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Marek’s disease virus (MDV) is an alphaherpesvirus that causes
deadly T-cell lymphomas in chickens and serves as a natural small
animal model for virus-induced tumor formation. In vivo, MDV
lytically replicates in B cells that transfer the virus to T cells in
which the virus establishes latency. MDV also malignantly trans-
forms CD4+ T cells with a Treg signature, ultimately resulting in
deadly lymphomas. No in vitro infection system for primary target
cells of MDV has been available due to the short-lived nature of
these cells in culture. Recently, we characterized cytokines and
monoclonal antibodies that promote survival of cultured chicken
B and T cells. We used these survival stimuli to establish a culture
system that allows efficient infection of B and T cells with MDV.
We were able to productively infect with MDV B cells isolated
from spleen, bursa or blood cultured in the presence of soluble
CD40L. Virus was readily transferred from infected B to T cells
stimulated with an anti-TCRαVβ1 antibody, thus recapitulating
the in vivo situation in the culture dish. Infected T cells could then
be maintained in culture for at least 90 d in the absence of TCR sti-
mulation, which allowed the establishment of MDV-transformed
lymphoblastoid cell lines (LCL). The immortalized cells had a signa-
ture comparable to MDV-transformed CD4+ α/β T cells present in
tumors. In summary, we have developed a novel in vitro system
that precisely reflects the life cycle of an oncogenic herpesivrus in
vivo and will allow us to investigate the interaction between virus
and target cells in an easily accessible system.
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Marek’s disease virus (MDV) is a highly oncogenic alpha-
herpesvirus that infects chickens and causes paralysis,

immunosuppression and visceral T-cell lymphomas (1, 2). The
MDV-chicken system serves as a natural small-animal model for
virus-induced tumor formation. Infection of susceptible animals
with virulent MDV strains commonly results in tumor-induced
mortality of 70–100% (1). Severity of disease is dependent on the
virulence of the MDV strain and the genotype of the infected
chicken (3). Over 40 y, modified-live virus vaccines have been
successfully used to prevent disease and represent the first an-
ticancer vaccines (4–7).
MDV infection is initiated by inhalation of infectious dust from

contaminated environment. In the upper respiratory tract, in-
fectious dust is taken up by phagocytic cells, including B cells (8,
9), which subsequently transport the virus to the primary lymphoid
organs: the bursa of Fabricius, thymus and spleen. In these organs,
MDV efficiently replicates in B cells that pass on the virus to T
cells by direct cell-to-cell transfer (10). Infected T cells then de-
liver the virus to the feather follicle epithelium, where infectious
virus is produced and shed into the environment (11). MDV pri-
marily establishes latent infection in CD4+ T cells, which can
become transformed and develop into deadly lymphomas (12).
MDV-transformed cells exhibit a regulatory T-cell phenotype
(Treg) based on their cytokine and cell surface marker profiles,
including MHC class II, CD30 and CD25 (13–15). Factors that
contribute to MDV-induced lymphomagenesis include the
major MDV oncogene meq (MDV Eco Q-encoded protein),

which encodes a basic leucine zipper (bZIP) transcription factor
(16). The Meq protein is expressed in lytically infected cells and
consistently in tumors and lymphoblastoid cell lines (LCL) de-
rived from tumors, making it an optimal marker for the detection
of both lytically and latently infected cells (16, 17).
Despite many advances in the understanding of MDV path-

ogenesis and the role of individual genes and gene products in
lymphomagenesis, MDV research has been seriously hampered
by the lack of an in vitro infection system for primary target cells
in vivo. This was mainly due to the short-lived nature of B and
T cells in culture. To overcome this limitation, Calnek and col-
leagues added fresh spleen lymphocytes every 2–3 d to infected
chicken fibroblast and epithelial cells (18). They were able to
maintain low levels of infection for more than 40 passages and
initially showed that both B and T cells become infected (18, 19).
Rarely, MDV-induced T-cell LCL were obtained, but were un-
stable in culture (20). None of the culture systems was further
developed due to the limited availability of B- and T-cell growth
and survival factors.
Since the initial publication of the chicken genome, signifi-

cant progress has been made in avian immunology and cytokine
research (21). Numerous cytokines and growth factors for B and
T cells were identified. The avian homolog of B-cell activating
factor of the tumor necrosis factor family (BAFF) was the first cy-
tokine shown to prolong B-cell survival in vitro (22, 23). Although
BAFF delayed apoptotic cell death of cultured B cells from bursa,
blood, and spleen for 2–3 d, numbers of viable cells continued
to decline. In contrast, a soluble form of chicken CD40 ligand
(CD40L) strongly induced B-cell proliferation, allowing maintenance
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of the cultures for up to 2 wk (24). Several stimuli have been dis-
covered that specifically induce proliferation and extend the life span
of avian T cells in vitro. The most potent are αVβ1–T-cell receptor
(TCR) cross-linking with the TCR-2 monoclonal antibody (25) as
well as chicken IL-2 and IL-18 alone and in combination with TCR
activation (26).
In this report, we harnessed, to our knowledge for the first

time, these B- and T-cell stimuli to establish an in vitro infection
system for the lymphotropic MDV. We could demonstrate that B
cells can be efficiently infected in vitro. Virus was also trans-
ferred from infected B to T cells, in which MDV established
latency. Furthermore, a subset of T cells infected in vitro un-
derwent oncogenic transformation, resulting in the establishment
of LCL harboring latent MDV. Our system recapitulates the
infection model in vivo and will be useful to determine and test
factors involved in efficient lytic replication, establishment of
latency and transformation of T cells.

Results
Infection of Primary Chicken B Cells with MDV in Vitro. The main
target cells of MDV lytic replication in vivo are B cells. Thor-
ough analysis of infected B cells is virtually impossible due to the
relatively small number of infected cells in vivo and the short-
lived nature of the cells in vitro. We recently identified specific
survival stimuli including chicken CD40L that allow maintenance
of B cells in culture (25, 27). Primary chicken B cells from the
bursa of Fabricius (Fig. 1), spleen or blood (Fig. S1) were
cocultured in the presence of soluble CD40L with chicken em-
bryo cells (CEC) that were infected by a recombinant MDV
expressing green fluorescent protein (GFP) fused to the C ter-
minus of the UL47 tegument protein (28). To analyze infection
of B cells, we gated on the lymphocyte population (Fig. 1A),
detected viable cells with eFluor780 dye (Fig. 1B), and stained
B cells with the specific marker Bu1 to discriminate between
infected B cells and CEC present in the inoculum (Fig. 1C).
Within 24 h, fluorescent B cells expressing the UL47-GFP fusion
protein could be detected (Fig. 1 C and D). Infection rates in-
creased between day 1 and 4 from 2 to 13% (Fig. 1D). Similarly,
B cells from spleen and peripheral blood could be efficiently in-
fected with rates of up to 7% and 20%, respectively (Fig. S1 A–D).
In contrast, B cells infected in the absence of CD40L showed
rapid apoptotic cell death and no infected cells were observed as
reported in earlier studies (19, 29).
Next, we addressed if the common vaccine strain CVI988/

Rispens can also infect B cells in vitro using a recombinant
CVI988 virus, which expresses GFP under the CMV IE pro-
moter (CVI988-CMV-GFP). CVI988-CMV-GFP efficiently in-
fected B cells and even higher infection rates (up to 50%) were
observed compared with RB1B-UL47-GFP (14%; Fig. S2A). To
confirm infection of B cells, we examined lymphocytes infected
with CVI988-CMV-GFP and RB1B-UL47-GFP by fluorescence
microscopy (Fig. S2B). Cells infected with either virus expressed
the B-cell marker Bu1 (chB6), confirming that B cells are effi-
ciently infected. Furthermore, we were also able to show that the
infected cells undergo a full lytic cycle as evidenced by the
expression of the late viral antigen glycoprotein B (gB) using a
gB-specific monoclonal antibody (Fig. S3).
For subsequent studies, we isolated CD45+/Bu1+ B cells by

FACS to exclude carryover of infected fibroblasts. To demon-
strate that the cultured B cells are indeed productively infected,
we determined MDV genome copy numbers by quantitative
PCR (qPCR) and demonstrated that the MDV genome is effi-
ciently replicated as genome copies increased almost 100-fold
(Fig. 1E). To investigate whether the infected B cells produce
infectious virus, GFP-positive B cells from infected cultures and
GFP-negative B cells from uninfected cultures were sorted and
plated on CEC monolayers. Infected (GFP-positive) B cells ef-
ficiently transmitted MDV to CEC resulting in plaque formation,

whereas GFP-negative B cells failed to do so (Fig. 1F). Taken
together, the established system allowed efficient lytic infection
in vitro of primary chicken B cells from various organs as evi-
denced by lytic gene expression, robust genome replication and
virus production, thereby mimicking the in vivo situation.

Fig. 1. MDV infection of primary B cells in vitro. Lymphocytes were isolated
from the bursa of Fabricius, stimulated with soluble CD40L and cocultured
with MDV-infected CEC (RB1B-UL47-GFP). Infected cells were analyzed by flow
cytometry and successively gated. (A) The leukocyte population. (B) Viable cells
according to eFluor780. (C) Infected B cells were detected using B-cell-specific
anti-chBu1 and UL47-GFP fluorescence. (D) Infection kinetics of MDV in pri-
mary B cells. Percentages of infected B cells are shown as means of four inde-
pendent experiments. (E) qPCR analysis of MDV genome copies in FACS-purified
viable B cells (mean genome copies of three independent experiments). (F) Un-
infected (Center) and infected B cells (Right) were sorted and seeded on CEC.
MDV plaques were visualized by immunohistochemistry using anti-gB and
anti-VP22 MAbs. Infected CEC were used as a positive control (Left).
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Infection of Primary Chicken T Cells with MDV in Vitro. To determine
whether primary chicken T cells can also be infected with MDV
in vitro, we stimulated T cells by αVβ1-TCR cross-linking with the
TCR-2 antibody and coseeded them with infected CEC. Because
UL47-GFP is not expressed in latently infected cells, we gener-
ated a virus that expresses GFP fused to the C terminus of Meq,
the major oncoprotein that is also expressed during latency. Red
fluorescent protein (RFP) was fused to the C terminus of UL47,
resulting in a virus that allows discrimination between lytically
and latently infected cells based on the fluorescence emitted in
infected cells. Upon infection of T cells, we gated on the Bu1
negative lymphocyte population and quantified the percentage
of infected T cells by flow cytometry (Fig. 2A). Intriguingly, a
subset of T cells only expressed Meq-GFP but not UL47-RFP,
indicating that these cells may be latently infected (Fig. 2A).
Most latently infected T cells were CD4+ CD8− and expressed
the αVβ1-TCR, directly corresponding to the latently infected
cells in infected animals (Fig. 2B). A larger proportion of T cells
expressed both UL47-RFP and Meq-GFP (Fig. 2A), indicating
that MDV replicated lytically in some T cells, which were pre-
dominantly CD4− and did not express TCR (41%). Rather, the
majority of the lytically infected cells in the culture expressed the
B-cell marker Bu1 (59%) indicating that the small population of
thymic B cells was efficiently infected as well (Fig. 2B). For
further analyses, we sorted the viable CD45+/Bu1− lymphocyte
population from activated thymocyte cultures, thereby excluding
CD45− fibroblasts and Bu1+ B cells from the preparation.
qPCR analysis of these sorted viable and GFP-positive T cells
suggested that MDV initially replicated productively in these
cells until day 3, but that genome copy numbers stabilized af-
terward (Fig. 2C). To determine whether infectious virus was
produced in lytically infected T cells (UL47-RFP and Meq-GFP
double-positive cells), we sorted infected T cells (CD45+/Bu1-)
and seeded them on CEC monolayers. Infected T cells could
efficiently transmit the virus to CEC as evidenced by plaque
formation (Fig. 2D).
To investigate whether MDV can also infect γδ T cells, we

compared infection rates of αβ and γδ T cells upon TCR-1 and
TCR-2 stimulation of thymocyte cultures (Fig. S4). In TCR-1–
stimulated cell cultures, only very few infected γδ T cells were
found, whereas a small population of infected αβ T cells (TCR-2+)
were identified. Upon TCR-2 stimulation, higher infection
rates of αβ T cells (4% were Meq-GFP positive) were obtained,
whereas no γδ T cells were infected. Importantly, very few Meq-
GFP positive cells were observed in unstimulated T-cell cultures,
indicating that T-cell activation strongly enhances MDV in-
fection. We concluded from the results that chicken T cells can
be maintained in vitro and are susceptible to MDV infection.
Moreover, we confirmed that T cells latently infected with MDV
in vitro exhibit a signature indistinguishable from the targeted
cells in vivo.

Transfer of MDV from B Cells to T Cells. To determine whether B
cells are capable of transferring virus directly to T cells in vitro in
the established system, we infected B cells as described above
and isolated infected B cells by FACS. Infected B cells were
cocultured with primary thymus-derived T cells that had been
TCR-2 stimulated (Fig. 3A). Infection rates of B cells (Fig. 3B)
and non–B-cell thymocytes (predominantly T cells) (Fig. 3C)
were monitored by flow cytometry, which revealed that virus was
efficiently transferred from B to T cells; in the latter, infection
rates of ∼5% were reached (Fig. 3C). The larger proportion of
T cells was lytically infected as determined by coexpression of the
lytic and latent markers (3.3%, Fig. 3C), whereas 1.4% of T cells
expressed Meq-GFP but not UL47-RFP, indicating latent in-
fection (Fig. 3C).

Latent Infection and Transformation of T Cells in Culture. Next, we
investigated whether infected T cells can be maintained in cul-
ture for extended periods of time. Infected T cells were cultured
for 1 wk in the presence of the TCR-2 stimulus. Afterward,
T cells were maintained in the absence of TCR-2 or any other
growth factor supplementation. In several independent experi-
ments, T-cell lines were established and maintained for almost
half a year in culture. Cells were passaged every 3–5 d, resulting
in 25–50 passages for each of the cell lines and stocks were
frozen (Table 1). Frozen cell lines could also be thawed suc-
cessfully and passaged for at least another 50 d. In contrast,
control T cells rapidly died under comparable conditions.
Analysis of the surface markers of the LCL established in vitro
revealed that the pattern of their cell surface was very similar to
MDV tumor cells taken directly ex vivo and expanded (CD3+,

Fig. 2. MDV infection of primary T cells. (A) Lymphocytes were isolated
from thymus, stimulated by TCR cross-linking and cocultured with CEC
infected with RB1B-UL47-RFP_Meq-GFP. (B) Latently infected (UL47-RFP-
negative, gray curve) and lytically infected cells (UL47-RFP-positive, black
line) were analyzed for the expression of surface markers. (C) qPCR analysis
of MDV genome copies in the FACS-sorted viable T-cell population. Data are
shown as mean genome copies of three independent experiments. (D) Un-
infected (Center) and infected T cells (Right) were sorted and seeded on CEC
monolayers. MDV plaques were visualized as described in Fig. 1. Infected
CECs were used as a positive control (Left).
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CD4+, CD28+, TCR2+), suggesting that the virus targets the
same cells for transformation in vitro as it does in infected ani-
mals (Fig. 4A and Table 1). To determine if the established LCL
harbored the virus genome, we measured MDV genome copy
numbers in the cells. qPCR analyses revealed that each cell
contains multiple MDV genome copies (Fig. 4B), as is commonly
detected in MDV tumor cells.
A hallmark of MDV transformation is integration of the viral

genome in transformed cells. We therefore analyzed the state of
the MDV genome in the generated LCL by FISH. We found the
MDV genome indeed integrated at the end of chromosomes of
in vitro transformed T-cell lines (Fig. 4C). To determine whether
MDV can be reactivated from the in vitro established LCL, we
performed reactivation assays as described (Fig. 4D) (30). MDV
was efficiently reactivated from these lines forming ∼4 plaques
per 100 LCLs, indicating that the virus is able to readily mobilize
its genome from the integrate state and reinitiate lytic replica-
tion. We concluded that MDV-infected T cells can be latently
infected and survive in the absence of the TCR-2 stimulus. The
T cells transformed in vitro have a phenotype identical to tumor
cells taken ex vivo. In summary, the entire MDV replication cycle
from lytic B-cell infection to T-cell transformation and reactivation
from the integrated state could be replicated in vitro.

Discussion
Several herpesviruses including Epstein–Barr virus (EBV), Kaposi’s
sarcoma-associated herpesvirus (KSHV) and MDV cause tu-
mors in animals and humans. However, only one natural small
animal virus-host model for herpesvirus-induced tumor forma-
tion is available, which relies mostly on in vivo studies (1). In this
model, infection of susceptible chickens with MDV results in a
high tumor incidence of up to 100% (12). One drawback of the
model has been that infection of B and T cells, the main targets
for lytic replication and transformation, respectively, was not
possible in vitro, due to the short-lived nature of lymphocytes in
culture (18). To address this problem, we established an in vitro
infection system that allowed us to efficiently infect B and T
cells, facilitating lytic replication, latency and transformation of

this oncogenic herpesvirus in vitro. Importantly, in vitro infection
of lymphocytes was not only achieved with a highly pathogenic
virus strain, but also with a nononcogenic vaccine virus. Pro-
longed survival of B and T cells was achieved by CD40L treat-
ment and TCR–cross-linking, resulting in easily accessible and
tunable culture system for infection with tumorigenic MDV.
During the establishment of the infection system, we tried

various other avian specific survival stimuli, including BAFF,
IL-10, and IL-21 for B cells and IL-2 and IL-18 for T cells. CD40L-
mediated activation of B cells and T-cell receptor cross-linking
proved to be most efficient in expanding cell numbers and pro-
longing survival. We reasoned that combinations of the stimuli
and concerted (temporally staged) use could enhance survival of
target cells and increase infection rates (26). On the other hand,
multiple stimuli could possibly increase the likelihood that the
phenotype of the cells was changing. Using CD40L and TCR
cross-linking, the phenotype of infected B and T cells was vir-
tually indistinguishable from cells infected in vivo, suggesting
that the used stimuli did not reprogram target cells. In addition,
the stimuli reflect the in vivo situation where virus transfers from
B to T cells, most likely requiring direct cell-cell contact through
MHC-TCR and CD40-CD40L–mediated interaction (31). With
our infection system we could confirm the model of MDV in-
fection in chickens proposed in the 1990s (2), which stipulated
transfer of the virus from initially infected B cells to T cells,
ultimately resulting in the establishment of latency in T cells
followed by transformation in some cells. Unfortunately, in vivo
studies do not allow infection of B and T cells in a synchronous
manner, as cells in infected organs are at different stages of in-
fection and transformation. In contrast, the established in vitro
system permits the analysis of the kinetics of infection and the
deliberate and coordinated use of target cells. Furthermore,
analysis of the cells during the transformation process will be
invaluable to examine in detail the sequence of events that lead
to tumor formation. In combination with the genetic tools to
manipulate the virus genome (32, 33), the in vitro infection
system provides a unique tool to examine the interaction be-
tween MDV and its target cells.
In this study, we mainly used bursa and thymus as sources for

B and T cells because the yield of target cells from these organs
is very high. In addition, the bursa does not harbor relevant
numbers of T cells (34), resulting in an almost pure B-cell pop-
ulation after isolation, making extensive purification steps ob-
solete. Similarly, in the thymus only few B cells (5%) are present.
To remove the remaining B cells, magnetic sorting had been
previously used. Importantly, these purified cultures could be
equally infected with MDV.
It remains unclear whether a specific subpopulation of B cells

becomes infected by MDV. Because we were able to infect
lymphocytes from bursa, thymus, spleen and blood with similar
efficiencies, the particular subpopulation would have to be pre-
sent in all tissues at comparable levels. Unfortunately, the lack of
cell surface markers has prevented further phenotypic charac-
terization. In contrast, latently infected T cells were identified as
αVβ1-TCR–expressing cells, which were CD4+ as described for

Fig. 3. Transfer of MDV from B to T cells. (A) B cells were infected with
RB1B-UL47-RFP_Meq-GFP for 24 h, infected B cells sorted by FACS and
cocultured with TCR-2–stimulated thymic T cells for 2 d. Cultures were
stained with anti-chBu1 to discriminate between B and non-B thymocytes
(predominantly T cells). Analysis of B cells (B) and non-B cells (C) in the cul-
ture. Percentage of infected B cells is shown from one representative ex-
periment.

Table 1. Phenotypic characterization of four MDV transformed LCL

Cell line Days in culture* CD4 CD8 TCR1 TCR2 TCR3 MHCI MHCII Bu1 CD28 CD25

JS1 167 +++ − − +++ − + + − +++ +
JS2 99 +++ − − +++ − +++ + − ND −
JS3 92 − + − +++ ++ +++ + − ND −
JS4 123 +++ − − +++ − +++ − − +++ +

Cell lines were analyzed by flow cytometry for the indicated markers. Expression levels are shown: low (+),
medium (++), high (+++), no expression (−), not done (ND).
*Continuous days in culture.
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latently infected cells in vivo. γδ T cells were poorly infectable,
even upon strong stimulation and activation by TCR-1 cross-
linking. In addition, activated T-helper cells could be trans-
formed by MDV in vitro, giving rise to several cell lines. The
established LCL could be continuously passaged for nearly half a
year until stocks were frozen. Analysis of the surface markers on
these LCLs revealed that their pattern was very similar to that
of MDV tumor cell lines (CD3+, CD4+, CD28+, TCR2+). One
T-cell line (JS3) was CD4− and CD8+, a phenotype that is also
observed in vivo (31). One marker that was not detected on the
in vitro transformed LCLs is CD30 (15). One explanation may be
that many T cells are initially transformed in vivo, out of which
only one or few give rise to the tumors (35). Hence, CD30
positivity may be a result of immune selection or possibly other
selection mechanisms. We surmise that our in vitro transformed
T cells likely correspond to the early transformed cells that have
not undergone such selection. Two of cell the lines expressed the
Treg marker CD25; however, as chickens do not encode Foxp3,

a decisive marker for Tregs in mammals, it remains to be deter-
mined whether the generated T-cell lines indeed have a Treg
phenotype.
Taken together, we present, to our knowledge for the first

time, an in vitro infection model for MDV. We achieved pro-
longed survival of B and T cells, which allowed efficient infection
of target cells with MDV. The established in vitro infection
system could be used for a number of other lymphotropic (and
partially oncogenic) pathogens including chicken anemia virus,
infectious bursal disease virus and avian leukosis virus.

Materials and Methods
Preparation and Activation of Cells. All animal work was approved by the
appropriate government agency (Regierung von Oberbayern, Az.: 55.2-1-54-
2532.6-12-09). CEC were generated and maintained as described (36). M11
(B2/B2) chickens were kindly provided by S. Weigend (Friedrich-Loeffler-
Institut, Mariensee, Germany). Lymphocytes were obtained from bursa of
Fabricius, thymus and spleen by dissociation of the organs and isolation of
the cells by density gradient centrifugation as described (37). T cells were
maintained in RPMI 1640 [supplemented with Glutamax, 10% (vol/vol)
FBS, 1% penicillin/streptomycin], B cells in IMDM [with Glutamax, 8% (vol/vol)
FBS, 2% (vol/vol) chicken serum, 50 mM β-mercaptoethanol, insulin-trans-
ferrin-sodium, selenite supplement and 1% penicillin/streptomycin] at 40 °C.
B cells were activated using recombinant soluble chCD40L (24). Mouse
CD8-chCD40L (m8c154) was expressed in HEK293 cells and purified as de-
scribed (27). For T-cell activation, tissue culture plates were coated overnight
at 4 °C with 1 μg/mL of TCR-1 or TCR-2 monoclonal antibody (MAb) (25, 26).

Generation of Recombinant Viruses and Lymphocyte Infection. RB1B viruses
with RFP and GFP fused to the C terminus of UL47 and Meq were engineered
by two-step Red-mediated recombination (28, 32) using appropriate primers
(Table S1). The viruses were termed RB1B-UL47-GFP and RB1B-UL47-
RFP_Meq-GFP. A pCMV-GFP cassette was inserted into the pCVI988 (38) as
described (32) resulting in CVI988-CMV-GFP. Viruses were reconstituted by
transfection of BAC DNA and propagated in CEC (34).

B or T cells (1 × 106) were cocultured in 1 mL with 2.5 × 104 plaque-
forming units (pfu) MDV in the presence of CD40L, TCR-1, or TCR-2 MAbs,
respectively. For transfer of MDV from B to T cells, RFP-positive B cells were
isolated by FACS sorting. Then, 4 × 105 infected B cells were cultured with
TCR-2–stimulated thymic T cells for 24 h in 48-well plates.

Flow Cytometry and Cell Sorting. Staining was performed as described (24).
Monoclonal antibodies (MAb) specific for chicken CD45 (16-6) (39), Bu1
(AV20), CD25 (AV142), CD28 (2-4), CD40 (AV79), CD80 (IAH:F864:DC7)
(Serotec), CD3 (CT3), CD4 (CT4), γδ-TCR (TCR-1), αVβ1-TCR (TCR-2) and αVβ2-
TCR (TCR-3) (Southern Biotechnology) and for chicken CD8 (3-298) (40) were
used. Isotype-matched MAbs were included as negative controls. Isotype-
specific anti-mouse IgG1-APC, IgG2b-APC (Jackson ImmunoResearch), IgG2a
Alexa-647 (Invitrogen), and IgG2b-RPE (Southern Biotechnology) antibodies
were used for detection. Viability was determined using eFluor780 (Affy-
metrix eBioscience). After staining, cells were fixed (1% paraformaldehyde
in PBS). For detection of gB, cells were stained with eFluor780 and anti-
CD45-APC, incubated in fixation and permeabilization buffer (eBioscience),
and stained with MAb K11 followed by anti-mouse IgG1-PE (Southern Bio-
technology). Analyses were performed with a BD FACSCanto II (Becton
Dickinson) using FACSDiva and FlowJo (Tree Star) software.

B and T cells were sorted using fluorescently labeled anti-Bu1 or anti-CD45
antibodies. Infected cells were detected by expression of UL47-RFP (or GFP)
for lytic and Meq-GFP for latent infection. Dead cells were excluded by
staining with PI or 7-aminoactinomycin D (each at 2.5 μg/mL). Sorting was
performed on a FACS Aria III using the FACSDiva software (Becton Dickinson)
and isolated cells were either directly used or stored at −80 °C until fur-
ther analysis.

Quantification of MDV in Infected B and T Cells. Infected B and T cells were
isolated by FACS sorting and DNA was isolated using the E-Z96 96-well blood
DNA isolation kit (Omega Biotek). MDV genome copies were determined by
qPCR exactly as described (41–43).

Infectivity of B and T cells was analyzed by plaque assay. B or T cells (5 × 105)
were seeded on CEC, fixed at 6 d postinfection, and stained with anti-VP22 (B12)
(44) and/or anti-gB (K11) (45) MAbs. Plaques were visualized with goat anti-
mouse–HRPO antibodies (Jackson ImmunoResearch) and NovaRed (Vector).

Fig. 4. Characterization of in vitro transformed T-cell lines. (A) T cells
transformed with MDV in vitro were analyzed for the expression of cell
surface markers by flow cytometry. (B) qPCR analysis of MDV genome copies
in LCL shown as means of three independent experiments. (C) FISH of a
representative T-cell line generated in vitro. Arrows indicate integration
sites of the MDV genome (anti-DIG FITC, green) in host chromosomes stained
with DAPI (blue). (Scale bar: 5 μm.) (D) Reactivation assay. The indicated
number of cells from an LCL (JS1) was seeded on CEC and reactivated by
serum starvation at RT. MDV plaques were visualized as described in Fig. 1.
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Indirect Immunofluorescence and Fluorescence in Situ Hybridization (FISH).
Infected B-cell cultures were harvested after 48 h postinfection. Viable
cells were isolated by density gradient centrifugation and stained with the
Bu1 antibody and anti-mouse IgG1 Alexa-568 (Invitrogen). Cell preparations
were mounted using DAPI Vectashield (Vector Laboratories). For FISH,
metaphase chromosomes were prepared from infected T cells. A DIG-
labeled MDV whole genome probe and FITC-conjugated anti-DIG anti-
bodies (Sigma-Aldrich) were used to visualize integration as described

(30, 46). Fluorescent images were recorded using AxioImager M1 and AxioVision
software (Carl Zeiss).
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