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ABSTRACT

Peripheral nervous system (PNS) sensory neurons are directly involved in the pathophysiology of a number
of debilitating inherited and acquired neurological conditions. The lack of effective treatments for many such
conditions provides a strong rationale for exploring novel therapeutic approaches, including gene therapy.
Friedreich ataxia (FRDA), a sensory neuropathy, is a progressive neurodegenerative disease associated with
a loss of large sensory neurons from the dorsal root ganglia. Because a mouse model for this well-character-
ized disease has been generated, we elected to use FRDA as a model disease. In previous studies we achieved
efficient and sustained delivery of a reporter gene to PNS sensory neurons, using recombinant adeno-associ-
ated viral (AAV) and lentiviral (LV) vectors. In the current study, AAV and LV vectors encoding the human
frataxin cDNA were constructed and assessed for frataxin expression and function in primary FRDA patient
fibroblast cell lines. FRDA fibroblasts have been shown to exhibit subtle biochemical changes, including in-
creased mitochondrial iron and sensitivity to oxidant stress. Despite the inherent difficulty in working with
primary cells, transduction of patient fibroblasts with either vector resulted in the expression of appropri-
ately localized frataxin and partial reversal of phenotype.

OVERVIEW SUMMARY frataxin and partial phenotype correction, as measured by
increased resistance to oxidant stress. The availability of

We have previously demonstrated efficient and sustained mouse models of FRDA now provides the opportunity to
transduction of primary human and murine dorsal root test the therapeutic potential of these vectors in frataxin-de-
ganglia sensory neurons by recombinant adeno-associatedficient PNS sensory neurons in culture andn vivo.
virus type 2 (AAV2) and vesicular stomatitis virus glyco-
protein-pseudotyped human immunodeficiency virus type
1-derived lentiviral (LV) vectors. To further explore the ex- INTRODUCTION
citing potential of these vectors for gene therapy applica-
tions in the peripheral nervous system (PNS), we have cho- PERIPHERAL NERvous sYSTEM(PNS) sensory neurons play a
sen Friedreich ataxia (FRDA, a sensory neuropathy) as a clinically significant role in the pathophysiology of a num-
model disease. In this initial study, AAV and LV vectors en- ber of inherited and acquired neurological conditions. These in-
coding the human frataxin cDNA were constructed and clude sensory neuropathies such as Friedreich ataxia (FRDA)
evaluated for their ability to direct frataxin to the mito- (Campuzanet al, 1996), neuropathic pain syndromes (Woolf
chondrial compartment and to correct the phenotype in and Mannion, 1999), and the spasticity associated with upper
FRDA patient fibroblasts. Transduction of patient fibro- motor nerve damage (Young, 1994). Despite a growing under-
blasts resulted in appropriate subcellular localization of standing of the molecular basis of the underlying neuropath-
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ology, treatment options remain unsatisfactory. Accordinglyitochondrial iron (Delatycket al, 1999; Wonget al, 1999)

there is a pressing need to explore novel therapeutic options @oed mitochondrial damage (Karthikeyanal, 2003), and de-

tentially capable of curing or favorably modifying the naturdkctive oxidative phosphorylation and production of reactive

history of these debilitating conditions. One exciting, but chabxygen species (Lodit al, 1999; Ristowet al, 2000). These

lenging, possibility is the targeted delivery of therapeutic gensse radicals are then hypothesized to cause death in sensitive

to sensory neurons. Although efficient and stable gene delivesll types, via oxidative damage (Prillet al, 1997; Lodiet

will inevitably be required, the modest number (no more thah., 1999; Cosseet al, 2000; Karthikeyaret al, 2003). Stud-

100,000) (Fitzgerald, 1985) and anatomically discrete clustées in yeast support a primary role for frataxin in the biogene-

ing of sensory neuron cell bodies within individual dorsal roais of cellular iron/sulfur proteins (Muhlenheit al, 2002; Tan

ganglia (DRG) places conditions affecting these cells withit al, 2003).

theoretical reach of contemporary gene transfer technology. In the current study, we describe the construction and func-
Several viral vector systems have the capacity to transduicmal evaluation of AAV and LV vectors encoding the human

neuronal cells, albeit with differing efficiencies and duration dfataxin cDNA. Both vector systems conferred frataxin expres-

transgene expression. The majority of more recent studies haign on target cells, correct subcellular localization of the pro-

concentrated on the use of lentivirus (LV) and adeno-assaiin, and partial reversal of increased sensitivity to oxidant stress

ated virus (AAV) vectors to transduce neurons within the cem FRDA patient fibroblasts. These results provide support for

tral nervous system (CNS) for the treatment of diseases sachiector-mediated gene delivery approach to the treatment of

as Parkinson'’s disease (Bjorkluetal, 2000; Kordoweket al, diseases of the PNS.

2000; Tenenbaumt al, 2004), mucopolysaccharidosis type VII

(Boschet al, 2000; Dalyet al, 2001), and amyotrophic lateral

sclerosis (ALS) (Azzouet al, 2004). In the CNS, both vec- MATERIALS AND METHODS

tors are capable of efficient and sustained transduction of mul-

tiple neuronal cell types, with transgene expression persistiag!l lines and culture conditions

for at least 8 months (Haberman al, 1998, Mandekt al, The HEK 293 human epithelial cell line, the HeLa cell line,

1998; Kordoweet al, 2000; Consigli@t al, 2001; Mazarakis and four FRDA patient and age-matched control fibroblast cell

etal, 2001; Tenenbauret al, 2004). Neurons within the F)Nsli@es have been described previously (8egl, 1952; Graham

have been less well studied, despite being more anatomic% Val 1977 Delatyckiet al, 1999: Jausliret al, 2002). Four
accessible, arranged in simpler neurological networks, and hg -th“e ' } ' ’ :

ing & capacity for reqeneration. In a previous study we deds- FRDA patient fibroblast and age-matched control cell
Ing pacity 9 ton. previous study w es were obtained at passage 9 from M. Delatycki (Murdoch
onstrated efficient transduction of both murine and human D

- . . . . ildrens Research Institute, Melbourne, Australia), and one
sensory neurons established in primary culture. In d'SSOC'E;Ea ient cell line (designated F2) and one control cell line (des-
and microinjected explant cultures, the majority of sensory neu- . .

¢ duced with either LV or AAV ¢ . ignated C2) were obtained at passage 3 from the Coriell Cell

:T?nl‘:'. V;’.i.rfe ri?s'n?eccet'o:vémoell )e(::Iem'Onr t al ;/g(():lors atlo epositories (Camden, NJ). FRDA patient fibroblast cell lines
uTrI1pI es ot v oII t §d d th ng t" ¢ )f th OIwere examined by semiquantitative reverse transcription-poly-
€€ promising data provide € Impetus for Turther dere 2se chain reaction (RT-PCR) (as described below) and were

veloping these vectors in the context of FRDA, a slowly pr%I'emonstrated to exhibit reduced frataxin mRNA levels com-

gressive neurodegenerative disease in which early mork:)'d'typl'—:lsred with control cell lines (data not shown). Fibroblast lines
thought to result from loss of DRG sensory neurons (Hughes lit 1:3 . | K and .

t al, 1968). Subsequently the posterior columns pyramidvzgllfere Spiit L. apprloxllmatey once per week and experiments
et a, ) ' were performed within a further 11 passages. HEK 293 and

and corticospinal tracts, and Clarke’s column of the spinal cqy, La cells were cultured in Dulbecco's modified essential

become involved with less severe degeneration occurring in Sdium (DMEM:; GIBCO-BRL, Gaithersburg, MD), 10% calf

cerebieII:Jnmh, :rij[eguiua, r?nd {:)onsrrEDlerlat)E ?\ll 2210?1)6 Trhegls't serum (Starrate, Bethungra, New South Wales, Australia), or
case Is innerite an autosomal recessive manner, allectSeafy v ine serum (CSL, Parkville, Victoria, Australia) and 2
proximately 1 in 30,000 live births in white populations, and IS . - .

! . : . M glutamine (GIBCO-BRL). Except where indicated, fibro-
the most common inherited ataxia (Cosseal, 1997). Clin-

ical manifestations include aait ataxia. loss of deen tendon qusts were cultured in DMEM with 10% calf serum, ®1m
; estations incude gal X1a, 10SS P ?utamine, 10uM uridine (Sigma, St. Louis, MO), and 2Mn

flexes, pes cavus and dysarthria. Late developing anomalies,. . o
. ) . . ) ium pyruv igma). All cultures were grown 7°Cin
include cardiac hypertrophy, diabetes mellitus, blindness, an% um pyruvate (Sigma) cultures were grown at 37°C

deafness (Harding, 1981). Most patients become Wheelchgllr-umldmed 5% C@-95% air atmosphere.
cordioroupiratory compications, The mutaton responaie T Siucton, producton, and firation of frataxin
FRDA is most commonly a GAA expansion in intron 1 of the coding AAV and lentiviral vectors
frataxin gene (Campuzaret al, 1996), resulting in reduced The human frataxin cDNA (designated X2%a) (Cam-
levels of frataxin MRNA and protein (Campuzaal, 1997). puzanoet al, 1996) was excised from plasmid pT7T3 (Strata-
The 210-amino acid frataxin protein carries an amino-terminggéne, La Jolla, CA) as Hindll fragment, A-tailed withTaq
sequence that targets the molecule to the inner mitochondBA polymerase, and ligated into the TA cloning vectors
membrane (Campuzamt al, 1997; Prilleret al, 1997). Stud- pGEM-T Easy and pTargeT (Promega, Madison, WI). The
ies in yeast and mammalian cells have shown that redudeataxin cDNA was then excised as eithe¥atl fragment (by
frataxin levels lead to deficiencies in respiratory chain enzympartial digestion) from pGEM-T Easy or aBanH|-Sal frag-

and aconitase activities (Bradleyal, 2000), accumulation of ment from pTargeT. These fragments were then subcloned into
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the Notl sites of the AAV vector plasmid pTRUF2 (Muzyczkal/mmunohistochemical analysis of frataxin expression

1992) or into theBanH| and Sal sites of the late-generation . . . . .
. L. . : -~ . Toinvestigate frataxin expression, naive and transduced cells

human immunodeficiency virus type 1 (HIV-1)-derived lem'V'Were lated in two-well glass chamber slides (Lab-Tek: Nalge

ral vector plasmid pRRL.sin.cPPT.CMV.Wpre (Folleatil, P 9 ' g

. : . . . N | ional, N ille, IL). Cell hen fi
2000), respectively. The correct orientation and integrity of theunC nternational, Naperville, IL). Cells were then fixed and

- e
frataxin open reading frame in each construct were Conﬁrmggrmeablllzed In 4% (wlv) paraformaldehyde (pH 7.4) and then

by restriction fragment analysis and sequencing. The resulténnﬁthanoh and stained with frataxin-specific mouse monoclo-

y L 9 y q ; 9. al antibody 1G2 (diluted 1:250; Chemicon International,
AAV and lentiviral vector constructs were designated AAVFra?emecula CA) (Campuzaret al, 1997) and secondary goat
and LVFrat, respectively (Fig. 1). ' P ’ Y9

Recombinant AAVFrat vector stocks were produced with A‘?nn-mouse rhodamine red-conjugated antibody (diluted 1:250;

helper plasmid (pXX-6) and AAV2 helper plasmid (pXX-2) an ackson _ImmunoResearch L_aboratorle_s, West C_;rove, PA)_. Mi-

) . . . chondria were labeled with the mitochondrial dye Mito-
PAAVFrat, using a three-plasmid transfection protocol in HE racker Green, according to the manufacturer’'s instructions
293 cells as previously described (Xiabal, 1998; Fleming i 9

. olecular Probes, Eugene, OR). Images were captured with a
et_ al, 2001)'. Recombmar_ﬂ_ L\/_Frat vector sto_cks pseudotyp OT camera attached to a fluorescence microscope with the
with the vesicular stomatitis virus glycoprotein (VSVg) enve-

lope were prepared by a four-plasmid transfection protocol ?ﬁ)propnate Leitz or Chroma excitation and emission filters (Le-

HEK 293 cells, as previously described (Datlal, 1998; Barry 'ocfa\,{\,/l;féngtpeg?:ﬁfe;?asr:e'\%G:r:;nigﬁg;gaigrnorgfafgg )s(ilgn
etal, 2001; Ginret al, 2003). For AAVFrat vector stocks func- ' g ’

; . ; . expression (red) with mitochondrial stainin reen) was ob-
tional transduction titers were assigned on HelLa cells by twop (red) 9 (9 )

independent methods, colony formation in G418 (60mI, served by merging the two images (orange). To estimate trans-

. . : . .dyction efficiency, nuclei were counterstained with64li-
active; Roche, Basel, Switzerland) and |mmunoh|stochem|ca'd Y th

staining for frataxin-expressing cells (Campuzabal, 1997) amidino-2-phenylindole (DAPI, 0.jug/ml; Sigma) and the

S .number of transgene-positive cells was determined.
after exposure to serial dilutions of vector stocks. Transduction g P

titers for LVFra_t vector s_tocks were as&g_m_ad on HelLa an_d H%R analyses
293 cells by immunohistochemical staining for frataxin-ex-
pressing cells. All LVFrat vector stocks were tested for repli- Semiquantitative RT-PCR was performed to determine the
cation-competent lentivirus, using the HIV-1 p24 Gag enzymeelative levels of frataxin-encoding mRNA (both endogenous
linked immunosorbent assay (ELISA) (PerkinElmer Life andnd proviral) in control, naive, and transduced FRDA patient
Analytical Sciences, Boston, MA) as previously describdibroblasts. Total RNA was extracted from approximateby 1

(Ginn et al, 2003). 107 cells per treatment group, using TRI reagent (Sigma).

A
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FIG. 1. Frataxin-encoding AAV and lentiviral vector genomes. Diagrammatic representation of AAXFand LVFrat B)

constructs. Promoters are indicated by arrows and coding regions by open boxes. Abbreviations: ITR, inverted terminal repeat;
CMV, human immediate-early cytomegalovirus promdtRAT, human frataxin cDNA; pA, polyadenylation signal; TK, thymi-

dine kinase promoteneq neomycin resistance gene; RSV-R-U5, hybrid Rous sarcoma virus promoter; GA, trgacpsee

quence; RRE, Rev-responsive element; cPPT, central polypurine tract; WPRE, woodchuck posttranscriptional regulatory element;
AU3-R-U5, U3-deleted HIV-1 terminal repeat.
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After extraction, cDNA was generated fromud of total RNA, RESULTS
using 0.5ug of oligo(dT),_1gprimers (Invitrogen, Carlsbad,

CA) and 200 units of SuperScript Il RNase H-reverse tratyactor-mediated frataxin expression in Hela

scriptase (Invitrogen) in 204 reactions according to the Man-calls and FRDA patient fibroblasts
ufacturer’s instructions. Forward and reverse primers for

frataxin andB-actin were, respectively, AAGCAGACGC- After construction and production of AAVFrat and LVFrat
CAAACAAGC-3’ and 3-CCGACAATCCAAAAAATCTT- Vvectors, as described in Materials and Methods, transduction
CC-3, and B-TCATGAAGTGTGACGTCGACATCCG-3 titers were assigned on HelLa cells by immunohistochemical
and 3-CCTAGAAGCATTTGCGGTGGACGATG-3 giving Staining with an anti-frataxin antibody. Before vector exposure,
amplification products of 395 and 285 bp. Amplification conendogenous frataxin expression could not be detected (Fig. 2A).
ditions for frataxin were 94°C for 5 min, followed by 28 cyWithin 72 hr of exposure to either the AAVFrat or LVFrat vec-
cles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 mitor, however, a distinctive cytoplasmic pattern of frataxin ex-
followed by 72°C for 10 min; fo-actin the amplification con- pression became evident (Fig. 2B and C), with the level of
ditions were 94°C for 5 min, followed by 27 cycles of 94°C fofrataxin expression in individual cells varying widely for both
30 sec, 50°C for 1 min, and 72°C for 30 sec followed by 72%@ctors. Maximal apparent transduction titers obtained by
for 10 min. Products were run on 2% (w/v) agarose gels fifataxin antibody staining were>% 10* and 2 10° transduc-
Tris—borate—EDTA (TBE) buffer. ing units (TU)/ml for AAVFrat and LVFrat, respectively. Titers
Quantitative real-time PCR (Q-PCR) was used to examifgtained for equivalent AAVFrat vector stocks by colony for-
vector genome copy numbers in transduced cells as a functioation under G418 selection were up to three orders of mag-
of time after vector exposure. DNA was extracted from betwesitude higher. The distinctive pattern of antibody staining in
10° and 10 cells per time point, using microkit DNA columnstransduced Hela cells was further shown to be consistent with
(Qiagen, Valencia, CA), and included treatment with DNasegorrect subcellular localization of frataxin in the mitochondrial
free RNase (Roche) as described by the manufacturer. Quagfinpartment by counterstaining with a mitochondrial-specific
tation of AAVFrat and LVFrat genomes was then performedye (Fig. 2D-F).
under previously described conditions, primers, and probesBoth vectors were also shown to transduce five independent
(Sastryet al, 2002; Veldwijket al, 2002) on a Corbett real- primary FRDA patient fibroblast cell lines (Delatyosi al,
time PCR machine (Corbett Research, Mortlake, NSW, Au§999; Jausliret al, 2002), albeit with markedly reduced effi-

tralia). cacies relative to HelLa cells, but with essentially the same pat-
tern of frataxin subcellular localization (Fig. 2G and H). Inter-
Analysis of sensitivity to oxidative stress estingly, anti-frataxin antibody staining was not sufficiently

) ) sensitive to detect the putatively reduced levels of frataxin ex-
_ Fibroblasts were plated at a density ok 30°cells per well esgjon present in naive FRDA patient fibroblasts (Fig. 2I) or
in a 96-well plate (BD Biosciences Discovery Labware, Begy age-matched control fibroblasts (Fig. 2J) expressing en-
ford, MA) in medium (Jausliret al, 2002) consisting of phe- yo4enous frataxin at physiological levels. This insensitivity in
nol red-free 64% minimal essential medium (MEM) with Earl'$he antibody detection of physiological levels of frataxin ex-
balanced salt solution (GIBCO-BRL), 25% M199 (GIBCOy ession makes it likely that the transduction titers assigned to
BRL), 10% fetal bovine serum (Invitrogen), Mglutamine  the AAVFrat and LVFrat vectors underestimate the true titers,
(GIBCO-BRL), human insulin (10ug/ml; Eli Lilly, Indi-  5nq rendered it difficult to reliably evaluate the frataxin ex-
anapolis, IN), epidermal growth factor (EGF, 10 ng/ml; Sigma)ession status of individual cells in vector-treated cultures.
and fibroblast growth factor (FGF, 10 ng/ml; Sigma), and after |, an attempt to further quantitate the levels of exogenous
24 hr were treated with 0.1 to 1Mn.-buthionine-8R)-Sul-  frataxin in transduced fibroblast populations, semiquantitative
foxamine (BSO; Sigma) for 24-48 hr, until signs of cell deaiyT_pcR was performed. Early-passage patient FRDA fibro-
were observed. Cell viability was then measgred with Falceé'l"hsts (F2 line) (Jausliat al, 2002) were transduced with ei-
AM (0.4 puM; Molecular Probes) as described previoushy,er AaVFrat or LVFrat at MOIs of approximately 20, and an-

(Jauslinet al, 2002). alyzed for frataxin protein expression and frataxin mRNA
o ) o levels. The results obtained appeared discordant, further sup-
Quantitation of mitochondrial iron porting insensitivity of the anti-frataxin antibody in the detec-

Accumulation of mitochondrial iron was measured by atomfon of physiological and subphysiological levels of frataxin ex-
absorption spectroscopy as previously described (DelaggckiPression. Maximal levels of transduction, as determined by
al., 1999). Mitochondrial protein measurements were pe{il_ntlbody staining, were observed at early time points after vec-

formed using the Bio-Rad D/C protein assay (Bio Rad, Her exposure (up to two passages), when approximately 1 and
cules, CA). 20% of fibroblasts expressed visibly detectable anti-frataxin an-

tibody staining after exposure to the AAVFrat and LVFrat vec-
tors, respectively. After a further four to six passages frataxin
expression dropped to levels undetectable by antibody staining
Oxidative stress and mitochondrial iron assays were an@a-cultures exposed to the AAVFrat vector (despite selection
lyzed by one-tailed nonparametric Wilcoxon tests. One-tailesthd maintenance in G418 at 306/ml) and to less than 1% in
tests were employed because differences in cell viability aodltures exposed to LVFrat vector (data not shown). Concur-
mitochondrial iron were predicted to change in one directioBnt analysis of frataxin mMRNA levels revealed that the mean
only. levels of frataxin expression in vector-treated FRDA patient fi-

Statistical analyses
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broblast cultures remained at or above physiological levels ¢ qgg 10
served in control fibroblast cultures and markedly above t A ‘ B
pathologically low levels expressed in naive FRDA patient f|

broblast cultures (Fig. 3).

Loss of vector genomes in transduced fibroblast
populations over time

-
(=]
-

Because transgene expression fell rapidly over time, tra
duced fibroblast populations were examined by quantitati
real-time PCR (Q-PCR) to establish whether this phenomen
might correlate with a decline in the number of vector genom 0.1
present, or alternatively might be due to transcriptional silen
ing of the frataxin expression cassette. After transduction
FRDA patient fibroblasts with either the AAVFrat or LVFraf]
vector there was a rapid decline in the number of vect

genomes per cell as a function of time (Fig. 4A and B). In cU -0.01 _Lr_l—x—l

tures exposed to the AAVFrat vector there was an initial rap 2 12 13 2 7 810 11

decline n the nu_mber of vgctor genomes present per ceII,_ G, 4. Progressive loss of frataxin-encoding vector genomes
sult consistent with the mainly episomal nature of recombingpd, transduced FRDA patient fibroblasts. Real-time Q-PCR
AAV vectors, but levels did not fall below approximately on@nalysis of vector genome copy number in serial DNA samples
vector genome copy per cell, a result consistent with the majgolated at intervals from transduced FRDA patient fibroblasts
tenance of AAVFrat-transduced cells under G418 selecti¢i2 line) after transduction with AAVFraAj and LVFrat B)
pressure. In cultures exposed to the LVFrat vector this decliaieMOls of approximately 10 and 1 TU/cell, respectively. The
was progressive, falling greater than 100-fold to approximatgiimber of passages after transduction is depicted underneath
1 vector genome per 100 cells within 8 to 10 passages. Gi\?ﬁ?h column. Columns and error bars represent means and SEM
n=

= 4).

Vector genome copies/ceil
-

e
-

that lentiviral vectors transduce cells by stable genomic inte-
gration, this latter result is consistent with either loss of trans-
duced cells from the culture and/or a reduced replication rate
in transduced cells relative to naive cells. Both possibilities are
consistent with overexpression of frataxin being toxic in fibro-
blasts.

Patient+ LVFrat
Patient+ AAVFrat

Contral
Patient

Partial correction of sensitivity to oxidant
stress in FRDA patient fibroblasts

Finally, both the AAVFrat and LVFrat vectors were assessed
for their capacity to reverse the increased sensitivity of FRDA
Frataxin patient fibroblasts (F2 line) to oxidant stress induced by expo-
sure to BSO, a pathological property previously shown to be a
phenotypic feature of these frataxin-deficient cells (Jawtlin
al., 2002). Given the demonstrated loss of vector genomes from
transduced cultures over time, analyses were performed at
MOIs of approximately 20 for both the AAVFrat and LVFrat
B-Actin vectors, and within seven passages of transduction, when the
vector genome copy number was known to approximate one
copy per cell. Relative to naive FRDA patient fibroblasts, the
same cells transduced with either the LVFrat vector (Fig. 5A)
FIG. 3. Frataxin transcript abundance in FRDA patient fier AAVFrat vector (Fig. 5B) consistently exhibited increased
broblasts before and after transductidop: Semiquantitative resistance to BSO-induced oxidant stress, but not to levels ap-
RT-PCR analysis of frataxin transcript abundance in aggroaching that seen in normal age-matched control cells. Al-
matched control fibroblasts (C2 line, lane 1) and FRDA patiefif g, interexperimental variability was high, analysis of five

fibroblasts (F2 line) before (lane 2) and after transduction wi dependent experiments on LVFrat-transduced patient fibro-

either LVFrat (lane 3) or AAVFrat (lane 4), each at an MOI S .
20. Lane 5, no-template contr&ottom: Quantitation controls Plasts demonstrated a significant 2.9-fold mean increase (range,

obtained by subjecting the same RNA samples to RT-PCR wiRProximately 1- to 5-fold difference) in cell viabilitp €
B-actin-specific primers are shown. RNA samples analyz@aO215) in transduced versus untransduced patient cells after
were harvested from LVFrat- and AAVFrat-transduced cells sgkidant stress. This effect of exogenous frataxin expression was
and eight passages after transduction, respectively. confirmed in two additional experiments on AAVFrat-trans-
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140 140, : . - -=| 2004). More recently, antioxidant therapy with idebenone
; | (Jauslinet al, 2003; Sarseret al, 2003; Sezneet al, 2004)
120 A 120 [ B has been reported in a number of studies to reduce the cardiac
. hypertrophy observed in FRDA patients (Rusinal, 1999;
= 100 100 Hausseet al, 2002). Unfortunately, however, there are no re-
o ports of measurable improvement in the ataxic features of this
ELE 80 80 disease (Haussa al, 2002).
— We are interested in the possibility of favorably modifying
@ 60 60 the natural history of FRDA by targeting gene therapy to PNS
L: sensory neurons. In a previous study we demonstrated efficient
3 40 40 - and sustained transduction of mouse and human DRG sensory
neurons by both AAV and lentiviral vectors (Flemiagal,
20 20 2001). In the current study we report the development of AAV
0 0 and lentiviral vectors encoding the human frataxin cDNA and

initial phenotype correction studies in fibroblasts from FRDA

FIG. 5. Partial correction of sensitivity to oxidant stress iatients. Although fibroblasts are not directly involved in the
FRDA patient fibroblasts after transduction with frataxinPathophysiology of FRDA, those obtained from FRDA patients
encoding vectors. Age-matched control fibroblasts (opdwave previously been shown to have reduced frataxin mRNA
columns), naive FRDA patient fibroblasts (F2 line) (solidevels (Wonget al, 1999), increased sensitivity to oxidant stress
columns), and transduced FRDA patient fibroblasts (F2 lingvonget al, 1999; Jausliret al, 2002, 2003), and mitochon-
(shaded columns) were subjected to oxidant stress by eXpogigl iron accumulation to levels approximately 1.5-fold that
to BSO and the proportion of cells remaining viable after 24 Bpseryed in age-matched control samples (Delatgtkal,
\évr?cfvclja]k::lea;’oaerml’eea[)Sl’:rSeer(])tfa;ie\/S(;St;(an(—}erif‘](’])e?‘l)gsd?S: Spt;?i?asr‘l.t Fiii%@). Fibroblasts, therefore, provide an excellent surrogate tar-
transduced with LVFratX) and AAVFrat B). Columns and &t in which to underta!«a initial phenotype cqrrectlon studies.
error bars represent means and SEM- (3). Furthermore,_the capacity of the human frataxm_ cDNA to func-
tion in a murine context (Poaokt al, 2001) provides the op-
portunity for future evaluation of phenotype correction using
the AAV and lentiviral vectors described in frataxin-deficient
duced fibroblasts in which a similar 2.5-fold mean increase ifouse DRG sensory neurons (Puaial, 2001; Simoret al,,
cell viability was observed. Naive and transduced FRDA f2004). Both vectors conferred high levels of frataxin expres-
broblasts were also assayed for changes in mitochondrial igion, with appropriate subcellular localization, in HeLa cells
content by atomic absorption spectroscopy, because mitochane primary FRDA patient fibroblasts. Importantly, transduced
drial iron has previously been shown to be increased in FRIMRDA fibroblasts exhibited increased resistance to oxidant
patient fibroblasts compared with age-matched control cefigess, although not to wild-type levels, and this was accompa-
(Delatyckiet al, 1999; Wonget al, 1999). Both AAVFrat- and nied by a trend toward reduced mitochondrial iron levels that
LVFrat-transduced cells exhibited a small reduction in iron lewid not achieve statistical significange= 0.058). This partial
els below those detected in naive FRDA patient cells (data mefrection of phenotype has several possible explanations, but
shown). The difference, however, did not achieve statistical sig-most likely to reflect the inherent molecular pathology of
nificance p = 0.058), but was nevertheless consistent with ttRRDA. For example, the accumulation of mitochondrial iron,
modest increase in resistance to oxidative stress observed. Gaviously reported in FRDA fibroblasts (Delatyckt al,
lectively, these data confirm that the AAVFrat and LVFrat vec999), is likely to be a time-dependent process that is not rapidly
tors described produce functionally active frataxin protein améversed after transduction. More robust model systems in
are capable of at least partially correcting the phenotype wiich the time between transduction and phenotype analysis
frataxin-deficient FRDA patient cells. can be readily extended will be required to definitively resolve
this issue. Failure to achieve physiologically appropriate levels
of frataxin expression in a proportion of cells is also a plausi-
DISCUSSION ble possibility. Investigation of this possibility was complicated
by the relative insensitivity of the available anti-frataxin anti-
Treatment options for FRDA and other inherited and abody, which could readily detect supraphysiological levels of
quired conditions involving pathology in PNS sensory neuroespression but not the physiological levels present in normal
remain inadequate. Accordingly, there is a pressing need to eantrol fibroblasts. It was, therefore, not possible on a cell-by-
plore novel therapeutic options, including gene therapy. In thell basis to definitively establish what proportion of vector-
case of FRDA, there are still no effective therapies for the tretrteated FRDA fibroblasts expressed exogenous frataxin, al-
ment of the ataxic features of this disease, which are thougimugh semiquantitative RT-PCR analysis of frataxin transcript
to correlate with loss of sensory neurons located within DR&undance confirmed, on a culture-wide basis, that the mean
(Hugheset al, 1968). Iron chelators, such as desferrioxaminkvel of frataxin expression in transduced FRDA fibroblast cul-
have been associated with side effects in the clinic and hauges remained at or above the levels present in control fibro-
not been effective in reducing iron levels within the mitochorlast cultures at the time phenotype correction studies were
dria (Vonckenet al, 2004). Newer, less toxic mitochondriallyperformed. A final theoretical possibility is that frataxin over-
targeted chelators are now being investigated (Richardserpression in cultured primary fibroblasts might be toxic.
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This latter possibility gains support from Q-PCR analysgmrted by the Theresa Byrnes Foundation, Inc., the Friedreich
that confirmed the presence of multiple copies of both AA¥Xtaxia Research Alliance, and Seek a Miracle, USA. S.L.G. is
and LV vector genomes per cell at early time points after trarssipported by the Noel Dowling Trust, Australia.
duction, but progressive loss of vector genomes over subse-
quent passages. Although expected after AAV transduction
(Russellet al, 1994), this pattern after lentiviral transduction REFERENCES
is less readily explained. Frataxin overexpression up to 6-fold
above physiological levels has been reported to exert no @7ouz, M., RALPH, G.S., STORKEBAUM, E., WALMSLEY,
servable toxicity in transgenic mice (Mirandaal, 2004). In L.E., MITROPHANOUS, K.A., KINGSMAN, S.M., CARMELIET,
the currentn vitro study it is possible that even higher levels P., and MAZARAKIS, N.D. (2004). VEGF delivery with retro-
of overexpression were achieved in a proportion of transducedradely transported lentivector prolongs survival in a mouse ALS
cells, although the fold increases in frataxin expression achievefodel. Naturet29,413-417.
could not be quantitated as the available anti-frataxin antiboB$RRY, S.C., HARDER, B., BRZEZINSKI, M., FLINT, L.Y., SEP-
was insufficiently sensitive to allow detection of physiological ZEN: J- and OSBORNE, W.R. (2001). Lentivirus vectors encoding

levels of frataxin (baseline) in untransduced cells. Even Iow-IOOth centr‘al polypurine tract and‘posttranscrlptlonal regulatgry ele-
| | toxicity. insufficient t Iti I death Id f ment provide enhanced transduction and transgene expression. Hum.
evel toxicity, insutricient to result in ce eatn, coula conter Gene Ther12, 1103-1108. —_—

a relative growth advantage to untransduced cells such thatgfBRc UND, A., KIRIK, D., ROSENBLAD, C., GEORGIEVSKA,
proportion of cells containing vector genomes would fall over g | UNDBERG, C., and MANDEL, R.J. (2000). Towards a neu-
successive passages. Further evidence of frataxin toxicity comeasprotective gene therapy for Parkinson’s disease: Use of adenovi-
from FRDA fibroblast cultures transduced with the AAV vec- rus, AAV and lentivirus vectors for gene transfer of GDNF to the
tor and maintained under G418 selection, thereby ensuringigrostriatal system in the rat Parkinson model. Brain RB8s,
maintenance of at least one functional genome per cell. Eve2-98.

in this context cells expressing supraphysiological levels BPSCH, A., PERRET, E., DESMARIS, N., TRONO, D., and HEARD,
frataxin, readily detected by antibody staining, disappeared over-M: (2000). Reversal of pathology in the entire brain of mu-
time. copolysaccharidosis type VII mice after lentivirus-mediated gene

' h ion of AAV and lentivi-. ransfer.Hum, Gene Thef1, 1139-1150.
n summary, we reportt e construction o an enthl-BRADLEY’ L BLAKE. J.C.. CHAMBERLAIN. S.. THOMAS,

ral vectors encoding the human frataxin cDNA and initial func- p k" cooPER, J.M., and SCHAPIRA, A.H. (2000). Clinical, bio-

tional characterization in phenotype correction studies usinG:hemical and molecular genetic correlations in Friedreich’s ataxia.

FRDA fibroblasts. The partial correction of phenotype observedHum. Mol. Genet9, 275-282.

functionally validates the vectors described, and raises a se@@dMPUZANO, V., MONTERMINI, L., MOLTO, M.D., PIANESE,

of important questions. These include determining the extent td-., COSSEE, M., CAVALCANTI, F., MONROS, E., RODIUS, F.,

which phenotype reversal can be achieved in frataxin-deficienPUCLOS, F., MONTICELLI, A., ZARA, F., CANIZARES, J.,

DRG sensory neurons, the time course required to achieve ofSOUTNIKOVA, H., BIDICHANDANI, S.I., GELLERA, C.,

timal reversal, and whether tight physiological control of EELCT% éo‘"RTRF?ALI'_”AbAi' PP.:A?ELM:DC:—IEIID_IEI,DSNE'IFLCI)_AS’ A"\'A 2:\5]

frataxin expression levels will be requnr_ed. T_h(_a capa_cny of theDEL, J_L_’, C,OCOZZA’, S’_’ KOEN’IG, M and PAND’OL’FQ M.

human frataxin cDNA to rescu_e fratax!n-defICIent mice (Pook (1996). Friedreich’s ataxia: Autosomal recessive disease caused

et al, 2001), and the generation of viable mouse models Of, 4 intronic GAA triplet repeat expansion. Scien2@l,

FRDA that recapitulate many of the features evident in the hu-4423-1427. -

man disease (Puccét al, 2001; Simoret al, 2004), including CAMPUZANO, V., MONTERMINI, L., LUTZ, Y., COVA, L., HIN-

evidence of pathology in the sensory neurons of the DRG, probELANG, C., JIRALERSPONG, S., TROTTIER, Y., KISH, S.J.,

vide the ideal context in which to further pursue these studiesFAUCHEUX, B., TROUILLAS, P., AUTHIER, F.J., DURR, A,
MANDEL, J.L., VESCOVI, A., PANDOLFO, M., and KOENIG, M.
(1997). Frataxin is reduced in Friedreich ataxia patients and is asso-
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