cytokine
production. All PBM cell cultures from BLV1 animals pro-
duce IL-10 over time (D. Pyeon, personal communication),
and macrophages from PL cattle also secrete significant
amounts of IL-10 ex vivo (45) whereas macrophages from AL
animals secrete IL-12 (44). The combination of IL-2 and IL-12
has been found to elicit highly reactive human gd1 CTLs (49).
Additionally, IL-12 and IL-1 are necessary for the develop-
ment and activation of gd1 responses (53). We know from our
previous work (reference 11 and data not shown) that large
quantities of IL-1 are present at early stages of in vitro culture.
Consequently, the choice between IL-10 and IL-12 production
and/or secretion may help determine, or result from, the in-
fection state of EBL. Similarly, reactivity to Mycobacterium
tuberculosis (35) and HIV (7) by gd1 T cells is enhanced by
IL-12 and abrogated by IL-10 (35). Interestingly, the PBM cells
from the less gd1 T-cell-reactive AL animal 4 contained higher
baseline levels of IL-10 mRNA ex vivo than the more reactive
AL animals (Pyeon, personal communication). As shown in
Fig. 6, restimulation of PBM cells from this animal and re-
moval of macrophages as the source of IL-10 in vitro (45)
overcame an initial lack of a gd1 T-cell response, indicating
that unresponsiveness was not permanent. However, under
identical culture conditions, cells from PL animals did not
possess rVVenv-specific cytotoxicity (Fig. 5). In conclusion, this
study shows that AL cattle, but not PL cattle, are capable of
eliciting Env-specific gd1 CTLs. These CTLs are not MHC
restricted and may recognize the BLV protein directly. Defin-
ing the role of this unique cell population from AL animals
could be crucial to understanding the pathology of EBL.
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