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L’atassia di Friedereich (FRDA) ¢ una patologia autosomica recessiva causata
dall’espansione della ripetizione trinucleotidica bialleica GAA nel primo introne
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dell’animale, indipendentemente dall’eta, essi venivano sottoposti all’eutanasia,
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fecac=2~8  ~2f|=-" " £0 e~ 080§ ~2£ 08 j | hC8EE j~ -~ - oL~ £ R C L0888 ~ < £-2fK-
1 £~~~ £ 220 0~2f - «£08~—2F- §««3—|—Ua3—°£ii£-|b~: £: G~z £t~z 48 = 2-2~2~:
un’espressione della proteina fratatt§—~:j-==~=0~<«£-2-2¢ -1£-C{RE-CE-2E=:
EC§¥3°~=NFi-=-

B Untransduced control AAV-hFXN 1E+7 vg.'cell
-
o
L]
o
3
=z
%
8
o
£
w
D
< o 40 100

8

-
5 2 1w A =
@ 30 . o -
4 - << 1 -
Qo - »
S -] -
g 20 o ES o1 el
£ o Z@ -
g S ECy | £2 oo =
E 104" 1,16E5 = TE3 vgloell | zg
z — § o0.001
& z
Ik 0 T T T T T 1 0.0001-¢ T T T T 1

107 10° 10* 10 10° 10 10' 10 104 0 10¢ 10 108
MOI (vglcell) MOI (vg/cell) =

c§¥3°~ Nf- Immunofluorescenza rappresentativa e analisi dell’andamento dose dipendente
dell’espressione di fratassina-

E_Ffecc~¥§-£-"~RR° L1£E2~4" ~0§§<c «3-183 £ { £ ~EFCF-08:{£%32E:" 0 7 NO2°~2~2£:] —~=NDHT=" ¥ £2:¢8-"s)

1CUke-2j 20— Y27 — i 20~ -2-f:cUKE £ CEFE--S {3 E-E 33FfzT £ ~°°£C4{~A~="~BB°E4£+2~-—NMM=O «<=
E™F=j3°" ~=¢-tLJrisposta dell’intensita di immunofluorescenza di fratassina in funzione della MOI (vg/cell) di
ANslicukKlz ~¢~2~2~z - £73~ §-=fz ~2 Qmiiz ®F°= C£2£°«§~°F: §8= “~2-°f= ¢§ b~ RMi- Eaf: ¥°~0§j-= I-¥J2-¥:
nell’espressione di mRNA di fratassina indotta da AAVJ} cuk=§-=3-_§--£-¢£%~ § B £ ¥ £2=¢E"Ns] ) cuki:
F0~08 §at -2~~~ -2 ~0 | M~ G St <cke T £ << e~ ¥§§:0 88 < «cB-003- L £ ~EfCFt--242~26~ SHPE:
j - Peac§ Ot -@§-~m3-Lt £~ ~z D €. +1E - FUTPKFCZ e <3033 =Lt £~ ~Kc J D f-Z7<c 30200 §2 - =-n-§-0f -~

P8 ®3 12 1=2~°F: j—<cf= 2~ «<F267 C£B~: ce~ttfec~= "HB®—1+2~I: j§-H: 2~z «£26= C£~: 3~—2§2(:
«~11§¢c~ C§R°-2£8-~2@° - ¢ -2~ |48 -2%f ~fr 3~C - -¥§: £830~2F£7 £2 1§ j~-NNSKMMM:=
particelle virali, per poi raggiungere un asintoto, all’incirca a 1 milione di particelle
780~ RE: £330z ~j : e 'mRNA: :~: 3z ~al~«E2-= C-1£2 CERE-CE-2E «<~= tf- ~-
I’andamento asintotico=¢£%~zj3°" ~x¢§023- L4 £~ ~EC¥3°~0FmE =" £°§0§j~°£=j 1 £2~=
®°-2£8-~= @°-C -2~z n-t1f- 42~ §f: £2 £00F22" ~ << f2F7 «<~230~ k-1 $2~2f 2 0~22f ~~A846:
20 PECEAE 827 BEA2EEY w3 0 2 FEO-2E AT £O ] - —202z
A~z 0%~z ««~23%~z O£~z Q°-2£§~= £ 4~z 13~ £1R°E+48--£- £3:  ~1f- -1 CSRE-CE2El-
°§3t{£C-=~=§-08" §C3~°£-232L-3F-0- << £-§-2£ < ECEE= | £-@-"2~—z~~zn- O cq~m < ~230~:
EC§¥3°~=0F-

NP



XS RS
E F &F ¢
A P -é‘ Sy ‘<“< &
60— bbej .('bb % Q:gb Y (J’\
€ kDa & & ¢ $
:
» 40 GAPDH
£ E loading control
7]
54 B
&2 204
% PR 23 kDa pre-FXN
Q
@ 19 kDa int-FXN
0 T T T T 1
0.001 001 0.1 1 10 100

14 kDa mat-FXN

mRNA (copies/ulL)

c§¥3°~0f-Correlazione tra I’espressione di mMRNA e proteina FXN e analisi tramite Western blot-
EbF=¥°~0§j 208 -°°£3~ §--£-2"~§:38" £330 8L 40° £ 14§~ ~£-Ci «c OKNER°-2£§~~=cUK=-E£%E= | £2333L ¢ -Q-22°~1 43 §—~ £+
i-=\Nslicuki-Ech TERE = -2 RE°- 3~z @°-2£8~~ CUK=E"£°¢EF: j——= j-—2°-%-: ¢ | ~°§j—=d"mae:E°-1z-Fl-
~i 34— et§2 L~ 1) DO € - 12E - (- U E§ e e~ ¥-§ 088 cc «<B-083 -0 £ ~EfCFet-n-#2~2E~ 3RPE-j - —-§:
«§j°~1j-@f—=~83-Lt £~ ~=0 ¢ -1+£ - FUTPKFCZec «c3-183-L i £~k J B T-Z=<c 392402882 - =-0:§-0f -+

D3] £ty ~<E2Els T —aF0 - £2408j~OF | 1 £:8~2 2£0~08~7 13 §-~ttfi~j 12§ [£5R30E:
3ecElR -2t FHOE§ec B2 2~2-§OE232- 43 | £ NS5~ <c§- %3 < ~f:
=02~ |~z | b Erdmms 422 G0E 2 | mm GF £04En  3~-220r 0§ O~ % £28E: " o~aGrE~
@2 £ ~NMVKMMM0§ Nz §86~° ¢ -0 50~ 225 £38E=" §o~24DE =] £A03anaF et 2~2mr £ ~2n2
A8 (o8]~ §ofr (£~ 0°-2Ef o£% [RoBvbec~s £ | 1Er Az 132 40 Et-fr °§r30

Eonf228” ~ << E2£-C-££-CERE~CEE N j - << £-°81 j - —2°~2- £ 30E - | £33 2 <« 3§~ £-F CR¥3 °~=PH-

A. Untransduced 1E+5 vgicell AAV-hFXN

Frataxin Nuclear

1E+6 vgicell AAV-hFXN 1E+T7 vglcell AAV-hFXN

Frataxin Nuclear

B. AC16 transduction with hFXNco

o010

0.005:

FXN immunofiuorescence
normalized for Hoechst stain

g

1E45 vp/coll 1E+6 vgicell 1E+7 vg/cell
MOI (vg/cell)

C§¥3°~Pf=QEtZin vitro= G2 | -12°32-:/"Ng 2fec <~ ¥§-§*~BO° E1£2~2" £-¢§- j£2833E=- T NS=2°~+¢ -22£:= j -~=NDHRI=
NDHSI=-=NbHT=" ¥ £ ¢EMS ]} CUK=£732 | - 208 f¥~2" 22204 (-2 ~°f=(¢8:4{~4~Z=100 pm=E T~
quantificazione dell’immunofluorescenza della frat~t+§-~zH=42~2~=°~@R° £1£-2~2~2¥°~0§j ~ < £~2£-QL%= | §~1j 3= § I -
2~ = ~® I M~C=m§t<c=E_ P 1 £=§cccc~¥8-F 08 8cc 3083 -°Ft{ £ ~zt-—-z#2~2£= 2L =326z -3 «§j °-t -~
03-°ftif~ ~z 0% «@3+fUTPl<«-C£R2—= D ¢ - 11 -f=

NQ



Qh0-f220~22~ < £ 2NN SR -3 ¥ ~BA~ct =R~ 7§ £ ~ifrcc~—-BE £ RE L2 - °R-°F£-=
Per testare 1’efficienza di recupero da parte dei vettori AAV]|cuk:~-¢=""g]
< CUK=" £+ -P~2] ~° 0§~ «<§-@~2~C £~ R~2- A Y8~ |t 2~2- 24 | £27] - cf~§ e~ e - C £ -2
3.2 2-Q-z cukl § " hlz =% 3~8f: £0~z $2-2.2 §¢-2-2 = 0--j0-32 ¢£% ¥£-£: cukl:
O 808 ~ << E~2E-EA2L4432-2¢c34 ] ~8~0L5) ~° 08~  ~£at | £2£2°) ~kNSL42-2cc - CEP-H42~2-:
1j£82-z §-z 3~—2-z Q°L+E-2~2 CENG 8% j~°C8~j8 03 §-~= j-<<fr A~z °§C3 §--£: £~
0%~ §--E£:Q8£8E §-~E£I§ 3~Nrt—-ct -2~ f2fi~tt - S A~RE 82~ CERE L £~ B 22
Chrec—° §820H:F-§, §~2ccE2hrt—n—=42~2§:20~2~28:0 £8:2-RF:cU K J ~ ht-2-zj-—=" £§j-2-=£=
CBE% tom-z ~al~A o2~ =02 @8~z CEE: NM: t£2%«c~-f: €8 T §~:
P3i £ty ~«f2frt—n-212~28:20~22-28:C£8:2-R%cU K § T h=~=S:1£22§<c~~£-0 " §2~z -8
j—12°32-" e~ ANgl cu k- s J«cu Kz j —=¢ - 18-PDOHNP:" ¥LC¥=-:NDHNQ-" ¥LO¥I-
e questi (coorte 1), straordinariamente rispetto all’atteso, sono sopr~" "~ §t+3%:0§--:
~8z of £ 0t | — @~ 0§t~2~2 ~s NM=££22§ cc~—£: 0§ £261= 3§05 RF = 3~2° = +£228cc~£-0-+2)
C-2E|=E4~2~ < E~2Fx | — < ERE =§2-RF:0 = - +2° - -z 1§22 - RF2°~22~ 2t Az ——z§” £8 -2
1~ j—-"2£= 0l —1§~= 34z ¥°3QR-= 2°~2~2-2 | - == Bz (- +~¥¥§—= «§-°F= €8 2£°~@F~[-@~°§ ~=
POHNP="¥LO¥I=] ~§~" £ £-°~¥¥§32-B 4 f j - € - ®3-2-=C 5] - ~2°--0ft+~2-~NU-E B M=
¢-®-= 3£+2-z tfj--C-z @3-2-z C& j-—2°-%-| @~t+~2f= NO= #£2§«c~-f: ¢-@-2 3~
t- <« §f42°~ §-=frC£M~C —+£I-§2-@§ 08 3£42~mj— -0t — - 42~ At 2 Q-+ fr~if 32~~~
A== 422§ O O O£t~ i~ | - O~inf B~~~ £28~:NFi::

1~ C§¥3°~: (- riporta lo schema e i risultati dell’esperimento in termini di
-0°~""§ £,

"o+

% Necropsy Necropsy,

Dosing Cohort 1 Cohort 2
I >

6 weeks 10 weeks 18 weeks

FXN-MCK

Survival

"y -+ WT Vehicle

804 FXN-MCK Vehicle

—v— FXN-MCK AAV-hFXN 1E+14 vgikg
o FXN-MCK AAV-mFXN 1E+14 vglkg

40 FXN-MCK AAV-mFXN 3E+13 vg/kg

60

Probability of Survival

204

T
o 5 10 15 20
Age (weeks) -

c§¥3°~Qf-Studio di sopravvivenza e disegno dell’esperimento in vivo nei topi FXNJ § ~ hi
ENFCSEY -0 £ -2423¢8-10° — —n=—05j -] £828 -7 §7 —#3§2-R§IS2-Rf-cu K J ~ hat——-2t2~2820~2- 8 RF 0" §~f 5 (-7 £—1~=
~: 8=t cc~E= C§ £20K- F:2-@f: C£8~7 j - 2z Nmt - -2~ 24 - 2 Q- 12§~ G £ 32~ vt §z~z N #£ 28 <<~ G § £ 20 F-2- @8 ¢ £20~
i ——OZEZO:i——!—:iZ’“2§:«—'|§2—°"2§:—a2°£5a£:NM:i£22§«‘*—|£:ﬂ§'|—:":_3’*'|¢—:3‘|:~—|§((“a£:¢£aa":i —-%2f- : ~O~Y¥E3 2R3 2
G8 §-2L°7 £-2-23c~-2ERB 22 (§ £32~~1§~23«c~-§2~°§~F=¢ I’intera co-"2£=F:42~2~2+-2-Q—-42~2 ~(= £32~~1§~|z j-1~=
~ 7 32N E 2§~ —EOFE2CHE_ FA~0°— ~ §§%6:08:4-0°~" 7§ £, ~=0§4302~2~48¥ 808 ~28” ~ << E~2E§0f °§ - F £ @F:
cu ij =~ h;20~22~2§: i __|;’£§i_a_:o§i®£22_:.,§;2_®§;cu ij =~ h:2°~22’*2§: i __|;/\/\S:E:~§:2_®§;¢§: i _ﬂzo_aa_:th:f:¢~2§;
sono rappresentati come ’eta all~=" 3~2£-2-@f:t-—-212~%r+-2-Q- 1%~ C£ 32~~1§~2§-= j~£ -0 | - €8 §--§ | °8&; 1 £I-
j—<<ECLt °§2-znf8~ztf §—-£rcc~2£ 8~focc£2- O

NR



Group N (gender) Genotype Treatment Dose Level (vg/kg)  *Cohort-Analysis Duration

1 2F2M WT Vehicle NA Ist - Histology 4 weeks

2 2F2M WT Vehicle NA Ist - Bioanalytical 4 weeks

3 2F/2M WT Vehicle NA 2nd - Bioanalytical 12 weeks
-+ 3F/3M FXN-MCK  Vehicle NA 1st - Histology **4 weeks
5 3F/3M FXN-MCK  Vehicle NA 1st - Bioanalytical **4 weeks
6 3F/3M FXN-MCK  Vehicle NA 2nd - Bioanalytical **12 weeks
7 3F/3M FXN-MCK  AAV-hFXN 1E+14 1st - Histology 4 weeks

8 3F/3M FXN-MCK  AAV-hFXN 1E+14 Ist - Bioanalytical 4 weeks

9 3F/3M FXN-MCK  AAV-hFXN 1E+14 2nd - Bioanalytical 12 weeks
10 3F/I3M FXN-MCK  AAV-mFXN 1E+14 1st - Histology 4 weeks
11 3F/i3M FXN-MCK  AAV-mFXN 1E+14 Ist - Bioanalytical 4 weeks
12 3F/3M FXN-MCK ~ AAV-mFXN 1E+14 2nd - Bioanalytical 12 weeks
13 3F2M* FXN-MCK  AAV-mFXN 3E+13 1st - Histology 4 weeks
14 2F/3M* FXN-MCK  AAV-mFXN 3E+13 1st - Bioanalytical 4 weeks
15 2F2M" FXN-MCK ~ AAV-mFXN 3E+13 2nd - Bioanalytical 12 weeks

# Animal numbers depended on the availability.

* Animals in Cohort 2 were monitored beyond 10 WOA; these animals were euthanized once one animal in the cohort reached humane
endpoint and the entire cohort (group 3, 9, 12, and 15) was euthanized for tissue collection. This happened at 18 WOA, therefore, 12
weeks post dose for the lifespan groups.

** Groups 4-6: untreated FXN-MCK mice have a mean survival of 10+/-1 WOA.

F, female; M, male; NA, not applicable; WOA, weeks of age; WT, wild-type.
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Per controllare le funzioni cardiache, ¢ stata impiegata un’ecocardiografia, metodo
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Come unita di misura dell’efficacia del trattamento tramite AAV, ¢ stato utilizzato
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AAVE8 gene therapy reverses cardiac pathology
and prevents early mortality in a mouse
model of Friedreich’s ataxia

Joshua C, Chang.’ Molly B Ryan," Marie C. 5tark,' S3u Liu,' Pravinkumar Purushothaman,’ Fria Bolan,’
Caitlin A. Johnson,’ Mark Champe,' Hui Meng,™' Michael W. Lawlor,™* Sarah Halawani,” Lucie V. Ngaba,”
David K. Lynch,” Crystal Davis," Elena Gonzalo-Gil," Cathleen Lutz,” Fabrizia Urbinati,” Bala Medicherla,’

and Carlos Fonck!'

Uhgiellas G Themagaes, Ire, Souih San Prencecs, CA #1080, USA "Formerdy of dsiellas Geoe Thergples, ne, South San Franoaco, COA 2080, USA; Dovergs
Trandatinnal Zoende Lahoratory, Mileiukes, WL 53304, URA; Medical Colege of Wik osdes, Degartienl of Fathelogy il Daboarmmry Medeine, Milwiukes, W
Sxhe, UEA; “Rakdven's Hospral of Philadelphis, Philsdephiz PA 29104, US4 *The lackson Laboratory. Bar Flarbor, ME 8805, USH

Friedreich's ataxia (FRIDA} is an autodomal-recessive disorder
primarily atiributed to biallelic GAA repeal expansions that
reduce expression of the mitochondial prodein frataxin
{EXN) FRDA is characterized by progressive newrodegener:-
tion, with many patients developing cardiomyopathy that pro-
gresses Lo heart failure and death. The potential to reverse or
prevent progression of the cardiac phenolype of FRDA was
investigated in a mowse mode of FRIDA, using an adeno-eseo-
ciated viral vector (AAVE) contzining the coding sequence of
the FXN gene, The Fxn™ "™ MCK-Cre conditional knockout
mise (FXN-MUK} has an FAN gene ablation thal prevents
FXM expression in cardiac and skeletal muscle, lesding to car-
dige insufficiency, weight loss, and modbidity. FAN-MCE
mice received a single intravenous njection of an AAYVE veclor
containing human (hFXN) or mouwse (mFXN} FXN genes
unider the control of a phesphoglycerate kinase promwter.
Compared to vehicle-treated FXN-MUK control mice, AAYV-
treated FXN-MCK mice displayed increases in body weight,
reversal of cardiac deficits, and increases in swrvival withowt
apparent foxicily in the heart or liver for up to 12 weeks
posidose. FXN prolein expression in heart tssue was detected
in a dode-dependent manner, exhibiting wide distribution
throughaut the heart similar to wild type, bul more speckled.
These results support an AAVE-based approach o ireat
FRIVA-associated cadinmyopathy.

INTROOUCTION

Friedreick's ataxia {FRDA) & an suiosemal-recessive disorder cauzsd
by biallelic GAA trinudeotide repest expansiens of the Fralaxin
{FXN) gene.' This intronic matation diminishes FX0 protein expres-
sion, which in most patients ranges from 2% 10 30% of normal
bevels. "~ FXB i 2 highly conserved mitochondrial protein that i
imvidred i the aszembly of the iron-sulfur complex, an imporiant
companent in electron transpart chain complexes I and 0. Redisced
TXM lewels can result i iros accamalation in mitochondria with

conseguent oxidative damage and decreased ATP production, all of
which can ubtimately fead o cell death in vulmerahle Hssues, ™" such
a5 the central and peripheral nerrous systems, heart, and pancreas.”
With an estimated prevalence of 1 in 40,000, FRDA ix the most
comemaonly inherited ataxia among people of Turapean ancestry,”

Although neurological deficts are the halimark of FRIA, the disease
causes multispstemic deficits, induding cardiomyopathy and glcose
intolerance.” FRDA onset occurs typically dusing late childhood Lo
adalescence, with disease progression sometimes leading to prema-
ture death between 35 aml 45 years of a.gt'ﬁ" Heart disease in
FREDA initially presenis as concentric and hiypertrophic cardicoryop-
athy, everdually progressing to dilsted cardiomyopathy over time
soime patients suffer embobic strokes and muerad thenmbi in the lef
ventricle ™ Histological changes in the left ventricle typically consist
of cellular bypertrophy, diffuse fibrosis, and focal myeoardial necro-
sis.””"" The most frequent cause of death in FRDA results from
cangestive heart faiture or archythmia (59%).°

Given that FRDA is a monogenic loss-of -function dissse, one prom:
ising disease-modifying therspeutic approach to treat FRDA is ad-
ena-associated viral vector (AAV)-mediated gene transier.”” Previ
ously published studies wsing AAV-mediates] geoe  themapy
administered to mrdie or nearclogical mouse moidels of FRDA
have shown therapeutic benefit™ " In terms of identifying mini-
mally therapentic levels af AAV-mediabed FXM expression, it is worth
noting that heterazygoas FXN-knockout mice are indistinguishable
irom their wild-type (WT) littermates. Likewise, buman heterozypoos
carriers manifest oo cdinical sympioms. " These observations suggest
that expressing half of the endogencus FXN level may be sufficient 1o
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prevent or halt disease progression. In addition, recent reports have
shown that FXN overexpression can cause toxicity both in vitro

. . 7-19
and in vivo."”"

In the present study, and to avoid potential toxicity due to high FXN
expression, a relatively low-strength, nonviral, phosphoglycerate ki-
nase (PGK) promoter was selected.”’ AAVS vectors were designed
to contain single-stranded DNA with codon-optimized (co) human
(hEXNco) or mouse FXN (mFXNco) genes, which were evaluated
in a cardiac mouse model of FRDA, the Fxn™™":MCK-Cre condi-
tional knockout (FXN-MCK).”' Due to FXN protein deficiency in
both heart and skeletal muscle, these FXN-MCK mice exhibit pro-
gressive weight loss associated with cardiac deficits leading to
morbidity at approximately 10 weeks of age (WOA). With the
AAV treatment, all FXN-MCK mice survived through 10 WOA
with improved cardiac function and morphology, with FXN protein
expressed in a widely distributed pattern throughout the heart, similar
to that of WT but more speckled.

RESULTS

Vector and viral constructs

To investigate the potential of AAV-based gene therapy to treat
FRDA-associated cardiomyopathy, an AAV8 vector containing co
cDNAs of either hFXNco or mouse FXN (mFXNco) genes were
designed under the control of a human 3-PGK promoter: AAV8-
hPGK-hFXNco (AAV-hFXN) and AAV8-hPGK-mFXNco (AAV-
mEXN) vectors (Table S1). The DNA construct was originally
subcloned into a proprietary plasmid including the viral inverted ter-
minal repeat (ITR). RNA processing was supported by the presence of
an intron and a polyadenylation signal, both from the simian virus 40
(SV40) (Figure 1A}

AAV treatment efficiently transduces mouse and human cell
lines and leads to robust expression of mature FXN

C2C12 (immortalized mouse myoblast) cells were transduced by the
AAV-hFXN vector, and FXN expression was detected in the cyto-
plasm by immunofluorescence (IF) (Figure 1B). Quantification of
IF analysis revealed dose-dependent FXN protein expression with a
half-maximal effective concentration (ECsg) at a MOI of 1.16E+5
viral genomes (vg)/cell and a plateau at 1E+6 vg/cell (Figure 1C).
AAV-hFXN-driven FXN mRNA also showed a dose-dependent
response, although without a plateau (Figure 1D). FXN mRNA pro-
duction and protein expression were strongly correlated with a coef-
ficient of determination (R?) value of 0.94 (Figure 1E). To confirm
that FXN expressed from the AAV-hFXN cDNA was correctly
processed, western blot analysis was performed. The full-length
210-amino acid form of hFXN is expressed in the cytoplasm of cells,
rapidly translocating to the mitochondria, where it undergoes conver-
sion to the intermediate form (42-210) and then the mature form
(81-210) through the action of a mitochondrial processing pepti-
dase.”””* The size of mature hFXN is ~14 kDa.”* Western blot results
not only confirmed dose-dependent FXN expression at MOIs of 1E+6
or 1E+7 vg/cell, but also showed the 14-kDa fully mature form of FXN
(Figure 1F).”” The antibody used detects all three FXN forms,

Molecular Therapy: Methods & Clinical Development

including full, intermediate, and mature species, but cannot reliably
quantify relative amounts. To confirm that AAV-hFXN could also
transduce human cell lines, AC16 (immortalized human cardiomyo-
cyte) cells were transduced with AAV-hFXN at MOIs of 1E+5, 1E+6,
or 1E+7 vg/cell. Imaging of transduced ACI16 cells showed that FXN
was localized to the cytoplasm and quantitative IF demonstrated MOI
concentration-dependent FXN expression (Figures S1A and S1B).

AAV treatment prolongs survival and maintains body weight
FXN-MCK mice, a tissue-specific FXN-knockout in cardiac and skel-
etal muscle, was selected as an animal model to evaluate the potential
for phenotypic rescue of FRDA cardiomyopathy by AAV-hFXN and
AAV-mFXN (Figure 2A; Table S1). The FXN-MCK mouse pheno-
type includes functional cardiac deficits, such as decrease of ejection
fraction, which are likely associated with progressive weight loss and
morbidity (Figure 2B). All of the vehicle-treated FXN-MCK mice
became moribund and had to be sacrificed before 10 WOA, consistent
with the published literature and The Jackson Laboratory’s historical
data.”"** Strikingly, all of the FXN-MCK mice treated at 6 WOA with
AAV-hFXN or AAV-mFXN at doses of 3E+13 vg/kg or 1E+14 vg/kg
survived until the planned necropsy at 10 WOA (cohort 1; 4 weeks
postdose), as did all of the vehicle-treated WT control mice (Fig-
ure 2B). Animals in cohort 2 were designed to be continually moni-
tored beyond 10 WOA until one animal reached humane endpoint,
at which time the entire cohort would be euthanized (Figure 2A;
Table S2). One animal in the AAV-mFXN lower-dose group
(3E+13 vg/kg) reached humane endpoint at 18 WOA; therefore, the
entire cohort 2 was euthanized for the second time point at 12 weeks
postdose despite their body condition scores (BCSs) being within the
normal range (Figure 2A).”” AAV-treated FXN-MCK mice showed a
statistically significant improvement in average body weight
compared to vehicle-treated FXN-MCK mice (Figures 2C and 2D).
No significant body weight differences were noted between AAV-
treated FXN-MCK mice and sex-matched WT controls. No body
weight data were collected from vehicle-treated FXN-MCK mice after
10 WOA due to mortality.

AAV treatment corrects cardiac phenotype

Cardiac function was monitored by echocardiography (high-fre-
quency ultrasound). Significant reductions in ejection fraction were
noted in vehicle-treated FXN-MCK mice at 9-10 WOA compared
with WT controls (p < 0.0001). FXN-MCK mice that received either
AAV-hFXN or AAV-mFXN at both lower and higher doses showed a
significant increase in ejection fraction at 9-10 WOA compared to the
vehicle-treated FXN-MCK mice (p < 0.001), which was maintained
until the final measurement at 18-19 WOA (Figure 2E). There
were no significant differences between WT controls and AAV-
treated FXN-MCK mice at the final time point.

Average heart weight normalized to body weight was used as a mea-
sure of AAV-mediated efficacy given that FXN-MCK mice develop
cardiac hypertrophy and have relatively low body weight.”"** The
average heart weight normalized to body weight was significantly
(p < 0.0001) higher in vehicle-treated FXN-MCK mice compared

2 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
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with A&V treated FAXN MCK mice and sex-matched WT contrel
mice at %10 WOA [(Figure 53A). There were no significant
differences in normalized heart weights between AAV-treated FXN-
MCE mice and sge-matched WT controls at 18-1% WA {Fig
are 52A). Signdicant improvements in lefl vertricular mass normal-
ixed to body weight (p < 0.0001) and fractianal shortening (p < 0.001)
from echocardiography were also observed in AAV-treated FXN-
MCE mice compared o vehicle-treated FXN-MCEK mice at $-£0
WA Mo significant differerices were observed between AAV.
treated FXN-MCE mice and WT contrals at 18-18 WODA
{Figrures 2F and 528} More important, there was a significant differ
ence in the bedt ventricular mass normabized to bady weight hetween
vehicle-treated FXN-MCK mice (46 mg'g) and WT control mice
{31 mg/g) before § WOA {p < b1} {Figure 2G}, indicating that
the cardsac abnormality in FXN-MOCK mice developed before AAV
treatmend. Ejection fraction was also reduced from 55% fo 47% in
W1 contrel mice coampared o EXN-BOCE mice at § WA, although
the difference was not statistically significant (Figure 52C). Together,
thiese results show that AAY treatment resuliing m de mowo FXN
expression in FXN-MOK mice enabled the rescue of important as-
pects of he cardiac phenatype.

To further investigate potential improvements of cirdiac condition
and o zssess the safety of the AAY treatment, terminal serum cardiac
biamariers were measured, Myasin light chain, a bicmarker that re.
flects mymcardial damage, mereased signibcantly to 15 ngiml in
vehicle-treated FAN-MCK mice, compared to the WT level of
004 ngfml {p = O5E). Animals treated with AAV-hFXN or AAY-
mFEN at a dose level of 1E+14 vgikg shawed reductions bo 0,094
or 01 ngfml, respecirvely (p = LO1Y and p = 0014, respectively)
iFigure 2H), Vehicledreated FXN-MOCK mice exhibited a cardiac
trnp-uni.n {cTall level of G4 np'ml, whereas it was undeteciable in
the WT mice Following treatment with AAV-hFXM or AAWV

mIXN at a dose of 1E+14 v/kg, there was a trend boward cTol reduc-
tion of 0.5 and 0.2 ngfml, respectively, However, it is natewarthy
that oo satistically sigrificant differences were detected [p = 087

ered p o= {51 respectively), potentially due to the presence of outliers
in the dataset {Figave 520¥). Mo significant differences were abserved
in terminial seram creatine kinase or fatty acid hinding prodein 3 levels
across all groups at 9-00 WOA {Fgure 52E and 52F)

AAY traatmant regulls in functional FXN axprassion

To demonsiraie AAVE tansduction, qPCR analysis was performed 1o
measzre vectar capy number (VON] in the following tissoes. As e
p-h:tﬂ]. heart tizsse rom vehidletreated FXYN-MOE mice and WT
mice contained no vector DA For cohorl 2 vehicle treated FXN-
MCE mice, qPCR analysis was performed at 10 WA and oot
the scheduled necropsy 2t 18 WAL due bo moriality. There was oo
significant difference in heart VOM levels between animals dosed
with AAV-mFXN or AAV-BFXM at 1E+14 wp'ky at any postdose
bime point (Figures 34 and 30} Amimals treated with AAY-hIEH
veclor a8 10+14 wgiky showed similar tmnsduction as assessed by
WVICN from the two time points, 1.5 vg/ dipleid genome (dg) atd weeks
P-uﬂdme.md L% vgidg at 12 weeles postdose. Similar results were ob
tained with AAY-mFXM trestment at |E+14 vg'ky from the bwo
time points, L1} vgidg ot 4 weeks posidese and 158 vgidg at
12 weseks postdose. As expected, mice treated with a lower dose of
FEHEE w'kg AAV -mPXN vector had & bower VEM aff 0.77 vyldg 2
4 weeks posidose anud 13 vy'dy at 12 weeks posidese Differences
in hezrt WVOX between the lower and higher AAV-mFXIN doses
were only statistically siprificant in cobort 2 at 12 weeks

(p = 0.0613). Together, these data suggest a trend by which tissue trans-
duction with AAV.FXN is dese dependent but not time dependent
[within 13 weeks posidose) in the hearis of FXN-MCE mice
(Figures 3A and 3B; Tebles 53 ond 54

In terms of FXN protein expression, an average of 16%7 and
1655 nglmg of endogencus FXN was measured in the hearts of
WT mice at 510 WOA and 18-19 WOA (Figores 30 and 30
Tables 53, 55, and %6} In contrast, AAV -driven FXN prodein expres-
sion m FAN-MOCK mice, at aoy of the doses tested, was higher ar
similar compared 1o WT levels, 2 dose-dependent manner. In

Figrure L Surdival, body waight, cardiae imagieg, ond cardiac bHomarkers
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T D00, At niERl-traanaadl o = 0RO L andd Ao m PR - resriied growss (p-= U0 TE Bko skgrdfion m ofTaenrcas. wend obaereed Dotveaan \WT contrels and ABV-RFXN- o
AANTE ITGata FXOW MK mica al 18-40WTDNE. F) Dota rapasonied as avsorago kil wonirodor iILV) mass nomatned 10 Body weighl nie realrmant groun &t aach Sma
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the hearis of FXN-MCK mice, a hegher dese of 1E+14 vgikg AAV-
BFXN resulted in FXN protein expression 7 3-fld higher compared
to WT levels at 4 weeks postdose {p = 00047), which increased 1o
17.9-fold a1 12 weeks postdose (p < 000003 ). Simikar levels of FXM
in heart tissue were measared following AAV-mFXN treatment at a
higher dose of [E+14 wgtky, reaching 12- oo 21.2-foid increases
compared to WT levels at 4 or 12 weeks postdose (both
p < MO00LY, respectively. There was no significant difference in
expreszion between AAV-BFXN and AAV-mEXM at the same dose
of 15+14 vg'kg ot efther 4 weels {p = 0.1442) or 12 weels postdose
ip = 0.450). At the lower dose level of 3E+13 vgleg, FXM expression
in heart kissue was bound to be 3-fold higher than WT levels at 4 weeks
postdase, although the difference was not statistically significant. A
12 weeks posidose, the expression was mcreased to 5.1-dold above
WT lewels (Figures 30 amd 3DF, Takle 55). FXIN protein cxpression
lewels were also incrensed in AAV-ireated FXN-MCE mice in the cer-
ebellum, dorsal root ganglion (DRG), bver, and spinal cord at
12 weeks postdose (Figare 33A; Tuble 55).

To understand whether both human and mouse veciors couald express
the functional ransgens containing the mature form of FXK i wivn,
we perbarmed western bliot analysis on heart tissues. Protein bands of
similar size {14 kDa} to the positive control” & recombinant hu-
man matare form of FAXN (rthFX3), were detected in every heart
tissue sample From AAV-treated FXN-MOCK mice, but ot in
vehicle-treated FXN-MCK mice {Figures 3E and 53B-53E). These re-
cubts suggest that both AAV.driven mFXN and full-length hFXN
could be deaved by the mitochondrial processing peptidase to
comvert into the malure mitochondrial form.™ To test the functionel
contribation of AAV-mEXN and AAV-hIFXN af a cellular level, the
immunoreactive levels of the milmchondrial electrom transpart chain
cumiplexes were examined. Associated with FXN deficiency, vehicle-
treated FXN-MOCK mice had a downregulabion of complexes I and [T
comapared with the vehicle-ireated WT mice. In the samic heart tissues
inwhich the A4 Y-driven mature mitocheadrial form of FXN was de-
tecied, the expression of complexes 1 and [T were restored with the
AAY rrestment demonstrating functionality of the restored FA2
{Figures 1F and 53F).

A&V treaiment resulls in broad dstribution of expressed FXN in
LTE T

Immumahistechemisiry ([HC) for FXN confirmed FXM expression in
the hearts of AAV dreated FXN-MCE mice with a broad distribution
pattern. Cardiac 1fssoe from vehicle-treated WT mice displayed a
diffuse light level of positivity that was fairly uniform throughout
the heart, wheresas AAY-treated FXN-MCK hearts showed regional
vaziability, with & greater slaining intensity in many areas than was
ohserved in vehide treated WT hearts. TXN expression was nat de-
tected tn vehicle-treated FXIWN-MUK mice [Figure 4A).

Far semiquantitative analysss, expression levels of FXM - stained areas
were defined as weak, moderate, and strong h:rlb: HALD algarithm.
The percentage of area exhibiting weak FXN expression was 35.1% of
the total heart section area analyzed in FXN-MOE mice that received
FE+ES viplkg AAY-mPXM. Following a higher dose of 1E+04 wplkg,
areas corresponding to weak FXN expression were greater, 41.0%
anad 40.7% for AAV-mEXN and AAV-hIXN treatment, respectively,
percentages that were similar 1o the WT éndogenous FXN level, 21
43.%% [Fygoe 4R; Tabie 57} The percentage of area exhibiting mod-
erate FXN expression was similar oo stightly greater in EXN-MOE
mice that received 30+13 vglkg AAV-mIXN al [25% compared bto
vehicle-treated WT mice at 100% Following o higher dose of
1E+14 vp'kg, the areas corresponding 1o moderate FXN expression
increased to 20.5% and 23.0% for AAV-mFXN and AV -hFXN treait-
ment, respectively {Figure 4B The percentage of areas exhibiting
stromg FXM expression were greater for all of the treatment growps,
al 110% for 3E+15 vp'kg AAV-mPXN treatmend and 17.5% and
20T% for 1E+14 vpikg AAV-mEXN and AAV-hFXM treatmend,
respectively, compared 1o vehicle-treated 'WT mice at 1.1% (Fig
wre AB). Owverall, the total percentage of areas exhibiting FXN expres.
sion were similar between AAN - rested FXN-MOK mice that received
the lvwer dose of 3E+13 wgiky at 58.6% and the vehicdle-trented WT
mice 2t 544%, and increased to 78.8% and 84.5% when ireated at a
higher doss of 1E+E4 v/ky AAV-mFXN and AAY-hFXN, respec-
tively (Figure 4B} Consistent with the ELISA dsta, the [HC results
shiowed dise-dependent FXM protein expression, and semiquantita-
tive image anabysis revealed a broad distrghutinn of FXIN transgens
expression simiar to WT endagenous expression, although it was
muore speckled

FXN expression was not associsted with cardiotoxicity

To evalmite histological changes that constitute efficacy and distin-
guish those from potenbial changes that may represent test article.
induced toxicity, HYE skining on tissue sections with microscopic
evahmtion was done. Microscopic changes in the hearts of vehicle-
treated FXN-MCEK mice were consistenl with the cardiomyapathy
that is expected in an animal model of FROA, including degenerating
cardiomyocytes that were present in all of the animals evaluated {5/5
animals seored), mononuclear cell inbltration (4/5), myocardial
fhrosis (375), and atrial thrombd (2/5). Minimal mononadiear cell
infltration was nofed in vehide-treated 'WT mice {24). I comirast,
FXN-MCE mice that received AAV-hFXIN at 1E+ L4 wgflg ar AAV-
miXH al 3E+13 vglkg or 1E+14 vg'ky showed reduced cardiomya.
cyte degeneration {0717}, mononuckear cell infiliration {5017),
myoordial Bhrosis (0717), o atrial thrambi (1717) at 4 weeks post-
dase, indicating efficacy (Table 1)

HE-targetl bssaes, including liver, scialic nerve, ql.m.d.rir:p.'l muscls,
spinal cord, diaphrgm, DRG, and brain, were evaloated for
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potential test article-induced toxicity at 4 and 12 weeks posidose. In
the livers of vehicle-treated FAXN-MCK mice, centnilobular hepato-
cytes were pale and wvacwolated {3/6), Centrilobuolar vacuclation
was not ohserved in AAV-WFXM- or AAV-mFXMN-treated mice,
which is also consistent with the rescue of cardiac deficits or lesions
driven by the absence of FXN in these FXN-MCK mice. Microscopic
changes in the scintic nerve, quadriceps muscle, spinal card, dia-

phragm, DREG, ovary, and testis were oot sdentibed in the vehicle-
treated FXN-MCE mice. Microscopic changes were not observed
in these selected tissues from FXW-MOK mice fellowing the admin.
istration of AAV-BFXN or AAV-mFXN at either time point, excepl
that vacualation in the DRG was noted in 475 of the AAV-hEXN-
treated FXN-MOK mice and 506 of the AAV-mFXM-trented EXN-
MOE mice (hoih at 1E+14 'I.'E'k.u’], compared with 0/ of the
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bower-dese (IE+13 vipleg) AAYV-mFXN treated FAN-MCEK mace and
Lt of vehidereated WT mice (Table 58). This vacunlation was
characterized by the presence of mubitple dear vacuoles along axons
coursing through the ganglia, odten surrounding or associabed with
presumphyve Schwano cell nudes. In general, vacunlation ohxerva-
tions in the ahsence of DRG cell body degeneration sheuald be
considered inconclusive. The administmtion of AAY vector at a
dese as low as IE+13 v'ky efectively alleviated cardic phenotypes
in the FXN-MCE mice without inducing additional toxicity in the
ofi-target selected Hssues.

To svalvate additional pathologies assecmated with FXN msufboency,
iuch ax firon accwmubition and fbrosis, we coniddcted iron staining
andd Masson’s trichrome staining Aboormal fron accumulation
was chserved in the hearis of vehicle-treated FXN-MCK mice bu
nat in the hearts af WT or ALY -treated mace (Figure 54}, Comsistent
with the microscopic evaluation, hMassen’s irichrome sizining re

vealed cardiac Gbross in vehide-treated FXN- MCEK nrice (608], which
was nearly absent in FXN-MOCE mice that received AAY breatment 21
4 weeks pn::l.duu (3017} [Figuere 5B). In summary, these results sup-
part the role ol AAY-medizsted FXN expression m the prevenbion
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or resalution of cardiac pathology without toxic side effects in this
mause muodel of FRDA,

DESCUSSION

This stady zssessed the efficacy and safety of AAY vectors containing
the FXN gene at doses of JE+E3 or 1E+14 vy'kyg admindstered to con-
ditional knodkout mice {FXN-MCK) that model the cardiopathic
manifestations of TROA. The AAVE serotype was sebected based on
internal #udies, which demonstrated similar cardiac transduction be-
tween AAVE and AAVY {data not shown), This chaice is also sap-
ported by relevant puhlications regarding AAVE trepsm in he
heart,”* as well as a relatively lower level of preexisting immunity
against M‘L"ﬂ in the general population compared with other AAY
m!y‘pﬂ. Two expression vectors were tested, one expressing
hFXM {AAV-BFXM} and the other expressing mFXN (AAY-
mFXE Y, b evaivate possible pharmacodynamic differences in spe-
ciex-specific FXN in mice. The amino acid sequence of the co human
FXN transgens was confirmed to be identical to the huwman FXN

conseosus sequence. Signilicant mprovements in body weight, beart
morphalogy, cardiac fumction, and cardiac infury hicmarkers, in
addition o an exiension in the mean of the probability of survival,
were abserved m FXN-MCK mice that receved AAV-based gene
therapy compared to vehicle- treated FXN-MCK mice. Mo dafferences
were observed belween the AAV-BFXN and AAV-mIXN vechors in
expression levels, correction ef cardize phenatype, preventicn of early
moriality, or histopathelogical evaluation. These resulls support the
hypothesss that de wovp FXN expression in volnerable cogans, such
as the h=art, can prevent the progression of FRDA-bike cardizc deficits
and their assccisted morbidity, even when administering the AAWV
vecior after uﬂ'grupai! of FRDA, Pa&uph:lﬁnhw, wich as deficits
in epection fraction, have already manifested.

In asldition 1o the neuralogical symptoms that develop during FRDA,
the majarity of patients develop severe cardiomyopathies that eventu-
ally progress o heart failure. ™ Given the severity and monogenic
nzture of the dizeaze and the lack of disease-modifying treatmenis
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available, a gene transter approach wsing an AAY vecior contaiming
the FXN gene was considered a promising therapeutic strategy 1o treat
FRIOA. ™ Published stadies using AAY constracts containing the FXN
gene administered in vamous FROA animal models with diverse
routes o admiristration resalted in improved cglcomes regarding
cardiomyopathy, nearodegeneration, and lifespan extension. "
However, some of these studies that wsed construcis with a strong
comstitutive synibietic promoter, such as CAG, a cytomegalovirus
early enhancer element fused to the chicken f-actin gene promoter,
resulted in what appear to be FXN averexpression-associated toxic:
ities.”""" Expression of FXN protein by more than 20-jold relative
o WT expression levels was shown to fmpair electron transport chain
complexes | and 11 and after mitechondrial altrastroctare, lading o
cardiomyocyte cell death and cardise deficits.” Huichalaf et al
confirmed that toxic bevels of FXN following the sdmindstration of
an AAVY-CAG-FXN constroc, which affected mouwse livers and
hearts, caused a reduction in the ronesulfor cluster biosynthesis by
affecting the equilthrium between differend complexes imvobving the
cysleine desulfurase and the iron-salfur cluster scffold protein. ™

To avead potential toxicity associated with AAV conostructs thas
comtain strong promoters, we selecled o constitutive and relatively
lower-strengih human PGE promoder i drive FXN EI.':II'HSIJII.H
The goal was v trensduce more cells wsing o relatively higher
MAAW dose, while maintaining FXN expression per cell under @ certain
threshald o avoid tocicity. Tissue transduction as measured by VN
per diphoid genomme was detected in the hearts of all AAV -treated mice,
wiih a trend toward reflecting dose levels. Mo significant differences in
W were vheerved with zn extension of the postdose duration from 4
to 12 weeks, regardiess of AAV-BFXN dosing al 1E+14 vp'kg (p =
08522}, or AAV-mFXN dosing at either 3E+13 [p = 0435) or
FE+ 14 vgiky (p = 04955}, suggesting no degradation of the transgene
1M A duaring the additional B weeks. FGE was selected as a absquitous
promoter becusse FXH is 2 highly conserved mitochondrial protein ex-
pressed throughout the body. In the present study, the tofal pescentage
af cells exhibiting FXM expression as assessed by [HC staining and
quantibed with HALD image analyss was similar in the lower dose
of AE+13 vpikg AAV treated FXN-MOE mice, with 58.6% of the tisue
displaying positive stain for FXI compared to wehicle-treated WT
mice at 54.4% in the heart Inaddition, there weze o signficant differ-
ences between the lower dose of 3E+13 vy'ky AAV-tneated FXN-3CK
mice ard the yehicle- treated WT micein the FX total protein expres

sicm level as measured by ELISA from the homogenized beart tisnses op
4 weeks postdose. This suggests that the level and pattern of FXN
expression tolbowing & single AAV-hIXN inravencas dase of 3E+15
vg'kg is comparzshle o that of WT. AL the higher dose of LE+14 vg/
kg, consistent with the ELTSA results, the total percentape of cells ex-
hibiting FXM expresszon in the heant incrensed to a similar level at
7% [AAYV mIXN} or 85% (AAV hFXN], and the FXN expression
fevel reached 21.2-fokd compared to WT endogencus bevel. The
strongly positive and moderately positive signals likely contribede 1o
the observed increase in protein expression i the FLISA, showing a
7= tor 12-fold increase at 4 weels postdose. Incorporating reguletory el
emeriz, firther opliEmizing the promoter, or idensifying and testing the

endogenous FXN promoter cowld yield an expression pattern and level
closer to FXM expression in WT animals. Alkhoogh the highest dese m
this study reached slightly over 2 20-fold FXN expression compared to
W levels, mo taxicity was observed in the heart for & dumbon ap to
12 weeks postdess, and 2l of the higher-dose AAY-ireated FXN-
MCE mice survived antil the scheduled necropsy ot 18 WA, with
o sign of declining health. However, a longer-duration staddy may
be beneficial to mle ot possible defayed cardiac toxicity resubting
fram the chronic overexpression of protetn accumulation over time,
pechaps ina WT rodent toxicity study. Mo test artide-related toxicities
were detected in any selected tisswes at bath time paints, except for the
vacuclation observed in the DRG. which wa oheerved anly in the
higher -dose groaps (1E+E4 vg'kgl. Mo avert taxicity such s nearonal
degeneration was ohserved in the DRGs of AAY -treated mice, Forther-
muore, since thiz effect i= not well understood and is subdimical in this
stucly, the severity remains anchear at this time. Canducting a dose
fnding study 2nd & &-menth nenbuman primate iovicity stody o
the fature will be beneficial to define the minimum effective dose
and provide a comprehensive safety assssment.

Althoagh # is imporiant to avedd expression FXN levels that may
trigger toxicity, # 25 also critical 1o achieve muinimally etficacious
levels. Although homoepgoas delefion of FXN is embryonically le-
thal, heterazypous FXN-knockout mice are indistinguishable {rom
their WT lsttermates in physical and behavioral phenotype ™ Hu-
man heterazygous carriers with an extimated 50% of normal FXN
protein expression manifest no clinical spmptoms.’™" These chser
vations sugpest that FXN levels at or above 50% of W levels can
have meaninghal thempeutic effects, in particalar, in preventing ar
revensing  FRDA-associated cardionmyopathy, A recent study by
Munor-Zuhags and collaborators™ showed that achieving a mini-
mum therapeatic level of expreision may require neaching ot least
A% of the healthy human FXM level (=177 ngfmg), considering
that FRDA heterozygotes have FXIN levels ranging from 3% to
A% of normal Given that PGE is a lower-strength promoter
compared to (CAG and other ubikjuitoas promaters, it is anticipated
that a dose level 3-4 times higher would be necessary, likely in the
range of E+12 vg'ky, 1o reach approximately 30% of the endogenous
FX bevel. Correspondingly, the PGE promoter-driven FAN expres-
sion resulbed in the improvement of cardiomyopathy and extensiom
of survival m all AAV.treated FXN-MCE mice, in contrasf bo
vehicle- treated FXN-3CK mice

The FAN-MCE mice showed abnormal crdiac phenobypes,
incloding left ventricalar hypertrophy, fooctional impairmerd as
measured by echocardiogrum, and body weight reduction before
AAY trestment 2t & WOA, indicabing that they were treated at a
sympitomatic stage. when presumebly the FXN inndficiency had
already caused structural and functicnal deficsis. At the second Lesmi.
nzl ime point of 18-19 WA, when all of the vehide -treated contral
FXN-MCK mice had been previously enthanized, the ejection fraction
and lelt ventricular mass normalzed to body weight in the A&V
treated FAN-MCE mice were indistinguishable from the vehicle-
treated WT condral mice. This shows that the AAY -mediated transfer
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al the FXN gene and de nove expression of the protein are capable of
nol only preventing the progressicn of cardiac FROA-associated pa-
thology but alse of reversing cardiac deficits of the discave, Refatively
fower levels of the cardiac injury biomarker, myosin light chain, de-
tected when comparing AAV reated FXN-MCK 1o vehicle-treabed
FXN-MCX mice further confirmed the efficacy of the AAV-mEXN
and AAV-hFXN vectors, Al the celinlar level, FXN deficiency leads
o abmormalities in mitochondrial function, particalarhy in the regu-
tation of the iren-sulfur closter thal interacts with proteins in the elec:
fron transport chain complexes, presumably dwe o a defect in elec-
tron entry and iransder, which uliimately resuls in the excess
generativn of reactive axygen species and reduction of ATP produc:
tion.” Pusthermore, @ decrease in the expression level of electron
transport chain complexes 11 has been reported in the FXN-MCK
mause model.' ™" As 2 sarrogate mezsure of mitochondrial health,
it was shown ihat mmunoreactive levels of complexes | and 10
from the FXN-MCE beart bssges were restored to WT levels
fullowing AAY treatment.

FXN deficiency has been shown in previaus reports Lo caase 2 range of
disturbances that are refiected in this FXN-MCE mouse model by
delicient iron clearance and consequent myocardial tissue dam
age."""""" Iron accumulation and myocardial fibrosis in the hearts
af FXN-MCK mice were observed in this stody, Consistent with the
rest ol the data, iron sccumulation and fhrosis were diminished in
the hearts of AAV-treated FAN-MOE mice at all dose levels
compared o vehicle-treated FXN-MOCE mice. Histological examina-
tion abse showed that AAV-treated FXN-MCE mice showed an
absence or lesseming of cardiomyocyte degemeration, myocandsal
fibrogis, and wzirial thrombi that were commonly observed in
vehicle-treated FXN-BMCE mice”™" It is interesting thal improve-
ment af the paled and vacoolited centnlohular hepatocytes in the
bivers of FXN-MCE mice were alm elleviated with AAY treatment,
possibly due 1o secondary relsef from ischemia resulting from cardiac
comproadse, A& less likely bub possible explanation » that the
apparent histalogical improvement in the fiver is an artifact of dssue
eollection that caused oytoplasmic dearance and vacuclation, In gen
eral, there was no evidence of an AAVA-FXN-indwced texic effect in
the heart that would be distinguishable from what was observed in
wehicle-treated FAN-MCK mice

In conclusion, progressian of the ardiomyopathy-lke phenctype
that develops in FXN-MCE mice was prevented andior reversed
with @ single dose of an AAVE-vecior confaining an FXN transgene,
as evidenced by an increase in median sorvival and improved cardiac
function and merphology. These results support the potental of this
well-tolerated and effcacous AAVE gene thempy to treat patients
with FRDA that develop severe, and often lethal, cardiovascular
complicabons

MATERIALS AND METHODS

AAVE-PGH-FXN wector construction and praduction
Teoth BFXMNoo 2rd mIXNco coding sequences were subcloned into the

propristary plasmid pAAY Aud2, which inchuded the viral ITE* from

Moteculor Thénmymy: Kathods & Clnical Developmeaal

AAVE and the human 3-PGK promoter { RPGR), an introm, and a pol

yaderylation sigral. both from EVadlk The AAVE vectors used in these
stusdies have been rendered replication defective by virtue of deletion of
the rep and cap genes. The whode genome between these TR is fally
symthetic. The lack of rep gene confirms that current recoemhinant
AAY is unzhle to replicite alone or with helper viruses. The AAVE

hPGE-hFXBNeo [AAV-hFXN) aod AAVE-WPGE-mPXNoo [AAY-
mEFXH] vectors were produced by cotransfecting Bapi-293F cells
(Themmo Scientific, catalog no, AL4527] with the human or mowse
hPGE- FXMoa plasmid and a propristary AAVE helper plasmid osing
palyethyleneimine. After 72 h of incebation, the vector was purified
from cleared lysates by affinity (POROS GoPure AAVH Prepacksd
Celumn, 5 mL, Thermo Scientific, catalog ne. AS6647) and anien ex

change chreomatography (POROS GoPuare 50 HO) lon- Exchange col-
umn, Thermo Sdentific, cafalog no. 481515 on an AKTA purne
high-performance liguid chromatography system, then  buffer
exchanged into Ringer's lactate scbution with 001% Phoronic (pH
7.4} Al of the vectirs were manufactured by Astellas Gene Therapies
Dhosing salutions were formalated in Ringer's bctate with 4.401% Plar

onic. Logs X00- 150226 {AAV-REXN) and K02 150226 (AAV -mIXN]
were produced for each test article. The tGler of AAV-hFXN s
LETE+1E vgiml and AAV-mIXN was 2998413 vg'ml. The ende

taxin af AAV-BEXN was 596 endotozin unils (EUmL and ALY

mEXN was 3,28 ELV'mL (Figure 1),

AAN-NWFEN i vitro annlysis

Caif lines and cuwllire conditions

22012 cells were obtained Irom the American Type Culture Collec-
tion and cullured in D3EM supplemented with 10% heat-inactivated
fetal bovine senam (FBES) and 1% Anti-Anti. ACLE cells were chtained
from Sigma and cultured in FLZ-DMEM supplemented with 12.5%
heat-inactivated FBS and 1% antihiotic-animmyootic, Bath cell lines
were grawn at 37°C in an afmosphere with 3% OO0,

Qumntitative immunofiuorescence

Cells were seeded at 15,000 cellefvel] in Black-walled, clear-battom
tiazue culiure [TC)-treated 96-well ]:1111':; 24 b later, the mediom
was rernoved and replaced with fresh mediom contzining the desited
ROT of AAV-BFXN {calculated as vgfcell). After 4 b of incubation
with AAV-hFXM <onlamming media, etoposide was added to a final
concentration of 3 pbl At 72 b later, cells were Bxed with 4% form

aldehyde and analyzed by IF for XN expression. Cells were incu-
bated in Iotercept Blocking Busfer (LI-COR 837-70001} for 30 min,
then with rabbil anti-FXIN primary antbody (Abcam 175402] 2
2 ppimLior 2h, then with Alexa Fluor 488-fagged anti-rabbit xecomd-
ary anbbody {Invitrogen ALIE) for 1 b, Plates were read on a
Spectrabax M3 with excitation/emission of 490525 and dala were
plotted on GraphPad Prisim. Hoechst stain {Invitrogen R37605) was
added for muclear visualization in representative imaging. Images
were taken on an Ohvmpus IX73,

RN extraction and dropiel digital PCR [doPCR) anaiyss
Cells were seeded at 15000 cellstwell in TC-treated 96-well plates;
24 h later, the medium was remaoved and replaced with frexh mediam
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coninining the desired AMOT of AAYV-hFXE (calcalobed as vgioell). Af-
ter 4 h af incubation with AAV-hFXMN-containing media, etoposide
was added fo a final concentration of 3 ph. At 72 b later, cells were
harvested in BLT buffer and RNA was extracted using the RNeasy
26 QiAcube HT kit (Qiagen T4171). Following RNA exiraction,
cDMA was synthesized wsing the SuperSoript IV VILO Kit (Envitro
gen LLTH6500). FXN mBNA was quantified using Bio-Rad's ddPCH
system with Taghian primers and probe specifically designed to
recognize coF XN expressed by AAV-hFXE,

In vitro wesienn biot anafysis

A batal of 300,000 S cellsfwel] were plated in & veell TC-treated
plates; 24 h later, the medium was removed and replaced with fresh
medium containing the desired MO of AAV-hFXN jcaloolated as
vector genomes per ool Alter 4 h of mcuhation with AAV-hFXN-
containing media, etoposide was added w0 a final concentration of
3 ph. Ar 72 b leter, cedls were harvested in radsobmmunoprecipitation
azsay lysis boffer (Sigma 20. |82} contaming complete protease inhib-
itor tableis (Roche 46931240000 Cells were incubated with light
agitation 2t 4°C for 30 min, then spun down of 18000 » g for
I min, The supernatant was harvested and analyzed by hicincho-
nimic acid (BCA) For total prodein content using the Pierce Microplate
BCA Protein Assay Kil-Reducing Agent Compatible { Thermo Fisher
Sciensidic 23252). Lithium dodecyl sulfate sample busfer (Invitrogen
MPO0T) was added to §* final concentration and samples were incw

bated 21 95°C bar 10 min. Total protein, ¥ pg, was loaded per well of a
MuPAGE 4%-12% Bas-Tris gel (Iovitrogen MPO522), as well 25 one
fane of the Odyzsey One-Color Protein Molecolar Weight Marker
(LI-C0R 928400}, The gel was mun for 45 min ac 180 W in
MuPAGE MES 508 Running Buffer supplemented with NuPAGE
antioxidant {Invitregen WPO002 and RPDOOS, rupe:li\'-:l.ﬂ. The
separated prateins were then bransterred to 2 pu-['gn.'i.n':,'lidenc fluride
mesmnbrane uwsing the Trans-Blot Turbo instrument from Bio-Rad,
blocked in Intercept Blocking Buffer {LI-COR 92770001 ) for § h un

der gentle agitation and then incubated with mouse anti-FXN mono-
cloral antibody (Envitrogen 45-6300) and rabbit anti - glhyceraldchyde
d-phosphate dehydrogenase (GAPDH) monoclonal antibody [Ah-
carn 9485} for 2 h at room temperature under gentle agitaten. The
membrane was washed and then incubated with IADye SHICW
Dumkey ant-mouse and IRDyve 880CW goat anti-rabbit secondary
antibodies (L1-COR 926-32212 and 92668071, respectively) for | b
At room temperature under gentle agitatson. Membranes were washed

and imaged oo the L1-C0OR Odyssey imaging system.

AAV-WFEMN and AAY-mMFXN (0 wheo aludy

Animal moded of FRDA

The FXN-MCK mice (B6.Cg-Faor™™ " Fa™ "% T Chmm-cre)
5 khn]l; The Jackson Laboratory stock no. 829720} conlain 2 Cre-
conditional FXN allele floxing exon 2, 2 global exon 2 deleted
kmockous XN alkele, and a Cre recombinase transgene driven by
muscle creating kinase proaooter  (MCE-Cre,  BS.FVE(E2954}

TgiChmm-cre)5 Xhn']; The Jadson Laboratory stode ne. 906475 re-
sulting in a specific ablation of FXM expresson in cundiac and skeletal
muscle This mowse modlel is similar bo the one developed by Puccio

and collaborators, in which exon 4 was dedeted ™ The phenotypes in
the FXN-MCK mice include progressive weight loss associated with
functional cardiac deficits leading 10 morhadity at 10 = 1 WA
The Jackson Laboratory kas characterized the cardicmyopathic phe
nidypes from this moase model as decreased heart rate, ejectian frac-
tiom, and fractiona] shortening, as well 25 a sgniGoantly increased left
vemiricular masy distinguishable from nonmutant listermates {hitge!r
www Aoy sirain O ET 2E)

Animal sfudy dasign

Anima! proceduores and experiments were performed by The fadoson
Lahoratary in compliance with applicable animal welfare acts and
were appraved by the local Institutional Animal Care and Use Com
mittee and i accordance with Instifuiional Bicsalety Commities
pro¢ocals

We evaluzted the efficacy of AAVA-RPGE-hFXNoo (AAY-hFXN)
prl AAVE-RPGE-mINNo (AAV.-mFXMN) vectors each adminis-
tered by a single intravenous dose to rescue survval and cardicomyop-
athy in an EXN-MCK mouse model of FRIM, {Figure 1], wsing WT
mice (CSFRLAG], The Jacksem Laiboratory stock no. 0064} and
knockout Fan™*“*:MCK-Cre conditional knockout mice (FAN
MK sl.rpplird by The [ackson Labomsory. AL & WOA, mice were
given a single dose of vehicie (Ringer's lactate with 001% Pluronic)
2t condral, or AAV-hFXN administered at 1E+14 wgikg, or AAV-
mPXH administered at 1E+14 wglieg or 3E+13 vgpikg, respectively,
via intravenous injection in the @il vein

Twra coborts were included in thas study (Figure ) Cobor | animals
were harvested at 1B WOM to provide the Grs posidnss time point ¢
4 weeks' duration, Two separate groups of animabs were designated
for bicanabytical analysis {BAN} and histolegy evaluation in cabon
I. Animals in cobort I continued to be monitored beyvond 1 WA
until ane animal reached a humane erdpoint, at which time the entire
oohort was enthanoed { proups 1,9, 13, amd 15; pﬂl.q:-li-umﬁnﬂed al
1 WiDA) Since one andmal i the AAV-mEXN lower-dose group
{IE+13 vg'kg) reached the humane endpoint at 18 WA, all of the
anirnals in cohaort 2 were euthanized for tissue collection at £ weeks
postdosing. There was only one group of anmmals designated for both
BANM and histology evalution in cohort 2; therefore, tzsses were
limited. Animal housing facilides were contralled for temperature
and bumidity, with a 12-h bght/dark cypcle and dree access to water
and standard rodent chow {Certiied Rodent [et no, 20040, Envige
REM5). Safety assemsmenls incuded dinical obsecvations {BCS),”
body weight, analyzis of clinical pathology parameters {induding car-
dizc injury markers), histopathological evaluations, and echecandsoy-
raphy. These comprehensive evaluations zimed to provide a thorough
asseszment of the safety proile.

Anirmal haaith and survval assesamants

Physical examination of each animal fo ensure tha: it was “hright,
alert, respomsive, and kealthy,” and survivel assessments were per-
formed daily, and body weights were recorded weekly. Per protocal,

animals reaching the fallowing endpoinl criteria (e, bumane
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cnidpoints), regardless of age or time since dosing, were humanely
euthanized and every attempt was made to collect tisswes =20%
weight loas fTom maximam w:lﬂ;hL rapid or sustained deterioration
in health siatus resulting in 2 BCS (The Jackson Laboratory] of =
2" unresponsive to meaninghd stimuli, hunched posture, signs of
respiratory distress, or any cther coditton that intecferes with their
ability to reach or consame adequate amounts of feod or water. In
cohort 2, the entire cohart was esthanized for tizsue collection onece
ane arimal in the cohart reached a humane endpodnl

Cardiac pespssments and analyses

Cardisc imaging was pesformed betore dosing, before terminal sac-
rifice at -0 WA for cohort 1, induding both groups for bic
analytical endpuints and histological evaluation and a& 18-19
WA for the lthespan cohort. Animals were anesthetized with up
to 5% isoflurame ot a flow rate of 0.8-10 L'min @n oxygen,
Ultrasound  echocardiegruphy was performed by The Jackson
Laboratory Center for Biometrics Core Service using Vewo 770/
2LH high-frequency wirasound with 30 and 40-MHz probes
{WisualSomics, Toronta, OMN, Caonada). B-mode and Momodse im-
ages were recorded in parasternal short-zxs view for mexsurement
of beft ventricudar wall thickness and iomer diameter. From these
direct measarements, diasiolic and systobic blood volwmes, epection
fraction, fractional :h-urlrmi.ng. cardiac astpal, and siroke volume
were Caloulated.

Sarum mirscle injury biomarkers analyses

Whole blood was collected and processed into plasma for the muscle
injury biomarkers panel {cTal , skeletal troponin, &ttty acid bioding
protein, and myosin light chain} mesured using 2 commercially
availeble kit from MesoScale Dhscavery ‘I\'.Ilﬂ]l?ﬂ oo K151R8C-10
and creatine kinase measured by The Jackson Laboratory Clindcal
Chemistry Core Service using the Beckman Coulter TixC 700 AU
chiemistry amalyzer.

Trasura colaction

Tissues were collected and either dlash-froeen in liguid nitrogen and
stared at —&0°C for bioanalytical endpoints or fixed in 10% newira]
buftered formatin for histological evaluaticn. In cohort |, one group
of animals was designated for bicanalytical endpaints, and heart, cer-
ebseltum, PG, and spinal cord tssues were colbected for both protein
expressivn amd ViON analysis. Another group of animals was destg-
nated for histalogical evaluation, znd tissues moduding heart, bver,
scialic merve, quadriceps muscle, spinal cond, deaphmgm, DRG, and
brain were collected and fixed. In cohort 2, keart tigtues were collected
for anly hicanalytical endpaints including protein expression and
L =.|1:||.:|-1:i:, and mhzrr.i:.m:md-u.dhg!im. =CREC nerve, qu:a.dl.-'.
cEps munche, spinal cord, dizphragm, DRG, and brain were collected
for histological evaluation.

Histofogical frsswue staining

Tissues were sectioned to allow visualimtion af the four chambers
of the heart {right/left atriz and right/left ventricles). H&E staining
was performed and evaluated by a board-certified wveterinary

foleculor Therapy: Kathods & Chnical Developmanl

pathiclogist te allow the assessment ol general pathology and the
size and shape of cardiac myocytes, whereas [HL analysis evalu-
atedl transgene FXM biodistribution, Masson's trichrome skining
evaluated fhrosis, and Pers Prussian bloe smining evaloated
iron accumudation within cardiac myocytes. Due to the blurry de-
tzils of the cardsmyocytes, ome female H&E-stained heart section
vas nol evaluated in this sy, For [HC, anti-FXM antibody
(EFR21840, Abcam catalog noo ab215414) was used in conjunction
with a2 1.3-diaminobenzidine based, single :hmmnﬁuni: IHC
approach, The images of FXN IHC staining then underwent a
gquantifative expression assessment using FLALC onage analysis
software [version 3.2.1851.393e, Indwca Labs, Albuguerque, New
Mexico) fo measure the percemtage of positive ardiomyoorts
{area) and expression levels {signal miensity). The expression levels
of positive cardiomyocytes were defined 25 strong, moderate, and
weak, and the whole-heart section was scanned, maskced, and

analyzed by an anstomic pathologist

ALY transduction and FXM sxpression mnalysis

WCN analysis

Chuantiboation of the vecior bivdistribation of the test article-specific
DA was performed using a gPCR analytical method. Quantification
was performed wsing a linezrized DMA plasmid quanbfiction stan
dard, vector AAVAud?-PGE-FXN, and & primeriprobe sct designed
to specifically detect a coDMA amplicon in this linearived plasmad
and in the test article {Figure 1; Table 580 genomic DWNA [gINA)
samples were extracted from mouse tissue and run om the
ChuantStudio & Pro Real- Time FCR System to amplsfy test-article spe-
cific DA and ihe endogenous hoosekecping gene PCRPI DM
Cruantification analysis was perfarmed using Thermo Fisher Scientific
Design & Analysis Sofware, version 2.3 3, io determine relative guan-
tikcation ol test artichsspecific DINA and PCBP2 DA i exch
sample.

ELISA analysis
Cruantitation of mFXM and hEXYN was periormed with Gssoes from
the heart, cerebelbum, DRG (cervical), spinal cord, and liver using
qualthed ELISA kits from Abcam. The guantitaled results are ex-
pressed as ng'mp of FXN in tissue, expressed 25 the quotient aof
each sample’s back-caloulated concentration and #s total protein
result as determined by BCA assay, The stee of mEXH and hFXN
was assessed in heart Hssues using western hlot with antibodies
frum Abcam and Invitrogen {Thermo Fisher Scentific), For each
aradyss, the group and nomber of animals anabyzed is reported in
the respective figare legend,

Wastarn blof anslyais in mouss Feard

mFXN and hFXN levels in mouse tissue lyste were anabyzed by
western blot using primary antibodies specific for mFXN {Abcam
catalog no. abl19414), BEXM {Invibogen catzdog mo, 45-6300),
and GAPDH [Abcimn cfalog no. 2h&245). The secondary antibodies
used were [RDye BOOCW donkey anti-rabbit tmmunaghobalin G
(IgGl (LI-CORR, S26-32213) and [EDwye cS0RT donkey anti-mouse
IgG (LI-COHR, S26-68072). lmages were taken using an Odyssey
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DLx imaging system (LIWCOHR) For the oxidative phosphorylation
(ONPHOE) complexes expression analysi, the pomary anbbodies
used were anb-GAPDNH (Movus Bi-uh:ﬁ'in:lh... 10, NB30-2215 at
1000 and  anb-OXPHOS (Abcam/Mitosciences, MS601-360,
MitoProble Total antibody cocktil] at 1:500. The secondary anti-
bodies were horseradizsh peroxidase-conjugaled mouse oz rabhbit
from Cell Signaling Technalogies at 120000 A todal af 31 gp were
toaded imte o A%-12% WoPAGE Bis-Tris Gel, SD5-PAGE
(MPIAIG). Quantiboation of the bands was pecformed wing the
NIH Image] softeare and normalized to the boading control
(GAPDH]) [WT, ¥ = 4 FXN-MCE, ¥ = 5-6).

Statistlzal anabyses

Survival was compared bebween treatment groaps and age-matched
WT contrals using chi-sguare from ihe Mantel-Cox log rank test
The average body weight per sex and trestment group + S0 were
cumipared between Lreatment groups and age-matched WT contrels
using the Student's L lest, Cardizc function parameters, cardiac bio-
markers, heart weight normalized for body weight, und skeletal bio-
markers were compared between treatment groups and age-masched
WT contrals with one-way ANDVA at cach time point. Symbols indz-
cate p values for significance designated as follows; "p < R3S,
oo 01, **p < 0401, and ***hp < DUDDTE.

CATA AND CODE AVAILABILITY
The datasets used andior analyzed during the present study are avail-
able from the correspending author gpon reasonahle request.
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T AL rmdme 2034 100593,

ACKNOWLEDGMENTS

This research was funded by Astellas Gene Therapies. Medical writing
support was provided by Lausie LaBwsso, M5, ELS, of Chestnut Med-
ical Communications, paid for by Astellas Gene Therapies. Adds
tional editosizl support and preparation of artwork files were pro-
vided by Joanne Fitz-Gerabd, BPharm. and Jomathan AC. Lee,
Phil. of Four'Wave Medical Commumications, funded by Astellas
Gene Therapies,

ALUTHOR CONTRIBUTIONS

LCC, MLRE, CD, T, B, and CF designed the study. JLC.C.,
MRER, M.CE, &L, PP, FB, AL, MC, HM, MWL, 5H,
LV, and CD, acquired and analyzed the data. HAM. and MWL
established the IHC assay, performed THC, and analyzed the [ re-
sulis and the integrative analy=s of the study data. T.1. developed and
vatidated the mouve model and plathorms Fur the FXN-MCK mouase.
JCC, MEE, MCA, 5L, PP, MC, MWL, SH.LVN.DRL,
O, EdG-G, FUL B, and CF.were involved in the data interpre
taticn. Al of the authors contributed o the drafting and critical re-
view of the manuscript for imporizng intelleciual content.

DECLARATION OF INTERESTS

JCC, MBERE MOS 5L, BE, CAL MC, BM, and C.F. are em-
ployees of andlor vwn equity in Astellas Gene Therapies. PP and
F.1, are former ci of Astellas Gene Therapies, HM. is an
employee of Diverge Translational Science Laboratory. MWL, is
the fouraber, awner, and chief executive officer of Diverge Transla:
tinnal Science Lahoratory, participated in sdentific advisory boards
spomsored by Solid Biosciences, Vial Astellas Gene Therapies, and
Lcharion Therapeutics {formeriy}; received research support from As-
tellas (eme Therapies, Solid Biosciences, Taysha Gene Therapies,
Bale Therapeutics, Prothelia, Ulisagenyx, Dyaacure, Rocket Pharma-
ceaticals, Carhon Biosciences, and Voyager Thermpeutics; and 2 pasd
conwltant b Astellas Gene Therapies, Encoded Therapewtics, Lacerta
Therapeutics, Athnia Therapeotics, AGADA Biosciences, Modis
'I'h:ra'pl.-ul:in:l. Dyoacure, Bivdarin, Vertex Pharmaceuticals, Locana:
hio, Rocket Pharmaceuticals, and Entrada Therapeutice. DR L has
received gramt funding from Astellas, PTC, Reats, Dwesign, and
TMavartis.

REFEREMNCES
L Camgrciena, V., Menlersmuni, L, Mulé, MO Mamsse, L, Croasbe, b, Cavalzants, F,
RNluteor, B, Emlies, F, Dudaon, F Senticdl, A, et al (8985 Froodrach’s sksxm
cansed by b irtone QAL tnple sepod cxpansian
Ledeniza 371, 14201227, g kot g L] | Iitac irmca X0 RES4 LD,

L Lammapomion Mo Pong, ¥, Clark, U, Greeley, MR Sepen LAL Drigami, KW,
Cheisie, L2 Podmen, 5L, Wilmad, G B, G, O et al. (2005 Frataein levels
in periphoeral fese in Friedeeish slomis. Axn, COlin Trang! Megral 2, B301-§42
hitpeifdéioeg 131 00 faen B105,

N Clek, B, laknsen, |, Deap ¥, Mercado-fApoa, B, Warre, N, Fhil M.
Bchlilian, . Salesdn A Lin, B, aed Lynche TR (2518} Bols of fratanin pooieis
defectinoy ard metabolic dyaforciion in Friodrdch stoda, an sstosomed recestve
mnechondnal discase. Neurorad Stgnal 7, N520183060, britpe Nidpe oo 05 B2/
ST | AR

& Ancewino, A, Lane, TR K, Hissg, M1 H. and Becherdsen, DUH (1004). Fxiag i
liam: ironmg aul” the matabolic dafect in Fredeeich’s dldea, Br. ). Pharmacal 177,
DI E0H. Bt frckek e 10LLET Ll i 340,

. 1 e da

6 Eeeppen, &4 {30111 Friedeeich’s alasie pathedogy, patogeneds. and moleoudar
jeneibcs | Mesrod, 55 1, L- 12, Bigestdol nog 00 I0 ST ms 290E 01510

i Ceacdr, M, Schms, B, Camnyg V. Bl L, b C, Mandd, 11
and Koengg, M. (09T Evolulion of the Frodmichy alavs ininscliotde repeal
expandon foumder effes and premmatione. Frec Mail Aced 5o U5A R4 715D
TANT, Tpact ot o 10 1078 prses ek 1A TS

7 Dwlabecks, BLH, aind Bidchandaes, 51, (2019). Friedecich atanin- pashingensus and

yplications for thetupios. Memohial. D, J32, 104806, Yatpac idseangl 1013181
5 B B BT

8 Hardimg. AE (1981}, Friedrekde's seaxia & cinicad and genctic seady of 50 fardlies
warith an smal v of sy Hagaostic oriera and rarafamikal Justeing of dinsesl fea
iures, Feradn J0H4, 593-820. hirpeuidesang 100 B3 hrind 104 1582

W Taame, ALY, Pavhien  EE, Lagednot, 5], Pizlrea, BL, Madunes, KD, Wimel GR.
Boviza, B, Xocppen, AH_ mad Lynch, DV (2801 Mortadily = Friedrsch siania
[. Mewond Sci. 397, 4645 hirpe Cdec drgs D0 M LG fea 20 L0560

10 Roeppen, A M. Bamirey, BL, Becker, A B, Mork. 5.7, Levi, 5. Sarcamhrogio, Po
Parsnes, P, Esvgger, P O, Yang KX, Feuiled, PJ., asd bfavackiewicr, [E. (1005}
The patt T iy i Fraedeoch alacm. FLoG One 0 el 16398
Ipedidolerg 10 LT Lijiomel funot 0L el

genees of

11 Wesbemann, B, Stork %, L 15, Me B, Permane, S Bril G, and Miemaan,
12803} Cardismypopathy of Frisdrech abieia | Merechem 128 (Suppd T, 8853
hrtpaeir dodseg' 19031 L 12217,

holecutar Thanagy Methods & Clincal Davaiopmant il 32 March 2024 15

PY



11

15,

14,

1%,

Li

- Saalers, Gl Db -Nide, |, and Himrene-Mdanin, & (20001 Fuline prospoda af
wetar therapy For Fricdreich’s slaois, Iul |, blal 3ci. 32, 1S SmpaNlabongr 10 300
HmalEELS,

. Perdoming, M. Belbadlaa, B, Moressser, L. Basbenauer, L, Wesadden. B, Carfier,

M, Urpsal, RAG, pubeurg Puoand Prccio, HL 123141 Preventien aned reversal of we-
vare mimchordrid cardiommyogathy by geas chorapy in g moss madd of Fredredch’s
whania, Mo Misl 20, S42-517, kEpasdidel ang AN 10 R e 2510

. Eabrard, T, Xlae, X, Fildl, M, Gonlombe, ¥, Arsemaub, M, Cowet, 1, B2 [ Eawlei,

B Chapdelaie, P, Chalh A amd Tremblay, 17, (2314). An AAVD coding for fra-
nain cearly Emprowed the sympionis and proborgad the e of Fiedreich staxia
moese mades. Mol Ther Methods Clin Dhew 2, 1AM, Stpadiblongiaome
b 200454,

Figaey, P e Mentigny, T, Vescamga, X, Beutenveer. L. Elsemann 4. snd
Paccia, 10 {20EE]. Rapid and complete reversal of mneory stania by gene fherapy
@ & novel model of Frisdreich stoia. biol Ther 26, 19#40-1952, Riipeddm o1
[EAETHES TR TR Ko El

Flagterer, 1 L. Demsche EC. Belmeme. M IamL.I'rr-m.T-'F. e Ruschie. LR
H.I]H-].lh-:l.u:pnrrﬂd'L' Fu.r for Be cvadusline of
e e ih Fredicick’s Jll.'l.l.l. PL=E One §, o8305E Mipsiido
rrgl VLT L o il Shoores SRS ROE .

. Bdbelaa, B, Revemaer, Lo Slowssddeg, IV, Moosaeer, L, aml Pucoe, H. (2300}

High levels of & dimel e henulrial and cirdoe Beaicily in
moes models el Ther H-rin-ﬁl in. Dew, Ji LI0- 136 B Sl oo LR,
T8t SO0 B DL E.

. Hizchalal, C. Ferb® T.L, Kaperman, A, Gocch, R, Ko, ILC, Brennemaen, KA,

Chen, X, Hirenalkir-Shanthappa, It Me, T, Asiall BT et al. (20230 P ene ower-
expevmion of fralain cowes loeicry modbied by iron-aeliur chaier deficiency. Mok
Thar, Meibads Ten, Dire. 4, 36T J78, Ritgc! ot o D0 20 5 pieninn S22 (01 (22

Vemnopos, T, B 101 I, O, Beticguens, K, Geohurear, ., Cnges,
€, de lise, A, Qo L, Codaa, o oand Pastore, A (2314). Adidirg w beriponil
dimeraion. oo che siudy of Friedreich™s ataxie the efied of fratanin overerprasion
@ a homan odl medel s Modd, Mech, 01 dmme3Enge Biipedm o9
1 243 dreon 24T T0E

Lo B hang, Lo it KL Poaber, 1 Xlang, AP, Ren B2, and Lahr BT, 20105

Symematic oapnparison of coratiiotiee pronseiers and the dempeyaiine-in ducible peo-
moter, PLa% One 5 e D5 Irtps il angf 10 1371 mareal poce FOEN 1L

Purcchs, W Simorn. 0, Cossde, M., Grigul-Filipe, P Tlzlano, ¥, Mell. [, Hinddang,
i Watvas, P Budm, PLoaned Koanig 58030001 Mosss model for Priedooich scaxs
okt candiomyopathy, semsory neree defen. aad FeoX otagme deficiency ollowed
by Iniramitochandria! wom Jeposion. il Gewet 7 181- TR |'.l.|:|:l-ﬂ.-'-"i5-1'| oAl
L3RG 14

ling C, Wang ¥ Lo Y- Weeg L fayendbemn, G R Axlanali GV L B Chenp

B, Ma W Lemis Tooo al 110051 The adene-asseclated virs geaome packaging
p'l.l.ﬂ:'. I Mol deemet. Med. @, 575 biipeido o 1A 1T AT DR AT 10R0LTS,

. Wenpg L. Wosg, 0, Te, &, Yaup, 3. Lynech, 00, Mewera, O, and Blai, LA, (2319}

Evabiatinn of anifodics e woslem ot analpsii of lmaluin prolen belizme,
1. Eannumee]. Pelctbenks 474, 1LLE2E. S\ ang G L1056 jioc 101547 000,

. Wimp, L, Labaureur, L Wang, 0, Dua, L.It.l‘.{hﬂlr&.l_.l.mdl,l:l.l. Flouxio,

i o Bladr . (230303, Eat it e in mad s i lications for
mureae wnandely of Friedeeich's afasin 86, Kep A0, ESTHE Sopaseiomg! 1L 104K
ad LER. (3 FoRES

p g

3

Medeculer Thénspy: Mathods £ Tinical Developmeal

Schramder, 5., Aepenlio, M, Carelle-Calmeb, W, Marsdli, A and Pocos, H (100E)
The m v meschendnal ban-slep maturaion ol humas St Hum, Mok Genst.
17, ¥521-3531 Tedpae i engli0. 1990 g (S nddd,

Fagne, LW, (33111, The heart in Fredich’s ataxia asic findings and dinical tmgdi

catines Prog. Prdaer, Cordiel 31, PR3-10% himpe i rog BT pordeard 2311
05T,

Lt by -l 3400 and Bptw, 2 (19391 Body cendaion scoming & nepid amd ac
rarate methad dor asmesig desflh st momioe Lab, Amis, el 48 30F-023,

[daress, |V, Sockars, 5. Calap-Chointarse B Coonmskez-Caba, Po aad Mokd, M.
2219k The role of leoa in Pricdrelch’s aexia iraighes [rem sindes in saman o
and oclbedar avd ammal modek. Froop Meeescl 1L 75 hitpeid e oop 133385/
fritrr 2813 00075,

. Eincarelly T, Seliys. 5. Hengo G and Bsbinowdre, [ (2000 Anabss of LAY se

rorypes 14 mediaied gene expresion and tropEm @ mice afier syiems injesian
Blal Thar, J& 10731080 Sripmet) delorgT10 1235 o 20048 74

Phang. H., Flam, 3, Hoang. D Weang Y, and Warg. X (20225 ALY - medensl gere
theragy: Advameing cardiovasaular dissse trament. Feeon Cardiass. Mol 5,
DEATSE, hason el o S0 5 B en 03T DRATES,

Hogiing, &, Mostalhd, V., Ve, P, Léboongur, ©, Bsnvenisie, O, Munio, MF, and
Maszier, T (2310} Frevalerae of ammm 1p0 and soulraixing Escters aguinl adesn-
wmicd ot e (AR typaa B, 2 5 f B, sesal 9 im thie bealth y popalstion: implicston
[or gene Barapy g ALY vecloen Hum Gene Ther 20, AH-712 hilpe! ddedarg
10 106 enm 2500 LAZ

fense=, MUK, and Besudpiard, H Q2001 Carda pathy in Fimieick atuate: cxem-
phiving the chillape Sl by candicloguls = fhe tret o raie darawa
Corulaioms 125, LPAE-1593, ey il angd S0 1 1 TACIRCULATION AHA FIT,
LEET

Schroecher, &, Mlartclh A, Colin, F, Page, A, Wittcsho@ier- Dones, M., Reuteranar,
L, aral Peeein, Ho 300130 Memmsten [refagie an cuesidial feactios for oeBuler
vishiily threugh e 1o wwith 2 prok 1 BCUNFELTSING ran- sediur aa-
wenbily cumple. PLoS Choe o, e LE1SS. htipe(fdnd topr L E 37 U ijonrnd pamae 2655
Cepsde, M. Pocdn, . Garamaller, 4. Eooinkovs, 1. Dierick, A, Labfeus, M.
Facbeck, K. Dalll P, and Koomig, ML 430001, ractivanon of the Frsdrach amaca
s gend erds no cat by embryores Sethality without Fon sccemuodasion. [T Ml
Crepwl B J2ES-1325 |'|:l|'.l-l.'.'l:|'\.!ll-!r..'.-""|l] 1080 b0, P29,

Carepumano, ¥, Moeeermml, L, Luis, ¥, Cova, La Hinddang. ©, linlenpeng £,
Trodiwe. V.. Kish, 51 Fanchean, . Trouills, P, el ol 11557). Bratans s redooed
in Frodreich smmia patients and is assodated with milndhandelsl merhrne
Hum. Mal Genel 6 17711780 bfipes Tl g 10 1088 himge L1011

Munee- Pl T. Ger, M. Vou-Bibo, M Geeos, Al Gomman, N, Chen, A
Eoumer, V. Kesenherg, LR, O, 1P, KEaminsky, 500, ef al €2022) lderification
of wale and sfemve miraveneas dode of A8V i IDRENY 6o treat (e codie: mani
lestatiens of Priedueich's alaia 1. Gene Ther, W 605415 Bipeodsl aeg i
1088 S SREE [

Whetmall, 81, Suryn Hahmanss, ¥, Sicak, B, o 30, Recker, EML Sikhad, MR
Prela, P, wml Eichardsem, DR (20 The MOCE meuw bowrt modd off
Frisdieick's slace abmmitiom = ime-rgpalaiml protm and canlisc hygertophy
i limitad by Zoa dadaline. Froc Bl Aoml Sci USA J05, 7574708 hitpe!’
et g 10 10 i I O A £ 305,

Hazsen, E, Sheldoa, M., Pachecs, B, Alksheys, M., and Raicads, W, {10090 Hear
divrass in Fricdreih's alaze Wardd | Cardicd, 14, 1-120 Intgendeeen gy LLASEY
wpewllcll

Moiacuiar Tharspy: Mathoos & Ginical Developmant Vol, 32 March 2024

QM



OMTM, Volume 32

Supplemental information

AAVE gene therapy reverses cardiac pathology
and prevents early mortality in a mouse

model of Friedreich's ataxia

Joshua C. Chang, Molly R. Ryan, Marie C. Stark, Su Lin, Pravinkumar
Porushothaman, Fria Bolan, Caitlin A. Johnson, Mark Champe, Hui Meng, Michael W,
Lawlor, Sarah Halawani, Lucie V. Ngaba, David R. Lvach, Crystal Davis, Elena Gonzalo-
Gil, Cathleen Lutz, Fabrizia Urbinati, Bala Medicherla, and Carlos Fonck

ON



Table 81. AAV test article information. All vectors were manufactured by Astellas Gene
Therapies. Dosing solutions were formulated in Ringer's Lactate with 0.01% Pluronic acid.

Mame Abbreviation Titer (vg/ml) Endotoxin (EL/ml})
AAVE-hPGE-mFXMoo AAN-mFEN TAGE+LS 328
AAVE-WPGE-hFX Moo AN -WEXN LAHTEHL 504

Ringer's Lactate with .01% Pluronic Wehicle or Control NA NA

AAVE ademno-assecinled vins seroiype 2; hPGE, human phosphoglycernte kinsse promoter; kFX%eo, heman fratacm coding
sequence; mb X Noo, mouse fataxin coding sequence; MA, not applicable
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Table 82. FXN-MCK mouse study of AAVE FXN gene therapy experimental design.
AAVE-WPGE-hFXNeo (AAV-hFXN) or AAVE-hPGK-mFXNco (AAV-mFXN) was
administered as a single intravenous dose at 3E+13 vg'kg or 1E+14 vg'kg in FAN-MCK mice or
WT mice {Jackson Lab: 000664) as controls. Two cohonts were included in this study. In Cohort
1, animals were dosed at & WOA and harvested at 10 WOA to provide the first post-dose
timepoint at 4 weeks duration. Animals in Cohort 2 were dosed at 6 WOA and monitored beyvond
10 WOA until one animal reaches humane endpoint at which point the entire cohort was to be
euthanized. Since one animal in the AAV-mFXN lower-dose group (3E+13 vg'kg) reached the
humane endpoint at 1% WOA, all animals in Cohort 2 were euthanized for tissue collection at 12
weeks postdosing.

l.:r-uup N {jm.li-erj - G.!!l.].t}'pl'.' :Tl'tﬂ'll'llen:t ]}me l...n'elulvg:l:l-:li- . ‘.‘t't.lhnré-.;uﬂ;rslg I]ur:u:lun .
i IF2M WT Viehicle NA Lot - Histology 4 weks

z 2Fi2M WT Vehicle NA L5t - Bioanalytical 4 wiecks

k] IFi2M WT Viehicle NA 2 - Bioanalvtical 12 weeks

4 IF3M FIN-MCE Vehicle NA Ist - Hiztology =54 wecks
3 IF3M FXN-MCK  Vehicle WNa Lst - Bioanalytical =4 weeks
] FF3M FXMN-MCE  Vehicle Na 2 - Bioanalviical =12 weeks
7 IFi3M FXN-MCE  AAV-hFXMN 1E+14 Lot - Histology 4 woeks

] JFi3M FXN-MCE  AAV-hFXM 1E+14 L5t - Bioanalytical 4 weoks

9 IFi3M FEXN-MCE AAV-hFXMN 1E+14 2 - Bioanalviical 12 wieks
I IF3M FIN-MCE AAV-mFXN 1E+14 Ist - Hiztology 4 wecks

i1 IF3M FXN-MCEK  AANV-mFXMN 1E+14 Lst - Bioanalytical 4 weoks

iz IF3M FEN-MCK  AAV-mFXMN 1E+14 21l - Bioamalvtical 12 weeks
13 IF2MY FXN-MCEK AAV-mFXN JE+13 L5t - Histology 4 weoks

4 2EAM* FEXN-MCE AAV-mFXN FE+13 L5t - Bioanalytical 4 weeks

15 k) FEN-MCE AAV-mFXN JE+13 21 - Bioanalytical 12 weeks

f Animal numbers dependad on the avatlabality.

* Amimals in Cobor 2 were maondtored beyvond 10W0A; thess anmmals were cuthanized once one anomald m the cobort renched bumane
endpoint and the entire cohort (groap 3,9, 12, ond 15) was cuthanized for Hssue collecbion. This happened at T8 WikA, therelore, 12
wecks post dose tor tlee fespan groups.

*2 Groups d—6; unireated FAN-MCK mice hove a mean sarvaval of 104061 WA,

F, lemale; M, male; NA, mot applicable; WOA, weeks of age; WT, wald-bype
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Table 53, Mean heart VCN and frataxin protein expression by group in WT and FX¥-
MCK mice dosed with vehicle, AAV-mFXN, or AAV-hFXN.

FXN-MCK FXN-MCK. FXN-MCK
WT FXN-MCK AAV-BFXN AAV-mFXN AAV-mFXN
Vehicle Vehicle 1E+14 ve'ke 1E14 v/l JFE1D vplke
Mean SD  Mean  SD Mean  SD Mean 5D Mean 5D
VON
Age [0 wecks BLOQ NA BLOOQ NA 1.5 0.78 112 072 0.77 0.&7
Age 18 weeks BLOQ NA BLOQ NA 1.29 0.43 1.58 0.76 0.3 0.l

Frataxin protein
Age 10 weeks 6271 1077 0,00 0,04 22002 14563 199220 1039082 SQ4.71 32503
Age 18 weeks 16550 2772 D00 006 00796 BIRSE 354912 BRI B40L12 17758

BLIE), below limit of quantitsizon; VON, vector copy manher; W, wild-type.
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Table 54. Supporting data for vector copy number in heart. {A) VON of each individual

animal. (B) VCN data represented as average per treatment group +/-standard deviation.

A,

1
2
3
35

13
14
15
48
49
50
5l
52
53

&
17
36
38
28

30
40
41

- : P
20D Gennpe ST S ™ (S e (wecker - Threhabd

3 WT F T Vehicle MA  Fisd 4 2.10 o

6 WT F T Vehicle N Fimt 4 210 ]

T WT M T Wehicle MA  Fird 4 210 1]

B WT M 2 Vehicle A Fim 4 .10 ]

¥ WT F I Vehicle M/A  Secand 12 14-19 o
0 WT F 1 Vehicle A Second 12 16-19 ]
11 WT M 1 Vehicle A Second 12 1819 ]
12 WT M 1 Vehicle MiA  Secand 12 14-19 ]
6 FANMCK F i Vehicle MiA i 4 210 0
17 FAN-MCK F 3 Vehiole MA  Fird A 2.10 ]
I8 FAN-MCK F 5 Vehicle MA  Fird 4 210 ]
§0  FAN-MCOK M 5 Wehicle MA Fim o 4 2.10 000213
51 FANMCK M i Vehicle MiA  Fid 4 210 0
52 FANMCK M 3 Vehicle MA  Fird A 2.10 (]
M FAN-MCK F &  Wehicle A Second 510 ]

19 FAN-MCK F & Vehicle MiA Second 4 Q.10 ]

11 FAN-MCK F 6 Vehicle MiA  Secand 4 Q.10 0

53 FANMCK M 6 WVehcole N/A  Second "4 5,10 ]

54 FAN-MCK M &  Wehicle A Second " 510 ]
55 FAN-MCK M & Wehicle MA Second %4 Q.10 ]

6 FANMCK F B AAVHFXN 1D40d Fit 4 .10 [ 508
17 FANMCK F B AAV.HFXN 1E<Id Fim 4 .10 0612
59 FANMOK M E  AAV.RFXN IE<I4 Firt 4 210 0762
Bl FANMOK M B AAV.HFXN 1E=id Firm 4 .10 428
1 FANMCK F B AAVHFXN 1D40d Fit 4 .10 L3
Bl FANMCE M B AAV.HFXN 1E<Id Fim 4 .10 1521
W FANMOK F 9 AAV.REXN IE<I4  Second 12 i8-19 0361
M FANMOK F 9 AAV.RFXN IE=1d4  Second 12 18-19 0674
W FANMOK F B AAV.HFXN IEs14  Secand 12 1819 0400
£2 FIN-MOK M 9 AAV-RFXN LE<l4  Secand 12 1819 799
B3 FANMCK M B AAV.HFXN [E<414  Secand 12 18.19 B9

4

QR

VONidg

— N - B - IR -

[ - R — TR -

0.0 26
i

1L.017
1.221
1.525
0976
1.2
X042
0.721
1.M=
1.51%
|.549

1,747



43 6 FINMCK M 9 AAVAEFXN [E4I4  Second 12 18-19 BT 1433
o M FXN-MCK F 11 AAV-mFXN IE414 Firs 4 510 D212 o424
0 35 FINMCK F 1l AAV.mFXN 1E+14 Firs 4 510 DS&7 1134
18 B8 FINMCKM 11 AAV-mFXN 1E4M4 Firs 4 510 DHS2  LTHS
19 89 FINMCKM 1 AAV.mFXN 1E+14 Fim 4 5.10 0654 1308
| T FANMOK M 1l AAV-mFXN IE414 Firs 4 510 DOTl 043
7 36 FINMCK F 1l AAV.mFXN IE+14 Fit 4 5.10 pues 1931
31 3 FANMCK F 12 AAV-mFXN 15414 Second 12 18-19 0367 0733
3T M FINMCK F 12 AAV.mFXN 1E+14 Sccond 12 18-19 DISH 0796
33 19 FINMOKF 12 AAV-mFXN IE414 Second 12 18-19 nede 1209
4 0TI FINMCKEM 12 AAV.mFXN [E414  Secand 12 18-19 1215 2430
M4 T FANMCEM 12 AAV-mEXN IE44  Secand 12 18-19 DAO4 1ED9
45 T3 FANMCKM 12 AAV.-mFXN 1E414  Sccond 12 18-19 1213 2427
11 43 FANMCK F M AAV-mFXN IE413 Fist 4 5.10 Dg8l 0161
12 44 FYN-MCK F 14 AAV-mFXN 3E<i3 Firs 4 5.10 LITE 0340
W TE  FINMCK M 14 AAV.mFXN IJE413 Firt 4 8.10 L1s1 e
2T FINMCK M 14 AAV-mFXN JE4I3 Fim 4 510 0254 0509
23 TR FANMCK M 14 AAV-mFXN JE4I3 First 4 5.10 D256 0.513
M 45 FYNMOK F 15 AAV-mFXN 3E<i3 Second 12 18-19 LIS 0300
® 46 FINMOK F 15 AAV-mFXN JE413 Secand 12 18-1% D186 0371
46 T FINMCK M 15 AAV-mFXN JE4I3  Second 12 15-19 DOE 0160
47 B0 FANMCK M 15 AAV-mFXN JE4I3  Second 12 iR-1% DITR 0357
B.

Mouse :::"h::"“ “I‘v:":m Cohorl ::;::;" Age {weeks) :":,L',:,I, a0 5D
WT Vehicle o First n 5.10 . NA
WT Vehicle i Second 12 18.59 . NA
FXN-MCE  Vehicle o First 4 5.10 . NA
FXN-MCK  Vehicle I Second " .10 . NA
FXN-MCKE  AAVAFXN  1EH First i 5.10 .50 1178
FXNMOK  AAV-RFXN  1E+14 Second 12 18-19 129 .43
FXN-MOKE  AAV-mEXN  1E414 First 4 9.10 112 72
FAN-MCK  AAV-mEXN  1E+14 Second 12 1819 158 .76
FENMCK  AAV-mFXN  3E+13 First 4 5.10 0.77 087
FXN-MCK.  AAV-mEXN  3EH13 Second 12 15-19 .30 110

*Bolow lmmat of quanbtetzen (BLOCT
"trelalive quantificatian (B
HAnimals were assigned for Cohart 2 12 weeks durshion bul, due to mesabity, were terminoted early of 4 weeks post dose.
WM, vector copy mumber.
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Table 55, Mean frataxin protein expression level by ELISA per treatment group and mean
fold changes compared to WT in heart, cerebellum, cervical dorsal root ganglion, liver, and

spinal cord.

Frotein: Mean FXN (ng'mg)

4 weeks post dose (9-10 WA

12 weeks post dose {(18-1% WiAj

liasue WT AAV-FXN aaV-mFXMN AAV-hFXN WT AAV-mFEN AAV-mFXMN AANV-WFXN
SEA13 vaka |EH14 vo'ke EEHI4 vk AE+1 3 voke 1EH14 volke [E+H14 vaksa
Heart 16871 504.71 L9920 112002 IR550 B40.12 3549.12 2997 84
Cerebellum MiA dl.Lb 3455 fd ) 12,50
g&mﬁmﬂ A .20 A6T 03 2045.71 108141
Liver MIA Tl 24 aLY5 24 643445 114461
Spinal Cond | M/A Fi 4 T J4% 65 191,43
Mean FXN Fold Increase Over WT
4 weeks post dese (9-10 WilA) 12 weeks post dose (1E-19 WA}
lissue AAN-mFEN  AAV-mFXN  AAV-RFXN AAN PN AAN-mEXN AAN-WFEN
FE+LE va'ka 1E+14 vp'ke 1E+14 wplkg IE+E3 valkp 1E+14 volke IE+14 wi'kg
508 2144 1811
d-wieek level) d-woik Jewel) d-week level)
Cerebealium MiA 0% 1.5 178
E:'ﬁw! MIA IR 7 L0124 5353
Liver MIA ER. 14 4157 Lh 24
Spinal Cond | N/A 217 .58 L i,

DR, dorsal root ganglion; FXMN, fralaxin; WikA, weeks of age; WT, wald-type
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Table 86. ELISA data of frataxin protein expression level of each individual animal.

Enmple Tissue
i) Serum
] Heart
1] Heart
T Heart
B Heart
o Heart
10 Heart
11 Heart
12 Heart
1 Heart
17 Heart
1E Heart
50 Heart
5l Heart
52 Heart
19 Fleart
20 Heart
et | Fleart
53 Heart
ad Fleart
5% Heart
3 Heark
35 Hizart
A Heark
65 Hizart
6 Heark
O Hizart
T Heark
3% Hizart
9 Heark
71 Hizart
T FHeark
71 Hiart
q3 [leart
44 Heard
T Heart
T Hearl
T8 Heart
a5 Heard
A Heart
- Hearl
B0 Heart
1% Heart
26 Heart
a7 Heart
59 Heart
] Heart
6 Heart
28 Heart

Cenmype

WT

WT

WT

WT

WT

WT

WT

WT

FAN-MCK
FAN-MOK
FAN-MCK
FAN-MCK
FXN-MCK
FAN-MCK
EXNMOK
FAN-MOE
FEXNMOK
FXN-MCK
FEXNMOK
FAN-MOK
FEXN-MOE
FAN-MUE
FEXN-MOE
FAN-MUE
FEXN-MOE
FAN-MUE
FEXN-MOE
FAN-MUE
FEXN-MOE
FAN-MUE
FEXNMOK
EAN-MUE
FEXN-MOK
EXNMUR
FAN-MCEK
EXNMUE
FAN-MCE
EXNMUE
FAN-MCE
FXNMUR
FAN-MCEK
FAN-RMOK
FANMCK
FXN-MMOK
FANMCK
FXN-MMOK
FANMCK
FXN-MOK

Geender

A - e B T - e B B -0 e - S - o o - B B B A A A B B T e e B i B - o i e e 8 - i T - 0 e e

Vector !
Control

Vehicke
Vehicle
Vehicke
Wehicle
Vehicke
Wehicle
Vehicke
Wehicle
Vehicke
Wehicle
Vehicke
Wehicle
Vehicke
Vehicle
Vehicke
Wehicle
Vehicke
Wehicls
Vehicke
Vehicle
AANV-mFXN
AAV-mFXN
AANV-mFXN
AAV-mFXN
AANV-mFXN
AAV-mFXN
AANV-mFXN
AAV-mFXN
AANV-mFXN
AAV-mFXN
AMV-mFN™
AAV-mFXN
AANV-mFXN
AAN-mFXN
AAV-mFAXN
AAN-mFXN
AAV-mFAXN
AAN-mFXN
AAV-mFAXN
AAN-mFXN
AAV-mFXN
AAVWFXN
AAVhFXN
AAV-hFXN
AAVhFXN
AAV-hFXN
AAVhFXN
AAV-WFXMN

Dose <Canc
ivplkg)

(=R — N — RO~ — B — N~ O — O — i~ B~ = = i~ — o ~— = ]

1]

IE+I4
LE+[4
IE+I4
LE+[4
IE+I4
LE+[4
IE+I4
LE+[4
IE+I4
LE+[4
IE+I4
LE+[4
IE+#13
IE+13
IE+L3
IE+13
IE+L3
IE+13
IE+L3
IE+13
IE+L3
LE~[&
1E=[4
1E~[&
1E=[4
1E~[&
1E=[4
LE~14

QU

Pratein
Cancentration
[mg ol

359
39
187
K|
AT

IRy
4,04
436
7R
AT
8T
158
4.53
407
147
iy

35
4.05
KR
4.23
156
4,15
402
ERik
403
4.3%
ER.
444
4.5%
422
496
463
LR
LR
4.57
406
405
.15
19

4.17
43
454
1EG
3.75
4.38
4.12
468
351

Adjusted Back-
caloulnted
Cancentration

Ang/ml)

624.34
avl.24
6534

G033
661.2

137.96
6TH. X%
S8 56

<LLOG
<LLOG
“LLOG
<LLOG
“LLOG
<LLOG
<LLOG
166659
61059
5655 Kl
11434,32
10537.28
139356
10670.52
12273 64
23034.04
16264.7
158556
16040.32
1040:53
249143
5§3.52
226268
IRER.1S
#418.38
1208.76
2631.95
3639.96
566343
35222
411422
6160.97
490445
61113
971456

Tissue
{mg/mg)

1844
17048
L6 43
15953
17546
L8962
I67.HE
12613
M
MNiA
M
MNiA
M
MNiA
A
A
A
MiA

1A
A
6% {6
L471.74
L40s. 77
2811 64
260241
TS
277093
2761.25
325006
85105
119607
46525
26151
Gl 76
12766
356,71
SHOLES
L{led 55
H2Z 14
GA0LSE
84323
130367
L6 72
L{ISE Ok
1405, 77
[ 15973
L3016
2557 .44



29
30
GZ
e
ik

Heart
Hizart
Heart
Hizart
Heari

FXNAMUE
FANMOE
FXNAMUE
FANMOE
FAN-MCK

(=
=1

A

AAVCRIXM
AAVREXM
AAVCRIXM
AAVREXM
AAV-HFXN

|E+14
LE+14
|E+14
LE+14
LE+14

128
i1EE
456
431
a3

F, female; ¥, male; <LLOCE beloaw Jower limit of guantdation: WT, wild-type.

Qv

162635
AR 1E
1717017
1458054
84824

3798 25
23424

391693
IEES.04
131563



Table 87. Percentage of heart exhibiting stains indicative of frataxin expression for all mice
and as average with standard deviation of HALO analysis.

P Tissme Area %% FXN Positlve Thsue e Nlﬂ.ﬂ‘ﬂ
Analyzed (um%) ey Weak Moderate Strong Thssue
WT Vehicle
1 LGSIRE0HT 51| 626 4734 1 4527714 203884 47 83732
. [ Boaa052 70,2064 50374495 1 7.25669 2574757 29 79329
3 25608 1446 2T A0E%4 2301 TEG 4, 26257 214792 T2.50103
4 23LES310 G7.RITSA 52 5035% 13.77304 147089 3216233
Aveitotal Z13452E 8 5442638 4335187 L95593] |.1385E] 45573149
=D 3925377.76] 19656053976 1371271608 6575446393 l.11653 182 19656 37&]
FXN-MCK Vehlele
13 [BEGDEIE 0379275 03511492 0.0 BO0T GOL0076 99 62018
14 FA34 1012 034594 03316483 GLO10TTE 005724 99 G5ET4
15 20554020 0401395 0392404 0009985 004005 94 S0E4
47 HH3ETIO 017927 0. 16TE4S RTINS G.004759 99 BIITE
48 IIGRGIIT 0,40 T2 % (.30H552 0076949 022429 99 50142
45 263521326 0357773 03506127 (. (G2 3 GO0i4E5 99 G4fXE
Aweltotal 2397437 0.345631 (0.3 1655 0020594 002068 99 G530G
bt ] ITIGARG 212 O0E48 | TRT  OOTROES4A6 DUO28015589 (UOOTER2Z672 (ORS00SR
FAXN-MCE AAV-hFXN IE+14 vp'kg
A2 2H40 1050 B2 235 44 FIEER 24 55339 |2 6ET9S 17. 756075
23 LEETIS22 Bh.44THR 42 05593 2248321 A1.90993 1355203
24 20708736 2427337 4083887 2181927 2161523 15. 72658
1] 264 L EING 23151048 430518 2312432 [7.38348 1648002
57 L TIR5TEG BTV GG 3575322 24 REQ2S 2T.08219 12.27535
58 254546 B2503] 3776303 2121017 2361899 17 40684
Aweftotal 213751717 B4 46401 4073518 2301327 271645 15.53507
b I} 3234340 858 JIBRRGEO3S 3427139213 | AT38637T58 503487611 2 I BETED
FEXV-MCK AAV-mFXN 1E+14 vp'hyg
3l | TOGETI4 TLA3458 4435105 1 7.564944 473407 2816538
il L84 TH06 SR04 19 9261 24 56103 2353520 11.97758
i3 FOE4ER54 8340033 37314495 131 R3585 22 26953 1657931
&3 2IRISTOE [ Pt 46, 118 ] 13.47552 &.036762 34317831
b A L 85 (Eahd 4031975 1254639 223305 1490336
&7 12344300 TEAORIRZ 17. 76100 0538 2120635 2100714
Aweltotal FRL2RITO.5 TR TMTS A0, 95030 2033394 | 7. 50042 21518
=D 3011061645 B613555343 3548228546 423812113 TET5074726 BAIISES3EG
FXN-MCK AAV-mFXN JE+13 vep'kig
A 2AI00S0E 5703153 AR 266TE 1172333 T4 1434 42 9nEdT
41 Z4TORITD GTOETTT 3467212 15 44456 1695108 3203102
42 FIGEROLG GOG6T 3 1394276 13.27333 12 85065 3993324
5 2751412 49 95041 30, TR B.703705 B 466665 50,0454
T4 2ITI632 5906556 ITRE22D 1224801 BOASIZR 409344 1
Aveltotal 2AE2II6T 6 586364 35 10HTH 12 47859 1104903 al. 36349
D 63 LIS 162 G510 7239 J.0R030322 2106665688  JIQ08TIIXG 6151058663

&0, standard devistson; WT, wild-tvpe.
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Table S8, Histology evaluation for efficacy and safety of AAY treatment in the FAN-MCK
mouse model. Select microscopic findings in the brain and dorsal root ganglia of Cohort 2*
males and females euthanized 12 weeks post dose.

Sommary: Incidence
Male Female
Tisne wrp  AAVEFRN AAV-mFXN AAV-mFEN| 0 AAVHIFXN AAV-mFXN AAV-mFXN
Vehicle  'ETH4 1E+14 3EFIS | n . TETL TE+14 IE+H13
vk vk vi'kg vk ve'kg vi'kg
:':::h 2 3 3 2 2 2 3 2
Brain
Examined 2 1 3 2 2 2 3 2
hio ¥igbis 2 3 3 2 2 2 3 2
legions
DRG
Examined 2 1 3 2 2 2 3 2
No wigible ) 0 0 2 2 1 | 2
lesinns
Vacuolation 1 3 3 o i 1 2 b
Minimal 1 1 3 o i 1 2 ()]
Mild 1 [ ] o 1] 1] (1]
Muoderate i 1 1] 0 i (1] 1]

*Moler Two cohoris were incleded 1o this study. In Cohert [, animals were dosed 21 6 WA and harvested at 100 WO0A o provade
the first pest-dose timepoint ok 4 weeks dumtion. Animals in Cobort 2 {Life-span| were dosed 24 & WA and meniiored beyond
10 W3 unitl ome animal reached ke hamane endpoint, at whech poind the entire cohort was o be cuthamized, Since ane animal
ke AAY-mEFXN lower-dose group (3E413 vg'kg) reached the humane endpeant st 18 WiOA, ol snmmals in Cohonl 2 were
euthonized for tssue colleciion at 12 weeks post dosing,
AAY, adeno-associabed viras: BMRG, dorsal root ganglia; WA, weeks of age; WT, wild-Lype
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Table 89, Primers for VCN. PLO00T SV40 primer/probe set was used to detect and quantify
vector-specific DNA, which was normalized to housekeeping gene PCAP2 detected by PCBP2
IVS 13 primer/probe set.

Sl

Frimer Sequence Tw g‘;:. Lt #

PLODDT SV4D FWD | 5*-TGTGAAATITGTGATGCTATTGCTT- 3 62 | 32 | 411936604
PLOODE SVAD REV | §-GAACCTGAAACATAAAATGAATGOAS" 61 | 32 | 411936605
ﬂ-ﬁf‘g“’-““”-"u 5" FAM-TGCAGCTTATAATGGTTACA-MGB-3' 58 | 35 | T283416.2
LOBPRIVE 13- FWDL ¢ rratareTecAGTeTGeTTG " 62 | 50 | 277010468
ﬁﬁm VS 13 -REV| o A GOTGGTGOTGGTGGTA-S 62| 59 | 2Tr019460
PCRPZIVS 13- FRB | o v v COCTOTOOT ZEN GOCTCTAAATGTTG TG TABKFO-3 | 67.6| 50 | 277018472

WM, vector copy number.

RO




A. Untransduced 1E+5 vglcall AAV-hFXN
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B. AC16 transduction with hFXNca
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Figure 51. AAV construct in vitro testing. Representative images of AC16 cells transduced
with 1E+5, 1E+6, or 1E+7 vg/cell AAY-hFXN and an untransduced negative control; scale bars
= 100 um (A). Quantification of frataxin immunofluorescence at each MOI was plotted using
GraphPad Pnsm (B). IF Images were taken on an Odyssev IX73 fluorescence microscope.

IF, immunofluorescence; MOI, multiplicity of infection.

RP



# W Vishicka
: ET. — - * FRONCE el
1. : # FATRICE ARERERN 1E+18 wbp
115' 3 & FRTLMCE AP RN 1E+14 wgg
E . FAR-RCK AA-FER 3E=13 b
2L w "
) : " L, ey SES
: "] |
it AN -
fign 10 weshe figs 18 weske
B -
E - = T Valsde
o : - FRTEHNCH Vabick
i ) e M o FURMCH BRALEFXM SEF 1L wghy
E " -F-- T F .
gl S = FAN-MCH AR 1wy
§ ol s, TR o PG AR SE 3y
I T
E i+ L]
L] T T T T T ! ;
0 Ve 17 14 1] ]
e (weakn)
c . 0 f
E E -E o
i i 1- ’
i : :
& - -
& i u-—_—ﬂ‘h""———'_.'— —
Age & —_p— Ao 10 wssios
E Foom
; -
g
% o0 . ) = E E
E‘u 4o
8 3 '
2 EE i)
s 1050 ] - @ ] *
T W rws 2
g !E £y [l ., IR

Figure 52. Additional cardiac imaging and biomarker parameters.

{A) Wet heart tissue weight and terminal body weight were recorded at necropsy for all animals;
data represented as tissue welght normalized to terminal body weight average per freatment
group +/-standard deviation. Data analyzed by one-way ANOVA comparing to vehicle control at
each timepoint. Normalized heart weights for vehicle-treated FAN-MCK mice were significantly
higher compared to sex-matched W'T control mice and compared to all AAV-treated FAN-MCK
mice (P<{L001) at 9-10 WOA_ No significant differences in normalized heart weights between
AAV-treated FAN-MCK mice and age-matched WT controls at 128-19 WOA. (B) Data
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represented as average % fractional shortening per treatment group +/-standard deviation at each
timepoint. Data were analyzed using two-way ANOVA at each timepoint between treatment
groups and age-matched control. Significant reductions in fractional shortening were noted in
vehicle-treated FAN-MCK mice at 9-10 WOA compared to all other treatment groups {compared
to WT control P<0.0001 and AAV-hFXN, compared to AAV-mFXN higher and lower dose
P<0.001). No significant ditferences were observed between WT controls and AAV-mreated
FXN-MCK mice at final timepoint 18-19 WOA. (C) Data represented as average % ejection
fraction +/-standard deviation at 3-6 WOA of untreated WT mice and FYN-MCK mice. (D-F)
Creatine kinase levels (muscle isoform, MM-CK) were measured using Beckman Coulter
AUGED chemistry analyzer. Cardiac troponin 1 and fatty acid binding protein 3 were measured
using Meso Scale Discovery Mouse Muscle Injury Panel (Meso Scale Discovery, cat no:
K15186C-1) as per manufacturer's instructions.

*25P < 0.00], ****P < 0.0001.

ANOVA, analysis of variance; WOA, weeks of age; WT, wild type.
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Figure 83, Supporting data for frataxin expression. {A) Frataxin expression in selected tissues
and western blot of frataxin. Data are mean + standard deviations, where each point represents an
individual animal. The table indicates statistically significant differences with P value for each
AAV-treated group compared to the WT group. {B) Mouse frataxin in the heart of vehicle-
treated WT mice at 4 weeks post dose. {C) Mouse frataxin in the heart of vehicle-treated FAN-
MCK mice at 4 weeks post dose. (D) Mouse frataxin in the heart of FXN-MCK mice dosed with
AAV-mFXN at 3E+13 vg'kg at 4 weeks post dose. (E) Human frataxin in the heart of FAN-
MCK mice dosed with AAV-hFXN at 1E+14 vg/'kg at 4 weeks post dose. (F) Semi-
quantification was performed to compare the expression levels of OXPHOS complexes [to V in
heart ventricle. The guantification of the bands was performed using the NIH Image] software
and normalized to the loading control {GAPDH) (WT, N=4; FAN-MCK, N=3-6).

DRG, dorsal root ganglion; ns, not significant; thFXN, recombinant buman frataxin; WT, wild-
type.
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