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COMPOSITION AND PROCESSES FOR USE IH AN ANTI-HIV
TREATMENT

Related applications

The present Applicatiocn relates Lo French Patent
Adppilication Wo. FR OQ0B/5003% filed on Jdanuary 3, 2005,
This Application also reiztes Lo Frrench Patent
Applicaticon Mo, FR O6/7G6097 filed on July 5, 2006 and its

C

correspanding PCT  Application filed o July 5, 2007

W

entitled "Medicament destine au traitement des maladies
Ve persistence et /oun accumalation de proteins
prénylees” [“Drug intended For the treatment of dizesses
with persistence and/or accumulaticon of prenylated
10 proteins”] . The entire contents of each of fthe above-
referenced Patent Applicaticns are herebhy incorperated by

rererence,

Technical field

i1z 7The invention relates to an anti-HIV composition and
processes for treating an HIV-infected patient.
This invention 1s, for example, vwvery useful in the
trealtmert of side effects cauvsed by certzin anti-HIV
treatments, for example premature aging and lipodystrophy
20 which can be caused by proetease inhibitors or reverse-

transoriptase inhibitors.

In o gescription e iow, the references hetween

parentheses (X)) refer to the list of references alt the

end of the examples. The references bketween parentheses
2% with the asuthor’'s name and the darvte alsoe refer to this

lJist of referencoes.
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The nucleus of sukaryctic cells is delimited by a porous
double membrane, the nuclear envelopes, which controls
melecular  exchanges  hetween  the  two  nuclear and
cytoplasmic compartnents. This arvelope partially

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

bl

material and all of the enzymatic machinery needed for
the funcrions of the nuclear genomne.
The nuclear envelope conslsts of two concentric membranes,
the outer mewbrane, continuous with the endeplasmic
10 reticulum, and the inner membrane., The latter is bordered
¢n its inner face by a dense fibrillated mesh called the
nuclear lamins. It is a protein network composed
essentially of polymers of lanins and associated proteins.
In t e verltelbirae, two sunciasses of lamins Zre
1% distinguizhed: lamins of type A {lamins & and C) and type
E (lamins B, BZ and E3), all of which are involved in
the development of the Jlamina. The latter is held in
place by the asscciation with other proteins, attached to
the inner membrane of the nuclear envelope (cf. Gruenbaum
20 & al. 2005 (19)).
Lamins are filament-shaped proteins helenging Lo the
family of intermediate filaments {type V), ali of which
have a common structure: a short glebular N-terminal
{head) segmenl separsted from ancther gilchular C-terminal
25 (tail) segment by a lohg central domain organized in a
piurality of alpha helices {rod domain). 7The glcobular
tail contalins in particular a nuclear localization sigral
{NLS) enabling the addressing Lo the nucleus after
synthesis. The central domain enables twe parallel lamin
30 melecules te be associated and organized in filanments by
a “head-to-tail” asscciaticon of dimers. This structure

gives them very resistant mechanical properties.
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Cniy lamin A and lawmins B underge maturatzon after the
synthesis of a precursoer (of. Gruenkaum & al. 2000 (20)).
Lamin € is directly synithesized in its mature fornm.

The precursor of lamin A and lamins B is terminated by a
Ccharacteristic CeaX motif (¢ is & cysteine, & is an aming
acid with an uncharged aliphatic chain and X is any amino
acid, in this case a methionine; cf. Levy & Cauw 2003
1221 .

The C-terminal CaaX motif enables the atvachment aof a
Tatty acid {in general s C15 fatty acid, farnesyi) owing
to a farnesyl-tranzlierase. Thig prenylation {the farnesyl
motif 1s derived from a CH-based aliphatic unit called
isoprene) enables the prelamins te be inserted in the
membrane of 1the endoplasmic reticuium after their
synthesis in cytoscl. They are subjected to the ascticn of
ann  endaprotease  itself inserted dinto  the envelope
membrane of the reticulum and of which the active site isg
cytosolic. The szpecific endoprotease of prelamin A iz
Facel {or ZMPSTEZ4, Zinc Metallo-Protease, an STEZ4 yeast
homelog), while Face?2 {(ory RBoel, ras-converting enzymel is
specific to prelamins B, These enzymes catalyvze the
hydrolysis of tThe pepltide bond between Che coystelne and
the next f(aliphatic) amino acid, shortening the prelamins
of 3 aming acids. The carboxyl end of the farnesylated
cysteine is then recocgnized by an isoprenylaysteine-
carboxrymethyl transferase (ICMT), which attaches a melthyl
group thereto by esterification.

Only the maturstion of the prelamin A continues with a
second endoproeteclvtic cleavage by Facel, which releases
a 15-amino acid farnesyi-peptide and the mature lamin A
This Jlamin A, which no longer comprises the fatty acid,

becomes =clukle, is imperted into the nucleus owing to
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ils nuciear localization sigonal,

nuclear laminsg ltszelf as

wezll as

nicleax compartment, constituting

skeleton {Gruenbaum & al.

on Lthe othner hand s10111 has,

farnesylated and methyl-esterified cysieine.

20050

remains  inserted in the

envalope

and is

(19)y.

gt the

in Lthe

localised Iin the

resl: af Lhe

a wveritable nuclesr

The mature lamin B

C-terminal end, its

It therefore

memnbrane ol 1 he

reticuzlum, ther in the nucieoplasmic face of the nuclear

envelope,

g

hence its exclusive localization in the nuclear

Jdaming, under the inner membrane of the nuclear envelope

where

By prenvlation,

of a cysteine,

atoms,

of 20

it is anchored.

thus farnesylation,

we mean the attachment to the thiol group
elther by a farnesyl chain with 13 carkbon

or by a geranyl-geranyl chain

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

2004 (39}, or by any other isoprene derivative,

Farnesylation,

which

catalvzed by farnesyl-transferase (FTasze),

recognizaes the C-terminal consensus seqguence {CaaX),

preferably binds a farnesyl group to the cystelne 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 bhiosynbthesis, which on

the basis of

by the cells to produce

ateroids,

& al.

1996 (20)) .,

the heme of hemooglo

in  perticular

hydroxymethyl-glutaryl-Coenzyme A, is used

cholestercl,

bin and ublquinenes {(Hampton

The family of prenylated prolteins

members in the human genome,

identificd by the C-fterminai movil Caak

{39 .

The proteins of

-he

comprises arocund 300

of whiclh the majoerity can be

Rai,

Rho and

(Reid & al. 2004

Rabh families


lalinka
Rectangle


10

15

20

£5

30

{(Leung & al. 2006 {(28)), certain proteins ensuring an
import function to the mitochondria (HDJZ2), and certain
mitotic proleins ({CEKPE, CENPEF) are in particular
prenylated {Winter-Vann & Casey 2005 (51)). In general,
if in the {aaX motif, X is a serine, a methicnine, a
cysteine, an alanine or a2 glutamate, the lsopreneid
preferably grafred is farnesyl. [f X is & leucine, the
recognition of the Czal motif will be done preferably by
GGTase, which will catalyze the transfer of & geranyl-
geranyl grougp (Bassc & al. 2006 (1}}. It is preokable that
other groups derived from iscprense can alsce be bound o
this c¢ysteine, &although it 1is not described in the
fiterature.

In humans, there are three lamin genes. The LMNA gene,
located at 1gel.2-g21.3 {Wyder & 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 A and &7 the end
of exon 1 and up te the start of exon 7 code the central
helical part; finally, the other exeons code the globular
Ceterminal end (Levy & Cag 2003 (29},

In fact, the gene o©odes for 4§ preducts spliced
differently, the Z main ones being the lamins © and the
prelamin & (Lin & Worman 19%3 (31)). The differential
production of lamins A andg € 1is 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 to 10 and lamin A is coded by exons 1 to 9, the first
90 base pairs of exeon 190, and exons 11 and 12 {lamin A-
spaecific).

Censequently, *the prelamin A and lamin € paplides are

identicael st ithe ievel of the first 566 amino 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 include three different proteins
{Shelto & ai. 19281 (43)): lamins Bl, BZ (the two isoforms
hest represented) and B3. The LMNE]I gene is located at
Sg23.3-g3i.1 and comprises 11 exons coding the lamin B
{Lin & Worman 199% {30}, The LMNEBZ gene is localized a2t
19133 and codes for lamins B2 and B3 by an zlternative
splicing mechanism (Biamonti & al, 1992 (Z})).

Lamins B are canstitutively expressed in alil of the ¢ells
froem the first stagez of development, while Ilamins of
type A are generally absent from the embryonic stem cells
{Stewart et al. 1987 {45)) and are expressed in z2il of
the dJdifferentiated somatic cells. Their expressicn is
subject to regulaticons according te the tissue and the
Pife course [(Dugue & ail. 006 {9}y, Iy appears that their
expressicn 1s not necessary, since mice in which the
expressicn of lamin A was specifically blecked, bul which
51111 express lamin C and other lamins, do net have an
apparent phenotype {(Fong & ai. 2006 (1437.

Lamins interact with a wery large number of orctein
partners having a wide wvariety of functiens; they are
conseguently involwved in a  large nunker of  nuclear
processes, including DNA replication and repair, conlrol
of transcription and splicing, &and organization of the
chromatin structure {cf. Shumaker & al. Z003 (44),
Fastrow & al. 2004 (54, Hotchisen & al. 2004 (26&),
Grugnbaum & 1. 2005 (:9v)y,  The alteravrions of the
structure of the lamina are ai the origin of numerous
hurcan hereditary patheleogies. YThey are doe Lo mutations

of genes coding the lawins, or other proteins of the
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Iamina, These pathoelogies have been grousped together
under tThe generic term laminopatnices (Breoers & al. 2006
{5, Matlour & al. 200& (33}3Y. Becently, multaltions in the
genes of the enzymes responsible for the maturation of
lamins {Facel in particular} have been identified,
ieading fto pathelegies also belonging Lo the group of
lamcinopathnies (Navarro & al. 2004 (326) and 2002 (325)).

AL present, the only patholeogy in humans assoclated with
mutatzcns of the IMNEL or 2 genes is a leukodystrophy
caused by a complete duplication of the LMNED genc
{Fadiath & al. 2006 {(37)%. Doubl remains &= ta  Lhe
potential invelvemsnt of variaticoneg of seguences found in
LMNEBZ in patients with Barragoer-Simos syndrome (Hegele &
al. 2006 (22)). However, 1t has bkean demonstrated in
vitro by REAL (RNA-interference} experiments, as well as
in the murine model (Vergnes & al. 2604 (50)), 1hat
lamins of type B are essential for cell development and
integrity. Indeed, a lamin Bl deficiency causes perinatal
lethality in mice. Morecover, the nuclei of the embryonic
fibroblasts of the same IMNAI-deficient mice show
remarkable alteraltions 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 formaticen of the divisien spindle
during mitosis, which fends to prove that they have a
dynamic and muitifaceted role cover the course of the cell
cycle, and that their reole is  neot  restricted to
maintaining the nucleus architechare (Tsai & al. 2006
{48)1. (n this last role, & recent article demonstrates
the structural funclicon of lamins B: oells artificially
deprived of laming Bl have a "fleating” nucleus in the

cell, which turns around (Eia & al. 2007 {4511, The
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functional redundancy exisving between the twoe lamins Bl
and B2 is undoubtedly aliso s direct reflection of their
importance, exerting & strong selection pressure  and
masking the effect of any peotential mutations Iin the

seguaence of the corresponding genes.

0

The functional alierations of lamins A/SC, dus 1

I

mitationrs of the LMNA gene, are the origin of at lgast 1

)

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

A number of rmutations of the LMNA gene notably modify the
assembly of proteins in the nuclear envelope and disrupt
its functigning, In the cells of waricus tissues, the
morpheleogy of the nuclei is altered: they often have
bulges that extrude genelic material into the cytoplasm
{Goldman & =1, 2004 {18}}).

The proteins normalily assoclated  with  the nuclear
envelope, lamins E, certain nuclear pore proteins and
LAPZ proteins, are absent from the sdge these buliges.
Theses moerphological sbnormaiities are followaed Ly
functional alteratieons, and end by causing cell death.
Among all of the pathclegies included under the term
laminopathies, only those associated with the abnermal
accunmulation of a prenylated protein form are concerned
by this invention.

These primarily include Hutchinseon-Gilford or FProgeria
syhdrome (De Sandre-Glovanneli & al. 2002 {71, {Eriksson
& al. 2003 (11)), and restrictive dermoepathy (Ravarroe &
al. 2004 (3&)). In hese 2 syndromess, t:he

physiopathological cause igs arn accymulation and
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persistence of  immature  farnesylated prelamin in Lhe
celis of patients.

Restrictive dermopathy, lethal around the natal peried,
iz characierized by clinical signs that are zlimost always
the ceonsequence of a cutaneousz deficit that restricts in
utere movenents. This pathology is very rare. The skin is
rigid and taut, and gives way in places, causing, oo
erample, tezrs at the armpits or the neck. The evelashes,
the eyebrows and the skin down are asbsent or very sparse.
Hydramnios is often present, ard the decrease in fefal
movemaents is observed from the 6" month of pregnancy. At
the skeletal level, Lhe radicgraphy shows contractures of
a#ll joints, congenital convex pes valgus, thin, dysplasic
and ki-partite c¢lavicles, thin ribs, long ftubular arm
bones and demineralization of the skull. The transmission
of lethal resltrictive dermopalhy is recessive autosomal.
LMNL and ZMPSTEZI/Facel mutaticns have been reportved for
this pathclegy {(Havarro & al. 2004 (26)). in hkoth cases,
the physicpathelogical mechanism is  the same: Lhe
prelamin A cannot mature {ﬁull mutation of Tacel or
disappearance of the cleavage site by mutation of
prelamin A)  and remains farnesylated, and therefore
inserted in the nuclear memnbrane. The accumulation and
persistence in the cells of these abhormal precursors,
which probably prevent the normal interacticns of lamins
B and € with their partners, causses Lthe death of the
celis and, after a short time, of the patient. It has
clearly been denmonstrated Lhat it 1s the persistence aof
the farnesyl greoup, and not the absence of matiure ilamin A,
a5 might initially be thoughi, thalt s responsible for

the cell texicity (Fong & al. 2004 (14)).
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in April 2003, hassed on an overlap of symptoms common Lo
zeromandibular dysplasia and certsin disesses causing
premature aging, the inventors showed thalt Pregeria, the
most typical and serious form of premature aging, resuits
from a mutaticn of the LMNA gene (De Sandre-Giovannocli &
al. 2003 (7)). 1%he children affected by this disesase,
zlsoe called Hurchinson-Giiford syndrome, suffer from
accelarated aging, which occurs up Lo ten times faster
thar  that of a normal  iadividual, and have a life
expectancy of no mere than 13 years. In Europe, one in
around six miliion children is affected. The symptoms are
skin aging, bzidness, reduced jaw size and ageing-related
proklems such as  joint  stiffness and cardiovascular
discrders. The latter, including myocardial infarction or
atherosclercsis, are often the cause of death.

The mutation 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. 2003 (7)), Briksson &
al, 2003 (11)). This deleted nRNMA involves an abnormal
orelamin A, progerin, which cannot mature lnte a normmal
lamin A: the absence of 50 amino acids of the exon 11
comprising the protease recognition site blocks the ane
cleaving of the preogerin, of which the C-terminal end
nreserves  its  farnesyi group. It therefore remains
inzerted in  the nucleoplasmic face of the nuclear
gnvelope, which has characteristic alterations, bulyges of
Lhe nucleoplasm in the cytoscl and abnormalities in the
distribution of peripheral hetercchromatin {Goldman & al.
2004 {iB)). Again, it is the persistence of the farnesyl
group, which iz also necessary for  anchering to the

enveiope membrane of the reticuluem in which =some of the
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enzymes responsible for maturation {cieavage, methylaticon)
are located, that i1s responsible Tor the cell toxicity of
progerin {fong & ai. 2004 (16)).

These systemic pathclogies have the special feature of
being assocviated with the premature appearsnce of signs
normaily zssoclated with aging. Their COMMmG
physiopathological characteristic iz Lhat they generate s
prenylated lamin, with the conseguences described.

Twe recenl: =tudies have shown that a reduction in the
intranuclear accuomulation farnesyiated pralamin,
truncated or not, effectively prevents the appearance of
the cellular phenotype. The first study was conducted on
the VFacel protease-deficient progercid murine model
{Pendas & al. 2002 [(38Y). When they are crossed with mice
expressing half the amcunt of lamin A (mouse Lwha /=),
the effects of the absence of Facel are reduced {Varela &
al. 2005 {43)). The second study shows that the treatment
af  cells of HGFS patients by morpholine {antisense
oligenuclectides) targeting the cryptic splicing site
eradicates the mutant phenctype (Scaffidi & Misteli 2005
{4310 .

A number of recent studies (see Scaffidi & Misteill 2006
{427 show the  involvement  of lamin A in  the
physiclogical aging process. In particular, it has been
demonstrated that doring physicicgical aging, progerin is
synthesized by the gells in the absence of any MNA gene
metaticn due ta the guiet use of the cryptic splicing
gite of exon 11. This progerin is localized in the lamina
at the periphery of the celi nuclei. Cell nuciei in
patiants aging “normally” can have bulges characteristic

of a laminopathy cacsed by accidental splicing events,
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which lead o abiecrmal oell functions and probkaikly at
isast partisily responsible for their aging.

In the skin in vive, progerin 1s alse synthesized by a
subpopulation of dermal fikrobklasts and keratincoytes,
ceiis in which it accumnuiates with age, Progerin could
therefore he a marker of skin aging (MeClintock et al.
2007 (3433,

It appears that identical melecuiar mechanisms are
responsibie feor signs of premature aging in individuals
with Progeria and, at a much lower level, are involwved in
the physiclegical aging of individoals whe de not have
mutations,

The prior art describes two therapeutic approaches o
improving the cell phenotype causzed by the patholegicatl
production of progerin. The first of these seluticons is
very simply Lo prevent the use by the splicecsoms of this
cryptic splicing site in exon 1I, by “masking” it by a
treatment with an antisense oligonucleotides (Scaffidi &
Misteli 2005 (41%), or with a retrovirus producing an
z1RMA {Huang & al. Z005 (£5}). The results are bromising
in vitro, but this iz “gene” therapy, and the development:
of a drug based on this approach is extremely iong and
conplicated, with all of the inconveniences assaoclated
wilth OCAS wvectorization in order to obtain an in wvive
effect. The second scluiion ceonsists of  inhibiting
farnesyl-transferase, the enzyone +that  catzlyees the
transfer of the farnesyl group to the prelamins from
Tarnesyl-pyrophosphate.  When such inhibitors {FTY) are
used, a "normmal” npuclear envelope 1z only parbially
restored on HBGPE  (Progeria) cells in culiure, and the

sarvival of RD mice (KO ZMPSTEZAY iz improved {(Slynn &
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Glover 200% {37), Capell & al. 2005 (6}, Teth & al. 2005
(471, Fong & al. 2006 (15)).

Howowver, the blocking of farnesylation can induace
compensatory geranyl-geranylation (Bishop & ail. 2003 (3],
Varela & al. 2008 (54 bhis=sl)y,

In addition, 1t was recently reported that [MTls caused
the cell cycle to stop by blocking proteasome (Demyanelbs
& al. 2006 (B), Efuet & Keyomarsi 20086 (10)). Thus, the
traatment undoubtedly causes an  accumaelstion, 1n  the
nucleoplasm, of progerin, prebably ubigulitinylated, 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 {532)), which is not
encugh to  explain  the restoration of the nuclear
merphotlogy chserved in vitro.

Finally, FTIs are specific to only one of the protain
prenylation pathways, and cannot he envisaged as general
post—translational prenylation inhibpitorns,

Additionslly, it is reported that the total absence of
cne ¢f the enzymes of this pathway, mevalenate-kinase, 1is
lethal during infancy {homozygolic mutation loass-of-
function of the gene coding for this enayme, syndrome

reported by Heoeffmann & al. 2003 (24)).
Anti-HIV treatments and side effacts

1. Hiv-infected patients scbjected to an antirelroviral
vreatment mhow clinical and biolegical signs ol
accelerated aging comparzble Lo that observed in patients

with & genetic progeraid syndrome.
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Aniiretroviral Lreatments, reverse-lLranscriptase
inhibitors, nucleosidic [HRTI!) or net (MNRTI), and wviral
crotease inhibiters (PIY have made i possible to prolong
the lives of AlbDS-infected patients in whom  the
conseguences of “physiclogical” aging appear (Casau 2005;
Levy ot al. 2003).

However, the infection itself and the antiretroviral
treatments show the sane clinicael and bicleoglcal signs as
those zeen in paltients wilth a genetic accelerated aging
syndrome  {(for a recent review of these syndromes, sSee

Navarro et al. 200&}.,

Cortaein manifestations appear to ke related directly to
the wviral infectian:

For example, the motated helicase in Werner syndrome
(oMIM 277700), a premature aging syndrome associated with
a predispositicn toe cancer and atherosclerosis, recrults
celi protein ceofactors essential for the transactivaticen
¢f the LTR of HIV-1 and to the replicaticn of Lthe virus.
The slightest availsbiiity of helicase in infected cells
could lead to aging and immunosuppression (Sharma et al.,
2007 .

Ancther exanple is modificatioens of the transpvort of
cholesterol in  macrophages. The wiral protein HNef
inhikits permeases of the &ABC family responsible for
cholesterol efflux (Bukrinsky and Sviridov, 20067 Mujawar
et 2i., 2006; Wang and Rader, 2007). The accumulztion of
choiesteral in macrophages transferms  them  inte  foamnm
cells invoelved in the Tommaticon of atheromatous plagues
in the vasoular walls (Pennings @i al., J0067 .
Antiretroviral drugs alsc inhikit the chelestercel efflux

af  macroephages  and  contribute to the formaticn of
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athervmatous plague {Azzam et al., 2006; Dressman e al.,

s

003; Wang et al., 2007).

Numerous olinical and biglogical manifeststions appear
also to be the conseguence of antiretroviral treatments:
They reproduce the sighs observed in genetic progeroid
syndromes, such as Hutchinson-Gilford Pregeria (OMIM
176670, =ee Hennekam, 2008}, acromandibular dysplasia
fOMIM 248370} and the lethal necnatal form, restrictive
dermopaltby (OMIM 2752100 associated with mutations in the
LMRA gene coding for lamins A and C or with muetations in
the ZMPSTEZY proteszse (FACEL) responsible for cleavage af
srefamin A oduring its maturaticon inte laman L:

* Alopecia fTorres et al., 2007; Wiwanitkiz, 2004),
independent of infecticus dermztological manifestations
(Maurer, 20053,

* Skeletal syalen sbnormelities, in particular
sstecporosis [Brown  and  Qacish, F006: Thamas  and
Deherty, 20602) for which a correcltion with vitamin D
ard a biphesphonate has been proposed {(Mondy &t al.,

20057 .

* Muscle atrophy {Restrepo et al., 2006 Restrepo at al.,

2004; Tehranzadeh et 21., 2004a; Tehranzadeh =t al.,
20041, in  relatier with the okiguitine-prolessome
system {Ceoistelli and Baccine, 2003} or calpains
{Bartaoli and Richard, 2005%; Costelli et al., 2005}, two
proteclytic systems inhibkited by certain antiretraviral
Lreatments (see below). The calpain 2 muscle mutations
are respaonsible for a form of girdle muscular dystrophy
(LGMDZA, OMIM 253600 Richard et al., 19%5) of wnich
eosinpophilic myesitis might be cone of the first signs

fErahn et al., Z2006).
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Cardiomyopathy [(Barbare, 2003; Restrepoe e al., 200&),

independent of cardiovascular complications {see below),
in relation with the witechondrial toxicity of NRTI

(Lewis, 2003).

Cardicovascular asbnormalities [(Mondy and Tebas, 2007)

Wwith lipid metabolism disorders (Huai, 2003; Jdones o=t
al., 2005, Moeyle, 2007), athercoma (de Saint Msartin et
al., 200%; Theomas and Smart, 2007; wan Wijk et al.,

2006, endothelizl ecell lesions (Cheno =t al., 2005;

Jiang et al., 2006; Zhong et al., 2002} anc adipose
cell differentiation abnormalities (Kim et al., 2008;

Boche el ai., 2002). Dyslypidemia was able to be
Lreated with statins (Benesic et al., 2004; Liang et
ai., 2006; Malon et al., Z006) or with an inhibitor of
intestinal absarpticn of chelesterol (Negredos et ail.,

2006). It should be noted thalt pravasztatin, which
partially corrects scme of the parameters alltered in
the metabolic syndrome {(Yamagiszhi et al., 7006} <auses
&1 ilncrease in subkcutaneous adipose tissue withoul a
netable improvement in cholesterciemiz (Gharakhanian et
al., #006; Mallcn et al., 2006}.

Clinical manifestarions aesoCiated With
hypoandrogenemia are freguency ohserved in men (Cohars,

Z008) and cases of premature menopagse in HIV-positive
woman are the subject of & number of pubklications

[{Cohan, 200¢; PFerreira et al., 20071,

Virus protease inhibitors {(PI} have a plurality of cell

targets, including proteases:

The inhibitien of orotessome {(Ficcinini et al., Z003)

has highly varied consequences due to the rele of this
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proteclytic assembly  on numerous  ceil functions,
protein turnecver, <oell cycle contrcel, apoptoesis, gene
transcription, signsl transduction, senescence, sltress
response, and so on (HNasjokat et al., Z06%). Faor
axample, ote of the ways in which Fls block adipocyie
differentiation involves non-productien of the NEKB
transcripticn regelation factor, which contreols the
transcription of the gene coding for metalloprotease
{zingt  MME2  invelved in  adipeocyte differentiation
{Bourlier et al., 2005; Da Barrcs eu al., 2007).
Another example iz the signaling pathway involved by
insulin (Rudich et al., 2005; Schutt et al., 2004). The
FIs inhibit the activity of insulin-degrading enzyme
(Hamel et al., Z00&8), bklock the potaszium channels
respensible foar insulin secretion (Meye et al., 200&},
interact with Glut4 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 wvia Ak:
kinase invelwved by the activation of tyrosine-kinase
acltivity receptors {Guptae et al., 2005}, inciuding IGPF1,
TGEL directly controls muscle atrophy or hypertrophy
(Glass, 2003%.

The FIs exert an anti-apoptotic effect by calpain
imfhiibition, Ca’ ~dependent cylosolic proteases
{Ghikelli et al., 2003; Lichitner =t al., 2006}, and
which control the apoptesis-avtophagy balance by ATGSH
cleavage, essenltial for the formation of the autocphagic
vacuole {(Yousefi et al., Z006%.

Two olthér enzymatic systems are bklocked by the Fls:

CErtain 450 cylochromes of the supfamily 30,
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intestinzal ot

1B

hepatic (Granfeors et al., Z006), while

other #4500 cyvtochroemes of the subfamily 28 are induced

(Yeh et al., 2006) at.  the same time &5 other

Lransporters

giucurocnicde ¢

(Rigit et al., 2007 Yeh et al., 2008);

:onjugation in the RE, in particular

Bilirukin {(Zhang et al., 2005},

The inhibkiticen of a plurality of enzymatic activities

in which fthe

proteasome  induces endoplasmic reticulum

stress, the activation of (the UER (Unfclded Prolein

Response) and the involvement of the signaling

mechanism of

£

appearance of

the reticalum of the nucleus with the

transcriptioen reguialtion factors (Zhou et

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

the amounlt of SREEE {S5ierol Response Element Rinding

Protein] isofcrms which contrel the activation of
!

genes regulating the lipid metabolism, including

cholesterel {(Colgarn et al., 2007; Miserez et al., 200Z;

Nguyen b al.,
2008; Fhou et

A000; Wiliiams et al., 2004; £hou et al.,
ai., 200%)., The inductien by the PIs aof

SREBP transcriplion has also been shown by a study of

the transcri

edipocyles in
et al., 2006

abzence ol

Ditome (chips, quantitative BPORY o f
the process of differentiaticon {Facenti
] and the =ffectt is increased Dy the

SREBE degradation by the ubiguitine-

proteasome systemn,

The PIs induce the nuclear accumualatioen of SRERBFE in the

hepatacytes and the adipocytes and its conseguences on

the Lipid me

taboliasm (increased synthesis of fatty

acids anrd cholegstergol) {Hui, Z003; Riddlie <t al., 2001).

Three articles by the same Parisian team analyzing the

in witiro dif

show that the

farentiation of adipocyles successively

Pis cause an insulin resistance syndromes,
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Lhe abnormal localization of SREBP in the nuclecoplasm,
in relation with an abnormaiity in the lecalization of
lamin A {Carar ¢t al., 200%); the inhikiticn of SRERP
cleavage {by the Golgl proteases S$-1F and 3-2F, sece
Seidah et al., 20061, and itz conseguences on Lhe
synthesis of lipid metabolism enzymes, on  abnormal
maturation of lamin A, while the maturation of lamin B
15 not moedified {Carcon et al., 2003); the similarity
between thie mitoechondrial slhress chaerved in
lipodystrophies assocliated with a2 mutation of the LMNA
gene and that resulting from trealment with Pls (Caren
et al., 2007).

One of the benefits of these studies 1s that they
strongly suggest that certain Fls block the protease
{FACE] or ZMESTREZ24)  involved in the mataration of
prelamin A, data that has peen confirmed by an American
Lteam {Coffinier et al., 2007). These Pls, on the
contrary, have npno effect on the activity of the
protease FRCEZ {(or Reel, Ras converting enzyme 1j,
responsible for the cleavage of prelamins B, but also
that of the Ras monomer protein G, cleavage NeCessary
for its maturation {Wright and Philips, 2006}. A recent
guantitative RT-PCR study shows that Pls cause a
decrease in the amcunt of mREA coding fer lamin A
without medifyving the amount of mRNA coding for lamin C
{Mirands et al., 2007}%.

Pls inhikit the mitochondrial proteases responsible for
the cleavage of mitochondria addressing signais,
mitcchongrial pretein renewal, and the control of
certain mitochondrial GTFases (OPAl)  invelved in thoe
fusion of mivochendriae and apoptosis (Mokhopadhyay et

al., 200%2; Roeghl White and Lauring, 2007).
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* Independerntly of their action cn calpains (see above),
Pls exert an anti-apoptic effect for T-lynphocybes by
klocrking, wvia the protein UCFPF2, the depolarization of
tthe inner eembrate caused by pro-apeptotic stimnli
(Matarrese el al., Z003; Matarrese et al., 2003,

* It shouwld therefore ke noted that Pls therefore ivnhibit
different enzymes of aspartyleproteasze specific o the
BEDS virus {Dunmi el al., 2002). Although the fpiterature
lg currently silent on this peint, P’Is may 2lsc inhibit
certain eukaryeotic aspartyl-proteases (see the site
“Bagradome®: hitp://wew.uniovi.es/degradome/! sach  as
cresenilin, the peptidase peptide signal, or DRdil (DHA
damage inducibkble preteind, capabkle of binding hoth to
the proteasome and ubiguitinylated proteing in order Lo

degrade the latter (Sirkis et al., 200&),

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

the mitochondria is one of the most important:

* Non-nuclecside reverse transcriptase inhibitors of the
virus, less coften studied, appear Lo have a more
specific acticen on the viral enzyme while inducing the
apoptasis of a T-cell line (Pilon et al., 20021,

* NRTIs are incorporated inte the nuclear N& (Olivero et
al., 19%%) and their metagenic effect can cause a
Elockage of the oell cyole (Olivero et al., 20057, A
mitation of the gamea polymersse DNA has been reported
{Yamanaka et al., 2007), respensikle for mitochondrial
DHA repiication and repalr (Hudson and Chinnery, 2006).

* A small rumber of publications show that NRTIs inhibit

HN-glycosvlaticon {in the endoplasmwic reticuelam), O-
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glycosylation and the modificaticn of arborizations
incorporating sugars {in the Golgil, by interfering
with the nuclecotide transporters in the Gelgli of the
precursors of arborizations incorporating sugars (Lizzi
et al., 2Z007:., A numhber of muscular dystrophies are
associated with genetic abnormalities of glycasylation
(Muanteni ew al., 2Z004; Percival and Froehner, £2007),
The NRTIs are transported in the mitochondrial matrix
by a family of specialized transporters intoe thal of
the deoxynuclieoside diphasphates, which e
phosphorylated by a mitochondrial kinase before being
incerperated in  the mitechondrial DNA by the DNA
pelymerase garmma {Palmieri, 2004).

The genotoxicity of NRTIs causes an increase in the
rate of mitochandrial ONA mutations and a decrease in
the number of 1its copies in the mitochondria (Kohler
and Lewlis, Z007; Olivero, 2007).

The abnormalities of the miteochondrial DEA and those of
the functioning of INE polymerase R ES K] have
consegquences on the synthesis of the 13 proteins of the
inner membrane constituting, with proteins coded by the
nuclear gencne and  imported, the complexes of  the
respiratory chain and ATP synthase. The disruptiong of
the mitachandrial DA and its poelymerase cause, for
example, a reduction in the amount of cylochromes
oxidase 11 (¥idal et alil., 2008!, the preduction of
reactive oxygen species (ROS) (Jiang et al., Z007) with
CONSEQUeNCeSs o1 the hepatocyles, adipooyles,
cardiaomyocytes and endothelizl  celis  iovolved in

lipodystrophy and cardiovascular complications.
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* The incresse in the plasma lactic acid level is one of
the c¢riteria of mitoechondrial dysfunction caused by
antviretroviral trestments [(20G7; Jehn et al., 20013,

+ NRTIs also inhibit telomerase activity and cause
teionere shortening (Olivere, 2007; Yamaguchi et al.,

20057,

In conclusicn, antiretrovirsl treatments have an
impact on metabolic mechanisms  and pathways grouped
together in a numbsr of cell theories attempting ta
explain normal or accelerated aging:

* the “mitochondrial thecry”,

* the “nucleus and lamin” theory, which appeared in 2003
with the discovery that the LMNA gene is responszible
for Progeria,

* the “telomeric” theory,

* the “gene transcription regilation” theory, 1
particular with proteins pb3, NF-k3,

+ ha "metabolic” theory with invelvement of  the
signaling pathways, some of which are activated by
membrane receptoars,

* A pumber of animal models of premature aging ar, by
centrast, of increasing lifespan, show partia: overlaps
between the metabelic pathways inveolved in each of
these theosries and interrelations, on a cellular scale,
betwaen the oyloscel and in particular the proetein
degradation mechanisms {Grillari et al., Z00&}, fthe
mitochondria, the npucleus and the plasma membrane
{Irminger-Tinger, 2007; Kenyeoen, 2005 Martin and Loel,

2004; tharrie and Riabowol, 2004).
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A number of animzl nodels of premalture aging or, Dy
contrast, for increasing lifespan, show partial overlaps
between the metsbolic pathways involwved in each of these
Lheories and interrelsticons, on a cellular sczle, kheltween
Lhe oytesel and in particular the protein degradaticn
mechanisms (Grillari et al., 2008&), the mitechondriz, the
nucleus and the plasma membranse {(Irminger-Finger, Z2007;
Henyon, A005; Martin and Loeb, 2004; Guarrie and Riabowol,

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

The three main components of the mitechondriai thecry of
aging are i/ the increase in productieon of reacltive
THYQEn  species (ROSY by camplexes I and I of the
respiratory chain, 11/ progressive dysfunciioning thereofl,
and  1iid/  accumulaticen of mitochondrial DA lesions
{Balakban et al., 2005; Meissner, 2407; Waliace, 2005).
The mitocheondrial DNL iz more sensitive than nuclear DNA
to the effects of ROS, which target the DHA polymerase
gamma (Graziewicsz et ail., 2002; Richter et al., 194HH).
Twe murine medels expressing a DHA polymerase  gamna
defective in its preefreading function show accelerated
aging with mutations of the mitochondrial DNA (Eujoth et
Gal., Z005; Trifunovic et al., 200G4). 7The mitochondrial
Ltoxicity of ROS can be eradicated by the overexpression
of peroxysomal catalase addressed to the mitochandria :in
a  Lransgenic murine modgel in which the lifespan is
increased {Schriner et ai., 20050,

I humans, aging 1w accompanied by & decreaze o
milochondrial functions, including those of the

respiratory chain {Sherb et al., 2005 Trifunoviae et al.,
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20058y, ard an increase in deleticns in the mitechoendrisl
DA,  wvery specifically  chserved in  neurcdegencerative
diseazses {Bender er al., 2006; Kraytsherg =t al., Z200&].
A mitochondrxia-teo-nucliets signaling mechanism, which :is
not  yel understeood, causes Lthe protein pisd to Decome
involved, in particular during aging cor in ROS-induced
pathclogies {Jiang et al., 1999; Stoxz, Z20606). This
protein, coded by the nuclear genome, then imported into
the mitocheondrial matris, is re-exponted Lo Lhe
nucleoplass  {Brokstad et al., 2001] where it controls
transcripticn (Chattopadhyay et al., 2004} and splicing
{Petersen-Mahre et al., 19%9%) of mRNA. It interacts with
the lamin B recepteor, localized the nucleopiasmic face of
the nuclear envelope {Mylonis et al., 2004; BSimcs and
Georgatos, 1994).

The nucleus-to-miteochondria sigraling mechanism invoives
the arcund 1500 proteins coded by the nuclear genome,
which are synthesized in the cytesol, then imported inte
the miltochondria (Calvo et al., 2006; Truscott et al.,
2003).

Rmorng these proteins, p53 is involved in accelerated
aging in a murine modesl (Tyner et al., 20021 and
participates in deregulations in the context of the
“rnuclear” theory (see below). Protein p33  controls
mitochondrial respiration {(Matecha et al., 2006), and
grerts pro- and anti-oxidant effects owing toe the contrel
of nuclear gene Lranscription (Bensaad and Vousden, 2005,
Sablina et al., 200%). It maintains the stability of the
mitochondrial DNA by interaclting with DNA polymerase
garmma {Achanta et ail., 2003},

Finaliy, mitcechondrial fission ({divisien) and {fusion

mechanisms, invelving a plurasiily of GTPases of the cuter
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mitochondrial membranes  (Drpl, mitofusins, eltcol)  and
inner mitochondrial membranes (CPAL) and a pluraiity of
asgociated proteing (Fisl, etc.)] modulate the cell aging
process: the elopngaticn of the mitechondrial petwork hy
permanent fusion induces a cell aging process with a
decreaze in the difference in poltential between the two
faces of the inner membrane, and  increase in the
production <ff ROS and DEA lesicns. These phenctype
moedifications are neutralized by fragmentation of the

mitochendrial network (Lee et al., 2007).

3. The wmechanisms of genetic acceierated aging syndrormes

in the context of the “pucleus and lamin” thecry

Lamins are proteins  forming intermediate  filaments
iccalized exciusively in the nuclecplasm. The LMHA gene
codes  primarily for lamins A and €, produced by
alternative splicing. Two cother genes code for lamins Bl
and B2,

Lamins A and B are synthesized in the cyteoscol in the form
of a precursor that is =ubject to & plurality of
maturation steps. The 3 proteins have, at their C-
terminal end, the CaaX beox (a cysteine, two aliphatic
aming aclds, one indifferent amince acid). This Caax
seqguence enables the farnesylation of lamins A and B (and
arcund 300 other proteins of the haoman genome}. The
Tarnesyl residue {isoprencid with 15 carbon atoms) is
synthesized in an intermediste step of the cholestencl
synthetic pathway (appended figure 7). A cytosolic enzyme,
farnusyli-transferase, bDinds the farnesyl residue to the

cysteine.
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The presence of the fatty acid residue enabiles {he
anchoring of prelamins & and B in the cytosolic layer of
the envelepe membrane of the endoplaswic reticulum (ER),
The prelaminz A and B are then cleaved by FRCELl (ZMPSTEZS)
or FACEZ (Roel), respectively, and lose their last three
C-terminal amino acids aaX. The proteins still anchored
in the envelope membrane of the ER are subjected fo the
actlicn of a secaond enwyme, 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 membrane of
the ER, then of the oytoselic face of the nuclear
envelope, pags through the nuclear peore and are localized
in the nucleoplasmic layer of the nuclear envelcope, wherea
they become invelved in the formation of the nucliear
lamina and where they interact with a plurality of
proteins, inclueding the lamin B recepter. The anchoring
to the envelope results in the absence of iamins B in the
nuclear matrix, inside the nucleoplasm and at a distance
from the envelope.

The farnesylated and carboxymethylated prelamin A on the
same C-terminel cysteine is  subjected to a f{inal
maturation step by proteolytic cleavage of the last 15
amino acids by FACEl {and perhaps by Reel). The lamin A
loses its ancheoring to the ER, hecomes solukle, and is
imported into the nuciecplasm (like famin C) through the
nucliear pore, like all of the soluble proteins, owing to
its nuclear localization sigral, which recruiltis the

necessary importation complex (sppended figure 8).

s
=

In the nucleoplasm, lamin & land lamin C} is localized

b
(s

the nuclear lamina, under the nuclear enveiope, where

=
ol

interacts with numerous proteins inserted in L
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Eriksson et al., 2003); re=sirictive dermopathy (OMIM
275210; (Navarre et al., 2005; Navarro et al., 2004).
They invelve a1l of the patient’s body tissue, =skin and
appendages, skeletal za2nd gardiaze mascle,  bkone  and
cartilage tissue, adipese tissue and  its metabolic
conseguenceas, bul, in pariicuiar, they are accompanied by
aocalerated aging, the most severe being restrictive
dermopathy, lethal at birth. These three dizeaszes are
associated either with & mutation in the LMNA gene coding
for lamins A and €, or in the FACED gene ({(ZMPSTEZ4)}
coding for the protesase of the ER, which in two stages
cleaves the prelamin A. The mutation of the LMHNA gene
causes a disappearance of the site of recognition by
FACE] of prelamin A: the protein 1s not cleaved, and
therefore preserves its farnesyl residee, and is imported
into the nucleoplasm by oliding along the envelope
memkranes like lamins B (Pan et al., 2007). The
farnesylated prelamin A& remains anchored in the
tucleoplasmic face of the nuclear envelops where it
disrupts the organizatien of the lamima and the
interactions between the lamine and the membrane proteins
of the envelepe, which invelves characteristic nuclear
deformations (Goldman et al., 2004).

The rest of the noclear matrix is free of lamin A, with
multiple functiocnal consagquences, for example the
activation of pathways downstream of pi3d (Varela et al.,
2005, abnormalities of mitesis {Cao et al., 2007; Dechat
et oal., 2007, and of DEA repair {(Liu et al., 20053 Liu
et al., 2006; Liu at al., 2007, etc., ieading to cell
aaing (Budiow et al., 2007). The analysiz of fthe

transcriptome of cells of progeria patlients has shown
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abnermalities in the expression of genes invoelved in
atheroscierosis {Cscka et al., 2004).

it appears tc be likely that accelerated aging in
patients treated with cerxtain antiretrovirals, in
particular Pls that inhikit ZMESTEZ4 (PACEL), obeys the
same mechatiisms,

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

The nuclear modificarions (bulges of the nucleoplasm inteo
the cytesol, breaching of the envelope, nucleay conbLolr
irregularities, etc.) observed in the cells of patients
with opreogeria are alse similar to  the transient
modi ficatiens induced by the wviral protein Vpr, which
facilitates the entrance, by transient breaching of the
neclear envelope and the laming, of the pre-integration
complex of the AINS virus, which complex is teo large to
he imported inte the nucleecplasm via the nuciear pores
ide Wovrcnha et al., 20011, 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 nucleoplasmwic face of  the nuclear

envelope, including emerin, mutated intoe Emery-Dreiffues
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muscalar dystrophy, are essential for penstravion of the
AIDS wirus into the nucleoplasm and for the infection of
cells that deo net divide (Jacgue and Stevenson, 2006]).,
The term genetic laminopathy therefere  covers  Lhe
pathologies resulting frem mubaticns in the genes coding
for the lamins, very specifically LMNA ccoing for lamins
A and C, buet also those caused by mutations of associated
proteins, including those participating in lamin
maturation.

The abknormalities induced by PIs at the level of the
ruclear matrix  therefore represent an  acguired and
ratrogenic  laminopathy. Whether they are genetic or
socguired, these ahnormalities in the nauclear malrix
resuif in genosic instability and cell aging (Menhta et

al., 2007%; Okerdoerffer and Sinclairx, Z2007).

4. The "“telomeric” theory of aging

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

a phenomencn that can be counterbalanced by the activity
cf the catalytic telomerase subunit (Gllson and Geli,

2067 ; Stewart and Weinkerg, 20060,

Before the appearance of guantitative PCR, which enables
direcl measgrement of telomere length in particular in
monechucleated blood cells (Cawthon, 2002 Gil and Coetzer,
2004; Nisjou wb &l., 2007), the measurement of tLelomerase
activity {THAP assay) was performed on gells of patients
treated with antiretrovirals, wilth variable resulis, in
particuiar depending on the T-lymphocyte subtype analyzed

(Effros, 2000).
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The NRTIs inhibit telomerase activity (Olivero, 2007
Yamaguchi et axr., 20017,

Abnormaiities in lamin A cause a reducticn in telomerase
activity, resulting in accelervated telomere shortening.
These effects are observed in the cells of patients with
progeria, whether or ool the cells had bheen transfected
to overexpress the catalytic telamerzse subuniv (Walii

et al., 2004). <Comparzble resuits were obtained in
fibrohlasts of healthy subjecis overexdpressing, aiter
transfection, lamin A, normal, mutated or deleted, as in
progeria (Huang et al., Z008). The nuclear maltrix and the
proteins of the nuclesar envelope asscocliated with it at
the level of the lamina therefore directly or indirectiy

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

5. Certvain transcriptian regquiation facters, in
particular pb3 and WF-gh, are involved in aging or

regilaticon thereof.

Two families of proteins, pS%3 (Zafon, 2007} and NE-gB
{Hayden and Ghosh, 2004), control the Lranscriptien of &
large number of genes and are invelved in the aging
phenomenon., These proteins are also invelved in the
mechanisms described in the other thearies of aging and
are related to cone ancther.

Mext to its well-charscterized funciions in the control
of the cell cycle, the stress response, oncogenesis, and
DNA lesion repair {Fuster et al,, 2007; Helton and Chen,
2007; Sengupta and Harris, 2008), p$3 is invelwved in cell
auing isee, for example: (Bager and Helfland, 200657 Ben-
Porath and Weinberg, 2005%; Papazeglu and Mills, 2Z007;

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

by  lamincpathies {(Vvarela el al., 2005), in the

functioning of helicaze, the wutation of which is

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

Sommers el al., 2008), teiomere regulation (Wynford-

Thomas, 1996), and control of mitochondrial respiration

(Matoha et ai., 2006} independently of the roie of pal in

the activaticen of apopteosis by its interaction with

apoptogenic molecules of the outer membrane {Manfredi,

2003; Mihara et al., 2003; Moll et al., 20065). ps3 also
regulates the “insulin-IGFi-klothe” metabolic pathway

(see below) .,

M-l is also invelved in many metabolic pathwaysz. Its
inactivaticn by RNA interference in fibroblasts in
culttre protects them from aging (Hardy et al., 2005).

Similarly, the blockage that can be induced by the
expression of NF-4B in mouse epidermal cells slows thelr
aging via variations in the expregsion of numerous genes

analyzed by nmicroarray (Adler et al., Z2007;.

. The “metabelic” theory 34 EOANG via caloric
restriction and the signaling pathways of insulin, IGF]
and the klotho hormone links the plasma membraneg, Lhe
nucleus and the mitochondria

Caloric restriction increases the lifespan of rodents
(Borone and Guarente, Z005). It activates deacetyiase
sirtuin, which targets histones {(with remodeling of the
chromatint (Vijg and Suh, 2008), numerous cther nuclear
oroteins  (transcriptien factors including pb3, proteins
involved in IMNA repair, etc.) as well as cyhtoseiic
(rubulin) and mitochendrial proteins (Guarente and Picard,

200%;: MNorth and Verdin, 2004; Forcu and Chiarugi, 2005).
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Caloric restrictiecon causes biogenesis of mitochondria via
the expressiocn of endothelial HNO-synthase, aNGE (Hisolil
and Carruba, Z006; Nisoii et =2l., 2005}, resulting in an
increase in ROS production (Gredilla and Barja, 200%5%).
The insuiin and IGF signaling pathways, invelved in aging
{Bartke, 2005; Russell and Kahn, 2007} are inhibited by
caleoric restrictiorn {Helzenberger et al., 2004; Maszoro,
Z004) .

Caloric restriction also inhibits the signzling pathways
requlated by the kiotho hormone (Kurosu et al., 2005;
Unger, 2006), o¢f which mutaltions are accompanied by
premature aging in the mouse (Kuro-o et al., 1297).
Kletho 1s a regulator of the response induced by the FGE-
23 receptor (Kurosu et al., 2006). The mutations of
kKlotho and FGF-23  induce the same prematuxe aging
phenrotype, which is Known ter be caused by
hypervitaminosis [ and which is corrected by the deleticon
of a gene increasing the effect of vitamin [ {Razzague
and Lanske, 200681, Klolthe also blocks Lthe response of Wnt
receptors (Liu et &l., 2007z}, which shows the diversity
of the metabolic pathways invelved in aging. Finaily,
insulin stimuiates, via phosphatidyl-inositel 2 kinase,
the cleavage of the transmembrane precurscer of kletho by
metalloproteases of the ADAM family and the release of
kletho into the extracellular medium (Chen et al., 2007},
Yhe protein pi3 is alsoe inveolved in the reguiation of
these metabelic pathways (Campisi, 2004; de Oliveira,
AO06; HKim el ai., Z007: Scbmid et a1., 20075,

The orotein p66™" represents one of the cameunication
signals between the plasma membrane recepbers for insulin
and for 1GF1, the nucleus and the mitochondria {Martin

and Friedman, 2004). K0 p&é*%'" mice show high resistance
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to stress and an increase in their lifespan {Migliaccio
et al., 1999). PE6™Y is a target of pb3, localized in the
mitochondria of which it coentrols the metabolism and ROS
oroduction (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 induced by disbales

]

(Rota et al., 20061, P&e™ is alsc a redox enzyma. In
response to cell stress, pé6e®™ 1s imported into the
mitochendria and is locelized in the intermenbrane space
where it synthesizes H:0; (i.e, 30% celiular Hu0z;, with
the rest bheing produced by peroxiscome] using electrons
transferred by the aytechromes C {Giorgio et al., 2003]).
H:0; may represent an intracellular signal for Llifespan

regulation (Giocrio et al,, 2007).

Description of the invention

nfter lengthy research, the Iinventors showed that the
sssoclation of & nydroxymethylglutaryl-ccenzyme bt
reductase inhibiter (statin family) and & farnesyl-
pyrophosphate synthase  inkibitcor femino-bivhesphaonate
family, WBP), or one of their physiclogically acceptable
salts, is an effective Lreatmant in situalions,
pathelogical or not, &ssociated with the accumulation
and/or the persistence, in the cells, of prenylated
proteins, in the sense that it acts on the entlre protein
prenylation pathway, at €15 and at C20, or in non-
characterized forms. The inventors also chserved that the
zszociation of a hydroxymetnylglutaryl-cosnzyiee o (HMG-

Cof)  reductase inhibiter and a farnesyl-pyrophosphate

synthagze inhibitor has an  additive effesct  in the

restoratien of the normal pheneotype 1in fibroblasts of
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patients with Progeria. The effect of bthe gssociaticon is
clegrly superior o the effect of ohe or the other of the
inhibitors used individuzllivy(Varela et al. Z008 (54 bais)y).
The use of the assogiation on celis of patients with
% Progeriz leads toc oan inhibition in the prenylation of
proteins, and Lherefore the Sphpearance af non-
farnesylalted prelamin A and the ilmprovement of nuclear
symptoms and the partial correction of anomalies of [DNA
repartition. The prenylatien inhibition is also observed

14 in mice model for restrictive dermopathy and partially
restore the mice lifespan{Varela et sl. 2008 (34 his)).
Antiretroviral treatments target a plurality of metabolic
pathways ang a plurality of cell compartments, the
cyltozel, the nucisoplasm and the mivochondria.

15  The side effects of these treatments reproduce some of
the oiinical and bilological signs observed in patients
witn genelbic laminepathies cansed by mutations in the
LMNA gene or in the EMPSTEZY gene. The common point
between these nutations 1is that they preserve the

20 farnesyl grosp bkbound te lamin A or Lo prelamin A. This
farnesyl greoup anchors the iamin A to the micleoplasmic
face of the nuclear envelope at the level of the Jlamina,
whiie the rest of the nucleoplasm is free of scluble

lamin A.

[2
[fiy]

These twa abnormalities in the distribution of lamin A

cause deleterious consequences at the level of a number

of noclear melabolic pathways (DHA replication and repairn,
gene transcaription, telomere shortening, eto.), and also
have deleiericus consequences in other cell compartments,
3¢ including the mitochondria. The general dysfunction of
the cell causes accelerated aging and & reduced lifespan

thoreodf.


lalinka
Rectangle


[

wh

15

20

Pl
iy

36
Ao family  of retroviral treatments, the protease
inbikitors, inhibkit ZMPSTRZ2Y, hlock the maturaticon of
prelamin & and cause the persistence in the coell of
farnesylated prelamin AL The appended figure %
schematically shows the aging theory developed by Lhe
present: inventors and based on abnormaiities in  the
maturaticn of prelamin 7 End their functional
Consequences.
I addition, the indirect effects of the viral protease
inhibhitors o1l mitochondria, & sacond family af
antiretroviral drugs, the wiral nuclectide reverse
Lranscriptase inhibitors, directly disrupt Lhe
mitochondria, an organelie of which abnormalities of its
furctioning are known to be associated with aging.
The ohiective is therefore Lo analyze the nmechanisms by
which these two tvpes of antiretroviral Lreatment cause
accelerated aging in patients infected with the AIDS
virus and te wverify that these mechanisms are comparable
to  these causing accelerated aging in patients with
genetic laminopathy.
The present inventoers deduced that the side effects
described above of the antiretroviral treastments can be
minimized owing to a composition inciuding or a treatment
combining:

- at  least cohe  hydroxymethylgiuotaryl-coenzyme A
(HMGE-Col) reduoctase inhikitor or one o its
physiologically acceptable salts, and

at leazt e farnesyl-pyreophosphate syhithase
iphibitor or one of its physicloglcally acceptable salts.
This inventian thierefore relates te  an ANTI-HIY
composition including at least one hydroxymethylglutaryl-

coenzyme £ {UMG-CoA) reductase inhibitor, alt least one
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tarnesyl-pyrophosphate  synthase inhibitor, or  one  of
Lheir physiociogically acceplable salts, and an anti-NIV
agent.

This composition c¢an be intended, for example, for
treating situations, pathological or noi, asscciated with
Lhe accumuiation and/or persistence in the c¢ells of
arenyiated proteins. In particular, according to  the
invention, this compeosition is useful in the treastment of
an HIV-infected patient.

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

This inventiocn alsoe relates to a compoesition according te
the invention in which the anti-HIV agent is a protease
inhibitor or a reverse transcriplase lnhibitonr.

This invention also relates 1o a composition according to
the invention in which the anti-HIV agent i=s a proleassg
inkibitor chosen from the group including fosamprenavin,
lopinavir, ritonavir, amprenavir, atazanavir and
indinavir.

Thigz inventicn alse relates to a composition according to
the invention in which the anti-NIV agent is a reverse
transcriptase inhibkitor chosen from the group including
sidovudine, lamivodine, didancsine and epzicom.

In the compesiticon of this invention, the anti-HIV agent
can alsc be an assccialicn of one or more antiprotedases
of the wirus and/or one or more reverse transcriplase
inhibiters of the virus and/or cne or more inhibitors of
Lhe entrance of the virus into the ceils and/or one or
more  integrase  inhibitrors and/or any other treatment

having an antiviral effect, in particular any trealtment
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recognized oy Lhe national and/or international
regilatory institutions and the scientific community.

This invention also relalbes Lo a compoesition according to
the invention in which compeunds are used that are boeth
hydroxymethylglutaryi—coenzyme A {HMG-Caod) reductaze
inhibitors and farnesyl-pyrophosphate synthase inhibitors,
Very specifically, the compasition according Uo the
invention is intended fto ireat an HIV-infected patient
developing side effects assoclated with the accumulation
and/or persistence of preogerin in the cells; even more
specifically, the treatment of situations assSocialted with
the accumulation and/ocr persistence, iIn the celis, of
farnesylated prelamin A, whether or net 1t is truncated
or modified.

Accarding to the invention, any farnesyl-pyrophosphate
synthase inkibiter or one of its physiologically
acceptable salts can be used in the preparaticn of the
compositicon according te the invention.

The physiclogically acceptable salts can be, for example,
salts formed with hydrochloric, hydrobremic, nitric,
sulfuric or phesphoric acid, carboxylic aclds such as,
for example, acetic, formic, propionic, benzelic, walelg,
fumaric, =succinic, tartric, citriec, oxalic, glyoxylic,
aspartic acid, =zulfonic alkanes acid such as sulfonic
methane or ethane acids, and arylsulfonic alkanes such as
suifonic benzene cor paratoluens acid,

In particular, Lhe farnesvyl-pyrophosphate synthase
inhibitor can be one of Lhe menbers of the family of
pelyphosphonates, particularly aminebiphesphonates {(NaP),
ar one of its physiclogically acceptable salts.
FPolyphosphonates are synthetic molecules comncnly used in

the treatment of ostecoporosis and bone regeperation.
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The term phosphonate zpplies Lo molecules wvery similar Lo

rhosphata:
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Fhosphale

The core of the biphesphonates (BP) is eguivalent tc a P-
G-1" kong as in ATP, for example, but in which the oxygen
is replaced by a carben. This confers a wvery specific
stability on these molecules,.

A mimple biphosphonate would be equivalent to ADE, with
the 2 phosphate groups (3P} being replaced by the

biphosphonate group.

The cenltral carbon, uniike the oxygen of the phosphates,
can again be involved in 2 bonds, and it is tne nature of
Lhe groups grafted onto this carbon that constitutes the

specificity of the biphosphonates.
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When the “lateral” chains (Rl ard R} conprise an amine
function (NH), or mere generally one or more nitroegen
atoms, we refer to amino-biphosphonate, or KBP.

Of course, other substituents can be bound Lo oxygens.

Pyrophosphoric acid, or pyrophosphate in solution {(FPPI1)

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

pyrophosphoric acid

is used in numerous mpetabollc reacltions as a substrate
rransporter, and it iz restored at the end of the
reaction. One of the metabolic pathways uszing moeleculaes
coupled to pyrophosphate is that of proteln prenylation,
The grafting of an isopentenyi-PP {(Ch-based unil) onlc a
geranyl-FF (o0 to give farnesyl-FE, a reaction
catalyzed by the farnesyl-pyrophosphate synthase ({FIP3)
chzyme, releases & PPL.
It is this step that is specifically inhibited by the
REPS.
In this regard, and as an example, the aminchiphosphonate
{farnesyl-pyrophosphate synthase inhibiteor) <an be chasen
fram:

— alendronic agid or its ienic form, slendronate;

- ¢lodronic acid or its ionic foerm, clodronale;

- etidronic acid or its ionic form, etidronate;

- ibandronic acid or its ifonic form, ibandronate;

- medronic acid or its ionic form, medronate;

- neridronic acid or its ionic form, neridronate;

- glpadrenic acid or its ionic form, oipadronate;

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

- tiludreonic acid or its icnic form, tiludronate;

~ zoledronic acid or its ionic form, zoledronate;

« 4-l, Bedimethylamninemethane diphosphonic acid or
its ionic form, dimethylaminomethanediphosphonate;

- g-aming- {(d-hydroxybenzylidene) diphoesphonate,
Preferably, acocording to the invention, it is preferakle
to use zoledronic acid f(also called zolendronic acid) or
its ionic form, zoledronate {(also called zelendronate).
According te  the idnvention, any HMG-CoA reductase
inhibitor, or cne of its physiclogically acceptable salts,
can be gsed in the prepzration of the composition.

In particular, the HMG-CohA reductase inbibiter can be a
moelecule of the statin family, whether it iz lipoesoluble
ar hydrosoluble, or one of its physiclegically acceptakle
salts,

Sratins have been identified in fungi. fThey have an
innipiting activity on HMGE-Col reductase, a key enzyme in
the wiosynthesis of chelestersl and steroids, which
catalyze ithe reducltion of hydroxymethylglutarate coupled
te Cosnzyme & in mevalonlc acid (mevalenate in solutiond.
This inhibition is ensured by their structural similarity
with the hydroxymethylglutarate skeleton. The metabelic
pathway invelved is  admittedly that of cholesterol
bicsynthesis, Dut 1t is alse that of the synthesis of
prenyl groups, polvmers of the 5% iscprene carbon base
unit used to modify arcundg 300 proteins in the c=2lls and
attach a Iipophilic tall, enabling in particuliar thelr
anchoring in the menbranes.

The main polyprenes, all from pyruvate and HMG-Cod, are

geranyl (C10), farnesyl {(C15) and geranyl-geranyl {CZ0).
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All of the stating are globally hepatoselective, nul all
do not have the same mode of entry into the cells. Indeed,
pravastatin and resuvasiatin are both hydrophilic, and
therefore hydrescluble, unrlike ail of the others, which
are lipophilic, and therefore can diffuse freely through
the plasma membranes {lipid bilayers), which undoubtedly
explains their higher toxicity. The hydroseoluble statins
need a specific transporter in order to enter the cell,
Organic Anion Transporter 3, or OAT3, or SLCZ22A8 {(lakedza
& al. 2004 {4&)1.

They are commonly used te trealt hyperchelesterolemia, and
their Sice affects, which are rare, hawrea Lraen
characterised in detaii. These are in particulay cases of
rhabdomyolysis {1 to 7% of cases accerding to  Lhe
molecule used, Evans & al. 2007 {12)), of which the early
signs, muscle pain in the patient being lreated, results
in immediate discontinuation 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, dalvastatin, cerivastalin, pentostatin,
rosuvastaltin, lovastatin, pitavastatin, or one of their
phvsialegically acceptablie salts.

Lovastatin, pravastatin and simvastatin are molecules
derived from fungal metabolites, while the others
fatorvastatin, cerivastaltin, fluvastatin, pltavastatin
and  resuvastatind are entirely synthetic. Preferably,
according to the invention, pravastatin, & seml-natural,
hydrozsluble statin, is usad.

Of course, it is possible according Lo the invention Lo

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

According to a specific form of the invention, ithe
composition can be intended both fer the treatment of an
HIV-infected patient and the treatment cof side effects of
the anti-HIV treatment, for example skin aging, hody or
head hair loss, esteoporosiz and lipodystrophy.

According to the invention, the farnesyl-pyrophosphate
synthase inhibitor and the HMGE-Col reductase inhibitor
are advantagecusly present in the compositicon  at
physiologically effective doses.

Generaliiy, Lthe amcunts o be administered can be adapled
according to the patient, the patholaegy, the mode of
administration, and so on. It is understood that repeated
pses are possible, opticnally in combination with other
active ingredients or any carrier.

In general, the daily dose of inhibitors will be the
minimum dose needed to obtain the desired effect.
Aoccording to the invention, the hydroxymethyl-glutaryl-
coenzyme A {HMG-Coh)l reductase inhibkitor, the farnesyl-
pyrophosphate synthase inhibiitor, and the anti-HIV agent
can be used in the composition, in @ mixture with cne or

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

[

excipients or carriers. It 15 possible te cite, for
exanple, the ilngredients normally used in drugs intended
toe treat HIV-infeclted paltients and acoompanying the anti-
HIV agent.

The compozsition of this dinvention wcan also include  at
least ene other active ingredient, particularly another
therapeuticaliy active ingredient, for example for a
simultaneots or separate use or a use spread oult over

time eccording to the galenic formulation used. This
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cthrer idngredienl can be, for example, arr active
ingredient uzed, for example, in the ftreatment of
opportunistic diseazes that can develop In an HIV-
infected patient.

The composition of this invention is a composition that
can ke used both to treat an BIV-infected patient and to
prevent and/or treat skin discrders caused by the use of
the anti-HIV agent. This composition can ke used ag part
of a mueltitherapy 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). In the case
of multitherapy (for exampie, di-, tri- or guadritherapy},
rhe mixture of inhibitors can acoompany oneée or more of
the anti-HIV agents.

The anti-HIV agent can alsc be an associaticn of cne or
more antiproteases of the wirus and/ocr cone or more
reverse transcriptase irhibitors of the virus and/or one
or more inhibitors of the entry of the wvirus inve the
cells and/or one or wmwore integrase inhibitors and/or any
other treatment having an antiviral effect, in particular
any  treatment recognized by  the naticnal  and/for
international regulatory institutions and the scientific
Community.

This invention therefore alse relates to a process for
treating an Hiv-infected patient, including Lhe
administration o©f a composition according te the
invention. The compositicn ef the invention is as defined
above,

Rcecording te the dinvention, the administration can be
performed according te any of the routes known Lo &

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

Az indiceted ahove, the administered dose of the
composition of the inventicn cepends upon the patient” s
needs and ils also determined by taking into account what
iz physiolegically acceptable by the patient.

The guantity of inhibkivors in the composition of this
inventicn can be such that it enables, as an example, the
administratiocn of a dose of hydroxyoethylglutaryl-
coenzyme &4 {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/fkg of
body welght.

According te the invention, as an example, in the
compesition of the inventien, the ratio of farnesyl-
pyrophosphate synthase inhibitor o hydroxymethyl
glutaryl coenzyme A reductase inhibiteor, or cne cf 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 copventionalily determined according to the
current knowledge of a person skilled in the art in the
Treatmenl: of HIU—infected'patients. It ¢an be chosen, for
example, from those conventichalily used in HIV-infected
patients.

Examples of anti-HIV agent concentratiens for each of the
anti~HIV agent exanples described in this docoment  arncd
pach of the mixtures or agszociations of anti-HIV agents
described in this document are provided in the VIDAL
Rictionary (registersd trademark}, for example Edition
2007, The concentrations indicated in this Dicltionary are

also tho=2e aulthorized for humans.
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This invention also relates to a process for Lrealting
sid

caused in a patient undergoing an anti-HIV freazuiment,

)
e

effects of premature aging and/or lipodystrophy

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

The conditions, guantities and routes of administraticn
man be s descoribed in this document, for example ahove.
The anti-HIV agent 1s, for example, an anti-HIV agent or
an associatiaon as defined above.

This invention relates in general to an application of
the mixture of inhibitors mentioned above as an adiuvant
for treatments having an latrogenic effect, for example
pramatuare zging, including, for example, the application
of an “adjuwvant to the anti-HIV therapies comprising at
least one anti-protease” 1o particular causing this
iatrogenic effect. Thas, any treatment causing the side
effects cited in thisz document iz concerned by this
invention.

This invention also relates to a precess for treating an
RBIv-infected patient including, in  any ordbr, L he
foillowing steps:

- administration of a wixture including at least one
hydroxymethylgiutaryl-coenzyme 4 [HMG~Col) raductase
inhibitor &nd  at lesast one farnesyl-pyrophosphate
syhibthase inhibitor,

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

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

HIV agent can ke ce-administered. This involves the

process of the iovention defined above.

According to the invention, the anti-HIV agent can be as

defined abkove.

According  toe  the  invention, at least one of 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 fto z

compositicn, it ig understood that sech compounds of the

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

Lthese compositions including one cr several of the above
mentioned compound, the wmode of administration of each
compounds or compositicon{s) Mmesy faen identical or
differentl, or indegendently from  one another, far
axample successively, for exampie independant

administration of a hydrexymethylglutaryl-coenzyme A
{IMG-CoA) reductase inbibitor, independent administration
of at least one farnesyl-pyrophosphate synthase inhibitor
and  independent administration of an anti-HIV agent,

these administraticns are performed on the same patient,

concomitantly or stccessively or alternatively, 1in the
gbove menticned order or another order. These different
adminigtrations may he performed independently fram each
other or 1in o combined manner (compositicn  or oo-
administration), by an identical or different mode of
administration {injecticon, ingestion, topical aspplication,
etc.), ohe or several fimes daily, [or one or sevaral

successive, or nol, days.
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According o the invention, the administration of said
mixtere of inhibitoers can be performed, for example, with
# dose of the hydroxymethyiglutaryl-coeenzyme A (HMG-Cod)
reductase inkibiter of (.01 to 2 wmg/kg of body weighi and
with & dose of {the farpesyl-pyrophosphate  synihase
inhikiter of 49.01 to 40 mg/kg of body welght.

The administraticn of the anti-HIV agent can be performad
as indicated above.

A5  an  examnple only, dosages are described 1in the
following table for the implementation of one or the
other of the processes of the invention defined above.
Examples of amcunts of inhibitecrs and anti-HIV agent in a
composition according Lo Chis invention can be derived

frem this table,

[T TE
rangs
anti-HIV

Pravastatin |10 to 20:;20 to 40 |CGral i oto 100
me/d tac /ol mg/ad

Simvastatin | 10 mg/d 16 fo 40 ]oral 1 te 100

mg/d ! bing/d
hlendronate | 0 ma /o 20 to 40 i Oral 1 Lo kO
mg/d g/ d
Zolendrenate | 4 my /35 or g.zo | 1v To.01 T Tte
meg /S d 0,50 mgfd
Pamidronate |15 to 90| - v 1 teo i40
ey /el ey
Cledronate 100 mg/s two times |oOral hmmmmvfﬂﬁwﬁé fffff to
! 2 gfd

IVT means intravenously

A means “day' . Dose/d = dose/day.
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According te the invention, the desages concerning the
anti~MIV agent thatt can ke used to implement  ihis
inventian may be known to & person skilled in the axt.
They can be, for example the dosages described in the
VIDAL Dicticenary {registered ltrademark), for example in
Editicon Z007. For each of the examples of anti-HIV agent
descriped akove and cach of the mixtures or aszoclations
of anti-HIV agents described above, one will alse find,
in the VIDAL Dictiecnary (registered LULrademarx), for
exanple Bditioen 2007, dosages that <an be used 1o
implement this inventiaon.

Other advantages may alsc appesr to a person skilled in
Lhe art from e ERampies below, provided Ton

illustrative purpeses and shown in the appended Tigures.

Brief description of the figures

Figure 1 shows the resuils obtained with a Western Blot
on “nermail” contrel fibroblasts treated with increasing
doses of & hydresoluble statin {pravastatin P, 20 to 100
HEY, and an aminokiphosphonate (NBEP, zgledronate 2, 20 Lo
100 uM} (tracks A to 1, respectively P20/2Z20, P20L/Z60,
F20/2100, PeGsZ2R, Po0/Z60, FGO/Z100, PICC/420, PIOCG/ZGO0,
F1O0/2100) ., drack J iz a positive test for the presence
cf prelamin A {fibkroblasts of DR patients), and track K
is the negative test, treated with the golvent alane
{ERS) .

Figure Z shows the results chtained a2t effective doses of
cach of the products.

Figqure 3 shows the supericr effect chtained with {he

administration of the twe prodocte together.
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Figure 4 shows the aciion of Lhe associstion of tChe two
products on aged cells.
Figure &% snhnows the ceil multiplicetion of Tibroblasts by
2 measurement of the mitotic index as a function of cell
culture conditions. The mitcotic index corresponds to the
ratio between the number of nuclel marked (erntering the
division process) wilth respect Lo the number of total
nuelei of the figld observed as a function of each
Lraatment.
Figure 6: Schematic representation of the mitcchoendrial
theory of  aging. The mitochondrial targets af  the
sntiretroviral treatments. Legend: NRTI: wcleosides
inhikitors afl inverse Lranscriptase, B protease
inhibitors, mbtDNA: mitochendrial DNA and ROS: Reactive
OXYYEN Species
Figure 7: Schemalic representation of the biosynithetic
prathway of isoprencids and inhibitors thereotf.

NEP: aminekiphosphonzte

FIT: farnesyl-transferase inhibitorn

GGETI: geranyl-geranyl transferase inhibitor
Figure g Schematic representation of Lhe posi-
translaticonal maturation of prelamin A, its nuclear
importaticn and its localization in the nuclecplasm.

2! normal prelasmin b

br: maturatieon of prelamin & deleted in the progeria
{progerin}! cr during & mutation of the ZMPSTEZY protease
in restrictive dermopathy. The protease inhibitors of the
AIDS wirus {PI1) inhibit ZMPSTEZ4,

NEC: nuclear pore

NE: Nuclear envelop

HGPS: Butchinzan-Gilford progeris Syndrom

RE: restrictive dermopathie
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Figure 9: Schematic representation of the theory of aging
based on abnormalities of lamins and their functional
conseqguences. Legend: PI: viral profease inhibitors
Figure 10: Western blot showing that the blockage of
prelamin A phenylation regquires boeth the inhibition of
farnesyl-transferaze and Lype I geranyl-geranyl-
trangferase. Retection of lamin ASC in Hela cells treated
with farnesyi-transferase inhilitors andfor  type 1
geranylgenarnyl transferase. L& = Jlamin A, LC = lanmin C,
Fre = prelamin A

Figure 11: Mass spectromelry analysis of proteins
extracted from the nuclear envelope of untreated cells
(a), cells of preogeria patients treated with ETY (2.5 pb,
B} or trested with the pravastatintzcledronate mix (1 pM
each, <.

Figure 123 Mass  speciromebry  analysis  of proteins

he nuclear envelepe of untreated

=
ot

extracted fro
Tipbroblasts fal or treated with the
nravastatin+zoledronate mix {1 pM each, o) from ZmpsteZd
T mica.

Figure 12: Lamin & {control o¢ells) anag prelamin A
(ZmpsteZd™”  mice cells) were analysed by  mass
spectremetry (MBLDI-ToF). &, b: portions of the spectrum
corresponding to farnesylsated (a) and geranylgeranylaled
(h] tryptic peptides.

rigure 14: representatioens of results of different
expoeriments  demoanstrating the synergic effect of the
pravastatindzeledronate combinaticn on the accumuiation
of prelamin A in control cells and progeria patients: (a)
Imrunooeytochamical detection of lamin A/C and prelamin A
in untreatved buman fibroblasts treated with pravastatin

and/or zoledronate. (b) Immunccytochemical detection of
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lamin A/C and prelamin A in normal human fibroblazts and
from patients with progeria Lreated with the
pravastatintzoledronate combination. fend Quantitative
analysis  of  the effect: of pravastatintzoledronate
treatment on the nuclear worpholagy of  cells  from
progeria  patlents. td) Cuantivative analysis of  the
effect. of pravastatintzeiedronate treztment o the
nuclear merphelogy of cellis from progeria patients in the
R E pTale: of farnescl, geranylgeraniol or the (W
compounds. Error bars = mean & standard error of the mean.
Scale par = 310 um,

Figure 15%: representation of the results of the treatment

with pravastatindzoledronate showing the correcticn of
the nuclear morpheoleogy and the inducticn of & partvial
relocating of the isceforms of the A/C lamin and of the 11
lamin of the nuclear lamina in the nucliecplasm, in the
na

[+

progeria  patients cells. [ ) Immuneflucrescence
confocal microscopy. The images a to ¢ of each panel are
projections of the mean intensity of 29 images of the
stack ang show the tubpules of the nuclear reticulum
marked by the calreticulin in  the progeria cells
incubated with the PES. Images d to lL: confocal sections
izoclated by 0.2 pm of thickness. Effect of the
nravastatindzoledronate treatment {q) and (h. (&)
Colocalising of the #1 lamin and of the calreticulin.
Scale har = 5 oum.

Figure  16: representation  of  the efiect of the
pravastalbin  and  of  the zZeledronate whether or not
associated on  the nuclear morphology ol cells of
Zmpﬂte24”' mice tad and of contrel mice (b)) in culfture,
in the presance of farnesol, of geranylgeranioel or of Lhe

two moleceles.
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Figure 17%: ECfecy of the pravastatintzoledronate
Lreatment. on the anomalies of the double-strand breazk
repalr {DBSEY of the DNA in the cells of pregeria patients
Immuncdetection of the foci of the HIAX phosphorylated

5 histone detected a4 b alter irradiation, foci

correspoending Lo the unrepaired deouble-strand breaks
[images &t the top). Neclear marking of the DAPI [images
at the bottom). Curves at bolLitom: change in Lhe numbsnr of
fogl of H2ZAX phoesphoryliated histone according to Lime

10 after irradiaticn in the contrel cells (solid sgusre] and
vhe progeria cells lempty circie) incubkated witn Lthe PBS
or  treated with pravastatindzceledrenate. Rach curnve
represents the mean 4 standard error of the mean of at
least 3 experinents.

15 Figure 18: Effect of the pravastatintzoledronate
Lreatment on the progereid phencltype of mpste?d™ wmice:
fal Fhotographs representing demonth-old zmpste24+”,
Zmpstezd”™’” and  Zmpste2d4™” mice treated with @ the
pravastatin + zoledronate combination. Seale bar = 1 C:.

20 (b} Weight of 3-month-oid ZmpsteZ4™ (n = 12), Zmpste2s™

(n = 131 and Zmpste24d™ treated {(n = 15) mice. (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 tibia of Zmpste?é'”' treated and
non-treated mice {image at the top). The panel at the
hotiam represents the relative bone volume and the nomber
of bone trabecules in Zmpste?ﬂ”‘ nen-treated and treated
mice. (@) Quantificatiosn of the nuclear anocmalies of the

30 hepatecytes aof rmpsteldt rmpateZ4™  and  dmpsteld””
treated mice. The white arrows show the abnormal nuciei.

Scale bar = 1 pm. (Y Relative expression of the target
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genes of the p53 in the liver and Lthe heart of mmpstezd ',

smpste24””  and  Zmpstezd™”  treated mice, analysed Dy
quantitative RT-PCR, * B < 0,0h; ** P < R.0L; ¥ P <
0,001. The erreor kars represent the mean * standard error
of the mean.

Figure 19%: Effect of the pravastatin alene or of the
zoltedranate on the lifespan of Zpsterd ™’ mice: Kaglan-
Meier curves pravastatin only (a) and zeledreonate only {io)
on  gmpste2d™’” treated (empty diamond) and non-treated
feolid circles) mice.

Figure 20: Effect of a pravastatintzcledronate treatment
on the lifespan of Lmna ™’ mice: Kaplan-Meiexr curves using
Lmna™’™ mice treated with pravastatintzoledronate (no= 12,
ewrpty  diameond}, compared to that of non-treated mice

fzolid circles, n = 11).
Examples

Example 1: Additive effect of the association of a

T L

hydroscluble hydroxymethylglutaryl-coenzyme 7n (HMG-CoA}

synthase inhibiter {an

amincobiphosphonate: zoledronate) on normal and progeroid

cell culturaes

A, PROTOZOLES

The oell lines are weither ceontrol fibroklasts AGLG4A03
from the Coriell Institute or fibroblasts from biopsies
of  patients with restrictive dermopathy. They 4are
cultivated at 37% under %% COp; in room B2,

The usual complete culture medium is:
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« RPMI (Invitrogen) complemented with
- Fetal bovine serum 20% (Invitrogen)

L-Glutamine 200 mM (Invitrogen)

- Mixture of FPenicillin/Streptomycin/furgizone  1X

(2tock 100X, Cambrex)

ells is performed by trypsinization as

]

The harvesting of
fellaows [protococl for a large £lask, 75 cmz, B Falcon):

- The madium is sucltioned;

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

- 5 ml of & scilotion of Trypsin/ECTRA 11X (Cambresx)
are added;

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

- The trypsin is inhibkited by dilution in 15 ml of
complicte medium;

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

- The pellet is resuspended in 2 ml of PBS 1X and
re-centrifaged under the same conhditions.
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 stock sclution.
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The final concentrations Lested were 00 nM, 1, 5, 50 and
100 pM, obtained by diluting the stock soluticen in ithe
complets mediam.

The =zoledronate scluticen ({NBP) used 15 prepared as
foliows:

i (1-hydroxy-2-inidazol~1-yi-l-phosphono-ethyl}
shosphonic acid stock selution (0.8 mg/mi, WHovartis) is
adiusted Lo a concentration of 2 mM.

The final concentrations tested werae 500 nM, 1, 5, 50 and
100 pM, cbtained by diloting the stoeck soluticon in the

compicete medium.

A.d Western bBlob

R.4.1 Preparation of cells

For a 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 clcse Lo
confiuency {4 dawvs).
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
hiosrs, =seguentialiy orn simultanecusly) in the Incubatoer
at 370,

fter the treatment, the oells are Lrypsminized (protocal
above) and the pellet obtained is stored at -80°%C until
protein extraction.

A.d.2 Proteln edtraction for Wesrern bhiot

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

SR8 0.l

Sodium deoxyvcoholata (5%

HaCl T (i

EDTH 1 b

TrisHCl pll 7.4 20

Protease inhibitor 1 tablet foxr 50 ml

(Roche 11697428001}
Extemporanecusly, the following are added:

Sodium orthovanadate iomhM

PMED i omM

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

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

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

The protein assay is performed upon thawing.

A.4.3 Western blot
- _Gel

An 8% acrylamide gel is conventionally wsed to detect the

varicus Forms of lamins bSC.

Rerylamide/bizsacryiamide 37/1 H3
TrisHCL pl B.8 3T mM
I 0.31%

AP .34
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A concentration gel iz poured over Lhe separation gel.

Acrylamide/kisacrylamide 37.5/1 3%
TrisHCL pH 6.8 375
505 . 1%
LPE (. 1%
ThuMEs .O%%

The protein concentration of the samples 15 agzayed, and

fractions are adjusted to 50 wug per tube in the lysis

el

1

f
L

huffer in a o |

%yl of loading buffer are added Lo each sample.

1

shs 4%
TrisHC: pHe.8 160 mm
Glycerol 20%
ff-mercaptoethancl 2 0%
Bromophenol blus TraceEs

The samples are denatured by heating for & minutes al

95°C and deposited in wells.

The migration takes place alt 50, then 100 velts, in

a buffer:

Tris-Base 0, 2%
Glycine 1.44%
shs 0.1%

-~ Transfier
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Ihe transfer membrane {Hybon P, Amarsham Dicscineces) is
prepared by socaking in ethanol, fellowed by a S-minute

hathh in =terile walter, and 10 minutes in Lthe transfer

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

The gel {s humidified fer 20 minutes in the transfer
buffer, then the sandwich 1is assembled (Miniprotean
system, Blorad).

The transfer generally takes place overnight, in a cold
chamber, at 10 wolts.

The membrane iz rinsed in PBS 1X, preserved in a humid

environment, and used as iz for detection.

- DPDetection

The memnbrane is incubated for 1 hour st yoom temperature

in a saturation soiuticn:

Casein 0%
Twaan £0 0.1%
PEZ X

It iz rinsed 72 times for 10 minutes in the washing buffer
(Tween 20 G,1% / PBS 1X).

The primary antibody iz dijutad in the saturation buffer
(Getails and diloticn, see lmmunclabeling below) .

The membrane is incukated with the primary antibedies for

1 heur at room temperature while stirring.
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rr is then rinsed 3 times with the washing buffer, then

is
washed 3 fimes for 15 minubes with the same bufifer.

The secondary antibody (system coupled to peroxicase,
Jackzon Immunorescearch] is  diluted to 3710000 in the
saturation buffer.

The nembrane is incubated with this selution for 30 to 45
minutes al room temperature while stirring.

Tt is then rimged 3 Limes with the washing bulfar, then
washed 3 times for 15 minutes with the same bulfer.

The detectien is performed with the ECL Flus Western
Blotting System kit of Amersham Biloscience, according to
the manufaclturer’s instructions,

Lfter detectiocon, the membrane is exposed on a Biomax MR
film {Kedak), for the amount of time necessary Lo have a

zatisfactory signal.

A.5 Tmmunolakeling

A.5.] Cell preparation

A cell culture is trypsinized, and the cells are counted
an a Neubpauser cytomeler.

Labtech cuifture wells (Nene, ref. 1773%%) are sceeded 1in
an amount of 5x:0? cells per well.

The complete coulture mediom is  supplemented by the
treatment (s) (statin, NBEP, hoth), and the cells are
cultivated for the ad bhoo tims.

The culture medium is fthen suctioned, and the wells are
digazsemnbied,

The zlides are washed in PBS 1X.

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

A 10 minute washing in #88 1X is pernformed.
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The cells are dehydrated by a series of 3 minute baths in
soluticns wilth increasing ebthanol percentages {40, 90,
100%, with the last bhath being repeated).

After drying, the slides are stored at -80°C until use.

5
A5 2 Labeling
After thawing, the cells are incubated for 5 minutes at
room  temperablure in & humidity chamber in 230 pi o of
paerneakilization seluation:
14
PRE X
Trivan X100 0.5%
EMNE {Rabhil: MNormal Serum, %
Vector S5000)
Protease Inhibiteor i tablet for 50 ml
{Roche 2IE97458001)
3 pre-incuebation  baths, each Tfor 15 minutes, are
performed in 50 pul of the incukation soluticon:
PRZ 1%
RNE 53
Protease inhibiteor 1 tabklet for 50 mi
{(Roche 116374925001
!
The primary antibody is diluted te /100 in 50 pl of
incubatrien sclution and placed in contact with the cells
for 1 hour at room Lemperastare in a bumidity cnambearn,
The primary antibodies used sre of two Types:
20 - Mouse anbi-lamin ASC (N-terminal sided, clone dRT,

donated by G. Morris {(Oswestry, UR)
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- Goat anti-prelamin A  (C-terminal oend 15  aal,
oroduct 8C6214, Santa Cruz Biotchnelegy, Inc.
3 rinsings in 50 pl of PR IX are performed for 105
minutes sach.
The incubation with the secondary antibody takes place
for 1 hour irn 50 mi of incubkaticen solution at  room
temperature irr a humidity chamber. The  szcondary
antibodies are of two Lypes:

- Donkey antili-meuse, Jackson Immunoresearch,
diluticn o 173100,

- Donkey anti-goat, Jackson Immunoresearch, dilution
Lo 1/200.
3 rinsings in 50 pl of ¥PBRS 1X are performed for 15
minutes each.
Incubation with 100 ui of OAFT 50 ng/ml solution (SERVA,
ref. 1L88a0) iz performed  for 15 minutes  ai room
Lemperature in a humidity chamber.
3 rinsings in FBY iX are performed in slide-helder Lanks
for b minutes each.
A final rinsing is perfeormed for 5 minutes in a sclution

of Tween 20 at O.1% in PRI,

The gells are immersed in one drop of VectaShield
(Yector), covered with an object-cover =siide and cbhserved
under a2 flusrescence Microscopa {Lelos MK, Leica

Microsystems), equipped with a coal SHAP CENE A

(Frinceton) .

G, Resulls
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"Mormal® controel fibroblasts were trealted with a4
hydrosolukle statin {(pravastatin P, 20 te 100 um), and
with an aminobiphosphonate (NBBE zoledrenate 74, 20 no 100
Ml in assceiatien (Tracks A to I, respectively P2O/JZZG,
FROSEED, P2O/R100, PROJZZ0, P60/zZe0, PE0OSELOG, PI00/220,
PLGGSEZGH, pr00/%100) . The Western blot shows  the
“appearance” of a band corresponding fto the size of the
nen-mature prelamin A (non-truncated) as a function of
the increase in concentration of the two nolecules,
confirming that farnesylation is necessary for maturatian
of lamin A. This result shows thst the bleckage of the
farnesyl-PP synthesis at 2 points of the metabelic
pathway is more effective than a blockage at only cne
polnt on the inhibition of the farnesylation of prelamin
A, abt least ex wvivo.

B.Z Response dose and time in immunchistochemistry

Response dose and response time curves made it posgeible
to determine maximum efficacy by measuring twoe parameters
on healthy control cells, then on HGPS patient cells.

The most effective association ol pravastatin
(hydrosoluble) / zeledronate (NBP) was obtained for an
administration of 1 pM of pravastatin over 24 hours, and
zoledronate over 17 hours on the healthy cells. No
toxicity was cohserved. On the HGPS ceiis (sellis with
nuclear abnormalities), csing the same administration
protocol, the number of “deformed” nuclel decreased from
Th% to 40%. The prelamin A level obtained on healthy
cells waz measured. This nmeasurement showed z maximal

leevel,
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B.3 Bffect of the immunchistochemistry treatment {figure
33

The combined action of pravastatin and zoledronate,

treatment: Pravastatin 100 p for 12 hours, Zoledronate
20 w4 for © hours, shows beltter efficacy, since the
prelamin A level produced in healthy cells treated
(estimated at 35%) is much higher in association than if
the molecules are added aleone {respectively 25% and 15%).
Morecover, the rate of deformed nuclei {sign of toxicity
on healthy cells) is minimal (below 10%), and below what
it is en cells treated with pravastatin alone {arxound

12%).

B.4 Action on aged cells by immunohistochemlstry {figure

4}

As a function of the number of “passages” (number of cell

subcualtures}, therefore the age of the cells, the
proportien of sbnormal nuclel increases. This

characteristic is typical of non-treated HGPS cells. If
HGPS cells are treated with Pravastatin 1 u¥ for 24 hours

and Zoledronate 1 4 for 12 hours, this proportion is

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

compariscen with more than 80% in cells treated with &

placeba).

B.5 Conclusion

The pravastatin/zoledrenate assoclation is effective st
doses for which almost no effect 1s cobserved when the
molecules are administered separately.

The physiclogical effect of blocking the prenylaticn
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 & &l., 200¢ {27), 104
M of pravastatin alone on vascular ocell progenitors;
Flint & al., 1997 (13), 25 pM of pravastatin alone on

neconatal rat muscie cells),

Example 2; Effect of a composition accerding 1o the

A, BXRAMPLE OBJECTIVE

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

Al: Zdclendronate

A2 Alendronate

Bi: Pravastatin

B2: Slmvastatin
The specific a2ssccialbions that were used in this example

arc: ALBl, AlBRZ, ARZEL, AZDBZ.

2. FROTOCOL
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In this example, two batches of fibroblasts, aged
fibroblasts (katch no. 9052) and voung fibroblasts (katch
no. TOBO) were placed in culture in a RPMI [invitrogoen)
medion containing 10% fetal povine  serum  without
antikbiotics for 24 heurs after tyypsinization of the
dishes provided.

The warious active agents were acdded at  a {inal
concenltration of 1 pM, each for 24 hours (a 1000 dilution
of a4 stock soiuticon in water for compounds A1, AZ andg Bl,
or in Kthancl 1060% for compound BZ, was produced]).

The mitotic index was evalcated by incorporating
Lromodecoxyuridine (Brdl) over 45 minutes after 24 hours
of incubation of the ceils with one of the active agent
combinations. An immunchistochemical detecltion showed the
cells in the DNA synthesis phase (pre-division celip.
Staining of the nucleil (genetic wmaterial] was performed
by incorporating diamino-phenylindolie (DAPI).
Six micrescopic filields (QLYMPUS 1IX 70) were cobtained,
aenabling the mitotic index to be measured by imnage
analysis (GLYMPUS AnalySIS). The mitotic index
corresponds to the ratio of the number of nuclel having
incorporated DBrdl over the number of nuclel having
incorperated  DAPFL, An average index 1s statistically
caloulated with a standard deviation of between 1.005 and
0.061.

A Dilateral Student tast enabied  the statistical

asignificance of the reszulis cobtained to be measured,

C. REISULTE

C.] General visual chservalicon of the
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These results show a very low divisien capacity amoeng
aged fibroblasts in the absence of any treatment, priox
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 ecapacity  betwsen  the aged non-treated

[

fibroblasts and the young noen-treated fibroblasts was
tharefore egual to 3.

Ir this example, no Loxicity was visually cbserved after
#4 hours of incubatien of the fibroblasts with the active
agent combinations testad.

In thiz example, no toxls effect of ethancl (G.1% fFrral)l

was obsorved after 24 hours of incukation.

D, EVALUACION OF THE MITOTIC INDEX (FIGURE &)

In general, the numper of aged fibreblastis without aoy
treatment in the [ONA synthesis phase was axtremely low:
less than 5% (see figure 5, column I).

The mitotic index was also not wvery high for the young
fikbroblasts: an the crder of 15% {see [igure 5, column &) .
By comparizon with the aged centrol fibroblasts without
any treatment, the contrel fibroblasts exposed to elhanol
(G.1% -~ 24 hours) show no significant difference (p=0.11,
n=G1 in their miteltic index. The values were then
combined (contzel, n=121,

The resulis shown in figure 5, coluon 2 show, on the
mitotic index of aged fibreblasvs, an AlBL (Zolendronate-
Fravaslatin!  activalting effect with respect o the
control (maximun stimulation by a factor of 2 (p<0.001,

nakl.,
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This example therefove shows bthat Lhe application of the
dolendronate-Pravastatin combination has  an activating
elfifect on the ocsll division of fibroblasts in an agoed

sutrieot,

Example 3: Effect of (he associatlon of a hwdrosoluble

nydrogymethyiglutaryl-coenzyme A A HMG-CoA] raeductage

inhikiter and a famnesyl-pyrephosphabe synthase inhibivor

on_a meuse model having a progerold syndrome

he Zmpste?d” O mice used here are thoze described in
bhe cited article of Varela & al., 2005 (49). EBEvidence of
elificacy of Lhe aszociation of ftthe two  molecules
(pravastatin and zoledronmstel Wer g reportad in
collaperation with a Spanizsh laboratory {C. Lopez-0tin).
Tho ellFicacy 15 obtained at combined doses Lhat do not
have an effect when the products are used separately,
demonstralting an additive effect.

The Lwoe moleculies {Zoledronic acid {Zometa {(reglstered
trademank)) i00 uglkg/day and Fravastatin 100 mg/kg/day)
were diluted in PRES 1X and injected intraperitoneally, on
a daily kasis, in l-month-old mice until thelr death. The
controls are wild mice of the same range, treasted with
FRE 11X alone.

The =urvival of the treated mice was  sianiflicantly
improved, and wasg maximal for females, with an average
lifespan increase of arcund 20%, The olinical sympltoms of
the dizease werne all consideral:ly reduced with respecl ta
Lric fndividuals Crested with PBS alone. In particular, an
affoct was ohserved of the [reatmant on the skin and the
regrowth of fur oo these mice with respect to the mice

rraeated with PBE, which zhowed large bald arcas.
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In this example, the tests are performed on skin from a
donor arcund 60 vears of age. A preparation of 21
explants of human skin is produced and kept aiive 1in a
BEM mediom (BI10-EC' s Explants Medium}.
The explants are distributed into three batches of =six
explants and one batch CC of three explants, az [ollows:

- 0 - Control plasty: 3 expilants

- C - Non-treated control: 6 explants

- R - Pesitive control: 6 explants

- I - Explants trested by the composition of the

invention & explants

E;l Treztment

The treastment iz performed on a different day, the first
day (D0Y, 2 hours after preparation of the explants, then
D+1 day, D12 days, D44 days, D46 days, D48 days and D10+
days.
The products are applied o the explants as follows:

- £ - the explants do not recelve any treatment,

- R - the explants eaclh receive, on 1M, D2 and D14,
I mg of the positive control {relinol cream),

- Pl - the explants esach receive, and at  each
Lreatment Lime, 2 mg of prodoct P
The treatment iz performed by topical applicaticn of the

composition of the invention. The composition 18 then
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distributed over Lhe entire surface of Uhe explant, using
a spatula. Half of the culture medium is renewad every
two daye and the explants are Rept alive at 27°C in a2

humid atmosphere enriched with 5% C0;.

A.2, Zampling for histoclaogy

At 0O, the three explants of bkatch C0 are chtained.

At D46 days and 2411 days, three explants of each batch
are cbhtained. The samples are cut in two, and one half :=
fixed in formaldehyde while the other half is frozen at -

0%, according to the BIO-EC procedure “"POOB-FERN".

B. Histelogical study

After 24 hours of fixation 10 the formaldehyde, the
samples  are dehydrated, impregnatec and coated  wilth
paraffin. 5 um  cress-secticon culs are preduced  for

morpholegical observation,

The merphelogical study of the epidermal and dermal

structures is performed on oross-section cuis  with

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

The immunolabeling of cells in mitosis is perloermed on

frozen cross-seclticn cuts with the anti-xKl €7 polycional
antikody (Nove Castra) detected in DAB. The positive
cells are counted over the entire epidermal length and
avarages are returned for the number of ccells 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  outs with  the anti-coliagen 1
poelyclonal  antibody derected in FITC.  The nueclel arne

oounterstained Wwith propidiom icdide.

B.Z.2 Dmeenolabeling of collagen 111:

The imnunolabeling of collagen I1T iz performed on frazen
cross—section cuts with the anti-collagen LTI polyclanal
antipody detected in DAB. The nucleil are counterstalned
with Masson’s hemalun.

5.2.4 Jnmunclabeling of collagen IV:

The immunoiabeling of collagen [V is performed on {rozen
cross-saection cuts with the anti-collagen IV polyclonal
antibody (Cliniscience) detected in PITC. The nocleld are

counterstained with propidiue icdide.

B.2.5 Tmmunclabeling of coliagen VIT:

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

with propidium iodide.

Endothelial ¢elis can be wviewed by lmcunclabeling of
ha'r

PECRM-1, periormed on frozen cress-secltion cutbs with the

anli-rPECAM-1 monoglonal antibody detected in Fastered.

Exemnpie bh: [ffect of the association of a hydrosoluble

hydrosymethylglutaryl-ceenzyme ) {HMG—{oh reduciase
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inhibitor and a farnesyi-pyrophosphate synthase inhibiitor

on in vitroe skin-Torming cell cultures.

This examplie uses the same combinations ol active agents
used in example 2 above. These varicus combinalicns of
active agents are used in wvitre in onder o evaluais
their effect on physiclogical parameters invelved in skin
aging.

The combinations ased in this example are RIBL, ALBZ,
AZB1, AZR2, respectively. These four combinaltions are
tested abt  a plurality of concentrations, and  the
experinents are performed in triplicate (representing st
lezst 36 experimental points].

The concentrations of the four combinaltions are propased
by the applicant, and, therefeore in wvitre oytotoxicity 1s
not. envisaged at this stage of the study {unless az a
simple test)., The experimentaticon is performed on cell

1

cultures of a fibroblast line as shewn 1n exXamplile 1. This
test iz also applied to keratinccytes cuitures. The
following parametars are examined for fhea fourn

combinations of active agents at the concentrations
indicated.

- Measurement of the mitotic index;

- Mezsurement of remodeling of the extraceliuvlar
matrix by coentraction of collagen lattices:

- Measuremant of the DNA  genome repalr  alter
irradiation with U¥HE {photoinduced stress similar to
sunpathing conditions).

The measurement of the mitatic index is performed after
exposure of the cells toe the active agents in a single
time. The index iz evalualted by ap image analysis count

af the cell nuclei having incorporated a thymidine analog
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Lhe total

ity of

ralcled. A

clurality of fields are analyzed. fhe photoes are archived

for jconcgraphy.

The remodeling of the extrazcellular matrix inrduced by the

fiproblasts erxposed to the active agents is

incorporalting

theze gl

l= i

an

nte bthe collagen

evalualted

lattices

Loy

#rc

by guantifying their 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 DNA gepome repasir is

Lhe el

tians. The objective is firsy Lo

= at a

Lo

the effect of the active agents during

monitoered over a period of 3 times,

Tormed alter

Uv-B dose mimicking

S

evaluaste

CHA repair

The gquantification is

perforned by oyclobutane pyrimidine dimer image detection

and Analysis Dy

UVE

irradiation

immunohistochemical technique.

The photos are archived for lconography.

Exampie &: Main objective:

Measuremenlt of

L& ing

the inﬁact

the HIY wirus

and anﬁiretroviral

cll

therapies on nuclear,

witcachondrial and cytosolic markers of cell agihg.

Secondary chjectives

- T 21145

lyee  the

nucleary, mitechondrial

infected patients;

- To meas
abtnormalities;
- Ta £ 115

abnormal itties

ure the

lyzee Lhe

acooraing

prevalance of

ard

glrerations

of

cylbasoiic functions in HIV-

incidence of appearance of These

Ty

tro

1he duration

Fy

[ b

CHpOZIne

ki o

pe  and  Ireguency of  th

to
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the antiretrovirals, averall, by class and by molaculs
foumulative oxpesore Limed s
- T analyze  the type and freguency of  these
abpormalities according te the intracellular HIV wirnal
load;
To  analyze the type and freguency of  these
apnormalities according to the HIV-infection follow-up

duraticn.

N, BEPERIMENTAL #2LAN

This oebservational study inciuvdes three groups  of
patients:

- Group A Hivl-infected patients withouwlt  any
antiretroviral trestment;

- Group ke HIVl-infTected patients under
antiretroviral treatment for at least 12 manths;

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

B, BELIGIBLLITY CRITERIA:

Inclusion criterias

-~ age » 1E years and < 64 years:

- having signed an informed consent [orr;

- HIV]1 positive confirmed with Elisa and Western
mlot for at ieast b years;

- HIVZ negaltive;

- Mever having received antiretroviral treatoment, or

as a first line of treatment for at least 12 months.,

Non-inclusion critexiar

-~ age = 18 years and > B years:


lalinka
Rectangle

lalinka
Rectangle


10

15

b
-

——

- not having signed the informed consent [orm;

- HIVZ positive

- patlients Lreated with slhatins 3 amino-
iphcesphonates

~ yrauthorized concaomitant trealments: testosterone,

insulin-dependent diaketes treatment..

C. STUDY PROCEDURE

Number of patients evaluated:

2060 patients including:

- Group A n=hi

- Group #&: n=100

~ Group € n=5H0
The patients of group A needing, during their felliow-up,
to start an antiretroviral treatment have an additionszsl
evaluation when starting the treatment and are analyzed
starting on that date with the patients of group 8.
The datz measuered over the pericd during which they were
inciuded in Group A makes 1t possible to measure the
possible direct rele of the HIV wvirus on nuciear and
mitochondrial functicons.
The patients of qgreup B needing an  antiretroviral
treztment modification during the studies have a ciinical
and paraclinical evaluation identical Lo thoese provided
in the context of the follow-up when there is a change in
treatment. The follow-up data on bhese patients is Laken
into account to calculate the incidence of disruptions of
ruciear and mitochondrial functiens chserved in patients

exposed Lo antiretrovirals.

Srudy duraticn:

The srudy duration is 36 monihs.
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~ Date of HIV infection diazgnesis

- Mode of contaminaliorn

- CLC stags

- For stage C:; diagnosis of AIDE-delining condition
- Antiretroviral breatments in progress [(start date,

molecnles adminlstered)

Clinical exem:

- Weight, height, boedy mass index
- Waist circumference, hip circumference, waist-to-

hip ratioc

Blood tests:

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

— Assay of CD4 and CG8 lynmphocyte levels

- Givycemia, insuiinemia, HOMAE caliculalticn

- Total chaolesterol, L., HDL cholesteroel

- ITriglycerides

- Zampling of 2 B2TA tukbes of 7.5 ml for analysis of
nuclear and mitochondrial fonctions, measurement of HIV

proviral DHNA and ceil librarny

Analysis of antiretrovival-targelt nuclear, mitochondrial

- Western bhlot and immcnolabeliog:
Production of NF B and 1 13 as controls of

pDrotadasoms geiivitys
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- Maturaticn of lawins A and B, »auciear protein
modals:

- Production of 2RESPF isoforms and their nuciear
imporiaticn;

[N and C-glycesylation 38 purified and
deglycosyiated CH36 (%30 kla of sugar) {Abcam);

ingportation, into  the mitochondria, of  Hspio
having & cleaved addressing signal, as a measurement of
Lhe mitochondrizl protease activity {Abcam);

- mitochondrial Mregpiratory? functicons; EOS

productict, study of subunits 1T and IV of the ovtochrome
oxidase (Molecular Probes)
The =search for possible susceplipility bte antiretroviral
treatnents is performed by genotyping certain targets, as
was shown for the sensitiviity of virazl protease Lo Fls
(Baxter et al., 200&)

- EMPSTEZ4  and Roel  involved  in maturation  of
prelaminsg A and B1/BR2 (routine at the Molecular Genetics
Laboratory);

- S£1-P and S5Z2-F proteases enabling production of the
SREBE domain active ar: lipid metabolism e
transcription:

~ The mitechondrial deoxynualecoside transporters.

vl group O

aaaaaaaaaaaaaaaa L AP

Clinical exam:

- Weight, height, body mass index
~ Waist circumference, hip circumference, wailst-to-
kip ratio
Sampling of 3 BEDTA tubkes of 7.5 wml for znalysis of
nuclear,  mitoechondria:  and  oyrozolic  functions, ard

placement in ONA and librariaes.
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Foliow-up visits

The evaluation includes;:

A glinical exam:

- Weight, heighl, body mass index
- Waist circumference, hip ciycumference, walst-to-

Hip ratio

A blood ftest:

HivV  wiral lozd (datectian

=
al

Measurement  of

threshold 40 copies/ml)

- Asgsay ol CD4 and CDE lymphooyte levels

-~ Giycemia, insuiinemiz, HOMA calculztion

- Totai cholesterel, LIL, HDRL cholesterol

- Triglycerides

~ Sampling of 3 LEDTA tubes of 7.5 ml for analysis of
nuclear, mitochondrial and oytosclic proteins,
measurement. of HIV proviral DNA and placement in DHA and

cel]l libraries.

Arnalysis of antiretroviral-target nuclear, mitechondrial

and cybosolic proteins (see zhove)

For patients of Group Aj

The catients of group Fi! needing Lo gtart Gl
antiretroviral Lrealtmect have a clinical and paraclinical
avaluaticn ddentical to that provided in the context of
the [ollow-up when starting the trestment. The follow-up
data on these patients is analyrzed from this date in the

group of patients treated {group Bl.
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I the antiretroviral Lreatmest is modified during the
studies, a clinical and paraclinical evaluation ldentical
to those provided in bhe context of the feollow-up 1s
performed when the treatment is changed., The foliow-up
data oh these patients is taken into acocount to calculate
the incidence of disruptions of nuclear and mitechondrial

functions chserved in patients exposed to antirelrovirals.

D. Expected results, perspectives

aaaaaaaaaaa

Confirming, in viveo in patients infected by the AIDS

virts and uondergoing antiretroviral treatments, Lf1e

i

results  ohtained in witre in cell cultures: theas
treatments, in particular protease inhibitors, induce

acceleralted aging accerding to the =same mechanisms as

genetic laminopathies fwiln the productiaon of
farnesylated prelamin A or progerin) or “physiclegical”
aging {with progerin production}t.

Reinforcing the hypothesis according to which  the
combination of drugs {statin and aminobiphosphonate) used
in progeria might be used to fight accelerated aging in
patients infected by the AIDS wvirus and undexrgoling an
antiretroviral treatiwent and enzbling the estabklishment
off & therapeutic test.

Exampie 7: A treatment assoclated a statin  and an

anminchiphosphonate increases tne lifespan of a4 mouse

mocde] reproducing a human gyndrome of

............................................... e A

ihis example is alse published in Varela and al,

Bature Medicine Z008, 7, 767 (G4 bhis).

Eoguzoment and methods
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Mice:

The proeducticsn of Zmpste?d"f' and Lwha™ mice haz been
described (Pendas and al. 2062 (3B); Sullivan and al.,
19949 [(285) . The computerised bone microtomography of the
mice was carried ocut ugsing the micro-CT Skyhcan 1177
system (SkyScan - trademark)). All of the experiments on
mice are goeverned by the rules set down by the Animal
Experiment Conmittes of the University of Oviedo (Spain).
The pravastatin (100 mg/kg/day) and the zoledronate (140
mg/kg/day) diluted inn PBS are administered te the mice
every day. The mice receiviag the pravastatin-zoledronate
treatmeni: or the contrel mice receiving only PES do not

show any apparent damage or stress.

Cell culruare
The dermzl fibhroblasts of a controil sukject (GMIL03H) and
of patients afflicted with progeria and carriers of the

mutation GE08GC (AGL1492 and AGO197Z) were chiained from

the Coriell Cell® Repesitory. The Hela cells come from the
Americarn Ty Culture Collection. The cells Rl

o

cultivated in DMEM {Gibco) supplenented with 106%  FBS
(Gibcao) and 1%  antibiotic-antimyvcotic (Giboo) . The
fibroblasts come from tails of lZ-day-cld mice {Varelsa
and al., 2005%). The concentraticon and the duration of
treatment with the statin and the aminokiphosphonate are
indicated in the legende of the figures. During the
cobined statindamninchiphosphonate treatnent i the
presence of farnescl and/for of geranylgeraniol, ImM of
pravastatin and 1mM of zoledronate were added to the
culture medium with increasing concentrations ol farnesol

and/or of geranylgeraniol. The percentage of abnormal
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nuelei js measured 48 bk after the beginning i bhe

Creatment .

Immunocytochemistry

The fibroblasts are culuivated in Lak Tek chambers
fHalgenr Nunc Ioternaticnesl), washed o the [PES, then
fized in parafermaldhyde 4% for 15 min. The <cells are
dehydrated in ethanol kaths in increasing concentraltion
and are permeabilised 5 min at 25°C in PRS convaining
Tritan X-100 (0.5%), 5% serum  (goat or rabbity. The
slides are pre-incubated at 25%°C in PBS for 5 min.

The dilutich of the priwmary antibodies is 1/i00 for the
goal polyeoional anti-prelamin A antibody (Sc-6214, Santa
Cruz Bictechnolegies!, 1/40 fer the anti-lamin A/C
antibody {4A7 provided by G. Merris), 1/200 for Lhe rabbit
anti-calreticulin antibody (Stressgen) and 17100 for the
Bl anti-lamin antibody(Abcam). After washing in the PBRE,
the slides are incubated 1 h at 25°C with the secondary
antibodies diluted in  the incubation soelution. The
dilutiecn of the secondary antibodies is as follows: 1/100
faor the IgG of denkey anti-mouse coupled with PFITC
(Jackson ImmunoResesrch), 1/400 fer the IgG of donkey
snti-goat coupled with the Alexa 488, 1/800 for the Igs
of donkey anti-geat coupled with the Alexa LEE (Molecular
Probes) and 1/100 feor the IgG of donkey anti-rabbit
coupled with tetramethylrhedamine isothiceoyanate {Sigmal.
The cells are tLhenr washed, the nuclel coloured for 1% min
at. 25°C wirh DRPI (100 ng/mi, Sigma-Aldrich), finally

n,

washed 3 times with PBS containing 0.5% of

I'E'l

ween 200 Tha
zildes are mounted in Vectashield (Vector). Digital
images are recorded with 2 Leica MR microscops egquipped

with a CoolSnap camera or with a Leica TCS 5P confocal
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microscope. The nucliel are obhserved in Lhe cells aftern
marking of the lamin A/C. More thann 100 nuciel were
analysed in  the control fibroblasts for each of the
treatments. The number of nucleil of cells of patients
zfflicted with progeria analysed iz 250 [(passage @), 198

{passage 13) and 150 (passage £0).

Irradistion ¥ and  study of the [RZA¥ phoesphorylated
histone.

The cells of progeria patients and the 1BRI contrel cells
are irradiated with an Philips X device., The X ray is
produced by an tungsten anode subjected Lo & wvoltage of
200 kY ander an intensity of 20 wh with a copper {ilter
of 0.1 mm in diameter. The dose rate is 1.243 Gy/min. The
H2RY phosphorylated histone is detected with antibodies
that specifically recognise the phosphorylated serine 138
{Upstate Biotechnology-Furomedex, Mundolsheim, I'rance) at
he diluticeon 1/800 and of the anti-mouse antibodies
conjugated with the FITC (i/100, Sigma-Aldrich). The
number of doubkile-strand breaks (DSB)  according to the
duration of the repair was adjusted with the formula Nt =
NO (1/% + Rt:¥, where o and B are adiustable paramcbters
aned Wi and NO are the number of D55 in time t and in time

¢,

Western blot

The cells are homogenised in the {ollowing mediuvm: S0 md
Tris ipH Y.4), 1B0 mM NaCl, 1% WE-40, S0 wmM MNabk, 1 mb
dithiothreitel, 2 mg/ml pepstatin A, in the prezence of
srotease inhibitors {Complete inhibitor cockiall, Roche}
and Fhosphatase inhibitors {Phosphatase Inhikitor

Cocktails I and II, 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 (0 mM Tris pH 7.4, 150 md NaCl and 0.05%
Tween-20Y, and incobated 1 b with either a specific anti-
lamin A/C antibody (47, 1/500), or a specific anti-lamin
BO(C20, Santa Crur Bigtechnolegy, 172500 or an anti-beta
actin (A%441, Sigms, 1750000 . The antibodies are diluted
i TBE-T containing 3% of delipidated milk powder. The
Elots are then incubated with ar antipody coupled with
the perosidase {goat anti-meocse or anti-rabbit, Jackson
ImmunoResearch) ip TBS-7 containing 1.5% of delipidated
milk powder, then washed, firnally revesled via
chemiluopinescence {fmmokilon West{ern chemiliaminescent HRE

substrate, Millipore - trademark).

hnalysis via mass speciromelry

The fibroblasts of gontrol and Zmpste24™ mice as well as
the cells iymphoblastolds of progeria patients have been
homogenized, Lhe nuclei iscolated via ultracentrifugation
and the nugclezr proteins obiained as descriped in Blobkel
ard Potter, V.R. Nuclei from rat liver: isolation method
that combines purity with high yvield, Science 154, i66Z-
1665, 1966, The proteins of the nuciear lamina were
spparated wvia SDS-PAGE electrophoresis, and the strips
coentaining the lamin A, the prelamin A &and the progerin
Wwere exciszed. The fragments of the gel were washed twice
with 180 ml of a amsonium  bicarbonatefacetonitrile
mixture (70730, 25 mM), dried (1% min, 90°C} and digested

{1 h, &0°C) with Lrypsin {12 ngfmi, Promegs) 1o the
ammoniam BFicarkorate 250 mM. In a typical experiment, 1 ml
of  CHCA  {a-cyano-4-hydroxyocinnamic acid, Waters) is

Flaced in & MALDRI-ToF specltrometer. Onee dried, 1 mi of
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the pepitide solution and 1 m! of the matrix (CHOA] are
placed in the spectrometer eguipped with a laser =sournce
(Voyager~DE  STR . {trademark), Applied DBicsystems);. The
data collected uszing 200 laser firings produce spectia
analysed with the Data Explorer programme (version

G.0.0.0, applied Biosystems).

Duantitavive PCR Iin real-itime

T'he expression rate of targel genes of pbdl {(Atf3, Gadddbg
and Cdknla, which code p2l) has been measured using the
device ABI  PRISM  T9OCHT Seguence detection systan

(Applied Bleosystems).

Statistical analysis

The difference between the different mouse groups and the
cells, treated or net, has been analysed during the
tudent  test. The calculatiens were effected using the
program Microsoft Exeel. The datz 1z expressed as an

average figure + standard error of Lhe average.

Fezults

Hela cells were cultivated in the presence of farpesyl
transferase inhibiters {FTI-277, Sigma-Aldrich) and / or
geranyl-~geranyl transferase type I {GGTI-Z147) at the
concentrations indicated. Only the combination of the btwo
inhibitors allows for 2 sufficient build-up of oot
pranyiataed prelamine A in the ¢eills with regard o the
effect of each inhibitors solely used.

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

the A/C lamine in the Hela cells treated by the Larnesyl
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rransferase inhikiteors and / or the type I geranyli-
geranyl transferase. LA = lamine A, LO = lamiope O, Pre =
prelamin &,

These results confirm that the prenylation bilockage of
the prelanine A necessitates, at the same time, the
inhiibition of the farnesyl transferase and the geranyl-
geranyl ilransferasce Lype I, according to the oresent

inventien,

The farnesyl transferase (IT'T) inhibitor induces the
compensatory geranylation of the progerin (in the celis
of patients afflicted with progeria) and in the Zmpstezd”
" mouse fibroblasts

The mass spechromelry analysis indicabties, as expected,
the oresence of tryptic peptides of the farnesyled and
carboxynethylated in Zmpste?d mousze cells but not in
coenbrel mice ceils. These results are shown in figure 13a
The farnesyled peptide lacks the 3 SIM residuoes which
shows that the Zmpste?d is not indispensable for the
first clivage during the maturing of the prelamirne A. In
the Fll-treated mice ocells, there was ochserved a
reduction in the guantity of farnesyled prelamine A.
ering the observation of the part of the zpectrum for
the geranyl-geranylised peptides, there was noe peplide
derived from the prelamine A detectable in the celis of
the non-treated ‘mpste?d”’” mice. Buot there was detecled a
peptide whichk mass  1s  compatikble with & geranyl-
geranylated fragment of the prelamine A, alter FTI
treatment. The resulis are shown in Figure 13b.

In the ells of the prageria patients, those peptides
correspoanding to the farnesyled and  carkhaoxytethyled

nrogerin are detected without any treatment, as indicated
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in ¥ig. 1la. The treatment: of the ocells 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. lib.

This data ss a whole shows thar the proegerin and the
prelaming B hawve been ceranylgeranyilated in By}
aitarnative manner under the affect of Lthe PTT  and
crovides an explanation of the poor efficacy af the 1%
treatments in the murine models of progercid syndrome,
The ceils of the progeria patients and Zmpstefﬂ'fﬁuice
were used Lo evaluate the therapy strategies intended to
crevent crossover orenylation of the prelamine 2 and the
progerin. We have eastablished the hypothesis that the
farnesylation of the abnrnormal wvariants of the lamine A,
corld ke inhibited by drugs which have an effaect on
Dlosynthesis pathway of  Lthe farnesyl pyrophocsphate,
farnesyl transferase substrate and the geranyl-geranyl
pyrophosphate precurscor, subkstrate of the ftvpe I geranyl-
geranyl transferase. We have thos Lested the effects of
twe drugs, a statin and an aminchiphosphonate, which are
knowr to affect the cells of the progeria patilients at two
step of this metabolizm pathway. The mass spectrometry
znalysizs =zhows that the asscciatien of pravastatin
fatatin) zeledrenate laminchiophosphate) stimulates the
appearance of a peptide which corresponds Lo Lhe C-
terminal extremity not prenylstied of the progerin, a
peptide not detectakle in the FII-ireated ocells; while
rneither farnesylated peptides nor the geranyl-geranylated
peptides are detected any more, as shows on Tigure 11,
The =rtatin + aminobiophesphate treatment inbibkits the
srenylation of the progerin,. The same wag observed with

the prelamine &, a5 indicated in [Fig. 12. Its C-terminal
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peptide, not prenylated, was detected in the celils
treated by the mixture of statin and amincohiphosphonate
while beoing TFree of pon-treated cells: in which one
detects the farnesylated and carboxymethylated peptide.
Finally, the pravastatin + zeledronate trsatment does net
feature in the gernaylgeranylated prelamine A, this iy
noi the case with the FII.

Fig. 12 legend: bthe lamine A {conbtrol ocells) and tvhe
prolamine A {Empste"* mouse ¢ellst have boeen apalvzed by
a mass spectrometry aralysis (MALDI-ToF). a, b: portions
of the specirum corresponding to the farnesyiated tryptic
peptides (a) and the geranylgeranylated pepltides (b).
Each of the peack is marked by the thecrical mass
{(between parentheses! of the peptide fraom the ltrypsin
digestion of lamin A, r the prelamin A. The number of
the residues is indicated in blue. The seguence af the
peptides and their masses are indicated in red. Farn =
farnesyl-treated; CM = carboxymethyl-treated; Ger =
geranyl-geranyl-treabed.

Fig. 11 legend:; mass spectromelry analiysis of the
proteins exiracted from the npuclear envelop <of  the
witreated cells (a), of the cells of the pregeria
patients treated with FTI (2.5 pM, b} or treated with the
mixture of pravastatin + =zoledronate {1 nM apiece, cj.
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 at the bottom of the f{igure. Bach peak
corresponds to the Lryptic peplide of the progerin and is
marked with the measured moneisotoplc mass in expariment
and with the thecretical mass{between varentheses), The

number of the amino acilid residoaes 1s indicated in bloe.
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The seqguence of the peptides and Chelr maszs is indicated
in red,

The progerin is  predomicantly  farnesyiated (17 ano
carboxymethylated {Cm) in the unaffected c¢ells {a, centre
panel); while, wilth the effect of the FTI, this peak is
considerabie raedoced, anda the progerin ADEEAT S
garanylgeranyiated and phosphoryl (b, lower panel). After
Lreatment wiih pravastatin and soledranate, i he
untedified progerin is the predominant form.

Pig. 12 legend: & mass speciremelry analysis of the
proteinsg  extracted frem the nrpuclear envelop of  the
entreated fibroblasts {al or itreated with a mlixture of
pravastatin + =zoledronate (1 uM apiece, b} zfemming f{rom
Zmpsteﬂd"”'miae. The portion of the spectra corresponding
to the unmedified proteins, the {arnesyiated proteins and
the geranyigeranylated proteins, is indicated on the top,
in the genter and on the bolttem of the figure. Each peak
corresponds to a tryptic peptide of the progerin and is
marked with a monoigotopic mass measured the experiment
and with the thecritical mass (in parenthaeses).  The
number of the amine acid residues is indicated in klue,
The sequence of the peptides and thelr mass is indicated
in red.

In ithis figure, ane <an see that Lhe preilamine A is
predominantly farnesylated (F) and carboxymethylated (On)
in the untrezted cells {a, oentre pansl}, while Uhne
unmedifisd or geranylgeranylated forms are not detecled.
After ftTreatment with pravastatin and zoledronate, the
prenylated peptides are no longer detectable, and thoe
non-medified Fform of the prelamine A is predominant (b,

Upper panall.


lalinka
Rectangle

lalinka
Rectangle


10

15

A0

the treatment with pravasiatin + zeledronate corrects the
nuclear anomalies of the progeria patients cells and
smpstefd™ mice cells being in colture; and partially
restore the DNA lesion repalr mechanisms induced by X-
rays {Fig. 14, 15, 16 and 17).

The pravastatvintzeledronate treatment causes proelamin A
te appear in the nucleos of control cells (Fig. ldal, as
in the cell nucleus of progeriz patients cells, but with
& significant improvemeni In nuclear morpnology in the
latter celis (Fig. 1db). Quantitative analysis shows an
increase in nuclear anomalies in the cells of progeria
patients as the number of passes increaszes; this number
of  anocmalies decreases under the affects of the
pravastatintzoledronate treatment {EF3ig. 14z}, When
ohserved under a oonfecal micreoscope, the cells of
progeria patients contain aggregates of lamin R/SC and
deep  invaginations of the nuciegplasmic surface of the
nuciear envelope in the nucleeplasm (nuclear reticulum},
marked by anti-calreticulin {Fig. 1%a-f). These lamin ASC
sggregates are abksent from the cells of contreid subjects
{Fig. 14j-11 and disappear from the cells of progsria
patients under the effecis of the pravastatinizoledronate
treatment ({(Fig. l4g-i). The lecatiocn of the lamin 131, a
farnesylated component of the nuclear lamina, is modified
under the effects of the treatment, confirming thalt the
treatment blocks the prenylation of lamins.

We checked that the imprevement in the nucleus shape due
o the pravastatindzeledronate treatment was  indeed
related te the fact that the prenylation of progerin, by
incubating cells with farnesol and/or geranylgeranicol.
Supplementing <ells with farnesol and geranylgeraniol

erabiles the cells te synthesise farnesyl pyrophosphate
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snd geranylgeranyl pyrophosphate and thus te prenylate
the progerin even when pravastatin and zoledronate are
present (Fig. 14d). Farnesol nullifies the effect of the
pravastatintzeledronate Lreatment, which provides further
evidence that the effects of the treatment are caused by
the inhibition of farnesyl pyrophosphate synthesiz, TG
shouwld be noted that geranylgeranicl azlso blocks the
gffect  of the {treatment, whiich  proves that thea
geranyigeranylated form of progerin is also toxic for the
cellz {Fig. 34dl. The szsame effects are observed in
Zupsterd™ cells (Fig. 16a), which suggests that the data
on progerin can be extended to prelamin A, the protein
accumulated in Zmpstm24"*' cells., Nelilther [Larnescl nor
geranylgeraniol have any ef fect Qn e cantrol
fibroblasts, which rules out  fhe possibiiity of  an
artefact induced by these molecules {Fig Léb.).

Finally, the pravastatindzoledronate treatment causes a2
reduction in the number of phosphorylated histone MHZAX
faci; these foci are directly correlated with the number
of unrepaired DNA double-strand breaks {Fig. 17).

In conclusion, the in vitro data gathered shows that the
pravastatint+zoledronate combination partialiy inhibits
farnesylation and geranylygeranylation and causes the
expectad changes of lecation within the lamina and
redistribution within the nucleopiasm of non prenylated
prelamin A and progerin in the Hmpﬁte244" cells and in
progeria patients, Likewise, the decreased guantivy of
farnesyiated progerin within the lamina ESTa! itm
reiocation to the nuclecplasm explains the beneficial
effects of the treatment on the cells of progeria

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

pravastatindzoleaedronate combinaticn on the acounulation

of preilamin & in control cells of progeria patients.

{a) Immtnocytochenical delbection  of lamin a/C and

prelamin A in normal, untrested human fibreklasts that

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

wilth zoledronate (€0 pM, oh), alone or in combination. {b)
Immunceytecherical detection of lamin A/C and prelamin A
in nermzl human fibreklasts and {fibroblasts from progeria

patients treated for 24 hours wilh the

pravastatintzoiedronate combination (3 pM  each). (g)

Quantitalive analysis ol the effect of the
pravastatintzeoledronate  treatment (1 uM  sach) oo the
neclear morphology of the cells of progeria patients.

Treated and untreated cells were Iimmuno-markecd with an

anti-lamin A/C antibedy in passes § {p&), 13 (pl3) and 20

{20, The white arrows show the abneormal npuclei. {d)

Guantitative analysis of ik effect of he
pravastatintzoledronate treatment (1 pM  each) en the
naclear morphnology of Lthe cells of progeria patlentis in
the presence of farnesol, geranyigeraniol or both
compounds. Errer bars = mean t standard errer of the mean.
Scale bar = 10 pjpm.

lLegend e} Figure 15: The oravastatintzoledronate
Lreatment corrects the nuclesr morphology and leads to o a
partiai relocation of lamin ASC and lamin Bl iscforns
from the nuclear laming intoe the nuciesplazm, in the
meils of progeria patients.

(A) Co-logation of lamin ASC and calreticoelin in tChese
progeria cells, whether treated or ontreaved. Examination
uzing immunoflucrescence and confocal microscopy (Leilca

TCZE SEL, 3D svack of 204Bx2048 pixed images, intervals of
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0.2 ym, average 3 rows, accurnuiation of 3 images, 1.7

reom) . lmages a toe ¢ in each panel are mean intensity
projections of 27 images from the sback and show the
tubules of the nuclear reticcelum marked with calreticulin
in progeria cells ingubkated with FBRBS. Images d to 1t
izolated oconfocal sections of 0.2 pm thickness.  The
pravastatindzoledronate Lreatment corrects the form of
progeria ceil nuclei, reduces the number of tubtles of
the nuclear reticulum {g) and reduces the (hickness of
the nucieazr lamina (h).

(BY Co-locaticn ol  jamin Bl and calreticulin. The
pravastatindzoledronate treatment increases the lamin Bl
nucleoplasmic marking signal, which indicates that the
farnesyiation of this protein 1is partially inhibited,
Scale bar = 5 opam.

Legend of figure 1&: The farnesyl pyrophoesphate and
geranyigeranyl pyrophosphate precursers  nullify  the
efifect of the pravastatinteoledronste  treatment in
Fmpsre?d™ mouse cells in culture.

Guantification of the effect of gpravastatin (1 uM) and
zoledronate {3 uMl, alone or in combination, on the
nuclear morphoelogy of Impste?d” mouse cells {a) and
control mouse cells (BY :in culture, in the presence of
farnescl , geranylgeranicl or both moleculies.

Farnescl, geranylgeranicl, alene or in  combination,
nullify the affect of the pravastatin+zoledronate
treatment. on nuciear morphology ol Zmp&teﬁd*' ceils.
Legernd of Migure 17 The  pravastatintzoliedronate
treatment partially corrects the anomaliaes in the repair
of DA double-strand bkreaks  {0553s)  in the cells of

progeria patients.
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contral fibrobplasts and Fikreihlasts From progeria
patients were incubated with the pravastatintzoledronate
mixture {1 uM each) or with PBS and were irradiated with
¥ rays (2 Gyl. Immunodetection of phosphorylated histone
HzA¥ Fool detected 24 hours after irradiatien, where the
foci correspond o unrepaired dowble-strand breaks {top
images). HNuclear marking with DAPT (bottom lmages).

Bottom graphs: Variation in the number of phospheoerylated
higtone HZAX focl over time after idrradiation in control
ceils (shaded square) and progeria cells (unshaded circle)
incubated with PRS Or treated wilh
pravastatin+tzciedrenate. Each curve shows the mean &

standard error of the mean from at least 3 experiments.

Combined pravastatin+zoledronate treatment improves the
progercid phenotype of EmpsteEJ”% mice (Figures 18, 1%
and 20} :

The Zmpsted4” mice and the contrel mice were treated on
i daily basis with pravastatin and =zoledrenate o<r 2
combination af both drugs, at a dose that had previocusly
been shown o be non-toxic in mice. As had aiready 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 ocombination of both drugs significantly
improves the proegerold phenotype of fmpste?d ™ mice: the
treatment leads Lo improved waight gain, increazes the
guantity of subcutanecus fat, reduces the scale of
kyphosis and alopecia and increases the iifespan. The
survival time increased from 101 Lo 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 corrects the decrease in bohe density, which is
chie of the characteristics of Empﬂtefﬂ'” mice and of
patients with progeria or a related progerecid syndrome.
Computerised bhone microtamography shows an increase  in
bone wmineralisation angd an increass in the thickoness of
the fikial corvex in the {treated mice (Flg. i2d).
Likewise, the gquantification of nuclear morphnclogy in the
liver of Zmpstes4'’, IZmpstezd” and treated Empstesd
mice shows that the pravastatintzoledronsgte treatment
normalises the shape of #mpstesd” cell nuclel (Fig. 18e).
The Treatment alsoe corrects Zmpsﬂe?qﬁt mice (Varela el

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

whether the Lreatment couid have an effeat: on Lmna™’ mice
Lhat cannot accumuliate prelamin A The
pravastatin+zoledronate treatment had no effect on the

lifaespan of these mice (Fig. 20}, which provides further
evidence that this Ureaitment can only act in mice that
accumulate farnelysed prelamin A in the nuclear envelope.
Legend G Figure 1e: The pravastatinizoledronate
treatment improveas the progeroid phenctype of Zmpsteld ™
mioe

{a} PFhotographs showing 3-month cld ZmpsteZd'’ mice,
Zapste2d™ mice and Zmpstefd’T mice treated with a

combination of gravastatin (100 wgfkg per day)  and

zoledronate (100 mg/kg per day). Scaie bar = 1 cm, (b}
Weight of 3-montb oid Hmpste24*” (n = 121, Zmpsterd’
n = 13) and Utreated Zmpste2d”  (n = 15) mice. {c)

Eaplan-Meier curves showing a significant increase in the

lifespan of treated Zmpstefd”” (n = 15) wmice compared

Pt

with untreated mice {n 3. {d} il computerised
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microtomography representation of the tvibia of a tUreated
and untreated Zmpstezd” wouse (top imagel. The bottom
panel =hows the relative pone volume (osseous Lissue
veolume/voiume of the +tibiad and the nunber of  bone
trabeculaes in  untreated (n o= &) and treated {n = 5}
Zmpstefﬁ“' mice. {e} Quantificaticon of nuclear anomalies
ir the hepatocytes of Zmpsteid'’, fmpsteZd” and troated
Empsteﬁd”“ mice. ‘e white arrows point Lo the sbhnormal
ruclel. Scale kar = 10 um. (£) Relative expressiaon of {he
targel genes of the p%3 in the liver and the hearv of
Ympsteld’, Empsteid*' and Zmpsteﬁqq' treated mice,
analysed by guantitative RT-PCR. * B < (.05 *% F < 0.41;
#x%  » o« 3,00L. The errcr bars represent the nmean &
standard arror of the mean.

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

Kapian-Meler curves show that the pravastin along (n o= &)
fa)l, and the zoledropate alone (n = %) (b) do nol correct
the lifespan of the Zmpete?d”’” treated (empty diamond)
snd non-treated (sciid circles, n = 13 mice.

Legend ol figure 203 The pravastetintzoledronate

" 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, acopty
diamond), compared to that of nonp—trested mice {solid

circles, n o= 11}, The pravastalintzeledrenate treatment

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

Summary/conclusicn/outiook
Several human progerold syndromes, including Hutchinson-

Gilford progeria, are caused by the accumulation on the
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nuclaear envelope of a farnesylated form of prelamin A
deleted (progerin) or not deleted. The progerin is also
procduced during the course of physiciegical aging. Recenl
studies carried ocut on cells of patients affiicted with
progeria have shown that farnesyl-transferase inhibitors
(I'T)  improve the morphoelegy of the naclel, suggesting
that these inhibitors could represent & treatment for
these devastating syndromes.

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

They also show that the combination of a statin and an
aminobighesphonate effectively inhibity the farnesylation
as well as the geranyl-geranylation of the prelamin A and
of the progerin, significantly impreves the phenotype of
aging of mice in which has been Iinactivated the gene
coding the metalloprotease Zmpste2d  invelved in  the
maturaticen of the prelamin A. The imprevement of the
phenotype includes that of the growth curve, weight,
lipndystrophy, hair less and bone ancomalies.

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

This data opens up 2 new therapeultic approach for human

e

progerold syndromes  with  accumalation  of  prenylated
proteins in the nuclear envaleope.

The pravastatintaminobipbozphonate treatment iz being
applied in Marsasille for upcoming 3 years on colldren
alfflicted with progeria within the framework of a

Furopean therapeutic test (1% cbhildren) placed under the
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responsibiiity of Nicolas Lévy, financed by the Ministry
of Heslth {(FHRC 2008 and the ¥French Asszociation azgainst
Myopathies (AFM) and which has received authorisation
from thke AFSSAPS and the Soolth Mediterranean CCF,

The same lLreatment will soon be given in Rome, under the
responsibility of Giuseppe Novelli, te patvients afflicted
with acromandibular dysplasia, another progercid syndrome

with accumulation of farnesylated prelamin A,
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d ai s

1. Conposition conprising:
- at least one hydroxynethylglutaryl-coenzyne A (HMG CoA)
reductase inhibitor or one of its physiologically acceptable
salts,
- at least one farnesyl-pyrophosphate synthase inhibitoror one
of its physiologically acceptable salts, and
- at least one anti-H V agent

in which the HMB-CoA reductase inhibitor is a nolecule of
the famly of statins or one of its physiologically acceptable
salts and the HMG CoA reductase inhibitor is chosen from the
group conpri sing atorvastatin, si mvastati n, pravastatin
rivastatin, mevastatin (or conpactin), fl ui ndostatin,
vel ostatin, fluvastatin, dalvastatin, cerivastatin, pentostatin
rosuvastatin, |ovastatin, pitavastatin, or their physiologically
acceptabl e salts,

the farnesyl-pyrophosphate synthase inhibitor is chosen
from t he group conpri si ng a nol ecul e of t he
am nobi phosphonat e(NBP) famly or one of its physiologically
acceptabl e salts and the am nobi phosphonate can be chosen from
- alendronic acid or its ionic form al endronate;
- clodronic acid or its ionic form cl odronate;
- etidronic acid or its ionic form etidronate;
- ibandronic acid or its ionic form ibandronate;
- nedronic acid or its ionic form medronate;
- neridronic acid or its ionic form neridronate;
- ol padronic acid or its ionic form ol padronate;
- pamdronic acid or its ionic form pam dronate;
- risedronic acid or its ionic form risedronate;

- tiludronic acid or its ionic form tiludronate;
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- zoledronic (or zol endronic) acid or its ionic form
zol edronate (or zol endronate);
- 4-N, N-di net hyl am nonet hane di phosphonic acid or its ionic
form di nmet hyl am nonet hanedi phosphonat e;
- o-am no- (4- hydr oxybenzyl i dene) di phosphonat e.

and the anti-H V agent is a protease inhibitor or a reverse

transcriptase inhibitor

2. Conposition according to claim 1 in which the HVB CoA
reductase in hibitor is a hydorosol uble stain.

3. Composition according to claims 1 or 2, in which the
farnesyl - pyrophosphate synthase inhibitor is zoledronic acid or
its ionic form zol edronat e.

4. Conposition according to clains 1 to 3, in which the anti-
H'V agent is a protease inhibitor chosen from the group
conprising fosanprenavir, | opi navir, ritonavir, anprenavi r

at azanavir and i ndi navir.

5. Conposition according to clains 1 to 3, in which the anti-
H'V agent is a reverse transcriptase inhibitor chosen from the
group conprising zidovudi ne, |amvudine, didanosine and epzicom

6. Conposition according to any one of clains 1 to 5, which is

adm ni stered to an H V-infected patient for treating.

7. Composition according to claim 6, which admnistration is

perforned orally or by injection.

8. Conposition which is admnistered to an H V-infected patient
for treating side effects of premature aging caused in the
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patient by an anti-H V treatnment using anti-H YV agent which is a
pr ot ease i nhi bitor or arever se transcri pt ase i nhi bitor
cont ai ni ng a m xture conpri si ng at | east one
hydr oxynet hyl gi utaryl coenzyne A (HMG CoA) reductase inhibitor
and at | east one farnesyl-pyrophosphate synthase inhibitor;

in which the HVB-CoA reductase inhibitor is a nolecule of
the famly of statins or one of its physiologically acceptable
salts and the HMG CoA reductase inhibitor is chosen from the
gr oup conpri si ng atorvastatin, si mvastatin, pravastatin
rivastatin, mevastatin (or conpactin), fl ui ndostatin,
vel ostatin, fluvastatin, dalvastatin, cerivastatin, pentostatin
rosuvastatin, lovastatin, pitavastatin, or their physiologically
acceptabl e salts,

and the farnesyl-pyrophosphate synthase inhibitor is chosen
from t he group conpri si ng a nol ecul e of t he
am nobi phosphonate(NBP) famly or one of its physiologically
acceptabl e salts and t he am nobi phosphonate can be chosen from
- alendronic acid or its ionic form al endronate;
- clodronic acid or its ionic form clodronate,;
- etidronic acid or its ionic form etidronate,;
- ibandronic acid or its ionic form ibandronate;
- nedronic acid or its ionic form medronate;
- neridronic acid or its ionic form neridronate;
- ol padronic acid or its ionic form ol padronate;
- pamdronic acid or its ionic form pam dronate;
- risedronic acid or its ionic form risedronate;
- tiludronic acid or its ionic form tiludronate;
- zoledronic (or zolendronic) acid or its ionic form
zol edronate (or zol endronate);
- 4-N, N-di net hyl am nonet hane di phosphonic acid or its ionic
form di nmet hyl am nonet hanedi phosphonat e;
- o-am no- (4- hydr oxybenzyl i dene) di phosphonat e.
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and the anti-H V agent is a protease inhibitor or a reverse
transcriptase inhibitor .

9. Conposition according to claim 8, in which the HMs CoA
reductase inhibitor is a hydrosol uble statin.

10. Conposition according to claims 8 or 9, in whhich the
farnesyl - pyrophosphate synthase inhibitor is zoledronic acid or
its ionic form zol edronate.

11. Conposition according to claim 8, which admnistration is
performed with a dose of the hydroxynethylglutaryl-coenzyme A
(HM& CoA) reductase inhibitor of 0.01 to 2 ng/kg of body weight
and with a dose of the farnesyl-pyrophosphate synthase inhibitor
of 0.01 to 40 ng/ kg of body weight.

12. Composition according to <clains 8 to 11, whi ch

admnistration is perforned orally or by injection.

13. Conposition admnistered to an H V-infected patient for
treating containing
i. a mxture conprising at |east one hydroxynethylgiutaryl -
coenzyne A (HVMG CoA) reductase inhibitor and at |east one
f arnesyl - pyrophosphat e synt hase i nhi bitor,
ii. an anti-H YV agent which is a protease inhibitor or a reverse
transcriptase inhibitor,

in which the HMB-CoA reductase inhibitor is a nolecule of
the famly of statins or one of its physioligically acceptable
salts and the HMG CoA reductase inhibitor is chosen from the
group conpri sing atorvastatin, si mvastati n, pravastatin
rivastatin, mevastatin (or conpactin), fl ui ndostatin,

vel ostatin, fluvastatin, dalvastatin, cerivastatin, pentostatin
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rosuvastatin, |ovastatin, pitavastatin, or their physiologically
acceptabl e salts,

the farnesyl-pyrophosphate synthase inhibitor is chosen
from t he group conpri si ng a nol ecul e of t he
am nobi phosphonate(NBP) famly or one of its physiologically
acceptabl e salts and the am nobi phosphonate can be chosen from
- alendronic acid or its ionic form al endronate;
- clodronic acid or its ionic form clodronate,;
- etidronic acid or its ionic form etidronate,;
- ibandronic acid or its ionic form ibandronate;
- nmedronic acid or its ionic form medronate;
- neridronic acid or its ionic form neridronate;
- ol padronic acid or its ionic form ol padronate;
- pamdronic acid or its ionic form pam dronate;
- risedronic acid or its ionic form risedronate;
- tiludronic acid or its ionic form tiludronate;
- zoledronic (or zol endronic) acid or its ionic form
zol edronate (or zol endronate);
- 4-N, N-di net hyl am nonet hane di phosphonic acid or its ionic
form di met hyl am nonet hanedi phosphonat e;
- o-am no- (4- hydr oxybenzyl i dene) di phosphonat e.

and which admnistrations are concomtant, successive or
alternative, being performed in any order to an H V-infected
patient for treating

14. Conposition according to claim 13, said mxture and said
anti-H'V agent as constituents of which are co-adm ni stered.

15. Composition according to claim 13, in which the anti-HYV
agent is a protease inhibitor chosen from the group conprising
fosanprenavir, lopinavir, ritonavir, anprenavir, atazanavir and

i ndi navir.
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16. Conmposition according to claim 13, in which the anti-HYV
agent is a reverse transcriptase inhibitor chosen fromthe group
conprising zidovudi ne, |am vudine, didanosine and epzicom

17. Composition according to claim 13, at |east one of the

adm ni strations of which is perforned orally or by injection.

18. Conposition according to claim 13, which adm nistration is
performed with a dose of the hydroxynethylglutaryl-coenzyme A
(HM> CoA) reductase inhibitor of 0.01 to 2 ng/kg of body weight
and with a dose of the farnesyl-pyrophosphate synthase inhibitor
of 0.01 to 40 ng/ kg of body weight.





