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Epstein-Barr virus (EBV) is a human lymphotropic virus vation. Polymerase chain reaction (PCR) analysis showed the
presence of EBV DNA in all these cell lines. Moreover, South-whose main targets have traditionally been described as B

lymphocytes and epithelial cells. Here we report the isola- ern blot analysis of one of these cell lines shows the pres-
ence of circular episomic EBV DNA, and by Northern blot ortion and characterization of largely monoclonal transformed

human T-cell lines infected by EBV. The transformed T cells reverse transcriptase-PCR analysis, only the expression of
Epstein-Barr nuclear antigen-1 (EBNA-1) and latent mem-expressed CD2, CD3, and either CD4 or CD8 surface mole-

cules and more generally displayed the phenotype of naive brane protein-1 (LMP-1) genes was detected. Finally, the
complete transformed phenotype of this T-cell line wasT cells with a complete and clonal rearrangement of the T-

cell receptor. None of the cell lines expressed B cells, natural shown by its injection into nude or recombination activating
gene 2 (RAG2)-deficient mice that led to the formation ofkiller, or myeloid antigens or had immunoglobulins genes

rearrangement. They grew in the absence of growth factor; solid tumors.
q 1997 by The American Society of Hematology.however, they all secreted interleukin-2 after mitogenic acti-

T clear cells.21 It has been described that EBV-LCL were able
to secrete T-cell restricted lymphokines such as interleukin

HE EPSTEIN-BARR virus (EBV) is a human herpes
virus that causes infectious mononucleosis and is be-

lieved to be etiologically associated with Burkitt’s (IL)-2.22 However, whether this IL-2 secretion was produced
by the EBV-infected B cells themselves or by contaminatinglymphoma,1 nasopharyngeal carcinoma,2 and Hodgkin’s dis-

ease.3 It has recently been reported that EBV infection is T cells was not established in that study. We describe here
the isolation, from EBV-LCLs obtained from different do-correlated not only to B-cell disorders, but also to nasal

T-cell lymphoma,4,5 angioimmunoblastic lymphadenopathy nors, of several EBV-infected transformed T-cell lines.
(AILD)-like T-cell lymphoma,6,7 and peripheral T-cell

MATERIALS AND METHODSlymphoma in immunocompetent hosts8,9 in both EBV-en-
demic and nonendemic areas. However, despite the growing Cells and culture conditions. EBV-LCLs were obtained as pre-

viously described.23 EBV-LCLs, as well as the different T-cell lines,number of descriptions of T-cell lymphoma infected by
were cultured in RPMI containing 20% fetal calf serum, humanEBV, very few EBV-infected T cells have been isolated and
transferrin (10 mg/mL; GIBCO-BRL, Gaithersburg, MD), and bovinecharacterized in vitro so far. There are two reports on the
insulin (10 mg/mL; GIBCO-BRL).establishment and the characterization of EBV-infected T

Non-T cells, non-B cells, and T cells were purified by using acells isolated from patients,10,11 showing the relation between
cocktail of antibodies specific for CD2, CD3, CD4, CD8, CD19,

EBV and T-cell growth in vivo. However, a possible second-
CD20, and CD56, respectively. T cells were purified by negative

ary infection by EBV of already proliferating T cells cannot depletion with CD19, CD20, CD14, HLA-DR, CD56 antibodies.
be excluded. In addition, two different groups12,13 using a Positively labeled cells were removed with dynabeads as specified
recombinant EBV expressing a selectable maker have shown by the manufacturer (Dynal, Oslo, Norway). In non-T, non-B cells,
that the MT2 T-cell line was infectable by EBV, however, less than 5% of contaminated B or T cells were detected and in

purified T cells, the purity was greater than 98% as analyzed withas the MT2 cell line was already transformed by the human
a CD3 monoclonal antibody (MoAb).T-cell leukemia virus-1 (HTLV-1) virus, they could not ana-

Electroporation experiments. Electroporation experiments werelyze the transformation potency of EBV on T cells. The only
performed according to a protocol previously established for Jurkatreport that illustrates the potential oncogenic properties of
cells. A total of 107 cells in 250 mL opti-MEM (GIBCO-BRL) were

EBV on T cells described a T-cell line obtained after trans-
incubated with 10 mg plasmid in a cuvette on ice for 15 minutes.

fection of EBV genome into cord blood lymphocytes.14 How- Cells were then electroporated at 250 V, 1200 mF, for 60 millisec-
ever, the oncogenic mechanism was not analyzed in that onds. Immediately after electroporation, cells were transferred in
report, and the mechanism does not seem to be highly repro- complete culture medium. This electroporation protocol, which is
ducible. far too stringent for EBV-LCL B cells, induced more than 99% cell

The cellular receptor for the EBV (CD21, CR2),15 a 145-
kD integral transmembrane single-chain glycoprotein that
functions also as a receptor for the surface-bound C3dg and From CNRS-URA 1854 and CNRS-URA 1160 Institut Pasteur de

Lille, Lille Cedex, France.C3d fragments of human C316 was thought to be expressed
Submitted September 27, 1996; accepted February 5, 1997.only on mature B lymphocytes and follicular dendritic cells.
Address reprint requests to Hervé Groux, PhD, DNAX ResearchHowever, recent studies have shown that a molecule identi-

Institute of Immunology and Cellular Biology, 901 California Ave,cal or very similar to CD21 is expressed on a population of
Palo Alto, CA 94304.human T cells and thymocytes.17,18 In addition, a fraction of

The publication costs of this article were defrayed in part by page
T lymphocytes and some T-cell lines have been shown to charge payment. This article must therefore be hereby marked
express functional EBV receptors, and experimental EBV ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to
infection of these cells has been documented.10,19,20

indicate this fact.
EBV is also able to establish lymphoblastoid cell lines q 1997 by The American Society of Hematology.
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GROUX ET AL4522

death after 1 day of culture. Cells were plated in 24-well plates, and DNA contaminant. A total of 2 mg of RNA was treated with 2 U
the medium was replaced every 2 days. After 4 to 5 weeks, few of DNAse I RNAse-free for 15 minutes at room temperature. The
living cells were detected in some wells. They finally grew out into DNAse was then inactivated by the addition of 1 mL of 25 mmol/
permanently transformed cell lines about 2 months after the begin- L EDTA and samples were heated for 10 minutes at 657C. Reverse
ning of the experiment. transcription was performed as described.26 Briefly, 2 mg of total

Determination of lymphokine production. Cells were cultured at RNA in 9 mL were mixed with 4 mL buffer (51 RT buffer: 250
1 1 106 cells/mL with medium alone or with CD3 MoAb cross- mmol/L Tris-HCl pH 8.3, 300 mmol/L KCl, 15 mmol/L MgCl2), 1
linked on plates at 1 mg/mL in 0.1 mol/L Tris pH 9.5 buffer plus mL primer (0.5 mg oligo dT), 4 mL deoxynucleotide triphosphate
tetradecanoyphorbol-13-acetate (TPA; 1 ng/mL) or with cross-linked (dNTP; 10 mmol/L), 0.1 mL dithiothreitol (1 mol/L), 0.1 mL RNAsin
CD3 MoAb and CD28 MoAb (1 mg/mL) as previously described.24 (40 U/mL), 0.1 mL BSA (1 mg), 1 mL Escherichia coli rRNA (4
Supernatants were collected after 24 hours, and the presence of IL-2 mg), 0.8 mL Moloney murine leukemia virus reverse transcriptase
was quantified by immunoenzymetric assay (Genzyme, Cambridge, (MMLV-RT; 80 U). This mixture was centrifuged and incubated at
MA) according to the manufacturer’s instructions. 427C for 1 hour. Samples were heat denatured at 957C for 3 minutes

Immunofluorescence and immunochemistry analysis. For detec- and after rapid cooling, 50 U in 2 mL of MMLV-RT was added and
tion of cell surface antigens, 105 cells were labeled with phycoer- a second cycle of reverse transcription performed.
ythrin (PE)- or fluorescein isothiocyanate (FITC)-conjugated MoAbs PCR analysis. For PCR amplification, 1 mL of the reverse tran-
(all antibodies came from Becton Dickinson, Sunnyvalle, CA, except scriptase reaction was added to a total reaction volume of 25 mL of
for CD21 from Caltag Laboratories, South San Francisco, CA). Cells the PCR mix (11 PCR buffer, 200 mmol/L of each dNTP, 0.5
were incubated for 30 minutes with the appropriate antibody at 47C mmol/L of each primer, 2 mmol/L MgCl2, and 2.5 U/100 mL Taq
in phosphate-buffered saline (PBS) with 0.1% bovine serum albumin polymerase). After an initial denaturation step at 947C for 2 minutes,
(BSA), 0,02 mmol/L NaN3. After three washes, the labeled cell 35 cycles of PCR were performed (1 minute at 557C, 1 minute at
samples were analyzed on a FACScan (Becton Dickinson). 727C, and 1 minute at 947C). A 20-mL aliquot was run on a 2%

Immunofluorescence and immunochemistry experiments were agarose gel containing ethidium bromide.
performed on adhesion slides (Bio-Rad, Ivry sur Seine, France) using To analyze EBV-specific sequences, the PCR was performed us-
a standard ABC technique. Briefly, 10 mL of a cell suspension at ing primer pairs specific for EBNA-1 5*: AGCGATAGAGCAGGG-
106 cells/mL was layered on each spot of the slide. Cells were fixed CCCCGCAGAT, 3*: CAAAACCTCAGCAAATATATGAGTT am-
for 15 minutes in PBS, 3% formaldehyde. All further incubations plifying a 430-bp fragment or specific for EBNA-2 5*:
were performed in Hanks’ Balanced Salt Solution (HBSS), 0.01 mol/ CTATCTTGCGTTACATGGGGGACA 3*: GGGAGTGGTGGG-
L HEPES, and 0.1% Saponin. Slides were blocked by a blocking GGCACCCCC amplifying a 177-bp fragment or specific for LMP-
step with horse serum (10% in HBSS-saponin) followed by a 1 5*: CACGACCTTGAGAGGGGCCCA 3*: GCCAGATGGTGG-
blocking step with an Avidin D solution for 15 minutes followed by CACCAAGTC amplifying a 406-bp fragment on cDNA and a 562-
incubation with the biotin solution according to the manufacturer’s bp on DNA. Analysis of viral DNA sequence in infected cells was
instructions (Vector, Burlingame, CA). Cells were then incubated performed by directly lysing the cell according to the method already
for 45 minutes with the primary antibody specific for Epstein-Barr described.27 For the preparation of cell lysates containing genomic
nuclear antigen-1 (EBNA-1; 6F9, mouse IgG2; Biogenesis, Poole, DNA, cells were diluted in PBS at 1 1 107 cells/mL. One microliter
UK), EBNA-2 (PE2, mouse IgG1; Biogenesis), latent membrane

(containing 10,000) was added to 9 mL of distilled water into a 96-
protein-1 (LMP-1; mix, mouse IgG1; Biogenesis), or a mix of mouse

well plate and then 20 mL of PCR buffer was added (50 mmol/L
IgG1 and IgG2 antibodies (Becton Dickinson, San Jose, CA), respec-

KCl, 10 mmol/L Tris, HCl, pH 8.3, 2.5 mmol/L MgCl2, 1 mg/mL
tively. Mouse MoAbs were labeled for 30 minutes with biotinylated

gelatin, 0.05 mg/mL proteinase K, 20 mmol/L dithiothreitol, and 0.7
horse antimouse immunoglobulins (Vector). After washing steps,

mmol/L SDS). Complete lysis was observed under phase contrast
biotin was revealed either with an ABC peroxidase enzyme system

microscopy. Lysates were then transferred to a 500-mL tube, vor-(Vector Elite Standard ABC kit; Vector) for immunochemistry anal-
texed for 30 seconds, incubated for 1 hour at 377C, incubated forysis or with an ABC phycoerythrin system (Vectastain ABC-phy-
10 minutes at 867C, and stored at 0207C.coerythrin; Vector) for immunofluorescence analysis. CD3 expres-

Twenty microliters of cell lysate containing the genomic DNAsion on T cells was analyzed with an anti-CD3 MoAb (Becton
was introduced in a 500-mL tube and 80 mL of PCR buffer wasDickinson, France) revealed with a fluoresceinated antimouse
added. After an initial denaturation step at 947C for 10 minutes, 35F(ab*)2 fragments. Fluorescence was analyzed on a confocal micro-
cycles of PCR were performed (30 seconds at 607C, 30 seconds atscope (Aristoplan-CLSM Leica, France).
727C, and 30 seconds at 947C).Western blot analysis. Western blot analysis was performed ac-

Analysis of immunoglobulin heavy chain gene rearrangement bycording to techniques already published.25 Following sodium dodecyl
PCR. Consensus primers used to amplify the IgH gene were:sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10% tricine
FR3A: ACACGGC(C,T)(C,G)TGTATTACTGT for the 3* end ofgels; Novex, San Diego, CA), proteins were transferred onto mem-
the V region and LJH: TGAGGAGACGGTGAC and VLJH: GTG-branes (Immobilon-P; Millipore, St Quentin en Yuelines, France)
ACCAGGGT(A,C,G,T)CCTTGGCCCCAG for the 3* end of the Jby electroblotting. Membranes were blocked with 5% dry nonfat
region. For amplification of the Ig gene, a seminested PCR wasmilk in PBS and then incubated with the primary antibody directed
performed: a first round of 20 cycles (947C, 30 seconds; 587C, 30against EBNA-1 (6F9, mouse IgG2; Biogenesis) for 18 hours. Fol-
seconds; 727C, 30 seconds) with primers LJH and FR3A, followedlowing washing, membranes were incubated with a peroxidase-con-
by a 1:2500 dilution, and then a second round of 30 cycles withjugated goat antimouse serum (Biosource International, Camarillo,
primers VLJH and FR3A. The PCR was performed on 0.1 mg ofCA) revealed with the ECL kit (Amersham, France). Blots were
DNA purified by phenol chloroform extraction using 0.4 U Taqautoradiographed for 2 minutes.
polymerase (Amplitaq; Roche Molecular Systems, Branchburg, NJ)Reverse transcription. Total RNA was purified using RNAzol
in the presence of anti-Taq antibody (Clontech, Palo Alto, CA).according to the manufacturer’s instructions (Bioprobe, Montreuil
Each PCR round was preceded by a 5-minute denaturation at 947CSous Bois, France). Before reverse transcription, RNA samples were

treated with DNAse I (GIBCO-BRL) to remove any cellular or viral and was followed by a final extension of 7 minutes at 727C. Frag-
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CHARACTERIZATION OF EBV-INFECTED T-CELL LINES 4523

Table 1. Cell Surface Phenotype of Different EBV-Infected Transformed T-Cell Lines

CD2 CD3 TCR CD4 CD8 CD28 CD25 CD45RA CD45RO CD56 HLA-DR CD44

EBV 41 97 78 73 3 68 100 0 85 10 0 0 5
EBV 32 93 94 69 7 97 100 0 87 5 3 0 3
T1B5 99 92 94 0 87 100 6 89 7 0 0 6
TFS 90 97 89 87 0 100 4 92 2 0 0 14
E1V 85 81 97 47 0 100 0 87 6 0 0 10
2C8 99 95 79 94 0 100 5 93 7 2 0 6
2G4 95 97 91 94 0 100 12 96 9 3 0 5
2G8 96 94 42 67 4 100 0 99 7 4 0 0
NC5 98 99 96 3 98 100 2 97 10 3 0 3
TC 100 98 95 9 94 100 6 89 9 0 0 9

Results are expressed as the percentage of positive cells. Cells were stained with saturating amounts of FITC- or PE-conjugated MoAbs
(Becton Dickinson) and analyzed by using a cytofluometer (Epics; Becton Dickinson). EBV 41 and EBV 32 were isolated from donor 1; T1B5,
TFS, and E1V from donor 2; 2C8, 2G4, and 2G8 and NC5 from donor 3. TC cells were isolated from a solid tumor in a RAG2-deficient after
subcutaneous injection of NC5 cells.

ments were electrophoresed through 2% agarose gels in Tris borate in the absence of selecting drug led to the isolation of only
acetate (TBE) buffer. transformed B cells. These results suggest that the enrich-

As a control for DNA integrity, we used specific primers inside ment for T cells obtained after this transfection procedure,
an exon of the Cm region of immunoglobulins and the Cb region which was originally set up to transfect Jurkat cells, may be
of the T-cell receptor (TCR). The Cb-specific primers that amplified due to the preferential transfection of the plasmid into T
a 250-bp fragments were GTGTTTGAGCCATCAGAAGCAGAG

cells that are then selected with the drug. As a control, lipo-and AGAAATCCTTTCTCTTGACCATGGCCA. The Cm-specific
fection of the EBV-LCLs using the same plasmid with (orprimers that amplified a 350-bp fragment were: ATCACTTTCTCC-
without selective drugs) did not led to isolation of T cellsTGGAAATA and TGGGACGAAGACGCTCACTTTGGGA.
(not shown).Southern blotting. Southern blot experiments were performed

To confirm the presence of contaminating T cells in differ-according to standard techniques.28 All DNA was digested with
EcoRI. The LMP probe used represents the entire 1,100 bp DNA ent EBV-LCLs that have been cultured for more than 1 year,
sequence of the LMP1 gene and was cloned by PCR with the TA we performed RT-PCR experiments using two different sets
cloning kit (Invitrogen, San Diego, CA). The human Cb1 cDNA of primers specific for the Ca and the Cb chains of the TCR,
probe, a 496-bp cDNA specific for the Cb1 region, was obtained respectively.30 We detected a signal for both the Ca and the
by PCR and cloned using the TA cloning kit. Cb transcripts in all seven EBV-LCLs tested (not shown),

Northern blotting. Northern blot experiments were performed demonstrating that the presence of T cells in EBV-LCLs is
as previously described.24 The EBNA-1 and the LMP-1–specific not a rare event.
probes were obtained by PCR with the primers described above and

We then tried to use T-cell specific MoAbs to purify theseusing EBV-LCL cDNA as a template.
T cells. We also tried to clone these T cells by using end
point dilution techniques. However, their low frequency intoRESULTS
EBV-LCLs, as well as the finding that these T cells died

Isolation of EBV-infected transformed T-cell lines. In an when they were too diluted, resulted in failure to isolate
attempt to transfect and select long-term established EBV- them by these techniques.
transformed B-cell lines (EBV-LCLs) with a plasmid ex- Finally, infection by EBV of resting or activated purified
pressing different human immunodeficiency virus (HIV) pro- peripheral blood T cells from the same donors failed to
teins and the hygromycinR gene under the thymidin kinase promote the transformation of T cells.
promoter,29 we surprisingly isolated some T-cell lines among Immortalized T cells have a phenotype of naive T cells.
the transfected B cells. To control that these T cells were All T-cell lines were characterized as homogeneous round
not transformed by the expression of any transfected HIV- cells growing in suspension. They were cultured for more
protein and to test the potential role of the selective drug, than 2 years in the absence of any growth factor showing
further electroporation experiments were performed on their immortalized phenotype. As mentioned above, how-
EBV-LCLs using a pSV2-neoR vector, which encodes only ever, these cells proliferated very poorly (except for the NC5
for the neoR gene. After 4 to 5 weeks of culture in a medium cell line that was used in most of the experiments) and
containing G418 (10 mg/mL), we isolated living cells and required culturing at a high cell density. All cell lines are
some of them finally grew out as T-cell lines after 2 months exclusively composed of T cells expressing the TCR, CD2,
(Table 1). The majority of the other cell lines displayed a CD3, CD28, and either CD4 or CD8 surface molecules (Ta-
B-cell phenotype (not shown). This result was not due to a ble 1), but no B cell (CD19, CD20) NK (CD16 or CD56),
particular donor, as electroporation of three EBV-LCLs from or monocyte (CD14), specific surface antigens. Surprisingly,
three different donors repeatedly allowed the isolation of T for transformed T-cell lines, they showed a naive phenotype,
cells (described in Table 1). Electroporation in the absence as they were CD45RA/, CD45RO0. In addition, they did

not express HLA-DR, CD69, CD44, and CD25 (Table 1).of DNA or culture of cells electroporated with the plasmid
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GROUX ET AL4524

Fig 1. Analysis of TCR and immunoglobulin gene rearrangements in EBV-transformed T cells. (A) EcoRI digested NC5 (lane 2) and TC (lane
3) DNA and control DNA from purified non-T, non-B human peripheral mononuclear cells (lane 1), monocytic cell line U937 (lane 4), EBV-LCL
(lane 5), purified peripheral blood T cells (lane 7), and T-cell lymphoma Jurkat (lane 8) were analyzed with a 496-bp human Cb1 cDNA probe.
The sizes of the Cb-germline restriction fragments obtained from non-T cells were 12 and 4.2 kb for Cb1 and Cb2, respectively (large arrows).
The additional rearranged band (small arrows) of approximately 10 kb detected in EBV-transformed T cells (lanes 2 and 3) and in Jurkat cells
(lane 8) showed the clonality of these cell populations, whereas in polyclonal purified T cells from peripheral blood, the mixture of all possible
rearrangements is shown by a smear (lane 7). The molecular weight markers (MW II; Boehringer Mannheim) were loaded in lane 6. (B) The
rearrangement of immunoglobulin heavy chains was analyzed by using primers specific for the VJ region of immunoglobulins amplifying a
105-bp fragment of DNA from an EBV-LCL (lane 5), the EBV-transformed T cell NC5 (lane 6), the EBV-transformed T cell TC (lane 7), or Jurkat
cells (lane 8). To control for DNA integrity primers amplifying a 350-bp fragment inside an exon of the Cm heavy chain region (lanes 1 to 4) or
primers amplifying a 250-bp inside an exon of the Cb chain of the TCR (lanes 8 to 12) were used on the DNA from an EBV-LCL (lanes 1 and
9), the EBV-transformed T cell NC5 (lanes 2 and 10), the EBV-transformed T cell TC (lanes 3 and 11), or Jurkat cells (lanes 4 and 12).

Analysis of the clonality and the rearrangement of the TC (derived from NC5 after in vivo injection into RAG-/-
mice), using a Cb1 specific probe. Purified non-T non-BTCR. The clonality and the rearrangement of the TCR

genes was evidenced by performing a Southern blot on two peripheral mononuclear cells, the monocytic cell line U937,
or an EBV-LCL cell line (lanes 1, 4, and 5, respectively)of these immortalized T-cell lines named NC5 (Fig 1A) and
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CHARACTERIZATION OF EBV-INFECTED T-CELL LINES 4525

displayed the germline pattern with two germline bands of
12 (Cb1) and 4.2 kb (Cb2), respectively, following digestion
with EcoRI. The specific additional band with a length of
approximately 10 kb observed in both Jurkat cells, TC, and
NC5 cells indicates a complete clonal rearrangement of the
TCR genes and furthermore shows the mature differentiated
character of these immortalized T cells.

The absence of any immunoglobulin heavy chain gene
rearrangement was analyzed by PCR as previously de-
scribed31 (Fig 1B). This result showed the absence of any
immunoglobulin genes rearrangement in the transformed T
cells, ruling out the possibilities of either a fusion between
T cells and immortalized B cells during electroporation, as
well as the selection of immortalized B cells that would have
subsequently rearranged their TCR genes and expressed T-
cell specific proteins on their cell surface. The absence of
cell fusion was also ruled out by a karyotype analysis that
showed a normal number a chromosomes (C. Montpellier et
al, manuscript submitted).

Transformed T cells are infected by EBV. The associa-
tion of EBV with these transformed T cells was analyzed
by different techniques. The presence of viral DNA was
detected by PCR in all T-cell lines using different pairs of
primers specific for EBNA-1 (Fig 2A), EBNA-2, LMP-1, or
for the BamH1 W region and the Dhet region (not shown).

The infection of the transformed NC5 T cells by EBV
was confirmed by Southern blot analysis with a LMP-1 spe-
cific probe (Fig 2B). Analysis of Hirt extracts32 showed a
band of episomic DNA in both the EBV-LCL (Fig 2B, lane

Fig 2. Detection of EBV DNA in EBV-transformed T cells. (A) EBV9) and the EBV-infected immortalized T-cell lines (Fig 2B,
DNA was detected by PCR analysis on DNA extracted from seven

lanes 6 and 7). Moreover, the size of the BamHI fragment different EBV-transformed T-cell lines (EBV 41, T1B5, TFS, 2C8, 2G4,
(greater than 10 kb) detected with the LMP-1 probe encom- 2G8, NC5, respectively, lanes 1 to 7), a T-cell lymphoma Jurkat (lane

8), or two EBV-LCLs (lanes 9 and 10), or a control without DNA (lanepassing the 31 terminal end of the genome is compatible with
11) using primer pairs specific for LMP-1 amplifying a 562-bp frag-a circular configuration of this episomal DNA. However, the
ment. (B) The presence of EBV DNA in EBV-transformed T cells (NC5analysis of the EcoRI digested genomic DNA showed a and TC) was confirmed by Southern blot hybridization on 10 mg of

specific band only in the EBV-LCL sample (Fig 2B, lane 4) EcoRI digested genomic DNA (lanes 1 to 4) or on BamHI digested
and not in the EBV-infected transformed T-cell samples (Fig Hirt extract from 2 Ì 106 cells (lanes 6 to 9) with a LMP-1 specific

probe. Lanes 4 and 9, EBV LCL; lanes 3 and 8, Jurkat cells; lanes 22B, lanes 1 and 2), suggesting that no viral integration oc-
and 7, NC5 cells; lanes 1 and 6, TC cells; lanes 5 and 10, molecularcurred in these T cells. As expected under the conditions
weight markers II (Boehringer Mannheim, France).

used here, the probe did not hybridize EBV-negative Jurkat
cells (Fig 2B, lanes 3 and 8) and normal T lymphocytes (not
shown). the absence of EBNA-2 expression in EBV-infected trans-

EBV-infected transformed T cells expressed EBNA-1 and formed T cells (not shown) and showed that LMP-1 (Fig 5)
LMP-1 gene products. The expression of EBV-specific and EBNA-1 (not shown) were expressed in virtually 100%
mRNAs was investigated by Northern blotting experiments of these T cells labeled with a fluorescein-anti–CD3 mono-
(Fig 3A and B) and RT-PCR (Fig 3C). In both cases, only clonal antibody. No positive signal by both immunochemis-
transcripts coding for the EBNA-1 and LMP-1 genes of EBV try or immunofluorescence assays was observed on Jurkat
were detected in EBV-immortalized T-cell lines (Fig 3), cells labeled with anti-EBNA–1, anti-EBNA–2, or anti-
whereas in EBV-transformed B-cell lines, we detected tran- LMP–1 MoAbs as expected (not shown).
scripts coding for EBNA-1, LMP-1, EBNA-2 genes (Fig 3), NC5 cells have a malignant phenotype. We analyzed the
but also for EBNA-3a, b, c genes (not shown). ability of the EBV-infected transformed T-cell line, NC5, to

Western blot analysis on total cell extracts showed the induce tumors in immunodeficient mice. Injection of NC5
presence of the EBNA-1 protein (Fig 4) in both T and B cells into nude mice or RAG2-deficient mice repeatedly led
cells infected by EBV. No specific band was detected in the to the formation of solid tumors in 80% to 90% of the mice
Jurkat cell line (Fig 4, lanes 3 and 7). injected (not shown). We isolated the cells of one of these

The percentage of T cells productively infected by EBV tumors (TC cells) and compared them with the cells initially
was measured by immunofluorescence (Fig 5) and immuno- injected (NC5). For all the different parameters analyzed,

phenotype (Table 1, Fig 6), TCR (Fig 1), EBV infection, andchemistry (not shown) assays. These experiments confirmed
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Fig 3. Detection of EBV transcripts in EBV-transformed T-cell lines. (A) and (B) Northern blot analysis on 10 mg of total RNA isolated from
the EBV-transformed T cell NC5 (lane 1), the EBV-transformed T cell TC (lane 2), a T-cell lymphoma Jurkat (lane 3), a EBV-LCL (lane 4), or
peripheral blood mononuclear cells (B, lane 5) was performed using a 470-bp cDNA fragment specific for EBNA-1 (A) or a 406-bp cDNA fragment
specific for LMP-1 (B). An equal amount of RNA was loaded in each lane as controlled by the intensity of the 28S and 18S bands after ethidium
bromide labeling. (C) The detection of the EBV transcripts was performed by RT-PCR using the EBNA-1 primers amplifying a 470-bp fragment,
the EBNA-2 primers amplifying a 177-bp fragment, and the LMP-1 primers amplifying a 406-bp fragment, described above on, respectively, an
EBV-LCL (lanes 1 to 3), an EBV-transformed T cell NC5 (lanes 4 to 6,) an EBV-transformed T cell TC (lanes 7 to 9), or a T-cell lymphoma Jurkat
(lanes 10 to 12). As a control for DNA contamination, RNA samples that were processed identically, but in which the reverse transcriptase
had been omitted, were amplified by PCR, no positive bands were detected.

gene expression (Figs 2 and 3), no difference was detected expression on these EBV-transformed T-cell lines was
equivalent to the expression on a EBV-LCL, indicating thatbetween the cells isolated from the tumor and the cell line

transformed in vitro. Moreover, none of the tumor cells re- infection of the T cells was obtained through that receptor.
The transformed T cells secrete IL-2 after activation.acted with H-2Kd–specific antibodies eliminating the possi-

bility of contaminating mouse T cells. Finally, the expression We investigated the properties of the different immortalized
T-cell lines by measuring their cytokine profiles after poly-of CD21, a likely candidate for EBV receptor on T cells,

was analyzed on both cell lines. Figure 6 shows that CD21 clonal activation (Table 2). Although these T-cell lines did
not secrete detectable amounts of IL-2, stimulation with dif-
ferent mitogenes induced the secretion of IL-2 (Table 2)
without inducing a further enhancement in their proliferation
rate (not shown). This induction of IL-2 secretion after mobi-
lization of the TCR indicates that these transformed T cells
might be useful as new tools for analyzing T-cell activation
mechanisms.

DISCUSSION

In this report, we describe the establishment of trans-
formed T-cell lines infected by EBV isolated from peripheral
blood mononuclear cells infected in vitro. Immunofluores-
cence analysis (Table 1, Figs 5 and 6) have shown that all
the different cell lines isolated are composed exclusively of
T cells. Moreover, Southern blot analysis using a TCR Cb-
specific probe (Fig 1) has proven for at least one of them
their oligoclonality. All of the T cells in the different cell
lines are infected by EBV as detected by PCR (Fig 2) andFig 4. Western blot analysis of EBNA-1 expression. Total protein
at least in one of them (NC5), the expression of the EBVextract from 106 (lanes 1 to 4) or 2 Ì 106 (lanes 5 to 8) cells were

electrophoresed on a SDS-PAGE gel. After transfer to a membrane, proteins EBNA-1 and LMP-1 is documented by immu-
EBNA-1 protein was revealed with an anti-EBNA–1 monoclonal anti- noflurorescence (Fig 5) and immunochemistry (not shown).
body. Lanes 1 and 5, EBV-transformed T-cell line NC5; lanes 2 and 6, Their transformed and malignant phenotype is shown byEBV-transformed T-cell line TC; lanes 3 and 7, T-cell lymphoma Jur-

their proliferation in the absence of any growth factors andkat; and lanes 4 and 8, EBV-LCL. The numbers on the right denote
the standard molecular weights in kD. by the ability of NC5 to develop as a tumor in immunodefi-
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Fig 5. Confocal analysis of double immunofluo-
rescence assay on EBV-transformed T cells. EBV
transformed T cells (NC5) were labeled with the anti-
LMP–1 MoAb revealed by a phycoerythrin-ABC com-
plex and by an anti-CD3 MoAb revealed by a fluores-
cein-goat antimouse immunoglobulin F(ab)*2. Cells
labeled with the IgG1 control isotype and the CD3
MoAbs are shown in the bottom left corner as a con-
trol. Cells were analyzed with a confocal microscope.
The green color represents the fluorescein-labeled
CD3 MoAb, the red color represents the phycoer-
ythrin-labeled anti-LMP–1 MoAb, and the yellow
color represents the mixture of the two colors as
detected by the confocal microscope.

cient mice. Finally, the expression of the CD21 molecule on and Ono12 and Yoshiyama et al,13 using recombinant EBV
to infect the HTLV-I immortalized MT2 T-cell line, havethe NC5 cell line (Fig 6) suggest that this molecule is a

likely route for infection, although this has not yet been shown that EBV-infected MT2 cells expressed only the
EBNA-1 and LMP-1 genes. In peripheral T-celldirectly proved.

At this stage, it is not possible to affirm that the transfor- lymphoma,7,38 as well as in nasopharyngeal carcinoma39 and
Hodgkin’s disease,40,41 RT-PCR experiments showed themation state of the T cells is the result of the presence

and expression of the virus. Indeed, no direct infection and presence of EBNA-1 and LMP-1 transcripts, in the absence
of EBNA-2 transcripts.38 Finally, a more recent study analyz-transformation of purified T cells by EBV was obtained in

vitro so far. However, the isolation of EBV-infected trans- ing EBV-infected IL-2–dependent T-cell lines isolated from
severe chronic active EBV-infected patients, also shows theformed T cells was established in cells from three different

donors (Table 1) after infection with EBV in vitro, and none restricted protein expression in EBV-infected T cells.10 All
of these studies are in accordance with our results on EBV-of these cells was positive for HTLV-1 DNA tested by

PCR,33 or for the T lymphotropic Saimiri Herpes tested by infected transformed T cells obtained in vitro. Together these
data favor the hypothesis of a unique pattern of viral expres-Southern blot experiments using a Saimiri Herpes virus C-

region specific probe.34 Moreover, there are striking homolo- sion in T cells restricted to EBNA-1 and LMP-1 as an obliga-
tory program, but also as a contribution to the EBV-linkedgies between the T cells we have isolated and the other

chronically EBV-infected T cells described so far. No evi- T-cell transforming process.
Of the viral proteins that are essential for transformationdence for integrated EBV DNA or linear EBV DNA was

observed in the NC5 cell line, a finding that is in accordance of B cells, LMP-1 is of particular interest, as it resembles a
classical oncogene in its ability to induce growth transforma-with the reports on either EBV-infected T cells isolated from

patients,10 or in vitro infection of T-cell lines,12 suggesting tion of rodent fibroblasts,42 to morphologically transform
human keratinocytes in vitro,43 to inhibit human epithelialthat in contrast to thymocytes infected in vitro,35 the cell

lines described here are at a latent phase of the infection. cell differentiation,44 or to induce DNA synthesis and expres-
sion of activation markers in B45 or T lymphocytes.46 Re-In addition, the different EBV-infected transformed T

cells expressed only EBNA-1 and LMP-1 EBV genes, cently, LMP-1 has been shown to engage signaling proteins
for the tumor necrosis factor (TNF)-R family.47 Thus,whereas EBV-infected B cells from the same donors ex-

pressed nine different latent proteins including three LMP through constitutive interaction with TNF receptor-associ-
ated factors, LMP-1 may amplify or usurp physiologic signaland six EBNA genes. EBNA-1 is believed to be essential

for viral replication in an episomic state of EBV,36 whereas transduction and promote cell transformation. Another hy-
pothesis for the role of LMP-1 in the transformation processEBNA-2 and LMP-1, which are expressed in B-LCLs, are

thought to be responsible for the establishment and mainte- is its ability to induce upregulation of the bcl-2 oncogene.
The expression of Bcl-2 promotes survival of B-cell precur-nance of the immortal stage.37 In recent studies, Fujiwara
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Table 2. Activation Induces IL-2 Secretion in Differentsors and of memory and immunoglobulin-secreting B cells,48

EBV-Transformed T-Cell Linesand it also blocks programmed cell death in B cells or T
cells.49 Further characterization of the biological and chemi- CD3 MoAb /

T-Cell Lines Medium TPA CD3 / CD28 MoAbscal effect of LMP-1 on human T cells will probably be
relevant to understand its effect in EBV-induced T-cell trans- 2C8 õ0.01 7.5 { 1.3 NT

TFS õ0.01 5.4 { 2.2 NTformation.
NC5 õ0.01 6.2 { 0.9 3.4 { 0.4The most important difference between EBV-immortal-
TC õ0.01 5.8 { 1.4 2.2 { 1.3ized B cells and the EBV-infected transformed T cells we

isolated is the malignant phenotype of the T cells as shown Cells were cultivated at 1 1 106 cells/mL with medium alone or with
plastic bound CD3 MoAb (1 mg/mL) plus TPA (1 ng/mL) or with plasticby their tumorigenicity in immunodeficient mice. In EBV-
bound CD3 and CD28 MoAb (1 mg/mL). Supernatants were collectedinfected B cells, it has been described that expression of IL-
after 24 hours and the presence of IL-2 was quantified by immunoen-6, after stable transfection of an IL-6–expressing vector, led
zymetric assay. Results represent the mean of 3 different analysisto an altered pattern of growth and to a malignant phenotype,
performed in triplicates and are expressed in mg/mL.confirmed by tumorigenicity in nude mice.50 Similarly, over-

Abbreviation: NT, not tested.expression of IL-2 in murine T-cell clones induces a malig-
nant phenotype characterized by the formation of solid tu-
mors in immunodeficient mice after injection of IL-2–
overexpressing T cells.51 However, EBV-transformed T-cell sence of activation (Table 2) or IL-4, IL-5, IL-6, IL-10, IL-

13, TNF-a, or interferon-g (not shown), ruling out a possiblelines did not secrete detectable amounts of IL-2 in the ab-
role for one of these cytokines in the malignant phenotype
of EBV-transformed T cells.

In conclusion, although more work is required to really
ascertain the critical role that EBV may play in promoting
tumor onset as opposed to simple opportunistic presence,
these new EBV-infected transformed T cells can be very
useful tools in vitro to further analyze the EBV T-cell inter-
actions and EBV-induced oncogenicity in T cells. Also, these
new T-cell lines could be useful in analyzing the T-cell
activation process or as targets for viral infection and viral
production like HIV or hepatitis B virus.
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