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Abstract
We developed a strategy that can prolong in vitro growth of T cell type of large granular
lymphocyte (T-LGL) leukemia cells. Primary CD8+ lymphocytes from T-LGL leukemia patients
were stably transduced with the retroviral tax gene derived from human T cell leukemia virus type
2. Expression of Tax overrode replicative senescence and promoted clonal expansion of the
leukemic CD8+ T cells. These cells exhibit features characteristic of leukemic LGL, including
resistance to FasL-mediated apoptosis, sensitivity to the inhibitors of sphingosine-1-phosphate
receptor and IκB kinases as well as expression of cytotoxic gene products such as granzyme B,
perforin and IFNγ. Collectively, these results indicate that this leukemia cell model can duplicate
the main phenotype and pathophysiological characteristics of the clinical isolates of T-LGL
leukemia. This model should be useful for investigating molecular pathogenesis of the disease and
for developing new therapeutics targeting T-LGL leukemia.
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1. Introduction
Large granular lymphocyte (LGL) leukemia is a hematological malignancy of either T cells
or natural killer (NK) cells [1]. T cell type of large granular lymphocyte (T-LGL) leukemia
is the malignancy of CD8+ cytotoxic T cells, which usually occurs in elderly patients. The
disease course is frequently associated with autoimmune diseases [2–5]. Many patients with
T-LGL leukemia do not respond to the currently available immune-suppressive therapies
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[6]. Primary T-LGL leukemia cells display the CD3+/CD8+/CD57+ surface markers,
representing activated cytotoxic T lymphocytes [7–9]. TCR rearrangement pattern indicates
their clonal expansion [10, 11]. The primary leukemic cells exhibit constitutive activities of
STAT3 and NF-κB, and both factors are critical mediators of oncogenic signaling and
survival pathways [12, 13]. Activated Stat3 contributes to chemotherapy resistance as
repression of STAT3 in LGL leukemic cells down-regulates a survival protein Mcl-1,
resulting in an increased sensitivity to apoptosis [12]. Thus, STAT3 activation plays an
essential role in promoting aberrant proliferation of the leukemic cells. In addition, NF-κB is
constitutively activated in LGL leukemia, also playing a crucial role in promoting survival
and proliferation of the leukemia cells [13]. It is of paramount significance to further verify
therapeutic agents that target STAT3 and NF-κB for treatment of T-LGL leukemia in a well-
defined leukemia model. It is also crucial to identify new survival signaling pathways that
could serve as therapeutic target in treating T-LGL leukemia.

Current studies of T-LGL leukemia exclusively rely on fresh specimens collected from
patients with T-LGL leukemia. There are no cell lines from these patients, although two
CD4+ T-LGL cell lines from a single patient were previously reported [13a, 13b]. Previous
efforts to establish CD8+ T-LGLL cell lines have not been successful, primarily because T-
LGL leukemia cells are terminally differentiated cytotoxic T lymphocytes and undergo rapid
replicative senescence. In the present study, we succeeded in generating T-LGL leukemia
cell lines by stable expression of the retroviral protein Tax derived from human T cell
leukemia virus type 2 (HTLV-2). Our study demonstrates that these established cell lines
duplicate the phenotype of primary T-LGL leukemia cells from patients. This model should
be valuable for studying the pathogenesis of T-LGL leukemia and developing novel
therapeutics.

2. Materials and methods
2.1. Lentivirus vector, viral production and transduction of primary CD8 T cells

The tax gene from HTLV-2 was fused with enhanced GFP, and the tax2-gfp fusion fragment
was cloned into the lentivirus vector pLCEF8 [14], in which the human elongation factor 1
alpha promoter drives expression of Tax2-GFP. The procedure for lentiviral production and
concentration was described previously [15]. Human peripheral blood lymphocytes were
isolated from healthy blood donors or from clinically confirmed T-LGL leukemia patients,
and stimulated with PHA (1μg/ml) for 24 hours, followed by adding recombinant IL-2
(100u/ml) (AIDS Reagent Program). The activated lymphocytes were cultured for 5–7 days,
and the CD8+ cells were enriched with anti-CD8 magnetic beads (Invitrogen). These
purified CD8 T cells were then transduced with the lentivirus carrying the tax2-gfp
expression cassette. The transduced cells were cultured continuously in complete media
containing 20% fetal bovine serum and 100u/ml of recombinant IL-2.

2.2. Cell lines, antibodies and chemicals
MT-2 and SP cell lines were obtained from AIDS Reagent Program, and Jurkat T cell line
was from ATCC. Antibodies for pERK1/2, ERK1, pMEK1, MEK1 and pAkt1 were
purchased from Santa Cruz Biotechnology, and anti-Mcl-1 and pSTAT3, were from Cell
Signaling. U0126, wortmanin, LY294002, BAY11-7082, 3-methyladenin and chloroquine
were purchased from Sigma.

2.3. Immunophenotype analysis, cell proliferation assay and TCR genotyping
The Immunophenotype of Tax2-immortalized CD8+ T cell line was determined with FACS.
Cells were stained with allophycocyanin (APC) conjugated antibodies including anti-CD3, -
CD4, -CD25, -TCRαβ, -CD45RO and -CD69 (eBioscience) according to the manufacturer’s
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instruction. The stained cells were subjected to FACS analysis. Cell proliferation assay was
performed using tetrazolium compound based CellTiter 96® AQueous One Solution Cell
Proliferation (MTS) assay (Promega). Quantitative PCR was used to examine TCR
rearrangement using the method reported previously [16].

2.4. Electrophoretic mobility gel shift assay (EMSA) and real-time PCR
Nuclear extracts were prepared from various T cell lines using NE-PER nuclear and
cytoplasmic extraction reagents (Pierce). The oligonucleotide was 5′-end labeled with biotin
(Integrated DNA Technologies) and annealed to its complementary strand. The binding
activities were examined by EMSA using Light Shift Chemiluminescent EMSA Kit (Pierce)
following the protocol reported previously [15]. The real-time PCR analysis was performed
according to the method as previously described [15].

3. Results
3.1. Establishment of T-LGLL-like model cell line

To establish long-term culture of T-LGL leukemia cells, we utilized the retroviral tax gene
(tax2) derived from HTLV-2, a virus that preferentially infects CD8+ T cells. The tax2-gfp
fusion gene was generated and constructed in a lentivirus vector in which the human
elongation factor promoter drives constitutive expression of Tax2-GFP. CD8+ T cells from
healthy donors or from clinically confirmed T-LGL leukemia patients were enriched through
sorting with anti-CD8 magnetic beads, followed by lentiviral transduction. Roughly 30%–
50% of cells were transduced by lentivirus expressing Tax2-GFP as evidenced by
visualization with fluorescence imaging. About one month following transduction, nearly
100% of cells emitted green fluorescence, indicating that non-transduced cells lost growth
potential and gradually disappeared during extended culture. The Tax2-GFP-expressing
cells grew in clusters (data not shown). Untransduced CD8 T cells from healthy donors or T-
LGL leukemia patients typically grow in culture for less than three weeks at normal
conditions. The Tax2-GFP-transduced normal CD8 T cells only grew for about two months
before dying. In contrast, the Tax2-GFP-transduced CD8+ T cells from T-LGL leukemia
patients grew in culture for at least four months. One of the established T-LGL leukemia cell
lines, named TL-1, was able to grow for over two years without losing growth potential.
These findings demonstrate that Tax2 alone is not sufficient to immortalize normal CD8+ T
cells, yet it can promote long-term expansion of the leukemic LGL cells.

We next examined the immunophenotype of the Tax2-GFP-established leukemia cells. We
showed that TL-1 cells exhibited a CD3+/TCRαβ+/CD8+/CD25+/CD45RO+/CD69+
immunophenotype (Fig. 1a). CD45RO is the surface marker for memory T cells, while
CD69 is a marker for activated T cells. Like activated CD8 T cells, interferon gamma was
abundantly expressed in TL-1 cells (Fig. 1b). These results indicated that these cells were
terminally differentiated, activated memory CD8 T cells, similar to the CD8+ leukemia cells
seen from T-LGL leukemia patients. Furthermore, CD25, the IL-2 receptor alpha chain, was
also detected in TL-1 cells (Fig. 1a), which rendered the cells responding to exogenous IL-2.
Deprivation of IL-2 led to growth arrest and death of TL-1 cells (Fig. 1c). Another Tax2-
GFP-established leukemia cell line, TL-2, also exhibited IL-2-dependent growth pattern
(data not shown). However, the growth of TL-2 in culture was very slow, suggesting that
TL-2 is not suitable for cancer cell model. Analysis of the TCR rearrangement showed that
both TL-1 and TL-2 cell lines displayed a distinct peak of genotyping, whereas the normal
activated CD8 T cells exhibited multiple peaks (Fig. 2). However, the genotypes of TL-1
and TL-2 cell lines were apparently distinct from their corresponding patients’ PBMCs (Fig.
2). Nevertheless, these data indicated that TL-1 and TL-2 were a clonal population of CD8+
leukemia cells.
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3.2. Expression of cytotoxic gene products from the established T-LGLL cell line
Primary T-LGL leukemia cells are derived from cytotoxic T cells. To determine whether the
Tax2-established T-LGL cells present similar features, we analyzed cytokine and cytotoxic
gene expression profiling on these cells by real-time PCR analysis. Similar to normal
activated CD8+ T cells, the Tax-2-established leukemia cell lines TL-1 and TL-2 expressed
cytotoxic gene products such as granzyme B, IFNγ and FasL (Fig. 3). Perforin was also
expressed in TL-2 cells but not in TL-1 cells (Fig. 3), suggesting that some of T-LGL
leukemia cells execute cytotoxic activity via indirect mechanism, probably by using IFNγ-
mediated cytotoxic killing. Additionally, IL-13, an immune modulatory cytokine, was
detected in both normal activated CD8 T cells and Tax2-established leukemia cells (Fig. 3).
Although the presumptive antigen that these CD8+ CTLs recognize is not known, the
expression of certain cytotoxic gene products and typical immunophenotype strongly
support the notion that the Tax2-established CD8 T cells from T-LGL leukemia patients are
leukemic CTLs.

3.3. Expression of T cell receptor signaling molecules and oncogenic activation of the
established T-LGLL cell line

We further examined expression of TCR signaling molecules using TL-1 as a model cell
line. Jurkat cells are CD4+ T cells with intact TCR signaling response and as expected, the
signaling molecules in this pathway, such as Lck, ZAP70, CD3ζ chain, LAT, MEK1, IKKβ
and p85 subunit of PI3KC1, were abundantly expressed (Fig. 4a). MT-2 cells are HTLV-1-
transformed CD4+ T cells and displayed down-regulated Lck, ZAP70 and CD3ζ (Fig. 4a), a
pattern commonly found in ATL cells that usually do not respond to TCR engagement. SP
cells are HTLV-1-immortalized CD8+ T cells, and their growth is dependent on a low level
of exogenous IL-2. SP cells showed similar expression patterns of the TCR signaling
molecules as Jurkat cells (Fig. 4a). An intact expression pattern of TCR signaling molecules
was present in TL-1 cells (Fig. 4a), suggesting that these cells are likely reactive to antigen
in vivo.

LGL leukemia cells are known to express sphingosine-1-phosphare receptors (SIPRs),
which render these leukemia cells sensitive to the inhibition of these receptors [13, 17]. We
examined several isoforms of S1P receptors including S1PR1, S1PR2, S1PR3, S1PR4 and
S1PR5 for their expression in TL-1 cells. Similar to the NK type of LGL leukemia cell lines,
RNK16 and NKL, TL-1 cells expressed all five forms of S1PRs (Fig. 4b). In addition,
Mcl-1, a pro-survival Bcl-2 family member, along with the cytotoxic gene produce
granzyme B, was abundantly expressed in TL-2 cells (Fig. 4b). In Tax-2-established T-LGL
leukemia cell lines TL-1 and TL-2, phosphorylated forms of Akt, Stat3, ERK1/2 and MEK1
were detected, indicating that these kinases were expressed in activated forms (Fig. 4c). The
DNA-binding activities of NF-κB, STAT3 and AP-1 were also detected in TL-1 cells (Fig.
4d, 4e and 4f). Because these oncogenic activations are typically seen in primary T-LGL
leukemia cells, our data demonstrated that TL-1 cells shared similar oncogenic activation
patterns to the clinical isolates. Indeed, chemical inhibitors for ERK1/2, PI3K/Akt and IKK/
NF-κB effectively reduced viability of TL-1 cells (Fig. 4g), indicating that these signaling
pathways were crucial for promoting survival and proliferation of the established T-LGL
leukemia cells in vitro.

3.4. Sensitivity of the established T-LGLL cell line to FasL and sphingosine-1-phosphate
receptor inhibitor

Primary T-LGL leukemia cells are resistant to FasL-mediated apoptosis and sensitive to
sphingosine-1-phosphate receptor inhibition [18]. To test if TL-1 cells present features
similar to clinical isolates, we treated TL-1 cells with CH11, a Fas stimulatory antibody that
imitates FasL’s action, and FTY720, an inhibitor of S1PRs, either alone or in combination.
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The control cells were normal activated CD8+ T cells transiently expressing Tax2-GFP. In
the absence of exogenous IL-2, TL-1 cells were resistant to CH11-induced apoptosis and
sensitive to FTY720, as compared to the control cells that were treated at the same condition
(Fig. 5a). Addition of exogenous IL-2 in culture restored the sensitivity of TL-1 cells to
CH11 (Fig. 5b). Both TL-1 cells and the control cells were equally resistant to FTY720 in
the presence of IL-2, and the combination of CH11 and FTY720 restored the sensitivity of
these cells to FTY720 (Fig. 5b).

3.5. Constitutive activity of autophagy in the established T-LGLL cell line
Our previous study demonstrated that Tax-2 is able to activate autophagy pathway in
supporting T cell survival [15]. We examined the autophagic activity in Tax-2-established
T-LGL leukemia cells, and found a significant accumulation of LC3-II, a marker for
autophagy, in TL-1 cells regardless of the presence of recombinant IL-2 (Fig. 6a).
Suppression of autophagy pathway with the chemical autophagy inhibitor, 3-MA or
chloroquine, effectively reduced viability of TL-1 cells (Fig. 6b), implying a critical role of
Tax2-mediated autophagy for the survival and growth of Tax2-established T-LGL leukemia
cells in culture.

4. Discussion
In the present study, we established T-LGL leukemia cell lines that exhibit characteristic
features of primary T-LGL leukemia. The Tax2-established T-LGL cells are clonal
population with mature CD8+ CTL phenotype, oncogenic activation and drug-sensitivity
profiles that resemble clinical isolates. Thus far, only TL-1 cell line has exhibited optimal
growth rate suitable for both in vitro and in vivo experiments to investigate the pathogenesis
of T-LGL leukemia. Considering all the previous difficulties in establishing a T-LGL
leukemia model, our study succeeded by introducing Tax2 into leukemic LGL cells.

Long-term culture of antigen-specific CTL lines has been reported by introducing human
telomerase reverse transcriptase (hTERT) gene into these cells [19]. hTERT is a catalytic
subunit of the enzyme telomerase that adds TTAGGG nucleotide repeat sequences, also
known as telomeres, to the ends of chromosomal DNA [20]. However, another group
reported that hTERT failed to immortalize primary CD8+ T cells [21], and our group was
also unable to utilize hTERT to establish T-LGL leukemia cell line (data not shown). Like
any other cancer cells, T-LGL leukemia cells exhibit constitutive activity of hTERT and
therefore, other unknown factors likely cause replicative senescence in primary T-LGL
leukemia cells. Primary T-LGL leukemia cells are activated CD8+ cells primarily due to
their reactive capacity to a presumptive antigen in patients. However, these activation
features may not be maintained because of lack of such antigen in culture, which would
contribute to their replicative senescence. Therefore, the primary T-LGL leukemia cells need
to be engineered in order to imitate antigen-stimulated proliferation.

The Tax protein appears to be a favorable choice. HTLV-2 preferentially infects CD8+ T
cells and is capable of immortalizing primary CD8+ T cells from healthy donors. Our results
indicated that Tax2 alone is not able to immortalize normal CD8+ T cells but selectively
transforms leukemic CD8+ cells. There are several factors that may contribute to successful
development of T-LGL leukemia model. First, Tax-2 induces expression of CD25, the
IL-2Rα, which renders the Tax-2-expressing cells responsive to exogenous IL-2, providing
an autocrine loop in stimulating T cell growth. Second, Tax2 constitutively activates IκB
kinases, causing a hyperactivity of autophagy that promotes T cell survival. Lastly, Tax2
maintains the activated phenotypes of primary T-LGL leukemia cells, leading to their
sustainable growth. It is noted that autophagy is induced in response to antigen stimulation
in activated T cells [22, 23]. Primary T-LGL leukemia cells may exhibit transient activity of
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autophagy (data not shown), because they are likely antigen-simulated. Following prolonged
culture, the autophagy activity is expected to disappear in primary T-LGL leukemia cells
because of lack of such antigen in culture. Thus, Tax2 is capable of supplementing
autophagy activity feature in the primary T-LGL leukemia cells, leading to their continuous
growth in vitro even in the absence of antigen. In addition, Tax2 activates a variety of
oncogenic signaling molecules including Stat3, PI3K/Akt, IKK/NF-κB and MAPK/ERK
that overlap with the oncogenic activation present in primary T-LGL leukemia cells. The
activated features of T-LGL cells, therefore, can be maintained in culture for prolonged
time.

It should be noted that there are several drawbacks of this leukemia model. First, the
genotypes of the established T-LGL cell lines were apparently distinct from their
corresponding patient samples. The mechanism of the genotype shift of these leukemia cell
lines is currently not clear. The genotype shift could be caused by prolonged in vitro culture
[24]. Another possibility is that there might exist minor populations of the leukemia cells
that acquire growth advantage in this culture model. Second, the immunophenotype of
CD45RA+/CD45RO− is typically present in primary specimens [7–9], however the
established leukemia cell lines exhibit CD45RA−/CD45RO+ (data not shown). This
phenotypic change might be caused by long-term culture or expression of Tax2. This
possibility needs further exploration. Lastly, although the purified CD8 T cells from patients
displayed a CD8+/CD4− phenotype, the established T-LGL leukemia cell lines TL-1 and
TL-2 showed expression of CD4 in addition to the abundant levels of CD8. Our data
indicate that unlike immature double-positive T cells, the established T-LGL leukemia cell
lines are mature CD8+ T cells with unique immunophenotype and cytokine expression
patterns. Indeed, expression of CD4 on mature CD8+ T cells has been previously reported,
which could be seen following prolonged activation of CD8 T cells [25–31]. Likewise, our
established leukemia cell lines represent terminally differentiated, constitutively activated
memory CD8+ T cells.

It would be certainly interesting to see if such T-LGL leukemia-like model cell line could be
used to establish an in vivo mouse model as well. An additional advantage of the Tax2-GFP-
established T-LGL leukemia model is that these cells continuously emit green fluorescence,
which would differentiate transplanted cells from endogenous cells in trying to establish an
in vivo mouse model. This LGL leukemia model could be further modified by inducible
expression of Tax2-GFP in primary T-LGL leukemia cells. Collectively, the establishment
of T-LGL leukemia model is important for further investigation into disease pathogenesis
and development of new therapeutics.
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Fig. 1.
Immunophenotype of Tax2-established T-LGL leukemia cells: (a) FACS analysis of surface
markers on TL-1 cells; (b) Intracellular staining of IFNγ expression in TL-1 cells; (c) Cell
viability assay to examine IL-2-dependent growth of TL-1 cells.
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Fig. 2.
TCR Vβ genotyping of normal activated CD8+ cells, Tax2-established TL-1 and TL-2 cell
lines and their corresponding patient PBMCs. Dilutions, RNA extraction, cDNA synthesis
and qRT PCR are performed in triplicates.
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Fig. 3.
Cytokine and cytotoxic gene expression profiles on Tax2-established T-LGL leukemia cell
lines in comparison with normal activated CD8 T cells by real-time PCR.
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Fig. 4.
TL-1 cells exhibit constitutive activation of various oncogenic signaling molecules: (a)
Expression profiles of TCR signaling molecules were shown in various T cell lines
including Jurkat (lymphoblastic leukemia cells), MT-2 (HTLV-1-infected CD4 T cells), SP
(HTLV-1-infected CD8+ T cells) and TL-1 (Tax-2-established T-LGL leukemia cells); (b)
Expression of S1Ps, granzyme B and Mcl-1 were shown in TL-1 cells, RNK16 (rat NK
leukemia cells) and NKL (human NK-LGL leukemia cells); (c) Immunoblot analysis for
phosphorylated Akt, Stat3, ERK1, MEK1 in CD8-1 and CD8-2 (normal CD8+ T cells from
two healthy donors), TL-1 and TL-2 (Tax2-established T-LGL leukemia cells) and SP
(HTLV-1-immortalized CD8+ T cells); (d) EMSA for detecting NF-κB activity in Jurkat,
MT-2, SP and TL-1 cells; (e) EMSA for Stat3 activity in TL-1 cells and NT8 cells (normal
CD8+ cells transiently expressing Tax2-GFP); (F) EMSA for AP-1 and NF-ATc activities in
MT-2, Jurkat, SP and TL-1 cells; (g) Cell viability of TL-1 cells treated with U012 (ERK
inhibitor), Ly494002 (PI3K inhibitor), Wortmanin (PI3K inhibitor) or BAY11-7082 (IKK
inhibitor) at indicated dose and time points.
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Fig. 5.
TL-1 cells are resistant to FasL-mediated apoptosis and sensitive to the inhibitor for
sphingosine-1-phosphate receptor: (a) Apoptosis induction by CH11 (2μg/ml, FasL
mimetics) or FTY720 (5μM, a.k.a. fingolimod, a structural analog of sphingosine) for 8h
after IL-2 withdraw (16h), as measured by FACS analysis of annexin V-APC stained cells.
NT8, normal CD8 T cells transiently expressing Tax-2-GFP, was used as control; (b)
Apoptosis induction by CH11 (2μg/ml) or FTY720 (5μM) or the combination of CH11 and
FTY720 in cells treated with IL-2 for 24h. The control cells are normal activated CD8 T
cells transiently expressing Tax-2-GFP.
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Fig. 6.
Constitutive activity of autophagy in TL-1 cells: (a) Conversion of LC3-I to LC3-II in
CD8-2 cells (normal, PHA-activated CD8+ T cells from donor 2), TL-1 cells (cultured in the
presence of IL-2), TL-1 (IL-2-) (TL-1 cells cultured without IL-2 for 24 hours), Jurkat cells
without or with rottlerin (5μM for 6 hours) was examined with anti-LC3 immunoblot. β-
actin is used for protein loading control; (b) Cell viability of TL-1 cells treated with
autophagy inhibitors, 3-MA and chloroquine, at indicated time points.
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