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COMPOSITIONAND METHODSJUSED DURING ANTI-HIV  TREATMEN

Related applications

The present Applicaticn relates Lo French Patent
Adppiication Wo. FR OQE/5001% filed on Jznuary 3, 200G,
This Application also reiztes Lo Frrench Patent

Application ¥No. FR O6/7C609T filed on Joly o, 2006 and its

W

correspanding  PCT  Applicaticn filed oo July 5, 2007
entitled "Madicament destine au traitement des maladies
SVeC persistence et fou acoumialation de proteins
prényleas” [“Drug intended for the treatment of diszeases
with persistence and/er accunulaticn  of prenylated
10 proteins”]. The entire contents of esach of fthe akove-
referenced Patent Applications are herehy incorporated by

rererence,

Technical field

The invention relates to an anti-HlVY composition and
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processes for treating an HIV-infected patient.

This invention 1is, for example, very useful in  the
treatmert of side effects cauvsed by certzin anti-HIV
treatments, for example premature aging and lipodystrophy

which can be caused by protease inhibitors or reversoe-

[
o

transcriptase inhibitors.

In o gescripltion e iow, the references hetween
parentheses (X)) refer tfto the list of references at the
end of the examples. The references bketween parentieses

2%  with the asuthor’s name and the date also refer to this

list of references.
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The nucleus of eukaryotic ¢ells is del:imited by a porous
double membrane, the nuclear envelops, which conlrois
melecular  exchanges  hetween  the  two nuclear and
cytoplasmic compartmnents. This arvelope partially

isolates the contents of the nucleus, i1.e. the genetic

bl

material and all of the enzymatic machinery needed for
the funcvions of the nuclear genomne.
The nuclear envelope consists of two concentric membranes,
the outer memwbrane, continuvous with the endeplasmic
10 reticulum, and the inner membrane. The latter is bordered
¢n its inner face by a2 dense fibrillated mesh called the
nuclear lamina. It is a protein neltwork composed
essentially of polymers of lamins and associated proteins.
In t e vertebrae, two sunciasses of lamins Zre
1% distinguiszhed: lamins of type A {lamins & and €] and type
E (lamins B!, BZ and E3), all of which are involved in
the development of the Jamina. The latter is held in
place by the asseciation with other proteins, attached to
the inner membrane of the nuclear enveleope (cf. Gruenbaum
20 & al. 200% {(19)).
Lamins are filament-shaped proteins helenging Lo the
family of intermediate filaments {(type V), all of which
have a common structure: a short glebular N-terminal
{head) segmenl separsted from ancther globular C-terminal
25 (tail) segment by a long central domain organized in a
plurality of alphe helices {rod domsin). The glebular
tail contalins in particular a nuelear lecalization signal
{NLS) enakling the &addressing Lo the nucleus aftern
synthesis. The cgentral domain enables twe parallel lamin
30 melecules to be assocliated and organized in filaments by
a2 “head-to-tail” asscciation of dimers. This struciure

gives them very resistant mechanical properties.
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Cniy lamin A and lawins B undergo maturat:ion after the
synthesis of a precursor (cof. Gruernbkaum & al. 2000 (20)).
Lamin € is directly synthesized in its mwature form.

The precursor of lamin A and lamins B iz terminated by a
Ccharacteristic CoaX mobif (£ is & oysteine, & is an aming
acid with an uncharged aliphatic chain and X is any aminc
acid, in this case a methionine:; cf. Levy & Caw 2003
1221 .

The C-terminal CaaX motif enables the atvachment of a
Tat:ty acid {in general a C15 fatty acid, farnesyl) owing
to a farnesyl-transferase. This prenvlation {the farnesyl
motif 1s derived from a CH-based aliphatic unit called
isoprene) enables the prelamins te be inserted in the
membrane of Lthe endoplasmic reticuiuvum  after their
synthesis in cytoscl. They are subjected to the action of
arn  endoprotease itself inserted inte the envelope
membrane of the retvticalum and of which the active site is
cytosolic., The specific endoprotease of prelamin A is
Facel {or ZMPSTEZ4, Zinc Metallo-Profease, zn STEZ4 yeast
homelog) , while FPace? (or Boel, ras-converting enszyme) is
specific to prelamins B. These enzymes catalyze the
hydrolysis of tThe peplide bond between the cysteines and
the next (aliphaticl amine acid, shortening the prelamins
of 3 aminc acids. The carboxyl end of the farnesylated
cysteine is then recocagnized by an isopreanylaysteine-
carboxymethyl transferaze [(ICMT), which atltaches a melthyl
group thereto by esterification.

Only the maturstion of the prelamin & continues with a
second endoproteclivtic cleavage by Facel, which releases
a2 l15-amino acid farnesyi-peplide and the mature Iamin A.
This Jlamin A, which no longer comprises the fatty acid,

becomes =sclukle, is impeorted into the nucleus owing teo
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ilts nucieer localization sigoal,

nuclear laminsg dtself as

wezll as

nicleay compartment, constituting

skeleton {Gruenbaum & al.

on Lthe other hand =111 has,

farnesylated and methyl-esterified cysteine.

20050

remains inserted in the

retloulum,

envelope,

and is

(19)y.

in Lthe

localized In the

resl: af the

a wveritable nuclear

The mature lamin B

szt the U-terminai end, its

envalope

g

it therefore

mernkrane  of the
then in the nuclieoplasmic face of the nuclear

hence its exclusive localization in the nucliear

Jlaming, under the inner membrane of the nuclear aenvelope

where

it is anchored.

By prenyvlation, we mean the attachment toe the thiol group

of a cysteine,

atoms,

of 20

thus farnesylation,

gither by a farnesyl chain with 15 carkbon

or by a geranyl-geranyl chain

carpbon atoms, thus geranyl-geranylation {Reid & al.

2004 (359}, or by any other isoprene derivative,

Farnesylation,

which

catalyzed by farnesyl-transferase {[FTase),

recognizaes the C-lterminal censensus sequence {Ca2aX),

preferably binds a farnesyl group to the cysteine residue

of the motif.

Geranyl-geranylation 1s

geranyl-transferase

the
(GGTase)

attachment

by Geranyl-

of a Garanyl-geranyl group

on the cysteine residue of the motif.

These fatty acids are produced by biosynthesis, which on

the basis of

by  the ¢ells to produce

ateroids,

& al.

1996 (20)),

the heme of hemedlo

in  perticular

hydroxymethyl-glutaryl-Coenzyme A, is used

cholestercl,

bin and ubiquinecnes (Hampteon

The family of prenylated proteins

members in the human genome,

identificd by the C-terming? motilf CaaX

{39 .

The proteins of

-he

comprises arocund 300

of whiclh the majority can be

Rai,

Rho and

(Reid & al. Z004

Rabh famiiies
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{Leung & al. 2006 ({2811, certain preoleins ensuring an
import function to the mitochondria (HDJZ), and certalin
mitoctic prolbeins ({CEKPE, CENPEF) are in particalar
prenylated {Winter-Vann & Casey 2005 (51)). In general,
if in the {aaX motif, ¥ is a serine, a methicnine, a
cysteine, an alanine or a glutamate, the lisoprencid
preferably grafred is farnesyl. If ¥ is # leucine, the
recognition of the Czal moiif will be done preferably by
GGTase, which will catalyze the transfer of & geranyl-
geranyl groug (Bassc & al. 2006 (1}}. It is preokable that
other groups derived from isoprene can alse be bound Lo
this c¢ysteine, although it is not described in the
fiterature.

In humans, there are three lamin genes. The LMNA gene,
located at 1g2l.2-g21.3 iWyder & al. 1%%6 {(52)}, gives
lamins A and C by alternative splicing. The LMNA gene is
composed of 12 exons. The start of the exon 1 codes the
globular N-terminal end common Lo lamins & and C; the end
of exon 1 and up to the start of exon ¥ code the central
helical part; finally, the other exens code the globular
Ceterminal end (Levy & Cau 2003 (29)}).

In fact, the gene codes for 4 preducts spliced
differently, the Z main ones being the lamins O and the
prelamin & (Lin & Worman 19%3 (31)). The differential
production of lamins A and € is done by using an
allernative splicing site at the level of the exon 10 of
the pre-messenger, so that the lamin C is coded by exons
1 o 10 and lamin A iz coded by exons 1 to %, the first
90 base pairs of exon 14, and exons 11 and 12 {lamin A-
spaecific).

Conseqguently, the prelamin A and lamin € paplides are

identicel &t ithe level of the first 566 amine acids,
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while the C-~terminal ends of the lamins € and the
prelamin A then contain, respectively, 6 and 98 specific
arinn acids.

The lamins of fype B dinclude three different proteins
{Shelto & ai. 19221 (43)): lamins Bl, B2 (the two lsofarms
hest represented) and B3. The LMNE] gene 1is localed at
Sg23.3-g3:.1 and comprises 11 exons coding the lamin B
{Lin & Worman 199%% {30}y, The LMNBZ gene is localized at
19132 and codes for lasins B2 and B3 by an zliternative
splicing mechanism (Riamonti & al, 18392 (Z)).

Lamins B are constitutively expressed in aii of the cells
frem the first stages of development, while Iamins of
type A are generally absent from the embhryonic stem cells
{Stewart et al. 1987 {45)) and are expressed in ail of
the differentiated somatic cells. Their expression is
subject to regulatiens according te the tissue and the
Pife course [(Dugue & ai. Z006 {2}). It appears that theilrx
expressicn 1s not necessary, Since mice in which the
expressicn of lamin A was specifically blecked, but which
51111 expreass lamin © and other lamins, do net have an
apparent phenotype (Fong & ai. 2006 (1437.

Lamins interact with a wery large number of orcetein
partners having a wide wvariety of functicns; they &are
consegaently invelwved in a  large nunker of  nuclear
processes, including DNA replication and repair, control
of transcription and splicing, &and organization of the
chromatin structure {cf. Shumaker & al. 2003 (44),
Fastrow & al. 20604 (54, Hutchison & al. 2004 (2&),
Grugnhaum & &1, 2005 (19Y)}, The alterarions of the
structure of the lamina are ai the origin of numerous
huran hereditary pethelogies. They are due Lo mutations

of genes coding the lawkins, or other proteins of the
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Iamina, These pathelogies have been alouped together
under the generic term laminopathies (Broers & al. 2008
{5, Matlour & al. 200& (33}, Becently, mutaltions in the
genes of the enzymes responsible for the maturation of
lamins {Facel 1in particular} have been identified,
ieading to pathoelegies also helonging e the group of
lamwinopatnies (Navarra & al. 2004 (26) and 2005 (35)).

AL present, the only patholeogy in humans assoclated with
mutatzons of the LMNE] or 2 genes is a lIleukodystrophy
caused by a complelte duplication of the LMNED gene
{Fadiath & al. 2006 {371y, bPoubl remains a&as ta the
potential invelvement of variaticonez of zequences found in
LMNEBZ in patients with Barragoer-Simcs syndrome (Hegele i
al. 2006 (22)y. However, 1t has bkeen demonstrated in
vitro by REAL (RNA-interference} experiments, as well as
in the murine model (Vergnes & al. 20604 (5013, tfhat
lamins of type B are essential for cell development andg
integrity. Indeed, a lamin Bl deficiency causes perinatal
lethality in mice. Morecver, the nuclei of the embryonic
fibroblasts of the same IMNBI-deficient mice show
remarkable alterations in nuclear morphology, similar Lo
those observed in patients with LMNA gene mutations.
Moreosver, 1t has recently been shown that lamins B are
necessary  for the formation of the divisioen spindle
during mitosis, which tends fto prove that they have a
dynamic and muitifaceted role cover the course of the cell
cycle, and  that their rele 1s not  restricted to
maintaining the nucleus architectare (Tsai & al. 2006
{48)1. On this last role, & recent article demonstrates
the structural funcltion of lamins B: oells artificially
deprived of laming Bl have a "floating” nuocleus in the

cell, which turns around (Eia & =a2l1. 2007 {4511. The
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functional redundancy existing between the twoe lamins Bl
and B2 is undoubtedly asaiso a4 direct reflection of theair
importanee, exerting a strong selection pressure and
masking the effect of any potential mutations in the

seguence of the corresponding genes.

0

The functional alierations of lamins A/SC, dus 1

I

mutationrs of the LMNA gene, are the orligin of at lesast |

)

disorders inciuding a wide range of pathclegies in
clinical spectrum ranging from mild feorms, affecting a
single tissue in isolation, to systemic forms that are
lethal in the perinatal peried.

A number of rmutations of the LMMA gene notaply modify the
assembly of proteins in the nuclear envelope and disrupt
its functigning, In the cells of wvariocus tissues, the
morpheleogy of the nucleil is altered: they often have
bulges that extrude geneltic material inte the cytoplasm
{Goldman & =1, 2004 {18}1).

The proteins normaliy assoclated with  the nuclear
envelope, lamins B, certain nuiclear pore proteins  and
LAPZ proteins, are absent from the sdge these bulges.
These  moerphological sbnormaiities are followed by
functional alteraticns, and end by causing cell death.
Among all of the pathclegies included under the term
laminopathies, only those asscciated with the abnermal
accunulaticon of a prenylated protein form are concerned
by this invention.

These primarily include Hutchinson—-Gilford or Frogeria
syhdrome (De Sandre-Glovanneli & al. 20032 {7), {Eriksson
& oal. 2003 (11)), and restrictive dermopathy (Navarro &
al. 2004 (3&)). In hese 2 syndrome:s, t:he

physiopathological cause igs arn accymulation and
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persistence of immatore farnesylated prelamin in the
celis of patients.

Restrictive dermopathy, lethal around the natal peried,
iz characierized by clinical signs that are zimest always
the censequence of a cutaneous deficit that restricts in
utere movenentis. This pathology is wery rare. The sxin is
rigid and taut, and gives way 1in places, causing, for
erample, tezrs at the armpits or the neck. The ayelashes,
the eyebrows and the skin down are sbsent or wery sparse.
Hydramnios is often present, and {he decrease in fetal
movemaents is observed from the 6" month of pregrancy. At
the skeletal level, the radicgraphy shows contractures of
&l joints, congenital convex pes valgus, thin, dysplasic
and pki-partite c¢lavicles, thin ribs, long tubular arm
bones and demineralization of the skull. The transmission
of lethal resltrictive dermopalhy is recessive autosomsal.
LMNL and ZMPSTEZI/Facel mutaticens have been reported for
this pathclegy {(Havarro & al. 2004 (326}). in hoth cases,
the physicpathelogical mechanism  is  the same: Lhe
prelamin A cannot mature {ﬁull mutation of Tacel or
disappearance o 1he ocleavage site by mutation  of
prelamin A}  and remains farnesylated, and therefore
inserted in the nuclear membrane. The accumulation and
persistence in the cells of these abhnormal precuarsors,
which probably prevent the normal interacticns of lamins
B and C with their partnaers, cagses Uthe death of the
celis and, after a short time, of the patient. It has
clearly been denonstrated Lhat it is Lhe persisztence of
the farnesyl group, and not the absence of mature lamin A,
a5 might initially be thought, that is respanzible for

the cell texicity (Fong & al. 2004 (14)}.
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in April 2003, kased on an overlap of symptoms commen Lo
szcromandibular dysplasia and certain diseases causzing
premature aging, the inventors showsd thalt Pregeris, the
mast typical and serious faorr of premature aging, resuits
from a mutaticn of the LMNA gene (De Sandre-Gievannoli &
al. 2003 (7)). 1ihe children affected by this disease,
szlse called Hutchinson-Giiford syndrome, suffer from
accelarated aging, which occurs up to ten times faster
thar  that of a noermal individual, and have a life
expectancy of no mere than 13 years. In Europe, one 1n
around six mililion children is affected. The symptoms are
skin aging, bzidness, reduced jaw slze and ageing-related
proklems such  as  doint  stiffness and cardiovascular
discrders. The latter, including myocardial infarction or
atherosclerosis, are often the cause of death.

The mutaticon considered responsible, located at exon 11
of the ILMNA gene, activates a cryptic splicing site of
the pre-mRNA, leading to an mRNA with 150 nucleotides
deleted (e Sandre-Giovannoli & al. Z003 (7)), Eriksson %
al, 2003 (1l)). This deleted mRNA ipvolwves an abnormal
orelamin A, progerin, which cannob mature 1nte a normal
lamin A: the absence of 50 amino acids of the exon 11
comprising the protease recognition site blaocks the ane
cleaving of the pregerin, of which the C-terminal end
nreserves  its  farnesy! group. It therefore remains
inzerted in  the nucleoplasmic face o©f the nuclear
gnvelope, which has characteristic alterations, bulges of
Lhe nucleoplasm in the cytoscl and abnormaiities in the
distribution of peripheral hetercchromatin {Goldman & al.
2004 {3iB))., Again, it is the persistence of the farnesyl
group, which iz also necessary for anchering to the

anveiope membrane of the reticuloem in which =zome of the
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enzymes responsible for maturation {cieavage, methylaticn)
are located, that is responsible for the cell toxicity of
progerin {fong & ai. 2004 (163).

These systemic pathclogies have the special feature of
being assocviated with the premature appsarsnce of signs
normaily zsscclated with aging. Their COMMmG
physiopathological characteristic iz that they generaie &
prenylated lamin, with the conseguences described.

Two recent =tudies have shown that a reduction in the
intranuclear accumulation farnesyiated prelamin,
truncated or not, effectively prevents the appearance ol
the cellular phenotype. The first study was conduacted an
the VFacel protease-deficient progereoid morine modeal
{Pendas & al. 2002 [(38Y). When they are crossed with mice
expressing half the ameunt of lamin A (mouse Lmna /-,
the effects of the absence of Facel are reduced {Varela &
al. 2005 {43)). The second study shows that the freatment
af  wcells of RGPS patients by maorphelinoe {antisense
oligenuclectides) targeting the cryptic splicing site
eradicates the mutant phenctype (Scaffidi & Misteli 2005
{4310 .

A number of recent studies (see Scaffidi & Mistelll 2006
{427 show the involvemnent  of lamin A  in  the
physiclogical aging process. In particular, it has been
demonstrated that duering physicicgical aging, progerin is
synthesized by the cells in the abzence of any LWMNA gene
metaticn due to the guiet use of the cryptic splicing
gite of exon 11. This progerin is localized in the lamina
at the periphery of the c¢ell nuclei. Cell nuciel in
patiants aging “normally” can have bulges characteristic

of a laminopathy caused by accidental splicing events,
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which lead o akbnermal cell functions and orobkaioly  at
isast partisily responsible for thelr aging.

In the skin in viwvg, progerin i1s also synthesized by o
subpopulation of dermzl fibkrobklasts and keratincoytes,
ceiis in which it accumnulates with age. Progerin could
therefore he a marker of skin aging (MeClinvtock et al.
2007 (3433,

It appears that identical molecuiar mechanisms are
responsibie for signs of premature aging in individuals
with Progeria and, at a much lower level, are involwved in
the physiclegical aging of individuals whe doe net hnave
mutations,

The prior art descrilbes two therapeutic approaches to
improving the cell phenotype caused by the patnolegical
production of progerin. The first of these seoluticns iz
very simply Lo prevent the use by the splicecsoms of this
cryptic splicing site in exon 11, by "™masking” it by a
treatment with an antisense oligonucleocotides (Scaffidi &
Misteli 2005 (41}, or with a retrovirus producing an
z1RMA {Huang & al. 2005 (25}). The results are promising
in vitro, but Lhis is “gene” therapy, and the development:
of a drug based on this appreoach is extremely long and
conplicated, with all of the inconveniences associated
wilth GCAS wvectorization in order to wobtain an in vivo
effect. The second sclution consists of  inhibiting
farnesyl-transfarase, the enzyme {thalt gataiyzes 1Lhe
transfer of the farnesyl group te the prelamins from
Tarnesyl-pyrophesphate.  When sach inhibitors {11 are
used, a "normai” nuclear envelope 1z only parbially
restored on BGPE  (Progeria) cells in culiure, and the

sarvival of RD mice (KOG ZMPSTEIMY is improved {(Glynn &
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Glover 200% {37), Capell & al. 2005 (o)}, Teth & al. 2005
(471, Fong & al. 2006 (15)).

Howowver, the blocking of farnesylation can induace
compensatory geranyl-geranylaticon (Bishop & al. 2003 (3),
Varela & al. 2008 (54 bi=i).

In addition, 1t was recenlbly reported that I'TlIs caused
the cell cycle teo stop by blocking proteasome (Demyansts
& al. 2006 (B), Efuet & Heyomarsi 2006 (10)). Thuz, the
traatment undoubtedly causes an accumaelation, 1n the
nuclecplasm, of progerin, prebably ubigquitinylated, not
degraded by the proteasome.

Alse, recent stidies report that the reduction in the
rataes of farnesylation of progerin in vive is very low,
on the order of 5% {Young & al. 2006 {33)), which is neot
encugh to  explain  the restoraticen of the nuclear
merphotlogy chserved in vitro.

Finally, FTIs are specific to only one of the protein
prenylation pathways, and cannot he envizaged as general
post—translational prenylation inhibitors,

Additionslly, it is reported that Lhe total abksence of
cne ¢f the enzymes of this pathway, mevalenate-kinase, 1is
lethal during infancy {homozygolic mutaticon loss-of-
function of the gene coding for this enzyme, syndrome

reported by Heffmann & al. 2003 (24)).
Anti-HIV treatments and side effects

1. Hiv-infected patients subjected to an antireltzioviral
vreatment mhramw clinical anci biolegical signs ol
accelerated aging comparsble to that observed in patients

Wwith & genetic progeraid syndrome.
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Aniiretroviral Lreatments, reverse-lLransoriptasa
inhibitors, nuciecsidic [(NRTI! or oot (NNRTI), and viral
crotease inhibiters (PI} have made it possible to prolong
the lives of AIDS-infecited patients in whom  the
conseguences of “physiocleogical”™ aging appear (Casau 2005;
Levy ot al. 2003).

However, the infection itself and the antiretroviral
treatments show the same clinicai: and bicleogical signs as
those zeen in patients with a genelic accelerated aging
synorome  {(for a recent review of these syndromes, sSee

Navarro et al. 200&%,

Cortein manifestations appear to ke related directly fo
the wviral infectian:

For example, the mutated hbelicase 1in Werner syndroms
(oMIM 277700), & premature aging syndrome associated with
a predispositicn te cancer and atherosclerosis, recruits
celi protein cefacltors essenltial for the transactivaticnh
of the LTR of HIV-1 and to the replication of the virus.
The slightest availability of helicase in Infectaed cells
could lead to aging and immunosuppression (Sharma et ai.,
2007 .

Ancther example 15 modifications of the transport of
cholesterol in  macrophages, The viral protein  Nef
inhikits pertmeases of fthe ABC family responsible for
cholestero: efflux (Bukrinsky and Svizidov, Z20068; Mujawar
et 2i., 2006; Wang and Rader, 2007). The accumulation of
choiesterol in macrophages transferms  them  inte  foam
cells involved in the Tormztion of atheromatous plagues
in the vasoular walls (Pennings @i al., J0067 .
Antiretroviral drugs alsc inhikit the chelestercl effliux

af  macroephages  and  contribulte to  the formatiocn  of
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athervmateous plagque {Azzam et al., 200&; Dressman et al.,

2003; Wang et al., 2007).

Numerous olinical and biclegical manifeststicons appear
also to be the conseguence of antiretroviral treatments:
They reproduce the signhs observed in genetic progeroid
syndromes, such as Hutchinson-Gilford Progeria (OMIM
176670, =ees Hennekam, 2006}, acramandibular dysplasla
fOMIM 248370} and the lethal necnatal Torm, restrictive
dermopatbhy (CMIM 275210} associated with mutations in the
LMRA gene coding for lamins & and € or with muitations in
the ZMPSTEZY protezse (FACEL) responsible for cleavage of
srefamin A oduring its maturation inte lamin L:

* Alopecia (Torres et al., 2007; Wiwanitkiz, 2004),
independent of infecticus dermatological manifestations
(Maurer, 2005,

* Skeletal syslem sbnormelities, in particular
sstecporosis [Brown  and  Qacish, F006:  Thamas  and
Deherty, 206G02) for which a correcticon with wvitamin D
ard a biphesphonate has been proposed {(Mondy et al.,

20057 .

* Muscle atrophy {Restrepe et al., 2006; Restrepo et al.,

2004; Tehranzadeh et zi., 2004a; Tehranzadeh =t al.,
20041, in  relatiers with the ukiguitine-proleasome
system {Ceoistelli and Bacecine, 2003} or calpains
{Bartoli and Richard, 2005; Costelli et al., 20050, two
proteclytic systems inhibkited by certain antiretroviral
Lreatments (see below). The calpain 3 muscle mutations
are respansible for a form of girdle muscular dystrophy
(LGMDZA, OMIM 253600; Richard et al., 19%%) of which
eosinophilic mycsitis might be cone of the first signs

fErahn et al., 2006).
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Cardiomyopathy [(Barbaro, 2003; Restrepo et al., Z00&),
independent of cardiovascular comnplicaltions {aee below),
in relation with the mitechondrial toxicity of NETI
(Lewis, 2003).

Cardicovascular abnormalities (Mondy and Telbas, 2007)
Wwith lipid metabolism disorders (Hui, 2003; Jones et
al., 2005, Moyle, 2007), athercoma (de Saint Martin ot
al., 200¢; Thomas and Smari, Z007; wvan Wijk et al.,
2006, endotheliszl cell lesions (Chen et al., 2005;
Jiang et al., 200&§; 2hong =t al., 2002} and adiposce
cell differentiation abnermalities (Kim et al., 20047
Boche el ai., 2002). Dyslypidemia was akle to e
Lreated with =tatinsg (Benesic et al., 2004; Liang <t
ai., 2006; Malon =t al., 2006) or with an inhipitor of
intestinal absorpticn of chelesterol (Negredo et al.,
2006). It should be noted thalt pravastatin, which
partially corrects scme of the parameters altered in
the metabolic syndrome {(Yamagishi et al., Z006) causes
&1 lncrease in sukcutaneous adipose Lissue without a
netable improvement in cholesteroiemiz (Gharakhanian et
al., #006; Mallon et al., 2006}.

Clinical manifestarions aesoCiated With
hypoandrogenemia are freguency observed in men (Cobarn,
Z008) and cases of premature menopauvse 1n HIV-positive
woman are  the subject of a number of pubklications

[{Cohan, Z006¢6; Ferreira et al., 20071,

Virus protease inhibitors (PI} have a plurality of gell

targets, including proteases:

The inhibitien of proteasome {Ficcinini =t al., 204053

has highly varied consequences due to the role of this
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proteclytic assenbly  on numerous ceil functione,
protein turnecver, oell cycle control, apoptesis, gene
transcription, signal transduction, senescence, stress
response, and so oan (Hacjokal et al., Z0067). Far
axample, one of the ways in which Fls block adipocyie
differentiation involves non-productien of the NEFKE
transcripticn regelation factor, which contrels the
Lranscription of the gene coding for metalloprotease
{zingt  MME?  invelved in  adipooyte differentiation
{Bourlier et al., 200%; D& Barrcs et al., 2007).
Another example iz the =ignaling pathway involved by
insulin (Rudich et al., 2005; Schuett et al., 2004). The
FIs inhibit the activity of insulin-degrading enzyme
fHamel et al., Z00&!, bilcock the potassium channels
respensible for insulin secretion (Neye et al., 2004},
interact with Glutd4 glucese transporters (Hertel et al.,
Z004) and prevent their insertion in  the plasma
membrane (Bruz, Z006; Parker et al., 2003).

Similariy, the PIs biock the signaling pathway wis Akt
kinase invelved by the activation of tyrosine—kinase
acltivity receptors {Gupte et al., 2005}, inciuding IGIL,
TGEL directly controls muscle atrophy or hypertrephy
(Glass, 2003%.

The FIs exert an antl-apoptetic effect by calpain
imfhiibition, Ca’ ~dependent cylosolic proteases
{Ghikelli et al., 2003; Lichiner et al., 2006}, and
which contrcl the apoptesis-avctophagy balance by ATGS
cleavage, essential for the formation of the autocphagic
vacuole {(Yousefi =1t al., 7006},

Two olhér enzymatic systems are bklocked by the FPFls:

CErtain 450 cylochromes of the supfamily 30,
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intestinal or hepatic (Granfors et al., Z006), whilie

other #4950 cyvtochromes of the subfamily ZA are induced

(Yeh et al., 2006) at.  the same time &s other

Lransporters [(Rixit et al., 2007; Yeh et al., 2008);

giucursnide conjugatiorn in the RE, in  particular

Bilirukin {(Zhang et al., 2005},

The inhibkitien of a plurality of enzymatic activities

in which the proteasome induces endoplasmic reticuluam

stress, the activation of {the UFR [(Unfclded FProtein

Response] and the involvement of the signaling

mechanism of the reticulum of the nucleus with the

appearance of transcriptioen reguiation factors (Zhou et

ai., 2006). Numerous publications show the increase in

the amounlt of SREEEE {Sterol Response Element Rinding

Protein) isoforms, which corbrel +the activation of
genes regulating the lipid metabolism, including
cholesterel {Colgarn et al., 2007; Miserez et al., 2002;

Nguyen et al., 2000; Williams et z1., 2004; Zhou et al.,
Z2006; ¥hou et al., 2005%). The induction by the FIs of

SREBP transcriplion has also been shown by a study of
the transcriptoms (chips, quantitative PR o f
adipocyies in the process of differentiation {Facenti

et al., 2Z00&8) and the effect 15 increased Dy the
absence of SREBP  degradation by the ubiguitine-
proteasome system,

The PIs induce the nuclear sccumulation of SREBP in the
hepatacytes and the adipocytes and its conseguences oh
the lipid wmetabolism (increased synthesis of fatty
acids anrd cholesterol) {Mui, F003; Riddle et al., 20071).
Three articles by the same PFarisian team analyzing the
in vitro differentiation of adipoocyles successively

show that the fis cause an insulin resistance syndrome:,
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* Independerntly of theiry action on calpains (see above),
Pls exert an anti-apoptic effect for T-lvnphocoytes by
klocring, wvia the protein UCFZ, the depolarization of
tthe inner eembrabe ocaused by pro-apeptotic ztimuli
(Matarrese el al., Z003; Matarrese et al., 20050,

* It showld therefore ke noted that Pls therefore inhinit
different enzymes of aspartyl-protease specific Lo the
BEDS virus {Dunr el al., 2002). Altkouwgh the literature
lg currently silent on this peint, Pis may a2lszc inhibit
certain ewkarveotic aspartyl-preteases (gee the site
“bBegradome®: hitp://www.uaniovi.es/degradome/} such  as
cresenilin, the peptidase peptide signal, or DRdil [([DNA
damage inducible protein), capabkle of biading both o
the proteasome and ubiguitinylated proteing in order o

degrade the latter (Sirkis et ali., 2008},

The nuclecside reverse transcriptase inhikitors (NRTI} of
the virus alsc have a plurality of cell tergets, of which

the mitochondria is one of the most important:

* Non-nuclecside reverse transcriptase inhibitors of the
virus, less often stodied, appear o have a imore
specific action on the viral enzyme while inducing the
apoptasis of a T-cell line (Pilon et al., Z002).

* BRTIs are incorpoerated intoe the nuclear DNA (Olivero et
al., 1%%%) and their motagenic effect can cause a
Elockage of the ocell cycle {(Olivero et al., 2005, A
mitation of the gamea polymersse DNA has been reported
{Yamanaka et al., 2007), respeonsikle for mitochondrizi
DHA repiication and repair (Hudson and Chinnery, 2006).

* A small number of publications show that NRTIs inhibit

N-glycosvlatien {in the endoplasmic reticulum), O-
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glycosylation and the modificatiocn of arborizations
incorporating sugars {in the Golgi}, by interfering
with the nuclectide transporters in thae Gelgi of the
precursors of arborizations inceorporating sugars (Lizzi
et al., Z00G7:. A number of mnuscular dystrophies are
associated with genetic abnormalities of glycasylation
(Muanteni ew al., 2004; Pereival and Froehner, 2007),
The NRTIs are transported in the mitochondrial matrix
by a family of specialized transporters into thalt of
the deoxynucliecsside diphoasphates, which are
phosphorylated by a mitochondrial kinase before being
incerperated in  the mitechondrial DNA by the DNA
pelymerase gamma {Palmieri, 20047,

The genotoxicity of NRTIs causes an increase 1n the
rate of mitochondrial DNA mutations and a decrease in
the number of its coples in the mitechondria {Kohler
and Lewis, Z007; OQlivero, 2007).

The abnermalities of the mitochondrial DRA and those of
the functioning of INE polymerase (RTINS have
consegquences on the synthesis of the 13 proteins of the
inner membrane constitulting, with proteins coded by the
nuclear genose and  inported, ithe complexes of  the
respiratory chain and ATE synthase. The disrupltiang of
the mitochandrial DA and its poelymerase causze, for
example, a reduction in the amount of cylochromes
oxidase 11 (vidal et al., 2008}, the preoduction of
reactive oxygen species {ROS) {(Jisng el al., 2007) with
CONSEQUeNCeSs o1 the hepatocyles, adipocyles,
cardiaomyocytes and endothelizl  celis inveolved  in

lipodystrophy and cardigvascular complications.
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* The incresse in the plasma lactic acid level is one of
the c¢riteria of mitoechondrial dysfunction caused by
antvirelroviral treatments [(20G7; Joehn e al., Z001).

* NRTIs &lso inhibit telomerase =zcotivity and cause
telomere shortening (Qlivero, 2007; Yamaguchi et al.,

20057,

In concluszicon, antireltrovirsl tCreatments have an
impact on metabolic mechanisms and pathways  grouped
together in a number of cell theories attempting to
explain nermal or accelerated aging:

* the “mitochondrial thecry”,

* the “nucleus and lawin® theory, which appeared in 2003
with the discovery that the LMNA gene s responzible
Tor Progeria,

* the “telomeric” theory,

* {he “gene Ltranscription regalation” thaory, in
particular with proteins ph3, NF-k3,

* the “metabolic”  theory with involvement of  the
signaling pathways, some of which are activated by
membrane receptons,

A number of animal models of premature aging ar, by
contrast, of increasing lifespan, show partial overlaps
between the metabolic pathways involwved in each of
these thesries and interrelations, on a cellular scale,
between the oylosel and in particular the proetein
degradation mechanisms {Grillari et al., Z00g}, {he
mitochendria, the nucleus and 1the plasma membrane
{Lrminger-Finger, 2007; Kenyen, 2005%; Martin and Loelb,

2004; Duarrie and Riabowaol, 2004870,
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A number of animzl moedels of premature  aging or, Dy
contrast, for increasing lifespan, show partial overlaps
between the metsbolic pathways inveolved in each of these
Lheories and interrelsasticons, on a cellular scale, between
the oytescel and in particular the protein degracaticon
mechanisms (Grillari et al., 200&), the mitechondriz, Lthe
nucleus and the plasma membranse {Irminger-Finger, 2007;
Xenyon, 2005; Martin and Loeb, 2004; Guarrie and Riabkowol,

20047 .
2. The “mitochondrial” theory of aging (appended [lgure &)

The three main components of the mitechondriai thecry of
aging are i/ the increase 1n productien of reactive
oHyQen  species  (ROEY by camplexes I and IY of  the
respiratory chain, 1i/ progressive dysfunctioning thereaof,
and 1ii/ accumulaticen of mitochondrial DNA  lesions
{Balakan et al., Z005; Meissner, 2007; Wallace, 2005).
The mitocheondrial DNL is mere sensitive than nuclear DNA
ta the effects of ROS5, which target the DNA polymerase
gatma (Graziewics et al., 2002; Richter et al., 1988),
Twe murine models expressing a OHA polymerase  gamna
defective in its preefreading function show accelerated
aging with muetations of the mitochondrial DNA (Eujoth et
Gl., Z005; Trifunovic et al., 2004). 7The mitochondrial
Ltoxicity of ROS can be eradicated by the overexpression
of peroxysomal catalase addressed to the mitochondria in
#  Lransgenic murine model in which the lifespan is
increased {Schriner et ail., 20050,

I humans, aging 1is  acoompanied by a decreaze  in
milochondrial functions, including those of the

respiratory chain {Shert et al., 2005%; Trifunovic et al.,
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2008y, ard an increase in deleticons in the mitechendrial
DA,  wvery specifically ohserved in neurcdegenerative
diseases {Bender er al., 2006; Krayisberg =t al., 2006).
A mitochondria-te-nucleus signaling mechanism, which :is
not  yel understood, causes the protein pid to become
involved, in particular during aging cor in ROS-induced
pathclogies {Jiang et al., 1999; Stoxr=z, Z606). This
protein, coded by the nuclear genome, then imported into
the mitocheondrial matrisx, is re-exponted Lo Lhe
nucleoplass  {Brokstad et al., 2001) where it controls
transcripticn (Chattopadhyay et al., 2004} and splicing
{Petersen-Mahry et al., 1992 of mRENA. It interacts with
he lamin B recepteor, localized the nucleopiasmic face of
the nucliear envelope {Mylonis et al., 2004; Simoes and
Georgatos, 1894).

The nucleus-to-mitochondria sigraling mechanism involves
the arcund 1500 proteins coded by the ntclear genoms,
which are synthesized in the cytosol, then imported inte
the miltochondria (Calveo et al., 2006; Truscett et al.,
2003).

pmong these proteins, p53 is involved in accelerated
aging in a murine medesl (Tyner et al., 20027 and
participates in deregulations in  the context of the
“rnuclear” theory (see below). Protein p33  controls
mitochondrial respiration {(Matcha et al., 2006), and
grerts pro- and anti-oxidant effects owing te the control
of nuclear gene Lranscripticn (Bensaad and Vousden, 2005,
Sablina et al., 200%). It maintains the stability of the
mitochondrial DNA by interacting with BDNA polymerase
garmma {Achanta et ai., 2005},

Finaliy, mitcchondrial fission {divisien) and fusien

mechanisms, invelving a plursiilty of GTPases of the cuter
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mitochondrial membranes  (Drpl, mitofusins, etol)  and
inner mitochondrial membranes (OPAL) and a pluraiity of
asscociated proteins (Fisl, etc.) modulate the cell aging
process: the elepgaticn of the mitochondrial netwoxk by
permanent  fusion induces a cell aging process with a
decreaze in the difference in poltential between the two
faces of the inner membrane, abd Ilncrease in the
production of ROS and DEA  lesicns. These phenctype
modifications are neutralized by fragmentation of the

mitochendrial network (Lee et al., 20070,

3. The mechanisms of genctic accelerated aging syndromes

in the context of the “nucleus and lamin” thecory

Lamins are proteins forming intermediate filaments
Ipcalized exciusively in the nuclecoplasm. The LMNA gene
codes primarily for lamins A and €, preduced by
alternative splicing. Two eother genes code for lamins Bl
and BZ.

Lamins A and B are synthesized in the cytescl in the form
of a precursor that 3is  =subject te a plurality of
maturation steps. The 3 proteins have, at their C-
rerminal end, the CaaX box (a cysteine, two aliphatic
aming acids, one indifferent amine agid). This Caax
seguence enables the farnesylation of lamins A and B (and
arcund 300 ather proteins of the buman gencmel. The
farnesyl residue {isoprenclid with 15 carbon atoms) is
synthesized in an intermediate step of the cholesternal
synthetic pathway (appended figure 7). A cytosollic enzyme
farnesyi-transferase, binds the farnesyl resicue te the

cysteine.
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The presence of the fatty acid residue enables  Lhe
anchoring of prelamins A and B in the cytosolic layer of
the envelecpe membrane aof the endoplasmic reticulum (ER),
The prelamins A and B are then cleaved by FACELl (ZMPSTEZ)
or FACEZ (Roel), respectively, and lose their last three
C-terminal amino acids aaX. The proteins siill anchored
in the envelope membrane of the ER are subjected to the
actlicn of a second enzyme, ICMT, which binds a methyl
group to the alresdy-farnesylated cysteine.

The maturation of lamins B ends with this step. These
proteins glide in the plane of the envelope membranes of
the ER, then of the oytoselic face of the nuclear
envelope, pasgs Chrough the nuclear peore and are lecelized
in the nucleoplasmic layer of the nuclear envelope, whera
they become invelved in the formation of the nuciear
lamina and where they interact with a plurality of
proteins, incleding the lamin B receptor. The anchoring
to the envelope results in the absence of iamins B in the
nuclear matrix, inside the nucleoplasm and alt a distance
from the envelope.

The farnesylated and carboxymethylated prelawmin A on the
same C-terminel cysteine 1is z2ubjected to a f{final
maturation step by proteolyvtic cleavage of the last 15
amino acids by FACELl {and perhaps by Rcel). The lamin A
loses its ancheoring to the ER, becomes solukle, and is
imported into the nuciecplasm (like Iamin C) through the
nucliear pore, like all of the soluble proteins, owing Lo
its nuclear localization signal, which recruits the

necessary importation camplex (appended figure 8.

s
=

In the nucleoplasm, lamin & f{and lamin C} is lecalized

b
(s

the nuclear Jamina, under the nuclear envelops, where

=
ol

interacts with numerous proteins inserted in L
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nuclecplasmnic layer of the envelope. Lawins A and O
funlike lamins BR) are alsce dispersed in the rest of the
nuclecplasm where they become involved in the formation
of the nuclear matrix or nuclecskeieton (appended figure
6.

The nuclear matrix coentrels the functioning of  the
nuciear QEOone replication, LA Yepair, RNA
transcription, mRNA splicing, maturaticn of other RNA,
etc., and its constituvents, including lamins A and C,
interact with a large number of proteins imported into
the nuciecplasm (p53, SREBEP, etc.) as shown by the
abhormalities observed in genetic laminopathies (Broers
et al., Z006; Vlgek et al., 2001l; WVlicek and Foisner,
20061, The nucleoplasmic slepe of the nuclear envelope
and its transmembrane proteins, as well as the lamins of
the lIamina, contributes to the storage of Lranscription
requlaticn factors, before their wuse and 1in gene
expressicn reguiaticrn  (Heessen and Fornerod, 2007%;
Shakiail et al., 2907).

The first laminopathies discovered from 1929 preszented as
disecases predominantly in & given tissue, skeletal moscie,
cardias muscle, etc., whereas lamins are ubligultous
proteins (Vlcek and Folisner, 200%a; Vlicek and Folsner,
2007k; Worman and  Beonne, 2007). ‘The lipodystrophies
aszociate iipid metabolism abnermalities and insulin-
resistance with disorders in the bodily distribution of
adiposa tissue, nmatching the lipodystrophy cobserved
during antiretroviral treatments (Capeau et ai., 2005).
“Systemic” lamincpathiesz were discovered after 2002
acromandibular dysplasia (OMIM 248370; {Agarwal e al.,
2003; Novelli et al., 2002); Hutchinson-Gilford progeria,

fOMIM 176670; { Do Sandre-Glovannoli et iil., 2003;
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Eriksson et al., 2003); reszirictive dermopathy {(OMIM
275210; (Navarrce et al., 2005; davarro et al., 2004).
They invelve z1li of the patient’s boady tissue, skin and
appendages, skeletal and gardizc mascle,  hbone and
cartilage tissue, adipese tissue and its metaboclic
conseguenceas, bul, in particular, they are accompanied by
aocalerated aging, the mest severe being restrictive
dermopathy, lethal at birth. These three diseases are
associated either with a mutation in the LMNA gene coding
for lamins A and ©, or in the FACE] gene (EZMPETEZ4)
coding for the protease of the ER, which in two stages
cleaves the prelamin A. The mutation of the LMHA gene
causes a disappearance of the site of recognition by
FACE] of prelamin A: the protein 1s not cleaved, anc
therefore preserves its farnesyl residoe, and is imported
into the nucleoplasm by ¢liding aleng the envelope
memnkranes like lamins B (Pan et al., 2007). The
farnesylated prelamin A remains anchored in the
tucleoplasmic face of the nuclear envelops where Lt
disrupts the organization of the lamina ang the
interactions between the lamine and the membrane proteilns
of the envelepe, which invelves characteristic nuclear
deformaticons (Goldman et al., 20047,

The rest of the nuoclear metrix is free of lamin A, with
multiple functicnal  consaequences, for example the
activation of pathways downstream of pid (Varela et al.,
2005, abnormalities of mitesis {Cao eb al., 2007%; Dechat
et oal., 2000, and of DBEA repair {(Liu et al., 2003 Liu
et al., 2006; Liu et al., 2007, eto., ieading to cell
aaing (Budiow el al., 2007). The analysiz of the

transcriptome of cells of progeria patients has  shown
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abnermalities in the expression of genes invoelved in
atheroscierosis {Cscka et al., 20064).

i1t appears to be likely that accelerated aging in
patients treated with cerxtain antiretrovirals, in
particular Pls that innibit ZMPSTEZ4 (FACEL), obeys the
same mechatiisms,

The mutatien of the LMNA gene responsible for progeria
unmasks a cryptic sgplicing site LChat leads to  the
synthesis of an nRNA deleted of 150 nuclectides coding
for progerin, a prelamin A deleted of 50 sming acids and
which preserves its farnesyl group. This same protein is
produced during physiclegical aging, in the absence of
any rmutation of the LMNA gene, due Lo an error,
associated with age, of the splicing machinery {Scaffidi
and Misteli, Z0606)}. Progerin is accurmulated in dermal
fibroklasts lecalized under the hasal lamina, as well as
in the keratinccytes. It could be a marker of cutaneous
aging (McClinteck et ai., 2007).

The nuclear modifications (bulges of the nucleoplasm inte
the cytesol, breaching of the envelope, nucleay contour
irregularities, etc.) observed in the cells of patients
with ©progeria are &lse similar te  the transient
modi ficatiens induced by the viral protein Vpr, which
facilitates the entrance, by transient breaching of the
neclear envelope and the laming, of the pre-integration
complex of the AINDS virus, which complex is toco large to
he imported inte the puclecoplasm via the nuciear pores
ide Wovrcnha et ai., 2001). For a recenl review of these
nucledar Importation mechanisms (Suzukl and Craigie, 2007}
't has aise been demonstrated that a pilurality of
proteing of  the nucleoplasmic face of  the nuclear

envelope, including emerin, mutated intoe Emery-Dreiffus
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muscalar dystrophy, are eszential for penetration of the
AIDS wirus into the nucleopiasm and for the infection of
cells that deo not divide (Jacgue and Stevenson, 2006).
The term genetic laminopathy therefere covers  Lhe
pathologies resulting freom multaticns in the gernes coding
for the lamins, very specifically LMNA coeding for lamins
A and C, buat also those caused by mutalicons of assocliated
proteins, inclading those participating in lamin
maturation.

The abnermaliiies induced by PIs at the level of f{the
ruclear matrix  therefore represent an acquired and
ratrogenic  laminopathy. Whether they are genetic or
socguired, these abnermalities in the nuciear malrix
resuif in genomeic instability and cell aging (Mebta et

al., 2007%; Okberdosrffer and Sinclaix, 2007).

4. The "“telomeric” theory of aging

Cell aging is contrelled by a "clock” wmeasuring the
length of telomeres, which are shortened in each mitosis,

a phenomencon that can be counterbalanced by the activity
of the catalytic telomerase subunit (Gilson and Geli,

2067 ; Stewart and Welilnberg, 2006).,

Hefore the appearance of guantitative PCR, which enhables
direcl measgrement of telomere length in particular in
monenicleated hlood cells [(Cawthon, 2007 Gil and Coelzer,
2004; Niasjou «b al., 2007), the measurement of telomerase
activity {THRAP as=zay) was perlformed on cells of patients
treated with antiretrovirals, with variakble results, in
particuiar depending on the T-lymphocyte subtype analyzed

(Effros, 2000).
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The NRTIs inhibit telomerase activity (Olivero, 2007;
Yamaguchi et ax., 20013,

Abnormaiities in lamin A cause a reducticen in telomerase
activity, resulting in accelevated telomere shortening.
These effects are observed in the cells of patients with
progeria, whether or oot the cells had been transfected
to overexpress the catalytic telanerase subuniv (Walii

et al., 2004). ZComparzble resuils were obtained 1in
fibrohlasts of healthy subjecis overexpressing, after
transfection, lamin A, normal, mutated or deleted, as in
progeria (Huang et al., 2008). The nuclear matrix and the
proteins of the nuclear envelops asscciated with 1t at
the level of the lamina therefore directly or indirectiy

control telomerase activity (Pandita et al., 2007},

5. Certvain transcription regquiation facters, in
particular ph3 and NF-gE, are inveoived Iin aging or

reguilaticen thereof.

Two families of proteins, p%3 (Z2afon, 2007} and NE-gB
{Hayden and Ghosh, 2004), contrel the Lranscription of a
large number of genes and are invelved in the aging
phenomenon. These proteins are alsco involved in the
mechanisms described in the other thearies of aging and
are reiated to cne ancther.

Next to its well-characterized funcitions in the control
of the cell cycle, the stress response, oncegenesis, and
DNA lesion repair {Fuster et al,, 2007; Helton and Cnen,
2007; Sengupta and Harris, 2008), p53 is invelwved in cell
auing lsee, for example: (Bauver and Helland, 20007 Ben-
Porath and Weinberg, 200%; Papazoglu and Mills, Z007;

Sharpless and Definho, 2002; Tyner et al., 200Z}. The
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protein p%3 is also involved in the abnermalities induced

by  lamincpathies {(Varela et al., 20057, in the

functioning of helicaze, the wmutation of which s

responsible for Werner syndrome (Bresh et al., 2001;

Sommers el al., 20081, teiomere regulation (Wynford-

Thomas, 1996), and contrel of mitochondrial respiration

(Matoha et al., 2006} independently of the role of pa2 in

the activaticon of apoptosis by its interaction with

apaptogenic molecules of the outer membrane (Manfredi,

2003; Mihasra et al., 2003 Moll et al., 20065). w53 also
regulates the “insulin-IGFi-klotho” metabolic pathway
(see below) .

NF-xB iz also invelved in many meltabolic pathways., Iis
inactivatiocn by BRNA interference in fibroblasts in
culture protects them from aging (Bardy et al., 2005).

Similarly, the blockage that «an be induced by the
expression of NF-yB in mouse epidermal cells slows their
aging wvia wvariations in the expression cof numerous genes
analyzed by microarray (Adler et al., 2007).

£. The “metabelic” theory 34 EUANG via caloric
restriction and the signaling pathways of insulin, IGFI
and the klotho hormone links the plasma membrane, tne
nucleus and the mitochondria

Caloric restriction increases the lifespan of rodents
(Barene and Guarente, £005). Tt activates deacetylase
sirtuin, which targets histones {(with remodeling of the
chromatint (Vidg and Suh, 2008), numerous other nuclear
oroteins (transcripticn factors including ph3, proteins
invalved in NA repair, etc.] as well as cyltosoiic
{tubulin) and mitochendrial proteins (Guarente and Picard,

200%; MNorth and Verdin, 2004; Porcu and Chiarugi, 20602).
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Caleoric restricticon causes hiogenesis of mitochondria via
the expression of endothelial NO-synthase, =NCGS (Nisolil
and Carruba, Z006; Niszoii et al., 2005}, resulting in an
increase in ROS production (Gredilla and Barja, 2005).
The insuiin and IGF signhnaling pathways, invoelved in aging
{Bartke, 2005; Russell and Kahn, 2007} are inhibited by
caleric restriction {Melzenberger et al., 2004; Maszoro,
20047 .

Caloric restrictiocn alse inhibits Lhe signaling pathways
requlated by the Kklotho hormone [(Kureosu et al., 2005;
Unger, 2006), o¢f which mutalions are accompanied by
premature aging in the mouse (Kuro-o et ai., 1897).
Klethe 1s & regulater of the response induced by the FGE-
23 receptor (Kurosu et al., 2006). The mutations of
klotho and FGF-23 3induce the same premature aging
phenrotype, which is Known ter be caused by
hypervitaminosis [ and which is corrected by the deleticn
of a gene increasing the effect of vitamin [ (Razzague
and Lanske, 2008y . Kloltho also hlocks the response of Wnt
receptors (Liuw et al., 2007z}, which shows the diversity
of the metabolic pathways invelved in aging. Finally,
insulin stimuiates, via phosphatidyl-inositol 2 kinase,
the cleavage of the transmembrane precurscr of kletho by
metalloproteases of the ADAM family and the release of
kletho into the extracellular mediuam (Chen et al., 2007}).
Yhe protein pi3 is alse inveolved in the reguiation of
these metabcelic pathways (Campisi, 2004; de Oliveira,
AO06; Kim el ai., Z007; Schmid et a1., 20075,

The orotein p66™° represents one of the communication
signals between the plasma menbrane recepbers for insulin
and for 1GF1, the nucleus and the mitochondria {Martin

and Friedman, 2004). ¥0 p&6*™" mice show high resistance
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to stress and an increase in their lifespan {Migliaccio
et al., 1999). PEE™Y is a target of pb53, localized in the
mitochondria of which it controls the metabolism and ROS
sroduction (Migliaccio et ai., 2006; Nemote et al., 2006&;
Orsini et al., 2004; Trinei et al., 2002). A deletion of
pEE™Y inhibits aging of cardiac stem cells and prevents

cardiac accidents, twoe phenomena indoced by diabetes

]

(Rota et al., 2006). P&E™ is alsc a redox enzyme. In
response to ceil stress, p66*™" is imported intae  the
mitochendria and is localized in the intermembpyane space
whera it synthesizes ¥:0; (i.e. 30% cellular Hx0z, with
the rest being produced by peroxisome] using electrons
transferred by the cytechremes C (Giorgio et al., 2003).
H:0. may represent an intracellular signal for Llifespan

requlatien (Gioric et al,, z2307).

Description of the invention

Efter lenathy research, the inventors showed that the
sssocliaticon of & nydroxymethylglutaryl-coenzyme bt
reductase inhibitor (statin family) and s farnesyl-
pyrophosphate synthase  inhibitor femino-piphosphonate
family, NBP), or one of thelr physiclogically acceptable
salts, is an effective Lreatmant in situations,
pathelogical or not, associated with the accumuiaticn
and/or the persistence, in the c¢ells, of prenylated
proteins, in the sense that it acts on the entire protein
nrenylation pathway, at Cl5 and at C20, or Iin nen-
characterized forms. The inventors also observed fhael the
zusociation of a hydroxymethylglutaryl-cosnzyme & (HMG-

Col)  reductase inhibiteor and a farnesyl-pyrophosphate

synthase inhibitor has an  additive effect in  the

restoration of the normal phenotype 1n fibroblasts of
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patients with Progeria. The effect of the association is
clegrly superior to the effect of one or the other of the
inhibitors used individuzliviVarela et al. Z0608 {54 his)).
The use of the assogiation on celis of patients with
% Progeriz leads to an inhibition in the prenvlation of
proteins, and Lherefore the Sphpearance af non-
farnesylalted prelamin A and the improvement of naciear
symptomns and the partial correction of anoemalies of [DNA
repartition. The prenylation inhikitiaon is also obhserved

14 in mice model for restrictive dermopsthy and partially
restore {the mice lifespan{Vearela et al. 2008 (34 his)iy.
Antiretroviral treatments target a plurality of metabolic
pathways and a plurality of c¢ell compartments, the
cyltozel, the nucisoplasm and the mivochondria.

15  The side effects of these treatwents reproduce some of
the oiinical and piocloonical signs observed in patients
witn genelic laminopathies cauvsed by mutations in the
LMNA gene orn in the EMPSTFEZ4 gene. The common point
between these mutations 1is that they preserve the

20  farnesyl groop bound te lamin & or Lo prelamin A. This
farnesyl greoup anchors the lamin A to the muicleoplasmic
face of the nuclear envelope at Lhe level of the lamina,
whiie the rest of the nucleoplasm is free of scluble

lamin A.

[2
[fiy]

These twa abnormalitiss in the distribution of lIamin A

cause deleterious conseqguences at the level of a number

of noclear melabolic pathways (DNA replication and repairn,
gene transcaription, telomere shortening, etoe.), and also
have deleiericus consequences in other cell compartments,
3¢ including the mitochendria. The general dysfunction of
the cell cauvses accelerated aging and 3 reduced lifespan

thoreodf.
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I famiiy of retroviral treatments, the protease
inhibitors, inhibit 2MPRSTEZY4, block the maturation of
prelamin & and cause the persistence in the oell of
farnesylated  prelamin AL The appended figure 5
schematically shows the aging theory developed by the
presenl: inventors and based on abnormalities in the
maturaticn of prelamin 7 End their functional
Cansequences.
In addition, the incdirect effects of the viral protease
inhihitors on  mitochondria, & sacond family ol
antiretroviral drugs, the wviral nucleotide reverse
Lranscriptase inhibitars, directly disrupt Lhe
mitochandria, an oraganelie cf which abnormalities of its
functioning are known to be associated with aging.
The opiective is therefore te analyze the mechanlisme by
which these two types of antiretroviral treatment cause
accelerated aging in patients infected with the AJDS
virus and to werify that these mechanisms are comparable
to these causing accelerated agling in patients with
genetic laminopatiy.
The present inventcers decuced that the side effects
described abave of the antiretroviral treatments can be
minimized owing to a compositicn inciuvding or a treatment
combining:

- at least onhne hydroxymethylgiuvtaryl-coenzyme A
(HMG-Col) reducltase inhikitor or one o f ilts
physiologically acceptable salts, and

at leaztt  one farnesyl~pyrophoesphate synihase
inhibitor or one of its physiclogically acceptakle salts.
This inventian Lherefore relates te an anti-HIv
composition iacluding at least one hydroxymethylglutaryl-

coenzyme B {UMG-CoA) reductase iphibitcr, abt ieast one
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farnesyl-pyrophosphate  synthase inhibitor, or  one  af
their physioclogically acceplable salts, and an anti-NIV
agent.

This composition c¢an be intended, for example, for
treating situations, pathological or not, asscclatad with
Lhe accumuiation and/or persistence in the cells of
arenyiated proteins. In particular, according teoe the
invention, this coemposition is useful in the trestment of
an HIV-infected patient.

This invention also relates to a compesition according to
the invention in  which 1the anti-HIV  aqgent is an
antiretroviral a2gent or a mixture of antiretroviral
agents.

T'hisz inventiocn also relates to a composition according te
the invention in which the anti-HIV agent is a protease
inhibitor or a reverse transcriplase lnhibitonr.

This invention alsc relates 1o a composiltion according {o
the invention in which the anti-HIV agent is a prolease
inhkibitor chosen from the group including fosamprenavir,
lopinavir, ritonavir, amprenavir, atazanavir and
indinavir.

Thigz inventicn also relates to a camposition according to
the invention in which the anti-NIV agent 15 a reverse
transcriptase inhikitor chosen from the group including
sidovudine, lamivudine, didanosine and epzicom.

In the compesition of this invention, the anti-HIV agent
can alsc be an associalticn of one or more antiproteases
of the wvirus and/or one o more reverse transoriptase
inhibiters of the virus and/or cne or more inhibitors of
Lhe entrance of the wvirus into the ceils and/or ohe or
more integrase  inhibitors ard/or any other treatment

having an antiviral affect, in particular any trealment
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recognlzed Dy Lhe national and/or international
reguilatory institutieons and the scientific community.
Thisz invention also relales Lo a composiltion according bo
the invention in which compeunds are used that are both
hydroxymethylglutaryi-coenzyme I (HMG-Caoli) reductase
inhibhitors and farnesyl-pyrophosphate synthase inhibitors.
Very specifically, the composition according to the
invention is intended Lo treat an HIV-infected patient
developing side effects assoclated with the accumulation
and/or persistence of pregerin in the cells; even more
specificaily, the treatment of situations assccliated with
the accumulation and/ocr persistence, iIn the cells, of
farnesylated prelamin A, whether or net it is truncated
or modified.

According to the invention, any farnesyl-pyrophosphate
asynthase inhkibiter or one of its physiologically
acceptable salts can be used in the preparaticn of the
composition according te the invention.

The physiclogically acceptable salts can be, for asxample,
salts formegd with hydrochloric, hydrobremic, nitric,
sulfuric or phosphoric acid, carboxylic acids such as,
for example, acetie, formic, propionic, benzelic, wmalelc,
fumaric, =succinic, tartric, citrig, oxalic, glyoxylic,
aspartic acid, sulfonic alkanes acid such as sulfonic
melthane or ethane acids, and arvisulfonic alkanes such as
sulfonic benzene or paratoluens acid,

In particularn, Lhe farnesyl-pyrophosphate synthase
inhibitor can be one of Uthe menbers of the family of
polyphosphonates, particularly aminchiphesphonates {(NaP),
ar one of its phyvsislogically acceptable salts.
Folyphosphonates are synthetic molecules comsenly used in

the treatment of ostecporosis and bone regeperation.



The term phosphonate applies Lo molecules very similar Lo

rhosphate:

Phosphonate
0
=Ijg
RO7{ OA
RGC

Fhosphale

Lr

The core of the biphesphonates (BP) i1s egulwvalent to a P-
-1 kond as in ATP, for example, but in which the ocxygen
iz replaced by a carbeorn. This confers a wvery specific
stability on these molecules.

10 & simple biphosphonate would be eguivalent to ADF, with
the 2 phosphate groups (0P} being replaced by the

LFiphosphonate group.

l:{'I
O ! Q
I
0y — P~ e P[]
I | |
o P cy

The central carbon, uniike the oxygen of the phogphates,
can again be invalved in 2 bonds, and it is the nature of
Lhe groups grafted onto this carbon that constitutes the

specificity of rthe biphesphonates.
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When the “lateral” chains (R and RI) comprise an amine
function (NH], or mere generally one or more nitrogen
atoms, we refer Lo amino-biphosphonate, or NBE.

Of course, other substituents can bhe bound Lo oxygens.

Pyrophosphoric acid, or pyrophosphate in seolution ({FPI)

0 a
HO irE iP! O
/ o\
HO oH

pyrophosphoric acid

is used in numercus metabolic reactions as a substirate
rransporter, and it is restored at the end of the
reaction. One of the metaboalic pathways using moelecules
coupled to pyrophosphiate 1s that of protein prenylation,
The grafting of an isopentenyi-IPP {Cb-based unil) onltc a
geranyl-FF (o300 to give farnesyl-FE, a reaction
catalyzed by the farnesyl-pyrophosphate synthase ({¥T3)
enzyme, releases a PPL.
It is this step that is specifically inhibited by the
NEPS,
In this regard, and as an example, the aminchiphosphonate
{farnesyl-pyrophosghate synthase inhibitor) can be chasen
from:

— alendronic acid or its iernic form, slendronate;

- ¢lodronic acid or its ionic form, clodronaters

~ etidronic acid or its ionic form, etidronate;

- dibandronic acid or its ionic form, ibandrenate;

- medronic acid or its ionic form, medronate;

- neridronic acid or its ionic form, neridronate;

- glpadrenic acid or its jonlc form, olpadronate;

- pamidronic acid or its lonlce form, pamidronate;
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- risedronic acid or its ionic form, risedronate;

- tiludreonic agid or its icnic form, tiludronate;

~ zoledronic acid or its ilenic form, zoledronate;

= 4N, B-dimethylaminemethane diphosphonic acid or
its ionic form, dimethylaminonethanediphosphonate;

- g-aming- {4-hydroxyhenzylidens)] diphosphonate,
Preferably, acocording to the invention, 1% is preferabkle
to use zoledronic acid f(also called zolendronic azcid) or
its ionic form, moledronate {also called zolendronate).
According  te  the dnvention, any HMG-Colh reductase
inhibitor, or cne of its physiclogically acceptable salts,
can be gsed in the preparation of the composition.

In particular, the HMG-CocA reductase inhibiter can be a
moelecule of the statin family, whether it is liposoluble
ar hydrosaluble, orn one of its physiclegically acceptable
salts,

Statins have been identified in fungi., They have an
inhipiting activity on HMG-Col reductase, a key enzyme in
the wiosynthesis of chelesterel and steroids,  which
catalyze ithe reduection of hydroxymeithylaglutarate coupled
te Cosnzyme A 1n mevaleonilc acid (mevalenate in soluticon}.
This inhibition is ensored by their structural similarity
with the hydroxymethylglutarate skeleton. The metabeolic
pathway invelved is  admittedly that of cholesterol
bicsynthesis, bDut it is alsc thalt of the synthes:is of
prenyl groups, polvmers of the 5 lscprene carbon base
unit uwsed to modify arcund 300 proteins in the cells and
attach a Iipophilic taill, enabling 1in particular theilir
anchoring in Lhe membranes.,

The main polyprenes, all from pyruvate and HEG-Cop, are

geranyl (C10), farnesyl {(Cl%5) and geranyl-geranyl {CE0Y.
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All of the statinz are globally hepatoselective, pul all
do not have the same node of entry into the cells. Indeed,
pravastatin and resuvastatin are both hydrophilic, and
therefore hydrescluble, urlike ail of the others, which
are lipophilic, and therefore can diffuse [reely through
the plasma membranes {lipid bilayers), which undeubtedly
explains their higher toxicity. The hydrosoluble statins
need a specific transporter in order to enter the cell,
Organic Anion Transporter 3, or OAT3, or SLC22A8 {lakedaa
& al. 2004 {4&)).,

They are comnmonly used to treal hyperchelesterolemia, and
their Sice elffects, which are rare, hawra Lraen
characterised in detail. These are in particular cases of
rhabdomyolysis {1 to 7% of cases accerding to Lhe
molecule used, Evans & al. 2002 {12)), of which the e=arly
signs, muscle pain in the patient being treated, results
in immediate diszcontinuation of the treatment.

In this regard, and as an example, a statin can be chosen
from atorvastatin, simvastatin, pravastatin, rivastatin,
mevastaltin {or compactin), fluindestatin, velcstatin,
fluvastatin, dalvastaltin, cerivastalin, pentostatin,
rostvastaltin, lovastatin, pitavastatin, or one of their
phyvsialegically acceptabie salts.

Lovastatin, pravastatin and szimvastatin are melecules
derived from fuangal metaboiites, while the olthers
fatorvastatin, cerivastaltin, fluvastatin, piltavastatin
and  resuvastatin) are entirely synthetic. Freferably,
according to the inveniion, pravastatin, a seml-natural,
hydrozsluble statin, is used.

Of course, it is possible according to the invention Lo

use  one, two or more farnesyl-pyrophosphate synthase
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inhibitors aszociated with one, twe or mare HMG-Col
reduoctase inhikitors.

Aoccording to a specific form of the invention, che
composition c¢an bhe intended both fer the treatment af an
HIV-infected patient and the treatment cof side effects of
the anti-HIV treatment, for example skin aging, body or
head hair loss, osteoporoszis and lipodystrophy.

According to the invention, the farnesyl-pyrophosphate
synthase inhibitor and the HMG-Coli redoctase inhibitor
are advantagecusly present in the compositicon at
physiolagically effective doses.

Generaiiy, Lthe amcunis o be adminisrered can be adaplted
according to the patient, the pathelogy, the nmode of
administration, and so on. It is understood that repeated
zses are possible, opticnally in combination with other
active ingredients or any carrier.

In general, the dailly dose of inhibitors will be the
minimum dose needed to obtain the desired effect.
According Lo tne invention, the hydroxymethyl-giutaryl-
coenzyme A {HMG-Coh)l reductase inhibkitor, the farnesyl-
pyrophosphate synlthase inhibitor, and the anti-NIV agent
can be used in the ceompeosition, in a mixture with one or

n
mere inert, i.e. physiolegically inactive and non-toxic,

[

excipients or carriers. It 1= possible toe cite, for
example, the ilngredients normally used in drugs intended
to treat HIV-infected paltients and accompanying the anti-
HIV agent.

The composzsition of this dnvention can also include at
least ene other active ingredient, particularly another
Lherapeutically active ingredient, for example for a
simultaneous or separate use or a use spread oubh over

time eaccording to the galenic formulation used. This
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cthrer  ingredienl <can be, for example, an active
ingredient uzed, for example, in the treatment of
opportunistic diseazes that can develop in an  HIVe
infected patient.

The composition of this invention is a composition that
can ke used both to treat an BElV-infected patient and to
prevent and/or Lreat skin discrders caused by the use of
the anti-HIV agent. This composition can ke used asz part
of a multitherapy for an HiV-infected patient., The anti-
NIV agent can be a single agent or multiple agents {(a
mixture of a plurality of anti-HIV agents). I the case
of multitherapy (for example, di-, tri- or guadritherapy},
rhe mixture of inhibitors can accempany one or more of
the anti-HIV agents.

The anti-HIV agent can alsc be an associaticn of one or
more antiproteases of the wvirus and/cr one or nore
reverse transcriptase inhibitors of the wvirus and/or cone
or more inhibitors of the entry of the wvirus inte the
cells and/or one or more integrase inhibitors and/or any
other treatment having an antiviral effect, in particular
any  treatment recognized by  the naticnal and/or
international reguiatory institutions and the scientific
Community.

This invention therefore alse relates to a process for
treating an Hiv-infected patient, incluading Lhe
administration of a composition according Lo the
invention. The composilticn of the invention is as defined
above,

Rccording te the invention, the administration can hbe
performed according te any of the routes known Lo &

person skilled in the art for adeinistering an anti-HIV
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composiltion. It CEI bage, Ton oxXample, an oral
sdministration ar an injeclbion.

Az indiceted abhove, the administered dose of the
composition of the inventicn depends upoen the patient’s
needs and js also determined by taking into account what
iz physiolegically acceptable by the patient.

The guantity of inhibkitors in the composition of this
inventicn can be such that it enables, as an exampie, Tthe
administratiocon of a dose of hydroxynethylglutaryl--
coenzyme A  {HMG-CoA) reductase  inhikiter of 0.01 to
2 ma/kg  of  body weight and & dose of farnesyi-
pyrophesphate synthase inhibitor of 0.01 to 40 mg/kg of
body welght.

According te the inventiocn, as an example, in  the
compesition of the invention, the ratio of farnesyl-
pyrophosphate synthase inhibitor o hydroxymethyl
glutaryl coenzyme A reductase inhibkiter, or one of their
physiclogicatily acceptable salts, can be between 0,01 and
0.7, and preferably 0.05 to 0,35,

The guantity of anti-HIV agent in the composition of this
inventicn is conventionalily determined according to the
current knowledge of a person skilled in the art in the
Treatmenl: of Hlv—infected'patients. It ¢an be chosen, for
example, from those conventicnaliy used in HIV-infected
patients.

Examples of anti-HIV agent concentratiens for each of the
anti~HIV agent exanples described in this docoment and
pach of Lhe mixtures or agsociations of anti-BIY agents
described in this document are provided in the VIDAL
Rictionary (registered trademark}), f{or example HEdition
2007, The concentrations indicated in this Dictionary are

also tho=2e authorized for humans.
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This invention also relataes to a process for treating
30 effects of premature aging and/oer lipodystrophy

caused in a patient undergoing an anti-HIV freautment,

)
e

which process :inclides the administration of a mixture
inciuding at least one hydroxymethylglutaryl-coenzyme A
[HMG-CoA) reductzse inhibitor and at least one farnesyl-
pyrophosphate synthase inhibitor.

The conditions, guantities and routes of administraticn
can be s described in this document, for example above.
The anti-HIV agent is, for example, an anti-HIV agent or
an associatiaon as defined above.

This invention relates in general to an application of
the mixture of inhibkitors mentioned above as an adiuvant
for treatments having an ilatrogenic effect, for example
pramature aging, including, for example, the application
of an “adjuwvant to the anti-~HIV therapies comprising at
least one anti-preotease” 1o particular causing this
iatrogenic effect. Thas, any treatment causing the side
effects cited in this docoment iz concerned by this
invention.

This invention also relates to a precess for treating an
Biv-infected patient incluading, in any aordbr, the
foillowing steps:

- administration of a wixture including alt least one
hydroxymethylgiutaryl-coenzyme 4 [HMG~Col) reductasea
inhibitor ang at  lesst  one  farnesyl-pyrophosphate
syniithase inhibitor,

- administration of an anbi-HIV agent,
in whick the administrations are concomitant, suvccessive

Gr o alloarnative.
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According to the invention, said mixture and said anti-

HIV agent can ke <o-administered. this involves the

proacess of the invention defined abkove.

Accarding to the invention, the anti-HIV agent can he as

defined abkove.

According  toe  the invention, at least one ol the

administrations can be performed orally or by injecticn.

The two administrations can be performed in the same way
or differently.

In other words, even 1f in this description we refer to a

compositicn, it iz understood that each compounds of the

composition may be administered concomitantly with the
other compounds (for example in & single composition orn
in two compositions or in three compositicns, each of

Lhese compositions including one cor several of the above
mentioned compound, the mode of administration of each
compounds or compositicon{s) Mmesy faen identical or
differentl, or independently from  ceone another, far
axample successivaly, for exampie independent

administration of a bhydroxymethylglutaryl-coenzyme &
{MMG-CoA) reductase inhibitor, independent administration
of at least one farnesyl-pyrophosphate synthase inbibiteor
and  independent administration of an anti-HIV agent,

these administraticns are performed on the same patient,

concomitantly or =successively or alternatively, in the
gbove menticned order or another order., These different
administrations may ke performed independently from each
other or 1in a combined manner lcompasiticn  or  oo-
administration!, by an ildentical or different mode of
administration {injection, ingestion, topical spplication,
etc.), ohe or geveral fimes daily, for one or several

successive, or nel, days.
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mixtere of inhibkiters can be performed,

2 doze of ithe hydroxymethyiglutaryl-cocenzyme A

o the

inwv

G

ention, the

administraltion

for example,

of =aid
wWith

(HMG-Cof)

reductase inhkibiter of (.01 to Z mg/kg of body weight and

with & dose of the farnesyl-pyrophosphate synlhase
inhikiter of 49.01 te 40 mg/kg of body weight.
The administraticon of the anti-HIV agent can be porformad
as indicated above.
A5 an  examnple only, dozages are described in  the
following table for the implementation of one or the
other of the processes of the invention defined above.
Examples of amceunts of inhibitors and anti-HIV agent in a
composition according to Lhisz invention can be derived
from this table,
{___mwmmmMMMWHBEEEEEMTWMHEEEEEEME ...... e Tide
range
anti-HIV
Pravastatin |10 to 20:20 to 40| Gral i to 100
mg/d tac /ol mg/c
Zimvastatin | 10 mg/d 10 to 40|oral I to 100
mg/d i imgs’d
hlendronate | )0 ma /o 20 to 40 i Oral 1 tes kO
mg/d g/ d
Zolendrenate | 4 my /35 or g.zo | 1v o ol T Tt
meg /S d 0.50 mg/d
Pamidronate |15 to 90| - IV 1 teo 300
ey /el mg S
Cledronate 00 mg/s two times |oral 1706 mg to
! 2 gfd

IVT omeEans intravenously

“af o means Mday”.

Dose/d = dose/day.
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heoording to the inventicon, the desages concerning the
anti=HIV agent that o©an ke used to implement this
invention may ke known to & person skilled in the azt.
They can he, for example the dosages described in the
VIDAL Dicticnary {registered trademark), for example in
Edition 2007. For cach of the examples of anti~HIV agent
described akove and each of the mixtures oxr assoclations
of anlbi-HIV agents described above, one will aizo ind,
in the VIDAL Dicltionary (registeresd Urademary), fer
exangle BEdition 2007, dosages that can be used 1o
implement this inventian.

Other advantages may alsc appesr Lo a person skilled in
Lhe srt from e eExampias below, provided for

illustrative purpceses and shown in the appended Tigures.

Brief description of the figures

Figure 1 shows the resulis obtained with a Western Rlot
on “nermai” contrel fibroblasts treated with i1ncreasing
doses of a hydroscluble statin {(pravastatin P, 20 to 100
pM), and an aminobiphosphonate (NBEP, zoledronate 2, 20 lo
100 uM} (tracks A to 1, respectively P20/220, F20/260,
P2G/2100, PEG/Z20, POOJZ60, PEO/Z2100, P10OL/E20G, PLOC/ZG0,
F100/2100), frack J is a positive test for the presence
of prelamin A {fibroblasts of DR patients), and track K
is the negative test, treated with the socivent alone
[ERS) .

Figure 7 shows the results obtained at effective doses of
cach of the products.

Figure 3 shows the supericr effect cbtalned with the

administration of the twe producte together.
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Figure 4 shows the action of Ltne associstion of the two
products on aged cells.
Figure &% snhnows the ceil multiplicetion of fibroblasts by
2 measurement of the mitotic index as a funcltion of cell
culture conditions. The mitcotic index corresponds to the
ratio between the number of nuclel marked (erntering the
division process) with respecy Lo the number of teotal
nuelei of the field obkserved as a fonction of each
Lraatment.
Figure 6: Schematic representation of the mitcchendrial
theory of  aging. The mitochondrial targets of  the
sntiretroviral treatments. Legend: NRTI: wcleosides
inhikitors afl inverse Lranscriptase, B protease
inhibitors, mtDNA: mitochondrial DNA and ROS: Reactive
OXYYEN Species
Figure 7: Schematic representation of the biossynthetic
pathway of isoprencids and inhibitors thereof.

NEPF: aminckiphosphonzte

FITT: farnesyl-trarnsferase inhibitorn

GETI: geranyl-geranyl transferase inhikitor
Figure g Schematic representation of Lhe posi-
translational maturation of prelamin A&, its nuaclear
impeortaticn and its localization in the nuclecplasm.

2! normal prelamin A

b: maturatien of prelamin A deleted in the progeria
{progerin! cor during & mutation of the ZMPETEZY protease
in restrictive dermopathy. The protease inbhibitors of the
AIDS wirus {PI1) inhibit ZMPSTEZ4Y,

NEC: nuclear pore

NE: Nuclear envelop

HGPS: Butchingon-Gilford progeris Syndrom

RE: restrictive dermopathie
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Yigure 9: Schematic representation of the theory of aging
based on abnormalicies of Iamins and their functional
conseqguences. Legend: PI: viral protease inhibitors
Figure 10: Western blot showing that the blockage of
prelamin A phenylation requires both the inhibition of
farnesyl-transferaze and Lype I geranyl-geranyl-
trangferase. DRetection of lamin A/C in HeLa cells treated
with farnesyi-transferase inhibitors and/or type 1
geranylgenarnyl transferase. L& = Jlamin A, L& = lamin C,
Fre = prelamin A.

Pigure 11: Mass spectromeltry analysis of proteins
extracted from the nuclear envelope of untreated cells
(), cells of pregeria patients treated with FTY (2.5 pM,
B} or trested with the pravaststintzcledronate mix (1 pM
each, <.

Figure 123 Mass  specitromebry analysis of  protelins
extracted Ifrom the nuclear envelope oI untreated
Tipbroblasts fal or treated with the
nravastatin+zoledronate mix {1 yM each, o] from ZnpsteZd
T mica.

Figure 132: Lamin & {control woells) anag prelamin A
(Zmpste2d”  mice cells) were analysed by  mass
spectremetry (MALDI-ToF). &, b: portions of the spsctrum
corresponding to farnesylated {a) and geranylgeranylated
(h) tryptic pepltides.

Figure 14: representaticns  of  results of  different
exporiments demonstrating the synergic effect of the
pravastatindzeledronate ceombinaticn on the accuamuliaticon
of prelamin A in control cells and progeria patlients: (a)
Imrunoocytochamical detection of lamin A/C and prelamin A
in untreatved buman fibroblasts ftrested with pravastatin

and/or zoledronate. (b) Immunccytochemical detection of
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ramin A/C and prelamin A in nermal human fibroblasts and
from patients with progeria Lreated with the
pravastatintzoledronate combination. fend Quantitative
analysis  of  the effect of pravastatint+zoledronate
treatment on the nuclear morphology of cells  from
progeria  patlents. td) Cuantivative analysis of  the
effect of pravastatin+zeiedronalte treaztment on the
nuclear merphelogy of celiz from progeria patients in the
R E pTale: of farnescl, geranylgeraniol or the (W
compounds. Error bars = mean & standard error of the mean
Scale bar = 30 um,

Figure 15%: representation of the results of the treatment
with pravastatindzoledronate showing the correcticn of
the nuclear morphology and the inducticn of & partvial
relocating of the iscforms of the ASC lamin and of the 131
lamin of the nuclear lamina in the nucliecplasm, in the
nd

[+

progeria  patients  cells. [ ) Iimmunef lucrescence
confocal microscopy. The images a to ¢ of each panel are
projections of the mean intensity of 2Y images of the
stack ang show the tubules of the nuclear reticulum
marked by the calreticulin in  the progeria cells
incubated with the PBES. Images d to 1: confocal sections
izoclated by 0.2 um  of thickness. Effect of the
nravastatindzoledronate treatment {q) and {hy., (&)
Colocalising of the 831 lamin and of the calreticulin.
Seale bar = 5 oum.

Figure  16: representatian of the effect  of  the
pravastaltin  and of  the zeledronate whether or nob
associated on  the nuclear worphology of ceils of
Zmpﬂte24”' mice ta! and of contrel mice () in cullure,
in the pressance of farnescol, of geranylgeraniol or of the

two moleceles.



Figure 17%: Effecy of the pravastatintzoledronate
Lreatment on the anomalies of the deovble-strand break
repalr {DSEY of the DNA in the cells of pregeria paltients.
Immuncdetection of the foci of the HZAX phosphorylated

5 histone detected a4 b alter irradiation, foci

correspoending Lo the unrepaired deuble-strand breaks
(images &t the top). Nuclear marking of the DAPT [images
at the bottom). Curves at poltom: change in Lhe numbenr of
fozl of H2AX phospherylated histone acocording to tLime

10 after irradiaticn in the caontrel cells (solid sguare] and
vhe progeria cells {empty circie) incukated with the PBS
or  treated with pravastatindzeledreonate.  Each curve
represents the mean % standard error of the mean of at
least 3 experinents.

15 Figure 18: Effeot of the pravastatinitzoledronate
treatment on the progereid phenclype of impste?d4™ mice:
fal Fhotographs representing demonth-old zmpste24+”,
impstezd”’” and Zmpste?d ™™ mice treated with  the
pravastatin + zoledronate combination. Scale bar = 1 .

20 (b} Weight of 3-month-oid ZmpsteZ4™ (n = 12), Zmpste24”

n = 131 and Zmpste2d™ treated {n = 15) wmice. (c)

Kaplan-Meier curves showing a significant increase in the

lifespan ©f Zmpste24™  treated o mice. (i) Three—
dimensiconal representation by computerised

25 microtemography of the tibiz of Zmpste?é'”' treataed and
non-—-treated mice {image al the top). The panel at the
botiaom represents the relative bone volume and the nomber
of bone trabecules in Zmpste?ﬂ”‘ non-treated and treated
mice. (@) Quantification of the nuclear ancmalies of the

30 hepatecytes aof rmpsteldt rmpsted4™”  and  dmpsteld
treated mice. The white arrows show the abnormal nuciei.

Scale bar = 1 pm. (Y Relative expression of the tLarget
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genes of the p5$3 in the liver and the heart of Zmpstel

Zapste?d4™’”  and Empstezq'“ treated Rice,

gquantitative RT-PCR, * B < 0.0L; ** P <

Q,001. The error bkars reprasent the mean

of the mean.

Figure 1%: Effect o the pravastatin

-

analysed

. 01;

At

1514
r

lxy

F <«

standard arror

glone or of

Lhe

zotedronate on the lifespan of Zpsterd T mice: Kaplan-

Meier cuorves pravastatis only (a) and zoledrenate only

on Ympste24”’ treated (emply diamond}

fenlic circles) mice.

and

{10

non-Ltreated

Figure 20: Effect of a pravastatintzcledronate treatment

@n the lifespan of Lwna™ ' mice: Kaplan

Lmna™’” mice treated with pravastatintzoledronate

empty  diamond}, compared toe that of

fzolid circles=, n = 11).

Examples

Example 1: Additive effect of the

~Meler curves

(1

s

ing

1z,

nan=~treated mice

hydroseluble bydroxymethylglutaryl-coenzyme A

{HMG-Cohl}

ravastatin!

cell culturaes

A, PROTOZOLE

T"he ooll lines are wsither geontrol fikrobklasts

from the Coriell Institute or fibroblasts

of  patients with restrictive dermopathy. t

cultivated alt 37 under %% COp in room

The usual complete culturs medium iz:

o2

AGLEA0Y

from bhiopsies

ret

hay

A e
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« RPMI (Invitrogen) complemented with
- Fetal bovine serum 20% (Invitrogen)

L-Glutamine Z00 mM (Invitrogen)

- Mixture of Penicillin/Streptamycin/furgizone  1X

{2tock 100X, Cambrex)

ells is performed by trypsinization as

]

The harvesting of
fellaws [protacel for a large £lask, 73 cmz, B Falcon):

- The madium is sucltioned;

-« The gells are washed with 10 ml of PBES 1X
{Invitrogen) ;

- 5 ml of & sciuotion of Trypsin/EDRTA 1X  (Cambresx)
are added;

~ The flask is incubated {for around € minutes at
27°C, the time that it takes for the cells to detach;

- The trypsin is inhibited by dilution in i3 ml of
compiete medlium;

- The cells are pelleted by centrifugation for 10
ninutes at 1000 rpm at 16°C.

- The pellet is resuspended in 2 ml of PES 1X and
re-centrifuaged under the same cohditions.
The cells obtained are either frozen for later use or are

subcultured from this washed pellet.

A3 Treatments

The pravastatin sclution (hydresoluble statin) used is
prepared a5 follows:
40 mg of pravastatin (Sigma Aldrich, P4498) are placed in

sterile water Lo form a 10 mM stoock sclation.
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The final concentrations Lested were 500 nM, 1, 3, 20 and
100 pM, obtained by diluring the steck scolution in the
complets mediamn.

The =zoledronate scluticn (NBP] used is preparad as
foliows:

i (1-hydroxy-2-imidazel-1l-yi-1-phosphono-ethyl}
shosphonic acid stock sciution (0.8 mg/mi, Novartis) iz
adiusted Lo a concentration of 2 mM.

he final concenitrations tested were 500 nM, 1, %, 50 and
100 pM, cbhitained by diloting the steck soluticon in the

compiete medium.

A.d Western bloh

R.4.1 Preparation of calls

For & Western blot experiment., the cells are Lreated as
follows:
Around 7.5 x 10" cells are seeded in & large flask and
cultivated under the conditions above until close Lo
confiuency {4 days).
After 4 days, the cells are washed with PBS 1X and placed
in the complete medium substituted with the treatment.
The cells are incubated for the treatment time (& to 72
hours, =seguentialiy or simultanecusly) in the 1lncubator
at 370,

fter the treatmenl, the cells are trypminized (protocaol
above) and the pellet obtained is stored at -80°C until
protein extraction.

A.d.2 Proteln extraction for Western biot

The cell pellet is placed in 300 pl of lysis buffex
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Triton X100 1%

SR8 0.l

Sodium deoxvceholatae (5%

HaCl T (i

EDTH 1 b

TrisHCl pll 7.4 20

Protease jinhibitor 1 tablet foxr 50 ml

(Roche 11627428001}
Extemporanecusly, the following are added:

Sodium orthovanadate iomhM

PMED i omM

The cells are exposed to sonication 2 times for 30
seconds [(Brandson Sonifier Cell Disruptor RIS .

The cell debriz is centrifuged {for 10 minutes at 10,000
romoat £°%C.

The protein supernatant 1s preserved at -80°% until its
use,

The protein assay i1s performed ugon thawing.

A.4.3 Western blot
- _Gel

An 8% acrylamide gel is conhventionally used to detect the

varicus fForms of lamins BSC.

Rorylamide/bisacryiamide 37/1 H3
TrisHCL pli B.8 3Th mM
I 0.31%

ArE 0.3
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A concentration gel is poured over Lbo

Acrylamide/bisacyylamide 37.5/1
TrisBCl plf 6.8

505

LPE

TEMED

0.01%

separation gel.

3%

The protein concentration of the samples 1s agsayed, and

fractions are adjusted to 50 wg per

el

1

f
L

huffer in a o u

1

=i

TrisHC: ple.8
Glycerol
ff-mercaptoethancl

Bromophenol blus

tule in the lysis

£ pul of leading buffer zre added to each sample.

4%
IGO0 mM

-y [
e (=]

A0%

Traces

The samples are denatured by heating feor & minutes

95°C and deposited in wells.
The migration takes place at 3G,

a buffer:
Trisz-Bazse
Glyoine

Shs

~ Transfier

then 100 wvolis,

at

in



Ihe transfer membrane {Hybon P, Amersham Bicscinesces) is
prepared by socaking in ethanol, followed by a S-minute

hath in =sterile walter, and 10 minutes in Lthe transfier

Fuffer:
Tris-Base 12 mM
Glycine 96 mM
Et:hanocl A0%

The gel 1s humidified feor 20 minutes in the transfer
buffer, Lhen the sandwich 1is assembled (Miniprotean
system, Blorad}.

The transfer generally takes place covernight, in & cold
chamber, at 10 wolts.

The membrane iz rinsed in FBS 11X, preserved in a humid

environment, and used as iz for detection,

- DPDetection

The menbrane is incubated for 1 hour st room temperature

in a4 salturation solution:

Casein 0%
Twaan £0 0.1%
PEZ X

It iz rinsed 7 times for 10 minutes in the washing buffer
(Tween 20 G, 1% / PBRS 1X).

The primary antibody is diluted in the saturation buffer
(Getails and diloticn, see ilmmunelabeling below) .

The membrane is incubkated wilth the primary antibodies for

1 heur at room temperatuore while stirring.
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ft is then rivnsed 3 times with the washing buflfer, then
washed 3 times for 105 minubes with the same bufifer.

The secondary antibody (zystem coupled to peroxicase,
Jackzon Immunoresesrch] is diluted to 3/10000 in the
saturation buffer.

The membrane is incubated with this sclution for 20 to 45
minutes at room temperature while stirring.

Tt is then rinsed 3 times with the washing bulfer, then
washed 3 times For 15 minutes with the same bulfer.

The detecticn is performed with the ECL Flus Western
Blotring System kit of Amersham Biloscience, according to
the manufacturer’s instructions.

Lfter detecticn, the membrane is exposed on a Biomax MR
film {Kedak), for the amount of Lime necessary to nave o

zatisfactory signsl.

.5 Tmmunolabeling

A.5.) Cell preparalioh

A ocell culture is trypsinized, and tne cells are counted
on a Neubauver cytomeler.

Labtech cuiture wells (Nenc, ref. 1773%9%) are sceeded in
an amwount of 5x:07 cells per well.

The complete culture mediom is  supplemented by the
Lreatment () (statin, HNEP, beth), and the cells arxe
cultivated for the ad boo tims.

The culture medium is then suctioned, and the wells are
digsazsembied,

The zlides are washed in PRE 1X.

The cells are fixed in a paraformaldehyde 4% sclutien {in
PRE) for 10 minutes at room temperature.

A10 minute washing in PRS 1X is performed.



&

The cells are dehydrated by & series of 3 minute baths in
soluticns with increasing ebhanol percentages {10, 90,
100%, with the last bhath being repeated).

After drying, the slides are stered at -80°C until uzse.

5
A5 2 Labeling
After thawing, the cells are incubated for 5 minutes at
room  temperabure in & humidity chamier in 30 pil of
parseakilization selution:
14
PRE X
Trivan X100 0.5%
ENE {Rabhil: MNormal  Serum, %
vectorn sS000)
Protease Inhibiteor i tablet for 50 ml
{Roche 211697488001
3 pre-incebation baths, each for 15 minutes, are
performed in 50 pl of the incukation zoluticen:
PRZ 1%
RIS LR
Protease Inhibitor 1 tabklet for 50 mi
{(Roche 116274980013
!
The primary antibody is diluted te /100 in 50 pl of
incubhatrien sclution and placed in contact with the cells
for 1 hour at room Lemperature in a bumidity Chambear,
The primary antibodiss used are of two Types:
20 - Mouse anti-lamin A/C (N-terminal side), clone AAT,

donated by G. Morris (Oswestry, UR)
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- Goat anti-prelamin A (C-terminal ond 15 aajl,
oroduct 8C6214, Santa Cruz Biotchnoleogy, Inc.
3 rinsings in 30 pl of PRS IX are performed for 15
minutes sach.
The incubation with the secondary antibody takes place
for 1 hour ir 50 mi of incubasticen seolution at room
temperature i a humidity cohamber. The  secondary
antibbodies are of two Lypes:

- Donkey antili-meuse, Jackson Immunoresearch,
diluticn Lo 15100,

- Donkey anti-goat, Jackson Immunoresearch, dilution
Lo 1/200.
3 rinsings in 50 pl of ¥B3 1X are performed for 15
minutes each.
Incubation with 100 wi of OAFI 50 ng/ml solution (SERVA,
ref. 1L88a0) iz performed for 15 minutes ait room
Lemperature in a2 humidity chambern.
3 rinsings in PFBYX 1X are performed in slide-hoelder tanks
for b minultes each.
A final rinsing is perfermed for 5 minutes in a selution

of Tween 20 at 0.1% in PRI,

The cells are i1mmersed in one drop of VectaShield
(Yector), covered with an object-cover siide and cbhserved
under a2 flusrescence  microscopae {Lelos 1R, Leica

Microsystems), equipped with a coal SHAP CENE A

(Frinceton) .

G, Resulls
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"Mormal’ control fibroklaslts were treated with o
hydrozoluble stabin (pravastatin £, 20 te 100 uM), and
with an aminobiphosphonate (BBE zoledrenate 4, 20 te 100
M) in asscoiation (Tracks A to I, respectively PROJSEZG,
PEG/EE0, P20/2100, PEDSZZ0, PRO/ZE0, PEOJZLOG, P100Q/SZ220,
PLGG/ZE0, pr00/%100) . The Western blot  shows  the
“appearance” of a kand corresponding to the size of Lhe
nen-mature prelamin A (non-truncated) as a function of
the increase in concentration of the two moleculeas,
confirming that farnesylation is necessary for maturatiaon
of lamin A. This result shows that the blockage of the
farnesyl-PF  synthasis at 2 points of the metabelic
pathway is more effective than a blockage at anly chne
polnt on the inhihition of the farnesyletion of prelamin
A, abt least ex vivo.

B.Z Response dose and time in immnunohistochemistry

Response dose apnd response time curves made it poessible
to determine maximum efficacy by measuring two parametels
ont healthy control cells, then on HGPS patient cells.

The most gffective association ol pravastatin
(hydrozoluble) / zoledronate (NEF) was ohtained forn an
agministration of 1 pM of pravastatin cver 24 housrs, and
zoledronate over 17 hours on the healthy cells. No
toxicity was gohserved. On the HGPS cells (melis with
nuclear abnormalities), using the same administration
protocol, the number of “deformed” nuclel decreased from
Phe Lo 40%. The prelamin A level obltained on healthy
cells wag measured. This wmeasurement showed & maximal

leeveal,
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B.3 Bffect of the immunchistochemistry treatment {figure
3),

The combined action of pravsstatin and zoledronate,

treatment: Pravastatin 100 p¥ for 12 hours, Zoledronate

20 uM for 6 hours, shows better efficacy, since the
prelamin A level produced 1n healthy cells treated
(estimated at 35%) is much higher in association than if
the molecules are added alone {respectively 23% and 15%

Moreover, the rate of deformed nuclei {sign of toxicity
on healthy cells) is minimal (below 10%), and below what

it iz on cells treated with pravastatin alone ({axound

12%).

B.4 Betion on aged cells by immunohistochemistry {figure
E3A

Rs a function of the number of “passages” {(number of cell
subcultures}, therefore ithe age of the cells, the
proportioen af abnormal nuclei increases. This

characteristic is typical of non-treated HGPS ¢ells. If
HGPS cells are treated with Pravastatin 1 u¥ for 24 hours
and Zocledronate 1 w4 for 12 hours, this proportion is

maintained, and even decreases slightly {less than 40% by

compariscn with more than 80% in cells treated with &

placebo) .

B.5 Conclusion

The pravastatin/zoledronste association is effective at
doses for which almost no effect i1s cbserved when the
molecules are administered separately.

The physiological effect of blocking the prenylation
pathway is therefore obtained with deses much lower than

those used in a single treatment in the articles

et
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published on ¢ell cultures {Kusuyama & al., 20608 (27), 10
M of pravastatin alope on vascular cell progenitors;
Flint & al., 18997 (13), 25 pM of pravastatin alone on
neconatal rat muscie cells),

Example 2; Effect of & composition accerding o the

coenzyne A [(HMG-Cof) reductase inhibiter and a farnesyl-

A, BXAMPLE OBJECTIVE

In this example, the evaluation of the in witro effect of
& composition according to the invention inclueding a
nydrozoluble hydroxynetnyliglutaryl-coenzyme A (HMG-Coh)
reductase inbibitor and a farnesyl-pyrophosphate synthase
inhibitor on the rate of cell divisicn (mitolbic index) of
fibroblasts was measured. A comparison of the effect of
the composition on aged human fibroblasts with respect to
young hwnan fikbroblasts was also performed. The number of
active agents used in this experiment is four, and the
products were used in pair combinationz. The active
agents used are:

Al: Zclendronate

A2 Alendronate

Bi: Pravastatin

B2: Silmvastatin
The specific a2sscciabions that were used in this example

arc: ALBL, AlRZ, ARZEBRL, AZDBZ.

2. FROTOCOL



10

=
T
L

&6

In this example, two batches of fibroblasts, aged
fibrokblasts (katoch ne. 9052) and vyvoung fibroblasts (katch
no. TOBO) were placed in culture in a REMI (Invitrogoern)
medion  containing  10% fetal povine serum  without
anbikicotics for 24 hceurs after tyypsinization of the
dishes provided.

The wvarious achive agenits were added at  a final
concenltration of 1 pM, each for 24 hours (a 1000 dilution
af & =tock solution in water for compounds Al, AZ anag Bl,
or in Ethanel 1060% for cempound BZ, was produced).

The mitotic index was evalusated by incorporating
Lromodecxyuridine (Brdl) over 49 minutes after 24 hours
of incubatien of the ceils with eone of the active agent
conbinations. An immunohisteochemical detecltion showed the
cells in the DNA synthesis phase (pre-division celi}.
Staining of the nwelel (genetic material] was performed
by incorporating diamino-phenylindole (DAPI).

Six microscopic fields (OLYMPUS 1IX 70) were ohbtained,
enabling the mitotic index to be measured by 1Inage
analysis (GLYMEUS Analy3Is). The mitotic index
corresponds to the ratio of the number of nuclel having
incorporated BrdlG over the number of nuelel having
incorpeorated  DBAPL. An  average index 1s statistically
calculated with a standard deviation of between 0.005 and
0.061.

A Dilateral Student test enabied the statistical

significance of the resulis obtained to be measured,

C. RESULTE

.1 General visual ochservation cof the
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These results show a wvery low divisien capacity ameng
aged fibroblasts in the absence of any treatment, prior
Lo tvthe stady.

The young fibroblasts showed & division capacily supericr
to that of the aged fibroblasts, The division capacity of
aged fibroblasts was  below 5%, while the tdivision
capacity of young fibroblasts wag 15.6%. The difference
in  division capacity  bhetwsen the aged non-treated

Wad

o

fibroblasts and the young nen-treated fibrooiast
tharefore egual to 3.
Ir this example, no toxicity was visualiy observed after
#4 hours of incubation of the fibroblasts with the active
agent combinations testad.
In thiz example, no toxic effect of ethancl (G.1% fFrral)l

was observed after 24 hours of inculbation.

D, EVALUACION OF THE MITOUIC INDEX (FIGURE &)

In general, the nungper of aged fibreblasts without avy
treatment in the [ONA synthesis phase was extremely low:
less than 5% (see figure 5, column 1).

The mitotic index was also not wvery high for the young
fikbroblasts: an the crder of 15% {sec Iigure 5, column &).
By comparizon with the aged control fibroblasts without
any treatment, the contrel fibroblasts exposed to etnancl
(G.1% -~ 24 hours) show no significant difference (p=0.1i,
n=6G1 in their mitcltic index. The values were then
combidned (contrel, n=121,

The resulls shown in figure 5, column 2 show, on the
mitotic index of aged fibreblasts, an AIBL (fZolendronate-
Fravaslatin!  activalting effect with respect o the
control (maximum stimulaltion by a factor of 2 (p<0.001,

nakl.,
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This example therefore shows bhat Lhe application of the
Zdolendronate-Pravastatin combkination has  an activating
elfifect on Lhe ocsll division of ibreblasts in an aged
sutrieot,

Example 3: Effect of the Laticn of a

nydroxymethviglutaryl-coengyme A (HMG-COA) raeductage

inhikiter and a farnesyl-pyrephosphatoe synthase inhibivor

on_a meuse model having 4 progerold syndrome

he Zmpste?d KO mice used here are thoze described in
bhe cited article of Yarela & al., 2005 (49). BEvidence of
elfificacy of Lkhe aszcciation  of  tthe twe molecules
(pravastatin and zoledronmstel Wer g reportad in
collaporation with a Spanish laboratory {C. Lopez-0tTind.
Tho eflFicacy is obtained at combined doses Lhat do not
have an effect when the products are used separately,
demonstrating an additive effect.

The Lwoe molecuies {Zoledronic acid {Zomeva {(registered
trademank)) I00 uglkgiday and Pravastatin 100 mg/kg/day)
were diluted in PBES 1X and irnfjected intraperitoneally, on
a daily bkasis, in l-month-old mice until their death. The
controls are wild mice of the same range, Lreated with
FRE 11X alone.

The =urvival of  the treated mice was significantly
improved, and was maximal for females, with an aversge
lifespan increase of arcund 20%, The clinical symploms of
the disease werne all consideralsly reduced wilbh respacl Lo
Lric fndividueals trested with PBS alone. In particular, an
affeoct was ohserved of the Lreatmani on the skin and the
regrowth of fur oo these mice with respeclt te The mice

rraeated with PBE, which showed large bald arcas.
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In this examplie, the tests are performed op skin from 3

donor arcund 60 wyears of age. A preparation of 21

explants of human skin is produced and kept ziive 1in a

BEM mediom (2I0-EC' s Explants Medium}.

The explants are distributed into three batches of =ix

explants and ona batch CC of three explants, az follows:
- 0 - Control plasty: 3 explants

- £ - Non-ltreated control: 6 explants

- R - Pesitive control: 6 explants
- P - Explants treated by the composition of the

invention & explants

E;l Treztment

The treastmeni is performed on a different day, the first
day (DRY, 2 hours after preparation of the explants, then
D+1 day, D12 days, D+Hd days, D46 days, D+8 days and D10+
days.
The products are applied to the explants as follows:

- £ - the explants do not receive any treatment,

- R - the ezxplants each receive, on DM, D2 and D44,
I myg of the positive control {relinol cream),

- Pl - the explants each receive, and at  each
Lreatment Lime, 2 mg of produoct P

The treatment is poerformed by topical applicatiocn of the

composition of the invention. 'tThe composition is then
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distributed over Lhe entire surface of the explant, using
a spatula. Half of thne culture medium 1s renewsd every
H

two daye and the explants are kept alive at 37°C in a

humid atmosphere enriched with L% Q0;.

A.72, Sampling for histoclaogy

At 00, the thres explants of batch CO are chtained.

At D46 days and R+11 days, three cxplants of each batch
are cbhtained. The samples are cut in twoe, and one half is
fired in formaldehyde while the other half is frozen at -

0%, according to the BIO-EC procedure “POOG-FERN”.

B. Histelogical study

After 24 hours of fixation 1in the formaldehyde, the
samples  are debydrated, impregnated and coated  with

paraffin. 5 um  cress-section  culs are produced for

BE.l. First step: merphelegical study

The mnerphelogical study of the epidermal and dermal
structures is performed on  cross-secbtion  cuis  with

Masson's {richrome staining, a variant of Goldner’s.

The immunolabeling of cells in mitosis is perlformed on
frozen cross-section cuts with the anti-rI €7 polycional
antikbody (Nove Castra) detected in DAB. The positive
cells are counted over the entire epidermal length and
averages are returned for the number of cells labeled per

S H
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B.Z2.7 Immunolabeling of collagen 1;

The dmmunclabeling of collagen 1 wiil ke performed on
frozen cross-section <uts  with  the anti-coliagen 1
poelycleonal  antibody devected in FITC.  The nuclel ars

oounterstained with propidiom icdide.

B.Z.2 Dmeenolabeling of collagen T11:

The imnunolabeling of collagen 11T iz performed on {rozen
cross—sectlion cuts with the anti-collagen LII polycional
antibody detected in DAB. The nueledl are counterstalned
with Masson’s hemalun.

5.2.4 Jnmunclabeling of collagen IV:

The immunoiabeling of collagen IV is performed on frozen
cross-section cuts with the anti-collagen IV polyoclonal
antibody (Cliniscience) detected in FITC. The noocleld are

counterstained with propidium icdide.

B.2.5 Jomunelabeling of coliagen VIT:

The immunclabeling of cclliagen VII is performed on frozen
cross-section cuts with the anti-collagen VID monoclonal
antibody detected in FITC. The nuclei are counterstained

with propidium iedide.

Endothelial ¢elis can bpe viewed by lmcunclabeling of
ha'r

PECRM-1, periormed on frozen cress-seclion culs with the

anli-rPECAM-1 meonogclonal antibody detected in Fast-red.

Exemnpie b: [ffect of the assogiation of a hydrosoliuoble

hydrosymethylglutaryl-ceenzyme ) {HMG—{oh reduciase
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e synthase inhibitor

inhipitor and a farnesyi-pyrophospha

on o in vitroe skin-Tforming cell cultures.

This examplie uses the same combinations of active agents
used in example 2 above. These variocus combinalions of
active agents are used in vitre in ornder to evaluate
their effect on physiclogical parameters involved in skin
aging.

The ocombinations ased in this example are RIBL, ALRE,
AZB1, AZR2, respectively. These four combinalions are
tested at  a plurality of concentraticns,  and  the
experimnents are performed in triplicate (representing at
lezst 36 experimental points].

The concentrations of the four cembinations are proposed
by the applicant, and, therefeore in wvitre cytotoxicity is
not. envisaged at this stage of the study {unliess az a
simple test)., The experimentation is performed on cell

1

cultures of a fibroblast line asz shown in example 1. This
test iz also applied to keratinecytes cuitures. The
following parameters are examined for fhe fourn

combinations of active agenlts 2t the concentratiaonsg
indicated.

- Measurement of the mitetic index;

- Mezsurement of remodeling of the extraceliular
matrix hy contraction of collagen lattices:

- Measurement. o©f the LNA  genome repdalr  alter
irradiation with U¥E {photocinduced stress similar to
sunpathing conditians) .

The measurement of the mitotic index is performed after
exposure of the cells Lo the active agents in a single
time. The index iz evalusted by an image analysis count

af the cell nuclei having incorporated & thymidine analog
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Lhe total

ity of

ralcled. A

clurality of fields are analyzed. 'Yhe photos are archived

for jconcgraphy.

The remodeling of the extraceliular matrix irduced by the

fiproblasts erposed to the active agents is evaluated by

incorporalting

Lheze ceal

l= i

nte bthe collagen

Iattrices

#rc

by guantifying thelr capacity to retract these lattices.

The retracted surface evaluation gives a remcdeling index

The photos are archived for iconography.

The Reasuremen

irradiation of

exposure ocondi

t of DMA genome repsir is

Lhe el

tians. The okjective is first Lo

= at a

periormed

the effect of the active agenlts during

monitoered over a period of 3 times.

Uv-B dose mimicking

alter

S

evaluaste

CHA repsirs

The gquantification is

performed by cyclobutane pyrimidine dimer image detection

and Analysis Dy

UVE

irradiation

immunohistochemical technique.

The photos are archived for lconography.

Exampie &: Main objective:

Haing

the HIY wirus

and anﬁiretroviral

cll

therapies on nuclear,

witochondrial and cytoselic markers of cell aging.

Secondary chjectives

- T 21145

lvze  the

nucleary, mitechondrial

infected patients;

- To meas
abtnormalities;
- Ta £ 115

abnormal itties

ure  the

lyze  Lhe

acooraing

prevalance of

ard

glrerations

of

cylbosoiic functions in HIV-

incidence of appearance of these

Ty

tro

1he duration

Fy

[ b

CHpAZre

ki o

pe  and  Ireguency of  th

to
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the antiretrovirals, overall, by oclass and by nolecules
foumulative oxposore Limed;

- T analyze  the type and freguency of these
abpormalities according te the intracellular HIV o wviral
load;

To  analyze the type and freguency o  these
apnormalities according to the HIV-infection follow-up

duraticn.

L. BXPERIMENTAL PLAN

This oebservational study includes three groups  of

patients:

- Group A Hivl-infected patients withoul  any
antiretroviral treatment;
- Group k: HIVl-infected pabients under

apbiretroviral treatment for at lesst 12 months:

- Group C: HIV-niegative controls matched by age and

B, BLIGIBLLITY CRITERIMA:

Inclusion criteria:

-~ age » 1§ years and < 68 years:

- having signed an infermed consenl [ormg

- HIV]1 positive confirmed with Elisa and Western
blot for at iesast 5 years;

- KHIVZ negalive;

- Mever havibg received antiretroviral treatoent, orn

as a first line of treatment for at leaslt 12 wmonths,

Non-inclusion critexia;

~ age = 18 years and > 65 years:
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- not having signed the informed conzent form;

- HIVZ positive

- patlients Lreated with slhatins 3 amino-
iphcesphonates

~ yrauthorized copcaomitant trealbments: testostarone,

insulin-dependent diaketoes treatment.

C. STUDY PROCEDURE

Number of patients evaluated:

200 patients including:

- Group A n=Hd

- Group &: n=100

~ Group C: n=40
The patients of group A needing, during their fellow-up,
to start an antiretroviral treatment have an additionsl
evaluation when starting the treatment and are analyzcd
starting on that date with the patients of group B.
The datz measuered over the pericd during which they were
incliuded in Group A makes it possible to measure the
possible direct role of the HIV wvirus on nuciear and
mitochondriasl functions.
The patients of arecup B needing an  antiretroviral
treztment modification during the studies have a clinical
and paraclinical evaluation identical Lo thoese provided
in the context of the follow-up when there is a change in
treatment. The Ffollow-up data on khese patients is Laken
into account to calculate the incidence of disruptsions of
ruciear and mitochondrial functieons chserved in patients

exposed Lo antiretrovirals.

Srudy duraticn:

The srtudy duration is 36 monihs.
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~ Date of HIV infection diagnesis

- Mode of contaminatianb

- CLC stage

- For stage O diagnoesis of AIDS-defining condition
- Antiretroviral Lreatments in progress (starlt date,

molecules adminlstered)

Clinical exem:

- Weight, height, kody mass index
- Waist circumfercnce, hip circumference, waist-to-

hip ratioc

Blood tests:

- Measurement of the HIV viral load ({detection
thresheold 40 copies/ml)

— Assay of CD4 and CCE lymphocyte levels

- Giycemia, insuiinemia, HOMAR caiculaticn

- Total cholesterol, LDEL, HDL cholestercl

- Triglycerides

- Zampling of 3 BRTA tukes of 7.5 ml for analysis of
nuclear and mitochondrial fonctions, measurement of HIV

proviral DNA and ceill library

Anzlysis of antiretrovirval-tazgel nuclear, mitochondrial

and cytosalic proteins:
- Western bhlot and immunolabeling:
Production of ®F B and 1 1 asz contrels of

protaeasoms aoiivitys
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- Maturation of lamins A and B, nucieary protein
modals:

- Production of SRESF isolforms and their nuociear
imporiaticn;

[N and C-glycesylation 38 purified and
deglycosyiated CH36 (230 ks of sugar) {Abcam);

ingortation, into  the mwitochondria, of Hspi(
having a cleaved addressing signal, as a measurement of
Lhe mitochondrizl protease activity {Abcam);

- mitochondrial “respiratory” functions; EOE

productict, study of subunits 1T and IV of the ovtochromes
oxidaze (Molecular Probes)
The =search for pessible suscepltipility bto antirvetroviral
treatments is performed by genotyping cerxtalin targets, as
was shown for the sensitiviity of viral proteasze Lo Fls
[(Baxter et al., 200&):

- ZMPBSTEZS  and  Eoel  involved in maturation  of
prelaminsg A and B1/AR2 (routine at the Molecular Genetics
Laboratory);

- S51-P and 5Z-F proteases enabling production of the
SREBE domain active ar: lipid metabalism e
transaription:

~ The mitechondrial deoxynucleoside transporters.

Foer cantroel group O

B e B P e B AP

Clinical exam:

- Weight, heightl, body mass index
~ Waist circumference, hip circumference, waist-to-
kip ratio
Sampling of 2 EDTA tubes of 7.5 wml for anaivysis of
nuclear,  mitoechondrias: and  oyroszolic  functions, ard

placement in ONA and libraries.
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Foiiow-up visits

The evaiuaticon includes;:

A glinical exam:

- Weight, heighl, body mass index
- Waislt circumference, hip circumference, walst-to-

Hip ratio

A blood ftest:

HivV  wiral lozd (daetectlan

=
al

Measuremenit of

threshold 40 copilas/ml)

- Asgsay of CD4 and CDE lymphooyie levels

-~ Giycemia, insuiinemiz, HOMA calculztion

- Totai cholestercl, LIL, HDRL cholesterol

- Triglycerides

- Sampling of 3 EDOTR tubes of 7.5 ml for analysis of
nuclear, mitechondrial and oytosclic proteins,
measurement. of HIV proviral DNA and placement in DNA and

cel]l libraries.

Analysis of antirelroviral-target nuclear, miltoechondrial

and cybosolic proteins (see zhove)

For patients of Graup A:

The catients of group Fi! needing Lo start Gl
antiretroviral Lreatmect have a clinical and paraclinical
avaluaticn ddentical to that provided in the context of
the [cllow-up when starting the frestment. The follow-up
data on these patients is analyzed from this date in the

group of patients treated {group Bi.
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Mice:

The proeducticn of Zmpste?d"f' and Lwna™ mice hag been
described (Pendas and al. 2002 (38); Sullivan and al.,
19949 [(285). The computerised bone microtomography of the
mice was carried out using the micro-Cl SkyScan 117Z
system (SkyScan - trademark)). A1l of the experiments on
mice are goeverned by the rules set down Dy the Animal
Experiment Committee of the University of Oviede (Spain).
The pravastatin (100 mg/kg/day} and the zoledronate (100
mg/kg/day) diluted inn PBS are administered te the mice
every day. The mice receiving the pravastatin-zoledronate
treatmenl: or the contrel mice receiving only PES do not

show any apparent damage ot stress.

Cell culruare
The dermzl fibroblasts of a control subject (GHIZR3E) and
of patients afflicted with progeria and carriers of the

mutation GEOEGC (AGL1498 and AGHOLY7Z) were chialned from

the Coriell Cell Hepository. The Hela cells come from the
Americarn Ty Culture Collection. The colls Rl

cultivated in DMEM {Gibco) supplenented with 106%  FBS
(Gibcao) and 1%  antibiotic-antimvcotic (Gibcoy . The
fibroblasts come {rom tails of 1Z-day-cld mice {Varels
and al., 2005%). The caoncentration and the duration of
treatment with the statin and the amingbiphosphonate are
indicated in the legende of the f{igures. uring the
combined statintaminecbiphosphonate treatment:  irn the
presence of farnescl and/for of geranylgeraniol, lmM of
pravastatin and 1mM of zeoledronate were added o the
culture medium with increasing concentrations of farnesol

and/or of geranylgeraniol. The percentage of abnormal
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nuelei js measured 485 b oaftar the beginning of  the

Creatment .

Immunocytochemisliry

The fibroblasts  are coltivated in Labk Tek chambers
fHalgenr MNunc Ioternaticnai), washed i the PBES, then
fized in parafermaldhyde 4% for 15 min. The cells are
dehydrated in ethanol kaths in increasing concentralion
and are permeabiliged 5 min at 25%°C in BRS caontaining
Tritan X-100 (0.5%), 5% serum (goat or rabbitl. The
slides are pre-incubated at 25°C in PBES for 3 min.

The diluticn of the primary antibodies is 1/300 for the
goal polyecional anti-prelamin A antibody (Sc-6214, Santa
Cruz Bictechnolegies:, 1/40 fer the anti-lamin ASC
antibody {427 provided by G. Merris), 1/200 for Lhe rabbit
anti-calreticulin antibody (Stressgen) and 17100 for the
Bl anti-lamin antibody (Abcam). After washing :n the FBE,
the slides are incubated 1 h at 25°C wilth the secondary
antibodies diluted in  the incukation selution. The
diluticn of the secondary antibodies i1s as follows: 1/100
far the IgG of denkey anti-mouse coupled with IFITC
(Jackson ImmunoResearch), 17400 for the IgG of donkey
snti-goat coupled with the Alexa 4488, 17800 for the IgG
of donkey anti-geat coupled with the Alexa 568 (Molecular
Probes) and 1/100 for the IgG of donkey anti-rabbiv
coupled with tetramethylrhodamine igothiceoyanalte {Sigmal.
The cells are then washed, the nuclel coloured for 1% min
at. 25°C wirh DRPI (100 ng/mi, Sigma-Zldrich), finally

n,

washed 3 times with PBS containing 0.5% of Tween 20. fhe
ziides are mounted in Vectashield {(Vecltor). Digital
images are recorded wivh 2 Leica OMR microscope egquipped

with a CoolSnap camera or with a Leica TCS 5P5 confocal
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microscope. The nucliel sre observed in the oells aftern
marking of the lamin ASC, More than 100 nuciel weare
analysed in the control fiproblasts for each of the
treatments. The number of nuclel of cells of patients
zfflicted with progeria analysed ieg 250 (passage @), 198

{passage 13) and 3150 (passage 20).

Irradistion ¥ and study of the REZAX phoesphorylated
histone.

The cells of progeria patients and the 1BR3 conltrcl cells
are irradiated with an Philips X device., The X ray 1is
produced by an tungsten anode subjected to & voltage of
200 kY uander an intensity of 20 mA with a copper filter
of 0.1 mm in diameter. The dose rate is 1.243 Gy/min. The
H2RY phosphorylated histone is detected with antibedies
that specifically recognise the phosphorylated serine 139
{Upstate Biotechnology-buromedex, Mundolsheim, France) at
the dilution 1/800 and of the anti-mouse antibeodies
conjugated with the FITC (i/100, Sigma-Aldrich). The
number of doubkle-strand breaks (DSB) according to the
duratiecn of the repair was adijusted with the formula Nt =
HNO (1/% + At:Y, where o and B sre adiustable parameters
fime

and Nt and HO are the number of P85 in time + and in

¢,

Western blot

The cells are homogenised in the following medivm: 50 md
Tris (pH T.d4), 1H0 md NaCl, 1% WE-44, L0 M Nat, 1 mM
dithiothreitel, 2 mg/ml pepstatin A, in the presence of
srotease inhibitors {Complete inhibitor ococcktail, HRoche)
and Fhosphatase inhibitors {Phosphatase Inhikitor

Cocktails I and TI, Sigma). After electrophoresis, the
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proteins are transferred onto nitrocellulose mnenbranes
plocked with 5% of delipidated milk powder, using the
TRS-T buffer (20 m¥ Tris pH 7.4, 150 mM MNaCl and 0.05%
Tween-20Y, and incobated 1 b with either a specific anti-
lamin A/C antibody [(4A7, 1/500), or a specific anti-lamin
EO(C20, Santa Cruz Bigtechnoloegy, 172500 or an anti-bheta
actin (A%441, Sigms, 1/75000). The antibodies are diluted
i TBE-T containing 3% of delipidated milk powder. The
EFlots are then incukated with an antibody coupled with
the perosidase {goat anti-mevse or anti-rabbit, Jackson
ImmunoResearch) in TBS-1 containing 1.5% of delipidated
milk powder, then washed, firnally revealed via
chemilupinescence {Immobilon Western chemilaminescent HRE

substrate, Millipore - trademark).

hnalysis via mass spectromelry

The fibroblasts of contrel and Zmpste24™ mice as well as
the cells iymphoblasteoids of progeria patients have been
homogenized, the nuclei isolated via ultracentrifugation
and the nuclezr proteins obtained as described in Blobel
ard Potter, V.R. Nuclei from rat liver: izolation method
that combines purity with high yieid, Science 1534, ig6Z2-
1665, 1966, The proteins of the nuclear lamina were
spparated wvia SD5-PAGE electrophoaresis, and the strips
coentaining the ilamin A, the prelamin A and the progerin
were excized. The fragments of the gei were washed twice
with 180 ml of a amoonium bicarbonate/acetonitrile
mixture (F0/30, 2% mM), dried (1% min, 90°C! and digested

{1 h, &0°C) with frypain {12 ngfmi, Promegs) in the
ammonian Ficarkbonate 25 mM, In a typical experimsnt, 1 ml
of CHCA  {a-cyanc—4-hydroxycinnamic acid, Waters) is

Flaced in & MALDI-Tob spectrometer. Once dried, 1 mi of
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the pepiide soluticon and 1 m! of the matrix (LHOA] are
placed in the spectrometer asguipped wilth a laser sournce
(Voyager~DE  STR . {trademark), Applied DBicsystems). The
data collected using 200 laser firings produce speclra
analysed with the Data Explorer programme (version

G.0.0.0, applied Biosystoems}).

Dusntitacvive PCR in real-itime

The expression rate of targel genes of pbl {Atf3, CGaddddlig
and Cdknla, which code p2l) has been measured usiog the
device ABI  PRISM  T9JCHT Eeguence detection  system

(Applied Blosystems).

Statistical analysis

The difference between the different mouse groups and the
cells, treated or net, has been analysed during the
tudent  test. The calculaticens were efifected using the
program Micraseft Excel. The datz is expressed as  an

average figure + standard error of Lhe average.

Fezults

Hela cells were cultiveted in the presence of farnesyl
transferase inhibiters {(TI-277, sSigma-Aldrich) and / or
geranyl-~geranyl transferase type I {GGTI-Z147) at the
concentraltions indicated. Only the combination of the btwo
inhibitors allows for & sufficient build-up of oot
prenyiataed prelagine A in the ¢eils with regard to the
effect of each inhibitors solely osed.

These reselts are shown in Fig. 10 which ig a photography
cf an obtained Western blet, displaying the detecticn of

the A/C lamine in the Hela celisz treated by the l[arnesyl
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rransferase inhibdcors acd / or the type I geranyl-
geraryl transferase. LA = lamine A, LO = lamioe O, Pre =
prelamin &,

These results confirm that Lhe prenylation blockage of
the prelamine A necessitates, at the same time, the
inhiibition of the farnesyl transferase and the geranyl-
geranyl ilransferasce Lype I, according to the present

inventien,

The farnesyl transferase (ITI)  inhibkitor Iinduces the
compensatory geranylation of the progerin {(in the cellis
of patients afflicted with progeria) and in the Zmpstels”
" mouse fibroblasts

The mass spechrometry analysis indicales, as expected,
the oresence of ftryptic peptides of the farnesyled and
carboxynethylated in {mpste?d mouse cells but not  in
conbrel mice ceils. These results are shown in figure 13a
The farnesyled peptide lacks the 3 3IM residues which
shows that the Zmpste?d is nolt indispensable for the
first clivage during the maturing of the prelamine A. In
the Fll-treated mwmice ocells, there was ochsorved a
reductien in the guantity of farnesyled prelamine A.
ering the observation of the part of the zpectruom for
the geranyl-geranylised peptides, Lthere was ne peplide
derived from the prelamine A detectsble in the celis of
the non-treated Fmpste?d” mice. But there was detecled a
peptide which mass  1s  compatikle with & geranyl-
geranylated fragment of the preiamine A, alter PTI
treatment. The results are shown in Figure 13k,

In the gells of the progeria patients, thoese peptides
corresponding Lo the farnesyled and  carboxymethyled

nrogerin are detected without any treatment, as lndicated
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in ¥ig. 1lla. The treatment of the oells by PPI-127
fosters the appearance of peptides whose mass corresponds
to that of the geranyl-geranyi peptides of the progerin,
a2 indicated in Fig. 1ik.

This data ss a whole shows thar the pregerin and the
prelaming B hawve been ceranylgeranyilated in By}
aitarnative manner under the affect of the PTT  and
crovides an explapnation of the poor efficacy aof the %
treatments in the murine models of progercid syndrome,
The oeils of the progeria patients and Zmpstefﬂ'fﬁuice
were used Lo evaluate the therapy strategies intended to
crevent crossover orenylation of the prelamine & angd the
progerin. We have established the hypothesis that the
farnesylation of the abnormal wvariants of the lamine A,
courld ke inhibited by drugs which have an effect on
Dlosynthesis pathway of  LThe farnesyl pyraphesphate,
farnesyl transferase substrate and the gerapnyle-geranyl
pyrophosphate precurscr, substrate of the tyvpe 1 geranyl-
geranyl transferase. We have thos Ltested the efifects of
twe drugs, a statin and an amincbiphosphonate, which are
knowr to affect the cells of the progeria patients at two
step of this meltabolizm pathway. The mass spectromeiry
znalysiz =hows that the asseciatien of pravastatin
fatatin) zeledronate [aminchiophcesphatel stimulztes the
appearance of a peptide which corxresponds Lo the O-
terminal extremity ool prenylasted of the progerin,  a
peptide not detectakle in the FIUI-{treated cells; while
rneither farnesylated peptides nor the geranyl-geranyiated
poptides are detected any more, as shows on Tigoare 1lo.
The =rtatin + aminobiopheosphate treatment inbikits the
prenylation of The progerin. The same waz observed wilh

the prelamine &, asz indicaved in [Fig. 12. Its C-terminal
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peptide, not prenylated, was detected in the ceils
treated by the mixture of statin and aminchiphosphonate
while being TFree of non-treated cells; in which one
detects the farnesylated and carkboxymethylated peptide.
Finally, the pravastalin + zoeledronate treatment does not
feature in the gernaylgeranylated prelamine A, this iy
noi the case with the FIIL.

Fig. 12 legend: the lamine A ({control cells) and the
prolamine A {Empste"* mouse ¢ells) have been analvsed by
a maEss spectrometry analysis (MALDI-ToF). a, b: portions
of the specirum corresponding to the farnesyviated tryptic
peptides (a)l and the geranylgeranylated peptides (b).
Each of the peack is marked by the theerical mass
(between parentheses) of the peptide from the trypsin
digestion of lamin A, «r the prelamin A. The number of
the residues is indicated in blue. The seguence aof the
septides andg their masses are indicated in red. Farn =
farnesyl-treated; CM = carboxymethyl-treated; Ger =
geranyl-geranyl-treated.

Fig. 11 legend: mass spectramelry analysis ol the
proteins  exiracted from the nuclear envelop <f the
untreated cells (a), of the cells of the pregenias
patients treated with FTI (2.5 pM, bl or treated with the
mixture of pravastatin + =zoledronate {1 pM apiece, <.
The wporticn of the spectra corresponding ta the nan-
modified proteins, the farnesylated proteins and  the
geranylgeranvlated proteins is indicated on the top, in
the center and alt the bettom of the figure. Bach peak
corresponds to the bryptic peptide of the progerin and 1s
marked with the measured monoisotoplc mass In exparimsent
and with the thecretical mass{betwsen parentheses), The

number of the amino aclid residaes is indicated in oDloe.
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The seguence of the peptides and Lhelr mazs is indicated
in red,

The progerin is  predominantly  farnesyliated (7)) and
carboxymethylated {(Cm) in the unaffected cells {(a, centre
panol); while, with the effect of the FTI, this peak is
considerabie raedoced, anda the progerin ADEEAT S
garanylgeranyialed and phosphoryl (b, lower panell. After
Lreatment wiih pravastatin and zoledraonate, i he
untedified progerin is the predominant form.

rig. 12 legend: 2 msgs speciremetry analysis of  the
proteing  extracted frem the npuclear envelop of  the
entreated fibroblasts {a} or freated with a mlxture of
pravastatin + zoledronare (1 uM apiece, bl sfemming from
Zmpsteﬂd"”'miae. The portion of the spectra corresponding
to the unmedified proteins, the farnesyiated proteins and
the geranyigeranylated proteins, is indicated on the top,
in the genter and on the bolttom <f the figure. BEach peak
corresponds to a tryptic pepltide of the progerio and is
marked with a monoigotopic mass measured the experiment
and with the thegritical mass [(in parentheses). The
number of the aminoe acid residues is indicated in klue,
The sequence of the peptides and thelr mass is indicated
in red.

In ithis figure, one <an see that Lhe prelamine A 1
predominantly farnesylated (F) and carboxymethylated [(Cm)
in the untreazted ocells {a, centre pansl}, while the
unmodifisd or geranylgeranylated forms are not deteclted.
After tTreatment with pravastatin and zoledronate, the
prenylated peptides are no longer detectable, and the
non-medified form of the prelamine A is predominant (b,

Upper panall.
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tYhe treatmenl with pravastatin + zeledronate corrects the
nuclear anomalies of the progeria patients cells and
smpste2d T mice cells being in colture; and partially
restore the DNA lesion repair mechanisms induced by X-
rays {Fig. 14, 15, 16 and 17).

The pravastatintzoledronate treatment causes prelamin i
to appear in the nucleoas of conbrol cells (Fig. ldal, as
in the ¢ell nucleus of progeriz patients cells, but with
& significant improvement in nuclear morphnology 1o the
latter celis (Fig. 1l4b). Quantitative analysis shows an
increase in nuclear anomalies in the cells of progeria
patients as the number of passes increaszes: this number
of  ancmalies decreases under the effects of the
pravastatintzoledronate treatment {F3g. lde. ). Whern
chserved under a cenfocal micreoscope, the cells of
progerias patients contain aggregates of lamin ASC and
deep invaginations of the nucliegplasmic surface of the
nucliear envelopes in the nucleeoplasm (huclear reticulum},
marked by anti-calreticulin {Fig. 1%a-f). These lamin ASC
sggregates are absent from the cells of contrel subjects
(Fig. 14j-1) and disappear from the cells of progeria
patients under the effecis of the pravastatintioledronate
treatment {(Fig. ld4g-i). The lecaticn of the lamin 131, a
farnesylated component of the nuclear lamina, is modified
under the effects of the treatment, confirming Lthat the
treatment biocks the prenylation of lamins.

We checked that the imprevement in the nucleuns shape doe
Lo the pravastatindzeledronate Lreatment was  indeed
reiated t¢ the fact that the prenylation of progerin, by
incubating cells with farnesol and/or geranylgeraricl.
Supplementing oells with farnesol and geranylogeraniol

enabiles the cells to synthesise farnesyl pyrophosphate
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snd geranylgeranyl pyrophosphate and thus toe prenylate
the progerin even when pravestatin and zoledronalte are
present (Fig. l14d). Farnesol nellifies the effect of the
pravastatintzeledronate treatment, which provides further
evidence that the effects of the treatment are caused by
the inhibition of farnesyl pyrophosphate synthesis. I
should be noted that geranylgeranicl also blocks the
gffect  of the itreatment, whiich  proves that thea
geranyigeranylated form of progerin is also toxic for the
cells ({Fig. 34d). The =ame effects are obkserved in
Zupste2d™ cells (Fig. léal, which suggests that the data
on progerin can be extended to prelamin A, the protein
accumulated in Zmpstm24"*' cells., HNeither [Larnescl nor
geranylgeraniol have any ef fect Qn e cantrol
fibroblasts, which rules oqut {he possibiiity of  an
artefact induced by Lhese molecules {(Fig Léb. ).

rinally, the pravastatindzoledronate treatment causes a
reduction in the number of phosphorylated histone HZIRAX
faci; these foci are directly correlated with the number
of unrepaired DNE double-strand breaks {Fig. 17).

In conclusion, the Iin vitro data gathered shows that the
pravastatin+zoledronate combination partially ilnhibits
farnesylatioen and geranylygeranylation and causes the
expectad changes of lecation within the lamina and
redistribution within the nuclecpiasm of noen prenylated
prelamin A and progerin in the Hmpﬁte244" cells and in
progeria patients, Likewise, the decreased guantity of
farnesyliated proegerin within the lamina ESTa! itm
relocation to the nuclecplasm explains the beneficial
effects of the fTreatment on the <cells of progeria

patients,
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Logend  of I"igure 14: Synargetic el foect of Lhe

pravastatindzolaedronate combinasticn on the acounulation

of preilamin A in contyol cells of progeria palients.

{a) Immunocytoechemnical  debecltioen of lamin  A/C and

Rrelamin A in normal, untrested human fibreklasts that

were Uhen ltreated with pravastatin (60 uM, 12h) and/or

wilth zoledronate (€0 pM, 6h), z2lone or in combination. {(b)
Immunceytechemrical detection of lamin A/C and prelamin A
in nermzl human fibreblasts and {ibroblasts from progeria

patients treated for 24 hours wilh the

pravastatintzciedronate combrination (X uM  each). (o)

Quantitalive analysis ol the effect of the
pravastatintzoledronate Treatment (1 uM  sachy an  the
naclear morphology of the cells of progeria patients.

Treated and untreated cells were lmmuno-marked with an

anti-lamin A/C antibedy in passes § {(p@), 13 (pl3) =nd 20
{20). The white arrows show the abnormal noclei. {d)

Guantitative analysis of ik effect of he
pravastatintzoledronate treatment (1 nM  each]l en  the
naclear morphology of the cells of progeria patients in
the presence of farnesel, geranyigeraniocl or both
compounds. Error bars = mean t standard errer of the mean.
Scale bar = 10 pjm.

lLegend e} Figure 15: The oravastatintzaoladronate
Lreatment corrects the nuclesr morphology and leads to a
partial relocation of lamin A/C and lamin Bl iscforms
from the nuclear laming into the nuciesplasm, in the
meils of progeria patients.

(A) Co-logation of lamin ASS and calreticolin in these
progeria cells, whether treated or antreated. Examination
uzing immunoflucrescence and confocal microscopy (Leloca

TCZE SBL, 3D stvack of 2048x2048 pixel images, intervals of
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0,7 ym, average 2 rows, accumulation of 3 lmages, 1.7

zeom) . lmages & toe e in each panel are mean intensity
projections of 27 images from the sback and show iLhe
tubules of the nuclear reticulum marked with calreticulin
in progeria cells incubkated with FPBS. Images d to 1
izolated confocal sections: of 0.2 pm thickness, the
pravastatindzoledreonate Lreatment corrects the form of
progeria ceil nuclei, reduces the aunber of rubtiles of
the nuclear reticulum {g) and reduces the thickness of
the nuciear lamina (h).

(BY Co-location of iamin Bl  and calreticulin. The
pravastatinizaledrenate treatment increases the lamin Bl
nucleoplasmic marking signal, which indicates that the
farnesyiation of this protein is partially inhibived,
Scale bar = & om.

Legend of Figure 16: The farnesyl pyrophesphate  and
geranyigeranyl pyrophosphate  precursers nuilify  the
effect of the pravastatintzoledronate treatment in
Empsceﬁdq'lnouﬁe cells in culture.

Guantification of the effect of pravastatin (1 uM) and
zoledronate (3 uM), alene or in combination, onn the
rnuclear moerphoelogy of Hmpste?#”* mouse cells {(a} and
control mouse cells (B) in culture, in the presence of
farnesocl , geranylgeranicl or both molecules.

tarnescl, geranylgeranicl, alene or in  combinaticn,
millify the effect of the pravastatintzoledronate
rreatmenl. on nucliear morpholiogy ol zmpﬂteﬁdJ' ceils.
Legend of Migures 17 The pravastatintzoiedronate
treatment partially corrects the anomalies in the repair
of  DNA double-strand breaks {D815s)  in the cells of

progeria patients.
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contral fibroblasts and Fikreihlasts From progeria
patients were incubated with the pravasbatin+tzoledronate
mixture {1 uM each) or wilth PRS and were irradiated with
¥ rays (2 Gyl. Immunodetection of phosphorylated histone
HzaY Fool detected 24 hovrs alter irradiatien, where the
foci correspond Lo unrepaired double-stranc breaks {top
images). HNuclear marxking with DAPY (bottom lmages).

Bottom graphs: Variation in the number ol phospherylated
higtone HZAX foci over time after irradiation in control
ceils (shaded square) and progeria cells (unshaded cirvcle)
incubated wilth PRS Or treated wilh
pravastatin+tzciedronate. Each curve shows the mean &

standard error of the mean from alb least 3 experiments.

Combined pravastatin+zoledrenate treatment improves the
progercid phenotype of Zmpsteid “/" mice (Figures 18, 1%
and 20} :

The Zmpste?4” mice and the control mice were treated on
i daily basis with pravastatin and zoledrenate or a2
combination af koth drugs, at a dose that had previougsly
been shown o ke non-toxic in mice, As had aliready been
observed for the cells of progeria patients, neither of
the drugs in isolation, pravastatin or =zoledronate,
increases the lifespan of zmpstEEJ'*' mice (Fig. 19}.
However, the combination of both drugs significantly
improves the proegerold phenotype of tmpste?d ™ mice: the
treatment leads Lo improved weight gain, increaszes Lhe
guantity of subcutanecus fat, reduces the scale of
kyphosis and alopecia and increases the iifespan. The
survival time increased from 101 to 179 davs and the
maximum survival time increased from 151 to 222 days (P <

(0,003, lfig. 18c). It should be noted that ail phenotype
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signs  corrected by  the treatment in wice are  also
characteristic f progeria  in humans.  The combined
treatment ocorrects the decresse in boepe density, which is
che of the characteristics of Empﬂtefﬂ'” mice and of
patients with progeria cor a related progereid syndrome.
Computerised bone microtomography shows an lncrease in
bone mineralisation and an increase in the thickness of
the *tibial cortex in the itreated mice (Fig. i8dy.
Likewise, the guantification of nuclear morpnclogy in the
liver of Zmpstesd’’, IZmpstezd”” and treated Zmpstezd ™
mice shows that the pravastatintzoledronate treatment
normalises the shape of Zmpste?d™” cell nuclei (Fig. 18e),
The treatment aise corrects Zmpsﬂ@?é”t mice (Varela et

al., 2005 (54 bis)) (Fig. 18f). ¥inally, we looked at

whether the Lreatment could have an effsal on Lmna™’ mice
Lhat cannol accumuliate prelamin AL The
pravastatin+zoledronate treatment had no effect on the

lifespan of these mice (Fig. 20), which provides further
evidence that (his treatment can only act in mice that
accumulate farnelysed prelamin A in the nuclear envelope.
Legend i Figure 1 The pravastatinlzcledronate
treatment improves the progercid phenctype of Zmpsteld ™
mice

{a} Photographs showing Z-month cld ZmpsteZd’ mice,
Zmpste?d”’ wmice and  EZmpste2d’T mise treated with a

combination of pravaststin (100 wglkg per  day)  ana

zoledronate (100 mg/kg per day). Scale bkar = 1 cm. (b}
Weight of 3-month old smpstezd’ (n o= 12y, impsterd
(n = 13) and Utreated Zmpstefd”  (n = 15} mice. {c)

Eaplan-Meior curves showing a zignificant increase in the
lifespan of treated Empatezﬂ””' fn = 15 mice compared

3. {d} il computerised

Pt

with untreated mice {n
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microtomography ropresentation of the tibia of a treated
and untreated Zmpstezd ™ mouse (top image}l. The hottom
panel =zhows the relative pone volume {(osseous Lissue
veolume/voiume of the Ltibiad and the nsunber of bone
trabeculiae in  unireated (n o= &) and treated {n = 5}
Zmpstefﬁ“' mice. {e)} Quantificaticn of nuclear anomnalies
ir the hepatocytes of Zmpstezd™’, fmpsteZd™T and traated
Empsteﬁd”“ mice. ‘Me white arrows point Lo the abnormal
ruclel. Scale kar = 10 um. (£) Relative expression of the
targel genes of the p53 in the liver and the hearv of
Ympsteld’, Empsteid*' and Zmpsteﬁqq' treated mice,
analysed by guantitative RT-PCR., * B < [.05: *% F < 0.0 ;
#% 2w (3,00L. The errcr bars represent the mean &
standard arror of the mean.

Legend of figure 1%: HNelther pravastatin alone, or the
zoledronate alone increase the iifespan of the ZmpsteZ4-
S mice:

Kapian-Meler curves show that the pravastin alone (n = &)
fa)l, and the zoledronate alone (n = %) (k) do not correct
the lifespan of the Zmpete?d™’” treated (empty diamernd)
snd non-treated (sclid circles, n = 131) mice.

Legend ol figure 203 The pravastetintzcledronate

T mice:

i

treatment does not correct the ilifespan of Lmna’
Kaplan-Meier curves show that the lifespan of Lmna™  mice
treated with pravastatintzeoledronate (n = 12, aoply
diamond), compared to that of non-treated mice {solid
circles, no = 11}, The pravastabintzeledropate treatment

has no effect on mice devoid of lamin A/C.

Summary/conclusicn/outiook
Several human progeroid syndromes, inciuding Hutchinson-

Gilford progerisa, are csuszed by the accumulation on the
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nuclaear envelope of a farnesylated form ol prelamin A
deleted (progerin) ar ot deleted., The progerin is also
procduced during the course of physiciegical aging. Recent
studies carried ocut on cells of patients affiicted with
progeria have shown that farnesyil-transferase inhihitors
(I"I'T)  improve the morphoelegy of the nuclel, suggesting
that these inhibitors could represent & treatment for
these devastating syndromes.

The inventors show here that prelamin A anrd progerin
underge  an  alternative prenylation wia the geranyl-
garanyl-transferase when the farnesyl-transferase 1=
inhibited, which could explain the low degree of efficacy
of FTI in improving the phenotype of muerin models of
these progeroid syndromes,

They also show that the combinaticen of a statin and an
aminobirhesphonate effectively inhibit the farnesylation
as well as the geranyl-geranylation of the prelamin A and
of the progerin, significantly impreves the phenoiype of
aging of mice in which has been Iinactivated ULhe gene
coding the metalloprotease Zmpste?2d  invelved in the
maturaticn of the prelamin A. The improvement of the
phenotype includes that of the growth curve, weight,
lipnwdystrophy, hair less and bone anomalies.

T addition, the lifespan of these mice is substanliaily
increased,

This data opens up & new therapeutic approach for human

e

progerold syndromes  with  accumulation  of  prenylated
proteins in the nuclear envalope.

The pravastatintaminobiphbozphonate reatment 1z being
applied in Marsaille for upcoeming 3 years on children
afflicted with progeria within the frazmework of @ &

Furopean therapeutic test (1% children) placed under the



u

responsibiiity of Wicolas iévy, financed by the Ministry
of Heazlth {(PHRC 2008 and the ¥rench Asszocialtlion against
Myopathies (AFM) and which has received authorisation
from the AFSSAFS and the Soulh Mediterranean CCF.

The same Lreatment will soon be given in Rome, under the
responsibility of Giuseppe Novelll, te patients afiflicted
with acromandibular dysplasia, another progercid syndrome

with accumulation of farnesylated prelamin Al
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1. Composition comprising:

- at least one hydrozymethylglutaryl-coenzyme A (HMG-Col)
reductase inhikiter or one of  its  physiclogically
acoceptakle salts,

- at ieast one farnesyl-pyrophosphate synthase inbibkitor
or ohe of its physiclegically ascceptable salts, and

- at least one anti-HIV agent.

2. Composition accoarding 1o claim 1 in which the HMA-Cod
reductase  inhibitor iz 2 molecuele of the family of
statins or one of its physicleogically acceptable salts.

3. Compesition according teo claim 2 in which the HMG-Cob

~J L.

reductase inhikitor is a hydrosoluble statin.

4. Composition aceording to claim 2 or 3 in which the
UMG-Cof  reductase inhibitor i1s chosen from the group
comprising atorvastaltin, simvastatin, pravastatin,
rivastatin, mevastatin {or compactin), fluindestatin,
velostatin, fluvastatin, dalvastatin, cerivashatin,
pentostatin, rosuvastatin, lovastatin, pitavastatin, or

thelr physiclogically acceptable salts,

5. Composition according to any one of alaims 1 Lo 4 in
which the farnesyl-pyrophasphate synthase inhibiter is
chosen  from the group comprising 2 molecule of  the
aminchiphasphonate {MBF} family or ane o its

physiologically acceptakle salts.
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6. Compositicn according Lo  cleim 5  in which  the
aminahiphosphonate can pe chosen {rom:

- alendronic acid or its ionic form, alendronate;

- ¢lodronic acid eor its ienic form, clodronate:;

- gtidroenic acid ocr its ionic form, etidronale;r

= ibandronic acid or its ionic form, shandronale;

- medronic acid or its jlonic form, medronate;

- neridronic acid or its ianic form, neridronate;

- alpadrenic acid or its lonic form, clpadronate;

- pamidronic acid or its ionic form, pamidronate;

- risedronic acid or its ionic form, risedroenate;

- tiludronic acid or its ienigc form, tiludronate;

- zoledronic {or zolendronic) acid or its ionic form,
zoledronste [or zolendronate)

- 4-N,HN-dimethylaminomethane diphosphoenic acid or  its
lonic form, dimethylaminomethanediphosphonate:

- geamino= (d~hydroxybenzylidene) diphosphonate.

7. Compesition according to any one of claims I to & in
which the farnesyl-pyrophosphate synithase inhibitor is

soledronic acid or 1ts ionic form, zoledronate.

§. Composition according o any cne of <claims 1 te ¥ in

)

which the anti-HIV agent is an antiretroviral agent ox

mixture of antiretroviral agents.

9, Composition according to any one of claims 1 to 7 in
which the anti-HIV agent iz & probtease inhibitor or a

reverse transcriptase inhibitor.

10. Composition according to any one of colaims @ Lo 7 in

which the anti~HIV agent is a pretease inhibkitcor chosen
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from L{he group comprising fosamprenavir, lopinavir,

ritonavir, amprenavir, atazanavir and indinavir.

11. Composition according to any one of claims 1 to 7 in
which +the anti-HIV agent is a reverse Lranscriptase
inhibkiter chesen from the group comprising zidovudine,

lamivudine, didanosine and epricom.

12, Process fox trealting an Hiv-infected parient
T cF

comprising the administration of & compositicn according

to any one of claims 1 to 11.

13. Process according to clzim 12, in  which the

administration is performed crally or by injecticn.

14. Proceszs for lreating side effects of premature aging
and/or lipeodystrophy caused in s patient by an anti-HIV
treatment, which process comprises the administration of
a mixture comprising at least one hydroxymethylalutaryl-
coenzyme A {HMG-Col) reductase inhibitor and at least one

farnezyl-pyrophosphate synthase inhibiton.

15, Process accerding to claim 14, in which the HMG-CoA
reductase inhikiver is a molecule of the statin family or

orne of its physiclegically acceptakle salts.

16. Process according to claim 34, in which the HMG-Coh

reductase inhikitor is a hydroscliuble statin.

17, Process according te claim 14, in which the HMG-Cod
reductase inhibitor is chosen from the group comprising

atorvastatin, simvastatin, pravastatin, rivastatin,
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mevastatin {or compaclting, fluindostatin, wvelcsgtatin,
Tluvastatin, dalvasltaltin, cerivastatin, pentostatin,
rosuvastatin, lovastatin, pitavastatin, and Lheir

physiclogically acoceptable salts.

18. Process according te any one of claime 14 to 17, in
which the farnesyl-pyrophosphate synthase inhibitor is
chosen from the group comprizing a molecuele of the
aminobiphosphonate [NEP] family ar ONE of its

physioclogicaeily acceptakle salts.

19, Process acceording teo  claim  1d, in  which the
aminobiphosphonate can be chosen from:
- atendronic acid or its leonic form, alendreonate;
- glodronic acid or its ionic form, clodrcnate;
- @gtidronic acid or its ionic form, etidronate;
~ ibandronic acid eor its ionic form, ibandronate;
- medronic acid or its i1gonic form, medronate;
neridronic acid or its jonic form, neridronate;
- clpadronic acid or its ionic form, olpadronate;
- pamidronic acld or its igonic form, pamidronate;
~ risedronic acid or its ionic foerm, risedronate;
- tiludronic acid or its ionic form, tiludronate;
zoledronic {or zolendronic) acid or its donic form,
zoledronate {or zolendronate} )
- 4-N,N-dimethylamincmethane diphosphonic acid oy its
ienic form, dimethylaminomethanediphosphonate;

- g-amine- {(A-hydroxybenzylidene! diphosphonate.

20. Process according Le any one of claims 14 teo 17, 1in
which the farnesyl-pyrophoasphate synthase inhibitor is

zoledronic acid or ives ionic form, zoledronate.
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21. Precess according to  claim 14, in which the
administration is  periormed with i dose ol Lhe
hydrosymethylglutaryl-coenzymne FA {BaME-Cohl) redoctase
irhibkitor of 9.03% to 2 mg/kyg of bedy welght and with a
dose of the farnesyl-pyrophosphate synthase inhibitor of
G.01 to 40 mg/kg of body weight.

272. Process accerding to any one of claims 14 to 21, in
which the adwministration 1is performed orally or by

injection.

3. Process for treating an  HIV-infected patient
comprising, in anhy order, the following steps:

i. administration of & mixture comprising at least one
hydreoxymnethylglutaryi-coenzyme bl { HMG~CofR) reductase
inhibitor and at lesst one farnesyl-pyrophosphate
synthase inhibitor,

ii. administravion of an anti-HIV agent,

in which the administrations are copncomitant, SsSuccessive

or alternative.

24, Process according to c¢laim 23, in which said mixture

0]

and said anti-HIV agent are ce-administered.
2%, Process according to ciaim 23, in which the anti-HIV

agent Is a protease inhibitor or a reverse Lranscriplase

inhibitar.

26. Process according to claim 23, in which the anti-HIV
o

agent 1s a protease irnhibitor chosen from the group
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comprising fosamprenavir, lopinavir, ritenavir,

amprenavir, atazanavir and indinavir.

27. Process acoording o claim 23, in which the anui-HIV
agent is a reverse Uranscriptase inhibitor chosen from
the group comprising zidowvudine, lamivudine, didanosine

andg epzicom.

2B. Process according to claim 23, in which at least one
of the administrations 1is performed orally or by

injection.

29, Process according  to ziaim Z3, in  which  the
administraition iz performed with a dose of 1 ha
hydroxymethylgiutaryl —coenzyme A {HMG~Col) reductase
inhibitor of 0.0l to 2 mg/kg of body weight and with a
dose of the farnesyl-pyrophcsphate synthase inhibiter of

0.01 to 40 mg/fkg of body weight.





