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1. ABSTRACT

Bovine Leukemia virus (BLV) is the natural etiologi agent of a lymphoproliferative disease in eaLV can
also be transmitted experimentally to a relatedimamt species, sheep, in which the pathogenesi®is acute.
Although both susceptible species develop a stamtgviral immune response, the virus persists finidely
throughout life, apparently at a transcriptionalilent stage, at least in a proportion of infeatels. Soon after
infection, these humoral and cytotoxic activitiemry efficiently abolish the viral replicative cyclpermitting
only mitotic expansion of provirus-carrying cel8hort term cultures of these infected cells irlijiéhdicated
that viral expression protects against spontanempgptosis, suggesting that leukemia is a process of
accumulation of long-lived cells. This conclusiomswecently reconsidered followitig vivo dynamic studies
based on perfusions of nucleoside (bromodeoxywe)dor fluorescent protein markers (CFSE). In shele@,
turnover rate of infected cells is increased, sstigg that a permanent clearance process is exbuteitie
immune system. Lymphocyte trafficking from and e secondary lymphoid organs is a key componetitan
aintenance of cell homeostasis. The net outcontkeofmmune selective pressure is that only cellshich the
virus is transcriptionally silenced survive and wocalate, ultimately leading to lymphocytosis. Aetiion of
viral and/or cellular expression in this silenteesir with deacetylase inhibitors causes the psiaof the
proviral loads. In other words, modulation of viedpression appears to be curative in lymphocyteep, an
approach that might also be efficient in patienfedted with the related Human T-lymphotropic vityge 1. In
summary, a dynamic interplay between BLV and thst mmmune response modulates a complex equilibrium
between (i) viral expression driving (or) favoripgpliferation and (ii) viral silencing preventingpaptosis. As
conclusion, we propose a hypothetical model unifyafi these mechanisms.

2. INTRODUCTION

Spleen enlargement and disruption leading to ldthalorrhage are the most spectacular manifestatifoBEV-
induced leukemia in cattle. In fact, the observativn 1871 of yellowish nodules in the enlarged splef a cow
is considered to be the first reported case ofrmleukemia (1,2). These local proliferations ofdls, called
lymphosarcoma or extranodal lymphoma, can infigirdifferent tissues like the spleen, liver, heayg, skin and
lungs. In addition, transformed B cells can alsdute the enlargement of lymph nodes and cause lymator
lymphosarcoma (Figure 1). The development of theeseors within essential organs leads to a series of
functional defects which are ultimately incompagiwith survival. Another clinical manifestation asmted
with bovine leukemia, which is characterized byiraarease in the number of peripheral blood B-lynpyftes, is
called persistent lymphocytosis (PL). The PL stagieich affects approximately one third of the iréet cattle
is considered to be a benign form of leukemia Rixing this stage, the numbers of peripheral biBazklls can
remain stable over extended periods of time witlamyt other severe clinical sign.
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The BLV retrovirus is transmitted horizontally tugh the transfer of infected cells, natural trarssmoin
occurring via direct contact, milk and possiblyirmt insects (4,5). However, iatrogenic procedurigs |
dehorning, ear tattooing and essentially, the tdisefected needles largely accounted for the pragiag of the
virus. Although it is widespread, BLV is still highprevalent in several regions of the world (likehe US) but
almost absent nowadays in others (in the EEC).ilslswthe natural reservoir of BLV could be the arabuffalo
(6). Experimentally, however, the host range of Bhas been extensively studied in different aninpaicges.
Successful transmissions of BLV have been descifitned number of species including rabbits, ratgtg and
sheep (7-10). In contrast, humans do not seem &ubeeptible to BLV, although cell lines can besatédin
vitro and although there is some antigenic cross-reactbétween two related viral proteins (§2% of BLV
and HTLV (Human T-lymphotropic virus type 1) (11)1k addition, epidemiological studies have shdhait
consumption of raw milk from infected cattle didthe@ad to an increase in leukemia in man (13). &foee, it is
unlikely that BLV infects, replicates or inducesicar in humans.

Like HTLV-1, BLV belongs to the deltaretrovirus gem Sequence variations among different BLV isalae
very limited (14). Its genome contains the clagsstaictural genesgég, polandeny) coding, respectively, for
the viral capsid, the RNA-dependent DNA polymer@dbe reverse transcriptase) and the envelope (EigurA
series of other open reading frames at the 3'-étlteagenome encode regulatory proteins: Tax, R&and G4
(15-22). Tax and Rex are essential proteins reddoetranscriptional and post-transcriptional @ation of viral
expression. The R3 and G4 proteins are dispensablafectivity but are involved in the maintenanckhigh
viral loads (23-25). G4 harbors oncogenic poterdiad interacts with farnesyl pyrophosphate syntegtan
enzyme involved in prenylation of Ras. Further dietan BLV genome structure, gene functions andegien
determinants are available in a series of revi@8s2(7).

Figure 1. BLV-induced tumor in cattle.
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3. ONE PATHOGEN IN TWO DIFFERENT HOSTS DEVELOPING RELATED DISEASES

Amongst different animal species susceptible toeerpental infection by BLV, only sheep and to askrs
extent, goats develop leukemiyiphoma (28). Interestingly, the latency periodobe the onset of the disease
is shorter in sheep than in cattle: leukemia ocostglly 1 to 4 years after infection (instead @640 years in
cows). In addition, the frequency of viral-indugeathology is much higher: almost all the infectbdep will
succumb within their normal life time compared tmat 5 per cent in cattle (2,29). There are mamylarities
but also marked differences between the diseaskgédd in cattle and in sheep. One of the main reiffee
concerns the kinetics of the proviral loads. Irtleaimost of the infected animals remain clinicdilgalthy, the
numbers of infected cells ranging around 1 per oenéss. A fraction of these infected animals #ivelop a
persistent lymphocytosis during which the provi@dds remain relatively constant over extendedogeriof
time. In sheep, the number of infected cells in peeipheral blood rise more gradually until the einef
leukemia (levels of circulating lymphocytes beirigpae 10,000 per mirand up to 500,000 per mn(27,30),
although lymphocytosis can last for several monthshould be mentioned that persistent lymphodgtas
cattle or leukemia in sheep are not mandatory giegrseding the acute phase. Indeed, in a signifitamber of
cases, leukemia/lymphoma/lymphosarcoma can deweithpin the animals in the absence of any lymphocyte
accumulation in the peripheral blood. However, phebability of tumor development being greater minzals
harboring higher levels of circulating lymphocyt®4, in cattle or lymphocytosis in sheep may be wered as
pre-neoplastic stages.

Figure 2. Schematic representation of the BLV and HTLV-1 geaastructuresThree structural genes code for the viral
capsid (gag), the reverse transcriptase / intedpdiand the envelope (env). A series of othesropeading frames (ORFs) at the 3'-end of
the genome encode regulatory proteins: Tax, RexaRBG4 (BLV) or pl2 and pl3/p30 (HTLV). These OR&e translated from complex
single or multiple spliced mRNAs (see 15,26,90ftother details). Tax and Rex are essential pretedguired for transcriptional and post-
transcriptional activation of viral expression. TR8 and G4 proteins are dispensable for infectibity are involved in the maintenance of
high viral loads.

BLV

Another difference between the pathologies assatiatith BLV in cattle and in sheep concerns theegien
modifications that occur during the leukemogeniogesss. In this context, a major regulator involwedhe
defense mechanisms against cell transformatiahgip53 tumor suppressor gefrevitro, the establishment of
immortal cell lines appears to be associated withifent alterations of p5& vivo, approximately half of the
solid tumors induced by BLV in cattle contain a atet p53 gene (31,32). These mutations interfeth wi
essential p53 functions required for transactivatimd suppression of cell growth (33). In contrasty few
mutations were found in B cells from cows with Pidanone of the uninfected cattle tested harboredi@ted
p53 tumor suppressor gene. Since p53 was neved flluhe mutated at any stage of the disease irpsoae
might speculate that p53 mutations in cattle faal transformation and significantly extends taghcy period
preceding onset of leukemia/lymphoma as well agetagively low levels of solid tumor development.

Together, these observations illustrate a diffeednche pathogeneses induced by BLV in a natestt!€) and
an experimental host (sheep), disease acutenass imgire pronounced in the latter, as expected. ugout
evolution, the relationship between a pathogen #adnatural host frequently evolve towards lack of
pathogenicity, which represents the ultimate sysibi¢34,35).
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4. STRONG BUT APPARENTLY INEFFICIENT HUMORAL AND CYTOTOXIC IMMUNE
RESPONSES

Natural or iatrogenic transmission of BLV thus pairity involves the transfer of infected cells viadd or milk
(5). The processes occurring after this primargdtibn still remain obscure. One of the earlieglidations of
infection is the onset of a humoral antiviral resg® at about 1-8 weeks post-inoculation (36,37Yibadies
recognizing epitopes from structural (envelope gabd capsid p24) and regulatory proteins (Tax aex)) Rre
synthesized at high titers. Some of these antilsodre directly lytic for BLV-producing cells (38Almost

concomitantly to the early seroconversion perigtiptoxic T-lymphocytes (CTL) specific for Tax andelope
epitopes appear in the peripheral blood (39,40n@ared to humans, a peculiarity of cattle is trahmadelta
T-lymphocytes are major players in this cytotox@sponse (41). BLV infection also triggers both eus4

dependent and a virus-independent CD4 helper Trespionse (42-44). The susceptibility to the paiyal

expansion of BLV-infected B lymphocytes is assagatvith specific alleles of the major histocompiitio

complex system (45,46). Importantly, viral infectioorrelates with overexpression of two key Th-fokines:
TNF-alpha (47-49) and interferon-gamma (50). Finalhe interleukin network is profoundly dereguthtat
different stages of the disease in particular 11-4, -6, -10 and -12 (47,51-55) but the precise @i these
cytokines during pathogenesis still remains unclear

It thus appears that a very active humoral andteyio immune response is induced soon after BL\égtibn.
Importantly, these anti-viral activities amplify@persist throughout the animal's life indicatihgttthe immune
system is permanently stimulated by BLV antigemslekd, the level of antibody-mediated cytolyticiatt
increases with progression of the disease towdresatute phase (38). A strong CTL response isivelat
unexpected for a chronic infection, at least ifoggsted with a latent virus (see # 5 and 8 for cemis on this
assumption). Presently, there is no clear eviddéocénhibition mechanisms that would impair virugarance
from the infected host such as, for example, dogulation of MHC class | molecules preventing CTL
recognition (reviewed in 56).

5. ISTHE VIRUSTRANSCRIPTIONALLY SILENT? THE CAVEATSOF A DOGMA

This question has long been, and still is, a mattasxtensive debate. Many experimental argumeampat a
lack of expression in detectable (i.e. viable) célarboring an integrated provirus. First, BLV @it or viral
proteins cannot be directly detected in the perghgood by any available technique (ELISA, flowt@metry,
immunoprecipitation or Western blotting). Secondtalvtranscripts from peripheral blood lymphocytes
tumors can only be amplified by means of very sessiRT-PCR techniques (15,57,58). Third, usingnflo
cytometry cell sorting and subsequent RT-PCR, ablyut one B lymphocyte out of 10,000 is found tpress
tax/rex mMRNA during persistent lymphocytosis (5#urth, only rare cells in the peripheral bloodn(50,000)
contain enough BLV transcripts to be identifieddigaby in situ hybridization (59,60). However, up@x vivo
short term culture, transcription is activated lmmponents of fetal bovine serum and can be augmidnte
molecules that mimic activation of immune cells.

All these observations are thus in favor of a mgubestulating that the virus is latent in the veasge majority of
detectable cells. More, plasma from infected arsntantains a fibronectin-related protein that iithitBLV
expression in peripheral blood mononuclear celiuraek (61,62). The latency of BLi vivoand its reactivation
upon ex vivoculture thus became a long-lived dogma. There amgelier a series of caveats in this model.
Indeed, as mentioned in the previous paragraphmiiatenance of a vigorous anti-viral immune resgoim
infected animals indicates that some degree ofsvieMpression must occun vivo. Furthermore, BLV
transcription can even be detected in samples alevblood upon incubation at 37°C without additmnany
exogenous factor except anticoagulants (63). Thdry, would this process not be ongoing permanently i
infected cellsn vivo? If anticoagulants do not activate viral expressibiis unlikely, although not impossible,
that the simple removal of blood would be suffitiém induce BLV transcription. Alternatively, weviar the
idea that viral expression occurs permanently subpopulation of infected cells, which are veryicéhtly
killed by the immune system. The cytotoxic and htahcesponses are however unable to destroy celidich
viral transcription is completely silenced.
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6. HOW DOES THE VIRUS REPLICATE? VIRAL REPLICATION CYCLE AND CELLULAR
CLONAL EXPANSION

Morphologically, the BLV virion has a diameter ramg between 60 and 125 nanometers, and contaiasteat
electron dense nucleoid surrounded by an outerl@peelts genome is constituted by two poly-A ribokeic
acid molecules bound to viral nucleocapsid prot€¢®¥y. This complex is surrounded by a capsid lihie the
outer envelope by matrix proteins. The envelogerisied by a cellular lipid bilayer in which two sirproteins
(the transmembrane gp30 and the extracellular gpBd )embedded. After infection of a target cele BRNA
genome is copied into DNA by the virally-encodedarse transcriptase. The so-formed provirus thadamly
integrates into the host genomic DNA by means efuinal integrase. As mentioned previously, thiegnrated
provirus is by far the most commonly detectablealviform observed in persistently infected animals.
Theoretically, viral spread occurs via the replicatycle after expression of virions able to inéstnovel target
cells. Alternatively, the integrated proviruses @xpand by mitosis of the host cell by a procefsrred to as
clonal expansion (64). Semiquantitative inverse R@plification of the cellular sequences flankihg BLV
provirus has revealed that the viral load resulisat exclusively from clonal expansion of infectells (30).
Importantly, the premalignant cellular clones frarhich the tumor originates can be detected as early few
weeks after experimental infection. In fact, théetey period preceding onset of leukemia/lymphoma i
characterized by a fluctuation in the abundancelifiérent cellular clones harboring an integratedvirus.
Malignancy of a given clone correlates with thewamalation of somatic mutations revealing a decréasbe
genetic stability of the expanding infected celuribg the asymptomatic phase, most of the provoad is
sustained by mitosis of the infected cell (FiguyeEfficient virus replication via the expressiohwvirions and
infection of new target cells seems to occur mosfiynot almost exclusively, during a very shortripd
following viral inoculation (so-called primary irdéon). It is still however possible that the replive cycle is
ongoing continuously but the net outcome of thiscpss does not contribute significantly to the oles viral
load, very likely due to a very efficient immunepense.

Two key and related questions remain to be solwy: is the abundance of the infected cell clonestfiating?
And: what is the driving force of the clonal expiamsprocess? Based on the extensively describedgemic
properties of Tax (26,65-67), our tenet is thas thirally encoded protein triggers cell prolifecati However,
the selective growth advantage of the infectedscetluld also possibly be provided by a non-peptidial
factor, such as for instance microRNAs (68).

7. DOES THE VIRUS PROTECT FROM APOPTOSIS? THE MOST STRAIGHTFORWARD AND
THE ALTERNATIVE INTERPRETATIONS

Apoptosis is an active program leading to the desitn of cells in which abnormalities have occdyréor
example, those infected by viruses or triggeredigogenes. In principle, inhibition of this procedters the
equilibrium between proliferation and cell deathpdifies homeostasis within an organism and camaligly
lead to leukemia. In other words, apoptosis appeabg an essential mechanism required for theirgdition of
pre-transformed or normal infected cells and, ias surprising that viruses have developed stieget@ inhibit
this process (56).

A key and apparently conclusive experiment is itlated on Figure 4. When lymphocytes are isolatethfa
BLV-infected sheep and maintained for a few houarsdulture, almost all cells expressing the majoahtapsid
protein p24%9 (used as a marker for viral expression) are r@hetl by terminal transferase-mediated DNA end
labeling (TUNEL). The most straightforward interfaon is that viral expression correlates with tpotion
against spontaneous apoptosis. This observatiormil with previous reports showing that B-lymphies
from infected sheep are less prone to undergo apisptompared to the controls (69,70). However, an
alternative interpretation is that cells that spmebusly express p%4 antigen are clearenh vivo and can
therefore not be detectexk vivo.If so, the low but significant percentages of p2WNEL+ double positive
cells represent those having escaped immune dgstruS§pontaneous viral expression obsergrdsivocould
occur at similar rateis vivo but would be hidden by the immune surveillance.

The major problem of thesex vivoexperiments is that it is never possible to pelfeatproduce the situation
prevalingin vivo. Even under the culture conditions that most closefyroduce the natural milieu (such as
culture of heparin-containing blood), interpretamf data will always face experimental objections
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Figure 3. Two modes of viral propagation via the replicatoyele and the clonal expansion of the infected cell
Although both mechanisms likely co-exist throughalitstages of infection, the net contribution bé tviral replicative cycle during the
asymptomatic phase is negligible compared to theatlproliferation of the infected cell, very likebecause of the existence of a strong
immune response.
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Figure 4. Dot plot resulting from a flow cytometry analysisperipheral blood mononuclear cells isolated from
a lymphocytic BLV-infected sheep and transientliyivaied during 24 hoursCells were labeled with a monoclonal
antibody specific for the viral major capsid pratp4?9 (X axis: viral expression) and by TUNEL (Y axiqaptosis).
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8. CELL DYNAMICS OF PATHOGENESISIN DIFFERENT MODELS

To further gain insight into the processes medipfathogenesis, it became interesting to definekihetic
parameters sustaining the dynamics of the diffecetitpopulations in the infected animals. Indegsijndicated
in the previous paragraph, lymphocyte homeostasiba result of a critical balance between cellifgm@ation
and death. Disruption of this equilibrium can le@adthe onset of leukemia, an increase in the nunatber
lymphocytes being potentially due to one or bothhafse parameters. The proliferation rates in Bhfédted
and healthy sheep have first been determined mathod based on intravenous injection of bromodendine
(BrdU). By this in vivo approach, B-lymphocytes in BLV-positive asymptomasheep were shown to
proliferate significantly faster than in uninfectedntrols (average proliferation rate of 0.020 Hagrsus 0.011
day"), meaning that an excess of 0.9 % cells (the miffee between 2 and 1.1 %) are produced by praiifer
each day (71). The difference in the proliferatiates becomes even more evident at the terminadlasa
stage of the disease (proliferation rate increadsedip to tenfold). Cells in SM® then also appear in the
peripheral blood (our unpublished results) as s ldocumented for acute cases of human non-gukkEmia
(72). In contrast, the death rates of the BrdU{pasicells are not significantly different betwealeukemic
BLV-infected and control sheep (average deathG#i89 day versus 0.094 ddy respectively).

In the natural host, BLV-infected cattle, the qaibliferation rates in asymptomatic and controlnaals are not
significantly different (73). Surprisingly, the Pdtage is characterized by a decreased B cell tarn@sulting
from a reduction of cell death as well as from aarall impairment of proliferation. Paradoxicaln excess of

B lymphocytes in the peripheral blood in PL animadsrelates with a reduction of cell proliferati@uggesting
that a mechanism of feedback regulation contratsplyocyte homeostasis. The reduced dynamic parasneter
measured in cattle thus contrast with the kinetibserved in experimentally infected sheep. Whethese
observations relate to the differences in diseasgeaess in the two host species remains a temptihgtill
open assumption.

As mentioned in section 5, cells expressing virakgins cannot be directly observed in the perighielood of
the infected animals at any stage of the diseaswieMer, viral expression can be induced upon tesmshort
term culture. Surprisingly, very few (if any) cellspontaneously synthesizing 24 antigen undergo
proliferationin vivo (71,73). Indeed, dual flow cytometry labeling demstoates an almost complete absence of
p24+BrdU+ double positive cells, revealing the nalltuexclusive presence of both markers. In otherds,
amongst all infected cells proliferatimg vivo as measured by BrdU uptake, none of them are ftumedpress
viral proteins. Since lymphocytes synthesizing 924re spared from apoptosix vivo(see #7), p24+BrdU+
double positive cells are not lost during the adtbut have rather been eliminatedvivo (Figure 5). If we
postulate that viral expression and cell activatioa closely linked, as widely illustrated in tligerature, the
lack of p24+BrdU+ double positive cells revealseayefficient negative selection taking planevivo. Another
non-exclusive interpretation would be that onlyubpopulation of infected cells is allowed to prefdte (i.e.
incorporate BrdU) providing that no viral proteinge expressed. However, this model does not filh wie
progressive accumulation of provirus-positive gafigroliferation is triggered by a viral proteikvhat would
indeed be the selective advantage of a cell cayrgircompletely silent provirus? Whatever the undied
mechanism, these kinetic studies cast light oni@rg active process of immune selection directegatds
proliferating infected cells that express the hagddgorovirus.

9.LYMPHOCYTE TRAFFICKING IN LYMPHOID ORGANS

Homeostatic regulation of lymphocyte numbers in pleeipheral blood results from a series of phygjmal
factors, of which cell proliferation and death ardy partial components. Indeed, kinetics of a pejpulation is
also influenced by recirculation to lymphoid orgaimswhich proliferation is thought to primarily oar, at least
under normal conditions. Experiments based on Bkiflgtics thus pertain mainly to cells in lymphoigsues
leading to an apparent discrepancy: the imbalaneated by the net increase in proliferation in @hsence of
compensating cell death is estimated at 7 % growth day (71). Since this considerable growth iataot
reflected by an increase in the corresponding lysogte numbers, other regulatory mechanisms incu@in
reduction of recirculation through the lymph nodeswell as a massive elimination of cells in ottiesues
could play a role. To test these hypotheses, Braigltation from blood to lymph and back from lymighblood
has been traced with the carboxyfluorescein diseetaccinimidyl ester (CFSE), a fluorescent dye thbels
proteins via their NKHterminal ends. Direct intravenous administrati6fCB8SE into sheep achieves remarkable
labeling indexes: more than 98% of peripheral bladkocytes become fluorescent within seconds (Siice
CFSE is extremely unstable in aqueous solutionglilagy is very short lived, making it feasible tadk
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lymphocyte migration from the periphery through timph nodein vivo. While most studies of lymphocyte
recirculation and homing have been done in rodethis, sheep model offers the opportunity to study th
recirculation of lymphocytes through tissues bydircannulation of individual lymphatic vessels-{75. Using
this approach, it has however been shown that Bxhguytes from BLV-infected and control sheep radate
with similar rates (Debacet al, submitted). In contrast, the proportions of labeecklls in the peripheral blood
decrease significantly faster in infected sheegufé 6A). Combined with another parameter (theihglof the
fluorescent dye upon cell division), it is furthggssible to calculate the proliferation and deaths (78) (Figure
6B). These calculations indicate that B cells latelvith CFSE in the peripheral blood undergo massiv
destruction during BLV chronic infection of shed&pepaccet al, submitted).

Collectively, quantification of the dynamic paraewst deduced from BrdU and CFSE kinetics shows ttieat
excess of proliferation in lymphoid organs can bmpensated by increased cell death (Figure 7).nfpoitant
issue that remains to be clarified is to identifg anatomic site required for this cell destructionthis context,
our ongoing experiments reveal that the spleengjr lymphoid tissue regulating infected cell dyrics and
perhaps pathogenesis.

Figure 5. Schematic representation of BrdU incorporation ivov(hypothetical) and p2# labeling after short-

term culture (ex vivo)The uninfected cell is hachured whereas black sguand full circles indicate BrdU and p24 markers,
respectively. The crosses mean that the cells wedetectable by flow cytometry because they didexidt ore more likely because they
were destroyed by the immune system.
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Figure 6. In vivo CFSE kinetics. A. The CFSE fluorescentvdgs injected intravenously into the jugular vein of

BLV-infected (red) and control sheep (greesidod was collected at different time intervals yslaon the X axis) and the
proportions of CFSE-positive B lymphocytes (Y axigre determined by flow cytometry. At day 0, mtran 98% of peripheral blood B
lymphocytes are labeled with CFSE. The percentafj€5-SE-positive B cells decrease faster in BL\katéd sheep. B. Since CFSE labels
proteins via their Nkterminal ends, it is assumed that halving of theréscent dye occurs upon cell division. The coration of these
fluorescence intensities with the cell percentagdiesvs estimation of the proliferation and deattesg(78).
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10. MODULATION OF VIRAL EXPRESSION ASTHERAPY

In the absence @x vivocell culture, the infected lymphocytes apparentyndt express any viral protein in the
peripheral blood and rest in the/G,; phase of the cell cycle (section 5). These appigrguiescent cells may
undergo spontaneous cell proliferation and expvegmns upon transient short-term culture (secfidnAgents
known to activate immune cells polyclonally causeiscrease in the number of cells containing BLV/ARN
(59). Viral expression may thus be induced by atibn of the host cell consecutively to immune-rageti
stimulation.

It is possible that an inhibitory mechanism (or #ttesence of a driving force: see section 11) hasnyiesl gene
expressionn vivo. Infected cell persistence would thus be permitteden the restrictive condition that the virus
is not expressed (or at least at a level undetkectapthe immune system). Evidence for a very girimnmune
response is supported by the presence of virusfiepegtotoxic T cells and by high titers of cytaiy antibodies
(section 4). However, the lack of viral expressioma large proportion of infected cells does nédwalefficient
clearance by the immune system. Concomitantly,svinfection might also correlate with inhibition tie
apoptotic processes, generating a reservoir ofrappg latent cells (section 6). In this contexie wimed at
evaluating the therapeutic effectiveness of aesgsabased on the induction of viral and cellulaneggexpression.
Among a number of methodological approaches, médalaf chromatin condensation, which is an essénti
component of the gene expression pattern, can fiieved by interference with the level of histonetsiation
(79). This process results from an intrinsic ba¢gabetween the activity of two families of antagtinienzymes,
histone deacetylases (HDAC) and histone acetyfeamses, respectively removing or incorporatingtydce
groups into core histones. Although this modelrsbpably oversimplified, acetyl removal by HDACstmgs a
positive charge to the lysine residues in the histbl-terminal tails and is thought to increase dffanity of
histones for DNA, leading to transcriptional reies. Conversely, impairment of HDAC function wihecific
HDAC inhibitors activates both cellular and virarge transcription.

Among a growing list of HDAC inhibitors, valproatthe sodium salt of 2-propylpentanoic acid) offarseries
of advantages (80). Widely used for several dectatethe treatment of epilepsy, this short-chaittyfacid has
a very high bioavailability, exhibits very low taiy in adults and, with a half life of 16-17 hourgas suitable
pharmacokinetic propertiés vivo. Therefore, valproate has been selected to evalluateffectiveness of a gene
activation chemotherapy in leukemic sheep. Indemdproate effectively activates BLV gene expression
transient transfection experiments and in shortrteultures of primary B-lymphocytes (81 vivo, valproate
administration, in the absence of any other cytiotdxrug, is efficient for the treatment of leukefhyenphoma in
sheep, demonstrating the proof-of-concept of aafhethat targets the expression of viral and/dutzel genes.
Interestingly, over a long term period, valproatatment alters neither the cell numbers in corgh&ep nor
other lymphocyte populations in BLV-infected anigjalevealing a relative innocuousness of the therap

The mechanism by which valproate specifically dases the number of leukemic cells remains to be
determined. Amongst numerous hypotheses, we favoodel based on transient activation of cellulad/an
viral expression leading to apoptosis by intringfor instance dependent on mitochondrial regulated
checkpoints) or extrinsic mechanisms related to brame-bound receptors (Fas, TRAIL,...) (82-84).
Alternatively, a very attractive model would inctudhe induction of viral expression and destructignthe
cytotoxic and humoral immune responses (85).

We propose that the concept of a therapy that tardee expression of viral and cellular genes miggta
promising treatment of adult T cell leukemia (ATLYr human T-lymphotropic virus-associated
myelopathy/tropical spastic paraparesis (HAM/TSeases for which no satisfactory treatment esstar.

11. ATENTATIVE UNIFYING MODEL ASCONCLUSION

If the latter model described in the previous setis valid, the efficiency of the valproate therapus indicates
that it is possible to deplete BLV-infected cell& ‘the immune response providing that viral prateame
expressed. In this context, repression of viralreggion is a key element during pathogenesis. thdee BLV
transcriptional promoter located in the 5' longntiral repeat contains suboptimal binding sequeficeshe
CREB transcription factor. Remarkably, the cyclisAR responsive site (CRE) consensus "TGACGTCA" is
never strictly conserved in any viral strain anavals contains a mutation (for example, AGACGTCA,
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TGACGGCA, TGACCTCA). Restoring a perfect CRE seqeeimto the promoter increases LTR (long terminal
repeat) promoter activity, as expected (86). Vempssingly however, the proviral loads are drasticreduced

in sheep infected with a virus harboring this tgbenutation. It is tempting to speculate aboutdirig process
allowing the virus to maintain its promoter siledoghile CRE-dependent pathways activate cellulanymters
harboring perfect fits of CRE enhancer sequencegether, these observations thus show that repressi
viral expression is a key factor of viral persisterand spread.

BrdU kinetics and recirculation studies (sectionsn@ 9) have demonstrated that proliferation iskcated in
infected sheep and that homeostasis is maintaigeiddoeased death of the peripheral blood cell paifmn.
Amongst a series of plausible hypotheses that daséormally excluded, one of the possible modetbat the
increased turnover results from an activated imnresponse directed towards the virus. Continuopsession
of viral antigens could indeed exacerbate proltferaof virus-reactive immune cells either directly via
cytokines and potentially also expansion of BLVeictted B lymphocytes. Excessive proliferation ofnfieéted
B-lymphocytes in response to BLV early infectionshacently been clearly documented (87). In addlitio
uninfected B lymphocytes also accumulate above abitavels during persistent lymphocytosis. Whether
similar anti-viral process is also responsible éapansion of BLV-infected B cells is presently uatm. It
would for instance be interesting to determine Itfid specificity of the infected B lymphocytes. Amgents
against this hypothetical mechanism of indirecalvapread include the absence of selective grodttargage
conferred to the infected cells. Why would a vaatigen-specific B cell be preferentially infecteyl the virus?
We therefore favor a model in which the virus plapsactive role by continuously expressing viratpins, like
the Tax oncogene, able to promote cell proliferamd transformation (26,49,65-67). Tax expressimud be
permanent providing that cells escape from immwsponse, which is a rare event, or initiated irodiyevia
cellular activation. Concomitantly, Tax expressigauld also stimulate the anti-viral immune respongkich
in turn would clear the infected cells. Shutoffwafal expression possibly by a viral accessory giro{and/or
histone modification, see section 10) would be ergmuisite allowing a minority of these cells te¢ase from
immune response. Alternatively, since the preseafcthe doubly splicedax/rex transcript in the cytoplasm
precedes that of other viral mMRNAs (88), it is plolssthat a subpopulation of cells would exclusyvekpress
the Tax protein at least during a short time iraér@ince very few lymphocytes expressing viralt@ires can
directly be observeth vivo (section 5), the frequency of infected cells sungvthe host immune pressure is
low. Also, this process would only marginally affeélee very large majority of infected cells contaga silent
virus (or a less frequently expressed virus). Taeautcome of this model would be a global stapitif the
proviral loads with some fluctuations of individuelones, as revealed by long term follow up of jmalv
integration sites by ligation-mediated PCR (sec&)nAlthough the mechanism is still unknown, vioas in
the abundance of provirus-positive cell clones ddg due to differential antigen stimulation omtodulation
of the proportions of individual progeny cells tgpeess virus. Hence, cells isolated from sheepe@ahinal
stages of the disease loose their ability to effity express virugx vivoeven in the presence of potent
polyclonal activators such as phorbol esters (aypublished results). Ultimately, a fully transforineell clone
containing a deleted replication defective provicas even outgrow and induce leukemia (89).

To conclude, the hypothetical model illustratedFagure 8 best reconciles all current experimentadences:

the oncogenic potential of Tax, the permanent détran of the immune system, the low levels of dtble

cells expressing viral proteing vivo, the apparent stability of individual proviral clan@nd the dynamic
parameters. During BLV chronic infection, the hpathogen interplay is thus characterized by a dgnamic

kinetics generating an equilibrium between a vaitiempting to proliferate under a tight control med by the

immune response. In this model, the virus thus pesantly transits between a latent and transcriplipactive

phase resulting in the progressive accumulatiorviable infected cells. Occurrence of somatic motei

associated with genetic instability in these cfially permits the outgrowth of a transformed aoifeading to
leukemia.
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Figure 8. Tentative unifying model conciliating immunologi@id molecular genetics datagents known to
activate immune cells polyclonally cause an inazdaghe number of cells containing BLV RNA. Vigtpression may thus be induced by
activation of the host cell consecutively to immumediated stimulation. The selective growth advgataf BLV-infected cells is very
likely provided by a virally encoded factor, probabax or G4. Indirectly, Tax expression also stiates the expression of structural genes
leading to the destruction of the infected cellghoy anti-viral host immune response. Shutoff oéiMexpression possibly by viral accessory
proteins then allows a minority of these cells $oape from immune response. Since very few lymplescgxpressing viral proteins can
directly be observed in vivo, the frequency of otél cells surviving the host immune pressure v& lalso, this process would only
marginally affect the very large majority of infedt cells containing a silent provirus, accountiogthe relative stability of the proviral
clones. Valproate treatment would activate a prioporof cells containing a silent provirus whictpam expression of viral proteins, are
destroyed by the immune system.

Immmune stinulus

Tax-drrven proliteration

Valproate therapy

Destroyed by
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