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Human T-cell leukemia virus type 1 (HTLV-1) and HTLV-2 are distinct oncogenic retroviruses that infect
several cell types but display their biological and pathogenic activity only in T cells. Previous studies have
indicated that in vivo HTLV-1 has a preferential tropism for CD4� T cells, whereas HTLV-2 in vivo tropism
is less clear but appears to favor CD8� T cells. Both CD4� and CD8� T cells are susceptible to HTLV-1 and
HTLV-2 infection in vitro, and HTLV-1 has a preferential immortalization and transformation tropism of
CD4� T cells, whereas HTLV-2 immortalizes and transforms primarily CD8� T cells. The molecular mecha-
nism that determines this tropism of HTLV-1 and HTLV-2 has not been determined. HTLV-1 and HTLV-2
carry the tax and rex transregulatory genes in separate but partially overlapping reading frames. Since Tax has
been shown to be critical for cellular transformation in vitro and interacts with numerous cellular processes,
we hypothesized that the viral determinant of transformation tropism is encoded by tax. Using molecular clones
of HTLV-1 (Ach) and HTLV-2 (pH6neo), we constructed recombinants in which tax and overlapping rex genes
of the two viruses were exchanged. p19 Gag expression from proviral clones transfected into 293T cells
indicated that both recombinants contained functional Tax and Rex but with significantly altered activity
compared to the wild-type clones. Stable transfectants expressing recombinant viruses were established,
irradiated, and cocultured with peripheral blood mononuclear cells. Both recombinants were competent to
transform T lymphocytes with an efficiency similar to that of the parental viruses. Flow cytometry analysis
indicated that HTLV-1 and HTLV-1/TR2 had a preferential tropism for CD4� T cells and that HTLV-2 and
HTLV-2/TR1 had a preferential tropism for CD8� T cells. Our results indicate that tax/rex in different genetic
backgrounds display altered functional activity but ultimately do not contribute to the different in vitro
transformation tropisms. This first study with recombinants between HTLV-1 and HTLV-2 is the initial step
in elucidating the different pathobiologies of HTLV-1 and HTLV-2.

Human T-cell leukemia virus type 1 (HTLV-1) and HTLV-2
are distinct complex oncogenic retroviruses. HTLV-1 has been
associated with adult T cell leukemia, a malignancy of CD4� T
lymphocytes, and a chronic neurological disorder termed
HTLV-1-associated myelopathy/tropical spastic paraparesis
(11). HTLV-2 disease association is less clear in that only a few
cases of a variant hairy cell leukemia (CD8� T-cell origin) and
several cases of neurological disease have been reported (17,
21, 38). HTLV infects a number of cell types, including T cells,
B cells, endothelial cells, glial cells, and monocytes of both
human and nonhuman origin (2, 18, 19, 24), but displays its
transforming or pathogenic activity only in T cells.

It has been shown that HTLV-1 has a preferential tropism
for CD4� T cells in both asymptomatic patients and those with
neurological disease (36). More recently, studies indicated that
CD8� T cells are an additional viral reservoir in vivo for
HTLV-1 in patients with HTLV-1-associated myelopathy/trop-
ical spastic paraparesis (30). In vitro, it has been shown that
Tax-mediated transcription of HTLV-1 is significantly in-
creased in purified CD4� versus CD8� T-cell subsets (32).

This is consistent with the hypothesis that this enhanced rate of
transcription is ultimately responsible for the cell tropism and
the leukemogenic potential of HTLV-1. HTLV-2 in vivo tro-
pism is less clear. One in vivo study indicated that HTLV-2 has
a preferential tropism for CD8� T cells (20), whereas others
have detected HTLV-2 in both CD4� and CD8� T-cell sub-
sets, with a greater proviral burden in CD8� T cells (26, 34). In
contrast to the case for HTLV-1, we have recently shown that
purified CD4� and CD8� T cells are equally susceptible to
HTLV-2 infection and subsequent viral gene expression (46).
However, coculture of irradiated HTLV-2 producer cells with
peripheral blood mononuclear cells (PBMCs) or purified T-
cell subsets resulted in preferential transformation of CD8� T
cells (46). Therefore, we have hypothesized that the distinct
biological difference between HTLV-2 and HTLV-1 is attrib-
utable to genetic differences between the viruses and is likely
responsible for the differing pathogenicities of these two re-
lated viruses.

In addition to carrying structural and enzymatic genes, gag,
pol, and env, HTLV encodes the Tax and Rex trans-regulatory
gene products, which are essential for viral replication, and
several accessory gene products that have been shown to be
important for viral persistence in vivo. The tax and rex genes
are carried in separate but partially overlapping reading
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frames. Tax increases the rate of transcription from the viral
long terminal repeat (LTR), whereas Rex acts posttranscrip-
tionally to induce the cytoplasmic expression of the unspliced
and incompletely spliced viral RNAs encoding the viral struc-
tural and enzymatic proteins (4, 25). Tax also modulates the
expression or activity of numerous cellular genes involved in
cell growth and differentiation, cell cycle control, and DNA
repair (1, 3, 35, 45, 47). Strong evidence indicates that these
pleiotropic effects of Tax on cellular processes are critical in
HTLV-mediated cellular transformation and oncogenesis (10,
15, 31, 37, 40).

The goal of this study was to determine whether Tax is the
determinant of the distinct in vitro transformation tropism of
HTLV-1 and HTLV-2. We used molecular clones of HTLV-1
(Ach) and HTLV-2 (pH6neo) to construct recombinants in
which tax and overlapping rex genes of the two viruses are
exchanged. Our results indicate that tax/rex transactivating ac-
tivities are altered in the different viral genetic backgrounds.
However, both recombinants were competent to replicate in
and transform primary human T lymphocytes in culture. Al-
though the tax and rex genes are absolutely required for effi-
cient replication and cellular transformation by HTLV, the
distinct in vitro transformation tropism of HTLV-1 and
HTLV-2 is not encoded by these genes.

MATERIALS AND METHODS

Cells. 293T cell and 729 B-cell lines were maintained in Dulbecco’s modified
Eagle’s medium and Iscove’s medium, respectively. The medium was supple-
mented to contain 10% fetal calf serum (FCS), 2 mM glutamine, penicillin (100
U/ml), and streptomycin (100 �g/ml). PBMCs were isolated from blood of
normal donors by centrifugation over Ficoll-Paque (Pharmacia). The CD4� and

CD8� distributions in PBMCs prior to culture were 62.2% � 4.3% and 37.7% �

4.2%, respectively. PBMCs were cultured in RPMI 1640 medium supplemented
with 20% FCS, 2 mM glutamine, and antibiotics.

Plasmids. The wild-type (wt) HTLV-1 proviral clone Ach (23) and wt HTLV-2
proviral clone pH6neo (7) were used to generate the two recombinant proviral
clones used in this study. An EcoRV site was generated at the stop codon of tax-1
in the HTLV-1 provirus (8356TGAAAAG8362to TGATATC) and at the end of
tax-2 in the HTLV-2 provirus (8203TAGCCTCC8210to TAGATATC) by site-
directed mutagenesis (Quickchange; Stratagene). A Tth111I site was generated
near the 5� exon III junction of tax/rex in the HTLV-2 provirus (nucleotide 7239C
to T) in a location identical to the site already present in the HTLV-1 provirus.
HTLV-1/TR2 and HTLV-2/TR1 recombinants were generated by exchanging
the Tth111I-EcoRV fragments from the HTLV-1 and HTLV-2 proviruses, re-
spectively. This exchange resulted in complete substitution of the tax gene and
substitution of approximately 90% of the rex gene (a portion of open reading
frame [ORF] II that overlaps with exon 3 of tax/rex is also exchanged). We
elected not to exchange rex sequences 5� to tax (encoding amino acids 1 to 21),
since these changes would also alter the 3� end of the pol gene (recombinant
proviruses will encode a chimeric Rex). In the amino-terminal 21 amino acids of
Rex there are five amino acid differences between Rex-1 and Rex-2. This region
has been shown to contain the nuclear localization signals and RNA binding
domains of both Rex-1 and Rex-2 (Fig. 1)

The Tax-2/Rex-2 expression vector, containing the HTLV-2 tax/rex cDNA
expressed from the cytomegalovirus (CMV) immediate-early gene promoter, has
been described previously (5, 14). A Tax-1/Rex-1 expression vector, containing
the HTLV-1 (Ach) tax/rex cDNA expressed from the CMV immediate-early gene
promoter, termed SE356, was generated. Expression vectors that express only
Rex or Tax were generated by mutating the initiator codons (ATG) by site-
directed mutagenesis. Rex recombinant cDNA expression vectors (termed Rex-
2.1 and Rex-1.2) were generated by exchanging the SphI-Tth111I fragments from
the HTLV-1 and HTLV-2 Rex cDNA expression vectors, respectively. LTR-1-
CAT and LTR-2-CAT have been previously described (6, 8). The HIV-1 Tat
expression vector, pctat, contains HIV-1 tat cDNA cloned downstream of the
CMV promoter. The pCgagRxRE-I and pCgagRxRE-II reporters contain the
HIV-1 LTR promoter and gag gene linked to fragments of HTLV-1 and
HTLV-2, respectively, spanning the RxRE (R-U5 region of the LTR) (9). A

FIG. 1. Organization of the HTLV genome and expanded coding region. (A) The complete proviral genome is shown schematically. LTRs are
depicted with their U3, R, and U5 regions. The locations of the gag, pro, pol, env, tax, and rex genes and their corresponding reading frames are
indicated, along with orf-I and orf-II of HTLV-1. Numbers below the genome indicate kilobases. (B) The genome containing the two tax/rex coding
exons has been expanded, and the general locations of the ORFs (Tax, Rex, Env, Pol, and Orf-II) based on the nucleotide sequence of the proviral
clones pH6neo (HTLV-2) and Ach (HTLV-1) are presented. Vertical arrows indicate the locations of protein start sites (ATG) and relevant
restriction enzyme sites (SphI, Tth111I, and EcoRV). Numbers below the Tax and Rex ORFs indicate amino acid numbers (Tax-2 and Tax-1 are
331 and 353 amino acids, respectively; Rex-2 and Rex-1 are 170 and 189 amino acids, respectively).
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CMV-luciferase plasmid was used to control for transfection efficiency in each
experiment (luciferase assay system; Promega).

Transfection, CAT assay, and p24 Gag ELISA. For chloramphenicol acetyl-
transferase (CAT) assays, 2 � 105 293T cells were transfected by the calcium
phosphate procedure with 2 �g of LTR-1-CAT or LTR-2-CAT, 1 �g of CMV-
luciferase, and 5 �g of tax expression plasmids or a negative control. After 48 h
of growth, cells were harvested, and lysates were normalized for luciferase ac-
tivity and assayed for CAT activity as previously described (40). The results
reported represent average percent chloramphenicol acetylation values for three
independent experiments. For p24 Gag enzyme-linked immunosorbent assay
(ELISA), 2 � 105 293T cells were transfected by the calcium phosphate proce-
dure with 1 �g of pctat, 3 �g of pCgagRxRE-I or pCgagRxRE-II, 1 �g of
CMV-luciferase, and 5 �g of rex or recombinant rex expression plasmids or
negative control. Cell lysates were made at 48 h posttransfection, and luciferase
activity for each sample was determined to control for transfection efficiency.
The HIV-1 p24 Gag level in cells lysate was determined by using the p24 Gag
ELISA (p24 HIV antigen assay kit; Beckman-Coulter). p24 Gag calibration
curves were generated by using HIV-1 p24 antigen standards as described by the
manufacturer, with a detection sensitivity of 1 pg/ml. All of the experiments were
performed in triplicate, and results were normalized for transfection efficiency.
Statistical significance with respect to results with wt Rex was determined by the
Student t test. For stable transfectants, proviral plasmid clones containing the
Neor gene were introduced into cells by electroporation as previously described
(5). Briefly, cells were washed and resuspended (2 � 107 cells/ml) in RPMI 1640
medium supplemented with 20% FCS, 2 mM glutamine, and antibiotics. A total
of 5 � 106 cells were electroporated with 25 �g of DNA (960-�F charge and 250
V). Cells were transferred to 5 ml of medium and grown at 37°C for 48 h. Stable
transfectants containing the desired proviral clones were isolated following in-
cubation in 24-well culture dishes in medium containing 1 mg of Geneticin per
ml. Following 4 to 5 weeks of selection, viable cells were expanded and main-
tained in culture for further analysis.

DNA preparation and PCR. Genomic DNA from permanently transfected
cells was isolated by using DNAzol reagent (GibcoBRL). Three hundred nano-
grams of genomic DNA was subjected to 35-cycle PCR analysis. The PCR-
amplified product was separated on a 2% agarose gel and visualized by ethidium
bromide staining.

Transformation assays. Transformation assays were performed as previously
described (12). Briefly, 729 HTLV producer cells (1 � 106) were irradiated with
10,000 rads and cocultured with 2 � 106 PBMC in 24-well culture plates. The
presence of HTLV expression was confirmed by detection of structural Gag
protein in the culture supernatant by p19 Gag ELISA at weekly intervals. Viable
cells were counted once a week by trypan blue exclusion.

Wells containing transformed T cells, defined as cells with continuous growth
8 weeks postcoculture in the absence of exogenous interleukin-2 (IL-2), were
enumerated and phenotyped by fluorescence-activated cell sorter analysis. Cells
were stained with anti-CD3 antibody–fluorescein isothiocyanate (FITC), anti-
CD4 antibody–phycoerythrin (PE), and anti-CD8 antibody–PE–Cy5 and ana-
lyzed on a Coulter Epics Elite flow cytometer.

RESULTS

Construction of recombinant HTLV-1 and HTLV-2 proviral
clones. It has been previously reported that HTLV-1 trans-
formed primarily CD4� T cells in culture (33, 37), whereas
HTLV-2 transformation favored CD8� T cells (28, 40, 46).
Overwhelming evidence indicates that Tax is critical to the
HTLV pathogenic process. In addition, comparative studies
between Tax-1 and Tax-2 have highlighted specific differences
in activities that might contribute to the different in vitro trans-
formation tropisms of HTLV-1 and HTLV-2 as well as other
pathobiological properties (27, 39, 41). Recombinant provi-
ruses in which the tax genes of HTLV-1 and HTLV-2 were
exchanged were constructed to determine if Tax is responsible
for the different biological properties of these two related
viruses, with specific emphasis on transformation tropism. Fig-
ure 1 shows the genomic structure of HTLV. The HTLV-1
molecular clone Ach and HTLV-2 molecular clone pH6neo
were used in these studies. Upon introduction into cells, both

of these clones direct the synthesis of virions, which as deter-
mined by coculture assay are capable of infecting and trans-
forming human PBMCs (13, 23). Recombinant HTLV-1 and
HTLV-2 proviral clones with complete exchange of the tax
sequences were generated. Since the tax and rex genes of
HTLV are in partially overlapping reading frames, exchange of
tax sequences also results in approximately 90% exchange of
the rex gene. The 5� rex sequences of each recombinant provi-
rus, termed HTLV-1/TR2 and HTLV-2/TR1, were of parent
virus origin, since further exchange of these sequences would
result in a recombinant pol gene (Fig. 1B). These rex sequences
encode the amino-terminal 21 amino acids of Rex, which have
been shown to contain the nuclear localization/RNA binding
functional domains of both Rex-1 and Rex-2. It is important to
note that HTLV-1 Ach encodes a 353-amino-acid Tax and a
189-amino-acid Rex, whereas HTLV-2 pH6neo encodes a 331-
amino-acid Tax and a 170-amino-acid Rex.

tax/rex exchange affects p19 Gag production. Although the
Tax and Rex proteins of HTLV-1 and HTLV-2 are highly
homologous, their ability to substitute for each other in a
proviral context resulting in virion production has not been
directly assessed. Efficient p19 Gag production from proviral
clones requires a functional Tax and Rex, and the concentra-
tion of p19 Gag in the supernatant of transfected cells has been
used as a measure of virion production. The parental and
recombinant proviral clones were transfected into 293T cells,
and p19 Gag production in the culture supernatant was quan-
tified by ELISA. Cells transfected with the wt HTLV-1 clone
produced high levels of p19 Gag in the culture supernatant
(Fig. 2). Cells transfected with the wt HTLV-2 clone produced
approximately 10-fold less p19 Gag. These results are consis-
tent with the conclusion that the HTLV-1 provirus has a higher
transcriptional activity and protein production than wt
HTLV-2. Both recombinant proviral clones had the capacity to

FIG. 2. Reciprocal exchange of HTLV-1 and HTLV-2 tax/rex se-
quences alters p19 Gag production from recombinant proviruses. 293T
cells (2 � 105) were transfected with 2 �g of wt HTLV-1, wt HTLV-2,
HTLV-1/TR2, and HTLV-2/TR1 proviral DNAs. At 72 h posttrans-
fection, p19 Gag production was measured in the supernatant by
ELISA. The values, which represent p19 Gag levels for three indepen-
dent experiments, are normalized for transfection efficiency. Error
bars indicate standard deviations. The data indicate that Tax/Rex is
functional in both recombinant proviral clones and suggest that Tax/
Rex-1 is more active than Tax/Rex-2 irrespective of the viral backbone.
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produce p19 Gag. However, exchange of tax/rex sequences had
a significant effect on p19 Gag production compared to that of
the wt clones. Cells transfected with HTLV-1/TR2 produced
consistently twofold less p19 Gag than the wt HTLV-1,
whereas p19 Gag production in cells transfected with HTLV-
2/TR1 was increased approximately fourfold over that with wt
HTLV-2 (Fig. 2). These results indicate that although HTLV-1
and HTLV-2 tax/rex are functionally interchangeable, Tax-1
and/or Rex-1 has higher intrinsic transactivation activity than
Tax-2 and/or Rex-2 irrespective of the HTLV-1 or HTLV-2
proviral context.

Comparative functional activities of HTLV-1 and HTLV-2
Tax and Rex. In an effort to more precisely understand the
mechanism for the differential p19 Gag production from the
proviral clones, we used reporter assays to compare the trans-
activation capacities of HTLV-1 and HTLV-2 Tax, HTLV-1
and HTLV-2 Rex, and the recombinant Rex proteins (Rex-1.2
and Rex-2.1) on their respective HTLV-1 and HTLV-2 re-
sponse elements. Tax-1 or Tax-2 cDNA expression vectors
were cotransfected with LTR-1-CAT or LTR-2-CAT reporter
constructs, and functional levels of Tax were assessed by mea-
suring CAT activity. Our results indicate that the basal activi-
ties of LTR-1- and LTR-2-linked gene expression are similar.
As we have previously reported, Tax-1 and Tax-2 transactivate
both LTR-1 and LTR-2 (Fig. 3). Tax-1 activates LTR-1-linked
gene expression 90-fold, whereas the Tax-2 transactivation ca-
pacity of LTR-1 is reproducibly less (70-fold). Tax-2 activates
its own LTR 22-fold, whereas Tax-1 displays a higher transac-
tivation capacity for LTR-2 (30-fold). These data are consis-
tent with the conclusion that the HTLV-1 LTR can be trans-
activated to a greater extent than the HTLV-2 LTR and that
Tax-1 displays a greater capacity to transactivate HTLV-1 or
HTLV-2 LTR-linked gene expression.

We next tested the functional activities of wt Rex-1, wt
Rex-2, and the Rex recombinants (Rex-1.2 and Rex-2.1) in a

quantitative bioassay with the reporter plasmid pCgagRxRE-I
or pCgagRxRE-II. These plasmids contain the HIV-1 LTR
and gag gene linked to the Rex response element (RxRE) of
HTLV-1 or HTLV-2 and the simian virus 40 polyadenylation
signal/site (9). Efficient expression of p24 Gag is dependent on
Tat-mediated transcription and functional Rex binding to the
RxRE sequences. 293T cells were cotransfected with pctat,
pCgagRxRE-I or pCgagRxRE-II and wt or recombinant rex
expression vectors or a negative control, and p24 Gag produc-
tion was monitored by using a p24 Gag antigen capture assay.
Rex-2 functions with similar efficiency on RxRE-I and RxRE-
II. In contrast, Rex-1 function is impaired on RxRE-II com-
pared to Rex-2 function. Recombinants Rex-1.2 and Rex-2.1
function as well as wt Rex on RxRE-I. However, Rex-1.2 and
Rex-2.1 display higher activity on the RxRE-II reporter than
wt Rex-1, but both have significantly lower activity than wt
Rex-2 on RxRE-II (Fig. 4). Together these findings indicate
that more than one domain of the Rex-1 protein contributes to
its decrease in function on the RxRE-II reporter. Taken to-
gether, our data imply that the altered gene expression in the
recombinant viruses compared to the parental viruses is dom-
inated by Tax. Since Rex-2 is not impaired on RxRE-I, the
lower p19 Gag production by HTLV-1/TR2 can be attributed
to the lower activity of Tax-2. Although HTLV-2/TR1 encodes
a recombinant Rex with lower functional activity on RxRE-II,
it displays higher p19 Gag production than wt HTLV-2. Thus,
the greater transactivation activity of Tax-1 is responsible for
the increase p19 Gag production. Therefore, Tax-1 displays a
greater transactivation capacity than Tax-2 in either the
HTLV-1 or HTLV-2 genome context.

FIG. 3. Tax transcriptional activation of LTR-1- and LTR-2-linked
gene expression. 293T cells (2 � 105) cells were cotransfected with 2
�g of LTR-1-CAT or LTR-2-CAT, 1 �g of CMV-luciferase, and 5 �g
of tax expression plasmids or a negative control (C). After 48 h cells
were harvested, and lysates were normalized for luciferase activity and
assayed for CAT activity. The numbers represent the average fold
activation over control values for three independent experiments. The
data suggest that the HTLV-1 LTR can be transactivated to a greater
extent than the HTLV-2 LTR and that Tax-1 displays a greater capac-
ity to transactivate HTLV-1 or HTLV-2 LTR-linked gene expression.

FIG. 4. Rex transactivation of RxRE-I and RxRE-II reporter
genes. 293T cells (2 � 105) T cells were cotransfected with pctat,
pCgagRxRE-I (RxRE-I), or pCgagRxRE-II (RxRE-II), CMV-lucif-
erase, and rex wt (Rex-1 and Rex-2) or rex recombinant (Rex-1.2 and
Rex-2.1) mutant expression vectors or vector control alone (C) as
indicated. At 48 h posttransfection, cells were harvested and assayed
for p24 Gag protein as described in Materials and Methods. Lysates
were assayed for luciferase activity to control for transfection effi-
ciency. The numbers, which represent p24 Gag for three independent
experiments, are averaged. Error bars indicate standard deviations.
The significance of differences from the values for wt Rex and its
respective response element was determined by the Student t test;
values that are statistically different (P � 0.0001) are indicated by an
asterisk. These data indicate that Rex-1 activity is partially impaired on
RxRE-II and that at least two functional domains contribute to this
impairment.
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Establishment and characterization of stable virus pro-
ducer cell lines. To determine the capacity of recombinant
proviral clones to synthesize viral proteins, direct viral replica-
tion, and induce cellular transformation, several permanent
729 B-cell transfectants expressing wt proviral clones and the
recombinant proviral clones were isolated and further charac-
terized. Each of the stable transfectants contained complete
copies of the provirus, and the expected viral backbone tax/rex
sequences were confirmed by diagnostic PCR (data not
shown). To monitor the production of viral protein in these
stable transfectants, the concentration of p19 Gag in the cul-
ture supernatant was quantified by ELISA (Fig. 5). As ex-
pected, p19 Gag expression from each stable cell line tested
was variable. This is likely attributable to chromosomal loca-
tion of proviral sequences and overall proviral copy number.
We selected stable producer lines with p19 Gag production
similar to that of our well-characterized HTLV-2 producer cell
line, 729pH6neo, for assessing the ability of these viruses to
induce cellular transformation.

Recombinant viruses transform PBMCs. We next deter-
mined whether the recombinant viruses have the capacity to
transform PBMCs. It is important to note that our study used
a stringent transformation assay designed to closely mimic the
in vivo infection. 729 irradiated producer cells were cocultured
with freshly isolated, nonstimulated PBMCs in the absence of
exogenous lectins or IL-2. Cell number and viability were mon-
itored at approximately weekly intervals to monitor the trans-
formation process and the characteristic expansion of cells
from the PBMC mixed cell population. A growth curve of a
representative transformation assay indicated a progressive
loss of viable cells over time in cocultures containing irradiated
uninfected 729 and PBMCs (Fig. 6A). In contrast, the trans-
formation process was clearly apparent in PBMC/729-wt
HTLV-1, PBMC/729-wt HTLV-2, PBMC/729-HTLV-1/TR2,
and PBMC/729-HTLV-2/TR1. Although long-term (9-week)

cell number and viability were similar for all viruses, we did
observe reproducible early differences in cell number that cor-
related with the parental virus backbone. HTLV-1 and HTLV-
1/TR2 induced an initial burst of cell growth followed by a
decrease to a steady-state viable cell number per well, whereas
HTLV-2 and HTLV-2/TR1 infection resulted in a more con-
stant viable cell number throughout the experiment. Viral rep-
lication was assessed by quantitation of p19 Gag production in
the culture supernatant starting at 3 weeks postcultivation.
Three weeks postcocultivation is the time point at which pro-
ductively HTLV-infected PBMCs typically produce viral par-
ticles (as measured by p19 Gag) and the particle production
from residual irradiated viral producer cells becomes negligi-
ble (Fig. 6B). Our results indicated that the recombinant vi-
ruses, like the parental viruses, are capable of productively
infecting PBMCs and inducing sustained proliferation or trans-
formation in the absence of exogenous cytokines.

FIG. 5. p19 Gag expression in permanent transfectants. Three sta-
ble 729 transfectants were isolated for wt HTLV-1 (Ach) and the two
recombinants (HTLV-1/TR2 and HTLV-2/TR1) as described in Ma-
terials and Methods. Our well-characterized 729pH6neo clone was
used as our wt HTLV-2 stable producer cell line. Forty-eight-hour
culture supernatant was tested for p19 Gag production by ELISA. As
expected, p19 production from different cell clones varied. Clones
indicated by asterisks, which produce similar quantities of p19 Gag,
were used in transformation assays.

FIG. 6. Growth curve for HTLV T-lymphocyte transformation as-
say. Human PBMCs were isolated with Ficoll-Paque and cocultivated
with irradiated (10,000 rads) 729 producer cells (729-wt HTLV-1,
729-wt HTLV-2, 729-HTLV-1/TR2, and 729-HTLV-2/TR1) or 729
uninfected control cells as indicated. PBMCs (2 � 106) were cocul-
tured with irradiated donor cells (1 � 106) in 24-well plates. Cells were
fed once per week with RPMI 1640 supplemented with 20% FCS.
(A) Cell viability was determined by trypan blue exclusion staining at
0, 1, 2, 3, 4, 5, 6, 7, 8, and 9 weeks postcocultivation. The mean and
standard deviation for each time point were determined from three
independent samples. (B) The presence of HTLV gene expression was
confirmed by detection of structural Gag protein in the culture super-
natant by p19 Gag ELISA at 3, 4, 5, 6, 7, 8, and 9 weeks postcoculti-
vation. The mean and standard deviation for each time point were
determined from three independent samples.
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tax/rex is not a direct determinant of transformation tro-
pism. To determine if exchange of tax/rex sequences altered
the transformation tropism, we next evaluated the cell surface
phenotypes of cells transformed by wt HTLV-1, wt HTLV-2,
HTLV-1/TR2, and HTLV-2/TR1. Since HTLV is known to
transform only T lymphocytes, individual wells of cells at 9
weeks postcoculture were stained with anti-CD3–FITC, anti-
CD4–PE, and anti-CD8–PE–Cy5. The data for multiple wells,
summarized in Fig. 7, indicate that wt HTLV-1 and HTLV-1/
TR2 preferentially transform CD4� cells in vitro and that wt
HTLV-2 and HTLV-2/TR1 have preferential transformation
tropism for CD8� T cells. These results with wt HTLV-1 and
wt HTLV-2 are consistent with previous reports by us and
others (37, 40, 43, 46). Overall our results indicate that the
distinct transformation tropism of HTLV-1 and HTLV-2 in
cell culture is not conferred by the essential transactivator-
oncoprotein, Tax.

DISCUSSION

In this study, recombinant proviruses were generated by
reciprocal exchange of the highly homologous tax and overlap-
ping rex gene sequences of infectious molecular clones of
HTLV-1 and HTLV-2 to determine the effect on gene expres-
sion and ultimately cellular transformation tropism. Recombi-
nant proviruses displayed a functional Tax and Rex, but p19
Gag production in the culture supernatant differed signifi-
cantly from that of the parental clones. HTLV-1/TR2 pro-
duced twofold lower levels of p19 Gag than wt HTLV-1,
whereas HTLV-2/TR1 produced fourfold higher levels of p19
Gag than wt HTLV-2. Comparative Tax and Rex reporter
assays indicated that Tax-1 was a more potent transactivator
than Tax-2 and was primarily responsible for the differential
protein expression in the recombinants. Our further analysis
revealed that both recombinant viruses were competent to
infect and transform primary T lymphocytes. Flow cytometry

analyses indicated that HTLV-1 and HTLV-1/TR2 had a pref-
erential tropism for CD4� T cells and that HTLV-2 and
HTLV-2/TR1 had a preferential tropism for CD8� T cells.
Overall our results indicate that tax/rex in different genetic
backgrounds display altered viral transactivation activity but
ultimately do not contribute to the different in vitro transfor-
mation tropism.

HTLV has been shown to productively infect numerous cell
types of different species, but infection results only in T-lym-
phocyte transformation and leukemogenesis. We and others
have demonstrated that HTLV-1 and HTLV-2 can infect and
transform both CD4� and CD8� T-cell subtypes in culture, but
HTLV-1 preferentially transforms CD4� T-cells, whereas
HTLV-2 favors CD8� T-cell transformation (28, 33, 37, 44,
46). Moreover, this in vitro transformation tropism is consis-
tent with several reports on HTLV-1 and HTLV-2 in vivo
tropism and disease association (20, 21, 29, 36). One in vitro
study has indicated that Tax-mediated transcription of
HTLV-1 is significantly increased in purified CD4� versus
CD8� T-cell subsets (32). This led to the hypothesis that this
enhanced rate of transcription is ultimately responsible for the
cell tropism and the leukemogenic potential of HTLV-1. In-
terestingly, we previously showed that both purified CD4� and
CD8� T cells are equally susceptible to HTLV-2 infection and
subsequent viral gene expression (46). However, coculture of
irradiated HTLV-2 producer cells with PBMCs or purified
T-cell subsets resulted in preferential transformation of CD8�

T cells (46). In the present study, we confirmed that HTLV-1
has a preferential transformation tropism for CD4� T cells and
that HTLV-2 favors CD8� T-cell transformation. Although
the pleiotropic Tax protein is essential for cellular transforma-
tion in culture, our recombinant studies clearly show that dif-
ferences in HTLV-1 and HTLV-2 Tax are not responsible for
the distinct transformation tropism. Therefore, the implication
is that other viral sequences and/or genes are responsible for
the transformation tropism.

Other retroviral studies have suggested that tropism and/or
disease can be controlled by viral Env or U3 region sequences.
Strong evidence indicates that HTLV-1 and HTLV-2 share the
same receptor, which remains unknown. This implies that the
tropism determinant likely has its effect after viral entry and
independent of Env. However, studies of feline leukemia virus
Env have suggested that multiple domains in Env, which are
not part of the known receptor binding domain, may play a role
in determining the tropism and cytopathic properties of feline
leukemia virus variants (16). Therefore, it remains possible
that HTLV Env may play a role in the transformation tropism.

We previously reported that a chimeric HTLV-2 that con-
tained the CMV immediate-early enhancer in place of the
HTLV-2 three imperfect 21-nucleotide repeats in the U3 re-
gion transformed primarily CD8� T cells, similar to the case
for the wt HTLV-2 (40). This is consistent with the hypothesis
that U3 sequences are not the key viral determinant in trans-
formation tropism. However, additional recombinants will be
required to rule out other LTR sequences and viral genes.

Although the exchange of tax/rex sequences between
HTLV-1 and HTLV-2 did not alter their transformation tro-
pism, it did have an effect on levels of gene expression as
measured by p19 Gag production. HTLV-1/TR2 p19 Gag pro-
duction was impaired compared to that of wt HTLV-1,

FIG. 7. Cell surface phenotypes of HTLV-transformed cells.
Transformation assays were performed as described in the legend to
Fig. 6. Wells containing transformed T cells, defined as cells with
continuous growth 9 weeks postplating in the absence of IL-2, were
stained with anti-CD3 antibody–FITC, anti-CD4 antibody–PE, and
anti-CD8 antibody–PE–Cy5 and analyzed on a Coulter Epics Elite flow
cytometer. The percentages of transformed CD4� and CD8� cells in
individual wells for wt HTLV-1 (n � 25), wt HTLV-2 (n � 25),
HTLV-1/TR2 (n � 28), and HTLV-2/TR1 (n � 34) are plotted. Mean
values for CD4� and CD8� viral transformants are indicated.
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whereas HTLV-2/TR1 p19 Gag production was enhanced
compared to that of wt HTLV-2. We conclude from our Tax
and Rex transactivation reporter assays that Tax is the key
determinant for this altered gene expression. We observed that
the HTLV-1 LTR can be transactivated by Tax-1 or Tax-2 to a
greater extent than the HTLV-2 LTR. In addition, Tax-1 effi-
ciently transactivated either HTLV-1 or HTLV-2 LTR-linked
gene expression. This is in agreement with previous reports
(39, 41) but does conflict with initial studies that indicated that
Tax-1 was not functional on LTR-2 (6, 42). Possible explana-
tions for these discrepancies include differences in the cell type
and Tax expression constructs used in the original studies.
Furthermore, we previously reported that Tax-2 was slightly
more efficient than Tax-1 in transactivating the HTLV-2 LTR
(39). However, in this study Tax-1 consistently displayed a
greater capacity than Tax-2 to transactivate the HTLV-2 LTR.
The most likely explanation for the difference is the use of
different tax-1 genes and cell lines in the two studies.

A previous report has suggested that the HTLV-1 and
HTLV-2 RxREs are similar and interchangeable between the
two viruses, but the activities were not quantitatively measured
(22). Our data are consistent with that report, indicating that
the elements are interchangeable and maintain a capacity to
function. However, they do not function equally. Here, we
show that Rex-2 functions with similar efficiency on RxRE-I
and RxRE-II, whereas Rex-1 function is impaired on RxRE-II
compared to Rex-2 function. We further show that recombi-
nants Rex-1.2 and Rex-2.1 display higher activity on the
RxRE-II reporter than wt Rex-1 but that both have signifi-
cantly lower activity than wt Rex-2 on RxRE-II. Although,
Rex-1 and Rex-2 appear to have a similar domain structure,
our data imply that there are functional differences and that
more than one domain of the Rex-1 protein contributes to its
decrease in function on the RxRE-II reporter.

In conclusion, this is the first study of recombinants between
infectious clones of HTLV-1 and HTLV-2. Our results indicate
that HTLV-1 and HTLV-2 display distinct transformation tro-
pisms for CD4� and CD8� T cells, respectively, and that their
highly homologous tax genes are not the genetic determinant
for this biological property. This is consistent with the conclu-
sion that another viral gene(s) or element(s) is responsible.
Further comparative genetic studies of these viruses will be
required to understand the molecular basis for their differ-
ences and ultimately provide insight into the virus-associated
malignant process.
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