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Leukemogenic viruses like human T-lymphotropic virus and bovine
leukemia virus (BLV) presumably persist in the host partly by latent
integration of the provirus in a fraction of infected cells, leading to
accumulative increase in the outgrowth of transformed cells.
Furthermore, viral infection also correlates with a blockade of the
apoptotic mechanisms concomitant with an apparent latency of
the host cell. Conceptually, induction of viral or cellular gene
expression could thus also be used as a therapeutic strategy
against retroviral-associated leukemia. Here, we provide evidence
that valproate, an inhibitor of deacetylases, activates BLV gene
expression in transient transfection experiments and in short-term
cultures of primary B-lymphocytes. In vivo, valproate injection into
newly BLV-inoculated sheep did not abrogate primary infection.
However, valproate treatment, in the absence of any other cyto-
toxic drug, was efficient for leukemia�lymphoma therapy in the
sheep model leading to decreased lymphocyte numbers (respec-
tively from 25.6, 35.7, and 46.5 � 103 cells per mm3 to 1.0, 10.6, and
24.3 � 103 cells per mm3 in three leukemic sheep) and tumor
regression (from >700 cm3 to undetectable). The concept of a
therapy that targets the expression of viral and cellular genes
might be a promising treatment of adult T cell leukemia or tropical
spastic paraparesis�human T-lymphotropic virus-associated my-
elopathy, diseases for which no satisfactory treatment exists so far.

gene activation therapy � histone deacetylase � immune response

The lymphoproliferative diseases caused by human T-
lymphotropic virus (HTLV) and bovine leukemia virus (BLV)

are characterized by an imbalance in the equilibrium between
proliferation and death leading to the progressive accumulation of
cells harboring an integrated provirus (1–3). Intriguingly, the great
majority of the infected lymphocytes do apparently not express any
viral protein in the peripheral blood (at least in the absence of
culture) and rest in the G0�G1 phase of the cell cycle (3–5). These
apparently quiescent cells may undergo spontaneous cell prolifer-
ation and express virions upon transient short-term culture. Viral
encoded accessory proteins either activate (i.e., Tax, BLV G4) or
repress (Rex, HTLV p30II) viral gene expression (3, 6). Whereas
Tax activates expression at the level of transcription, Rex is required
for the synthesis of the genomic and single-spliced envelope
mRNAs. The HTLV-1-encoded p30II is a nuclear-resident protein
that binds to, and retains in the nucleus, the doubly spliced mRNA
encoding the Tax and Rex proteins (6). It is likely that an inhibitory
mechanism hampers viral gene expression and provokes cell qui-
escence in vivo. Infected cell persistence would thus be permitted
under the restrictive condition that the virus is not expressed (7).
Evidence for a very strong immune response is supported by the
presence of specific cytotoxic T cells and by high antiviral antibody
titers. However, the lack of viral expression in a large proportion of
infected cells hampers efficient clearance by the immune system.
Concomitantly, virus infection also correlates with inhibition of the

apoptotic processes, generating a reservoir of apparently latent cells
(7–9). These quiescent lymphocytes either remain in the peripheral
blood or transit through the lymphoid organs in the absence of any
proliferation or protein expression.

In this context, we aimed at evaluating the therapeutic effective-
ness of a strategy based on the induction of viral and cellular gene
expression. Among a number of methodological approaches, mod-
ulation of chromatin condensation, which is an essential component
of the gene expression pattern, can be achieved by interference with
the level of histone acetylation (10–14). This process results from
an intrinsic balance between the activity of two families of antag-
onistic enzymes, histone deacetylases (HDACs) and histone acetyl-
transferases, respectively removing or incorporating acetyl groups
into core histones. Acetyl removal by HDACs restores a positive
charge to the lysine residues in the histone N-terminal tails and is
thought to increase the affinity of histones for DNA, leading to
transcriptional repression. Conversely, impairment of HDAC func-
tion with specific HDAC inhibitors (HDACi) activates both cellular
and viral gene transcription (15, 16). In this context, BLV expres-
sion is increased by trichostatin A (TSA) in reporter-based assays
as well as during short-term cultures of primary cells isolated from
infected animals (17). The generalized use of TSA in vivo is however
hampered by its potential toxicity, and, among a growing list of
deacetylase inhibitors, valproate (the sodium salt of 2-propylpen-
tanoic acid) offers a series of advantages (18–20). Known since
several decades for the treatment of epilepsy, this short-chain fatty
acid exhibits very low toxicity in adults and, with a half life of 16–17
h, has suitable pharmacokinetic properties in vivo (21, 22). There-
fore, valproate provides a potential convenient tool to evaluate the
effectiveness of a gene activation chemotherapy in a model of
retroviral infection.

Materials and Methods
Luciferase-Based Reporter Assays. Human HeLa (epithelium-like
cervix carcinoma) cells were cultured at a density of 2.5 � 105 per
10-cm2 well and transfected by using GeneJammer reagent (Strat-
agene) with 1 �g of pGL3-LTRWT reporter plasmid containing the
BLV LTR promoter cloned upstream of the luciferase gene. To
assess Tax-dependent transactivation, cells were also cotransfected
either with 10 ng of pSGTax expressing the BLV Tax protein or with
the pSG5 control expression vector. Jurkat T lymphocytes (4 � 106

cells resuspended in 5 ml of medium) were transfected with 2 �g of
pGL3-LTRWT together with 10 ng of pSGTax or pSG5 by using
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Xtreme (Roche). Cells were then cultivated during 24 h in the
presence of different concentrations of valproate (Sigma-Aldrich),
washed with PBS, and analyzed for luciferase enzyme activity (17).

Ex Vivo Short-Term Cultures of Peripheral Blood Mononuclear Cells
(PBMC). All BLV-infected (S1–S12) and control (C1–C5) were
maintained under restricted conditions at the Veterinary and
Agrochemical Research Center (Machelen, Belgium). The coor-
dinates of the sheep are S1 (2158), S2 (2208), S3 (2213), S4 (2152),
S5 (2153), S6 (2091), S7 (2675), S8 (4535), S9 (3002), S10 (2665),
S11 (3003), C1 (4534), C2 (4533), C3 (2122), C4 (2127), and C5
(2147). At regular intervals of time, total leukocyte counts were
determined by using a Coulter counter ZN, and the relative
proportions of lymphocytes were estimated under the microscope
after May-Grünwald Giemsa staining (Sigma-Aldrich). To deter-
mine the percentages of B lymphocytes, PBMC were labeled with
anti-IgM monoclonal antibody (clones 1H4 or Pig45) in association
with rat anti-mouse IgG1 phycoerythrin or goat anti-mouse IgG2b
FITC conjugates (Caltag), respectively, and analyzed by flow
cytometry (FACScan, Becton Dickinson). Ten thousand events
were collected for each sample, and data were analyzed with the
program CELLQUEST (BD Immunocytometry Systems).

Venous blood was collected by jugular venipuncture and
mixed with 0.3% wt�vol EDTA used as an anticoagulant. Then,
PBMC were separated by Percoll density gradient centrifugation
(Amersham Pharmacia Biosciences) and washed twice with
PBS�0.075% EDTA and at least three times with PBS alone.
After estimation of their viability by trypan blue dye exclusion,
2 � 106 cells were cultivated during 16 h at 37°C in complete
RPMI medium 1640 (e.g., supplemented with 10% FCS�2 mM
L-glutamine�100 units of penicillin�100 �g of streptomycin per
ml; Invitrogen) in the presence or the absence of different
concentrations of valproate (Sigma-Aldrich).

Analysis of ex Vivo Apoptosis. After 16 h of culture, the apoptotic
rates in the PBMC were measured as described in ref. 17. Doublets
were excluded from the analysis by using the (FL2a�FL2h�FL2w)
gating method, and cells staining in sub-G1 were considered to be
apoptotic.

Analysis of Viral Expression by Flow Cytometry and ELISA. To deter-
mine the number of cells expressing the p24 protein, sheep PBMC
were cultivated during 16 h, fixed, and permeabilized by using
DAKO IntraStain Reagent A and 1� Becton Dickinson Perme-
abilizing Solution 2. Intracellular detection of p24 was performed
by sequential incubation with 4�G9 monoclonal antibody and a rat
anti-mouse IgG1 phycoerythrin conjugate (Becton Dickinson) for
30 min at 4°C. Ten thousand events per sample were collected by
flow cytometry and analyzed with CELLQUEST.

To assess viral expression, PBMC and their corresponding su-
pernatants were separated by centrifugation (10 min at 1.500 g) and
analyzed for p24 protein synthesis by using an ELISA procedure
(17). The optical densities were normalized to the levels obtained
in the absence of valproate and corrected considering the propor-
tion of nonapoptotic cells.

Experimental Design of Valproate Injection. Blood freshly collected
from a BLV-infected sheep (S8) was injected both intravenously (5
ml) and s.c. (1 ml) into six sheep (S1–S6; total viral inoculum
estimated at 16 � 106 infected cells). Ten grams of valproate (in 30
ml of sterile NaCl 0.9%) were injected intramuscularly in three
BLV-infected sheep (S4, S5, and S6) as well as in age-matched
control animals (C3, C4, and C5). Valproate injections were
initiated the day before viral inoculation and continued thrice
weekly over a 1-month period. This amount of valproate thus
corresponds to a daily dose of �80 mg�kg per day, up to 250 mg�kg
having been tested in sheep (23).

The leukemic sheep (S7, S8, and S9) and the control (C1)

received i.v. injections of valproate (16, 18, 30, and 30 doses,
respectively, of 10 g each) spread over 40 days, as indicated in the
legend of Fig. 4 (vertical bars). Of note, sheep S8, S9, and C1 were
splenectomized. For the treatment of animal S10, valproate was
first infused directly into the prescapular tumor (two times, 10 g)
and then intramuscularly (20 injections over 40 days). The volume
of the tumor (in cm3) was regularly calculated by using the equation
V � ��h�(3r2 � h2)�6, where r is the radius and h is the height.

Determination of the Proviral Loads. Genomic DNA was extracted
from an aliquot of blood (300 �l) containing 0.3% of EDTA as an
anticoagulant. After disruption of the erythrocytes with a 3-fold
excess of cell lysis buffer (Promega), the samples were digested
overnight with RNase A (0.1 mg�ml) and proteinase K (0.2 mg�ml)
in a buffer containing 100 mM Tris�HCl (pH 8), 150 mM NaCl, 10
mM EDTA, and 0.5% SDS. The DNA was next purified by a
phenol-chloroform extraction and by ethanol precipitation. One
hundred nanograms of genomic DNA were used for real-time PCR
amplification of BLV proviral sequences essentially as described in
ref. 24. A standard curve was generated after amplification of
defined proviral copy numbers (from 1 to 107 of plasmid pBLV344)
diluted in 100 ng of control genomic DNA. To correct for differ-
ences in DNA concentrations and amplification efficiencies be-
tween samples, the 18S ribosomal DNA was quantified in parallel
as described in ref. 24. Under these conditions, the sensitivity of the
technique was below one viral copy detected in 100 ng of DNA. The
numbers of copies were finally normalized to the corresponding
blood volume (in mm3).

Results
Valproate Enhances Viral-Promoter-Driven Transcription. We previ-
ously demonstrated that two highly specific deacetylase inhibitors,
i.e., trichostatin A and trapoxin, activate transcription directed by
the BLV promoter (17). Because these chemicals never progressed
to the clinical stage, other deacetylase inhibitors were tested for
their ability to induce LTR-driven expression in vitro. Among these,
valproate, which combines deacetylase inhibitory properties with
lack of toxicity in vivo, efficiently increased luciferase activity under
the control of the LTR promoter (plasmid pGL3-LTRWT) in
HeLa cells (Fig. 1A) as well as in Jurkat T lymphocytes (Fig. 1B).
Furthermore, at pharmacologically relevant concentrations (0.5–5
mM), valproate also stimulated Tax-directed transactivation of the
LTR (Fig. 1 C and D). Under identical experimental conditions, the
thymidine kinase promoter known to be regulated by acetylation
(11, 25) was also responsive to valproate in both cell lines, as
expected (Fig. 1 E and F). As control, luciferase activities remained
at background levels in cells transfected by an empty pGL3-basic
reporter (data not shown).

It thus appears that valproate efficiently activates transcription
driven by the viral (e.g., BLV) and a cellular (thymidine kinase)
promoter in vitro.

Valproate Is Proapoptotic and Increases the Level of BLV Expression
ex Vivo. Despite an apparent lack of BLV protein expression in most
cells containing an integrated provirus in vivo, some of them
spontaneously recover their ability to produce viral particles when
cultured ex vivo (26, 27). A generally accepted model postulates that
this phenomenon occurs persistently in vivo but that the virus-
positive cells are quickly cleared by the immune system. Further-
more, the B lymphocytes that express viral proteins do not undergo
programmed cell death during ex vivo short-term cultures, suggest-
ing an inhibition process of apoptotic death (28).

To assess the role of valproate in cell apoptosis and viral
expression, PBMC were isolated from BLV-infected sheep (asymp-
tomatic S1, S2, and S3, and lymphocytic�leukemic S8, S9, and S11)
and control animals (C2, C3, C4, and C5). In the absence of
valproate, the percentages of apoptotic B lymphocytes determined
by a DNA fragmentation assay were lower in infected cell cultures
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compared with the controls (Fig. 2A, 0 mM valproate), illustrating
an inhibition of cell death. Increasing concentrations of valproate
triggered apoptosis in a dose-dependent manner both in infected
and control B lymphocytes (1, 5, and 10 mM; Fig. 2A). Concom-
itantly, the proportions of cells expressing the major p24 viral capsid
antigen, as measured by flow cytometry, gradually decreased in the
presence of valproate (Fig. 2B). Under the same experimental
conditions, intracellular p24 protein synthesis estimated by ELISA
and normalized to the proportions of living cells was only marginally
affected (Fig. 2C). In contrast, p24 expression significantly aug-
mented in the culture medium, indicating enhanced virion produc-
tion in the presence of valproate (Fig. 2D). Finally, Western blot
analysis of the cultured cells confirmed the hyperacetylation of
histone H3 upon valproate treatment (data not shown).

Collectively, the data show that valproate triggers viral ex-
pression and induces apoptosis of primary infected lymphocytes.

Valproate Treatment Does Not Prevent Primary Infection. As an
activator of viral expression in vitro and ex vivo, valproate could thus
provide a means for evaluating the effectiveness of a gene activation

chemotherapy in an animal model. For this purpose, a first exper-
iment was designed to test the effect of a valproate treatment upon
experimental infection of sheep. Although valproate has low tox-
icity in human (at least in adults at 20 mg�kg per day, the maximal
advised amount being 60 mg�kg per day) (29, 30), a preliminary
experiment first verified the innocuousness of an 80 mg�kg per day
dose in three control sheep during 1 month (i.e., 10 g of valproate
every 2 days in animals C3, C4, and C5 of �60–65 kg weight).
Besides an increase in the number of neutrophils (typically up to
4-fold at day 2), no major toxicity or side effects were observed
(data not shown). Next, with the aim of impeding viral transmission,
the same protocol was used for treatment of sheep inoculated with
BLV-infected blood. Primary infection of sheep S1, S2, and S3
correlated with a transient accumulation of B lymphocytes peaking
at the seroconversion period, i.e., the time at which BLV-specific
neutralizing antibodies appear in the serum (arrow in Fig. 3A) (31).
Active viral replication also occurs during this period, as revealed
by an increase in the proviral loads (Fig. 3B). Upon treatment with
valproate, the extent of B cell lymphocytosis as well as the onset of
seroconversion were similar in the three BLV-inoculated sheep,
indicating that infection did occur in these animals (S4, S5, and S6;
Fig. 3C). Serial valproate injections reduced the proviral loads, but

Fig. 1. Effect of valproate on BLV LTR and thymidine kinase promoter
activity. HeLa cells (A and C) and Jurkat T lymphocytes (B and D) were
transfected with 2 �g of the pGL3-LTRWT reporter, which contains the BLV LTR
cloned upstream of the luciferase gene, in the absence (basal expression: A
and B) or in the presence of 10 ng of plasmid pSGTax (in the presence of Tax:
C and D). (E and F) HeLa and Jurkat cells were transfected with two micrograms
of pGL2-TK in which the thymidine kinase promoter is inserted into the pGL2
reporter. Transfected cells were cultivated for 18 h without (0) or with val-
proate (0.5, 1, 5, and 10 mM) and luciferase activity was determined. The data
(in arbitrary units � standard deviation) result from three independent ex-
periments. *, statistically significant P � 0.05 (Student’s t test).

Fig. 2. PBMC were isolated from six BLV-infected sheep (S1, S2, S3, S8, S9, and
S11) and four control animals (C2, C3, C4, and C5) and cultivated during 16 h
in the absence or the presence of different concentrations of valproate (from
0, 1, 5, and 10 mM). The percentages of cells undergoing apoptosis (A) or
expressing p24 (B) were determined by flow cytometry. The amount of p24
major capsid antigen inside the cells (C) and in the supernatant (D) was
measured by ELISA. In B, the data were normalized to the levels measured in
the absence of valproate arbitrarily set to 1. In C and D, the net optical densities
as determined by ELISA were normalized to the proportions of living cells as
well as to the values obtained in the absence of valproate. The results are the
means of five independent experiments. *, P � 0.05; **, P � 0.01 (statistically
significant and highly statistically significant as determined by Student’s t
test). For additional controls, see Fig. 8, which is published as supporting
information on the PNAS web site.
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the difference with the untreated controls was not significant (Fig.
3 B and D).

It thus appears that, under the experimental conditions used,
valproate therapy correlates with a slight reduction of the average
viral loads but does not prevent primary infection of sheep.

Leukemia Therapy with Valproate. In the absence of satisfactory
treatment for HTLV-induced leukemia, valproate offers the op-
portunity to evaluate the efficiency of a novel therapy in an animal
model. With this aim, three BLV-infected sheep (S7, S8, and S9) at
the leukemic phase of the disease (25.6, 35.7, and 46.5 � 103 B
lymphocytes, respectively, per mm3) received serial i.v. injections of
valproate (10 g each; see vertical bars in Fig. 4). The leukocyte
numbers as well as the B lymphocyte counts gradually decreased
over a 40-day time period (Fig. 4 Upper). Unexpectedly, the cell
numbers lessened even when the treatment was interrupted and the
animals did not relapse (at days 265, 148, and 127 for sheep S7, S8,
and S9, respectively; Fig. 4). Interestingly, the proviral loads, as
expressed in number of copies per mm3 of blood, peaked soon after
initiation of the treatment (see arrows indicating the peak in the
proviral loads in Fig. 4 Lower) and regularly decreased thereafter.
In contrast, in the noninfected control sheep (C1), the cell counts
remained remarkably constant during the valproate treatment,
indicating an apparent innocuousness of the therapy.

Collectively, these data illustrate an example of an efficient
valproate-based therapy of a viral-induced leukemia in the sheep
model.

Valproate Is also Efficient for Lymphoma Therapy. Another clinical
manifestation of BLV infection in sheep is lymphoma, a final and

quickly lethal phase of the disease that might occur independently
of leukemia. A typical example of this kind of tumor was provided
by sheep S10 harboring a huge lymphoma (�700 cm3) in its
prescapular lymph node. Valproate was first infused directly into
the tumor (twice, 10 g) and then intramuscularly (20 injections over
40 days), the reason being that a massive inflammation within the
lymphoma hampered subsequent injections. Interestingly, low but
significant levels of viral p24 antigen (3.7 ng�liter) could be detected
in the tumor exudation collected by needle biopsy, indicating that
viral expression was induced in vivo. The tumor steadily regressed
and did not reappear over a 15-month period in the absence of any
further treatment (Fig. 5). At that time, a PCR amplification
performed on a biopsy of the prescapular lymph node was negative
for viral sequences (data not shown).

Discussion
Based on antitumor potential in cell lines and in xenografts, gene
activation therapy with HDACi is a promising strategy against
leukemia (12, 13, 32, 33). However, clinical development of these
HDACi faces problems of ineffectiveness or major toxicity in vivo.
Here, we provide evidence that the well known antiepileptic drug
valproate is efficient in the absence of any other chemotherapy for
treatment of leukemia and lymphoma induced by BLV in sheep. At
the initiation of the therapy, all four animals were in the acute and
progressive phase of the disease; two of them (S7 and S10) died
from unrelated causes at 9 and 15 months posttreatment, another
(S8) survived during 207 days, and the last one (S9) is still alive (see
Fig. 6, which is published as supporting information on the PNAS
web site).

The anticancer effect correlates with activation of viral expres-
sion ex vivo, suggesting the involvement of a clearance process
operated by the immune system. This type of immune response
could also be directed toward tumor antigens expressed by the host
cell. Because valproate treatment is also effective against chronic
lymphocytic leukemia cells not known to be virus-associated (un-
published data), other mechanisms might be implicated among
which are modulation of surface molecules important for immune
response (e.g., increased expression of MHC-I or IgG) or cellular
matrix interactions (34, 35), increased sensitivity to the FasL�Fas
signaling cascade (36) associated with NK activity (37), reversion of
DNA methylation patterns (38) and proteosomal degradation of
HDAC2 (19), targeting of the Wnt and ERK signaling pathways
(39, 40), cell-cycle G1 arrest via reduction of cyclin D1 and D3 levels
(41, 42), onset of apoptosis via caspases 8 and 9 (22) possibly by
regulating the mitotic spindle checkpoint (43), and induction of
differentiation (18) or inhibition of angiogenesis (44) (via vascular
endothelial growth factor). Although the metabolic pathways in-
criminated in tumor-cell clearance by valproate in BLV-infected
sheep remain to be characterized, our present data support a model
based on the activation of viral expression possibly associated with
replication and subsequent destruction by the immune system.
Indeed, besides transcriptional activation of the LTR (Fig. 1) and
induction of p24 synthesis in primary lymphocytes (Fig. 2), val-
proate administration in vivo transiently increases the proviral loads
(Fig. 4). Our present working hypothesis postulates that these cells
are very quickly destroyed via cytotoxic and humoral responses and
cleared from the peripheral blood possibly during their transit
through lymphoid organs such as the spleen or the lymph nodes.
The requirement of a specific immune response (e.g., presence of
high antibody titers as well as a CTL response) is further supported
by the inability of valproate to abolish primary infection of sheep
(Fig. 3). In this context, the innate immunity and maybe a proapo-
ptotic activity associated with valproate might, however, be suffi-
cient to partly reduce the proviral loads. Importantly, valproate
treatment did not increase BLV replication during early infection,
consistent with the idea that BLV replication is not limited by
latency or by the host immune response. In contrast, transient viral
replication apparently occurs upon injection of valproate in leuke-

Fig. 3. A dose equivalent to 16 � 106 p24-positive cells from a BLV-infected
sheep (S8) was injected in a series of six sheep (S1, S2, and S3 in A and B, and
S4, S5, and S6 in C and D). In the three latter, valproate (10 g in NaCl 0.9%)
injections were initiated 1 day before virus inoculation and continued thrice
weekly over a 1-month period (vertical bars, valproate). The numbers of B cells
per mm3 (A and C) were determined by flow cytometry with anti-IgM antibody
and normalized to the absolute lymphocyte counts. The day of seroconversion
(black arrows) corresponds to the onset of a BLV-specific humoral response.
The proviral loads (represented as numbers of copies in 100 ng of DNA; B and
D) were measured by real-time PCR with ovine genomic DNA normalized with
an 18S ribosomal amplification curve.
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mic sheep (see proviral loads in Fig. 4). Indeed, normalization of the
proviral loads to the absolute numbers of cells reveals an excess of
viral copies (i.e., more than one copy per cell) that might result from
multiple infections of the same cell or from amplification of
unintegrated viral intermediates, indicating that BLV replication is
initiated by the valproate treatment. An alternative but less likely
model postulates a massive mobilization of infected lymphocytes
from the lymphatic system into the periphery with concomitant exit
of normal cells.

Although valproate was efficient for leukemia and lymphoma
therapy, all sheep remained persistently infected; therefore, con-
tinuous or multiple valproate injections might be required to
eradicate all infected cells (i.e., those susceptible to produce the
virus). For example, it can be hypothesized that methylated provirus
will remain silent after valproate treatment. However, in treated
sheep, the number of leukemic cells continuously decreased even
after interruption of the valproate perfusions [at week 3 for animal
S7 (see Fig. 4) and at days 71 and 60 for sheep S8 and S9,
respectively]. This quite unexpected result significantly differs from
classical chemotherapy, which is directly cytotoxic for the leukemic
cells and thus only during the treatment. Because the half-life of
valproate in the plasma is �16–17 h, it thus appears that cells may
die long after having been in contact with the HDACi (see Tables
1 and 2, which are published as supporting information on the
PNAS web site). We speculate that destruction of these late-dying
cells requires a second event, e.g., an immune stimulation in
secondary lymphoid organs triggering cell proliferation. In terms of

cell dynamics, the elimination of rarely proliferating cells would thus
also require extended periods of time.

Although the strategy proposed in this report is promising, its
potential application to human HTLV-1-induced leukemia (adult T
cell leukemia) might encounter several restrictions, such as deletion
of proviral sequences preventing viral gene expression, transient but
excessive accumulation of provirus-positive lymphocytes and neu-
trophils, or interference with other immunosuppressive pathogens

Fig. 5. Valproate (10 g at days 1 and 2) was first infused directly into the
prescapular tumor of sheep S10 and then intramuscularly (20 injections over
40 days). The tumor volume in cm3 was calculated at days 0, 9, 27, and 457 by
using the equation V � �.h.(3r2 � h2)�6, where r is the radius and h is the
height.

Fig. 4. Three leukemic sheep (S7, S8, and S9) and one control
sheep (C1) received i.v. injections of valproate (10 g each) as
indicated by the vertical bars (valproate). The absolute num-
bers of leukocytes (� 103 per mm3; black lines in Upper) were
determined with a hematological counter, and the relative
proportions of lymphocytes were estimated under the micro-
scope after May-Grünwald Giemsa staining. The numbers of B
cells per mm3 (gray lines in Upper) were determined by flow
cytometry with anti-IgM antibody and normalized to the
absolute lymphocyte counts. The proviral loads (represented
as numbers of copies per mm3 of blood in Lower) were mea-
sured by real-time PCR with genomic DNA and were normal-
ized with an 18S ribosomal amplification curve. The arrows in
Lower indicate the peak in the proviral loads.
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(HIV). Furthermore, the well characterized and rather safe phar-
macokinetics determined for epilepsy might need to be adapted for
leukemia therapy [daily doses of 25–60 mg�kg per day may be
administered to patients (29, 30)]. Although lower amounts might
be sufficient, a daily dose of 5 g (10 g every other day equivalent to
80 mg�kg per day) was effective in leukemic sheep. Although these
parameters and limitations should thus be evaluated directly in
leukemic patients, we would however propose a strategy based on
a valproate-dependent gene activation process, possibly in combi-
nation with classical cytotoxic chemotherapy. Importantly, in ma-
lignant cell cultures, optimal cell killing is obtained when HDACi
treatment precedes chemo- or radiotherapy. For example, treat-
ment with deacetylase inhibitors up-regulates the hormone recep-
tor on breast cancer cells and restores their susceptibility to
tamoxifen therapy (45).

In regard with its pleiotropic effects, a final point to be discussed
concerns the surprising innocuousness of the valproate HDACi
toward normal cells in vivo. Indeed, serial valproate injections were
toxic neither to B lymphocytes of control sheep (Fig. 4) nor to other
cell types (e.g., CD4, CD8, and ��) in the leukemic animals (see Fig.
7, which is published as supporting information on the PNAS web
site). In the absence of apparent specificity, the selectivity of the
antitumoral effect of valproate might be conferred by defined
defects in the mitotic checkpoints of the transformed cells (43).
Alternatively, the lack of general toxicity would rely on the capacity
of normal lymphocytes to recover a quiescent stage, whereas in
leukemic cells, the release of the apoptotic block would restore their
dying ability. This mechanism would also explain why valproate is
only partly active against bovine persistent lymphocytosis, a benign
stage of the pathogenesis characterized by an accumulation of
nontransformed cells (data not shown).

In conclusion, we have demonstrated here the feasibility of a
gene-activation therapy in the context of a leukemia induced by
BLV and broadened the scope of observations recently obtained in
mice (46, 47). This strategy is also promising against other tumors
like canine basal cell carcinoma, which responds at least partially to
valproate treatment (A.J. and M.R., unpublished work). More
importantly, short-term cultures of primary cells also support the
possibility to treat chronic lymphocytic leukemia, one of the most
prominent forms of human leukemia (L.L., unpublished results).
And finally, valproate, perhaps in combination with other chemo-
toxic drugs promoting apoptosis of preactivated cells, might be
instrumental for HTLV-induced adult T cell leukemia or perhaps
tropical spastic paraparesis for which no satisfactory treatment
exists so far.
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