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MEANS AND METHOD FOR PREPARING VIRAL VECTORS ARD USES OF
SAME

SEQUENCE LISTING
The instant application contains a Sequence Listing which has been submitted in ASCH format
via EFS-Web and is hereby incorporated by reference in iis entirety. Said ASCH copy, created

on October 31, 2018 is named AVEX-003001W0O ST25.1xt and is 14,639 byles in size.

RELATED APPLICATIONS

This application claims priority to U.S. provisional patent application number 62/583,035, filed

MNovermber 8, 2017, the contents of which are incorporated by reference herein in their entirety.

FIELD OF THE DISCLOSURE

This disclosure relates to methods for preparing and purifying viral particles and composttions

and uses comprising the same,

BACKGROUND

Adenoc-associated virus {AAY) 1s a member of the parvoviridae family. The AAV genome is
composed of a lmear single-siranded DNA molecule which contains approximately 4.7
kilobases (kb) and consisis of two major open reading frames encoding the non-siructural Rep
{replication) and structural Cap {capsid) proteins. Flanking the AAV coding regions are two
cis-acting inverted terminal repeat {(ITR)} sequences, approximately 145 nuclectides in length,
with interrupted palindromic sequences that can fold inio hairpin structures that function as
primers during imtiation of DNA replication. In addition to their role in DMNA replication, the
ITR sequences have been shown to be necessary for viral integration, rescue from the host
genome, and encapsidation of viral nucleic acid into mature virions (Murycrka, (1992) Curr,

Top. Micro. Immunol. 158:97-129).

Multiple serotypes of AAV exist and offer varied tissue tropisra. Known serotypes include, for
example, AAV1, AAVZ, AAV3, AAV4 AAVS, AAVE, AAVT, AAVS, AAV9. AAV1D and
AAVI1. AAV9 is described in U.S. Pat. No. 7,198,951 and in Gao et al., . Virol., 78; 6381-
6388 (2004), which are hereby incorporated by reference in their entirety. Advances in the

delivery of AAV6 and AAVE have made possible the transduction by these serotypes of



r

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

skeletal and cardiac muscle following simple systemic infravenous or intraperitoneal
mjections. See Pacak et al., Circ. Res., 99(4): 3-9 (2006) and Wang et al., Nature Biotech.
2303y 321-8 (2005}, The use of AAV to target cell types within the central nervous system,
though, has required surgical intraparenchymal injection. See Kaphitt et al, “Safety and
tolerability of gene thevapy with an adenc-associated viras {(AAY) bome GAD gene for
Parkinson's disease: an open label, phase { inal” Lancer, 369 2007-2105; Marks et al., “Gene
dehivery of AAVZ-neurturin for Parkinson's diseaser a double-blind, randonuzed. controlled
trial.” Lancet Newrol 9:1164-1172; and Worgall et al., “Treatment of late infantile neuronal
ceroid hipofuscinosis by UNS administration of a serotype 2 adeno-associated virus expressing

CLNZ ¢DNA” Hum Gene Ther, 19{(53:463-74 .

The nucleotide sequence of the AAV serotvpe 2 (AAVZ) genome s presented in Srivasiava et
al., J Virol, 45; 555-564 (1983) as corrected by Ruffing et al., J Gen Virol, 75: 3385-3392
(1994). Cis-acting sequences directing viral DNA replication (rep), encapsidation/packaging
and host cell chromosome integration are contained within the ITRs. Three AAV promoters
{named p5, p19, and p40 for their relative map locations) drive the expression of the two AAV
mternal open reading frames encoding rep and cap genes. The two rep promoters (pS and pl19),
coupled with the differential splicing of the single AAV intron (at nucleotides 2107 and 2227),
result in the production of four rep proteins (rep 78, rep 68, rep 52, and rep 40) from the rep
gene. Rep proteins possess multiple enzyvmatic properties that are ultimately responsible for
replicating the viral genome. The cap gene is expressed from the p40 promoter and it encodes
the three capsid proteins VP1, VP2, and VP3. Alternative splicing and non-consensus
translational stari sites are responsible for the production of the three related capsid proteins.
A single consensus polvadenylation site is located at map position 93 of the AAY genome. The
life cvcle and genetics of AAY are reviewed in Muzyezka, Current Topics in Microbiology

and Immunology, 158: 97-129 (1992).

Vectors derived from AAV are particularly atfractive for delivering genetic material because
(i) they are able to infect (transduce} a wide variety of non-dividing and dividing cell types
mehuding muscle fibers and neurons; (4} they are devoid of the virus structural genes, thereby
eliminating the natural host cell responses to virus mfection, eg., interferon-mediated
responses; (ii1) wild-tvpe viruses have never been associated with any pathology in humans;
(iv) in contrast to wild type AAVs, which are capable of integrating into the host cell genome,

rephication-deficient AAV vectors generally persist as episomes, thus himiting the risk of
2
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insertional mutagenesis or activation of oncogenes; and {v) in contrast to other vector systems,
AAV vectors do not ingger a significant immune response (see 11}, thus granting long-term

expression of the therapeutic fransgenes (provided their gene producis are not rejected),

Self-complementary adeno-associated veciors (scAAV) are viral vectors engineered from the
naturally occurring adeno-associated virus (AAV) for use in gene therapy. SCAAV 1s termed
"self-complementary” because the coding region has been designed to form an mtramoelecular
double-stranded DNA template. A rate-limiting step for the standard AAV genome life cyele
nvolves the second-strand synthesis since the typical AAV genore 15 a single-stranded DNA
templtate. However, this is not the case for scAAV genomes. Upon miection, rather than
waiting for cell mediated synthesis of the second strand, the two complementary halves of
sCAAV will associate to form one double stranded DNA {(dsDNA) unit that is ready for

vmmediate replication and transcription.

There remains a need to develop a scalable method to manufacture and purify an AAV
pharmaceutical product with, for example, low empty capsids, low host celi protein, and/or low

contaminating DNA, while retaining high potency.

SUMBMARY

The present disclosure provides a method to prepare purified viral particle preparations,

including AAV particle preparations.

In some embodiments, the present disclosure provides a pharmaceutical composition
comprising (a) between 1 — 8 x 109 AAVY viral vecior genomes/mL {vg/mL), (b} less than
about 7% empty viral capsids. {¢) less than about 100 ng/mi. host cell protein per 1 x 109
vg/mL, and {d) less than about 5 x 10 pg/mL residual host cell DNA per | x 10" vg/mL, and
wherein at least about 80% of the 1 — 8 x 10" AAV9 viral vector genomes/mL are functional.
In one embodiment, the AAVY viral vector comprises a polynucleotide encoding a survival
motor newron (SMN) protein. In one embodiment, the AAVY viral vector comprises a
polynucleotide encoding a methyl-CpG-binding protein 2 (MECPZ) protein. In one
embodiment, the AAV9 viral vector comprises a polynucleolide encoding a shori hairpin RNA
(shRNA) targeting superoxide dismmitase | {SOD1). In one embodiment, the AAVY viral vecior

3
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comprises a modified AAVZ ITR, a chicken beta-actin (CB) promoter, a cvtomegalovirus
{CMV) immediate/early enhancer, a modified $V40 late 165 iiron, a bovine growth hormone

(BGH) polvadenylation signal, and an vnmodified AAV2 ITR

The present disclosure provides a pharmaceutical formulation. In some embodiments, the
agqueous pharmaceutical formulation comprises (a) an AAVY viral vector comprising a
polynuclectide encoding a swrvival motor neuron (SMN) protein, (b) a Tns buffer, (¢}
magnesium chloride, (d) sodium chloride, and (¢} a poloxamer (2.g., poloxamer 188), wherein
the pharmaceutical composition doss not comprise a preservative. In ong embodiment of the
formulation, the AAV9 viral vector further cornprises a modified AAV2 TR, a chicken beta-
actin {(CB) promoter, a cytomegalovirus (CMYV) immediate/early enhancer, a modified SV40
tate 168 iniron, a Bovine growth hormone (BGH) polyvadenvlation signal, and an unmodified
AAVZ ITR. In one embodiment of the fornulaiion, the Tris buffer concentration is about 10-
30 nM, e.g.. about 20 mM. In one embodiment, the pH of the formulation is abowt 7.7 to about
8.3, e.g., about plf 8.0 (e.g., as measured by USP <791> (incorporated by reference in iis
entirety}). In one embodiment of the formulation, the magnesium chloride concentration is
about 0.5-1.5 mM, eg, about I mM. In one embodimeni of the formulation, the sodium
chloride concentration is about 100-300 mM, e.g., about 200 mM. In one embodiment, the

b

formulation comprises about 0.005% w/v poloxamer 188.

Another aspect of the disclosure is directed 1o a method of treating type [ spinal muscular
atrophy (SMA)} in a patient in need thereof, comprising administering an AAVS viral vector
comprising a polvnucleotide encoding a SMN protein (e.g., a composition or formulation as
disclosed herein} to the patient by an indrathecal or intravenous route, wherein the patient s (a)
nine months old or younger, (b) has a body weight of at least about 2.6 kg, {c) has bi-allelic
SAMNI nell sutations or deletions, and (d) has at least one functional copy of SMN2. In one
embodiment, the AAVY9 viral vector comprises a modified AAVZ ITR, a chicken beta-actin
{CB} promoter, a cviomegalovirus (CMV) immediate/early enhancer, a modified SV40 late
168 intron, a Bovine growth hormone (BGH) polyadenylation signal, and an unmodified AAV2
ITR. In an embodiment, the patient has a body weight of no more than abouwt 8.5 kg In one
embodiment, the patient does not have a ¢.859G>C subsiitution in exon 7 of at least one copy
of the SMNZ gene. In an embodiment, the treatment is administered to the patient before the
age of 6 months. In an embodiment, the treatment s administered {o the patient before the onset

of one or more SMA symptoms selected from hypotonia, delay in motor skills, poor head
4
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control, round shoulder posture and hypermobility of joints. In one embodiment, the patient
has anti-AAVY antibody titers at or below 1:100 as determined by an ELISA binding

Immunoassay prior to adnunistration.

Also disclosed herein is a method of treating a pediatric patient with spinal muscular atrophy
(SMA) Type 1, with or without disease onset, comprising administering to the patient a
composition or formulation comprising an adeno-associated virus (AAV ) vector as disclosed

herem.

The present disclosure is also directed to a method of treating Rett Syndrome 1n a patient in
need thereof, comprising administering an AAV9 viral vector comprising a polynucleotide
encoding a methyl-CpG-binding protein 2 (MECP2) prolein to the patient by an intrathecal or

ravenous route.

The present disclosure is also directed to a method of treating amvotrophic lateral sclerosis
{ALS) in a patient in need thereof, comprising administering an AAV9Y viral vector comprising
a polvnucleotide encoding a short hairpin RNA (shRNA) targeting superoxide dismutase |

(80D1) to the patient by an intrathecal or intravenous route.

Another aspect of the disclosure is directed to a method of treating a patient suffermg from
tvpe 1 SMA, comprising the steps of (a) determining the weight of the patient, {b) obtaining a
kit contaiming vials of an AAV9 viral vector pharmaceutical composition, and {c) administering
the AAVO viral vector from the vials to the patient, wherein the viral vector concentration in
each vial is about 2.0 x 107 vg/mL, wherein the AAV9 viral vector comprises a polvnucleotide

encoding a SMN protein; and wherein the kit comprises the following number of vials:

585 & 04183 % 04 Total Viab
Patient Weight (kg) mi. vial mi vial Per Kit
26-3.0 G 2 2
31-35 2 ¥ 3
3.6-40 1 2 3
41-43 ¢ 3 3
4650 2 2 4
5153 1 3 4
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255 4+ 04183 = 04 Total Vials
Patient Weight (kg) mi vial mi vial Per Kit
56-6.0 U 4 4
6165 2 3 5
6.6-7.0 1 4 5
71-75 it 5 5
7.6-8.0 2 4 6
8185 1 5 5

In one embodiment, the kit comprises an AAV9 viral vector comprising a mutated AAVZ ITR,
a chicken beta-actin (CB) promoter, a cvtomegalovirus (CMV) immediate/earty enhancer, a
modified SV40 late 163 intron, a Bovine growth hormone (BGH) polvadenylation signal, and
an AAVZ ITR. In one embodiment, the AAY viral vecior is administered by infusion at a dose

of about 1 Ox10M - 2 5x10% vo/ke.

Another aspect of this disclosure is directed to a kit for treating a patient suffering from type |
spinal muscular atrophy {(SMA) comprising vials containing the composition AAVY viral
vector comprises a polynuclectide encoding a survival motor neuron {SMN} protein or the
formudation comprising {(a) an AAVQ viral vector comprising a polymucleotide encoding a
survival motor newron (SMN) protein, (b} a Tris buffer, {¢) magnesium chloride, (d) sodium

chloride, and (e} a poloxamer (e.g., poloxamer 188).

Another aspect of this disclosure 15 directed to a kit comprising vials containing about 3.5 mbL
or about 8.3 mL of an AAV? viral vector comprising a polynucleotide encoding a survival
motor neuron (SMN) protein, and formulated at a concentration of about 2.0 x 10 ve/mL in
20 oM Tris, T mM Mg(lz, 200 mM NaCl, 0.005% w/v Poloxamer 188 at pH 7.7-8.3, e g,
about 8.0.

Another aspect of this disclosure 15 directed to a method of freating type T SMA, comprising
administering a volume of the composition the composition AAV9 viral vector comprises a
polynuclectide encoding a survival motor neuron (SMN} protein or the formulation comprising

{a) an AAVY viral veclor comprising a polynucleotide encoding a survival molor newon
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{SMN} protemn, (b} a Tris buffer, (¢} magnesium chioride, {d) sodium chioride, and (e} a

poloxamer (e.g., poloxamer 188) by mitravenocus mfusion 1o a patient in need thereof.

Another aspect of this disclosure i1s directed to methods of manafacturing of an AAV viral
vector. In one emsbodiment, a method of manufacturing an AAV viral vector comprises the
steps of (a) culturing adherent cells, (b} transfecting the adherent cells with plasnud(s) to enable
production of the AAY viral vector, (¢} lysing the adherent cells to 1solate the AAV viral vecior,
{d} acidifying and clarifying the cell lysate of (¢}, (e} purifying the product of (d} using cation
exchange chromatography (CEX}, (f) filtering the product of (e} using tangential flow filiration
(TFF), {g) ultraceninfuging the product of (f} in a cesium chloride {TsCl) buffer; and (h)

collecting the AAYV viral vectors from the product of {g).

Another aspect of this disclosure is directed to a method of purifying an AAY viral vector from
a cell culture lysate. comprising the steps of {a} acidifying and clanfying the cell lysate, (b)
purifying the product of (a} using cation exchange chromatography (CEX), (¢} filtering the
product of (b) through a tangential flow filtration, (d) ultracentrifuging the product of (¢) using
a2 —4 M cesium chionde (CsCl) buffer, (e} collecting the AAVY viral vectors from the product
of (&), () filtering the product of (g} through a tangential flow fAltration. In an embodiment, the
method is performed al mdustiial scale. In an embodiment, the method produces a yield of
more than 5 x 10 vg, or more than 8 x 10% vg or more than 1 x 10 vg per manufacturing
batch.

Another aspect of this disclosure is directed to a method of treating a patient having SMA Tvpe
1 by administering an AAVY viral vector comprising a polvnucleotide encoding a SMN protein

as prepared according to any of the methods disclosed herein.

Another aspect of thus disclosure 15 directed 1o a method of treating a patient having Rett
Svndrome by administering an AAVY viral vector comprising a polvnucleotide encoding an

MECP?2 protein as prepared according to any of the methods herain.

Another aspect of this disclosure is directed to a method of treating a patient having ALS by
administering an AAV9 viral vector comprising a polynuclectide encoding an shRN A targeting

SO as prepared according to according to any of the methods herein.
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Another aspect of this disclosure is directed to an AAVY wviral vector comprising a
polyvnucleotide encoding a SMN protein, manufactured according 1o any of the methods herein.
Another aspect of this disclosure 1s directed to a pharmaceutical composition comprising an
AAVY viral vector comprising a polynucleotide encoding a SMN protein, manufactured

accordimg 1o any of the methods herein.

Another aspect of this disclosure is directed to an agueous pharmaceutical composition
comprising an AAVY viral vector comprising a polvmucieotide encoding a SMN protein, a Tris
buffer, a magnesium chloride solution, and a sodium chloside solution, wheremn the
pharmaceutical composition does not comprise a preservative, and wherein the composition is

manufactured according 1o any of the methods herein.

Another aspect of this disclosure i1s directed to an AAVY viral vector comprising a
polynuclectide encoding an MECP2 protein, manufactured according to any of the methods

herain.

Another aspect of this disclosure 1s directed to a pharmaceutical composition comprising an
AAVY viral vector comprising a polynucleotide encoding an MECP2 protein, manufactured

according to any of the methods heremn.

Another aspect of this disclosure is directed to an AAV9 wviral vector comprising a
polvnuclectide encoding an shRNA {argeting SOD1, manufactured according to any of the

meihods herein.

Another aspect of this disclosure 15 directed to method of treating Type I SMA in a patient in
need thereof by intravenously administering a pharmaceutical composition comprising (a} a
self~complementary AAVY viral vector corprising a modified AAVZ ITR, a chicken beta-
actin {CB) promoter, a cytomegalovirus (CMV) immediate/earlv enhancer, a modified 8V40
late 16g intron, a bovine growth hormone (BGH) polvadenviation signal, and an unmodifiad
AAVZITR, (b} 20 mM Tris at pH 8.0, (¢) 1T mM MgClz, {d) 200 mM NaCl, and (&) 0.005%
Poloxamer 188, wherein the patient has a body weight of 2.6 kg 1o 8.5 kg. In one embodument,

the composition does not comprise a preservative.
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In one embodiment, the patient is {a} ts nine months old or younger, (b) has a body weight of
at least about 2.6 kg, (¢) has bi-allelic SMNI null mutations or deletions, and {d) hags at least

one functional copy of SAINZ.

Angcther aspect of this disclosure 1s directed o a composttion suitable or manufactured for
mtravenously administering a pharmaceutical composition comprising (a) a  self-
complementary AAVY viral vecior comprising a modified AAV2 TR, a chicken beta-actin
{CB) promoter, a cviomegalovirus (CMV) immediate/early enhancer, a modified $V40 late
165 intron, a bovine growth hormone (BGH) polyadenylation signal, and an vnmodified AAV2
ITR, (b) 20 mM Tris at pH 8.0, {¢} 1 mM MgCh, {(d)2006 mM NaCl, and (e} 0.005% Poloxamer
188.

In some embodiments. disclosed heremn 15 a composition or formulation, wherein the
composition or fornwlation comprises at least one of the following: (a) less than about 0.09 ng
of benzonase per 1.0x10" vg, (b} less than about 30 ug/g (ppm) of cesium, (¢} about 20-80
ppm of Poloxamer 188, (d) less than about 0.22 ng of BSA per 1.0x105 vg, (e} less than about
6.8x10° pg of residual plasmid DNA per 1.0x105 vg, (f) less than about 1.1x10° pg of residual

heDNA per 1.0x10Y vg, and (g) less than about 4 ng of tHCP per 1.0x10% vg,

In some embodiments, the present disclosure provides an upstrearn process to produce an
intermediate (e.g., frozen intermediate) denved from a working cell bank, wherein the
upsiream process comprises the steps of {a} culturing cells, (b) transfecting the cultured cells
with plasmids (e.g., three plasmids), (¢} harvesting the expanded viral particles from the cells
after a culture period, (d) purifving the viral particles via filtration to remove any mtact cells
or cellular debris, (e} subjecting the eluent from step (d) to tangential flow filtration, and (g}
optionally freezing the resultant intermediate preparation of purified viral particles. In some
embodiments, the upstrearn process 18 combined with further processing steps, particular g,

further purification and formulations steps to produce a final pharmaceutical product.

In one embodiment, the working cell bank comprises HEK293 cells. In other embodiments,
another cell type or denvative that is available in the art and 15 suitable for use in the methods

disclosure herein is used.
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In one embodiment, the transfecting step utilizes polyethylenaimine. In one embodiment, the
transfecting step comprises a triple vector transfection using a transgene plasmid, e.g., pSMN,

a pAAV plasmid and a pHELP plasmmd.

In one embodiment, the process further comprises lyvsing the transfected cells with lvsis buffer

and surfactant.

In one embodiment, the harvesting step includes treating the product with an endonuclease,
such as benzonase, for example, al a conceniration beiween 50 — 200 U/ml, eg, at a

concentration between 75-150 U/ml, to reduce residual host cell DNAL

In one embodiment, the punfyving step includes depth filtration and subsequent filiration
through a filter that removes large molecule contaminants and cell debris, for example 5 045
micron filter, but that permits vector genomes 1o pass therethrough. Anv suitable depth filter

may be used.

In one embodiment, the tangential flow filtration (“TFF”) achieves befween 5 - 15X eg, 6~
10 X concentration of the eluent of step (d) and at least 4 diavolumes, e.g., 6 diavolumes
diafiltration or 10 diavolumes, or 12 diavolumes, or 15 diavolumes diafiltraion. Any suitable
TFF filter may be used. In an embodirent, the TFF membrane 15 a cellulose membrane. Inan

embodiment the TFF membrane has a 300 kDa cutoff.

Second, the present disclosure provides a downsiream process to process the intermediate (e g,
the frozen intermediate) to a filtered drug substance. The downstream process steps include an
acidification and clarification step (using filiration), followed by cation exchange
chromatography, tangential flow filiration, CsCl altracentrifugation and a further tangeniial
flow filtration step to produce a filtered drug subsiance where the purified AAV particles are

suspended in a pharmaceutically acceptable carrier.

In one embodiment, the acidification and clanficaiion step wmcludes depth filtration and

subsequent filtration through a filter that removes large molecule contaminants and cell debns,

for example a 0.45 micron filter. In some embodiments, the pH adjustment is controlled. As

part of this step, in one embodiment, a detergent, for example Tween, 1s added. In some

embodiments, the rate of Tween addition and the concentration range of Tween is controlled.
10
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In one embodiment, the cation exchange chromatography comprises a membrane-based

chromatography resin using a composite sulfonvl resin with a 0.2 nucron pore size.

In one embodiment, the Cesium Chiloride (CsCl} ultracentrifugation siep uses between 2-4 M
CsClL e.g., about 3 M CsCL

In ancther embodiment, the CsCl ultracentrifugation step is performed at about 40-50 kRPM
for about 20-25 hrs. In another ersbodiment, the CsCl ultracentrifugation step is performed at

about 45 kRPM for about 22 hus.

In one embodiment, the tangential {fow filtration (“TFF™) achieves between 5- 13X, e.2., 6 -
10 X conceniration of the eluent of step (d) and at least 4 diavolumes, e.g.. 6 diavolumes
diafiltration or 10 diavolumes, or 12 diavolumes, or 15 diavolumes diafiltration. In an

embodiment, the TFF membrane has a 300 kDa cutoff.

In one embodiment, the eluent is below the level of detection of Cesium (Cs). In another
embodiment, the level of detection of Cs is below 50 per milkon (ppm}. In another
embodiment, the level of detection of Cs 1s about 50-70 ppm. In another embodiment, the level
of detection of Cs is about 70-90 parts per nullion (ppmy. In another embodiment, the level of
detection of Cs is about 90-110 parts per mallion (ppm). In another embodiment. the level of
detection of Cs is about 110-130 parts per mitlion {ppm). In another embodiment, the level of
detection of Cs 15 about 130-150 parts per mallion {ppm). In another embodiment, the level of

detection of Cs is less than 130 parts per rallion {(ppmy).

These purification methods can be used (o prepare high vield viral preparations, including AAV
preparations {e.g., AAV9-SMN}, that comprise less than 5X10° pg/ml residual host cell DNA
{(hcDNA) per 1X10" vector genomes (“ve”Vml, e.g.. less than 1.2 X10° pg/mL heDNA per
IX108 ve/mL. Thus, a S kg patient receiving 7 3X10% vg would get no more than up to
1.2X10° pe/mL*7 5X 100 vg /(1X10Yvg/mL) = 8.4X107 pg heDNA = 84,000 ng heDNA per
5kg dose. In one embodiment, a preparation comprises less than 3.0x10° pg residual host cell
DNA per 1.0x10% vg. less than 2.0x10° pg residual host cell DNA per 1.0x10% vg, less than
1 Ix10° pg residual host cell DNA per 1.0x10% vg_less than 1.0x10° pg residual host cell DNA

per 1.Ox10" vg, less than 0.9x10° pg residual host cell DNA per 1.0x10% vg, less than 0.8x10°
11
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pg residual host cell DNA per 1.0x10Y wvg, or anv concenfration in between.

In one embodiment, the AAY is a replication defective AAVY, e.g., sCAAVY, with AAV2-
derived ITRs. In another embodiment, the AAVY vector carries an SMN transgene. In an
embodiment, the SMN-coding DNA 15 set out in GenBank Accession Number NM_000344.2,
Conservative nucleotide substitutions of SMN DNA are also contemplated {e.g.. a guanine to

adenine change at position 625, as set forth in GenBank Accession Number NM_000344.2).

Another aspect of the disclosure 13 directed to a pharmacewutical composition comprising AAY
particles in a formulation sutiable for either (a) mtravenous (“IV"} mjection or (b) intrathecal

(“IT”) adminisiration.

In another embodiment, the pharmaceutical composition has less than 10% empty capsids, iess
than 8% empty capsids, less than 7% empty capsids, ess than 3% empty capsids, less than 3%
empty capsids, or less than 19 empty capsids. In some embodiments, the pharmaceutical
composition has less than about 5% empty capsids. In one embodiment, the number of empty
capsids is below the limit of detection. In some embodiments, it is advantageous for the
pharmaceutical composition to have low amounts of emply capsids, because those empty
capsids may generate an adverse response (e.g., immune response, inflammatory response,

liver response, and/or cardiac response) with no therapeutic benefit,

In another embodiment, the residual host cell protein (rHCP”} in said pharmaceutical
composition is fess than or equal to 100 ng/ml tHCP per 1 X 107 vg/ml, e.g., less than or equal
to 40 ng/md fHCP per 1 X 10V ve/mi or 1-50 ng/mi HCP per 1 X 10¥ vg/ml In one
embodiment, a pharmaceutical composition disclosed herein comprises less than 10 ng tHCP
per 1L.Os10"? vg, or less than 3 ng fHCP per 1.0x10" vg, less than 4 ng fHCP per 1.0<107 vg,

or less than 3 ng rtHCP per 1.0x10'* vg, or any concentration in between.

In another embodiment, the residual host cell DNA ("heDNA™) in said pharmaceutical
composition is less than or equal to 3 X 10° pg/ml heDNA per 1 X 105 vg/ml, less than or
equal to 1.2 X 10° pg/ml tHDNA per 1 X 105 vg/mol, or 1 X 10° pg/mi rHDNA per 1 X 108
vg/mi to 1.2 X 10° pg/mli per 1 X 10 vg/ml. In one embodiment, the residual host cell DNA
in said pharmaceutical composition is less than 5.0x10° pg per | Ox10'% vg, less than 2 Ox10°

er 1.0x10" vg, less than 1.1x10° pg per 1.0x10Y ve, less than 1.0x10° pg heDNA per
PE P 8 pPs p g PE P
12
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1.0x10% vg, less than 0.9x10° pg hcDNA per 1.0x10% vg, less than 0.8x10° pg heDNA per

1.Ox 10V vg, or any concentration in between.

In an embodiment, the residual plasmid DNA i said pharmaceutical composition is less than
or equal 10 1.7 X 10° pg/mil per 1 X 10V vg/ml, or 1 X 107 pg/mi per 1 X 108 vg/ml t0 1.7 X
10° pg/ml per | X 10Y vg/ml In one embodiment, the residual plasmid DNA in said
pharmaceutical composition is less than 10.0x10° pg per 1.0x10% vg, less than 8.0x10° pg per

1010 vg, or less than 6.8x10° pg per 1.0x105 vg.

In an embodiment, a pharmaceutical composition disclosed herein comprises less than 0.5 ng
per 1.0x10" vg, less than 0.3 ng per 1.0x10% vg, less than .22 ng per 1.0x10" vg, or less than
0.2 ng per 1.0x10% vg, or any concentration in between of bovine serumn albumin (BSA) In
one embodiment, the benronase in said pharmaceutical composition is less than 0.2 ng per
1.0x10" vg, less than 0.1 ng per 1.0x105 ve, less than 0.09 ng per 1.0x10" vg, less than .08
ng per 1.0x10" vg or any concentration in between. In one embodiment, the Poloxamer 188 in
said pharmaceutical composition is about 10-130 ppm, about 15-100 ppm, or about 20-8C ppm.
In one embodiment, the cesium in said pharmaceutical composition is less than 50 pg/g (ppmy),

fess than 30 ug/g {ppm) or less than 20 pg/g (ppmy, or any conceniration in between.

In an embodiment, a pharmaceutical coraposition disclosed herein comprises comprises total
impurities, e.g., as determined by SDS-PAGE, of less than 10%, less than 8%, less than 7%,
less than 6%, less than 3%, less than 4%, less than 3%, less than 2%, or any percentage in
between. In one embodiment, the lotal purily, e.g, as determined by SDS-PAGE, is greater
than 90%, greater than 92%. greater than 93%, greater than 94%, greater than 93%, greater
than 96%, greater than 97%. greater than 98%, or any percentage in between. In one
embodiment of the pharmaceutical composition, no single unnamed related impurily, eg., as
meastued by SDS-PAGE, 15 greater than 5%, greater than 4%, greater than 3% or greater than
2%, or any percentage in between. In one embodiment, the pharmaceutical composition
comprises a percentage of filled capsids relative to total capsids (e.g, peak l+peak 2 as
measured by analytical vltracentrifugation} of greater than 85%, greater than 86%, greater than
87%, greater than 88%, greater than 89%, greater than 90%, greater than 91%., greater than
91.9%, greater than 92%, greater than 93%, or any percentage in between. In one embodiment
of the pharmaceutical composition, the percentage of filled capsids measured in peak 1 by

analytical ultracentrifugation 1s 20-80%, 23-75%, 30-75%, 35-75%, or 37.4-70.3%. In one
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embodiment of the pharmaceutical composition, the percentage of filled capsids measured in

peak 2 by analytical ultracentrifugation 18 20-80%, 20-70%, 22-65%, 24-62%, or 24.9-60.1%.

In one embodiment, a pharmaceutical composition disclosed herein comprises a genomic titer

of 1.0-3.0 x 10Y vg/mL, 1.2-3.0x 10" vg/mL or 1.7-2.3 x 10% vg/mL.

In one embodiment. a pharmaceutical composition disclosed herein exiubits a bicburden of
less than 3 CFU/mL, less than 4 CFU/mL less than 3 CFU/mL, fess than 2 CFU/mL, o1 iess
than 1 CFU/mL, or any concentration in between. In one embodiment, the amount of endoloxin
in accordance with USP, e g. USP <85> (incorporated by reference in s entirety) is less than

1.0 EU/mL, less than 0.8 EU/mL or less than 0.75 EU/mL.

In one embodiment, the osmolality of a pharmaceutical composition disclosed heremn in
accordance with USP, eg. USP <785> (incorporated by reference in its entirely} is 350-450
msm/kg, 370-440 mOsmvkg or 320-430 m3sm/kg. In one embodiment, the pharmaceutical
composition contains fewer than 1200 particles that are greater than 235 pm per container, fewer
than 1000 particles that are greater than 25 um per contamer, fewer than 600 particles that are
greater than 25 um per container, fewer than 500 particles that are greater than 25 pm per
container, or any value in between. In one embodiment, the pharmaceutical composition
contains fewer than 10000 particles that are greater than 10 pm per container, fewer than 8000
pariicies that are greater than 10 pm per container, or fewer than 6000 particles that are greater

than 10 pm per container.

In one embodiment, the pharmaceutical coroposition has a genomic titer of 0.5-5.0x10P

vg/mb, 1.0-4.0x10% vg/mL, 1.5-3.0x108 vg/mL or 1.7-2.3x10" vg/mbL.

In one embodiment, a pharmaceutical composition disclosed herein coraprises one or more of
the following: less than about .09 ng of benzonase per 1.0x10% vg, less than about 30 pg/e
{ppm) of cesium, about 20-80 ppm of Poloxamer 188, less than about 0.22 ng of BSA per
1.Ox10Y vg, less than about 6.8x10° pg of residual plasroid DNA per 1.0x10% vg, less than
about 1. 1x10° pg of residual heDNA per 1.0x10% vg, less than about 4 ng of tHCP per 1.0x108
vg, pH 7.7-8.3, about 390-430 m{snvke, less than about 600 particles that are > 25 um in size
per container, less than about 6000 particles that are > 10 pm tn size per container, about 1.7

x 107 - 2.3 x 108 vg/mL genomic titer. infectious titer of about 3.9 x 10° - 8.4 x 100 1 per
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1.0 x 105 vg, total protein of about 100-300 ug per 1.0 x 10' vg, median survival of > 24
days of ATSMA mice with about 7.5 x 101 vg/kg dose of viral vector, about 70-130% relative
potency based on a in vitro cell-based assay, and/or less than about 5% eropty capsid.

In various embodiments, the pharmaceutical compositions disclosed herein comprising any of
the viral particles discussed herein (e.g., AAV SMN, AAV MECP2, or AAV SOD1 viral
particles), retain a potency of between + 20%, between + 15%, between -+ 10%, or between +
5%, of a reference standard. In some embodiments, potency is measured using a suitable in
vitro cellular assay or in vivo animal model. For example, the potency or % functional AAV
SMN viral particles may be determined using an animal model of SMA, e.g., the SMAA7
mouse, or a quantitative cell-based assay using a suitabie cell line, e g , primary neural

progenitor cells (NPCs) islated from the cortex of SMA A 7 mice. In one embodiment, the

potency is assessed as against a reference standard using the methods in Foust et al., Nat.
Biotechnol., 28(), pp. 271-274 (2010). Any suitable reference standard may be used. The
potency or % functional AAV MeCP2 may be assaved using a suitable in virro cellular assay
or in vivo amimal model, e.g., an Mecp? knockout mouse as in Guy et al., “Reversal of
neurclogical defects in a mouse model of Rett syndrome.” Science, 315(5815):1143-7. The
potency or % functional AAV SOD1 may be assayed using a suitable in vitro cellular assay
or in vive animal model, e g, a SODT mutant mouse as in Gurney et ab., “Motor neuron
degeneration in mice that express a human Cu,Zn superoside dismutase mutation.” Science,
264(5166):1772-5. In one embodiment, the pharmaceutical composition has an in vivo

potency as determined by median survival in an SMA A7 mouse given a 7.5x10 vg/kg dose

of greater than 15 days, greater than 20 days, greater than 22 days or greater than 24 days. In
an embodiment, the pharmaceutical composition has an in vivo relative potency as tested by a
cell-based assay of 50-150%, 60-140% or 70-130% relative o a reference standard and/or

sutfable control.

In one embodiment, an mtravenous (“IV”) formuldation has a pH between 7.5 and 8.5, a
genomi¢ titer of between about 1 — 8 x 10 viral vector genomes/mL {vg/mL), or between 2 X
107 vg/ml - 6 X 107 vg/ml, and optionally an osmolality of 384 — 448 mOsnvkg. In ons

embodiment, an IV formulation comprises MgCly, NaCl, phuronic F6¥, in Tris buffer at pH 8.0,

In one embodiment, for IV adminisiration, the AAV-Y vecior carrving the SMN transgene 1s
administered under sterile conditions m an appropriate sefting {(e.g., interventional suite,
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operating room, dedicated procedure room) one-time through a venous catheter inserted into a
peripheral limb vein {arm or leg) at the indicated dose, and 13 slowly infused over

approximately 30-60 minutes,

In another embodiment, the disclosure herein provides compositions and methods of delivering
a polynucleotide to the central nervous system of a patient in need thereof comprising
intrathecal (“1T7) delivery of rAAVY and a non-ionic, low-osmolar contrast agent to the patient,
wherein the rAAV9 comprises a self-complementary genome including the polynucleotide.
The polynucleotide 1s delivered 1o, for example, the brain, the spinal cord, a ghal cell, an
astrocyte and/or a lower motor neuron. The non-ionic, low-osmolar contrast agent is, for
example, 1obitridol, iohexol, iomeprol, iopamidol, 1opentol, opromide, 1oversol or toxilan. In
some embodiments, the polvoucieotide is a survival motor neuron (SMN) polvnucleotide. In
one embodiment, the contrast agent is ichexol, e.g, chexol 180 (sold as Omnipaque 180,

containing 3%% mg iohexol equivalent to 180 mg of organic iodine per mL).

In one embodiment, for IT administration, the SCAAV S vector carrying the SMN transgene is
dituted with normal saline and pre-mixed with an appropriate, hyperbanc contrast medium
approved and labeled for pediatric use for radiographic monitoring of the injection via lumbar
mirathecal injection (such as Omnipaque 1803 The total volume of aqueous composition
comprising AAV-9 vector carrying the SMN fransgene plus contrast medium and/or saline will
not exceed 5 mb. The contrast agent and scAAV-9 vector carrying the SMN transgene may

be co-formulated, co-packaged or packaged and delivered to patient center separately.

Patients receive sCAAV-9 vector carrving the SMN transgene via inirathecal injection under
sterile conditions in a PYCU patient room or other appropriate setting (e.g., interventional suite,
operating room, dedicated procedure roomy) with immediate access to acute critical care
management. Sites may use an atraumatic needle inserted with the bevel parallel to the dura
fibers; this has been shown to considerably reduce damage o the dura and consequently
decrease the risk for cerebrospinal fluid leak after humbar punctare (Ebinger et al , “Headache
and Backache Afier Lumbar Puncture in Children and Adolescents: A Prospeciive Study.”
Pediairics, 113(6):1588-1592; Kiechi-Kohlendorfer et al., “Cerebrospinal Fluid Leakage After
Lumbar Puncture in Neonates: Incidence and Sonographic Appearance.” American Journal of

Roentgenology, 181¢1):231-234) mecluding in children.
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Sedation/anesthesia is recommended for all patients receiving IT injections. Method and
medications will be at the discretion of the local anesthesiologist, but should incorporate a
sufficient degree of sedation or anxiolysis to ensure analgesia and lack of movement for the
procedwre and post-procedure Trendelenburg positioning placement. Patients will be placed
in the Trendelenburg position, tilted head-down at 30° for 15 munutes following administration

of IT therapy to enhance distribution to cervical and brain regions.

Patients are placed in the lateral decubitus position and a catheter with stylet is inserted by a
lumbar puncture into the L3-14 or L4-L5 interspinous space mio the subarachnoid
space. Subarachnoid cannulation 1s confirmed with the flow of clear cerebrospinal fluid (CSF)
from the catheter CSF will be removed and disposed of as per institutional
guidelines. ScAAV-9 vector carrying the SMN transgene in the pre-mixed contrast solution is

injected directly into the subarachnoid space.

In one embodiment, the present disclosure provides a method of treating a neurological disease
in a patient in need thereof comprising intravenous or intrathecal delivery of the pharmaceutical
composition disclosed herein, wherein the parvovirus cormprises a self-complementary rtAAV9
genome, wherein the engineered transgene comprises an SMN polynucleotide and wherein the

disease is SMA.

In another embodiment, the present disclosure provides a method of treating a neurological
disease in a patient in need thereof comprising mmtrathecal delivery of a pharmaceutical
composition disclosed herein with a conirast agent, wherein the parvovirus comprises a seltf-
complementary rAAV9 genome, wherein the engineered transgene comprises an SMN

polynucleotide, wherein the disease 1s SMA, and wherein the conirast agent is ommipagque 180.

In another embodiment, the present disclosure provides method of treating a type 1L, 1, or IV
SMA in a patient in need thereof comprising intrathecal delivery of the pharmaceutical
composition disclosed herein with a contrast agent, wherein the parvovirus comprises a self-
complementary rAAV9 genome, wherein the engineered transgene comprises an SMN

polvoucleotide, and wherein the contrast agent 1s ommnipague 180

In another embodiment, the present disclosure provides a method of treating type I SMA in a

patient 1n need thereof comprising intravenous delivery of the pharmaceutical composition
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disclosed herein, wherein the parvovirus comprises a self-compliementary rAAVY genome, and
wherein the engineered transgene comprises an SMN polynucleotide. In some embodiments,
the patient i3 0-9 months old. In some embodiments, the patient is 0-¢ months old. In other
embodiments, the pediatric patient is up to about 8 kg in weight. In some embodiments, the
pediainc patent 1s about .5 kg or less. In some embodiments, the pediatric patient s about 2.6

kg or more.

In another embodiment, the present disclosure provides a kit for treating tvpe | SMA in a patient in need
thereof, comprising intravenocuns administration of the pharmaceutical composition disclosed here
contained in vials. In some embodiments, the weight of the patient is measured and the dose is caleulated

based on the weight of the patient.

Unless otherwise defined, all technical and scientific terms used herein have the same meaning

as commonly undersiood by one of ordinary skill in the art to which this disclosure belongs.

As used herein, the singular forms of a word also include the plural form of the word, unless

the context clearly dictates otherwise; as examples, the terms “a,” “an,” and “the” are understood
1o be singular or plural and the term “or” is understood to be inclusive. By way of example, “an

element” means one or more element.

Throughout the specification the word “comprising,” or variations such as “comprises,” will be

undersiood to imply the inclusion of a stated element, integer or step, or group of elements,

ntegers or steps, bui not the exclusion of any other element, integer or siep, or group of
elements. integers or steps. Throughout the specification the word “consisting of,” or variations
such as “consists of,” will be understood to imply the inclusion of a stated element, integer or
step, or group of elements, integers or steps, and the exclusion of any other element, integer or
step, or group of elements, integers or steps. Throughout the specification the word “consisting
essentially of.” or variations such as “consists essentially of.” will be understood to imply the

inclusion of a stated element, integer or step, or group of elements, integers or steps, and any
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other element, integer or step, or group of elements, integers or steps that do not materially

affect the basic and novel characteristics of the disclosure and/or claim.

About can be understood as within 10%, 9%, 8%, 7%, 6%. 5%, 4%, 3%, 2%, 1%, 0.5%, 0.1%,
(.05%, or 0.01% of the stated value. When used in reference to a percentage value, “about”
can be understood as within £ 1% {e.g., “about 5%” can be understood as within 4% - 6%) or

+0.5% {e.g., “about 59" can be understood as within 4.5% - 5.5%}. Unless otherwise clear

from the context, all numerical values provided herein are modified by the term “about”

Although methods and materials similar or equivalent to those described herein can be used in
the practice or testing of the present disclosure, suitable methods and materials are described
below. All publications, patent applications, paients, and other references mentioned herein are
incorporated by reference in their entirety. The references cited herein are not admitted to be
prior art 1o the claimed disclosure. In the case of conflict, the present Specification, including
definitions, will conirol. In addition, the materials, methods, and examples are illustrative only
and are not intended to be limating. Other features and advantages of the disclosure will be

apparent from the following detailed description and claims.

BRIEF DESCRIPTION OF THE FIGURES

Yarious objects and advantages and a more complete understanding of the present disclosure
are apparent and more readily appreciated by reference 1o the following Detailed Description
and to the appended claims when taken 1n conpunction with the accompanying Drawing

wherein:

FIG. 1. Plasmid maps of pSMN, pHELP and pAAV.

Fig. 1A shows the plasmid map of pSMN. pSMN is a plasmid that encodes the information for
a recombinant self~complementary AAV DNA genome that expresses the human survival
motor newron (SMN} cDNA under the control of a chicken-beta-actin hybrid promoter with
an immediate/early cviomegalo virus (CMV) enhancer element. The SMIN ¢cDNA encodes a
full length, fonctional protein. The expression casseffe contains a modified intron sequence

derived from simuan virus 40 (SV40) and a bovine growth hormone (BGH) polyadenviation
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signal. The expression cassetie (CMV-UB-SV40-SMN-BGHpA) 1s flanked by AAV?2 derived
mverted terminal repeats (JTRs). The left 1TR 15 modified to preferentially package self-
complementary AAV genomes. Together, the regions between and including the ITRs are
packaged into recombinant AAV 9 capsids during the manufacture of the find drugs product.
Key pSMN components that are not intended for packaging into recombinant AAV genomes
include an open readmg frame encoding resistance to kanamyem (KanR) and an origin of
replication {orn} derived from pUC. The on and KanR regions are useful for plasmud

manufacture.

FiG 1B shows the plasnud map of the pHELP plasnud. The pHELP plasmid contains the Trans-
acting Adenoviral components necessary for recombinant adeno-associated virus production,
The pHELP plasmid contains the regions of the adenovirus genome that provide factors that
are important for AAV replication, namely F2A, E4, and VA RNA. The adenovirus Fl
functions involved in rAVV replication are provided by the transfection host 293 cells. The
pHELP plasmid does not, however, contain other adenovirus replication or structural genes.
The adenovirus sequences present in this plasmid represent only ~28% (9,280 /35,938) of the
adenovirus genome and does not contain the cis elements critical for replication, such as the
inverted terminal repeats. Therefore, no infectious adenovirus is expectad o be generated from

such a production system.

FIG. 1C shows the plasmid map of the AAV plasmid. The wild type AAV genome contains
two non-coding structural elemenis called inverted terminal repeats that flank the rep and cap
open reading frames. Rep and cap encode viral replication and capsid proleins respectively. In
the production of recombinant adenc-associated viral vectors; the viral ITRs are the only
elements used in ¢is while the viral open reading frames are supplied in #rans. Using the

transient fransfection of adherent HEK293 cells method to make AAV addresses the cis/frans
roles for the different genetic clements by dividing them to separate plasnuds. The pAAV2/9

plasmid contains open reading frames for the AAV 2 rep gene and the AAVY cap gene.

FIG. 2 shows a process flow chart for the selection of HEK293 cells for exceptional adherence

and pre-master cell bank (MCB) banking.

FIG. 3 shows a summary of cell processing details for the selection of HEK293 cells for
exceptional adherence and pre-master cell bank (MCB) banking.
20
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FIGS. 4 describe the drug substance upstream process Hlow diagram,

FIG. 5 describes the drug substance downstream process flow diagram.

FIG. 6 shows the inactivation of XMuLV by Tween 20 added at up to 120 min.

FI1(:. 7 shows the inactivation of PRV by Tween 20 added at up to 120 min.

FIG. 8 describes the HEK 293 cell expansion process flow during cell seeding density

gxperiments.

FIGS. 9A-E show growth and metabolite profiles. HEK 293 cells were seeded in duphicate at
12,000 and 8,000 cells/cm’ in bioreactors (pH 7.23, 37.0°C, 55% dissolved oxygen (DO}
Cells were transfected with DNA plasmids/PEI at four days (12,000 cells/em?) and five days
{8,000 cells/cmy?) post-seeding.  Bioreactors were harvested eight days (12,000 cells/cm?) and
nine days (8,000 cells/cm?) post-seeding. pH and metabolite readings were read daily on Nova

BioFlex.

FIG. 10 shows viral genome production as a function of cell seeding density (8000 or 12000

cells/cm?) and four different lengths of transfection time (20 min, 1 hr or 2 hours).

FIG. 11 shows viral titers from intermediates sampled at different {iltration steps throughout

the manufacturing process.

FIGS. 12 A-B show recovery of viral vecior and host cell protein (HCP) clearance at the TFF1

step.

FIG. 13 describes the HEK 293 cell expansion process flow during cell seeding density

experiments.

FIGS. 14 A-E show that HEK 293 cells were seeded in duplicate ai 8,000 cells/cm?, 9,350

cells/cm?, 10,700 cells/cm?, 12,050 cells/cm? in bioreactors (pH 7 23, 37.0°C, 55% DO). Cellg
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were transfected with DNA plasmids/PER (1:1 m/m} five days post-seeding. pH and metabolite

analysiz wre performed using NOV A BioProfile 400.

FIGKS. 15 A-B show drug substance production from fowr starting seeding densities in

bioreactors. Comparison of virus titer and vector genome harvested per unit surface area.

Fi1(. 16 shows Phase 1 (Process A) and Phase 3 Trnial (Process B) Manufacturing Processes.

FIGS. 17 A-B provide a table that illustrates the comparability and manufacturing consistency
results - Process A (Phase 1) and Process B (Phase 3) Products. Process B products are shown

to have additional benefits as compared to Process A.

FIG. 18 shows the comparability between Process A and Process B using pair-wise comparison
of Process A (Phase 1 Lot NCHAAVISMNO613) and Process B (Phase 3 Lot 600156).

Process B products are shown to have additional benefits as compared to Process A

F1G. 19 shows the manufacturing consisiency assessment by pair-wise comparison of Process

B (Phase 3} lots 600156 and 600307,

FIG. 20 shows the stability profile for NCH Lot NCHAAV9SMNO613 stored at real-time

storage condition < -60°C over 12 months.

FIG. 21 shows sedimeniation coefficients (sec x 10} for the Phase-1 material
(NCHAAVOSMNO613) showing empty capsids {7%) with sedimentation coefficient of
approximately 60 x 10 sec, and the full capsids with sedimentation coefficieni range of

approximately 80-150 x 10717 sec.

FiG. 22 shows sedimentation coefficients (sec x 10°) for the Phase-3 material {(600156)
showing empty capsids (2%) with sedimentation coefficient of approximately 60 x 10 sec,

and the full capsids with sedimentation coefficient range of approximately 80-150 x 10V gec.

FIG. 23 shows sedimentation coefficients {sec x 10°") for the Phase-3 material (600307}
showing empty capsids (4%) with sedimentation coefficient of approximately 60 < 107 sec,

and the full capsids with sedimentation coefficient range of approximately 80-150 x 101 sec.
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BETAILED DESCRIPTION

In order to advance development of AAV gene therapy bevond animal models and into clinical
studies and/or for therapeutic uses, a scalable process capable of producing viral material

suttable for human use was developed.

In some embodiments, by "vector” is meant any genetic element, such as a plasmid, phage,
transposon, cosnud, chromosome, virus, virion, etc., which is capable of replication when
associated with the proper control elements and which can transfer gene sequences between

cells. Thus, the ferm includes cloning and expression vehicles, as well as viral vectors.

In some ermnbodiments, by an "AAV vector” is meant a vector derived from an adenoc-associated
virus serotype, including without limitation, AAV-1, AAV-2, AAV-3, AAV-4 AAV-5 AAV-
6, AAV-7, AAV-8 and AAV-9. AAV vectors can have one or more of the AAV wild-type
genes deleted in whole or part, e.g., the rep and/or cap genes, bul retain funciional flanking ITR
sequences. Functional ITR sequences are necessary for the rescue, replication and packaging
of the AAV virion. Thus, an AAVY vector 15 defined herein to include at least those sequences
that in cis provide for replication and packaging (e g, functional ITRs) of the virus. The ITRs
need not be the wild-type nuclectide sequences, and may be altered, e.g., by the msertion,
deletion or substitution of nucleotides, so long as the sequences provide for functional rescue,
replication and packaging. In one embodiment, the vector is an AAV-Y vector, with AAV-2
derived ITRs. Also by an “AAV vecior” is meant the protein shell or capsid, which provides

an efficient vehicle for delivery of vector nucleic acid 1o the nucleus of target cells.

In some embodiments, by “scAAV™ ig meant a self-complementary adenoc-associated virus
(scAAV), which 1s a viral vector engineered from the naturally occurring adeno-associated
virus {AAV) for use in gene therapv. scAAV is termed “self-complementary™ because the

coding region has been designed to form an intra-molecular double-stranded DNA template.

In some embodiments, the term "vector-related impurities” refers o all types of AAV particles
other than bona fide recombinant AAV particles. Vector-related impurities include empty AAY
capsids {also referred to as "empties”, or "empty particles"}, and AAV particles conlaining

)
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polvnucleotide sequences other than the mtended vector genome (also referred to "AAV-

encapsidated nucleic acid impurities” or "AAV-encapsidated DNA impurities™).

In some embodiments, "recombinant virus” 1s meant a virus that has been genetically altered,
e.g., by the addition or imsertion of a heterologous nucleic acid construct into the
particle. “Recombinant” may abbreviated "7, e.g.. TAAV may refer to recombinant AAY,

The term “AAY” as used herein is intended to encompass “recombinant AAV” or “TAAV.”

In some embodiments, by "AAYV virion®™ 18 meant a complete virus particle, such as a wild-
tvpe (wty AAV virus particle {comprising a linear, single-stranded A AV nucleic acid genome
associated with an AAY capsid protein coat). In this regard, single-siranded AAY nucleic
actd molecules of either complementary sense, e.g., "sense” or "antisense” strands, can be

packaged into any one AAV virion and both strands are eqgually infectious.

In some embodiments, the terms "recombinant AAV vinon," "rAAV vinon,” "AAV vector
particle,” "full capsids,” and "{ull particles” are defined herein as an infectious, replication-
defective virus including an AAV protein shell, encapsidaung a heterologous nucleotide
sequence of interest which is flanked on both sides by AAV ITRs. A rAAV virion is produce

in a suitable host cell which has had sequences specilying an AAV vector, AAV helper
functions and accessory functions introduced therein. In this manner, the host cell 1s rendered
capable of encoding AAV polypeptides that provide for packaging the AAV vector (containing
a recombinant nucleotide sequence of interest) into infectious recombinant virion particles for

subsequent gene delivery.

In some embodiments, the terms "empty capsid,” and "empiy particle.” refer to an AAV virion
that includes an AAV protein shell but that lacks in whole or part the polynucleotide construct
comprising the heterologous nucleotide sequence of nterest flanked on both sides by AAV

ITRs.

The term "host cell” denoies, for example, microorganisms, veast cells, msect cells, and
manmumalian cells, that can be, or have been. used as recipients of an AAV helper construct, an
AAY vector plasnud, an accessory function vector, or other transfer DNA. The term includes
the progeny of the oniginal cell which has been transfected. Thaus, a "host cell” as used herein

generally refers to a cell which has been transfected with an exogencus DNA sequence. It 1s
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understood that the progeny of a single parental cell may not necessarily be completely
identical in morphology or in genonic or total DNA complement as the original parent, due to

natural, accidental, or deliberate mutation.

In another embodiment, the term “AAV helper functions” refer to AAV-derived coding
sequences which can be expressed to provide AAY gene products that, in turn, function in trans
for productive AAVY replication. Thus: AAV helper [unctions include both of the major AAV
open reading frames (ORFs), rep and cap. The Rep expression producis have been shown to
possess many functions, including, among others: recognition, binding and nicking of the AAY
origin of DNA replication; DNA helicase activity; and modulation of transcription from AAV
{or other heterologous} promoters. The Cap expression products supply necessarv packaging
functions. AAVY helper functions are used herein to complement AAV functions in trans that

are missing from AAV vectors.

In one embodiment, the term "AAVY helper construct” refers generally to a nucleic acid
molecule that includes nucleotide sequences providing AAY functions deleted from an AAV
vector which 15 10 be used to produce a transducing vector for delivery of anucleotide sequence
of interest. AAV helper constructs are conumnonly used to provide transient expression of AAVY
rep and/or cap genes to complement missing AAV functions that are necessary for AAY
replication; however, helper constructs fack AAY I'TRs and can neither replicate nor package
themselves. AAV helper constructs can be in the form of a plasmud, phage, transposon, cosmid,
virus, of virion. A number of AAV helper constructs have been described, such as the
commonly used plasmids pAAV/Ad and pIM29+45 which encode both Rep and Cap
expression products. See, e.g., Samulski et al. (1989} J. Virel. 63:3822-3828; and McCarty et
al. (1991} ). Virol. 65:2936-2945. A number of other vectors have been described which encode

Rep and/or Cap expression products. See, eg., .S Pat Nos. 5,139,941 and 6,376,237

In another embodiment, the term "transfection” 15 used to refer to the uptake of foreign DNA
by a cell, and a cell has been "transfected” when exogenous DXINA has been introduced inside
the cell membrane. A number of transfection techniques are generally known in the art. Seg,
e.g., Graham et al. (1973) Virology, 32:456, Sambrook et al. {1989) Molecular Cloning, a
taboratory manual, Cold Spring Harbor Laboratories, New York, Davis et al. (1986) Basic

Methods in Molecular Biology, Elsevier, and Chu et al. {1941} Gene 13:197. Such techniques
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can be used to mfroduce one or more exogenous DNA moieties into suitable host cells.

As used herein, the term "cell line” refers to a population of cells capable of continuous or
prolonged growth and division in vitro. It is further known in the ast that spontaneous or
mduced changes can oceur in karyolype during storage or transfer of such clonal populations.
Therefore, cells derived from the cell line referred to mav not be precisely identical to the
ancestral cells or cultures, and the cell line referred to includes such varants. In some
embodiments, the terms "HEK 293 cells”, 293 cells™ or their grammatical equivalents are used
mterchangeably here and refer to the host/packing cell line used in the methods disclosed

herem.

In some emnbodiments, the term “eluent” may be understood, in context, 1o refer 1o the buffer
used to elute a substance. In some embodiments, the term “eluent” mav be understood, n
context, to refer to the eluted substance, e g, the desired product or substance from a prior
purification step, e.g., for assaying or further purification.

In some embodiments, the methods described here are performed using good manufacturing
practice {(GMP) and at industrial scale. GMPs are regulatory practices, e.g., those enforced by
the Federal Drug Agency (FDA), for ensuring pharmaceutical quality. GMP regulations
establish controls for manufacturing processes. Examples of current GMP regulations are
published by FDA. In some embodiments, the methods described herein emplov GMP
procedures for producing AAVY viral vectors af industrial scale. To date, industrial scale
production of AAV viral veciors for gene therapy has been challenging because of scalability
issues. Thus, in some embodiments, the methods described heremn provided an advantage by
producing AAY viral vectors, e.g., in adherent cells, at industrial scale and at purity levels
sufficient to administer to a human. The term “industrial scale” refers to methods of producing
viral vector in cells at larger than bench scale, e g., commercial scale, e.g., where the vield 1s
more than 5 x 105 vg, or more than 8 x 10* vg or more than 1 x 10'° vg per manufacturing

batch.

UPSTREAM PROCESS

In some embodiments, an upstream process 18 used to produce an mtermediate derived from a

working cell bank, wherein the upstream process comprises the steps of {a) culturing cells, e g.,
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adherent celis, (b) transfecting the cultured celis, e g., adherent cells, with three plasmuds, (©)
harvesting the expanded viral particles from the cells after a culiure period, e.g.. by total cell
lvsis, (d) puntying the viral particles via filtration to reroove any intact cells or cellular debris,
(2) subjecting the eluent from step (d) to tangential flow filtration, and (f) optionally freezing
the resultant intermediate preparation of purified viral particles. In some embodiments, the
mntermediate preparation may be frozen. In other embodiments, the intermediate preparation
need not be frozen prior to downstream processing. In some embodiments, the AAV prepared
with the upstream process disclosed herein 15 an AAV encoding an shRNA targeting SOD1, an
AAY comprising a polvnucleotide encoding MECP2, or an AAY comprising a polvnucleotide
encoding SMN, as described herein. In some embodiments, the upsiream process 1s conducted

under OGMP and at industrial scale.

i Cell Line Transfection and Culturing

In one aspect, disclosed herein are rAAY genomes. The rAAV genomes comprise one or
more AAV ITRs flanking a polvnucleotide encoding a polypeptide (including, but not linuted
to, an SMN polypeptide) or encoding siRNA, shRNA, antisense, and/or muRNA directed at
mutated proteins or control sequences of their genes. The polynucleotide is operatively linked
to transcriptional control DNAs, specifically promoter DNA, enhancer DNA and
polyvadenylation signal sequence DNA that are functional in target cells to form a gene
cassette. The gene cassette may also include intron sequences to facilitate processing of an

RNA transeript when expressed in mammalian cells.

In some embodiments, the tAAV (e.g., rAAV9) genome encodes a trophic or protective
factor for treatment of neurodegenerative disorders, including but not limited to Alzheimer's
disease, Parkinson's disease, Huntington's disease along with nervous system igjury including
spinal cord and brain trauma/injury, stroke, and brain cancers. Non-linuting examples of
known nervous svstem growth factors include nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5),
neurotrophin-6 (NT-6), ciliary neurotrophic factor (CWNTF), glial cell line-derived
neurotrophic factor (GDNF), the fibroblast growth factor famuly (e.g., FGF's 1-15), leukerma
inhibitory factor (LIF), certain members of the insulin-like growth factor family (e.g, IGF-1),
the neurturins, persephin, the bone morphogenic proteins {BMPs}), the immmunophilins, the

transforming growth factor (TGF) family of growth factors, the neuregulins, epidermal
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growth factor (EGF), platelet-derived growth factor (PDGF), vascular endothelial growth
factor family {e.g. VEGF 165}, follistatin, Hifl, and others. Also generally conternplated are
7zine finger transcription factors that regulate each of the trophic ot protective factors
contemplated herein. In further embodiments, methods 1o modulate neuro-immung function
are contermplated, including but not limited to, inhibition of microglial and astroglial
activation through. for example, NFKB mhubition, or NFKB for neuroprotection (dual action
of NFkB and associated pathways in different cell tvpes) by siBRNA, shRNA, antisense, or
miRNA. In still further embodiments, the rAAY (e.g., rAAVY) genome encodes an apoptotic
mhibitor (e.g., bel2, belxl). Use of a rAAV {e.g., tAAV9) encoding a trophic factor or spinal
cord injury modulating protein or a suppressor of an inhibitor of axonal growth (eg., a
suppressor of Nogo [ Qertle et al., The Journal of Neuroscience, 23(131:5393-5406 (2003)] is

also contemplated for treating spinal cord injury.

For treatment of neurodegenerative disorders such as Parkinson's disease, the rAAV (e.g.
rAAV9) genome encodes in various embodiments Aromatic acid dopa decarboxylase
{AADC), Tyrosing hydroxylase, GTP-cyclohydrolase 1 {gipchl), apoptotic inhibitors (e.g.,
belZ, belxl), ghial cell line-derived neurotrophic factor (GDNF), the mhibitory
neurotransmitter-amino butyric acid (GABA), or enzymes involved in dopamine
biosynihesis. In further embodiments, the rAAV (e.g. rAAVY) genome may encode, for

example, modifiers of Parkin and/or synuclein.

For treatment of neurodegenerative disorders such as Alzheimer's disease, in soms
embodiments, methods 10 increase acetylcholine production are contemplated. In some
ernbodiments, methods of increasing the level of a choline acetvlransferase (ChAT) or

inhibiting the activity of an acetylcholine esterase (AchE) are contemplated.

The tAAV (e.g rAAVY) genome encodes in some embodiments, siRNA, shRNA, antisense,
and/or miRNA for use in methods to decrease mutant Hundington protein (hit) expression for

freating 2 neurodegenerative disorder such as Huntington's disease.

The rAAVY {(e.g TAAVY) genome encodes in vanous embodiments sitRNA, shRNA, antisense,
and/or miRNA for use in for treatment of neurodegenerative disorders such as ALS.
Treatment results in a decrease in the expression of molecular markers of diseage, such as
TNF-g nitric oxide, peroxvynitrite, and/or nitric oxide synthase (NOS).
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In some embodiments, the vectors encode short hairpin RNAs (shRNAg) directed at mutated
proteins such as superoxide dismutase (SOD, e.g.. SOD-1) for ALS, or neurotrophic factors

such as GDINF or IGF1 for ALS or Parkinson's disease.

In one embodiment, the methods and matenials described herein may be used for the
treatment of ALS. ALS is a neurodegenerative disease resulting in progressive loss of motor
neurons in the bram and spinal cord, with symptoms including the loss of ability to speak,
eat, move and eventually breathe The disease typically results in death within 3-5 vears of
diagnosis. While the cause of 90-95% of ALS causes is unknown, a subset of ALS 15 caused
by genetic mutations in the superoxide dismutase 1 {SOD1} gene, where a mutation causes a
toxic dominant gain-of-function. Mouse studies show that SOD1 knockout does not result in
disease and hence therapies that knock down levels of mutant SOD1 are thought to alleviate

disease symptoms.

In some embodiments, the AAV vector encodes an shRNA targeting SOD1 for ALS. An
exemplary AAV, e.g., scAAVY, construct encoding shRNA for SOD1 1s provided in
W02015031392 and US2016272976, the contents of which are hereby incorporated in their
entirety. In some embodiments, an AAV construct encoding shRNA for SOD1 may be
prepared using the methods disclosed herein. In some embodiments, these AAV constructs
may be used to treat ALS. In some embodiments. the SOD1 AAV exhibits less than 10%,
e.g., less than 7%, 5%, 4%, 3%, 2%, or 1% empty capsids. In some embodiments, the SOD1
AAYV exlubits low amounts of residual host cell protein, host cell DNA, plasmid DNA, and/or
endotoxin, e.g., levels discussed herein {or the preparation and purification of AAV vectors.
As used herein, “AVXS-3017 is a non-limiting example of an scAAV 9 vecior, 1.e.,
comprising a polynuclectide (e.g. pSOD Ish) encoding anti-human SOD1 shRNA, a modified
AAVZ2 ITR, ahuman H1 promoter, and an unmodified AAV2 TR, The modified and
unmodified ITRs may come in either orientation (i.e., 5° or 37) relative 1o the anti-human

SODT chRNA expression casselts.

As used herein, the “pSOD1sh”™ vector plasmd compuses a polynuclectide encoding a short
hairpin RNA (shRNA) targeting the expression of the superoxide dismutase 1 (5GD1) gene,
te, an anii-SOD1 shRNA cassette, wherein the cassette 1s flanked by adeno-associated virus

inverted terminal repeat (ITR) sequences, e.g., “lefl” and “night” of the polynucleotide
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encoding the pSOD1sh. In some embodiments, the polvnucleotide encoding pSGD1sh is
transcribed into a short hairpin RNA that specifically targets the haman SOD1 mRNA. In
some embodiments, the ITR sequences surrounding the polynucleotide encoding pSOD1sh
are native, variant, or modified AAV I'TR sequences. In some embodiments, at least one TR
sequence is a native, variant or modified AAV2 ITR sequence. In some embodiments, ITRs
flank the polynuclectide encoding pSODIsh. In some embodiments, the two ITR sequences
are both native, variant or modified AAV2 I'TR sequences. In some embodiments, the “left”
ITR is a modified AAV2 ITR sequence that allows for production of self-complementary
genomes, and the “right” ITR 15 anative AAV2 ITR sequence. In some embodiments, the
“right” ITR 15 a modified AAV2 ITR sequence that allows for the production of seif-
complementary genomes, and the “left” ITR is a native AAV2 I'TR sequence. In some
embodiments, the pSODIsh vector further comprises a segment of the human HI RNA
promoter, e.g., as described by Myshnksi. Myslinkski et al. “An unusually compact extemnal
promoter for RNA polymerase {11 transcription of the human HIRNA gene.” Nucleic Acids
Research, 29(12):2502-2509. In some embodiments, the pSOD1sh vector further comprises a
unique stuffer sequence made from segments of random plasmid backbones to increase the
size of the expression cassette In some ebodiments, the pSOD1sh vector comprises a
polynuclestide enceding anti-human SOD1T shRNA, a modified AAV2 ITR, a human H1
promoter, and an unmodified AAV2 ITR

In one embodiment, the methods and materials described herein mayv be used for the
treatment of neurodevelopmental disorders such as Retl Syndrome. Rett Syndrome ig a rare
neurological disorder first recognized in infancy, resulting from mutations i the MECP2
gene on the X chromosome in 90-95% of cases. Ruthie et al,, “Rett syndrome is caused by
mutations in X-linked MECP2, encoding methyvl-CpG-binding protein 2.7 Nature Genetics,
23:185-1838. Bovs who have only one copy of the X chromosome typically die shortly after
birth, while girls who have two copies of the X chromosome usually have one functional
copy of the gene. Thev begin to develop symptoms between 6-18 months, with hallmark
sy mptoms like hand wringing or squeezing, clapping, rubbing, washing, or hand to mouth
movements. The disease 15 progressive with significant disability that can include autistic-like
behaviors, breathing uregulanties, teeding and swallowmg difficulties, growth retardation
and seizures. There are 200 known nuiations of the MECP2 gene, and depending on the level
of X inactivation and dosage compensation, the severity of disease varies widely from patient
to patient. Mouse studies show that MECP2 mutation does not cause neurons to die,
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suggesting that it is not a neurcdegenerative disorder. Guy et al, “Reversal of Neurclogical

Defects in a Mouse Model of Rett Syndrome.” Science, 315(5815y7°1143-1147.

For embodiments relating to Rett Syndrome, the rAAY (e.g. rAAVY) genome may encode,
for example, methyl cytosine binding protein 2 (MeCP2). An exemplary AAV, eg.,
scAAVY, construct comprising a polynucleotide encoding MeCP2 15 provided in US Patent
No. 9,415,121, the contents of which are hereby mcorporated in their entirety. In some
embodiments, an AAV construct comprising a polvnucleotide encoding Me(CP2 may be
prepared using the methods disclosed herein. In some embodiments, these AAV constructs
may be used to treat Rett Syndrome. In some embodiments, the MeCP2 AAV exhibits less
than 10%, e.g., less than 7%, 5%, 4%, 3%, 2%, or 1% empty capsids. In some embodiments,
the MeCP2 AAY exhibits low amounts of residual host cell protein, host cell BNA, plasnud
DNA, and/or endotoxin, e.g., levels discussed herein for the preparation and purification of

AAV veciors.

As used herein, “"AVXS-2017 1s a non-limiting example of an sCAAV9 vector, i.e.,
comprising a polvnucleotide (e.g. pMECP2) comprising a MECPZ ¢DNA expression
cassette, a modified AAV2 ITR, a murine Mecp2 promoler, a modified SY40 mntro, a
mnimal polvadenylation signal, and an unmodified AAV2 TTR. The modified and
unmodified ITRs may come in either orientation {i.e., 57 or 37) relative to the MECPZ ¢cDNA

expression cassette.

As used herein, the “pMECP2” vector plasnmid comprises a polyvnucleotide encoding an
MECP2 protein, a modified AAVZ ITR, a murine Mecp2 promoter, a modified V40 intro, a
minimal polvadenylation signal, and an unmodified AAVZ ITR. In some embodiments,
pMECP2 13 a vector construct comprising a polynucleotide encoding an MECP2 protein, i.e.
a MECP2 cDNA expression cassette, wherein the cassette 1s flanked by adeno-associated
virus inverted terminal repeat (ITR) sequences, e.g., “left” and “right” of the polvnucleatide
encoding the MECPZ2 cene. In some embodimeanis, the polynucleotide encoding MECP2 s a
human MECP2 sequence, e.g., a naturally occurring human MECPZ sequence or isoforms,
variants, or mutants thereof In some embodiments, the ITR sequences are native, variant, or
modified AAV FTR sequences. In some embodiments, at least one ITR sequence is a native,
variant or modified AAV2 TTR sequence. In some embodiments, the two TR sequences are
both native, variant or modified AAV?2 TR sequences. In some embodiments, the “left” ITR
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s a modified AAV2 ITR sequence that allows for production of self-complementary
genomes, and the “right” ITR is anative AAV2 [TR sequence. In some embodiments, the
“right” ITR 15 a modified AAV2 ITR sequence that allows for the production of seif-
complementary genomes, and the “left” ITR is a native AAV2 I'TR sequence. I some
embodiments, the pMECPZ vector further comprises a segment but not all of the mouse
Mecp2 promoter. In some embodiments, the pMECP2 vector further comprises a Simian
Virus 40 (§V40) intron. In some embodiments, the pMECP2 vector further conprises a
minimal polvadenylation signal, e.g., as defined by Levitt et al., “Definition of an efficient

synthetic poly(A) site.” Genes & Development, 3:1019-1025.

In some embodiments, the rAAY genomes disclosed herein lack AAV rep and cap DNA, AAY
DNA i the rAAV genomes {e.g., ITRs) may be from any AAV serotype for which a
recombinant virus can be derived including, but not himited 1o, AAV serotypes AAV-1, AAV-
2, AAV-3, AAV-4, AAV-5, AAV-6, AAV-T, AAV-8, AAV-9, AAV-10 and AAV-11. The
nucleotide sequences of the genomes of the AAV serotypes are known in the art. For example,
the complete genome of AAV-1 is provided in GenBank Accession No. NC _002077; the
complete genome of AAV-2 is provided in GenBank Accession Mo, NC 001401 and Srivastava
ef al., Virol., 45: 555-364 {1983} the complete genome of AAV-3 Is provided in GenBank
Accession No. NC_ 1829; the complete genome of AAV-41s provided in GenBank Accession
No. NC 001829 the AAV-3 genome is provided in GenBank Accession No. AF083716; the
complete genome of AAV-6 1s provided mn GenBank Accession No. NC 00 1862; at least
portions of AAV-7 and AAV-8 genomes are provided in GenBank Accession Nos. AX753246
and AX753249, respectively; the AAV-9 genome is provided in Gao et al, J. Virol,, 78 6381-
6388 (2004);, the AAV-10 genome i3 provided in Mol Ther, 13(1) 67-76 (2006}, and the
AAV-11 genome is provided in Virology, 330{2): 375-383 (2004).

As used herein, the “pSMN” vector plasrmd comprises a polynucleotide encoding an SMN
protein, i.e, a SMN cDNA expression cassette, wherein the cassette is flanked bv adeno-

associated virus inverted terminal repeat (TR} sequences, eg

f=2%)

“left” and “night” of the

polyanucleotide encoding the SMN gene. In some embodiments, the polynucleotide encoding

SMN 15 a human SMN sequence, e.g., anaturally occurnng human SMN sequence or isoforms,

variants, or mutants thereof. In some embodiments, the I'TR sequences are native, variant, or

modified AAV ITR sequences. In some embodiments, at least one ITR sequence is a native,

variant, or modified AAV2 TTR sequence. In some embodiments, the two I'TR sequences are
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both native, variant, or modified AAVZ2 TR sequences. In some embodiments, the “left” ITR
13 a modified AAV2 ITR sequence that allows for the production of self-complementary
genomes, and the “right” ITR is anative AAV2 TR sequence. In some embodiments, the “right”
ITR is a modified AAV?2 ITR sequence that allows for the production of self-complementary
genomes, and the “left” I'TR 1s anative AAV2 ITR sequence. In some embodiments, the pSMN
plasmud further comprises a CMV enhancer/chicken beta-actin (“CB”) promoter. In some
embodiments, the pSMN plasnud further comprises & a Simian Virus 40 (§V40) intron. In
some embodiments, the pSMN plasmid further comprises a bovine growth hormone (BGH)
polyvadenylation {poly A} termination signal. Exemplary sequences that may be used for one or
more of the components discussed above are showin in Table 1 below. In some embodiments,
all of the sequences shown in Table 1 below are used. In some embodiments, “"AVXS-101,”
1s a non-limiting example of a vector construct using all the sequences in Table 1 and falling within

the scope of the torm pSMN.

In some embodiments, a pSMN vector may comprise a SMN cENA expression cassetie, a
modified AAV2 ITR, a chicken beta-actin {CB) promoter, a cvtomegalovirus (CMV)
immediate/early enhancer, a modified SV40 late 168 intron, a bovine growth hormone (BGH)
polyadenylation signal, and an unmodified AAV2 ITR. The moedified and unmodified ITRs

may come in either origntation {i.e., 5" or 37} relative {o the SMN ¢cDNA expression cassette.

In some embodiments, e.g., during the manufacturing processes described herein the vector
construct sequence is encapsidated, eg., into AAVY virions. In these embodiments,
encapsidation is in anon-replicating, recombinant AAVO capsid capable of delivering a stable,
function transgene, e.g. a fully functional human SMN transgene, MECP2 transgene, or anti-
SOD1 shRNA. In some embodiments, the capsid is comprised of 60 viral proteins (VP1, VP2,
YP3}, e.g., 10 a ratio of 1:1:10 produced by alternate splicing such that VP2 and VP3 are two
truncated forms of VP, all with common C-terminal sequences. In some embodiments, the
product of the manufacturing process, e.g., a drug product, may comprise a non-replicating,
recombinant AAVY capsid to deliver a stable, fully functional human SAMN transgene, a
MECP2 transgene, or a anti-SODT shRNAL In some embodiments, the capsid is comprised of 60
viral proteins (VPI, VP2, VP3) in a ratio of 1:1:10 produced by alternate splicing such that VP2

and VP3 are two truncated forms of VP I, all with common C-terminal sequences.
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In some embodiments, the amount of functional viral vectors is determined by the % of
functional vg/mk. as measured using a suitable in vifro cellular assay or i vive animal model.
For example, the % of functional AAY SMN may be assaved by relative potency using an
animal model of SMA, e g., the SMAAT mouse, or a quantitative cell-based assay using a
suitable cell line, e.g., primary neural progenitor cells (NPCs) isolated from the cortex of

SMA A7 mice. The 9% of functional AAYV MeCP2 may be assaved using a suitable in vitro

cellular assay or in vive animal model, e.g., an Mecp? knockout mouse. The % of fonctional
AAV S0D1 may be assayed using a suitable in virro cellular assay or in vive animal model,
e.g., a SOD/ mutant mouse.

The DNA sequence of an exemplary vector construct, e.g., AVXS-101 is described in Table

1.

Table 1: AVXS-101 Vector Construct DNA Seqguence Summary Component {(all n{ start
and stop positions are in relation te SEQ ID NG 1),

Start Stop Size Bescription Nen-limiting
Position | Position | {nt) description of
potential benefits
"Left" Mutated AAVZ ITR i 106 106 Modification to | Without being
the "left" ITR limited by theory,
by deleting the | this mutated TR
teromnal may allow fora
resolution site second-gencration
to allow hairpin | self-
formation of complementary
genomes VeCtor to
maximize vector
potency, allowing
lower systenmc
doses
CMYV Enhancer / CB Promoter i53 432 280 Postton of the Without being
CMV limited by theory,
immediate/early | this may allow for
cobancer constituiive ngh-
439 704 266 CB core evel SMN
promoter EXPIESSIO
5%40 Intron 774 870 &7 Intron from the | Without being
SWV4G (to fimited by theory,
enhiance this may atlow for
accunmlation of | increased gene
steady level of | expression
mMRNA for
translation)
Huoman SMN cDNA 1003 1887 885 Modified from | Without being
Genbank limited by theory,
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Accession this yaay allow the
#NM 017411 for expressionof a
fudl-fength SMN
profein

BGH Polv A Without being
signal limited by theory,
this may provide a
Poly Aofthe
SMN mRNA
{transcription
fermination
signal) for high-
fevel, efficient
ZEDE EXPIESSION
"Right" AAV2 ITR 2217 2359 143 Unmodified Without being
AAVZITR frmited by theory,
this AAV2 TR in
cig yaay provide
for both viral
DNA replication
and packaging of
the AAV vector
FENROMWE

BGH Poly A Termunation Signal 1973

N
[
&
=
2
Nl
[

In another aspect, the DNA sequence of the AVXS-101 vecior construct is provided m SEQ
D NG L

ctgcgcgete getegetcac tgaggecgoe cgggcaaagce ccgggoegteg 50

100

ggcgaccttt ggtcegecegyg cctecagtgag cgagegagey cgcagagag

Ko

2

gagtggaatt cacgcgtgga tctgaatitca attcacgegt ggtacctetg 150

NS

gtecgttacat aacttacggt

)]
O

atggcocceyg coctggcotgac cgcccaacga 200

[\
[@xi
[wn

ccocecocgaecca ttgacgtcaa taatgacgta tgttcceccata gtaacgoecaa

[
<
[wn]

tagggacttt ccattgacgt caatgggtgg agtatttacyg gtaaactgec

(@2l
(e

cacttggcag tacatcaaglt gtatcatatg ccaagtacge ccectattga

cgtcaatgac ggtaaatgge ccgectggea

isS > [N
(@]
o

(o]
(e

tatgggactt tcoctacttgyg cagtacatcet actegaggee acgttctget

(@]
<
o

tcactcectcee catctecccee coctececccace cecceaatttt gtatttattt

[
(o]
o

attttttaat tatttitgtge agcgatygggy goggugaygyay dagagagacy

cgegecagygc gggacygagc J9gggcgagyy gocagage

\L
o
p
(
o]
)
Q
8]
0
9}
Q
m
S
<
o

N

(62l
(=]

gagagtgcggc ggcagecaal cagagcggeg cgceteocgaaa gttteetttt
atggcgagge ggceagegaoy gcggcecectat aaaaagcegaa goegogeggeg 700

ggcgggagceyg ggatcageca ccgeggtgge ggectagagt cgacgaggaa 750

ctgaaaaacce agaaagttaa ctggtaaghtt tagtettttt gtettt

tcaggtcecceg gatccecggtgyg tggtgcaaat ctg ctectecagty

gatgttgect ttactictag gcctgtacgg aagtgttact tcectgetcetaa 900
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aagctgecgga attgtaccog cggccgatcece accgogtcegyg aattoccocggg 950

‘-{),

atatcgtcga cocacgogtc cgggcccoac gotgogocaca ogogggttig 1000

r
o]

1050

ctatggegat gagcagegge ggcagtggtg gecggegtece ggagceagga

@

gattceccgtge tgttcoccggoyg cggcacagge cagagcegatg attctgacat 1100

ttgggatgat acagcecactga taaaagcata tgataaagelt gltggettcat 1130
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In some embodiments, the amino acid sequence of the SMN protein encoded by the pSMN

plasmd comprises:
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MAMSSGGSGGGVPEQEDS VLFRRGTGQSDDSDIWDDTALIKAYDKAVASFKHALK
NGDICETSGKPKTTPKRKPAKKNKSQKKNTAASLQOWKVGDKCSAIWSEDGCIYPA
TIASIDFKRETCVVVYTGYGNREEQNLSDLLSPICEVANNIEQNAQENENESQVSTDE
SENSRSPGNKSDNIKPKSAPWNSFLPPPPPMPGPRLGPGKPGLKFNGPPPPPPPPPPHLL
SCWLPPFPSGPPHPPPPPICPDSLDDADALGSMLISWYMSGYHTGY YMGFRONQKEG
RCSHSLN (SEQ ID NO: 2).

In some embodiments, AAV capsid proteins VP1, VP2, VP3 are derived from the same
transcript. These have alternative start sites but share a carboxy terminus. Below, VP1 specific
amino actd sequences are shown n black and are bolded. Anmuno acid sequences common to
VP1 and VP2 are undelined and in /igdics. Amino acids commion to all three capsid proteins

are bolded and in iralics.

1 MAADGYLPDW LEDNLSEGIR EWWALKPGAP GPKANGOHGD NARGLVLPGY KYLGPGRNGLD
61 KGEPVRAADA AALEHDKAYD QGLKAGDNPY LKYNHADAEF QERLKEDTSF GGNLGRAVEG
121 AKKRLLEPLG LVEEAAKTAPR GKKRPVEQSPE QEPDSSAGIG KSGAQPAKKR INFGRTGDTE

181 SVPDPQPIGE PPAAPSGVGS L TMASGGGAP VADNNEGADG VGESSSGNWHC DSQWIGDRV]

241 TTSTRTWALP TYNNHLYKG SNSTSGGSSN DNAYFGYSTP WGYFDFNRFH CHFSPRDWOR
301 LINNNWGFRP KRLNFKLFNI QVKEVTDNNG VKTIANNLTS TVQVFTDSDY QLPYVIGSAH

361 EGCLPPFPAD YFMIPQYGYL TINDGSQAVG RSSFYCLEYF PSOMIRTGNN FOFSYEFERY

421 PRHSSYAHSG SLDRLMNPLI DQYLYYLISKT INGSGQNQQT LKFSVAGPSN MAVOQGRNYIP
481 GPSYRQORVS TTVTONNNSE FAWPGASSWA LNGRNSLMNMNP GPAMASHKEG EDRFFPLSGS
541 LIFGKGGTGR DNVDADKVM] TNEEEIKTTN PVATESYGOV ATNHOSAQAQ AQTGWVONQG
801 ILPGMVWADR DVYLQGPIWA KIPHTDGNFH PSPLMGGFGN KHPPPGILIK NTPVPADPPT
661 AFNKDKLNSFITQYSTGQVS VEIEWELQKE NSKRWNPEIQ YTSNYYKSNN VEFAVNTEGY
721 YSEPRPIGTR YLTRANL (SEQ ID NG: 3).

In one embodiment, the AAV capsid proteins are derived from a transcript encoding the amino

actd sequence set forth in SEQ 1D NG 3.

In another aspect, disclosed herein are DNA plasmids comprising rAAV genomes. The DNA
plasmids are transferred to cells permissible for mfection with a helper virus of AAV {e.g.,

adenovirus, El-deleted adenovirus or herpesvirus) for assembly of the rAAV genome into
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infectious viral particies with AAVY capsid proteins. Techniques to produce rAAV particles,
m which an AAV genome 1o be packaged, rep and cap genes, and helper virus funciions are
provided to a cell are standard i the art. In some embodiments, production of TAAV involves
the following components present within a single cell (denoted herein as a packaging cell): a
rAAV genome, AAV rep and cap genes separate from (Le., not in) the rAAV genome, and
helper virus functions. Production of pseudotyped rAAV 1s disclosed in, for example, WO
01/83692 which is incorporated by reference herein in its entirety. In various embodiments,
AAYV capsid proteins may be modified to enhance delivery of the recombinant vector.
Modifications to capsid proteins are generally known in the arl. See, for example, US
2005/0053922 and US 2009/0202490, the disclosures of which are incorporated by reference

herein in their entirety.

General principles of rAAV production are reviewed in, for example, Carter, 1992, Current
Opintons in Biotechnology, 1533-539; and Muzvczka, 1992, CUM Topics in Microbial. and
Immunol., 158:97-129). Various approaches are described in Ratschin et al., Mol Cell. Biol.
42072 (1984), Hermonat et al., Proc. Natl, Acad. Sct. USA, 81:6466 (1984); Tratschin et al |
Mol. Cell. Biol. 5:3251 (1983); MclLaughlin et al., J. Virol., 62:1963 (1988); and Lebkowski
et al.. 1988 Mol. Cell. Biol., 7:349 (1988). Sanulski et al. (1989, J. Virol, 63:3822-3828); U.S.
Pat. No. 5,173,414; WO 95/13365 and corresponding U.S. Pai. No. 5,658,776, W 95/13392;
WO 96/17947, PCT/USO/18600; WO 97/09441 (PCT/US96/14423), WO 97/08298
(PCT/USYG/13872);, WO 97/21825 (PUT/USYG/20777y, WO 97/06243 (PCT/FRY96/01064);
WO 99/11764; Pernny et al. (1995) Vaccine 13:1244-1250; Pawl et al. (1993) Human Gene
Therapy 4:609-615; Clark et al. (1996) Gene Therapy 3:1124-1132; U.8. Pat. No. 5,786,211,
U.S. Pat. No. 5,871,982; and U.S. Pat. No. 6,258,593, The foregoing documents are hereby
incorporated by reference in their entirety herein, with particular emiphasis on those sections of

the documents relating to rAAV production,

An exemplary method of generating a packaging cell is to create a cell line that stably expresses
all the necegsary components for AAY particle production For example, a plasmid (or multiple
plasmids} comprising a tAAV genome lacking AAV rep and cap genes, AAV rep and cap
genes separate from the rAAY genome, and a selectable marker, such as a neomy cin resistance
gene, are integrated into the genome of a cell. AAVY genomes have been introduced into
bacterial plasmids by procedures such as GC tailing (Samuicky et al | 1982, Proc. Natl. Acad.

S6. USA, 79:2077-2081), addition of synthetic hinkers confaining restriction endonuclease
38



r

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

cleavage sites {Laughlin et al., 1983, Gene, 23:65-73} or by direct, blunt-end ligation
(Senapathy & Carter, 1984, 1. Biol. Chem., 259:4661-4666). The packaging cell line 15 then
mfected with a helper virus such as adenovirus. The advantages of this method are that the cells
are selectable and are suitable for large-scale production of TAAV. Other examples of suitable
methods employ adenovirus or baculovirus rather than plasouds (o introduce TAAV genomes

and/or rep and cap genes mto packaging cells,

The disclosure herein thus provides, in various embodiments, packaging cells that produce
mfectious rAAV. Packaging cells may be non-adherent cells cultured in suspension or adherent
cells. In one embodiment any suitable packaging cell line may be used, such as Hel.a cells,
HEK 293 cells and Per(C.6 cells {a cognate 293 line). In one embodiment, the cell line 1s HEK

293 cells.

To increase the viral vector production vield, adherent cells may be cultured and selected for
improved adherence to culture flasks. In some embodiments, improves transfection efficiency
and cell count during subsequent bioreactor seeding steps. During subculture, cells may be
detached from the cell culture surface by methods known in the art, For example, cells may be
lifted by scraping or by incubating in a solution comprising proteases. In an exemplary
embodiment, HEK293 cells may be washed with PBS and dissociated with trypsin for ~2
minutes at room temperature. Dissociation may be stopped by adding growth media containing
serum, and cell clumps may be dissociated by repeated pipetiing of the suspension. Cell
suspension may then be pelleted, and the isolated pellet may be resuspended in a suitable
complete growth media. Cells may then be seeded in new cell culture chambers, and allowed
to adhere. Cells that do not adhere to the surface after a period of time may be removed by
gentle aspiration with cell culture media, before the cell culture media was completely replaced
with growth media In some embodiments, the period of time that cells are allowed to adhere
may be about 2 hours, about 3 hours, about 4 hours, about 5 hours, about 6 hours or about 7
hours. When the cells have been expanded, the process may be repeated to increase the fraction
of cells that adhere strongly 1o the culture flasks. In some embodiments, the procass is repeated
at least 2 times, at least 3 times, at least 4 times, at least 5 times, or any suitable number of
times. In an exenplary embodiment, HEK293 cells are seeded in 75 om? flask, allowed to
adhere for 4 hours in the 37°C incubator before weakly adherent cells are removed by aspirating
and replace cell culture media Tn an exemplary embodiment, the process of selecting for
strongly adherent cells is repeated for three cell culture passages.
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In other embodiments, rAAVY (1e., infectious encapsidated rAAVY particles) comprises a
rAAY genome disclosed herem. In one aspect, the TAAVY genome 13 a self-complementary

genome.

In another aspect, TAAV are provided such as a rAAVY named "rAAV SMN" In some
embodiments, the rAAY SMN genome has in sequence a first AAV2 I'TR, the chicken-f actin
promoter with a cytomegalovirus enhancer, an SV40 intron, a polvnucleotide encoding SMN,
a polyadenviation signal sequence from bovine growth hormone, and a second AAV2 ITR. In
some embodiments, polynucleotide encoding SMN is a human SMN gene, e g., set forth in or
derived from GenBank Accession Number MN_000344.2, Genbank Accession #NM 017411,
or any other suitable human SMN isoform.  An exemplary SMIN sequence comprises a
sequence of:

1 CCACAAATGT GGGAGGGUGA TAACCACTCG TAGAAAGCGT GAGAAGTTAC TACAAGCGGT

61 CCTCCOGGCC ACCGTACTGT TCCGUTCCCA GAAGCLCOGG GCGGCGGAAG TCGTCACTCT

121 TAAGAAGGGA CGOGEGCCCCA CGUTGCGCAC CCGCGOGOTTT GCTATGGCGA TGAGCAGCGE
181 COGCAGTGOT GLCGGUGTCC CGOAGCAGUA GUATTCCGTG CTGTTCLGOGL GUGGCACAGEH
241 CCAGAGCGAT GATTCTGACA TTTGGGATGA TACAGCACTG ATAAAAGCAT ATGATAAAGC
30 TCTGCGCTTCA TTITAAGCATG CTCTAAAGAA TGGTCGACATT TCTGAAACTT CGGGTAAACC
361 AAAAACCACA CCTAAAAGAA AACCTGCTAA GAAGAATAAA AGCCAAAAGA AGAATACTGC
421 AGCTTCCTTA CAACAGTGGA AAGTTGGGGA CAAATGTTCT GCCATTTGGT CAGAAGACGG
BITTGCATTTAC CCAGCTACCA TTGCTTCAAT TGATTTTAAG AGAGAAACCT GTGTTGTGGT

541 TTACACTGGA TATGGAAATA GAGAGGAGCA AAATCTGTCC GATCTACTTT CCCCAATCTG
601 TCAAGTAGCT AATAATATAG AACAGAATOC TCAAGAGAAT GAAAATGAAA GCCAAGTTTC
661 AACAGATGAA AGTGAGAACT CCAGGTCTCC TGGAAATAAA TCAGATAACA TCAAGCCCAA
721 ATCTGCTCCA TGGAACTCTT TTCTCCCTCC ACCACCCCCC ATGCCAGGGE CAAGACTGGG
781 ACCAGGAAAG CCAGGTCTAA AATTCAATGG CCCACCACCG CCACCGLCAC CACCACCACC
841 CCACTTACTA TCATGCTGGC TGCCTCCATT TCCTTCTGGA CCACCAATAA TTCCCCCACC

901 ACCTCCCATA TGTCCAGATT CTCTTGATGA TGCTGATGCT TTGGGAAGTA TGTTAATTTC

361 ATGGTACATG AGTGGCTATC ATACTGGCTA TTATATGGGT TTCAGACAAA ATCAAAAAGA
1021 AGGAAGGTGC TCACATTCCT TAAATTAAGG AGAAATGUTG GCATAGAGCA GCACTAAATG
1081 ACACCACTAA AGAAACGATC AGACAGATCT GGAATCTGAA GUGTTATAGA AGATAACTGG
1141 CCTCATTTCT TCAAAATATC AAGTGTTGGG AAAGAAAAAA GGAAGTGGAA TGGGTAACTC
1201 TTCTTGATTA AAAGTTATGT AATAACCAAA TGCAATGTGA AATATTTTAC TGGACTCTTT
1261 TGAAAAACCA TCTGTAAAAG ACTGGGOTEG GOGTGGGAGG CCAGCACGGT GGTGAGGCAG
1321 TTGAGAAAAT TTGAATGTGG ATTAGATTTT GAATGATATT GGATAATTAT TGGTAATTTT
1381 ATGGCCTGTG AGAAGGGTGT TOTAGTTTAT AAAAGACTGT CTTAATTTGC ATACTTAAGC
1441 ATTTAGGAAT GAAGTGTTAG AGTGTCTTAA AATOTTTCAA ATGGTTTAAC AAAATGTATG
1501 TGAGGCGTAT GTGGCAAAAT GTTACAGAAT CTAACTGOTG GACATGGCTG TICATTGTAC
1561 TGTTTTITIC TATCTTCTAT ATGTTTAAAA GTATATAATA AAAATATTTA ATTTTTTTIT

1621 A (SEQ ID NO: 4).

Conservative nucleotide substitutions of SMN DNA are also contemplated {e.g., a guanine to

aderine change al position 625 of GenBank Accession Number NM 0003442} In some

embodiments, the genome lacks AAV rep and cap DNA, that is, there 1s no AAV rep or cap

DNA between the ITRs of the genome. SMN polypeptides contemplated include, but are not

himited to, the human SMNI polvpeptide set out in NCBI protein database number
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NP (003351, In embodiments the SMN DNA comprises a polynuclectide which encodes a
human SMN polypeptide {for example the human SMN protein identified by Uniprot accession
number Q16637, soform 1 (Q16637-1)). Also contemplated is the SMNI1-modifier
polypeptide plastin-3 (PLS3} [Oprea et al., Science 320(5875): 524-327 (2008)]. Sequences

encoding other polvpeptides mav be substituted for the SMN DNA.

Pre-transfection, cells are expanded in suitable culture madia, in Hasks or a suitable bioreacior,
or both. In some embodiments, cells may be expanded in bioreactors that provide continuous
circulation of cell culture media. In one embodiment, cells are expanded in 200 m?, 333 ¥, or
500 m? iICELLis bioreactors. One culture media 1s DMEM with 3-10% FBS, 4.5 g/L glucose,
4 mM L-glutamine. In some embodiments, adherent cells are added to media in a recirculation
media bag and circulated through the bioreactor. In some embodiments, cell culture media or
any other media 1s continuously recirculated through the bioreactor using a peristaltic pummp.
Cells may be seeded at a suitable density in the flasks or bioreactors for culturing and
transfection. The seeding density may depend on the cell type and the amount of time till
transfection. In some embodiments, cells are seeded at about 8000-16000 cells/cm®. In an

embodiment, HEK293 cells are seeded at 8000-12.000 cell/cm?.

Suttable methods for the transduction and reintroduction of transduced cells into a subject are
known in the art. In one embodiment, cells can be transduced in vitro by combining rAAY with
the cells, e.g., in appropriate media, and screening for those cells harboring the DNA of interest
using conventional technigues such as Southern blots and/or PCR, or by using selectabls

markers.

In some embodimenis, a packaging cell line is transfected with three plasnuds: a plasmid
encoding or comprising the vector sequence to be packaged within the AAV vector (eg,
pSMN, pMECP2 transgene, or pSODIsh), pHELP and pAAV2/9. Transfection can be
performed using any of the techniques known in the arf, including but not limited to
electroporation, lipofection, e g. with a lipofectamine, cationic polymers and cationic lipids.
Any suitable transfection media may be used. In one embodiment of the transfection process,
adherent hurman embryonic kidney (HEK293) cells are fransfected with a triple DNA plasmid
polyethvlenimine (PEL} co-precipitation. In one embodiment, a scAAV9.CB.SMN vector {a
self-complementary AAVY vector comprising a CB promoter and a polynucleotide encoding

SMIN) 1s produced using triple DNA plasmid transfection into adherent HEK293 celis using a
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PEL co-precipitation in a large-scale adherent cell bioreactor. In one embodiment, the DMEM
growth medium used for cell expansion is replaced with a modified DMEM transfection media.
This media 15 formulated without calcium and L-glutamine.  In one embodiment, the
transfection media is DMEM with no FBS, no calcium, no L-ghitamine and 4.5 ¢/L. ¢lucose.
In some embodiments, transfection media without serum (e.g., without FBS) improves
transfection  efficacy. In an embodiment, the transfection media is OptiMEM
{(Invitrogen/Thermo Fisher). In one embodiment, the three plasmids (pSMN, pHELP and
PAAV2/9) are mixed together with PEI in transfection media and allowed to react. In some
ermbodiments, the three plasmids are muxed together in about 1:1:1 molar ratio. In some
embodiments, the plasmids and PET are mixed inaratio of 1:1 by weight of BDNA:PEL Tn some
embodiments, the plasmids and PEY are mixed in a ratio of less than 1:1 by weight of DNAPEL
In an embodiment, pSMN, pHELP and pAAV2/9 are mixed in 1:1:1 molar ratio in OptiMEM
media. In such an embodiment, PEI is added such that DNA:PE{ 1s 11 by weight. In some
embodiments, the reaction is allowed to occur for 0-60 minutes, or 10-45 nunutes, or 20-30

minutes. In an embodiment, the reaction is allowed to occur for 15-30 minutes.

In an embodiment, the present disclosure provides a method for manufacturing a AAV based
viral vector comprising the steps of (i) culiunng adherent HEK293 cells in an industrial scale
bioreactor, (2) transfecting the adherent cells with plasmids {or less than 60 munutes o enable
production of the AAV wvector, and optionally applving further processing, purification,
formulation and filling steps to produce a pharmaceutical product. In one embodiment of this
process, the scAAVS.CB SMN vector is produced using triple DNA plasmid transfection using
a polyethylenimine (“PEY) co-precipitation. In an embodiment, the 3 plasmids utilized for this

transfection are pSMN, pAAV2/9, and pHELP.

Transfection may be performed by contacting the packaging cell hine with the DNA-PEI
coprecipiiate. fn some embodiments, the DNA-PEL coprecipitate n transfection media is filled
into a media recirculation bag. In some embodiments, the DNA-PE@ coprecipitate in
transfection media is circulated inio the bioreactor and completely displaces the growth media.
In some embodiments, the DNA-PEI coprecipitaie in transfection media is allowed 1o contact
the adherent cells in the bioreactor. In some embodiments, DNA-PEL coprecipitate mn
transfection media is allowed to contact the adherent cells in the bioreactor for up to two hours.
In some embodiments, the transfection occurs for one 1o two hours. In some embodiments, the

transfection occurs for less than one hour, for example, 10 minutes, 20 minutes, 30 minutes,
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40 minutes or 50 minutes. In some embodiments, the transfection occurs for one to two hours.
In some embodiments, the transfection is stopped by recirculating complete growth media

through the bioreactor and completely displacing the transfection media,

2. Harvesting the Fxpanded Viral Pariicles

After a suitable cell expansion period post-transfection, in some embodiments the cells are
lvsed and the viral particles harvested. In some embodiments, the cells are dissociated from
the reactor before the cell lysis process 1s initiated. In some embodiments, the cells are tvsed
in situ. Optionally, the viral particles are harvested without lysing. In some embodiments, an
endonuclease is added, e.g., circulated into the bioreactor 1o a final target concentration. The
endonuclease may be one that degrades both DNA and RNA. In one embodiment, the
endonuclease is a genetically engineered endonuclease from Serratia marcescens (Eaves, G. IN.
ot al. J. Bact. 1963, 85, 273-278: Nestle, M. et al. J. Biol. Chem. 1969, 244, 5219-5225) that is
sold under the name Benzonase® {EMD Millipore}. The enzyme is produced and purified from
E. colt strain W3110, a muatant of strain K12, containing the pNUCT production plasmud (U.S.
Pat. No. 5,173,418, which 1s hereby incorporated by reference in its entirety). Structurally, the
protein 13 a dimer of identical 245 amino acid, about 30 kDa subunite with two important
disulfide bonds. Benzonase® degrades all forms of DNA and RNA (single stranded, double
stranded. linear and circular) and 15 effective over a wide range of operating conditions,
digesting nucleic acids to 3'-monophosphate terminated oligonucleotides 2-5 bases in length.
Benzonase® 15 produced under current good manufacturing practices {cGMP) and, thus, can
be used in industrial scale processes for the purification of proieins and/or viral particles. Other
endonuclieases that are produced under ¢GMP conditions can likewise be used in the
purification methods disclosed in this application. In one embodiment, benzonase is added to
the bioreactor to a final concentration of between 50 — 200 U/ml, eg., 75 — 150 U/ml, e g,
about 100 U/mb. In some embodiments the addition of Benzonase significantly reduces host

cell DNA while allowing for high vg production in a bioreactor.

In some embodiments, the endonuclease is altowed 1o mix before the lysis buffer 15 added to
the reactor. In some embodiments, the cell Iysis solution is allowed to mix with the adherent
cells for up to 1 hour. up to 2 hours, up 1o 3 howrs, up to 4 hours or up to 3 hours. In some
embodiments, the lysis baffer may comprise magnesium chlonde and/or Tween-20 1u a suntable

butfer. In an exemplary embodiment, the lvsis buffer is 500 mM HEPES, 10% Tween 20,
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20 mM MgCh, pH 8.0. A Salt Sucrose Solution (888} which guenches the Benzonase reaction
may be added 1o stop the lysis reaction. In some embodiments, the S88 s added to a harvest
bag comprising rinse buffer and mixed for 15 minutes. In some embodiments, the bioreactor
is rinsed with a Bioreactor Rinse Buffer, and the rinse is then collected in the harvest collection
bag, along with the quenched cell lysis solution and the [ysed cell contents, all of which together
comprises the bulk harvest. In some embodiments, the Bioreactor Rinse Buffer mav comprise
Trig, MgC12, NaCl, Tween-20 and sucrose. In an exemplary embodiment, the Bioreactor Rinse
Buffer comprises 20 mM Tris, 1 mM MgCl, 500 mM NaCl, 1% Tween-20 w/v and 1% sucrose
wivatpH 8.1,

3. Purifying the Viral Particles

After harvest, the bulk harvest viral particles may be concenirated and purified, tvpicallv via
filtration. In one embodiment, the viral particles are filtered by depth filiration followed by
filtration through a filter that removes large molecule contaminants and cell debris, for example
a 0.45 wm flter, but that permits vector genomes to pass therethrough. Any suiable depth

filter may be used.

As understood in the art, depth {iltration refers to the use of a porous filter medium to clanfy
solutions containing significant quantities of large particles {e.g.. intact cells or cellular debris)
in comparison o membrane filtration which would rapidly become clogged under such
conditiona. A vanety of depth filtration media of varying pore sizes are commercially available

from a variety of manufacturers such as Millipore, Pall, General Eleciric, and Sariocrious.

The target flow rate for depth filtration may be reduced to keep the filter inlet pressure within
specification.  Once all bulk harvest has been filtered, the depth filter may, m certain
embodiments, be chased with the diafiliration buffer used for a subsequent first tangential flow
filtration step (“TFF17). The depth filter pool is mixed. The depth filter pool may then be
filtered through a .45 pm filter to further clanfy the bulk harvest material. The 0.45 um filter

1s then chased with TFF1 buffer.

4, Tangential Flow Filtration
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In various embodiments, tangential flow filtration is used to concentrate the bulk harvest, and
remove salts and proteins, e.g., using Tangential Flow Filtration. Tangential Flow Filtration
(TFF) (also referred to as Cross Flow Filtration CFF) 15 well known to those of skill in the art
and equipment and protocols for its implementation in a wide range of situations are
commercially available from a vartety of manufacturers including but not limited to the Pall
Corporation, Port Washington, NY and Spectrum Labs, Rancho Dominguez, CA. Generally,
TFF may involve the recirculation of the retentate across the surface of the membrane. This
gentle cross flow feed can, in certain embodiments, minimize membrane fouling, maintain a
high filiration rate, and provide high product recovery. In one embodiment, the TFF step may
be implemented with a flat sheet system, as exemplified herein. Flat sheet svsterns may be
used in large scale production where such svstems are provided with a means {e.2., an open
flow channel} to prevent excessive shear forces on the viral particles. Alternatively, the TFF
step may be implemented with a hollow fiber system, as exemplified herem. In one
embodiment, the Molecular Weight Cut OIF (MWCO) of the TFF system is between 200-400
kDa, ¢.g., about 300 kDa,

In one embodiment, the TFF1 step is performed using a 300 kDa MW cut-off regenerated
cellulose membrane cassetie. The cassetie is flushed and sanitized with NaQOH solution and
equilibrated with TFF1 buffer. In one embodiment, the TFF1 buffer cornprises 20 mM Tris, 1
mt MgCla, 500 mM NaCl, 1% Sucrose, pH 8.1.

In some embodiments, the concentration phase of the TFF1 step is selected 1o reduce the
volume of the clarified harvest approximaiely 10x. Once the target retentaie volume 15 reached,
diafiltration operations may be started. The retentate can, in some embodiments, be diafiltered
with about 6 diavolumes of TFF1 buffer. In some embodiments, the retentate is diafiitered
with about 3-20, or 10-15, or 12 diavolumes of TFF1 buffer. Once 6 diavolumes of permeate
total flow have been achieved, the retentate may be concenirated again and harvested. Rinses,
e.g., two successive rinses of the membrane, may be executed to increase the product recovery

of the intermediate drug substance.

A, Intermediate Product
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In some embodiments, the intermediate drug substance may then be frozen on dry iceorin a
fregzer and then transferred 1o <-60°C storage. In other embodiments, the intermediate product

need not be frozen prior to the downstream process.

In some embodiments, multiple intermediate product substance lots are pooled together for
further processing {(e.g., for purfication by a downstrearn process, e.g., as described herein).
The multiple intermediate product substance lots may be pooled prior to freering and storage.
In other embodiments, the multiple intermediate product substance lots may be pooled after

thawing the {rozen and stored lots.

DOWNSTREAM PROCESS

In some embodiments, a downstream process is used to process the intermediate product {e.g.
the pooled intermediate product) io a filtered drug substance. In some embodiments, the

downstream process steps include: (a) acidification and clarification {e.g.

&0

using filtration), (b)
cation exchange chromatography, (¢} tangential flow fltration (TFF27), (d)y CsCl
ultracenirifugation, {e) collection of viral vector and () further tangential flow filtration
(“TFF37} 1o produce a {iltered drug substance where the purified AAY particles are suspended
i a pharmaceutically acceptable carrier. In some embodiments, the downstream process
contains the following manufacturing steps subsequent to production of the TFF 1 intermediate:
thaw and pool TFF1 intermediate, acidification and clarification, cation exchange
chromatography {CEX), tangential flow filtration (TFF2), Cs{1 uliracentrifugation for
Full/Empty Capsid Separation, tangential flow filtration (TFF3) for Concentration/ Buffer
Exchange, TFF 3 pool matenal filtration to generate drug substance, dilution and filtration of
drug substance to produce drug product, storage of the drug product and filling of drug product

o vials,
In some embodiments, the downstream process disclosaed herein may be used 1o process an
intermediate comprising an AAYV SMN, an AAV MECP2, or an AAV encoding shRNA

targeting SOD1T as described herein.

i. Acidification and Clarification of Intermediate
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In embodiments where the intermediate is frozen, the downstream process begins by thawing
the TFF1 intermediate malerial. A detergent, e.g., Tween 20, may be used io promote
flocculation of the bulk of host cell proteins and DNA under acidic pH. The pH of the TFF1
intermediate containing detercent may then be lowered. The flocculant and precipitate formed
when the pH is lowered may then be removed by filtering the solution through a depth filter
and a filter that removes large molecule contaminants and cell debris, for example a 0.45 um
filter, but that permits veclor genomes 1o pass therethrough. Any suitable depth [iHer may be

used.

In ong embodiment, Tween 20 is slowly added to the TFF1 Intermediate solution to achieve
final concentration of between 10 - 20% Tween 20. In some embodiments, the target
composition after addition of Tween 20 15 36% Tween 20 sclution in 20 mM Trns, 1T mM
MgCla, 500 mM NaCl, 1% Sucrose m/v, pH 8.1, In some embodiments, Tween 20 15 added
slowly over a span of about 1 - 6 hours. In some embodiments, Tween 20 is added slowly over
3-6 hours. In some embodiments, Tween 20 is added slowly over 4 hours. In some
embodiments, the Tween 20/TFF1 Intermediate solution 1s allowed to incubate overnight at
room femperature. In some embodiment, the Tween 20/TFF1 Intermediate solution is allowed
to incubate for 8-20 hours at room temperature. In an exemplary embodiment, the Tween

20/TFF1 Intermediate solution is allowed to incubate for 12-20 hours at room temperature.

After incubation the pH of the Tween 20 contaming TFF1 Intermediate may be lowered by
adding any suitable acid. In some embodiments, 1M glycine pH 2.5 is added to achieve a target
pH of 3.5+ 0.1, In sorne embodiments, the target pH is pH 3.0~ 4.0, about pH 3.3 - 3.7, about
pH 3.4 - 3.6, or about pH 3.5. Once the pH is within the acceptable range, the solution may be
passed through any size filter. In an exemplary embodiment, a depth filter {e.g., Clarizolve
POD) n hine with a 0.45 pm filter (e.g., Opticap X110 Durapore filter) or 0.8/0.45 pm PES

filter is used.

2. Cation Exchange Chromatography
In varicus embodiments, a cation exchange (CEX) capture chromatography step is used, e g,
to separate the viral capsids from host cell proteins, host cell DNA, host cell lipids, Tween 20
and other process-related impurities. The prnciples of cation exchange chromatography are

well known i the art, but, briefly, this method relies on the charge-charge interactions between
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the posttively-charged particles to be isolated and the negatively-charged resin used. In general,
the columm 1s first equilibrated by running a few diavolumes of buffer through wntil pH and
conductivily 1s stabilized. The sample 1s then loaded and the coluron 15 washed with a loading
buffer. Finally, an elution buffer is used to elute the sample of interest off the column, and
fractions containing the sample are collected. The presence of the sample of interest can be

detected by  optical  absorbance  measurements  of  the  eluant

In one embodiment, the CEX step utilizes a CIMomultus S03-3000 Advanced Composite
Column {Sulforyt) (2 pm pores) chromatography colunm. In one embodiment, the ehution peak
15 collected starting at 2 sharp rise in OD280. The OD2R0 will begin to rise when the
conductivity 1s between 30-85 mS/cm. The CEX elvate may be collected according to routine
procedures and may be collected in two fractions. In one embodiment, the first fraction starts
at the sharp rise i GD280 and is collected for 1.5 collection volumes (CVs). In another
embodiment, the second fraction starts immediately after the first fraction and s collected for
1.0 CV. The two fractions are pooled and then neutralized to pH 8.0+ 0.30. In one embodiment,

a Neutralization Buffer comprises 1.0 M Tris pH 9.1 £ 0.1 at 20°C.

3. Tangential Flow Filiration 2

In some embodiments, a tangential flow filtration step {TFF2) is used to concentrate, remove
protein impurities, and exchange the buffer to an appropriate buffer for the subsequent Cs{l
ultracentrifugation step. Any suitable TFF membrane may be ucsed. In an embodiment, the

TFF2 step utihizes 300kD MWCO regenerated cellulose membranes.

In some embodiments, the concentration phase of this step 15 designed to reduce the volume of
the CEX eluate. In one embodiment, the refentate 15 diluted 2-fold with a diafiltration buffer
and the relentate is concentraled to is initial volume. In one embodiment, the diafiliration
buffer 15 the THFF2Z NaCl diafitiration buffer that contains 20 M Tris, 2 mM MgCI2Z, 150 mM
NaCl, 0.2% Poloxamer 188, 1% Sucrose, pH 8.1 = 0.1 at 20°C. In such embodiments, thig
process may be repeated until diafiliration with the new buffer is complete. In one embodiment,
the retentaie is diluted 2-fold with a CsCl-containing diafiliration buffer and the retentate s
concentrated to its initial volume. In an embodiment, the CsCl-confaining diafiltration buffer
i3 the TFEZ CeCl diafiltration buffer that contains 20 mM Trig, 2 mM MgCl, 3 M CsCl, 0.2%

Poloxamer 188, pH 8.1= 0.1 at 20°C. In such embodiments, this process may be repeated until
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diafiltration with the new buffer is complete. Once s diafiltration is complate, the retentate
may then be concentraled 10 a prescribed volume that 15 dependent on the system hold-up
volume., In some embodiments, rinsing, e.g., two successive tinses of the membrane, are

executed to maximize the product recovery from the TFFZ systen

4. CsCl Ultracentrifugation

In some embodiments where an AAV is used for in vivo gene transduction, the final product
of rAAV may contain munimum impuriiies and empty particles. Two methods for purifving
AAV vector are ultraceninfugation usimg either an 1odixanol gradient or a CsCl gradient. One
study comparing the two methods demonstrated that 1odixanol vielded AAV vectors with
higher vector purity, but had more empty viral capsids compared to CsCL Strobel et al
“Comparative Analysis of Cesium Chloride- and lodixanol-Based Purificaiion of Recombinant

>

Adeno-Associated Viral Vectors for Preclinical Applications.” Human Gene Therapy
Methods, 26(4):147-157. Even though the use of sCl leads to lower amounts of empty viral
capsids, CsCl may be toxic to cells and multiple purification steps may be needed to remove
residual CsCl, leading to a long process time (~3.5 days) compared to shorter methods like
todixanol (~1 day}. A different study has shown that the many steps to remove residual CsCl
frequently results in the dramatic 1oss of rAAYVY, leading to tow vields and recovery rate, often
negating the other benefits of the method. Hermens et al. “Purification of Recombinant Adeno-
Associated Virus by lodixanol Gradient Ultracentrifugation Allows Rapid and Reproducible
Preparation of Vector Stocks for Gene Transfer in the Nervous System.” Human Gene Therapy,
10:1885-1891. Furthermore, while these two methods work well in a laboratory for producing
prechnical samples, they are not scalable and thus not suitable for large-scale production of
commercial products. See, e.g., Tomono et al., “Uliracentrifugation-free chromatography-
mediated large-scale purification of recombinant adeno-assoctated virus serotype 1 rAAV1).”
Motlecular Therapy - Methods & Climical Development, 3:15058 (“purification methods using
cesium chloride {CsCly or iodixanol density uliracentrifugation are not suitable for large-scale

production”).

In some embodiments, an uliracentrifugation step i1s used, e.g., 1o separate emply capsids from
full capsids. Unexpectedly, the CsCl ultracentrifugation method disclosed herein was scalable
and suitable for large-scale production of purified AAY vectors. Ultracentrifugation may be

performed by analytical uliracentrifugation, and may involve the use of gradient bulfers.
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Examples of gradient buffers include but are not limuted to CsCl, sucrose, 1odixanol and others
known in the art. Centrifugation can be performed 1n any centrifuge capable of reaching the
desired g-forces, e.g., an automated Optima XPN 100 Ultra Centrifuge system or equivalent
system equipped with Type 50.2 Ti rotor or equivalent rotor. After ultracentrifugation, empty
capsids and full capsids separate into different bands within the tube, and may be extracted by
drawing matental from a specific band. In some embodiments, TFF2-purified filtered material
is centrifuged at 241,600-302,000 g (~40,000-530,000 rpm in 30.2 Ti rotor). In some
embodiments, TFF2-purified filtered material is centrifuged overnight. In some embodiments,
TFF2-purified filtered material 1s centrifuged for 16-24 hours. In some embodiments, TFF2-
purified fltered material 15 centntfuged for 20-24 hours. In some embodiments, TFFZ-purified
filtered material is centrifuged at 15-25°C. In an embodiment, TFFZ-purified filtered material
ts centrifuged at 302,000 g (50,000 rpm in 30.2 Ti rotor) for 17 hours at 20°C. In some
embodiments, the buffer for CsCl centrifugation can have one or more of the following
ingredients, comprising {a} CsCl, further comprising one or more of (b) MegCh, (c) Poloxamer
188 and (d) Tris. In some embodiments, the buffer for CsCl can include all of (a), (b), {¢) and
{d). In some embodiments, the buffer for CsCl has a pH 7.5-85, or pH 7.9-82 In an
ernbodiment, a suitable buffer for CsCl cenmfugation is 20 mM Tris, 2 mM MgClo, 3 M Cs(l,
{(1.2% Poloxamer 188, pH 8.1 + (.10, After completion of the centrifugation step, tubes may be
removed from the utracentrifuge. In some embodiment, the highest band, Band A, contains
the empty capsids. In some embodiments, the next highest bands, Bands B, C and D, contain
the full capsid doublet bands. In some embodiments, the AAV viral vectors are collected using
asyringe. In an embodiment, Bands B, C and D are removed by an 184 needle attached {0 30
ml syringe nserted just below band D to muddle of tube. In other embodiements, the bands
may be assayved for the presence of full or empty capsid using technigques known in the art

and/or as described herein, and the bands comtaining full capsid collected.

The ratio of empty to non-empty viral capsids can be measured by standard laboratory
techniques. In some embodiments, the measurement is done by optical absorbance
measurements. In some embodiments, the measurement is dene by UV absorbance
measurements. In some embodiments, the total amount of capsid proteins and iotal amount of
DNA can be deternuned from UV absorbance measurements. In some embodiments, the
measurement is done by optical refractive index measurements. In some other embodiments,

the measurement 1s done by analvtical eltracentrifugation.
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In one embodiment, the AAV viral vector collected after ultracentnifugation has less than 8%
empty capsids, less than 7% empty capsids, less than 5%, less than 3%, or less than 1%. In one
embodiment, the AAV viral vector collected afier ultraceninfugation has 1-10% empty capsids.
In one embodiment, the AAY viral vector collected after ultracentrifugation has 2-8% empty
capsids. In one embodiment, the number of emptly capsids is below the lirmt of detection. In
another embodiment, the percentage of eropity capsids i deternuned as a percentage of total

capsids.

5. Tangential Flow Filtration 3 {0 Generate Filiered Drug Substance

In some embodiments, a tangential flow filtration step (TFF3} is used to remove UsCl and
concentrate the full vector capsids.  Tangential flow filiration may be performed using suitable
membranes. In one embodiment, 300 kDa MWCO regenerated cellulose membranes are used.
The vector capsids may be retained by the membranes. The concentration phase of TFF3
operation may be designed to reduce the concentration of residual CsCl and volume of the
ultracentrifugation pool. In some embodirents, once the target retentale volume 1s reached,
diafiltration is started. The retentate is diafiliered with up to 10 diavolumes of a suitable TFF3
buffer. In one embodiment a suitable TFF3 buffer can inciude one or more of the following
components, compnsing {a) Trs, (b) MgCl, (¢) Nall, or (d) Poloxamer 188 In one
embodiment, a suitable TFF3 buffer can include all of {a), (b). (¢} and (). In one embodiment,
the TFF3 buffer has pH 7.5-8.5, pH 7.7-8.3, or pH 8.0. In an embodiment a suitable TFF3
buffer comprises 20 mM Tris, 1 mM MpCls, 200 mM Na(l, 0.001% Poloxamer 188 pH 8.0 +
0.1 at 20°C. In another embodiment, a suitable TFF3 bulfer comprises 20 mM Tris, 1 mM
MgClz, 200 mM NaCl, 0.003% Poloxamer 188, pH 8.0+ 0.1 at 20°C. In one embodiment, the
concentrated retentate is filtered using a 0.2um Pall Supor® EKYV Sterilizing-Grade Filter
(Mini Kleenpak) Filter to produce a filiered drug substance. In some embodiments, the methods
described herein vield more than 5 x 10 vg, or more than 8 x 10% vg or more than 1 x 101¢

vg of rAAY per manufacturing batch.

Pharmaceutical Compositions

The viral (e.g, AAV) particles purified according to the methods disclosed herein may be
produced in high vield with sufficient purity that they ¢an be administered to a human subject.
In some embodiments, the viral vector is formulated at a concentration of between about 1 - 8

x 105 viral vector genomes/mb (vg/mL), or about 1.7 - 2.3 x 10 vg/ml In some
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embodiments, the viral vector is formulated at a concentration of about 1.9-2.1 x 107 vo/mL.
In some embodimenis, the viral vecior is formulated ai a conceniration of about 2.0 x 108

ve/mi.,

In some embodiments, during the production process of the viral vector, emipty viral capsids
that do not contain nucleic acid material may be generated. Pharmacuetical compositions
comprising low amounts of emply viral capsids may be advantageous, because they avoid
exposing patients, e.g., infants, with immature immune svstems 1o antigenic material (empty
capsids, host cell protein, host cell BNA) unnecessanly without therapeutic benefit. In some
embodiments, such pharmaceutical compositions may reduce potential infusion reactions or
broader immune responses and may improve therapeutic efficacy. . Compared to full viral
capsids with genome roaterial, empty capsids have different densities, allowing the two species
to be separated by gradient centrnifugation, or other methods known mn the art. In some
embodiments, the empty capsids are separated by uliracentrifugation. In some embodiments,
the empty capsids are separated by CsCl gradient uliracentrifugation. In other embodiments,
the empty capsids are separated by iodixanol gradient oltracentrifugation. In some

embodiments, the empty capsids are separated by sucrose gradient ultracentrifugation.

The ratio of empty to non-emply viral capsids can be measured by standard laboratory
technigues. In some embodiments, the ratio is measured by optical absorbance measurements.
In some embodiments, the ratio 18 measuredby UV absorbance measwremenis. In some
embodiments, the total amount of capsid proteins and total amount of BNA can be delerminad
by UV absorbance measurements. In some embodiments, the measurement is determined by
optical refractive index measurements. In some other embodiments, the measurement is

determined by analytical ultracentnifugation.

High levels of empty capsids may pose challenges for the efficacy of viral vector treatments.
In one embodiment, the pharmaceutical composition has less than 10% empty capsids, less
than 8% empty capsids, less than 7%, less than about 5%, less than 3%, less than 1% ampty
capsids. In another embodiment, the pharmaceutical composition has 1-10% empty capsids. In
another embodiment, the pharmaceutical composition has 2-8% emply capsids. In another
embodiment, the pharmaceutical composition has less than or equal to 6% empty capsids, 5%
empty capsids, 4% empty capsids, 3% empty capsids, 2% empty capsids, or fewer. In an
embodiment, the nurnber of empty capsids 15 below the limit of detection. In another
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embodiment, the percentage of empty capsids is deternuned as a percentage of total capsids,
e.g., using AUC. In some embodiments, these low percentage emptly capsids improve efficacy
of treatment and/or reduce adverse events {e.g., inflammatory responses, hiver imjury) after
administration t¢ a patient, ¢ 2., as compared to compositions having higher percentage empty
capsids. Tn some embodiments, the methods of preparing viral vectors disclosed herein provide
these improved percentages of empty capsids, as compared to the levels in prior methods, eg.,

those not using adherent cells and/or the purification methods described herein.

During the production process of the viral vector, residual protein from the adherent cells (e.g.
HEK?293 ceils) used to generate the viral vectors may not be completely separated out. Residual
host cell proteins pose a potential to elicit an immune response. The amount of residual host
cell can be measured by any standard laboratory techmiques that can distinguish between the
viral capsid proteins and the residual host cell proteins. In some embodiments, the amount of
residual host cell proteins can be measured by size exclusion or ion exchange chromatography.
In some embodiments, the measurement can be done by a western blot with parental cell-
specific antibodies. In one embodiment, the amount of residual host cell protein can be
measwred by enzyme-linked immunoscorbent assay (ELISA). In some embodiments, the
amount of residual host cell protein can be measured by a commercial ELISA kit In some
embodiments, the amount of residual host cell protein can be measured by a Cyvgous

Technologies HEK 293 HCP FLISA Kit.

In another embodiment, the residual host cell protein i said pharmaceutical composition is
less than or equal to 5 X 10° pg/ml per 1 X 10" vg/ml, less than or equal to 1.2 X 10° pg/ml
per 1 X 10V vg/mL or 1 X 107 pg/mi per | X 10V vg/ml to 1.2 X 10° pg/mi per 1 X 163 vg/ml
or less than or equal to 40 ng/ml per 1 X 10" vg/ml. In an embodiment, the pharmaceutical
composition comprises less than or equal to 5, 4, 3, 2, 1 or fewer ng residual host cell protein
per 1.0 x 108 vg. In one embodiment, the pharmaceutical composition comprises less than or

equal to 4 ng residual host cell protein per 1.0 x 109 vg.

During the production process of the viral veclor, residual host cell DNA from the adherent
cells {e.g. HEK293 cells) or residual plasimd DNA transfected to generate the viral vectors
may not be completely removed. The purification process {e.g. acidification, clarification,
tangential low filiration etc)) removes the bulk of residual host cell or plasmid BNA In one

embodiment, measurement of the amount of residual host cell or plasmid DNA is performed
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by PCR. In another embodiment, measurement of the amount of residual host cell or plasmid
DNA is performed by quantitative PCR (gPCR) with primers specific for host cell or plasmid
sequences. [n another embodiment, measurement of the amount of residual host cell or plasmd
DNA is performed by digital droplet PCR (ddPCR). In one embodiment, the amount of plasmid
DNA 15 determuned using a qPCR assay with primers specific to the Kanamycin resistance
gene region of the plasnud. In another embodiment, the amount of residual host cell DNA 1s
determined by commercial gPCR assay kits, for example the resDNASEQO Human Residual
DNA Quantitation Kit by ThermoFisher, Residual DNA Quantification Supermix by Biorad,
or any equivalent product. Reducing the amount of residual host cell or plasmud DNA may
improve therapeutic outcomoes and such compositions may be purified and/or selected for use

in treatments disclosed herein.

In an embodiment, the residual host cell DNA 1n said pharmaceutical composition is less than
or equal to 1.7 X 10° pg/ml per 1 X 10 vg/ml, 1 X 10° pg/mil per 1 X 107 vg/mito 1.2 X 10°
peg/mi per 1 X 10" veg/ml. In an embodiment, the residual host cell DNA in said pharmaceutical
compaosition is less than or equal to 3 x 107, 2 x 10°, 1.1 < 10°, 1 x 10° pg or fewer per 1.0 x
105 ve. In embodiments, the residual host cell DNA in said pharmaceutical composition is

fess than or equal to 1.1 x 10%pg per 1.0 x 10" vg.

In another embodiment, the residual plasnud DNA in said pharmaceutical composition 15 less
than or equal to 1.7 X 10° pg/ml per 1 X 105 vg/mi, 1 X 1¢° pg/ml per 1 X 108 vg/ml o 1.7
N 10° pg/ml per 1 X 101 vg/ml. In another embodiment, the residual plasmid DNA in said

pharmaceutical composition is less than or equal t0 6.8 x 10° pg per 1.0 x 10" vg.

In an embodiment, the residual host cell DNA in a pharmaceutical composition is less than or
equal to 1.1x10° pg per 1.0x10" vg and the residual plasmid DNA in said pharmaceutical

composition is less than or equal to 6.8 x 10° pg per 1.0 x 10 vg.

In an embodiment, the rasidual host cell DNA in a pharmaceutical composition s less than or
equal 1o 1.1 x 107 pg per 1.0 x 10" vg, and the residual plasroid DNA in said pharmaceutical
composition is less than or equal to 6.8 x 10° pg per 1.0 x 101 vg, and the residual host cell

protein in said pharmaceutical composition is less than or equal to 4 ng per 1.0 x 109 vg.
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In some embodiments. the amount of endotoxin in the pharmaceutical composition is less than
about 1 EU/mL per 1.0x10V vg/mL, Tess than about 0.75 EU/mL per | Ox10P vg/ml, less than
about 0.5 EU/mL per | 0x10P vg/ml, less than about 0.4 EU/mL per 1.0x10 vg/mL, less than
about 0.35 EU/mL per 1.0x105 vg/mL, less than about 0.3 EU/mL per 1.0x10% vg/mL, less
than about 0.25 EU/mL per 1.0x10Y vg/mL, less than about 0.2 EU/mL per 1.0x10% vg/ml,
less than about 0.15 EU/mL per 1.0x10V vg/ml., less than about 0.1 EU/mL per 1.0x10"
vg/mL, less than about 0.05 EU/mL per 1 0x10" vg/mL. or, less than about 0.02 EU/mL per
1L.Ox10Y ve/mL. Methods for determining the amount of endotoxin are known in the art, e g,
a limulus amoebocyie lysate (LAL) test In embodiments, the endotoxin 15 assaved per U.S.

Pharmacopiea ("USP”) <85> {incorporated herein by reference in ils entirety).

In one embodiment, the bovine serum albumin (BSA) in a pharmaceutical composition is iess
than 0.5 ng per 1.0 x 107 vg, less than 0.3 ng per 1.0 x 108 vg, orless than 022 ng per 1.0 x
105 vg. In one embodiment, the benzonase in said pharmaceutical composition is less than 0.2

ng per 1.0 x 109 vg, less than 0.1 ng per 1.0 x 10" vg, or less than 0.09 ng per 1.0x 105 vg.

In one embodiment, a pharmaceutical composition disclosed herein comprises one or more of
the following: less than about 0.09 ng of benzonase per 1 0x101 vg, less than about 30 ug/g
(ppmy of cesium, about 20-80 ppm of Poloxamer 188, less than about 0.22 ng of BSA per
1.0x10% vg, less than about 6.8x10° pg of residual plasmid DNA per 1.0x10% vg, less than
about 1.1x10° pg of residual heDNA per 1.0x10% v, less than about 4 ng of tHCP per 1.0x10%
vg, pH 7.7-8.3, about 390-430 mOsmvkg, less than about 600 particles that are > 25 pm in size
per container, less than about 6000 particles that are > 10 pm in size per container, about 1.7
x 108 - 2.3 x 10" vo/mL genonc titer, infectious titer of about 3.9 x 108 - 8.4 x 101U per
1.0 x 10Y vg, total protein of about 100-300 pug per 1.0 x 10% vg, median survival of > 24
days of A7TSMA mice with about 7.5 x 10 vg/kg dose of viral vector, about 70-130% relative

potency based on a m vitro cell-based assay, and/or less than about 5% empty capsid.

In one embodiment a pharmaceutical composition disciosed herein comprises one or more,
eg., all, of the following: pH 7.7-8.3 {(e.g, as measured by USP <791>), about 390-430

&

mOsnvkg {e.g., as measured by USP <7835>), less than about 600 particles that are > 25 um i
size per container {e.g., as measured by USP <787>), less than about 6000 particles that are >
10 pm in size per container {e.g., as measured by USP <787>), about 1.7 x 10¥ - 23 x 109

vg/ml genomic titer, infectious titer of about 3.9 x 10% - 8.4 x 10 [U per 1.0 x 10" vg, total
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protein of about 100-300 ug per 1.0 x 10Y vg, median survival of > 24 days of A7SMA mice
with about 7.5 < 109 vg/kg dose of viral vector, e.g., in an in vivo functionalitiy test, e.g., as
described herein, about 70-130% relative potency based on a in vitro celi-based assay, and/or
fess than about 5% empty capsid. In embodiments, a pharmaceutical composition disclosed
heretn comprises a total purity greater than or equal to 95% {e.g., as determuned by SDS-
PAGE). In embodiments, a pharmaceutical composition disclosed herem comprises no single
un-named related 1mpurity at a level greater than 2% (e.g., as determined by SDS-PAGE). In
embodiments, a pharmaceutical composition disclosed herein comprises Endotoxin levels of
less than or equal to 0.75 EU/ml {e.g, as measured by USP <85>}, In embodiments, a
pharmaceutical composition disclosed herein tests for no growth in a stenility test, e.g., as

measured by USP <71>

High levels of residual bost cell protein, host cell DNA, plasmid DNA, and/or endotoxin may
pose challenges for the efficacy of viral vector ireatments. In some embodiments, these fow
amouns of residual host cell protein, host cell DNA, plasmud DNA, and/or endotoxin improve
efficacy of treatment and/or reduce adverse events {e.g., inflammatory responses, liver injury)
after administration to a patient, e.g., as compared to compositions having higher amounts. In
some embodiments, the methods of preparing viral vectors disclosed hereim provide these
improved levels, as compared to the levels in prior methods, ¢.g., those not using adherent cells
and/or the purification methods described herein. In some ernbodiments, the methods herein
also allow for preparation of viral vectors with reduced percentages of empty capsids in
addition to low amouns of residual host cell protein, host cell DNA, plasmid DNA, and/or

endotosin.

In some embodiments, the amount of residual cesium after TFF, e g, the second TFF, is below
about 50 pg/g. In some embodiments, the amount of residual cestum afier the TFF, e.g., the
second TFF, 15 below about 30 ug/g. In some enmbodimenis, the amount of residual cesium
after the TFF, e.g., the second TFF, s below about 20 ug/g. In some embodiments, the residual
casium in the pharmaceutical composition is fess than or equal to 30 ug/g (ppm). In some
emboediments, the amount of residual CsClmay be measured by mass spectrometry, mductively
coupled plasma mass spectrometry (ICP-MS), and/or another suitable method In some
embodiments, the amount of residual cesium after the second TFF is below the limit of

quantitation, e.g., using ICP-MS,
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In some embodiments, the concentration of AAY viral vectors collecied after the second TFF
is greater than or equal 1o about Sx10¥ ve/ml, greater than or equal (o about 1x10" vg/mil, or

/

greater than or equal to about 3x105 vg/ml.

In one embodiment, a pharmaceutical composition has one or more of the following: less than
0.09 ng of benzonase per 1.0x10Y vg, less than 30 ug/g (ppm) of cesium, about 20-80 ppm of
Poloxamer 188, less than 0.22 ng of BSA per 1.0x10V vg, less than 6.8x10° pg of residual

~ o

g and

&0

plasmid DNA per 1.0x10" vg, less than 1.1x10° pg of residual hcDNA per 1.0x108 v
less than 4 ng of rtHCP per 1.0x10% vg,

In another embodiment, the pharmaceutical composition retains a potency of between - 20%,
between + 13%, between + 10%, or between + 3%, of a reference standard. In one
embodiment, the polency is assessed as against a reference standard using the methods 10 Foust
et al.. Nat. Biotechnol, 28(3), pp. 271-274 (2010). Any suitable reference standard may be
used. . In one embodiment, the pharmaceutical composition has an in vivo potency, as tested

by SMA A7 mice. Tn an embodiment, a tested mouse given a 7 5x10% vo/kg dose has a median

survival of greater than 15 days, greater than 20 days, greater than 22 days or greater than 24
days. In one embodiment, the pharmaceutical composition has an in vitro relative potency as
tested by a cell-based assay to be 50-150%, 60-140% or 70-130% relative io a reference

standard and/or suitable control.

The virus particles purified according to the present disclosure {e.g., viral particles) can be
formulated according to known methods to prepare pharmaceutically useful compositions. The
compositions of the disclosure can be formulated for administration to a manumalian subject,
eg. a human, using techniques known in the art In particolar debivery systems may be
formadated for mtramusoudar, miradermal, mucosal, subcutanecus, miravenous, ntrathecal,

injectable depot type devices or topical administration.

When the delivery systemn is formulated as a solution or suspension, the delivery system is in
an acceplable carrier, e.g., an aquecus carrier. A variety of aqueous carriers may be used, e g,
water, buffered water, 0.8% saline, 0.3% glycine, hyaluronic acid and the like. These
compositions may be sterilized by conventional, well known sterilization techniques, or may

be sterile filtered. The resulting aqueous solutions may be packaged for use as 15, or lyophilized,
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the lvophilized preparation being combined with a stertle solution prior to admunistration.

The compositions, e.g., pharmaceutical compositions, may contain pharmaceutically
acceptable auxiliary substances to approximate physiological conditions, such as pH adiusting
and buffering agents, toricity adjusting agents, wetting agents and the like, for example,
sodium acetate, sodium lactate, sodium chlornde, potassium chloride, calcium chloride,
sorbitan monolaurate, triethanclamine oleate, etc. In some embodiments, the pharmaceutical
composition comprises a preservative. In some other embodiments, the pharmaceutical

composition does not comprise a preservative.

The genomic titer of viral vectors, e.g., those in the compositions and fornmdations disclosed
heren, can be determined in a number of standard ways. PCR with primers specific to the viral
vector can provide relative measurements, but quantitative PCR (gPCR) mayv be used for
smaller samples and absclute measurements. Droplet Digital PCR (ddPCR) 1s a method for
performing digital PCR that is based on water-oil emulsion droplet technology. A sample is
fractionated into tens of thousands of droplets, and PCR amplification of the template
molecules occurs 1o each individual droplet. One does not need to make a standard curve or
have primers with high amplification efficiency, hence ddPCR does not typically use as much
sample as traditional PCR-based technigues. In one embodiment, the genomic titer of the viral
vector 18 determined using PCR. In another embodiment, the genomic titer of the viral vecior
is determined using gPCR. In another embodiment. the genomic titer of the viral vector is
determined using ddPC. The method of determining viral genomic titer using ddPCR is
described, for insiance, in Lock et al., “Absclute Determimation of Simgle-Stranded and Self-
Complementary Adeno-Associated Viral Vector Genome Titers by Droplet Digital PCR,)”

Human Gene Therapy Methods, 25(2):115-125.

In some embodiments, the PCR-based methods detect and quantify encapsidated AAVY viral
genome using specifically designed primers and probes targeting the SMN gene. In other
embodiments. the PCR-basad methods detect and quantify encapsidated AAVY viral genome
using specifically designed primers and probes targeting the chicken beta-actin promoter. In
other embodunenis, the PCR-based methods deiect and quantify encapsidated AAVY viral
genome using specifically designed primers and probes targeting the CMV enhancer. In other
embodiments, the PCR-based methods detect and quantify encapsidaled AAV9 viral genome
using specifically designed primers and probes targeting the ITR sequences. In other
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embodiments, the PCR-based methods detect and quantify encapsidated AAVY viral genome
using specifically designed primers and probes targeting the bovine growth hormone

polvadenylation signal.

In some embodiments, the pharmaceutical composition 13 about pH 7.7-83 and has an
osmolality of 390-430 mOsnvkg. In some embodiments, the pH is measured using a pH meter.
In some embodiments, the pH is measured potentiometrically using a micro-electrode with
temperature compensation in accordance with standards set by the United States Pharmacopeia
{USP), eg., <791> (ncorporated by reference in s enfirety). In some embodiments, the
osmolality 1s measured using freezing point depression in accordance with USP, eg, USP
<785> (incorporated by reference in its enfiretv). In some embodiments, the osmolality is
measured using a vapor pressure depression osmormeter. In other embodiments, the osmolality

1s measured using a membrane osmometer.

In one embodiment, an miravenous formulation has a pH between 7.5 and 8.5, a genomig¢ titer
of 2 X 104 vg/mi - 6 X 108 vg/ml, and an osmolality of 384 — 448 mOsmv/kg. To another
ernbodiment, an intravencus formulation has a pH between 7.5 and 8.5, a genomac titer of 1.5
X 109 ve/mi — 3.5 X 10 vo/ml, and an osmolality of 384 — 448 mQOsm/kg. In another
embodiment, an intravencus formuldation has a pH between 7.5 and 8.5, a genowmic fiter of 1.8
X107 vg/ml - 2.2 X 107 vg/ml, and an osmolality of 384 — 448 mQOsmy/ke. In an embodiment,
an IV formulation comprises about 0.1-2 0 md MgCla. In an embodiment. an 1V formulation
comprises about 100-300 mM Nal’l. In an embodiment, an IV formulation comprises about
0.001%-~0.01% w/v Poloxamer 188 In an embodiment, an IV formulation is an aqueous

formulation in 10-30 mM Tris buffer, e.g.. atapH of 7.5-8.5.
In an embodiment, an IV formulation comprises 1 mM MgCls, 200 mM NaCl, 0.005% w/v
Poloxamer 188, in 20 mM Tris buffer at pH 8.0. Iv embodiments, the ¥V formulation comprises

a genomic titer of about 1x10% to 3x10Y vg/mL or 1.7x10% t0 2.3x10" vg/mL.

Uses of Pharmaceutical Compositions

In other embodiments, disclosed herein are methods for delivery of a polvrucleotide to the

central nervous system of a3 patient comprising administering a TAAVY9 with a genome

meluding the polynucleotide. In some embodiments, the delivery is intrathecal delivery of a
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polvaucleotide to the central nervous svstem of a patient comprising administering a rAAV9
with a genome includimg the polynucleotide. In some embodiments, a non-ionic, low-osmolar
contrast agent 1s also administered to the patient. The non-tomc, low-osmelar contrast agent
increases transduction of target cells in the central nervous system of the patient. In some
embodiments, the rAAV 9 genome 15 a self-complementary genome. In other embodiments, the

rAAV9 genome 1§ a single-stranded genome.

In some embodiments, the polynucleotide is delivered to a brain region. Areas of the brain
conternplated for delivery include, but are not lumited 1o, the motor cortex and the brain stem,
In some embodiments, the polvoucleotide 1s delivered to the spinal cord. In some embodiments,
the polynucieotide is delivered to a lower motor neuron. Embodiments of the disclosure employ
TAAVO to deliver polvnucleotides to nerve and glial cells. In some embodirsents, the ghial cell
1s a microghial cell, an oligodendrocvie or an astrocvie. In some embodiments, the rAAVY 15

used to deliver a polvnucleotide to a Schwann cell.

Uses include, for example, treatment of lower motor neuron diseases such as SMA and ALS
as well as Pompe disease, lvsosomal storage disorders, Glioblastoma multiforme and
Parkinson's disease. Lysosomal storage disorders include, but are not limited to, Activator
Delictency/GM2 Gangliosidosis, Alpha~mannosidosis, Aspartylglucosaminuria, Cholesteryl
ester storage disease, Chronic Hexosamunidase A Deficiency, Cystinosis, Danon disease, Fabry
disease, Farber disease, Fucosidosis, Galactosialidosis, Gaucher Disease (Type L, Type ll, Type
Iy, GM1 gangliosidosis  (Infantile, Late infantile/Juvenile, Adubi/Chronic), Cell
disease/Mucolipidosis If, Infantile Free Sialic Acid Storage Disease/ISSD, Juvenile
Hexosamimidase A Deficiency, Krabbe disease (Infantile Onset, Late Onset), Metachromatic

eukodystrophy, Mucopolysaccharidoses disorders (Pseudo-Hurler
poly dystrophy/Mucolipidosis THA, MPS] Hurler Syndrome, MPSI Scheie Syndrome, MPS 1
Hurler-Scheie Syndrome, MPS I Hunter syndrome, Sanfilippo syndrome Type A/MPS TH A,
Sanfilippo svndrome Type B/MPS 11 B, Sanfilippo syndrome Type C/MPS 11 C, Sanfilippo
syndroms Type DIVMPS TH D, Morquio Type A/MPS WA, Morquio Type B/MPS TVB, MPS
IX Hyaluronidase Deficiency, MPS VI Maroteaux-Lamy, MPS VH Sly Svndrome,
Mucolipidosis VSialidosis, Mucolipidosis HIC, Mucolipidosis type 1V), Multiple sulfatase
deficiency, Niemarm-Pick Disease (Type A, Tvpe B, Type (), Neuronal Ceroid Lipofuscinoses
(CING disease (Atypical Late Infantile, Late Onset vanant, Early Juvenile), Batten-
Sprelmever-Vogt/Juvenile NCL/CLN3 disease, Finmish Vanant Late Infantile CLNS, Jansky-
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Bielschowsky disease/Late mfantile CLN2/TPP1 Disease, Kufs/Adult-onset NCL/CLN4
disease, Northem Eptlepsy/variant late infantile CLNE, Santavuori-Haltia/Infantile CLN1/PPT
disease, Beta-mannosidosis, Pompe disease/Glvcogen storage disease type 11, Pycnodysostosis,
Sandhoff Disease/Adult Onset/GM2 Gangliosidosis, Sandhoff Disease/GM2 ganglicsidosis--
Infantile, Sandhoff Disease/GM2  gangliosidosis--Juvenile, Schindler disease, Salla

disease/Sialic Acid Storage Disease, Tay-Sachs/GM2 gangliosidosts, Wolman disease.

In further embodiments, use of the methods and matenals is indicated for treatment of nervous
systern disease such as Rett Syndrome, Alzheimer's disease, Parkinson's disease, Huntington's
disease, or for treatment of nervous system imjury including spinal cord and bramn
trauma/injury, stroke, and brain cancers. In one embodiment, use of the methods and materials

ts indicated for treatment of spinal muscular atrophy (SMA).

There are four types of SMA, which are conventionally classified by age of onset and highest
motor function achieved. All forms of SMA are autosomal recessive inheritance and caused

by mutations of the survival motor neuron 1 (SMN1} gene. Hurnans also carry a second nearly
identical copv of the SMN gene called SMN2. Lefebvre er o/ “ldentification and
characterization of a spinal muscular atrophy-determining gene.” Cell, 80(1):155-65. Monani
et al. “Spinal muscular atrophy: a deficiency m a ubiquitous protein; a motor-neuron specific
disease.” Newron, 48(6).883-89G. Both the SMIN1 and SMN2 genes express SMN prolein,
however SMNZ contains a translationally silent mutation in exon 7, which results i inefficient
inchusion of exon 7 in SMNZ transcripts. Thus, SMNZ produces both full-length SMN protein
and a truncated version of SMN lacking exon 7, with the truncaied version as the predominant
form. As aresuit, the amount of functional full-length protein produced by SMN2 is much less
{by 70-90%) than that produced by SMN1. Lorson et al. A single nucleotide in the SMN gene
regulaies splicing and is responsible for spinal muscular atrophy.” PNAS, 96(11) 6307-6311.
Monam et al, A single nucleotide difference that alters sphicing patterns distinguishes the
SMA gene SMNT from the copy gene SMN2.” Hum Ado! Gener 8(T31177-1183. Although
SMNZ cannot completely compensate for the loss of the SMN1 gene, patients with mulder
forme of SMA generally have higher SMNZ copy numbers. Lefebvre et al, “Correlation
between severity and SMN protein level in spinal muscular atrophy.” Nat Gener 16(3):265-
269, Park et al , “Spinal muscular atrophy: new and emerging insights from model mice.” Curr
Neuro! Neurosci Rep 12y 108-117. A caveat is that SMN2 copy number is not the sole

phenotypic modifier. In particular, the ¢ 839G>C vanant in exon 7 of the SMNZ gene has been
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reported as a positive disease modifier. Patient with this particular mutation have less severs
disease phenotypes. Prior et al., A positive modified of spinal muscular atrophy in the SMN2

gene.” Am J Hum Genet 85(3):408-413

Type [ SMA (also called infantile onset or Werdnig-Hoffmann  disease} 15 when SMA
syraptorns are present at birth or by the age of 6 months. In this type, babies typically have low
muscle tone (hvpolonia), a weak cry and breathing distress. They often have difficuly
swallowing and sucking, and do not reach the developmental milestone of being able to sit up
unassisted. They often show one or more of the SMA symptoms selecied from hypotonia, delay
i motor skills, poor head conirol, round shoulder posture and hyvpermobility of joinis.
Typically, these babies have two copies of the SMN2Z gene, one on each chromosome 5. Over

half of all new SMA cases are SMA type L

Type H or intermediate SMA is when SMA has its onset between the ages of 7 and 18 months
and before the child can stand or walk independently. Children with type 2 SMA generally
have at least three SMINZ genes. Late-onset SMA (also kaown as types [T and [V SMA, mild
SMA, aduli-onset SMA and Kugelberg-Welander disease) results i vanable levels of
weakness. Type HI SMA has its onset after 18 months, and children can stand and walk
independently, although they may require aid. Type IV SMA has its onset in adulthood, and
people are able to walk during their adult years. People with types HI or IV SMA generally
have between four and eight SMNZ genes, from which a fair amount of full-length SMN
protein can be produced.

In one embodiment, the term "treatment” comprises the step of administering intravenously, or
via the intrathecal route, an effective dose, or effective multiple doses, of a composition
comprising arAAV as disclosed herein to an amimal (including a human being) in need thereof.
If the dose is administered prior to development of a disorder/disease, the administration is
prophylactic. If the dose is administered after the development of a disorder/disease, the
admunistration 1s therapeutic. In embodiments, an effective dose is a dose that alleviates (either
eliminates or reduces) at least one symptom associated with the disorder/disease state being
treated, that slows or prevenis progression to a disorder/disease state, that slows or prevents
progression of a disorder/disease state, that dininishes the extent of disease, thai results in
remission {partial or total) of disease, and/or that prolongs survival. Examples of disease states
contemplated for treatment are set out herein.
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In one embodiment, the composifions comprising rAAV of the disclosure are adnunistered
mitravenously 1o a patient m need thereof having an SMA type I In another embodiment, the
compositions compiising rAAVY of the disclosure are administerad intrathecally 1o a patient in

need thereof having SMA tvpes I, 1IE or IV,

Amethod of treating type I SMA in a patient in need thereof, by admunistering the AAVY viral
vector vig an imtrathecal or infravenous route is disciosed herein. In some embodiments, the
patient 15 0-9 months of age. In some other embodiments, the patient is 0-6 months of age. In
some embodiments where the viral vector is used for treating tvpe | SMA in a patient, the
weight of the patient 1s determined. In some embodiments, the patient has a body weight of
tess than 8.5 kg. In some ernbodiments, the patient has a body weight of more than 2.6 kg. In

some embodiments, the patient has a body weight of 2.6-8.5 kg,

In some embodiments, the patient has mutations, e.g., anull mutation, in one copy of the SMN1
gene {encompassing any mutation that renders the encoded SMNT nonfunctional). Tn some
ernbodiments, the patient has mutations, e.g., a null mutation, i two copies of the SMNT gene.
In some embodiments, the patient has mutations, e.g., anull mutation, in all copies of the SMN1
gene. In some embodiments, the patient has a deletion in one copy of the SMN1 gene. In some
embodiments, the patient has a deletion in two copies of the SMNT gene. In some
embodiments, the paiient has biallelic SMN1 mutations, that is, either a deletion or substitution
of SMN1 in both alleles of the chromosome. Iy some embodiments, the patient has at least one
functional copy of the SMN2 gene. In some embodiments, the patient has at least {wo
functional copies of the SMN2 gene. In some embodiments, the patient has at least two
functional copies of the SMN2 gene. In some embodiments, the patient has at least three
functional copies of the SMN2 gene. In some embodiments, the patient has al least four
functional copies of the SMN2 gene. In some embodiments, the patient has at least five
functional copigs of the SMN2 gene. In some embodiments, the patient does not have a
¢. 859G substitution in exon 7 of at least one copy of the SMNZ gene. In some embodiments,
the genetic sequence of the SMMNI or SMN2 gene mway be determined by full genome
sequencing. In other embodiments, the genetic sequence and copy number of the SMN1 or
SMN2 gene may be deternmined by high-throughput sequencing. In some embodiments, the
genetic sequence and copy number of the SMNT or SMN2 gene may be determined by
microarray analysis. In some embodiments, the genetic sequence and copy number of the
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SMNT or SMN2 gene may be determuned by Sanger sequencing. In some embodiments, the
copy number of the SMNI or SMN2 gene may be determined by Huorescence m-sity

hy brnidization (FISH).

In some embodiments, the patient shows one or more SMA symptoms. SMA symptoms can
mnclude hypotonia, delay i motor skills, poor head control, round shoulder posture and
hypermobility of joints. In some embodiments. poor head control is determined by placing the
patient in a ring sit position with assistance given at the shoulders (front and back). Head
control is assessed by the pattent’s ability 1o hold the head upright. In some embodiments,
spontaneous movement 1 observed when the patient 1s in a supine position and motor skills is
assessed by the patient’s ability to lift their elbows, knees, hands and feet off the surface. In
some embodimenis, the patient’s grip strength is measured by placing a finger n the patient’s
palm and lifting the patient until their shoulder comes off the surface. Hyvpotonia and grip
sirength is measured by how soon/long the patient maintains grasp. In some embodiments, head
control 1s assessed bv placing the patient’s head in a maximum avatlable rotation and
measuring the patien’s ability to turn head back towards midline. In some embodimments,
shoulder posture may be assessed by sitting patient down with head and frunk support, and
observing if patient flexes elbows or shoulder to reach for a stimulus that 1s placed at shoulder
tevel at arms length. In some embodiments, shoulder posture may also be assessed by placing
patient in a side-lving position, and observing if patient flexes elbows or shoulder to reach for
a stimulus that is placed at shoulder level at arms length. In some embodiments, motor skills
are assessed by observing if the patienis flex their hips or knees when their foot is stroked,
tickled or pinched. In some embodiments, shoulder flexion, elbow flexion, hip adduction, neck
flexion, head extension, neck extension, and/or spinal incurvation mav be assessed bv known
clinical measures, e.g., CHOP INTEND. Other SMA sympioms may be evaluated according

to known clinical measures, eg, CHOP INTEND.

In some embodiments, patients are treated after they show symptoms of tvpe | SMA (e.g.. ong
or more symptoms), as determined using one of the tests described herein. In some
embodiments, patients are treated before they show symptoms of tvpe T SMA. In some
embodiments, patients are diagnosed with type I SMA based on genetic testing, before they are

symptomatic.
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Combination therapies are also contemplated heretn. Combination as used herain includes
etther simultanecus treatiuent or sequential treatments. Combinations of methods can melude
the addition of certain standard medical treatments (e.g., riluzole in ALS), as are
combinations with novel therapies. For example, other therapies for SMA include antisense
cligonucleotides (AS(Os) that alter bind to pre-mBNA and alter their splicing patterns. Singh.
et al., “A nulti-exon-skipping detection assay reveals surprising diversity of splice isoforms
of spinal muscular atrophy genes.” Plos One, 7(11):e49595. In one embodiment, nusinersen
(US Patents 5,361 977 and US § 980,853, incorporated herain by reference) may be used.
Musinersen 15 an approved ASQ that target intron 6, exon 7 or intron 7 of SMN2 pre-mRNA,
modulating the splicing of SMN2 to more efficiently produce full-length SMN protemn. In
some embodiments, the method of treatment comprising the AAV? viral vector is
admanistered in combination with a muscle enhancer. In some embodiments, the method of
treatment comprising the AAYY viral vector 15 adounistered in combmation with a
neuroprotector. In some embodiments, the method of treatment comprising the AAVY viral
vector 1s administered in combination with an antisense oligonucleotide-based drug targeting
SMN. Tn some embodiments, the method of treatment comprising the AAV 9 viral vector is
administerad m combination with nusinersen. In some embodiments, the method of treatment
comprising the AAV9 viral vector 1s administered in combination with a myostatin-inhibiting
drug. In some embodiments, the method of {reatment comprising the AAV9 viral vector is

admunistered in combination with stamuiumab.

While delivery to an mdividual in nead thereof after birth is contemplated, intrauteral

delivery to a fetus is also contemplated.

Methods of treating tvpe | SMA patients using the pharmaceutical compositions comprising
the viral vector are contemplated. In some embodiments, the viral vector is formulated at a
concentration of about I — 8 x 10¥ AAVY viral vector genomes/mlL (vg/mbL}). In some
embodiments, the viral vector is formulated at a concentration of about 1.7 - 2.3 x 107 vg/mL.
In some embodiments, the viral vector is formulated at a conceniration of about 1.9 - 2.1 x 10V

ve/mL. Tn some embodiments, the viral vector is formudated at a conceniration of about 2.0 x

O ol
10% v/l

In some embodiments where the viral veclor is used for treating type T SMA in a patient, the
AAY viral vecior (e.g. AAV SMN) is adounistered to the patient at a dose of about 1.0-2.5x
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10* vg/ke. In some embodiments where the viral vector is used for treating type ISMA in a
patient, the AAV viral vector is administered to the patient at a dose of about 1.1 x 10" vg/kg,
In some embodiments where the viral vector i1s used for treating type | SMA in a patient, the
AAV viral vector is infused into the patient over about 45-70 min. In some embodiments where
the viral vecior 1s used for treating type I SMA in a patient, the AAY virgl vector 1s infused
into the patient over about 60 min. In some embodiments where the viral vector is used for
treating type 1 SMA in a patient. the AAV viral vector is infused into the patient using an
mfusion pump, a peristaltic pump or any other equipment known in the art. In some
embodiments where the viral vector 1s used for treating type | SMA in a patient, the AAV viral

vector is infused into the patient using a syringe pump.

Titers of tAAV viral vector to be admimstered will vary depending, for example, on the
particular rAAYVY, the mode of adnunistration, the treatment goal, the individual, and the cell
tvpa(s) being targeted, and may be determuined by methods standard in the art. Titers of rAAY
may range from about 1 X 10°, about 1 X 107, about 1 X 10% about 1 X 10°, about 1 X 1019,
about 13 101 about 1 X 107, about 1 X 101, about 1 X 10™, or more DNase resistant particles
(DRP) per mi. Dosages may also be expressed in units of vector genomes {vg). The genomic
titer can be determined using ddPCR as described in this application, in Lock et al| or any

other methods known in the art.

Dosages may also vary based on the timing of the administration 1o a human. These dosages
of TAAV may range from about 1 X 104 vg/kg, about 1 X 10'? vg/ke, about 1 X 105 vo/kg,
about I X 10" vg/kg, about 1 X 10Y vg/kg, about 1 X 10'® vg/kg, or more vector genomes per
kilogram body weight in an adult. For a neonate, the dosages of rAAY may range from about
1 X 104 ve/kg, about 1 X 107 vg/kg, about 3 X 10% vg/kg. about 1 X 10" vg/kg, about 3 X
105 vg/kg, about T X 10" vg/kg, about 3 X 10 vg/kg, about 1 X 105 vg/ke, about 3 X 103
vg/kg, about 1 X 10 vg/kg, about 3 X 10 vg/kg, or more vector genomes per kilogram body

weight.

Dosages may also vary based on the timing of the administration to a human. These dosages

of TAAV may range from about 1 X 10 vg/kg/week, about 1 X 1012 vg/kg/week, about T X

109 vg/ko/week, about 1 X 10% va/kg/week, about 1 X 10V vg/kg/week, about 1 X 10%

vo/kg/week, or more vector genomes per kilogram body weight in an adult. For aneonate, the

2

dosages of rAAV may range from about 1 X 10" vg/kg/week, about 1 X 10" vg/kg/week,
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about 3 X 102 vg/kg/week, about 1 X 107 vg/ke/week, about 3 X 107 vg/ke/week, about 1 X
104 ve/kg/week, about 3 X 10Y vg/kg/week, about 1 X 107 vglkg/week, about 3 X 10D
ve'kg/week, about 1 X 10 vg/kg/week, about 3 X 10 vg/kg/week, or more vector genomes
per kilogram body weight per week. Dosages of rAAV 1 X 10 vg/1 .5 kg/week, about 1 X
1012 vg/1 5 kg/week, about 1 X 10" vg/1.5 kg/week, about 1 X 10% vg/1.5 kg/week, about 1
K 10V vg/1.5 kg/week, about 1 X 1010 vg/1.5 kg/week, or more vector genomes per kilogram
body weight in an adult. For a neonate, the dosages of rAAV may range from about I X 10!
ve/1.5 kg/week, about 1 X 10% ve/l 5 kg/week, about 3 X 10" vg/kg/week, about 1 X 10
ve/l.5 ke/week, about 3 X 107 ve/1.5 kg/week, about 1 X 10" ve/1 .5 kg/week, about 3 X 101
vg/1.5 kg/week, about 1 X 105 vg/1.5 kg/week, about 3 X 105 vg/1.3 kg/week, about 1 X 101°
vg/1.5 kg/week, about 3 X 10!% vg/1.5 kg/week, or more vector genomes per 1.5 kilogram

body weight per week.

In an embodiment, the dose is about 1.1 X 10" vector genomes per kg (vg/kg) of patient body
weight. In an embodiment, a 5 kg patient would receive a total dose of between 0.5 X 10 1o
5.0 X 104 vector genomes. In an embodiment, the viral vector is administered in a Tris-
buffered Saline. In an embodiment, the viral vector is adnunistered in about 5-20 ml./kg, about

10-20 mL/kg, or about 5.5-6.5 mL/kg of Tris-buffered Saline.

The dose can be determined in a number of standard ways. PCR with primers specific to the
viral vector can provide relative measurements, but gPCR may be used for smaller samples and
absolute measurements. ddPCR is a method for performing digital PCR that is based on water-
oil emulsion droplet technology. Baker et al, “Digital PCR hits its stride.” Nature Methods,
H6y:5341-344. Svkes et al., “Quantitation of targets for PCR by use of limiting dilution.”
Biotechniques, 13(3)444-449. A sample is {ractionated into tens of thousands of droplets, and
PCR amplification of the template molecules occurs in each individual droplet. One does not
need to make a standard curve or have primers with high amplification efficiency, hence
ddPCR does not typically use as much sample as traditional PCR-based techniques. Examples
of commercially available ddPCR machines include, but are not himited to, the BioRad QX100
ddPCR and the RainDance Raindrop Digital PCR. In one ersbodiment, the dose is determined
using PCR. Tn another embodiment, the dose is determuned using gPCR. In another
embodiment, the dose is determined using digital droplet PCR (ddPCR). In some embodiments,
the PCR-based methods detect and quantify encapsidated AAVY wvival genome using

specifically designed primers and probes targeting the SMN gene. In other embodiments, the
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PCR-based methods detect and quantify encapsidated AAVY viral genome using specifically
designed primers and probes targeting the chicken beta-actin promoter. In other embodiments,
the PCR-based methods detect and quantify encapsidated AAVS viral genome using
specifically designed primers and probes targeting the UMYV enhancer. In other embodiments,
the PCR-based methods detect and quantify encapsidated AAVY viral genome using
specifically designed primers and probes targeting the ITR sequences. In other embodiments,
the PCR-based methods detect and quantify encapsidated AAVY viral genome using
specifically designed primers and probes targeting the bovine growth hormone polyadenylation

signal.

In one aspect, the dose is adminisiered according to the following table, using 2.0 X 10" vg/mi

as the target concentration of the drug product.

Table 2: Dosing

Patient Weight Range (kg) Bose Volume® (ml)
26-30 165
31-35 19.3
36-40 22.0
4145 24.8
46-5.0 27.5
51-55 30.3
56-60 33.0
61635 358
66-70 38.5
71-75 413
7.6-80 44.0
81 -85 46.8

A NOTE: Dose Volume 1s calculated using the upper himit of the Patient Weight Range.

In some embodiments pharmaceutical composition comprising the AAVY viral vector is
mfused mto the patient over about 20-70 munutes, for exarnple over about 45-70 minutes. In
some embodiments, the pharmaceutical composition comprising the AAV viral vector 1s
infused into the patient over about 60 min. In some embodiments, the pharmaceutical
composition comprising the AAY viral vectlor is infused into the patient using an infusion

pump, a peristaltic pump or any other equipment known in the art. In some embodiments, the
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pharmaceutical composition comprising the AAV viral vector is infused into the patient using

asyringe purap.

The pre-screening of patients amenable to treatment is also contemplated, as well as the
admunistration of freatment 1o patients identified according to critena disclosed herien. AAVs
may give nse to both a cellular and humoral immune response. As aresult, a fraction of
potential patients for AAY-based gene therapy harbors pre-existing antibodies against AAV.
Jeune et al., “Pre-gxisting anti-Adeno-Associated Virus antibodies as a challenge in AAY
gene therapy.” Hum Gene Ther Methods, 24(2):.59-67. Boutin et al., “Prevalence of serum
1gG and neutralizing factors against adenoc-associated virus (AAV) tvpes 1,2, 5, 6, 8, and 91in
the healthy population: implications for gene therapy using AAV vectors.” Hum Gene Ther,
21:704-712. Because even very low levels of antibodies can prevent successful transduction,
antecedent anti-AAY antibodies pose a serious obstacle 1o the universal application of AAY
gene therapy. In some embodiments, the levels of anti-AAV antibody titers in a patient is

determined prior to admimstration of the AAV viral vector. In some embodiments, the levels

In some emmbodiments, the patient has anti-AAV9 antibody {iters at or below 1:100 as
determined by an ELISA binding immunoassay prior o administration of treatment. In some
embodiments, the patient has anti-AAV9 antibody titers at or below 1:50 as determined by an
ELISA binding immnunocassay prior to administration of treatment. In some embodiments, the
patient has anti-AAV9 antibody titers above 1:100 as determined by an ELISA binding
immumoassay after freatment and 1s monitored for 1-8 weeks or until titers decrease to below
1:100. In some embodiments, the patient has anti-AAV9 antibody titers above 1:100 as
determined by an ELISA binding immunoassay after treatment and 1s monitored for 1-8

weeks or until fiters decrease to below 1:50.

One approach to overcome high anti-AAV antibody titer 15 the use of imunosuppressant
drugs. Monoclonal anti-C20 antibody rifuximab in combination with ¢yclosporine A hag
been shown o be effective in bringing down anti-AAV titers. Mingozzi et al.,
“Pharmacological modulation of humoral immunity n a nonhuman primate model of AAV
gene transfer for hemophilia B.” Mol Ther, 20:1410-1416. Another approach is the use of
plasmapheresis to deplete neutralizing antibodies prior to vector adminisiration. Monteithet et
al, “A 10 patient case report on the impact of plasmapheresis upon neutralizing factors
against adenc-associated virus (AAV) types §, 2, 6, and 8.7 Mo/ Ther, 19(11).2084-2091.
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During plasmapheresis, blood 1s withdrawn from a patient and the plasma and blood cells are
separated by either centnfugation or hollow fiber filtration. The blood cells are then returmed
to the patient together with either treated plasma or replacement fluids, such as a 4.5% human
albumin in saline. A common use of therapeutic apheresis is the removal of undesired
inmnunoglobuling but in this case, plasmapheresis represents an attractive approach to deplete
anti~AAV antibodies. In some embodiments, the patient has anti-AAVY antibody tilers above
1:100 as determined by an ELISA binding immunoassay prior to or after ireatment and is
treated with plasmapheresis. In some embodiments, the patient has anti-AAV? antibody titers
above 1:50 as determined by an ELISA binding tmmunoassay prior {0 or afler treatment and

is treated with plasmapheresis.

Pre~existing maternal antibodies to AAVY may be transferred 1o an infant patient through
breast mulk or placental transfer in utero. In some embodiments, the patient has anti-AAVY
antibody titers above 1:100 as determined by an ELISA binding immunoassay prior to or
after freatment and is switched to formula feeding. In some embodiments, the patient has
anti-AAVY antibody titers above 1:30 as determined by an ELISA binding immmunoassay

prior to or after treatment and is switched fo formula feeding.

Prior to and after admimstration of treatment, the condition of the patient may be monitored.
Some patients who have received AAV -based treatments have expenenced thrombocytopenia,
which is a condition characterized by low platelet count. Thrombocytopenia can be detected
by a full blood count using a diluted sample of blood on a hemocvtometer. Thromboeytopenia
can also be detected by viewing a slide prepared with the patient’s blood {a thin blood film or
peripheral smear) under the microscope. Normal human platelet counts range from 150,000

cells/ml 1o about 450,000 cells/ml.

In some embodiments, the patient has platelet counts above about 67,000 cells/md prior to
adninistration or above about 100,000 cells/ml, or above about 150,000 cells/ml. In some
embodiments, the patient has platelet counts below about 130000 cells/ml prior to
adminastration or below aboul 100,000 cells/mi, or below about 67,600 cells/mi, and is
monitored for 1-8 weeks or uniil platelet counts increase to above about 67,000 cells/ml, or
above about 100,000 cells/ml, or above about 150,000 cells/ml. In some embodiments where
platelet counts are below about 67,000 celle/ml after admunistration of the viral veclor, the
patient mav be treated with platelet ransfusion. In some embodiments, the patient does not
70



r

10

18

20

25

38

WO 2019/094253 PCT/US2018/058744

have thrombocytopenia prior to administration of the viral vector. In some embodiments, the
patient has thromsboceytopenia after administration of the viral vector and is ruonitored for about
1-8 weeks or until the patient does not have thrombocytopenia. In some embodiments, the
patient has thrombocvtopenia after administration of the viral vector and is treated with a

platelet transfusion.

Monitoring the condition of patients may also involve standard blood tests that measure levels
of platelets, serum protein electrophoresis, serum gamma-ghitamyl transferase (GGT),
aspartate transamunase {AST) and alanine anmunotransferase (ALT), total bilirubin, glucose,
creatine kinase {CK), creatinune, blood urea mitrogen (BUN}, electrolyvies, alkaline phosphatase
and amylase. Troponin I levels are a general measure for heart health, and elevated levels
reflect heart damage or heart-related conditions. In some embodiments, tfropouin-I levels are
momtored after admanisiration of the viral vector. In some embodiments, patients mav have
troponin-{ levels less than about 0.3, 0.2, 0.15, or 0.1 pg/ml betore adnunistration of the viral
vector. Tn some embodiments, patients may have troponin-1 levels less than about 8.176 pug/ml
hefore administration of the viral vector. In some embodiments, patients may have troponin-{
levels above about 0.176 pg/mi after administration of the viral vector. In some embodiments,
patients receive cardiac monitoring after administration of the viral vector until roponin-1

levels are less than about (0.176 pg/mi.

Aspartate transaminase (AST) and alanine aminotransf{erase (ALT) and total bilirubin are a
general measure of hepatic function, while creatinine tracks renal fumction. Elevated levels of
AST, ALT or total bilirubin may indicate hepatic malfunction. In some embodiments, the
patient has normal hepatic function prior to admunistration of the viral vector. In some
ernbodiments, the patient has hepatic transaminase levels less than about 8-40 U/L prior to
administration of the viral vector. In some embodiments, the patient has AST or ALT levels
less than about 8-40 U/L prior to administration of the viral vector. In some embodiments, the
patient has bilirubin levels less than 3.0 me/dL prior to administraiion of the viral vector. In
some embodiments, patients have creatining levels less than 1.8 mg/dL prior to administration
of the viral vector. In some embodimments, patients have hemoglobin (Hgb) levels between 8-
18 ¢/dL prior to administration of the viral vector. In some embodiments, the patient has white

blood cell (WBC) counts less than 20000 per mm® prior to administration of the viral vector.
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The efficacy of the treatment method mav be determined using a vartety of tests for motor
skills before and afier treatment. In particular, the Children’s Hospital of Philadelphia Infant
Test of Newromuscular Disorders (CHOP INTEND) was developed to evaluate the motor skills
of patients with type I SMA. Glanzman et al., “The Children’s Hospital of Philadelphia Infant
Test of Newromuscular Disorders (CHOP INTENDY Test development and reliability”
Newromuscular Disorders, 20(3).155-161. The CHOP INTEND test was developed following
the evaluation of 26 infants with Type | SMA, mean age 11.5 months (1.4-37.9 months) with
the Test of Infant Motor Performance {TIMP) and The Children’s Hospital of Philadelphia Test
of Strength in SMA (CHOP TOSS), a newly devised motor assessment for SMA. Testing of
treating efficacy 1s not limited to the CHOP INTEND test. but may also include other motor
skills tests known in the art, including but not limited to TIMP, CHOP TOSS, the Peabody
Development Motor Scales, the Brazelton Neonatal Behavior Assessment test, Motor
Milestone Development Survey, Ahility Captured Through Interactive Video Evaluation
{ACTIVE), the Bavley Scale of Infant Development and measurements of compound motor

action potentials (CMAP).

In some embodiments, baseline testing before ireatment i1s performed wvsing the CHOP
INTEND scale. In one embodiment, the efficacy of treatment s determined using the CHOP
INTEND scale during follow up visits. In some embodiments, the CHOP INTEND includes
measures of head control, righting reactions, trunk movements in supported sifting, supine and
prone positions. In some embodiments, the CHOP INTEND includes measures of anti-gravity

movements in assisted rolling, ventral suspension and supported standing.

In many gene therapy studies mvolving AAV vectors, an antigen specific T-cell response to
the AAV vector has been observed, and may be expected between 2—4 weeks following gene
transfer. One possible consequence to such antigen specific T-cell response is clearance of the
transduced cells and loss of transgene expression. In an atteropt to daropen the host immune
response o the AAV based therapy, patients mav be given immmme suppressants. In some
embodiments, patienis may be given glucocorticoids before adminisiration of viral vector. In
some embodiments, patients may be given a corticosteroid before administration of viral vector.
In some embodiments, patients may be given an oral steroid before adrurustration of viral
vector. Examples of oral steroids include but are not limited to prednisone, prednisolone,
methylprednisolong, triamcinolone, bethamethasone, dexamethasone and hydrocortisone In

some embodiments, the oral steroid is or comprises prednisolone. In some embodiments, the
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patient is started on prophylactic steroid at least 24 hours prior fo admunistering the viral vector.
In some embodiments, the patient 1s given oral steroid for at least 30 days after administering
the viral vector. In some embodiments, the oral steroid is admirustered once daily. In some
embodiments, the oral steroid is administered twice daily. In some embodiments, the oral
sterotd 15 given at a dose of about 0.1-10 mg/kg, e g, about 1 mg/kg. In some embodiments, the
oral steroid is given at a dose of about 0.1-10 mg/kg/day, e g., about 1 my/kg/day. In some
embodiments, the levels of AST and ALT are monitored after adrmirustration of the viral vector.
In such embodiments, the oral steroid treatment is administered when AST and ALT levels
exceed twice the upper himit of normal, e g, as determined by chinical standards and methods
known in the art, or about 120 /L. In some embodiments, the oral steroid treatment is
administered for more than 30 days as iong as AST and ALT levels exceed twice the upper
timit of normal, e.g., as determined by clinical standards and methods known in the art, or
exceed about 120 IU/L. During sustained treatment with corticosteroids, the adrenal glands
naturally decrease production of cortisol. If corticosteroid treatment 18 stopped abruptly, the
body may experience cortisol deficiency. In some embodiments where oral steroid is given to
a patient for at least 30 days, the steroid dose is slowly tapered on a schedule. In some
ernbodiments, the oral steroid dose is tapered when AST and ALT levels fall below twice the
vpper limit of normal, e g, as determined by clinical standards and methods known in the art,
or about 120 TU/L. Tn some embodiments, tapering comprises stepped decrements to 0.5
mg/kg/day for 2 weeks followed by 0.25 mg/ke/day for 2 more weeks. In some other

embodiments, tapering of the oral steroid occurs at the discretion of the doctor.

Kit

The disclosure herein also provides a kit for treating SMA in a patient in need thereof, wherein
the kit comprises one or more doses of a pharmaceutical compostiion comprising an effective
amount or dose of a viral vector comprising an SMN polvnucleotide disclosed herein and
depending on the tvpe of SMA (as further disclosed herein) the kit further comprises a contrast
agent (~e g, omnipague 180}, and mstructions on how 1o use the pharmaceutical preparation

or composiiion and the contrast agent.

In some embodiments, the kit contains vials of a viral vector pharmaceutical composition. In

some embodiments, the viral vector pharmaceutical composition 1s at a concentration of about

1.7 - 2.3 x 107 vg/mL. In some embodiments, the viral vector pharmaceutical cormposition is
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at a concentration of about 1.9 - 2.1 x 10 vg/mL. In some embodiments, the viral vector
pharmaceutical composition is at a conceniration of about 2.0 x 10P vg/mL. Tn some
embodiments, the vials contain about 59 mi. of a viral vector pharmaceutical composition. In
some embodiments, the vials contain about 8.7 mbL of a viral vector pharmaceutical
composition. In some embodiments, the kit contains no 5.9 mL vial, at least one 5.9 mL vial,
at least two 5.9 mb vials or at least three 5.9 ml. vials. In some embodiments, the kit contains
no 8.7 mL vial. at least one 8.7 mbL vial, at least two 8.7 mL vials, at least three 8.7 mL vials,

at least four 8.7 mL vials, at {east five 8.7 mL vials, at least six 8.7 mL vials.

In some embodiments where the kit 1s used for {reating type I SMA 1 a patient, the weight of
the patient is determined. In some embodiments where the kit is used for treating type { SMA
in a patient, the weight of the patient is at least about 2.6 kg. In some embodiments where the
kit 1s used for treating tvpe | SMA in a patient, the weight of the patient 1s no more than about
8.5 kg, In some embodiments where the kit is used for treating type { SMA in a paiient, the
weight of the patient is about 2.6 - 8.5 kg In some embodiments where the kit is used for
treating type I SMA in a patient, the AAV viral vector from the vials in the kit is administered
to the patient. In some embodiments where the kit is used for treating type I SMA in a patient,
the AAV viral vector from the vials in the kit is administered to the patient at a dose of about
1.0-25x 10" vg/kg In some embodiments where the kit is used for treating type I SMA ina
patient, the AAY viral vector from the vials in the kit is administered to the patient at a dose of
about 1.1 x 10! ve/kg. In some embodiments where the kit is used for treating tvpe I SMA in
a patient, the AAV viral vector from the vials in the kit is infused into the patient over abowt
45-70 wan. In some embodiments where the kit is used for treating type I SMA m a patient, the
AAY viral vector from the vials in the kit is infused into the patient over about 60 min. In some
embodiments where the kit is used for treating type I SMA in a patient, the AAV viral vector
from the vials in the kit 15 infused nto the patient using an infusion pump, a peristaltic pump
or any other equipment known n the art. In some embodiments where the kit 1s used for tfreating
tvpe | SMA in a patient, the AAV viral vector from the vials in the kit is infused into the patient

using a syringe pump.

In one embodiment, the vector 15 adnunistered miravenously or mtrathecally. In one
embodiment, the vector is administered intravenously. In one embodiment, the vector is
administered infravencusly together with omnipague 180, In another embodiment, the vector

ts administered mtrathecally together with ommipaque 180,
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In another aspect, methods of transducing target cells of a patient (including, but not limited

to, nerve or glial cells) with rAAVY are contemplated heremn.

Transduction of cells of a patient with rAAV disclosed herein can resulis in susiained
expression of polypeptide or RNA encoded by the rAAV. The present disclosure thus provides
methods of administering/delivering rAAVY (e.g., encoding SMN protein} to an animal or &
human patient. These methods include transducing nerve and/or glial cells with one or more
rAAY. Transduction may be carried ouwt with gene cassettes comprising tissue specific control
elements. For example, promoters that allow expression specifically within neurons or
specifically within astrocytes. Examples include neuron specific enolase and ghal fibrillary
actdic protein promoters. Inducible promoters under the conirol of an ingested drug may also

be developed.

In some aspects, it is contemplated that the transduction of cells is increased when a vecior of
the disclosure is used in combination with a contrast agent as described herein relative to the
fransduction of a vector of the disclosure when not used in combination with a contrasi agent.
In various embodiments, the transduction of cells is increased by at least about 1%, or at least
about 5%, ai least about 10%, at least about 20%, at leasi about 30%, at least about 40%, at
least about 50%, at least about 60%. at least about 70%, at least about 80%, at least about 90%,
at least about 100%, at least about 120%. at least about 150%. at least about 180%. at least
about 200%, at least about 250%, at lsast about 300%, at 1sast about 350%, at least about 400%,
at feast about 450%, at least about 5005 or more when a vecior of the disclosure 15 used
combination with a conirast agent as described herein, relative to the transduction of a vector
of the disclosure when not used in combination with a contrast agent. In further embodiments,
the transduction of cells 18 increased by about 10% to about 50%, or by about 10% to about
100%, or by about 5% to about 10%., or by about 5% to about 50%, or by about 1% to abowt
500%, or by about 10% to about 200%. or by about 10% to about 300%, or by about 10% to
about 400%, or by about 100% to about 500%, or by about 150% to about 300%, or by abowt
200% to about 500% when a vector of the disclosure 1s used in combination with a contrast
agent as described herein, relative to the transduction of a vector of the disclosure when not

used in combination with a contrast agent.
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The disclosure also provides aspects wherein infrathecal administration of a vector of the
disclosure and a contrast agent 1o the central nervous system of a patient in need thereof resulis
i an increase in survival of the patient relative to survival of the patient when a vector of the
disclosure is administered in the absence of the contrast agent. In various embodiments, the
vector of the disclosure and 2 contrast agent are separately administered mitrathecally 1o the
central nervous system of a patient in need thereof. In other embodiments, the vector and
contrast agent are co-formulated and admunistered intrathecally to the central nervous system
or a patient in need thereof. In other embodiments, the vector and contrast agent are provided
in the same package for admanistering mirathecally to the central nervous system or a patient
i need thereof In various embodiments, adnunistration of a vector of the disclosure and a
contrast agent to the central nervous system of a patient in need thereof resulis in an increase
of survival of the patient of at least about 1%, at least about 5%, at least about 10%, at least
about 20%, at least about 30%, at least about 40%, at least about 50%, at least about 60%, at
least about 70%, at least aboui 80%, at least about 20%. at least about 100%, at least about
150%, at least about 200% or more relative to survival of the patient when a vector of the

disclosure is adminisiered in the absence of the conirast agent.

In some aspects, it is contemplated that the transduction of cells is further increased when a
vector of the disclosure is used tn combination with a contrast agent and when the patient s
put in the Trendelenberg position (head down position). In some embodiments, for example,
the patients is tilted in the head down position at about 1 degree to about 30 degrees, about 15
to about 30 degrees, about 30 1o about 60 degrees, about 60 to about 90 degrees, or about 90
up to about 180 degrees) during or after intrathecal vector infusion. In various embodiments,
the transduction of cells 15 increased bv at least about 1%, or at least about 5%, at least about
10%, at least about 20%. at least about 30%, at least about 40%. at least about 50%, at least
about 60%, at least about 70%, at least about 80%, at least about 90%, at least about 100%, at
feast about 120%, at least about 150%, at least about 180%, at least about 200%, at least about
250%, at least about 300%, at least about 350%, at least about 400%. at least about 450%, at
teast about 500% or more when a vector of the disclosure i1s used in combination with a contrast
agent and Trendelenberg position as described herein, relative to the transduction of a vector
of the disclosure when not used in combimnation with a contrast agent and Trendelenberg
position. In further embodiments, the transduction of cells is increased by about 10% to about
509, or by about 10% to about 100%, or by about 5% to about 10%, or by about 5% to about

50%., or by about 19 to about S00%, or by about 10% to about 200%, or by about 10% to about
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300%, or by about 10% to about 400%, or by about 100% to about 500%, or by about 150% to
about 300%, or by about 200% to about 500% when a vector of the disclosure is used in
combination with a conirast agent and Trendelenberg position as described herein, relative to
the transduction of a vector of the disclosure when not used in combination with a contrast

agent and Trendelenberg position.

The disclosure also provides aspects wherein intrathecal administration of a vector of the
disclosure and a contrast agent to the central nervous svstem of a patient in nead thereof puwt in
the Trendelenberg position results in a further increase in survival of the patient relative to
survival of the patient when a vector of the disclosure 1s admunistered 1o the absence of the
contrast agent and the Trendelenberg position. In various embodiments, administration of a
vector of the disclosure and a contrast agent to the central nervous svstem of a patient in need
thereof putin the Trendelberg position results in an increase of survival of the patient of at least
about 1%, at least about 5%. at least about 10%, at least about 20%, at least about 30%, at least
about 409, at least abowt 50%. at least about 60%, at least about 70%, at least about 80%, at
east about 90%, at least about 100%, at least about 1350%, at least about 200% or more relative
to survival of the patient when a vector of the disclosure 15 adminisiered in the absence of the
contrast agent and the Trendelenberg position.

As used in this disclosure and the appended claims, the singular forms "a", "an", and "the”
include plural referents unless the context clearly dictates otherwise. Optional or optionally
means that the subsequently described event or circumstance can or cannot oceur, and that the
description includes instances where the event or circumstance occurs and instances where it
does not. For example, the phrase optionally the composition can comprise a combination
means that the composition may comprise a combination of different molecules or may not
include a combination such that the description includes both the combination and the absence
of the combination (1., individual members of the combination). Ranges may be expressed
herain as from about one particular value, and/or to about another particular value. When such
a range i expressed, another aspect includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as approximations, bv use of the
antecedent about, 1t will be undersiood that the particular value forms another aspect. 1t will be
further understood that the endpoints of each of the ranges are significant both in relation to

the other endpoint, and mdependently of the other endpomt.
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The present discloswe is further illustrated by the following examples that should not be
construed as limiting. The contents of all references, patents, and published patent applications
ctied throughout this application, as well as the Figures, are incorporated herein by reference

int their entirety for all purposes.

EXAMPLES

The following examples are to be considered illustrative and not limiting on the scope of the

disclosure described above.

Example 1 - Generation of Pre~-GMP Master Cell Bank

Methods

Thaw: A single cell vial (1 x 10° celis) was thawed in a 37°C water bath for about 1 minute
and contents diluted in 5 mbL of pre-warmed complete growth media. The cells were transferred
into a T-25 ¢y’ flask and grown in a 37°C incubator for 4 days, with a replacement of culture

media with pre-warmed complete growth media everv day.

Selection for Increased Adherence: The cells were cultured using the following technique to
select for strongly adherent cells. Once the cells reached 95% confluency in the 25 om’ flask,
the cells were subcultured. Cells were washed with 5 mlL of PBS then dissociated with 0.5-1
ml, of Hy{JTase for ~2 minutes at room temperature. [Jissociation was stopped by adding 3
mb complete growth media and repeatedly pipetied to dissociaie cell clumps. Cell suspension
was then centrifuged for 4 minutes at 200 x g. Supernatant was discarded and cell pellet was
resuspended in 10 mL of complete growth media. Cells were transferred to a 75 cm? flask. after
4 hours of incubation in the 37°C incubator, weakly adherent cells were washed away by
aspirating cell culture media to remove wealkly adherent and non-adherent cells. Culture media
was replaced with 10 mL pre-warmed complete growth media. This process reduced cell mass
by up to 35% of cell number, by visual mspection. The cells were incubated for an additional
2 days before being subculiured again. This selection process. consisting of the media change
4-hour post-seeding, was performed three times pror to expansion of the selected cell

population (Figure 2 and Figure 3). In the final selection step, cells were seeded into 2x175
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ey’ flasks, with a {inal volume of 25 mL. It was noted that there was reduction in cell loss after

the last 4-hour post-seeding media change.

Cell Expansion: Cells were subsequently expanded once the cells were confluent in the 2x175
o’ flasks. Cells were washed with 15 mL PBS then dissociated with 3 mL HvQTase and
wncubation for ~2 minutes at room ternperature, Dissociation was stopped by adding 10 ml of
complete growth media Cell suspension was then centrifuged 1o produce 2 cell pelleis once
the supernatant was aspirated. Each pellet was resuspended in 8 mL of complete growth media
and 2 mL of this concentrated cell suspension was added to 8<175 e’ flasks. The flasks wers
prepared by adding 20 mL of complete growth media, resulting in a total of 22 ml cell
suspension and a splitling ratio of 1:4. The next expansion step used the same procedure with
the following variations: 45175 cm?® flasks were expanded at a splitting ratio of 1:2 and 4x175
cny’ flasks were expanded at a splitting ratio of 1:3. This resulted in a total of 20 x 175 cm®

flasks.

Harvest: Cells were harvested from 20 x 175 ¢’ flasks. Cells were washed with 15 mL of
PBS then dissociated with 3 mb. HvQTase as previously described. Cell dissociation was
stopped by adding 10 mlb. of complete growth media and collected into 50 mb tubes with cell
suspension from 4 x 175 ¢cm” flasks added to 1 x 50 ml tube This resulted in 5 x 50 mL tubes
with 40 mbL of cell suspension in each. Tubes were centrifuged 1o create cell pellets,
supematants were aspirated, and cell were resuspended with 10 mb of complete growth media
resulting in 50 mL of cell suspension.

The volume was split mto 2 x 50 mL tubes, with a total of 25 mL of cell suspension n each
tube. The samples diluted 1:2 were used to calculate viable cell counts per tube cells using a
haemocytometer and Toludine {trtypan) Blue. Tube 1 sample had a viable cell count of 199 x
10° cells/mL yielding a cell concentration of 3.98 x 10° cells/mL and Tube 2 sample had a
viable cell count of 2.4 x 10° cells/mL (total 1 x 10% cells) vielding a cell concentration of
4 8x10° cells/mL (total 1.2 x 108 cells). Thus, a total of 2.2 x 10° cells were harvested. Both
tubes were centrifugad again {6 mimutes, 200 x g} and pellets were resuspended in 10 mL (Tube
1} and 12 mL (Tube 2) of freezing medium, respectively, to adjust the cell concentration to
1x107 cells/mL. The two cell suspensions were pooled and 1 mL aliquots {each containing

1x107 cells) were filled in 22 sterile cryovials (Table 3).

Table 3: Calculation of total harvested cells
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Cell Concentration Cell Concentration Total cells for
for a 1:2 sample for Harvest Harvest
Tube 1 1.99 x 10° cells/mL 3.98 x 10°cells/mL i x 10%cells
Tube 2 2.4 x 10° cells/mL 4.8 x 10%cells/ml 1.2 x 10%cells
Total - - 2.2 x 10%cells

Filled vials were then transferred 1o a freezing chamber with fresh isopropanol overnight in a -
80°C freezer for controlled rate freering. The frozen vials were then transferred to vapor phase
Liquid mitrogen 1o a liquid nitrogen tank. Ten vials were iransferred on dry ice to be banked in

a GMP facility.

HEK293 cells from ATCC were thawed and successfully adapted for increased adherence in 3
passages prior 1o expansion and successful banking of a seed bank. The seed bank was tested
for growth and presence of adventitious agents {mvcoplasma, fungi and bacteria). Testing

showed that the seed bank 15 suitable for Master Cell Banking in a GMP facility.

Exampie 2 - Upstream Process

An upstream process {see, e.g., Figure 4} was used to produce an intermediate derived from a
working cell bank, wherein the upstream process comprises the steps of (a) culturing adherent
cells, (b} transfecting the cultured cells with three plasmids as shown in Figure 1 (g,
comprising AAV SMN described herain} to enable production of the AAV viral vector, {¢}
tysing the adherent cells to isolate the AAV viral vector, (d} purifying the viral pariicles via
filtration to remove any intact cells or cellular debris, and (e} subjecting the purified product
of (d} to tangential flow filtration, and () freering the resultant intermediate preparation of
purified viral particles. In alternate emabodiments, the AAY prepared with the upstream process

disclosed herein encodes an shRNA targeting SOD1 or an MECP2 as disclosed herein.

{2} Cultarine adberent cells

HEK293 cells were thawed and expanded through seven passages in disposable flasks with
the use of CO: incubators. The thawed cells were washed with Cell Expansion Growth
Media, centrifuged and resuspended with fresh Cell Expansion Growth Media. The
resuspended cells were seeded into a flask containing Cell Expansion Growth Media and
incubated.
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When cells were confluent, they were washed with DPBS and removed from the flasks with
TrypLE Select enzyme solution. Cell Expansion Growth Media was added to neutralize the
enyme solution, and the suspended cells were split and reseeded into new flasks containing

Cell Expansion Growth Media, This expansion process was repeaied for 7 tirnes. In the last

tteration, the suspended cells were not reseeded 1n flasks, but the cell slury was 1nstead

inoculated in a bioreactor for further expansion.

An iCELLIs 500/200 m® or an iCELLis 500/333 m? adherent cell bioreactor was prepared for
inoculation in advance of inoculation. Preparation activities included unpacking of the
disposable bioreactor, physical inspection, leak testing, tubing assembly aftachment, and
probe equilibration. Cell Expansion Growth Media was charged to equilibrate the bioreactor.
Once the pH (pH 6.9 10 7.5), teroperature (35 °C to 39 °C), and dissolved oxvgen (40-125%)
were verified to be within the defined ranges, the bioreactor was seeded at a target seeding
density of 4800-7000 cells/cm® (for 200 m” reactor) or 5000-12000 cells/cm?® (for 333 m”
reactor). The cell shurry from the previous step was added (o media in a recirculation media

bag and circulated through the bioreactor.

(b) Transfecting adherent cells

On days 4, 5 or 6 from time of bioreactor inoculation, adherent HEK 293 cells were transfected
with a triple DNA plasmid PEI co-precipitation. The 3 plasmids utilized for this transfection
are pSMN, pAAV2/9, and pHELP. The DMEM growth medium used for cell expansion is
removed from the bioreactor and replaced with Transfection Media The scAAVO.CB.SMN
vector is produced using triple DNA plasmid transfection into Adherent Human Embryonic
Kidney (HEK293) cells using a polyethvlentmme (“PET”) co-precipitation in a large-scale
adherent cell bioreactor. The vector plasmid pSMN contains the cDNA for the human survival
motor neuron protein {(SMNY. The 3 plasmids wilized for this transfection are pSMN (222
mg), pAAV2/9 {333 mg}, and pHELP (444 mg). The plasmids may be transfected at a ratio of
1:1:1 mole. The transfection medium was allowed to equilibrate in the bioreactor until the
bioreactor temperature is >30°C prior to the addition of the PEI-Plasnud co-precipitation. The
PEf-Plasmid co-precipitation process involves the addition of the plasmids to Transfection
Media and 0.2 u filtralion into a reaction bag. The PEI was added to transfection medium and

then to the reaction bag. The PEl-plasmud ratio is about 1:1 by weight. The PE{-Plasmid
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reaction was manually mixed to form a homogeneous suspension and the reaction occurs over
a 15-30 minute period. At the end of the reaction time, the PEI-Plasmud co-precipitation was
transferred from the reaction bag to the bioreactor. The PEI-Plasmid co-precipitation was
allowed to mix in the bioreactor for 1-2 hours {alternative durations are described in Example
7} prigr to restarting agitation. The Transtection Media was recirculated in the bioreactor for

18-24 hours before the next media change.

On bioreactor day 6, 18 - 24 hours post transfection, the bioreactor was drained and the
Transfection Media recirculation media bag was replaced with Post-Transfection Media. The
bioreactor was re-filled with Post-Transfection Media with recirculation in the bioreactor. On
day 7, 18 - 24 hours post the media change on day 6, the Post-Transfection Media in the
recirculation bag was replaced with a fresh bag of Post-Transfection Media. The bioreactor
was not drained during this step. Recirculation of the media continues uniil harvest usually at

day 9.

{¢) Lysing the transfected adhevent cells

After 9 days in the bioreactor, the final pre-harvest samples were taken from the reactor and
the total cell lysis process was initiated. Benzonase was added to the bioreactor 1o a final
concentration of 100 U/mb. The Benzonase was allowed to mix in the reactor, and the Lysis
Buffer was added to the reactor. The Lysis Buffer was mixed in the reactor at 15-25°C for 2
hours before the contents of the bioreactor were transferred to the harvest bag. A Salt Sucrose
Solution {888} which quenches the Benzonase reaction was added 1o the harvest bag and mixed
for 15 manutes. The bioreactor was then rinsed with the Bioreactor Rinse Buffer for 15 nunutes,
and the rinse was then collected in the harvest collection bag, along with the quenched cell
tysis solution. Once the rinse had been added to the collection bag, the contents were mixed for

15 minutes and the bulk harvest samples taken.

{d) Preparing the viral particles by filiration and tansential flow filiration

The mixed bulk harvest was filtered through a POD depth filter into a collection bag. Once all
bulk harvest had been filtered, the depth filter was chased with TFF1 Buffer. The depth filter

pool was mixed and sampled. The depth fHer pool was then fltered through a 0.45 pm filter
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to further clanfy the bulk harvest material. The 0.45 um filter was then chased with TFF1
Buffer,

For the TEF1 step, 5.0 m? of 300 kDa MW cut off regenerated cellulose membrane cassettes
were flushed, sanitized with NaOH solution and equilibrated with TFF1 buffer. The
concentration phase of this operation was designed to reduce the volume of the clarified harvest
by approximately 10x. Once the farget retentate volume was reached, diafiliration operation
are started. The retentate was diafiltered with 6 diavolumes of TFF1 buffer. Alternatively, the
retentate may be diafiltered with more than 6 diavolumes of TFF1 buffer, e g, 10 divolumes,
12 diavolumes, or 15 diavolumes. Once 6 diavolumes of permeate total flow were achieved,
the retentate was concentrated again and harvested into a collection bag. Two successive rinses
of the membrane were execuied to maximize the product recovery from the TFF system to

produce an intermediate drug substance.

{e) Freezing intermediate

The TFF1 intermediate was aliguoted mto 1 or 2 liter stenile PETG bottles in a LFH hood and

then frozen on dry ice or in a freever and transferred to -60°C storage.

Table 4: Buffers used in Unsiream Process

Name Formulation Process Menis) Used
Cell Expansion | DMEM  with 10% FBS, 45 g/l | Cell expansion, iCELLis Bioreactor
Growth Media | glucose, 4 mM L-glutamine pre-transfection
Transfection DMEM with no FBS, no calcium. | iCELLis Bioreactor transfection
Media no L-glutamine and 4.5 g/l glucose
Post OpaMEM with 23 g/ glucose, | 1CELLIs Bioreactor post
Transfection 4 mM L-glutanine, and no FBS transfection
Media
Lysis Buffer 500 mM HEPES, 10% Tween 20, | 1CELLis Bioreactor cell lysis
20 mM MgCl, pH 8.0
Sakt Sucrose | 3700 mM Na{l, 10% Sucrose Clanfication
Sclution (855}
Bioreactor Rinse | 20 mM Tris, 1 mM MgCh, 5060 mM | iCELL1s bioreactor harvest
Buffer WNaCl, 1% Tween 20, 1% Sucrose
TFF1 Buffer 20 mM Tris, 1 mM MgCh, 500 mM | Clarification, TFF1
Na(l. 1% Sucrose
THFY 0.5 M NaQOH TEF1 membrane sanitization
Sanitization
Buffer
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Example 3 - Downstream Process

A downstream process {see, e.g., Figure 5} was used to process the TFF1 itermediate (o a
filtered drug substance. In some embodiments, the downstream process disciosed herein may
be used to process an intermediate comprising an AAV SMN, an AAY MECP2, or an AAV
encoding shRNA targeting SOD1 as described herein. The downstream process steps include:
{a) acidifving and danfying the intermediate (using filiration}), (b) punfying using cation
exchange chromatography, (¢} filtering with tangential flow filtranion (“TFF2™), (d)
wltracentrifuging using CsCl buffer to separate filled and empty viral capsids, {e) collecting the
AAY viral vectors, and {(d) filtering the coliected AAY viral vectors with a second tangential

flow filtration (“"TFF37) step.

{a} Acidification and Clarification

The TFFI mtermediate material from the upstream process (thawed to room temperature if
previously frozen) was pumped into a bag with a mixer. The pooled TFF1 Intermediate was
mixed, and a sample was taken to determune the titer. The pooled TFF1 Intermediate was
immediately processed by the adding 11-14% of Tween 20. Tween 20 was used to promote
flocculation of the bulk of host cell proteins and DNA under acidic pH conditions. The mixture
was allowed to incubate for a 12-20 hours. The pH was then lowered by the addition of
Acidification Buffer (IM glycine) to pH 3.3-3.7. The precipitate formed after the pH was
lowered was then removed by filtering the solution through a 1.1 m? Clarisolve and a 2.2 m?
Millistak + COHC depth filters and 0.45um polishing filters. This process resulted in the
Acidified and Clanified TFF Intermediate.

{b) Purification with Cation Exchance Chromatosraphy

The cation exchange (CEX) chromatography step was used to separate the viral capsids from
proteins, DNA, and other process impurities, e.g., host cell ipids, TWEEN 20, This step
wiibized a CIMmultus S03-8000 Advanced Composite Column (Sulfonvly (0.2 um pores)
chromatography colunm (R 0 L) operated using an automated process chromatography system,

Buffers and solutions are described in the following table:
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Volume ) forone 8

Solution name . || Composihion Purpase
: P . L. CEX Cycle
WHI WFI Column flushes 200 L
50 mM glycine, 500 mM
NaCl, 1.0 % sucrose. 0.20 % Eauilibration.  wash
CEX A-Buffer poloxamer 188, “4 i ’ 1256 L
' elution
pH 35+ 0.1 at 20°C
50 mM glveine, 2.0 M Na(Cl,
L0 % sucrose, 020 % Column equilibration
o s ec % ,
CEX B-Buffer | poloxamer 188, ©d 40 L
and elution
pH 3.5+ 0.1 at 20°C
Monolith e
Column Sanitization,
Cleaning | M NaOH, 2 M NaCl mpu AZAROn- | o611,
Solution g
1 M ammonium | 4 anmoniur acetate Restore coluron pH 40 L
acetale
3y 1) N i<
pH o 9.0 1LOMTns pH  adjustment  of | |
Neutralization CEY product 0.5L
buffer pH Y1 +0.1 at 20°C B Proc
Storage solution | 20% Ethanol in WE1 Coluron storage 40 L

The Acidified and Clanified TFF Intermediate (1.e., CEX Load) was loaded onto a cleaned and

equilibrated CEX column. The conditions were such that the viral vectors bind to the

monolithic column. The unbound material was washed from the column with CEX A Buffer.

The product was eluted from the resin with a gradient of CEX B Buffer in CEX A Buffer.

Collection of Fraction I was initiated at the start of the elution gradient for 10 column volumes

{CV3ea defined volume of 2.3-2.7 UV, The chromatography column was discarded after each

batch (i.e., the chromatography column was not re-used). The CEX product eluate (Fraction 23

was then neutralized using Neutralization Butfer to a pH of 7.7-8.3.

2

{¢) Filtering with Tancential Flow Filtration (TF¥F2)
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The TFF2 step concentrated the viral vector, removed protein impurities, and exchanged the
buffer to an appropriate buffer for the CsCl ultracentrifugation step. The Neutralized CEX
Fluate was processed using a TFF system fitted with 0.3 m? of 300 kDDa MWCO regenerated

cellulose membrane.

The volume of the Neutralized CEX Eluate was reduced to a target retentate volume. Once the
target retentate volume was reached, diafiltration was staried in discontinuous TFF mode (batch
mode). The retentate was dilited 2-fold with TFF2 NaCl Diafiltration Buffer, and the retentate
13 concentrated to its nitial volume. This was repeated until diafiltration with TFF2 NaCl
Daafiltration Buffer was complete. The retentate was then diluted 2-fold with TFF2 CsCl
Dnafiltration Buffer and the retentate was concentrated 1o its initial volume. This was repeated

until diafiliration with TFF2 Na(l Diafiltration Buffer was complete.

The retentate was further concentrated to a final mass based on the physical titer of the
Neutralized CEX Eluate, the system hold-up volume, system flush volume, and retentate
density to achieve the desired target vector concentration and recovered into a collection bag.
One flush cycle of the system with TFF2 CsCl Diatiltration Buffer was followed by product
blowdown to maximize the product recovery from the TFF system. A sample of the TFF2
Reteniate, which contains the retentate and flush) was taken for physical titer measurement.
The TFF2 membrane cassettes were discarded after each batch {i.e., TFF membranes were not

reused).

Table 6: Buffers for TFF2

Solution Nawme { omposition

TFF2 NaCl Diafiliration Buffer | 20 mM Tns, 2 mM MgClz, 150 mM NaCi, 02%
Poloxamer 188, 1% Sucrose , pH 8.1+ 0.1 at 20°C
TFF2 CsCl Diafiltration Buffer 20 mM Tris, 2 mM MgCl, 3 M CsCl, 0.2% Poloxamer
188, pH 8.1+ 0.1 at 20°C

{d) CsCt Ultracentrifugation

The purpose of the ultracentrifugation step was to remove empty capsids from full capsids by
wtilizing cesium chloride gradient ultracentrifugation. The TFF2 Retentate was added to

ultracentrifugation tubes and the tubes were sealed. The tubes were placed in an ultracentrifuge,
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like an automated Optima XPN 100 Ultra Centrifuge system or equivalent system equipped
with Type 50.2 Ti rotor or equivalent rotor. The filled tubes were centrifuged at 45,000 rpm

for 22 hours at 20°C.

{e} Collecting AAY viral veciors

Afier completion of centrifugation step, tubes were removed from the ultracentrifuge and
placed in a biosafety cabinet. Product containing tubes were mounted on ring stands above a
waste coniainer. A lamp was postiioned directly under the tube 1o visualize the empty capsids
band (Band A, highest band), the full capsid doublet bands (Band B and Band C, upper and
fower bands of the doublet), and lowest band below the doublet (Band D). The tubes were
punctured with a needle attached to a syringe to vent the tubes, and bands B, C, and D were
removed by aneedle. The collected matenal was transferred to a coliection bag. The collected
ultracentrifuged pool (UC Pool) was diluted with TFF2 Buffer to reach a consistent starting
CsCl concentration in the TFF2 Load material. The diluted UC Pool 15 processed in the TFF3

step. The buffer for the CsC1 ultracentrifugation step is listed in the table below:

Table 7: Buffer for CsCl Ultracentrifusation

Solution Nae { ompozition
TFF2 CsC Diafiliration Buffer | 20 mM Tnis, 2 mM MgCi2, 3 M CsCl, 0.2% Poloxamer
188, pH& 1 £ 0.10

{D) Filtering with Taneential Flow Filiration (TFF3)

The TFF3 step removed CsCl and concentrated the full vector using Final Formulation Buffer.
A tangential flow filtration system was wlilized in conjunction with 50 cm?® of 300kDa MWCO

regenerated cellulose membranes. The viral vector was retained by the memwbranes.

The volume of the Diluted UC Pool was reduced to a target retentate volume. Once the target

volume was reached, continuous diafiltration at a constant retentate volume was started. The

retentate was diafiliered with TFF3 Buffer. A sample of the diafiltered retentate was taken for

physical titer measurement. The retentate was further concentrated by targeting a permeate

weight, which was calculated by 1) the volume of retentate in the TFF system at the end of

diafiltration, 2) the Dilwted UC Pool physical titer, 3) a target drug substance (DS)
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congentration, 4} the combined volume of svstem flushes and filter flushes, and 5} the density
of the TFF3 Buffer. The TFF3 membrane cassettes were discarded afler each baich (e,

casseties are not reused).

Table 8: Buffers for TFE3

Solution Mame { omposition

TFF3 Buffer option 1 20 mM Tris, ¥ mM MgCh, 200 mM Na(l, 0.001% Poloxamer
i88, pH 8.0+ 0.1 at 20°C

TFF3 Buffer option 2 20 mM Tris, 1 mM MgCla, 200 mM Na(Cl, 0.005% Poloxamer
188, pH 8.0+ 0.1 at 20°C

Two successive 20 mb. rinses of the THF membranes with the TFF3 Buffer were performed to
recover the vector from the TFF system. The rinses were recovered through a 0.2 mm Pall
Supor® EKV Sterilizing-Grade Filter (Mini Kleenpak). A filicr rinse was performed with TFF3
Buffer to recover any vector reruaining in the filter and to adjust the final volume of the Filtered
TFF3 Pool (i.2., Drug Substance DS}, The DS was aliquoted into 125 or 250 mb PETG bottles

and frozen at < -60°C.

Example 4 - Formulating and Fifling

The Drug Product (DP) was a single-dose, preservative-free, sterile, clear o shightly opaque,

and colorless to famt white. intravenous infusion of non-replicating, self-complementary

AAVOY vector at a target concentration of 2.0 x 1057 vg/ml. The DP comprised 20 mM Tris, 1
mM MgCla, 200 mM NaCl, 0.005% w/v Poloxarser 188, The pH range of the solution was 7.7

10 8.3.

Table 9: Drug Product Unit Operation — Buffer Composition

solution Name { smposition

Drug Product (DP} | 20 oM Trs, T mM MgClz, 200 mM NaCl, 0.001% Poloxamer
Formulation Buffer option | 188, pH 8.0+ 0.1

1
Drug Product (DPy | 20 mM Tris, T mM MgCl, 200 mM Na(l, 0.005% Poloxamer
Formulation Buffer option | 188, pH 8.0+ 0.1

2
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The DP was filled into sterile, ready to use, 10 mi Crystal Zenith (CZ) vials, stoppered with
sterile, ready to use, chrlorobutyl elasiomeric stoppers, and sealed with sterite, 20 mm flip-off
alununum seals. The vials were filled with a nominal fill volume of either 5.5 mL or 8.3 mL.

The target overfill was 0.4 mL, and the vials were filled 10 59 0.1 mL or 8.7 = 0.1 mi..

Example 5 - Potency Assay

The relative potency of the drug product was measured using a quantitative, in vivo assay. The
assay used an established mouse model of SMA disease. Breeding pairs of the SMAAT mouse
strain {Jackson Laboratories, #005025) are phenotypically normal but ~23% of their offspring
are homozy gous for the targeted SMN gene mutation and display the SMA-like phenotype. By
Day 5 they show signs of muscle weakness and in the following week, develop an abnormal
gait and a tendency to fall over. Jackson Laboratonies reports the mean survival for amimals
with the SMA-like phenotype as ~15 = 2 days. Pilot studies demonstrated a median survival
fime for unireated animals with SMA-like phenotype of 163 days {geometric mean; n=3

stadies; 10 mice per study).

Biologically active drug product administered by intravenous (IV) infusion yields an increase
in survival time that is a function of dose (ve/kg). Drug product potency was measured relative
to the reference material (prior batch of vector). The titer of drug product and the reference
material (vector genomes/mL; vg/ml} was determined by Droplet Bigital poly merase chain
reaction (ddPCR}). Vector was diluted in saline to achieve each of three specified dose levels
that will be admimstered to mice with the SMA-like phenotype.
An assav’s resulis are considered to be acceptable if the assay passes suitability. Assay
suitability consists of the following:

1. Acceptance limit for the Negative Control sample {15 + 2 days, Meadian Survival}

2. Acceptance limit for the Positive Control sample (> 40 days, Median Survival)

3. Acceptance limiis on the reference standard Median Survival dose-response curve

A prior batch of vector (hereinalter, Prior Batch) was used m this study to determune the linear
correlation between median survival {days) of SMAAT mouse when dosed with drug product
(hereinafter, Sample Batch) at five different dose levels including the 0 (zero) dose using .9%
saling solution (untreated group). Table 10 shows the calibration curve using the Prior Batch

reference batch.
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Table 1#: Calibration Curve nsing Kive Dose Levels of AVXS-161

Prior Batch Standard Reference Over Time

O-honths 3-Months &-Months
Replicate 1 = Replicate 2 Replicate 3 Reglicate 1 = Replicate2 | Replicate3 | Replicatel
n=44 n=32 n=3% =2l n=1 n=21 n=22
15 16 15 15 14 16 18
Iz 3 25 21 2 1 2
31 9 27 28 28 NB 28
ND*{>103) | ND*[>115) 79
ND* {>131) . - ND*(>47) | NDFRAT) | NDH(IT | NDH D)

=

* ot Determined (ND) - Median Survival {days) has nct been reached as of 24AUG2017

The data from this study demonstrated that the linear range of the median survival dose-
response curve was (7.4 vgrkg. The relative potency of drug product Sample Batch was
5  established by comparing the linear regression curve of the Prior Batch reference standard to
that of the drug product Sarople Batch linear regression curve.  This was accomphished by
using the ratio of the v-intercept and slope of each linear regression line (i.e.. Reference
Standard and Test Article). The percent Relative Potency calculation 1s delineated in equation
(1) below:
10 %RP = [{y-Intercepi/siope of Test Article} + {y-Intercept/siope of Reference Standard}] X 100
(1}
The Prior Batch used in the Phase-1 chnical trial was used as the Reference Standard batch and

was assigned a potency of 100%,.

15 The foregoing data established the preliminary assay acceptance criteria using the linear
portion of the median survival dose~response curve to determune the relative potency of the
drug product clinical baiches, as follows:

s Median survival (days) dose-response curve was generated using 5 dose (vg/kg) levels

e  [oses 0, 1.2E+13 and 7. 4E+13 were selected for running a linear dose response model.
20 s Suitability limits for saline {untreated group) were 13 to 17 davs median survival.

= Suitability limits for the reference standard sample were established as:

Slope 2 2.0E-13

@]

o y-Intercept > 16.00 (days}
o y-Intercept/Slope Ratio > 8. SE+13
25 o R2>07
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The A7 mouse model was used to demonsirate efficacy of SMA therapeutics, mncluding drug
product. With a median swrvival of 15 days + 2 days, TFF3 Buller Solution (vehicle)-treated
control animals provide a rehable baseline control from which product potency can be
measured as an increase in median survival. Development work with drug product identified
three (3) doses {excluding the vehicle treated dose) determined by Genomic Trter using Droplet
Digital PCR (ddPCR) which affect survival in the mouse model with a linear correlation when
admunistered dose {vg/kg) s log-transformed and plotted agamnst the Median Survival {in days)
of the treated SMAAT neonatal mouse. See standard titers {(vg/mL) in Table 11 for the low,

mid, and high titer standards. In addition, the TFF Buffer (vehicle)} solution is used for both
the zero (0} calibration curve point as well as a Negative Control. A dose demonstrating 240

day survival (greater than the dose that demonsirates doubling of the madian survival) was also

mcluded as a Positive Control.

Table 11: Target Doses

TFF3 Buffer Solution | o, Negative Control
(Vehicle) {untreated)
1.10x10™ == 40 days Median Survival | Positive Control
| O0x 101 1642 Standard-1
1.2x10% 2243 Standard-2

7 5x10% 3143 Standard-3

Dose Sohution Preparations (refer to Table 12 for the dilution scheme example.

Negative Control -- The TFF3 Buffer Solution {Drug Product final formulation buffer)
15 used as the Negative Conirol

Pasitive Control -- The Test Article lot is prepared at a 1.10x 10" vg/kg using TFF3
Buffer Solution. See Tablel2 for the dilution scheme example.

Reference Standard Solutions -- The Reference Standard lot is prepared in three

concentrations delineated 1n Table 11 using the TFF3 Buffer Solution.

Table 12: Reference Standard and Test Article Dilution Scheme (Example)

©
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1.2x10% 5.0x10" 5.0x1010 2.6 47.4 50.0

Test Article Preparation -~ The test article was dilnted using the TFF3 Buffer Solution.
Dnlutions were calculated to generate the test doses (vg/kg) delineated in Table 11 per mouse
in g total final volume of 50 ul. Dilutions were made for 12 muce at the time with one extra

volume as a Postlive Control targeted (o increase minimum lifgspan of {realed mice 1o 240 days

of Median Survival (days).

Acceptance limits on control samples

Megative Conirol {untreated nuce) - The assay acceptance limit for the Negative
Control group was that the SMAAT mice meet the median survival of 1542 days. In addition,

any mouse expiring in <10 days will be excluded from the analyais.

Positive Control (group treated at the target clinical dose) -- The assay acceptance limit
for the Positive Control group was that at a vymmum lifespan of treated muce to be to 240 days

Median Survival. In addition, any mwouse expinng in <10 days will be excluded {rom the

analysis.

Acceptance limits on the Reference Standard dose response curve

Assay suitability criteria will be deternmuned for the reference standard Linear dose response
curve plotting Median Survival {(days) against the administered dose (ve/mL}. See Table 13

for the Assay suitability criteria

Table 13: Assay Suitability Criteria (Reference Standard Linear Dose-Response Curve)

Reference Standard = 2.0x10% | 2165 355108 207 100.0
Test Article 2 2.0xi0% 2 16.0 2 8.0x1043 207 -
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Y-Intercept/Slope Ratig -- A lingar regression curve of the Median Survival {davs} versus the
administered Dose (vg/kg) for the Reference Standard and the Test Article is determined. The
ratio of y-Intercept {o the slope for each linear regression is calculated.

Reporting Results

Qualitative Reporting of Relative Potency Results - The Assay Swtability critenia is evaluated
for each assay prior lo delermination of a single point Median Survival (days) read at = 40
days {or the Positive Conirol material. If the Median Survival of the Posttive Control group is

= 40 davs, the Test Article may be dispositioned if the below criteria is met.

Quantitative Reporting of Relative Potency Resulis - The Assay Suitability criteria is
evaluated for each assay prior to quantitative determination of Relative Potency for the Test
Article. Relative potency for the Test Article may be reported once the Positive control reaches
240 days and the Median Survival of 3143 days for the mouse group representing the upper
standard dose of 7.5x10" vg/kg is reached. The Percent Relative Potency (%6RP) for a Test
Article will be calculated using the y-intercept and slope of the linear regression of the Median
Survival {(days) dose-response as [ollows:

%oRP = 100% * {{Test Article v-intercept/slope) + {Reference Standard v-intercept/slope}]

Example 6: Sarfactant Inactivation Study
To separate the influence of low pH and tween, a sample of drug substance TFF1 Intermediate that
has a pH of 7.6 and 4-8% Tween-20 was used for the surfactant mactivation study. The Tween-20
concentration in TFF1 Intermediate is about 2.5-fold lower than i the full process when Tween-
20 is added to TFF1 Intermediate prior to acidification. This lower Tween-20 concentration was
considered a worst-case condition for surfactant driven mactivation in the drug substance process.
The test article for the virus mactivation step by surfactant treatment was the TFF-1
Intermediate containing 4-8% Tween-20. To evaluate the capacity for virus mactivation by the
surfactant treatment step, XMuLV and PRV were each used to spike the test article with virus

in duplicate experiments. Virus was quantitated using a plague-forming mfectivity assav.

The TFF1 manufactring step generates a surfactant concentration range of 4-8% Tween-20.
The TFF! Intermediate was pooled, and 12% more Tween-20 was added to the TFFI
Intermediate at an operating temperature of 16-20°C with mixing for a duration of 12-20 hours.

The viral clearance process was performed at a concentration of 4-8% Tween-20 and at a

83



r

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

controlied temperature of 16.0°C 4+ 0.1°C. The duration of the inactivation process was 120

minutes versus the typical process time of 16 hours.

For the inactivation process, the mactivation load was prepared by measuring the volume of
the test article, equilibrating to the target temperature, and then spiking with virus. Sampiles of
the spiked mactivation load were removed at six (6) time points to demonstrate the kinetics of
nactivation over time: <1 minute, 15 minutes, 30 minutes, 60 nunutes, 90 minutes, and 120
minutes. After collection, gach sample was dilited in growth medium 10 cease virus
inactivation, and wags assaved for virus. To increase assay sensifivity at 90 minutes and 120
munutes, large volumes of these fime point samples were also assayed for virus. Due to the
presence of Tween-20 in the test article for this step, the titer of the inactivation load was

calculated from the titer of the spiking virus and the volume of virus spiked.

The effectiveness of virus inactivation by surfactant treaiment (Tween-20) was shown 1o be
effective as evidenced by LRV values greater than 4 logl0 for both viruses at the 90-minute
time point. The kinetics of inactivation by surfactant treatment are iHustrated in Figure 6 and
Figure 7 as graphs of the rate of virus mactivation over the course of 120 minutes dunng the

Tween-20 surfactant treatment.

Example 7: Effect of Higher Seeding Density, Transfecting and Harvesting Farlier and

DNA/PEE Mix Times on the Production of Brug Substance

The effect of higher seeding density, transfecting and harvesting one day early and DNA/PEL
mix times on the production of DS was evaluated. Each condition was evaluated in duplicate

in a 1.6m? bioreactor.

MATERIALS AND METHODS

Cell Scale Up

HEK 293 cells were thawed and resuspended in DMEM supplemented with 10% FBS. Cells
were centrifuged at 209 x g, 5 nun, n room temperature, then supematant was removed and
fresh DMEM-+10% FBS was added. Cells were counted for viable cell density and viability
and were seeded in 2 x T175¢r’ flasks and incubated at 37.0°C, 3% CO: for three days until

cultures reached ~90% confluency. For each cell passage, spent media was removed, flasks
24
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were washed with PBS (-CaCly, -MgCl) at 0.08 mL/cm’, and then flasks treated with TrypLE
Select (0.04 mL/cm®) and incubated at 37.0°C, 5% CO2 for 2-3 mins. Trypsin was quenched
with DMEM+10% FBS (0.04 mL/cm?). Cells were expanded and seeded per the diagram in

Figure &,

Celi Inoculation and Monitoring

Bioreactors were inoculated in duplicate with HEK 293 cells at a target density of 8,000
cells/cm?® and 12,000 cells/cm?® in growth media (high glucose DMEM + 10% Australian Origin
FBS + 11100 Penicillin Streptomyein (Pen Strep) with agitation. Process parameters were set
to pH 7.23, 37.0°C, 55% dissolved oxvgen (DO) and hnear speed of 2cm/s. 24 hours” post
seeding, recirculation with DMEM growth media (0.188mb/cm’) was turned on to a
recirculation speed (12.5mb/min). Daily samples taken for offline pH, metabolites, and
nutrients were read using a Nova BioFlex. On day four (12,000 cells/cm?®), day five
{8,000cells/cm’) and day nine post seeding, three fibers were removed and lysed with 1:1:1 v/v
PBS, A100 and B100 solution (ChemoMetec) and counted (NucleoCounter NC-200) for total

nuclet 1o monitor culture growth,

Transfection

Day four (12,000 celis/cm®) and day five (8,000 cells/cny®) post cell inoculation, recirculation
was siopped, and cells in each bioreactor were transfected with plasmid DNA and
Polvethylenimine (PEl). DNA and PEI were mixedin a 1:1 mg/mg ratio. Plasmid DNAs were
fransfected in a 1:1.5:2 mass ratio with pSMN plasmid, pAAV2/9 plasmid and pHELP plasmid
were added to DMEM -/- media; high glucose, -CaClz, - L-glutarmine and 0.2 pM filtered and
mixed by inversion. PEI was added to DMEM ~/- media and mixed by inversion. PET was then
added to DNA, mixed by inversion and incubated at room temperature for 20 minutes for the
8,000 cells/cm?” {control) and 12,000 cells/cm”. DNA/PEI was incubated for thr and 2hr for
the other two 8,000 cells/cm® conditions. This DNA/PEL complex mixture was used 1o
transfect two bioreactors for each of the four conditions. DNA/PEI complex was added to each
bioreactor and incubated at process parameters for two hours. Two hours post transfection

recirculation loop was turned back on.

Post Transfection Media Exchange
24 hours post transfection, all media in bioreactors and recirculation loops were removed and

replaced with OptiMEM + 1:100 Pen Strep (0.132 mL/em?) and recirculated for 24 hours at
85
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process parameters. 48 hours post transfection all media removed from recirculation only and
replaced with OptuMEM + 1:100 Pen Strep (12 ml/mun) and recircalated at process

parameters.

Harvest

Day eight (12.000 cells/cm®) and day nine (8,000 cells/cm?) post cell inoculation, Benzonase
(100 U/ml) was added, chased with Lysis Buffer (530 mM HEPES, 1% Tween 20), and
incubated for two hours at process parameters. Bioreactors were drained and Sucrose Salt
Solution {500 mM NaCl, 19 w/v Sucrose} was added, and these were mixed by mversion. The
bioreactors were washed with bioreactor rinse buffer (800 mM NaCl, 1% w/v Sucrose, 20 mM
Tris Base, 1% v/v Tween 20, 1 mM MgCla. 6H:20) for about 15 mins al process parameters,
The bioreactors were drained and bioreactor rinse buffer was pooled with crude bulk harvest,

mixed by mversion and sampled for ddPCR assay.

Bepth Filtration and Tangential Flew Filtration

On day eight (12,000 cells/cm?) and day nine (control 8,000 cells/em?), post cell inoculation
bioreaciors were harvested, sampled and crude lvsate was pooled for each condition {(n=2
bioreactors). Pooled lysate was then clarified through Millistak COHC Pod, 270cm’” filter and
Millipak 40, 0.45 um, Durapore, 200 cm’® polish filter (EMD Millipore). Samples were taken
post COHC+0.45 and frozen at -80.0°C. Clarified lysate was then concentrated via tangential
flow a Pellicon® 2 Ultrafiltration Module PLCMK C 0.1m? filter (EMD Millipore). Atleast 6
diavolumes was used to diafiltrate the final product. Post TFF1 filtration samples were obtained

and frozen at -80.0°C. All samples were submitted for AAV2/9 titer and host cell protein.

Plasmmds were used to produce DS in bicreactors. Data represent each condition in duplicate,

corresponding broreactor nursber and condition shown in Table 14

Fable [4: Bioreactor murnbers and corresponding conditions.
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221,222 12,000 4 20 8
223, 224% 8,000 5 20 9
225,226 8,000 5 60 9
227, 228 8,000 5 120 o

Cell Growth: Cells were counted on the day of seeding {Day 0}, and nuclel were counted at
day 4 {12,000 cells/cr®), day 5 (8,000 cells/cm?®) and day 9 post-seeding. Data indicates that
cells 1n all reactors grew exponentially between dayv 0 and dav 8. Afier transfection, day 9
nuclel count suggest that bioreactors 221 increased 2.0-fold in total nuclei from day 5 to day 9.
All other reactors {222 through 228) did not exhibit significant growth between day 5 and day
9. The imcrease in growth in bioreactor 221 may be an artifact based on uneven distribution of
cells on mdividual fibers used for total nucler counts. It is possible that cells in all bioreaciors

grew similarly based on metabolite data shown in Figures 9A-E.

pH, Nutrients and Metabolites: Glucose consumption trended the same in all bioreactor
cultures, suggesting that despite the increase in bioreactor 221 growth curve, cells consumed
glucose at similar rates. pH for bioreactors seeded at 12,000 cells/cm’ averaged 7.06 and 8,000
cells/cm? averaged 7.18 for first three days. pH declined slightly with increased nuirient
metabolism, and mereased bv day 9 concurrent with rise in ammonium ion levels. Lactate
increased until day 5 (bioreactors 221, 223, 224, 225, 227y and day & (bioreactors 222, 226,
228 then leveled off toward the end of production, suggesting utilization of lactate as an energy

source at this stage.

Production Titers

Viral genomes from harvest material were measured by digital droplet (ddPCR). Titers were
about 1.5-fold higher in bioreactors seeded at 12,000 cells/co® with an average titer measure
of 6.37E+10ve/mL {n=2) vs control bioreactors seeded at 8,000 cells/cm’® with an average titer
measure of 433FE+10ve/mL (n=2) Titer data suggests that seeding at a higher density,
transfecting and harvesting one day early supports higher DS production vields. Titer vield for
DMNA/PEL incubated for one-hour exhibited a 1.4-fold decrease in average titer measured
(3. 17E10ve/mL n=2) and for two-hour incubation average titer measured was 1.6-fold decrease
Q267E Ove/ml. v=2) compared o the control i which BNA/PEI incubated for 20 nuns

(433E10vg/ml v=2). Data suggests that longer incubation time leads to decrease fiter. This

[is]
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may be due to BNA and PEI formung large complexes that are unable to etficiently transfect
HEK293 cells. Virus production per mb and surface area values are given in Figure 10, as

compared to production in a known process as a positive control,

The viral titer measured at each step of the clanfication and concentration steps are shown m
Figure 1. The residual host cell protein at each step during the TFF1 step 1s shown in Figures

12A-B.

Example 8: Effect of Seeding Density on Production of Brug Substance

The effect of seeding density on production of DS was evaluated. Four seeding densities were

evaluated and each seeding density were in duplicaie in a bioreacior.

Cell Scale Up

HEK 293 cells were thawed and resuspended in DMEM supplomented with 10% FBS. Cells
were centrifuged at 209 x g, 3 nun, n room temperature, then supematant was removed and
fresh DMEM-~+10% FBS was added.  Cells were counted for viable cell density and viability
and were seeded in 2 x T175¢m” flasks and incubated at 37.0°C, 5% CO» for four days until
cultures reached ~90% confluency. For each cell passage, spent media was removed, flasks
were washed with PBS (-CaCls, -MgCl) at 0.08 mi/cm’, and then flasks treated with TrypLE
Select (0.04mL/cm?) and incubated at 37.0°C, 5% CO» for 2-3 mins. Trypsin was quenched
with DMEM+10% FBS (0.04mL/cm?). Cells were expanded and seeded per the diagram in

Figure 13.

Celi Inocuiation and Monitoring

Bioreactors were inoculated with HEK. 293 cells at {our target densities, each in duplicate:
8.000 cells/cm?, 9,350 cells/cy®, 10,700 cells/cny and 12,050 celis/em’ in 700 ml growth
media (high ghicose DMEM + 10% Australian Origin FBS + 1:100 Pen Strep) with agitation.
Process parameters were set {o pH 7.23, 37.0°C, 55% dissolved oxygen (DO) and linear speed
of 2 cim/s. 24 hours post seeding, recirculation with DMEM growth media {total volume now
(. 188 mi/cm?2} was turned on {o a recirculation speed (12,5 mL/min). Daily samples were

taken for offling pH, metabolites, and nuinents were read using a Nova BioProfile 400, On day

88
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five and day nine post seeding, three fibers were removed and lysed with 1:1:1 v/v PBS, A100
and BI00 solution (ChemoMelec) and counted (NucleoCounter NC-200} for total nucler to

monitor culture growth,

Transfection

Day five post cell inoculation, recirculation was stopped, and the media inside each bioreactor
chamber (not recirculation hottle} was replaced with 600 ml DMEM -/- medium ¢(high glucose,
-CaCl2, - Lghutamine). Fach reactor was transfected with plasmid DNA and Polyethylenimine
(PEIproy in a 1:1 mass ratio. Plasmd DNAs were nixed in a 1:1.5:2 mass ratio {(pSMN - 3.56
mg, pAAV2/9 - 534 mg, and pHELP - 7.1 mg), added to 300 mL DMEM ~/- media, 0.2 uM
filtered and mixed by inversion. PEI {16 mL} was added to 300 mL DMEM -/- media and
mixed by inversion. The PEL and DNA mixtures were combined, mixed by inversion and
mecubated at room temperature for 20 munutes. Each 600 ml PEVDNA complex nuxture was
used to transfect two Bioreactors, repeated for each corresponding seeding density. PEVDNA
complex was added to each bioreactor and incubated ai process parameters for two hours. The

recirculation loop was tumed back on two howrs post transfection (12.5 mL/man).

Post Transfection Media Exchange

24 hours post transfection, all media in bioreactors and recircudation loops was removed and
replaced with OptiMEM (0.132 mL/cn) and recircufated (12.5 mb/min} for 24 hours at
process parameters. 48 hours post transfection media in the recirculation botile was exchanged

with fresh CpliMEM and recirculated at process parameters (12 mi/min}.

Harvest

Day nine post cell inoculation, Benzonase (100 U/mlL}) was added, chased with Lysis Buffer
(30 mM HEPES, 1% Tween 20), and incubated for two howrs at process parameters.
Bioreactors were drained and Sucrose Salt Solution (500mM NaCl, 1% w/v Sucrose) added,
mixed by mversion. Bioreactor washed with bioreactor rinse buffer (300 mM NaCl, 1% w/v
Sucrose, 20 mM Tris Base, 1% v/v Tween 20, T mM MgCly 6H20) for 15 mins at process
parameiers. Bioreactors drained and bioreactor rinse buffer pooled with crude bulk harvest,

mixed by inversion and sampled for ddPCR assay.



10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

Plasmuds were used to produce Drug Substance in Bioreactors. Reactors were seeded at varving
densities, and transfected and harvested on the same schedule (day S, day 9 post seeding,
respectively ). Data represent duplicates of each seeding density, as shown in Table 13 below:

Table 13: Starting Seeding Density Bioreactor Numbey

%,000 cells/cm® 221,222
9350 cells/cm? 223,224
10,700 cells/cm® 225,226
12.050 cells/cnt 227,228

Cell Growth: Cells were counted on the day of seeding (Dray 0}, and nuclet were counted at
dav 3 and 2 post-seeding. Data indicate that cells in all reactors grew exponentially between
day 0 and dav 5. Despite ditferences in starting seeding densities, nucle: counts do not indicate
major differences in cell numbers between groups at day 5. After transfection, day 9 nuclet
count suggest that five of the reactors (221, 224, 225, 226, 228) doubled in total nuclel from
day 3 to day 9. Two reactors (222, 223) increased 1.4-fold in total nuclet, as shownn Fig. 14A.
Reactor 227 increased 3.8-fold in total nuclei from day 3 to day 9. This difference may be an
artifact based on uneven distribution of cells between individual fibers used for counts. 1t 1s
possible that cells in all reactors grew sumilarly based on metabolite data shown in Figures

14B-E.

pH, Mutrients and Metabolites: Glucose consumption (Fig. 14B) trended the same in all
bioreacior cultures, suggesting that despite the differences in starting seeding densitics, cultures
consumed glucose ai similar rates. Gffline pH (Fig. 14C) remained consistent {(pH 7.25) for
first three days in all cultures, declined with increased nutrient metabolism, and increased post
day 8 concurrent with rise in ammonium ion levels (Fig. 14E). Lactate (Fig. 14D) increased
uniil day 6 and then leveled off toward the end of production, suggesting utihization of lactate
as an energy source at this stage. No significant difference in metabolite profiles were observed
between reactors seeded at different starting densitiss. This could be because the difference in

starting seeding densities i1s munimal, <1 .2-fold difference.

Preduction Titers

Viral genomes from harvest material were measured by digital droplet (ddPCR). Titers were

comparable between starting seeding densities of 8,000 cells/cm? and 10,070 cellsicn?®,

averagmz 3.99E+10 += Z1E+09 vg/mbL (n=2} and 3.70E+10 + 74E+09 vg/mb {(n=2),
100
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respectively. For an unidentifiable reason, reactors seeded at 9,330 celis/cm?2 exhibited an
average titer measure of 5.02E+08 vg/ml. (n=2), approximately 2 logs lower than average titers
of reactors seeded at flanking densities. This difference 1s likely a result of an umdentified
operational error during transfection or harvest rather than lack of productivity at this seeding
density. Replicate reactors seeded at 12,050 cells/om? demonsirated a twofold difference
betweaen each other, with one reactor in range observed for lower seeding densities, 3 2E+10
vg/ mi, while the second produced atiter of only 1.4E+10 vg/ ml. Virus production per mL and

surface area values are given in Figure 15A

Seeding density and production of DS were evaluated, as shown in Fig. 158, HEK 293 cells
seeded in the range of 8E403 to 10E+03 celis/cm’ showed consistent growth profiles, pil,
glucose consumption, lactate and ammonia generation. Additionally, comparable titers were
produced suggesting shightlv higher seeding density does not negatively impact production. in
contrast, reactors seeded at the higher density of 12x10° cells/em?’ exhibited more variability
between duplicates, including lower average titer compared 1o other conditions, suggesting the
approached used in this expeniment may not be optimal for production. These resuits support
seeding cells at a density ranging between 8x10° and Ix10* cells/om? for biorsactor

axperiments.

Example 9; Comparability Assessment

The comparability between AVXSE-101 drug product used in Phase 1 clinical studies (Process
A) and drug product used in pivotal clinical studies (Process B) was assessed as the primary
obiective with a secondary objective {0 assess manufacturing consistency using Process B by
comparing drug product Lots 600156 and 600307, Figure 16 represents the Phase 1 (Process
A}y and Phase 3 irial {(Process B} manufacturing processes flows and the differences between

them.
The comparability assessment was performed using Phase 1 clinical drug product Lot

MNCHAAVOSMNOGL3 manufactured at Mationwide Children’s Hospital (NCH} and drug

product Lot 600156 manufactured at AveXis.

Product
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The following lots of material were evaluated, as summarized in Table 16. The assessment
included a direct comparison of resulting quality atirtbuies from the Phase 1 climical drug
product Lot NCHAAVOSMNO613 using Process A and AVXS-101 drug product Lot 600156
using Process B. In addition, the release testing results of Lot 600156 with Lot 600307 were

evaluated holistically for scale-up process reproducibility and consistency.

Table 16: AVXS-101 DBrug Product to be Evaluated for Comparability Between Process
A (Phase 1) and Process B (Phase 3} and Manufacturing Consistency for Process B

Use Lot Number MFG Date MFG Date Storage
Condition

Phase 1 Study | NCHAAVOSMNG613 1ODECT3 Process A £ -60°C

Phase 3 Study AVXS-101 Lot 600136 | OTNOVET Process B < -60°C

AVXS-101 Lot 600307 | G4DECE7 Process B < -60°C

Manufacturing Process Overview

Figure 17A-B provides a summary of the comparability results.

Comparability and Manufacturing Consistency Assessment

Process A and Process B materials for assessed to be comparable and the Process B materials
were assessed 10 be consistent. Process B materials were also determined to have additional

benefiis, e.g., for industrial scale production.
Test Methods

pH

pH analvsis was performed on Lot NCHAAVISMNO613 (Process A), Lot 600156 (Process B)
and Lot 600307 (Process B) The results from both processes ranged from 7.9-8.0. This
demonstrated that the pH of the Process A and Process B materials were comparable and that

the Process B materials are consistent.

Appearance
Appearance by visual inspection was performed on Lot NCHAAVISMNO613 {(Process A), Lot
600156 {Process B) and Lot 600307 {(Process B} The apparent differences in appearance

results between Process A and Process B were due to different vector concentrations {genomic
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titer). Lot NCH AAVOSMNO613 had a lower vector concentration than the Process B lots. As
a result, Lot NCH AAVISMNG613 was more dilute leading 1o a more clear and colorless
solution while the colorless to white and slightly opaque observations for Process B lots results

from approximately 4 times concentration of viral particles in solution per mL.

Considening the concentration difference, the appearance of the Process A and Process B
materials were assessed to be comparable and the Process B materials were assessed to be

consistent.

Osmolality

Osmolality by freezing point depression was performed on Lot NCHAAVSSMNO613 (Process
A}, Lot 600136 (Process B} and Lot 6060307 (Process B). The results from both processes
ranged from 410-415 mOSm/kg. This demonstrated that the osmolality of the Process A and

Process B materials were comparable and that the Process B materials were consistent.

Sub-visible Particles

Sub-visible particles by light obscuration was performed on Lot NCHAAVOSMNO613
(Process A), Lot 600156 (Process B) and Lot 600307 (Process B). The results from both
processes were well below the recommended himits in the USP monograph {or injectable drug
products. This demonstrated that the sub-visible particle counts for the Process A and Process

B materials were comparable and that the Process B materials were consistent.

Genomic Titer

Genoric titer by ddPCR was performed on Lot NCHAAVISMMNO613 (Process A), Lot 600136
{Process B) and Lot 600307 (Process B). Genoniic titer for AVXS-101 lots was expected to
fluctuate based on target concentrations in manufacturing. Genomic titer produced by Process
B (3.7 x 105 vg/mL and 4.0 x 10" vg/mi) was at least 3 fold higher than that from Process A
{1.1 x 10" vg/mL)}, hence Process B was a better method for large-scale manufacture of AVXS-

161

infectious Titer
Infectious titer by TCIDso was performed on Lot NCHAAVISMNOG613 (Process A), Lot
600156 (Process B) and Lot 600307 (Process B). Process B (1.3 x 10 W/mL and 6.7 x 10°
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TU/ml) produced on average 66% higher infectious titer than Process A (5.9 x 10 TU/mL),

which may be advantageous, e.g., for large-scale manufacture of rAAV, e.g., AVXS-101.

Total Protein

Total Protein by mucrg BCA was performed on Lot NCHAAVISMNO613 (Process A), Lot
600156 (Process B) and Lot 600307 (Process B). Normalized to 1.0 x 107 vg/mL. the results
from both processes ranged from 167-179 ug/ml. The normalized total protein values
demonstrated that the Process A and Process B materials were comparable and that the Process

B materials were consisient.

In vive Relative Potency

Lot NCHAAVOSMMNOGT3 was used as a reference maierial for the assay. Based on the
reference standard curve, each potency result obtained for Lot 600156 and Lot 600307 was 97%
and 96% respectively. These results demonstrated that the Process A and Process B materials

were comparable and that the Process B materials were consistent.

Identity by Western Blot

Identity by Western Blot was performed on Lot NCHAAV9SMNO613 (Process A), Lot 600156
(Process By and Lot 600307 (Process B). The blot profile and apparent molecular weight values
for the main bands (VP1, VP2, and VP3) were assessed to be comparable for the Process A

and Process B matenals and it was also assessed that the Process B materials were consistent.

% Empty Capsid by AUC

% Empty Capsid by AUC was performed on Lot NCHAAVOSMNOGI3 (Process A), Lot
600156 (Process B) and Lot 600307 (Process B). The result for Lot NCHAAVISMNO613
(Process A) was 7%. The resulte for Lots 600156 and 600307 {(Process BY were 2% and 4%
respectively. Process B (2% and 496) produced about two-fold less empty capsids as measured
by AUC than Process A {7%:). Hence, Process B was able to produce an improved composition

comprising a lower concentration of empty capsids.

Identity and Purity by SDS-PAGE
Identity and Purity by SDS-PAGE was performed on Lot NCHAAVIOSMNO613 (Process A),
Lot 600156 (Process B) and Lot 600307 {Process B) The % Total Purity from both processes

were > 98% and the banding patterns as well as the apparent molecular weight for each of the
104
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three capsid proteins were highly consistent. These results demonstrated that the Process A and

Process B materials were comparable and that the Process B materials were consistent.

Besidual Host Cell Protein

Residual Host Cell Protein by ELISA was performed on Lot NCHAAVISMMNOG13 (Process
A), Lot 600156 (Process B) and Lot 600307 (Process B). The results for all lots tested were
<LO{} (8 ng/ml) for the assay. These resuits demonstrated that the Process A and Process B

materials were comparable and that the Process B materials were consistent.

Residual Bovine Serum Albumin (BSA)

Residual BSA was performed on Lot NCHAAVI9SMN0613 (Process A), Lot 600156 (Process
B) and Lot 600307 (Process B). The resulis for all lots tested were <LOQ (.50 ng/ml) for the
assay. These resulls demonsirate that the Process A and Process B malerials are comparable

and that the Process B materials are consistent.

Residual Benzonase

Residual Benzonase by ELIS A was performed on Lot NCHAAVOSMNO613 (Process A), Lot
600156 (Process B} and Lot 600307 {Process B). The results for all lots tested were <LOQ
(0.20 ng/ml) for the assay. These results demonstrate that the Process A and Process B

materials are comparable and that the Process B materials are consistent.

Residual Host Cell DNA

Residual Host Cell DNA by ¢PCR was performed on Lot NCHAAVOSMNOG13 (Process A),
Lot 600156 (Process B) and Lot 600307 (Process B). Normalized to 1.0x108 vg/mal, the result
for Process A was 3.7 x 10° pg/mL while the results for Process B were 0.76 x 10°pg/mL and
0.68 x 10° pg/ml., respectively. Hence, Process B produced viral vectors with significantly
tower residual heDNA, which mav be advantageous, e.g., for large-scale manufacture of rAAV,

e.g., AVXS-101.

Statistical Analysis
Statistical analysis was performed on the quantitative quality atiributes. Comparisons were
performed pair-wise between the Process A Lot (NCHAAVISMNO613) and each Process B

Lot (600156 and 600307} as lisied below. These results are shown 1n Figures 18 and 19,
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These studies show that Process B is a supernior method of producing viral vectors. Process B
consistently produced a larger quantity of viral veciors {as measured by genomic titer and

infectious titery with few impurities (lower residual heDNA) with fewer empty capsids.

Next Generation Seguencing

Next Generation Sequencing (NGS) was also performed to establish the identity of (determine
and/or confirm the genomic sequence) and assess if sequence variants (subpopulations) existed
for the AVXS-101 drug product Phase 3 material from Process B. Alignment of the sequence
dataset against the Sponsor provided reference sequence (ps¢SMN) revealed complete (1009%)
breadth and sufficient depth of coverage across the full length of the genome 1o enable varant
detection. A total of four minor variant positions were noted, however thess appear to represent
sequencing errors within difficult to sequence regions {(e.g., the inveried terminal repeats (ITRs)
of AAVs which are notoriously difficuli to sequence owing 1o their high GC content and

palindromic sequences), rather than true varants. Refer to Table 17 for the sequencing results.

Table 17: BDNA Sequencing Results of AVXS-101 Phase 3 Lot 600156 from Process B

Total # | Refere | Refere | Total# | %of Average | Consen | % %Siola | Total #

of nee nee of Populat | Depthof | sus Refere | nity to of
Length | Mapped | on Coverag | Length | nce Referene | Unmap

Reads Seguen | (Bases) | Reads Mapped | ¢ Generat | Covera | ¢ ped or

ce ed by Be Low
Used Mappin (\)_ua.lri‘iy
for g 1_305111011
S

Mappin

g

447052 { AVXS- | 5,991 48,8542 1 98.1 1,606,99 | 5991 100 100 0

68 101 39 5.7

Phase 1 Lot NCHAAVIOSMNO613 Stability Profile
Lot NCHAAVOSMNO613 was stored for 12 months at <-60°C. At each time point, the 1ot was

analyzed. No unfavorable trends are noted. Figure 20 shows the stability results 1o date.

A comparability study was completed for AVXS-101 used in Phase 1 clinical studies. The

assessment was performed using Phase 1 climcal drug product Lot NCHAAVOSMNO613

manufactured at Nationwide Children’s and AVXS-101 drug product Lot 600150

manufactured at AveXis. In addition, manufacturing consistency was evaluated using Process

B Lots 604156 and 600307, For both the comparability assessment (Process A vs Process B)
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and manufacturing consistency {Process B Lots 600156 vs 600307), the study evaluated the
identity, quality, purity, and potency of AVXS-101 clinical trial material using the newly
improved process and analytical methods fo enable a robust assessment of comparability and

manufacturing consistency.

Statistical analysis was performed on the quantitative quality attributes. Comparisons were
performed pair-wise between the Process A Lot NCHAAVISMNOG13 and Process B Lot
600156, Process B was a better method that produced higher amounts of viral vectors at a
higher purity than Process A. For example, as compared (o Process A, viral vectors produced
by Process B had a 48% higher infectious titer, 8% higher genonuc tier, 92% fewer subvisible
particles more than 10 pm size, 50% fewer subvisible particles more than 25 pm size, 100%
fewer empty capsids and 11% less residual heDNA. All results were consistent relative to the

Test Linmut for each quality atiribute.

Furthermore, to establish manufacturing consistency using Process B, pair-wise comparison
was performed using Lots 600136 and 600307 The result from this mitial pair-wise
comparison between Process B Lot 600136 and 600307 exhibit consistency in manufacturing.

Al results were also consistent relative to the Test Limit for each quality attribute,

Based on the results evaluation, the resulting quality atiributes from the Phase 1 cliracal drug
product Lot NCHAAVS9SMNO613 using Process A and AVXS-101 drug product Lot 600136
using Process B demonsirated that Process B vields higher amounts of viral vector and
improved purity, which may be advantageouws, e.g., for large-scale manufachue of rAAV.
Additionally, the two lots of material generated from Process B (Lots 600156 and 600307}

were found to be reproducible further exhibiting manufacturing consistency.

Example 10: Analytical Ultracentrifugation (AUC) Analysis
The material from Phase-1 (Process A, Lot NCHAAVISMNO613) and Phase-3 (Process B,
Lots 600156 and 600307) were analyzed using the AUC method. The AUC Profiles (analyzed
in duplicate) for the NCHAAVOSMNO613, 500156, and 600307 are shown in Figure 21, Figurs

22, and Figure 23, respectively.

The AUC analysis of each material exhibiis simular sedimentation coefficients for the empty

and the full capsids with the Phase-1 matenial (Process A, Lot NCHAAVISMNO0613) showing
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elevated empty capsid content (7%) when compared to the Phase-3 material {Process B, Lots
GOO0156 and 600307) with empty capsid contents of 2% and 4% respectively. This 1s due {0 the
ability of the CsCl gradient ultracentrifugation manufacturing step in Process B to more
effectively separate the empty capsids from the full capsids with compared with the iodixanol

gradient ultraceninfugation manutacturing step emploved by Process A.

AVXS-101 production lots using the clinical and commercial presentation consistently exhibit
three visible bands of capsids when subjected to the CsCl gradient purification process using
ultracentrifogation, both in the Phase-l clinical trial material produced at Nationwide
Children’s Hospital (NCHAAVIOSMNO613) and in each subsequent production lots by AveXis.
Based on the AUC profiles for the Phase 1 clinical drug product Lot NCHAAVOSMNOG13
using Process A and AVXS-101 drug product Lot 600156 using Process B, these materials are
considered to be comparable. Additionally, the AUC profiles for two lots of matenal generated

from Process B {Lots 600136 and 600307) were assessed to be consistent.

Exampie 11 - Upstream Process

An upstream process was used to produce intermediate derived from a working cell bank,
wherein the upstream process comprises the steps of (a) culturing cells, (b) transfecting the
cultured cells with three plasmids as shown mn Figure 1, (¢} harvesting the expanded viral
pariicles from the cells after a culture period, (d) purifving the viral particles via filiration to
remove any intact cells or cellular debris, {e) subjeciing the eluent from step {d} to tangential

flow filiration, and ¢f) {reezing the resultant intermediate preparation of purified viral particles.

Pre-transfection, cells were expanded for in suitable culture media, in flasks or a suitable
bioreactor, or both. One culture media ts DMEM with 10% FBS, 4.5 2/L. ghucose, 4 mM L-
glutanune. Io one embodiment, the adherent cells are grown in flasks initially and then

transferred into an 1CELLis bioreactor for further adherent cell expansion within the bioreactor.

After cell expansion, adherent HEK293 cells were transfected with a triple DNA plasmid PEI
co-precipitation.  The 3 plasnuds utilized for this transfection are; pSMN, pAAV2/9, and
pHELP. The DMEM growth medium used for cell expansion is replaced with a modified
DMEM transfection media. The DMEM transfection media contaimed ne FBS, no calcium, no

L-glutamine and 4.5 g/L glucose. The scAAVO.CB.SMN vector was produced using tniple
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DNA plasmud transfection into adherent HEK293 cells using a PEI co-precipitation in a large
scale adherent cell bioreacior. The vector plasmid pSMN contains the ¢cDNA for the human
SMN. The 3 plasmids utilized for this transfection are; pSMN (222 mg). pAAV2/D (333 mg),
and pHELP (444 mg). The wransfection medium was allowed 1o equilibrate in the bioreactor
until the bioreactor temperature is >30°C prior to the addition of the PEI-Plasmud co-
precipitation. The PEL-Plasmud co-precipitation process involved the addition of the plasnuds
to the transfection media and 0.2 u filiration o a reaction bag. The PEI was added to
transfection medium and then to the reaction bag. The PEI -Plasmid reaction was manually
mixed to form a homogeneous suspension and the reaction occurs over a 15-30 minute period.
At the end of the reaction time, the PEI-Plasmad co-precipitation was added to the bioreactor.
The PEI-Plasmud co-precipitation was allowed to mix in the bioreactor for 1-2 hours prior to
restarting the recirculation. The DMEM growth media was recirculated in the bioreactor for

18-24 hours before the next media change.

The rAAV SMN genome {(nucleotides 980-3336 of SEQ 1D N 1) has in sequence an AAV2Z
ITR, the chickenf-actin promoter with a cytomegalovirus enhancer, an SV40 intron, the SMN
coding DNA set out in {GenBank Accession Number NM_ 000344 .2), 3 polvadenylation signal
sequence from bovine growth hormone and another AAVZ ITR. Conservative nucleotide
substitutions of SMN DNA are also contemplated (e.g., a guarine to adenine change at position
625 of GenBank Accession Number NM 0003442}, The genome lacks AAY rep and cap
DNA, that is, there is no AAV rep or cap DNA between the I'TRs of the genome. SMN
polypeptides contemplated include, but are not hmited to, the human SMN1 polypeptide set
out in NCBI protein database number NP_000335.1. The rAAVY SMN vector is described in
Foust et al., Nature Biotechnology 28(3): 271-274 (2010), wherein the sequence of the vector

genome msert 1s shown as nucleotides 980-3336 of SEG 1D NO: 1).

On bioreactor day 6. 18 — 24 hours post transfection, the bioreactor was drained and the DMEM
recirculation media bag was replaced with 200 lters of fresh OptiMEM post transfection
madia. The bioreactor was re-filled with 64 liters and recirculation in the bioreactor re-siarted.
Onday 7, 18 - 24 howurs post the media change on day 6, the OptiMEM post transfection media
m the recirculation bag (~135 liters) was replaced with a fresh bag of OptiMEM media. The
bioreactor was not drained during this step. Recirculation of the media continued undil harvest

at day 9.
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After 9 days in the bicreacior, the final pre-harvest samples were taken from the reacior and
the cell Iveis process was iitiated.  Benzonase was added to the bioreactor to a final
concentration of 100 U/ml.. After the Benzonase was allowed to mix in the reactor, 7.1 liters
of lvsis solution was added 1o the reactor. The lysis solution was nuxed in the reactor for 2
hours prior to the first harvest step. At the end of the 2 howr lysis, the contents of the bioreactor
were transferred to the harvest bag. 8.9 hiters of salt sucrose solution (§88) was added to the
harvest bag and mixed for 15 minutes. The 858 solution quenched the Benzonase in the harvest
media. The bioreactor was then rinsed with the bioreactor rinse buffer. For the bioreactor rinse,
64 liters of bioreactor rinse buffer was added to the broreactor and mixed for 15 minutes. The
rinse was then transferred 1o the common harvest collection bag. Once the ninse had been
added to the collection bag, the contents were mixed for 15 nmunutes and the bulk harvest
samples taken.

The mixed bulk harvest was filtered through the depth filter into a collection bag. Once all
buik harvest had been filtered, the depth filter was chased with 50 liters of TFF1 diafiliration
buffer. The depth filter pool was mixed and sampled. The depth filter pool was then filtered
through a 0.45 pum filter to further clarify the bulk harvest matenial. The 0.45 um filter is then

chased with 6 liters of TFF1 buffer.

For the TFF1 step, 5.0 m° of 300 kDaMW cut off regenerated cellulose membrane casseties
were flushed, sanitized with NaOH solution and equilibrated with TFF1 buffer. The
concentration phase of this aperation was designed to reduce the volume of the clarified harvest
approximately 10x. Once the target retentate volume was reached, diafiliration operation are
started. The retentaie was diafiliered with 6 diavolumes of TFF1 buffer. Once 6 diavohumes
of permeate total flow were achieved, the retentate was concentrated again and harvested into
a collection bag. Two successive rinses of the membrane were executed to maximize the
product recovery from the TFF system to produce an intermediate drug substance. The TFF1
mtermediate was aliguoted juto 1 or 2 liter sterile PETG bottles 1 a LFH hood and then frozen

on diy ice or in a freezer and fransferred to -60°C storage.

Fable 18: Buffers vsed in Upstream Process

Name Formulntion Procees Stepds) Used

Growth Media clucose, 4 mM L-glutamine pre-transfection

Cell Expansion | DMEM with 10% FBS, 4.5 g/l | Cell expansion, iCELLIs Bioreactor
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Transfection DMEM with no FBS, no caloiumy | 1CELL 15 Broreactor fransfection
Media no L-ghtamine and 4.5 o/ glucose
Post OptiMEM  with 23 ¢/ glucose, | iCELLis Bioreactor post
Transfection 4 mM L-glutamime, and no FBS transfection
Media
Lysis Buffer 500 mM HEPES, 10% Tween 20, | iCELLIs Bioreactor cell lvsis
20 mM MgCh, pH 8.0
Sake Sucrose | 3700 mM NaCl, 10% Sucrose Clarificarion

Solution {888}

Bioreactor Rinse | 20 mM Tris, 1 M MgCl, 300 mM | iCELLis bioreactor harvest

Buffer NaCl, 1% Tween 20, 1% Sucrose
TFF1 Buffer 20 mM Tris, 1 mM MgCh, 500 mM | Clarification, TFF1
WNall, 1% Sucrose
TFFI 0.5 M NaOH THFEY membrane saniization
Samtization
Buffer

Example 12 - Downstream Process

A downstream process was used to process the intermediate to a filtered drug substance. The
downstream process steps included an acidification and clarification step (using filtration),
followed by cation exchange chromatography, tangential flow filtration (“TFF27), CsCl
ultracentrifugation and a further tangential flow filtration step ("TFF3") 1o produce a filterad
drug substance where the purified AAV particles are suspended m a pharmaceutically
acceplable carrier. Specifically, the downstream process contained the {ollowing
manufacturig steps subsequent to production of the TFF1 intermediate: thaw and pool TFF1
intermediate, acidification and clarification, cation exchange chromatography (CEX),
tangeniial Jow fliration (TFF2), CsC1 ultracenirifugation for Foll/Empty Capsid Separation,
tangential flow filiration (TFF3) for Concentration/ Buffer Exchange, TFF 3 pool material
filtration to generate drug substance, dilution and filtration of drug substance to produce drug

product, storage of the drug product and filling of drug product into vials.

The TFF1 miermediate matenal was thawed and gently muxed. Tween 20 was used to promoie
focculation of the bulk of host cell proteins and DNA under acidic pHL. The pH of the TFF1
intermediate pool containing 15% Tween 20 was fowered for CEX chromatography (pH 3.3).
The precipitate formed after the pH was lowered, was then removed by filiering the solution

through a depth and 0.45um filters.

Tween 20 (36% Tween 20 solution in 20 mM Trig, 1 mM MgClz, 560 mM NaCl, 1% Sucrose
m/v, pH 8.1) was slowly added to the TFF1 Intermediate solution over 4 hours {o achieve a
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final concentration of 20% Tween 28, After overnight incubation at Room Temperature (RT)
the pH of the Tween 20 coutaming TFF1 Intermediate was lowered by adding approximaltely
4 g of 1M glveine pH 2.5 per kg of TFF1 intermediate/Tween spike pool to achieve a target
pH of 3.5 +00. 1. Once the pH was within the acceptable range, the solution was passed through
the Clarisolve POD depth filter in line with a 0.45um Opticap XL10 Durapore filter or
0.8/0.45u PES filter followed by a flush of the filters two times the hold~-up volume of the POD
filter plus one hold-up volume of the polishing filter with CEX Buffer A

The cation exchange (CEX} captlure chromatography step was used {0 separate the viral capsids
from protein, DNA and other process imopurities. This step utidized a ClMimultus S03-8000
Advanced Composite Columnn (Sulfonyl) (Pores 2umy chromatography column (8.6 L}
operated using an automaied process chromatography system. Buffers and solutions are

described m the following table:

Table 19: Buffers and solutions for one CEX cvele

Solution narm Coroposition Surpose Yolume (1) for one &
Solut ame B ¥Sitie Parpose
B ' L CEX Cycle
WL WEI Colummn flushes 200 L
S0 mM glveine, 500 mM
Nall, 1.6 % sucrose, 0.20 % Equilibration.  wash
CEX A-Buffer | poloxamer 188, i ’ 1256 L
elution
pH 3.5+ 0.1 at 20°C
50 mM glveine, 2.0 M Na(’l,
1.0 % sucrose, 020 % Column sauilibration
CEX B-Buffer poloxamer 188, L °d e 40 L
and ehution
pH 35+ 0.1 at 20°C
Monolith TS
Columm Sanitization, |
Cleaning | M NaOH, 2 M NaCl - A0 961
g CIp
Solution
I M ammonium I M ammonium acetate Restore colurnn pH 40 L
acetate
pH L 9.0 | 1.OMTrs pH adjusiment of
Neutralization CEX product 05L
buffer pH 9.1+ 0.1 at 20°C B progutt
Storage solution | 20% Ethanol in WFI Colurnn storage 40 L
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The CEX column load was determined by the protein content of the clarified, acidified, TFF1
intermediate. The protein ioad for the CEX column was set at 70% of the maxinmurs colunm

capacity.

The elution peak was collected manually starting at a sharp rise in OD280. The OD280 rose
when the conductivity was between 80-85 mS/cm. The approximate volume of CEX eluate
(product) was ~20 liters or 2.5 CVs {column volumes). The CEX eluate was collected in two
fractions. The first fraction started at the sharp rise m OD280 and was collected for 1.5 CVs.
The second fraction started immediately after the first fraction and was collected for 1L.OCY.

The two fractions were neulralized (o pH .0 + 0.30 using pH 2.0 Neutrahization Buffer,

The TFFZ step concenirated, removed protein impurities, and exchanged the buffer to an
appropriate buffer for the CsCl ultracentrifugation step. A tangential flow filtration system
was utilized in conjunction with 0.4 m? (two CEX cyclesy or 0.2 o {one CEX ¢ycle) 300k

MWCO regenerated cellulose membranes.

The concentration phase of this operation reduced the volume of the CEX eluates. Once the
target retentate volume was reached, diafiliration was started in discontinuous TFF mode (baich
mode). The retentate was diluted 2X and diafiltered with 8 diavolumes of TFF2 Na(l
diafiltration buffer and after that with 8 diavolumes of TFF2 CsCl diafiliration buffer in
discontinuous TFF mode  Once CsCl diafiltration was complete, the retentate was
concentrated to a prescribed volume that was dependent on the sysiem hold-up volume. Two
successive rinses of the membrane wers executed to maximize the product recovery from the

TFEF2 system.

The retentate feed rate was set at 5 L/m?/min {500 mL/min per 0.1 m’ cassette) with a 20%
conversion rate to permeate (& permeate flow rate of 100 mi per 500 mL of retentale feed rate).
The permeate flow rate was controlled by a clamp on the permeate tubing to maintain a

permeate flow rate of 20% of retentate feed flow rate.

Table 20: Buffers for THE2

| Solution Name | Compositien
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TFF2 Nall Diafiltration Buffer | 20mM  Tos, 2mM Mg(Cl2, 150mM NaCl, 02%
Poloxamer 188, 1% Sucrose , pH 8.1 = 0.1 a1 20°C
TFF2 CsCl Duafiltration Buffer | 20mM Tris, 2mM MpCl2, 3 M CsCl, 0.2% Poloxamer
188, pH 8.1+ 0.1 a1t 20°C

Ultracentrifugation may be used to remove empty capsids from full capsids by uiilizing cesium
chlonde gradient ultracentrifugation. An automated Optima XPN 100 Ulira Centrifuge system
or equivalent system equipped with Type 50.2 Ti rotor or equivalent rotor was used for CsCl
ultracentrifugation step. TFF2 purified Oltered material was slowly added in uliracentrifuge
tubes along the nside of the tube wall withoul introducing bubbles into the solution. The filled
tubes were sealed with handheld heat sealer and centnfuged at 302,000 g (30,000 rpm in 50.2
Ti rotory for 17 howrs at 20°C. After completion of centrifugation step, tubes were removed
from the Ulira Centrifuge and placed in a bigsafely cabinetl. Product containing tubes were
mounted on ring stands above a waste container. A Lamp was positioned directory under the
tube and the empty capsids band {Band A is the highest band), the full capsid doublet bands
{Bands B and C upper and lower bands of the doublet}, and lowest band below the doublet was
marked on the tubes. The bands B, C, and D were removed by an 18G needle attached to 30
ml, syringe mserted just below band D to muddle of tube. The collected matenial was
transferred to a sterile 1 L PETG bottle. Material from all centrifuge tubes was pooled into a
sterile 1 L PETG botlle o produce the Ultracentnifuge (UC) Pool.  The Butfer for the CsCl

ultracentrifugation step is listed in the table below:

Table 21: Buffer for CsCl Ultracentrifugation

Sulution Name { ompasition
TFEF2 CsCl Duafiltration Buffer | 20mM Tris, 2mM MgCl2, 3 M CsCl, 0.2% Poloxamer
188, pH 8.1 +0.10

The TFF3 step removed CsCl and concentrated the full vector using Final Formulation Buffer.
A tangential flow filtration system was utilized in conjunction with two 50 cm? 300k MWCO
regenerated cellulose membranes. The concentration phase of TFF3 operation was designed
to reduce the concentration of residual CsCl and volume of the UC Pool. Once the target
retentate volume was reached, diafiliration was started. The retentate was diafiltered with 10
diavolumes of TFF3 Buffer. Once diafiliration was complete, the concentrated reteniate was
transferred to a secondary conical tube through a 0.2 pm Pall Supor® EKVY Sterilizing-Grade

Filter (Mini Kleenpak) Filter.
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A successive rinse of the membrane was executed to recover vector from the TFF3 system.
TFF3 Buffer was added (o the primary comcal tube that previously held the TFF3 retentate.
This material was recirculated through the cellulose membranes. After recirculation, the Hlush
was transferred to the secondary conical tube through the 6. Zum Pall Supor® EKV Sterilizing-
Grade Filter {Mint Kleenpak) Filter. The TFF3 concentrate and partial pool was mixed to
achieve a final vector concentration of > 4.5 X 10" vg/mL of Drug Substance (pooled TFF3

retentate + two rinses).

A successive rinse of the membrane was executed 1o maximize the product recovery from the
TFF3 systemn. TFF3 Buffer was added to the primary conical tube that previously held the
TEF3 retentate and inittal ffush material. This material was recirculated through the cellulose
mermbranes. The secondary flush is transferred to a secondary conical tube through the 0.2um
Pall Supor® EKVY Sterilizing-Grade Filter (Mini Kleenpak) Filter until the determined weight
was achieved in the secondary conical tube. The final concentrated solution is referred to as

Drug Substance (DS).

Table 22: Bulfers for THFE3

Solution Name { emposition
TFF3 Buffer 20mM Tris, 1 mM MgC12, 200 mM NaCl, 0.001% Poloxamer
188, pH 8.0 + 0.1 al 20°C

The BS was filtered with a Pall Supor® EKY Sierihizing-Grade Filter (Mint Kleenpak) into a
sterile T L glass bottle using a sterilized single use assembly. Before filtration of the TFF3
pool, the filter was flushed by passing TFF3 Buffer through the filter using a peristaliic pump
and discarding o a waste flush bag. The Drug Substance (DS} was then filtered through the
flushed filter using a penstaltic pump and collected inthe 1 L stenle glass bottle. Based on the
targeted concentration of DS at 5x10% ve/mL, TFF3 Buffer was added to the secondary conical
tube which held the DS and passed through the {ilter to prepare dilute drug product (“DP”) to

a target concentration of 3.5x10% vg/mL.,

The TFF3 Buffer used in the filter flush and DS dilution to prepare the DP is comprised of the
following formulation.

Table 23: Drug Product Unit Operation — Buffer Composition

| Selution Mame | Composition
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TFF3 Buffer 20mM Tns, 1 mM MgCiZ, 200 mM NaCl, 0.001% Poloxamer
188, plI 8.0 0.1

The DP was filled into S wl sterile, ready to use, Crystal Zenith {CZ) vials, stoppered with
sterile, ready to use, stoppers, and sealed with sterile, ready {o use, seals.

Example 13 - Potency Assay

The relative potency of the drug product was measured using a quantitaiive, in vivo assay. The
assay used an established mouse model of SMA disease. Breeding pairs of the SMAAT7 mouse
strain {Jackson Laboratories, #005025) are phenotypically normal but ~25% of their offspring
are homozy gous for the targeted SMN gene mutation and digplay the SMA-like phenotype. By
Day 5 they show signs of muscle weakness and in the following week, develop an abnormal
gait and a tendency o [all over. Jackson Laboratories reports the mean survival {or animals
with the SMA-like phenotype as ~15 £2 days. Pilot studies demonstrated a median survival
time for wntreated amimals with SMA-Like phenotype of 163 davs {geometric mean; n=3

studies; 10 mice per study ).

Biologically active drug product admunistered by intravenous (1Y) mnfusion vields an mcrease
in survival time that is a function of dose (vg/kg). Drug product potency was measured relative
to the reference malerial {prior batch of vector). The titer of drug product and the reference
matenial {vector genomes/mL; vg/rol) was determined by Droplet Digital polymerase chain
reaction (ddPCR). Vector was diluted in saline 1o achieve each of three specified dose levels
that will be administered to mice with the SMA-like phenotvpe.

An assay’s results are considered to be acceptable if the assay passes swiability. Assay
suttability consisis of the following:

4. Acceptance limit for the Negative Control sample {15 + 2 davs, Median Survival)

W

Acceptance limit for the Positive Control sample (> 40 days, Median Survival}

6. Acceptance himits on the reference standard Median Survival dose~response curve

A prior batch of vector (hereinafter, Prior Batch) was used in this study to determune the linear
correlation between median survival (days) of SMAAT mouse when dosed with drug product
at five different dose levels including the 0 {(zero) dose using 0.9% saline solution (unireated

group). Table 24 shows the calibration curve using the Prior Batch reference baich.
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Table 24: Calibration Curve using Five Dose Levels of AVXS-161

O-Months 3-Months 8-Months
Replicate 1 Replicate 2 Reglicate 3 Replicate 1 | Replicate2 | Replicate3 | Replicate 1
n=44 n=32 n=3% n=i1 n=21 n=ll n=22
15 16 i% 15 14 16 16
24 23 25 21 1 21 22
31 29 27 25 25 ND 28
NDF (>103) | ND*[>115) 79
ND* {>131) - . ND* (»47) | ND*(A7) | ND*P3T) | ONDE DAl

* Not Deterrined (ND) - I Survival (days) has not been reached as of 2480G2017

The data from this study demonsirated thai the linear range of the median survival dose-
response curve was 0-7.4 vg/kg, The relative potency of drug product batch 816836 was
established by comparing the hnear regression curve of the Prior Batch reference standard to
that of the drug product batch 816836 linear regression curve. This was accomplished by
using the ratio of the y-intercept and slope of each hinear regression ling (ie, Reference
Standard and Test Article). The percent Relative Polency calculation s delineated in equation
(1) below:
%RP = [{y-Intercept/slope of Test Article} + {y-Intercept/sicpe of Reference Standard}] X 100
(1}
The NCH0613 batch used in the Phase-1 clinical trial was used as the Reference Standard batch

/.

and was assigned a potency of 100%.

The foregoing data established the preliminary assay acceptance crilena using the linear
portion of the median survival dose-response curve to determine the relative potency of the
drug product clinical batches, as follows:
& Median survival {days) dose-response curve was generated using 5 dose (vg/kg} levels
e Doges 0, 1.2E+13 and 7.4E+13 were selected for running a linear dose response model.
e Suitability limits for saline (untreated group) were 13 to 17 days median survival.
¢ Suntability himits for the reference standard sample were established as:
o Slope> 2.0E-13
o y-Intercept = 16.0¢ {days)
o vy-Intercept/Slope Ratio =2 § SE+13
o RZ2=47
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The A7 mouse model was used to demonsirate efficacy of SMA therapeutics, mncluding drug
product. With a median survival of 15 days + 2 davs, unireated or saline-treated control animals
provide a reliable baseline control from which product potency can be measured as an increase
i median survival. Development work with drug product identified three (3) doses {(excluding
the vehicle treated dose) determined by Genomic Titer using Droplet Digital PCR (ddPCR)
which affect survival in the mouse model with a linear correlation when administered dose
{(ve/kgy 18 log-transformed and plotted against the Median Survival in days) of the treated
SMAAT neonatal mouse. See standard titers (vg/mL) in Table 26 for the fow, mid, and high
tijer standards. In addition, the TFF Buffer (vehicle) solution 13 used for both the zero (0)
calibration curve point as well as a Negative Control. A dose demonstrating >40 day survival
{greater than the dose that demonstrates doubling of the median survival) was also included as

a Positive Control.

Table 25: Target Poses

Negative Control
Salme 1542

{untreated)
1.50x10H > 40 days Median Survival Posttive Control
0 (saling) 1542 Standard-1
1.2x101 2243 Standard-2
7.5x10%5 3143 Standard-3

Dose Solution Preparations {refer to Table 26 for the dilution scheme example.
Negative Control -~ The 0.9% saline Solution is used as the Negative Conirol
Positive Control -- The Test Article lot is prepared at a 1.5x10" vg/kg using saline.
Reference Standard Solutions -~ The Reference Standard lot i¢ prepared m three

concentrations delineated in Table 25 using the saline Solution.

Table 26: Reference Standard and Test Article Dilution Scheme (Exampie)

1.2x104 5.0x108 5.0x1010 2.6 474 50.0
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Test Article Preparation -- The test article was diluted using the saline Solution. Dilutions were
calculated to generate the test doses {vg/kg) delineated m Table 26 per mouse in a total {inal
volume of 30 ul. Dilutions were made for 10 mice at the time with one extra volume as a
Positive Control targeted to increase minimum lifespan of treated muce 1o >40 days of Median
Survival {days).

Acceptance limits on control samples

Negative Control {untreated mice) -- The assay acceptance limit for the Negative
Control group was that the SMAAT mice meet the median survival of 1542 days. In addition,
any mouse expining m <10 davs will be excluded from the analysis. I more than 7 mice are

used in a group, a maximium of 2 mice may be excluded for expiring at <= 10days.

Positive Control (group treated at the target climical dose) -- The assay acceptance limit
for the Positive Control group was that at a minimum lifespan of treated nmuce to be to >40 days
Median Survival. In addition, any mouse expiring in <10 days will be excluded from the
analysis. Ifmore than 7 mice are used in a group, a masimum of 2 mice may be excluded {or

expiring at <= 10days.
Acceptance limils on the Reference Standard dose response curve
Assay suitability criteria will be determined for the reference standard Linear dose response

curve ploting Median Survival (days) against the adnunistered dose {(vg/ml). See Table 27

for the Assay suitability critena,

Table 27: Assay Suitability Criteria (Reference Standard Linear Dose-Respouse Curve}

Reference Standard >20x10 {2163 > &5x10Y >0.7 100.0

Test Article >2.0x10 | >16.0 >8.0x10" >0.7 -

Y-Intercept/Slope Ratio — A linear regression curve of the Median Survival (days) versus the
administered Dose (vg/kg) for the Reference Standard and the Test Article is determined. The

rafio of y-Intercept to the slope for each linear regression is calcunlated.

119
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Reporting Results

QGualitative Reporting of Relative Potency Results -~ The Assay Swtability criteriais evaluated
for each assay prior to determmation of a single point Median Survival (davs) read at > 40 days
for the Positive Control material. #f the Median Survival of the Positive Control group is > 40

days, the Test Article may be dispositioned if the below criteria is met.

Guantitative Reporting of Relative Potency Results - The Assay Suitability criteria is
evaluated for each assay prior to quantitative determination of Relative Potency for the Test
Article. Relative potency for the Test Article may be reported once the Positive control reaches
240 days and the Median Survival of 313 days for the mouse group representing the upper
standard dose of 7.5x10" vo/kg is reached. The Percent Relative Potency (%RP) for a Test
Article will be calculaied using the y-intercept and slope of the linear regression of the Median
Survival {davs) dose-response as follows:

SuRP = 100% * [(Test Article v-mtercept/slope) + (Reference Standard y-intercept/slope)]

Example 14- Single-Dose Gene-Replacement Therapy for Spinal Musenlar Adrophy: A
Dose Stedy

Spinal muscular atrophy (SMA) 15 a severe childhood monogenic disease resulting from loss
or dysfunction of the gene encoding survival motor newron T (SMN7). The incidence of this
disease 1s approximately 11n 10,000 live births, with a carmer frequency of 11in 34, SMAis
characterized by the degeneration and loss of lower motor neurons. which leads {0 muscle
atrophy. The disease is divided into fowr subtvpes (1 through 4) on the basis of the age at
onset and milestone achievement. SMA type 1 (SMA1) is the most severe form and most
common genetic cause of death among infants. There are two forms of SMN; SMNT s the
primary gene respornsible for functional production of SMN protein. SMN2 preferentially
excludes exon 7 during splicing and, as a result, produces only a small fraction of functional
SMN protein as compared with SMN /. Therefore, the SMN2 copy number modifics the
disease phenotype, and the presence of two copies of SMNZ is associated with SMAL.

Infants with SMN/ Wallelic deletions and two copies of SMN2 have a 97% risk of SMATL

Recent studies of the natural history of SMAT thistorical cohort) showed that the median age

at symptom onset among infants with the disease was 1.2 months (range, 0 1o 4 months), and
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the disease was characterized by hypotonia, severe weakness from early infancy, and failure
to sit without support. In infants with SMAL who have two copies of SMN2, the median age
at death or the need for nominvasive ventilation for at least 16 hours per day for at least 14
consecwtive days {considered equivalent 1o permanent ventilation} was 10.5 months. In one
cohort of affected children, only 25% swrvived without permanent ventilatory support at 13.6
months, and 8% survived without this support by 20 mounths. Another prospective,
multicenter historical study sponsored by the National Institutes of Health (NeuroNEXT)
involving patients with two copies of SMN2 showed a median survival free of tracheostomy
of & months (95% conflidence interval, 6 10 17). All patients with SMA1 have a precipitous
dechine in respiratory and swallowing functions afier birth and ultimately require mechamcal
mutritional support (through a nasogastric or gastrosiomy tube} to maintain adequate nutrition
and reduce the respiratory risks associated with aspiration. For patients with SMA1 in whom
the onset of svmptoms occurs by 3 months of age, most patients require feeding support by

12 months of age.

Patients with SMAT also do not achieve major milestones in motor function and have a

decline in function, as measured on the CHOP INTENTD (Children’s Hospital of Philadelphia

Infant Test of Newromuscular Disorders) scale, which ranges from 0 1o 64, with higher scores
mdicating better motor function, a tool that is sensitive to minor changes in motor function,
such as antigravity movemenis of limbs. In a historical analvsis of 34 patients with SMAT1, all
but T of the patients did not reach a score of at least 40 after 6 months of age. In the
NeuroNEXT cohort, CHOP INTEND scores decreased by a mean of 10.7 points from 6

months to 12 months of age.

Therapeutic strategies to increase levels of SMIN protein in motor neurons have focused on
enhancing the effectiveness of SAMN2. Oune approach has been central nervous system
delivery of nusinersen (Jonis Pharmaceuticals/Biogen), an antisense oligonucleotide that was
developed to mhibit exon 7 splicing in SMNZ. This drug has been shown 10 improve
weakness in the murine model of severe SMA and to increase the median life span of affected
mice from 16 days to 25 days. In December 2016, nusimersen was approved by the Food and
Drug Adnunistration for the treatment of SMA. This drug is administered by means of

repeated intrathecal injections after four loading doses within the first 2 months of life.
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A potential alternative treatment for SMAT is gene therapy, given as a one-iime intravenous
administration that delivers a copy of SMN in a sell-complementary adeno-associated viral
serotype 9 (scAAVY). {(The coding region of this recombinant virus forms an inframolecular
double-stranded DNA |or self-complementary] teraplate ) This approach has induced SMN
expression in motor neurons and peripheral tissues, which has countered the effects of SMA
n a murine model and extended the average survival in this model from 15 davs 1o 28.5 days
with a low dose (6.7x10"* vg per kilogram of body weight} and to more than 250 days with

higher doses of the vector (2.0x10" and 3.3+10" vg per kilogram).

In addition to crossing the blood-brain barner and targeting central nervous sysiem neurons
at all regions of the spinal cord, the systemic administration of AAV9-mediated gene therapy
may be advantageous, given that SMN protein is ubiquitously expressed and SMAT affects
multiple systems {e.g., autonomic and enferic nervous sysiems, cardiovascular system, and
pancreas), along with many cell types (e.g., heart, pancreas, and skeletal muscle). The self-
complementary feature of the vector combined with a hvbrid cytomegalovirus enhancer—
chicken betaactin promoter enables rapid and sustained expression of SMN. In April 2014, we
mitiated a study of gene-replacement therapy mvolving mfants with SMA1 who received a
one-time dose of sCAAVY with delivery of the human survival moter neuron gene (hSMN),

under control of the chicken beta-actin promoter (scAAVY. CBhSMN) (AVXS-101).

Methods

Patient and Study Procedures: For the purposes of the study, all the patients had a genetically

confirmed diagnosis of SMAL, homozygous SMNT exon 7 deletions, and two copies of SAAN2,

Patients with the ¢ 859G—C disease modifier in exon 7 of SMN2 were excluded. Patients who

were selected had showed onset of disease from birth up 1o 6 months of age, characterized by
hypotonia as determined by clinical evaluation accompanied by a delay in motor skills, poor
head control, round shoulder posture and hypermobility of joints. Patients with active viral
mfections (including HIV or serology positive for hepatitis B or C) or concomitant illness that
created unnecessary risks for gene transfer were excluded from the study. Patients that needed
imvasive ventilatory support (tracheotomy with positive pressure} of pulse oximetry <93%

saturation ai screening visit were also excluded.
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Patients were enrolled in two cohorts, according to the dose of gene therapy that was
administered. Patients in cohort 1 received a low dose (6.7x10" vg per kilogram} and were
enrolled over the course of five months; those in cohort 2 received a high dose {2.0x<10M vg
per kilogram) and were enrolled over the course of one vear. At dav 30 post dosing, the IFN-y
ELISpot assay on Patient 1 in cohort 1 detected a T-cell response, and showed a sudden spike
in spot forming cells (SFCs) per 10° peripheral blood mononuclear cells (PBMCs) that was
>50 directed against the AAVY capsid (normal, <50 SFCs per 10° PBMCs). Prednisolone was
started ai 2 mg/kg and was maintained for 35 davs uniil T-cell response and serum
transaminases were reduced. As a resull, the experimental protocol was amended, and
Patients 2 through 15 received oral prednisolone at a dose of 1 mg per kilogram per day for
approximaiely 30 days, starting 24 hours before the adminisiration of gene vector. Treatment
was continued with predmsolone maimtained until AST and ALT enzymes fell below the
tevel of 120 TU/L and T-cell response fel below 100 SFCs per 10° PBMCs, at which point

the prednisolone would be tapered off based on chinical judgment.

The vector was delivered in normal saline {approximately 10 to 20 mi per kilograny) that was
infused intravenously during a period of approximately 60 minutes. At the time of
enrollment, some patients required enteral feeding by means of a gastrostomy or nasogastric
tube, the choice of which was based on the preference of the parents or the primary physician.
Once enrolled in the study, all the patients who required nutritional support underwent

placement of a gastrostiomy tube, and the tubes were not removed during the study.

Outcomes: The primary ouicome was the determination of safety on the basis of any
treatment-related adverse events of grade 3 or higher. The secondary outcome was the time
until death or the need for permanent ventilatory assistance. The latter was defined as at least
16 hours of respiratory assistance per day continuously for at least 14 days in the absence of
an acute, reversibie illness or a perioperative state. Exploratory outcomes included motor-

milestone achigvements (particularly, sitting unassisted) and CHOP INTEND scores.

The maintenance of scores of more than 40 poinis has been considered to be clinically
meaningful in SMA in the application of the CHOP INTEND scale. Sitting unassisted was
evaluated and classified according to the following criteria; sitting unassisted for at least 5

seconds, according to item 22 of the Bayley Scales of Infant and Toddler Development gross
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motor subtest (“sitting unassisted”): sitting unassisted for at least 10 seconds, according to the
World Health Organization (WHO) criternia (Ssitting unassisted per WHO criteria”y; and
sitting unassisted for at least 30 seconds, according to item 26 of the Bayley Scales
mentioned above (“independent functional sitting”™). Major motor milestones were confirmed

by means of an examination of video recordings of the patients by an independent reviewer
by Ability Captured Through Interactive Video Evaluation-nuni (ACTIVE-mini). Compound
muscle action potentials (CMAP) were recorded from surface electrodes at baseline and
every & months after infusion. Pathological status of muscles was quantified by Electrical

Impedance Myography (EIM).

Statistical Analvsis: Safety analvses were performed 1n all the patients, who were also

cluded n the primary analvsis of survival {as defined above and i the protocol} and in
analyses of changes on the CHOP INTEND scale from baseline to 1 month and 3 months.
Such changes from baseline to each study visit were analvzed with the use of a mixed-effects
model for repeated measurements. The mixed model included the fixed effects of cohort and
visit and a covariate of baseline score. Milestone achievements and nutritional and ventilatory
support were analvzed in cohort 2. Statistical analyses were performed with the use of SAS

software, version 9.4, All comparisons with historical cohorts were solely descriptive,

Eesuits

Patients: (f the 16 patients who were screenad, 1 was excluded because of persistently
elevated anti-AAVY antibody titers (>1:50). Of the 15 patients who were included in the
study, 3 were enrolled m the low~-dose cohort 1 and 12 were enrolled in the high-dose cohort
2. The mean age of patients at the time of treatment was 6.3 months (range, 5910 7.2} in

cohort 1 and 3 4 months {range, 0.9 10 7.9} in cohort 2 (Table 28).

Table 28: Demographic and Clinical Characteristics of the 15 Patients

Characteristic Cohort 1 (N=3) Cohort 2 (N=12)
Mean age (range) - mo 6.3 (5972 3.4 (0.9-7.9
Medan weight (Fange) - kg 6.6 (6.0-7.1) 57 (3.6-84)

Sex - no. (%)

Male WER)! 5 (42)
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Female 2(67) 7(58)
Race - no. (%) I

White 3 (100) 5423
Other 0 1(8
Mean age at svieplom onsel {range) - 1o 7 (10-3.0) P4 (0-3.0)
Mean age at genctic diagnosis {range) - days 33 (4-83) 60 (0-1363
Mean score on CHOP INTEND scale (range) 16 (2-27) 28 {12-30)
Patients with chinical suppoit - no. (%o}

Nutritional 3 (100) 542y
Ventilatory 3 (100) 27

Survival and Permanent Ventilation: As of the end of the study, all the patients had reached

an age of at least 20 months and did not require permanent mechanical ventilation; the
median age at their last pulmonary assessment was 30 8 months in cohort 1 and 25.7 months
n cohort 2. In contrast, ondy 8% of the patients 1v a historical cohort did not require
permanent mechanical ventilation. At 29 months of age, one patient in cohort ¥ required
permanent ventilation because of hypersalivation. After salivary gland higation, the

requirernent for the use of noninvasive ventilation was reduced by 25% to 15 hours per day.

Motor Function Assessments: All the patients in cohorts 1 and 2 had increased scorgs {rom

baseline on the CHOP INTEND scale and maintained these changes during the study.
Patients in cohort 2 had mean increases of 9.8 points at | month and 15 4 points at 3 months
{(P<<0.001 for both comparisons); 11 patients attained and sustained scores of more than 40
points. At the study cutofl on August 7, 2017, patients in cohort 1 had a mean increase of 7.7
points from a mean baseline of 16.3 points, and those in cobort 2 had a mean increase of 24.6

points from a mean baseline of 28.2 ponts.

Motor Milestongs in Cohort 2: A total of 11 of 12 patients in cohort 2 were able 1o sit

vnassisted for at least 5 seconds. 10 for at least 10 seconds, and 9 {or at least 3¢ seconds
{Table 313 A total of 11 achieved head control, 9 could roll over, and 2 were able to crawl,
pull to stand, stand independently, and walk independently. Eleven patients attained the
ability to speak. No patients in the historical cohorts had achieved any of these motor

mifestones and rarely had achieved the ability to speak.
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Table 29: Event-free Survival and Motor and Other Milestones among the 12 Patients of

Cohort 2.

Varia | Age | Event | Motor Milestones (Other Achievements
ble at ~free
St | Survi
dv val
Entr
¥
Brin | Contr | Rol | Sits Sits Spea | Swallo | No | No
s ols Is with Unassisted ks WS NI | Nutritio
Han | Head | Ov | Assista Vo i nal
dto er nce Us | Support
Mon e
th
nio E A
5 110130
se | se | se
[ C ¢
Paticnt no.
4 5.6 303 + + + +
5 4.2 28.5 + + + + + 4+ b+ i+ + + +
6 1.9 26.1 + + + I A + + +
7 3. 281 + + + + + |+ + + +
8 7. 324 -+
9 49 1289 + + + S I S B S I + + +
10 0.9 1253 + + + + +  + 1+ ]+ + + +
1t 23 1238 + | 4 4 + +
12 26 1239 + + + + + o+ P+ + + +
i3 0.9 | 221 + + + + P+ b+ F +
14 41 {220 + 4 4 4 + + t
is 21 20.6 + -+ + + + + -+ +
Patients with outcome (%o}
Ths 100 100 92 73 92 92183175192 92 58 1§50
Study
Natur 8oy NA 0 g 0 0 0 {0 | NA NA N 8 by 20
al 20 mo A mo
Histor
v
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Stodie

5

Pulmonary and Nutritional Status 1 Cobort 2 Among the 12 patients in cohort 2, 10 did not
require noninvasive ventilation at baseline as compared with 7 who were independent of
ventilatory assistance at the last follow-up visit {Table 29). At baseline, 7 patients did not
require enteral feeding, including 1 who later required placement of a gastrostomy tube afier
gene-replacement therapy, possibly in association with scoliosis surgery. Of the 5 patients
who had received enteral feeding before gene-replacement therapy, at the last follow-up, 11
of the 12 patients had achieved or retained the ability to swallow independently and 4 were

able to feed orally.

Salety: As of the end of the study, a total of 56 serious adverse events were observed in 13
patients m the two cohoris. Of these evenis, imvestigators deiermined that 2 events were
treatment-relaled grade 4 events on the bagsis of laboratory values, according to Common
Terminology Criteria for Adverse Events (Table 30). Patient 1 in cohort 1 had elevations in
serum aminotransferase levels (31 tirnes the upper limit of the normal range for alanine
aminofransterase {ALT) and 14 fimnes the upper it for aspartate anunotransterase (AST)
without other iver-function abnormalities {i.e., total and indirect bilirubin and alkaline
phosphatase} and without chinical manifestations. As described above, these elevations were
attenuated by prednisolone treatment, which was subsequently adminisiered in the remaining
patients. One patient in cobort 2 required additional prednisolone to attenuate elevated serum
ALT and AST levels (35 times the upper limit of the normal range for ALT and 37 times for
ASTy Of the 241 nonserious adverse events, 3 were deemed to be treatment related and
consisted of asymptomaltic elevations in serum ammotransferase levels in 2 patients (ALT
and AST. both less than 10 tumes the upper limit of the normal range), which were resolved
without additional prednisclone {reatment (Table 0. There were no other abnormalities on
hver-function testing. Of the 15 patients, 14 had respiratory lnesses, which in children with

SMAT frequently result in death or the need for tracheostomy.

Table 30: Adverse Events.

Eyewd Cobort 1 {IN=3} Cohort 2 (N=12) Al Patiends (N=15

127
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Events Patients Events Patients Events Patients
0. 10. (%) no. 10. (%) no. 10, (%)
Any adverse event 44 3 (100} 253 12 (3003 297 15 (360
Any serious adverse | 7 3 (100) 49 10(83) 36 13 (87}
event
Adverse event 1 1 (33 4 325 5 427
associated with
treatment
Common adverse event
Upper respiratory 3 1(33) 26 1033 20 11{73)
tract infection
Vonitting O 0 il 8 (67) i1 853
Constipation 4 133 Y 7(38) 10 8 (33)
Pyrexia 1 1 (33) 10 o (36) it 7HEND
Nasal congestion G 0 8 6 (50) 8 6 (40}
Gastroesophageal i 1 (33} o 3(42) 7 6 {(40)
rethex
Enterovirus mfcection | 1 1(33) 7 4{33) 3 54{33)
Preumonia 0 i} il 5{42) 9 3{(33)
Rhlanovims infection | 1 1 (3% 10 4{33) 1t 533}
Cough 0 0 ) 5(42) 9 5(33)
Otitis media & 2 (67) 3 2(17) 9 4427
Elevated 1 133 3 3(25) 4 4 (27
anpnotransferase
fevel
Respiratory failure H 133 3 3(25) O 427
Parainfluenza virus i 1 {33} 4 3(2%) 5 4273
mfection
Rash 0 g 5 4{3%) 5 4027
Atclectasis 0 1] 4 4 (33} 4 427
Viral gastroenteritis 1y 0 4 4 (3% 4 407N
Rhinorrhea 0 0 4 3(25) 4 320y
Bronchiolitis 0 3 3 325 3 3020
Dugrrhea 4] iy 3 325 3 3026)
Far Infechion i 1 (33) 2 217 3 3020
Injury from fall O ] 3 3425) 3 320
Human rhinovims 0 ¢ 3 3(25 3 3(25)
Streptococcal { 1 (33 2 27 3 320
pharyngitis
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Respiratory syncyhal virus

Paneumonia H 133 2 2{17) 3 328)
Bronchiolitis i 1 (33 2 2017 3 320y
Viral upper g 0 3 325 3 325

respiratory tract

mfection

A single intravenous infusion of adeno-associated viral vector containing DNA coding for
SMN in patients with SMAT1 resulted in longer survival than in historical cohorts with this
disease. AH 15 patients surpassed the previously reported median age of survival without
permanent ventilation of 10.5 months for patients with SMAT with two SMNZ copies. All the
patients also surpassed the benchmark of 20 months, at which time only 8% of the patients
with this disease ty pically survive without permanent ventifation 4 Of the 12 patients in
cohort 2, all but 1 achieved motor-function milestones that have not been reported in
historical cohorts. The attained motor fimction was chinically meaningful, as reflected by
feeding (hand to mouth), sitting, and talking. The majority of the patients who did not require
supportive care at enrollment were free of muritional support (6 of 7 patients) and ventilatory
support (7 of 10 patients) at the last follow-up visit. In the two cohorts, the patients had
increases in the score on the CHOP INTEND scale from baselie. Within the first month 1o
cohort 2, the mean increase was 9.8 points, in contrast to a decline of a mean of more than 10

points between 6 and 12 months of age in the historical cohort in the NeuroNEXT study.

Preclinical studies of SMN gene-replacement therapy in the SMN A 7 mouse model showed

improvements in survival and motor function with early treatment, presumably at a time
when motor neurons are still ntact. The clinical findings in our study of early treatment
reflected the direction of those in the prechinical studies. Two patients were able to crawl,
stand, and walk without support after early treatment. Both of these paiients had a famuly
history of SMA, which probably contributed to the early diagnosis. Although all the patients
in the two cohorts in our study have continued to have improvements in motor function, the
prechinical and clinical data suggest a benelit {or early treatment and newborn screening for

SMA.
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Serious adverse events caused by AAV gene replacement therapy were limited to elevated
serum aminotransferase levels without other liver enzyme abnormalities approximately 3
weeks after treatment in two patiends; two other patients had elevations that did not reach the
cutoff for the definition of serious adverse events (i.e.. »10 times the normal range).
Elevations in liver enzymes were atfenuated by prednisolone treatment. One patient did not
pass screening owing to the presence of anti-AAV9Y antibody, which s consistent with
population studies that suggest a low rate of anti-AAV9 seropositivity among children and
young adulis and increasing rates of anti-AAVY seropositivity among persons older than 40
vears of age. However, the presence of antibodies to the virus may be a hmitation of AAV

gene-replacement therapy.

This study used a single-group design with a historical cohort as a control, whichis one of a
limited number of options when the natural history of g disease is well characterized and
lethal. In order to enrcll a homogeneous sample that was similar to those in published
historical studies, we restricted enrollment to include only symptomatic patients with SMAT1
who had biallelic SMN/ mutations and two SMNZ copies and did not enroll patients with the

¢.859G—C genetic moditier in exon 7 of SMNZ, since this genetic modifier predicts a nulder

phenotype of the disease. However, this gene replacement therapy need not be imited to

symptomatic patients, or paiienis with a specific genomic subtype.

In conclusion, a one-time intravenous infusion of a high dose of adeno-associated viral vector
containing DNA coding for SMN in patients with SMA1 resulied in extended survival,
improved motor function, and increased scores on the CHOP INTEND scale to levels that
had not previously been observed in this disease. Such improvements resulted in a lower
percentage of patients who needed supportive care than those in historical studies. In follow-
ups of up o 2 years, no waning of effect or clinical regression in motor function had been
reported. Several patients had transient and asymptomatic elevations in anminotransferase
fevels. Further studies are necessary to assess the long-term safety and durability of gene-

replacement therapy in patienis with SMAL

Example 15 - Pharmacekinetics of scAAVE.CB.RSMNV
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Conventional clinical pharmacokinetic studies are not applicable to gene replacement therapy
products, However, scAAVS.CB.hSMN vector shedding studies, which assess the amount of
vector eliminated from the body through fluids and waste, are a measure that may be used in

tieu of conventional pharmacokinetic studies for gene replacement therapies.

Vector shedding after infusion with sc AAVO.CB hSMN was ivestigated at nwltiple timne
points during the clinical study. Samples of saliva, uring and stool were collected weekly
through day 30 and then monthly through Month 12 and every 3 months thereafter. Samples
from S patients were used for scAAVO.CB hSMN vector shedding analvsis by droplet digital
polvmerase chain reaction through the Month 18 visit. All 3 patients analvzed for

scAAV9.CB hSMN vector shedding were dosed with the therapeutic dose of 1.1 x 10™ vg/kg.

scAAVO.CBhSMN was detectable m shed samples post-infusion. scAAVO CBAhSMN
concentrations in urine and saliva were 0.1% to 0.01% of tnitial concentration in the body at
day 1 post-infusion, after which concentrations fell below the mit of quantitation. In stool,
levels 10% to 30% of the initial concentration in the body were deteciable at day 1
post-infusion. One patient showed a peak concentration in stool at day 14 posi-infusion of
280% of mitial concentration in body. In contrast, 3 patients for whom data were available
showed a concentration of < 1% of initial concentration in the body at day 14 post-infusion,
with concentrations declining approximately 4 logs (10,000-fold) over 30 days post-infusion.
Overall, scAAVO.UBhSMN was primarily cleared from the body in stool and by day

60 post-infusion was below the it of quantitation in stool.

Example 16 - Non-clinical toxicology tests

Anmmal Pharmacology: Following infusion of scAAVO.CB.ESMN vector 1n a delta 7 SMA
mouse model of disease (SMN AT mice), body weight increased, rnighting behavior improved,
survival was significantly extended in a dose-dependent manner and SMA-related cardiac

deficiis retumed toward normal compared fo unireated SMN A7 mice.

Animal Tosicology: Following tntravenous mfusion in the mouse, vector and transgene were
widely distributed with the highest expression generally observed in heart and liver, and
substantial expression in the bramn and spinal cord. In pivotal Good Laboratory Practice (GLP)

compliant 3-month mouse toxicology studies, the main target organs of toxicity were the heart
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and liver. sCAAVY.CB hSMN vector-related findings in the ventricles of the heart were
comprised of dose-related inflammation, edema and fibrosis, and in the atrium, inflammation
and thrombosis. Liver findings were comprised on hepatocellular hypertrophy, Kupffer cell
activation, and scattered hepatocellular necrosis. A WNo Adverse Effect Level (NoAEL) was not
identified for scAAVI.CB.hSMN vector-related heart and hiver findings in the mouse, and the
Maximum Tolerated Dose was defined as 1.5 x 101 vg/kg, providing a safety margin of
approximately 1.4-fold relative to the recommended therapeutic dose of 1.1 x 10" vg/kg. The

translatability of the observed findings in mice to primates is not known at this time.

Example 17 - Spinal Muscular Atrophy in Pediatric Patients

This trial was a Phase 1 study evaluating safety and efficacy of scAAV 9. CB.hSMN vector in
SMA Type | patients genetically tested to contirm bi-allelic SAIV/ delstions, 2 copies of
survival motor neuron 2 (SMNZ), negative findings for the ¢.859G>C modification in exon 7
and with the onset of clinical sympiloms before 6 months of age. scAAVS.CB hSMN vector
was delivered intravenously during a single-dose infusion in patients 0.9 10 7.9 months of
age. Two cohorts were dosed: Cohort 1 {(n = 3) received the low dose used in this study and
Cohort 2 (n = 12) received the high dose (therapeutic dose: 1.1 x 10" vg/kg) used in this
study. The reported study outcomes reflect Cohort 2 and includes follow-up of all patients out

to 24 months following scAAVO.CB hSMN vector infusion.

Mortality and Event-Free Survival

Survival and time-to~event analvses support the efficacy of scAAVO.CB hSMN vector. In
Cohort 2, all 12 patients (100%) were over 24 months of age and eveni-free, as opposed to
only 8% of patients in a natural history study. This indicates a significant and clinically
meaningfd increase in overall survival for patients infused with scAAVO.CB hSMN vector
when compared to untreated patienis. At 2 vears following infusion, no patierd deaths were

reported.

Development Motor Milestones

Development motor milestones were examined; assessments for all 15 patients were video-

recorded to allow confirmation of the achievement of developmental motor milestones.

Patients i Cohort 2 consistently achieved and maintained key developmental motor

milestones. At 24 months of follow-up post-dose, 11 patients (91.7%) were able to hold their
132
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head erect for > 3 seconds and sit withowt support for > 5 seconds, 10 patients (83 3%} were
able to sit without sepport for > 10 seconds, @ patients (75.0%;) were able to sit without
support for > 30 seconds and 2 patienis each (16.7%) were able to stand alone, walk with
assistance and walk alone. Cohort 2 patients who are currently enrolled in an ongoing
observational long-term follow-up of this study have maintained their developrental motor

milestones, with some achieving additional motor nulestones.

Table 31: Patients Who Developed Significant Mstor Function Milestones
Based on Independent Central Review at 24 Monihs of Foliow-up
Post-Dose (Full Analysis Set)

SCAAVYS.CB.ASMN vector
Cohort 2
(N=12)
n (%)

Rolling (back to side from both sides) 9(75.0)
Hold head erect > 3 seconds, unsupported 1131
Stis with support, non-independent sitting 11 (0L
Sits without support > 5 seconds 11 (91.73
Sits without support = 10 seconds 10 {83.3)
Sits without support > 30 seconds 9(75.0)
Stands with assistance 2167}
Stands alone 2(16.7;
Walks with assistance 2{18.7)
Walks alone 2{16.7)

Of the 10 patients in Cohort 2 that were not using non-invasive ventilation (NIV} at baseline,
7 were free of daily NIV use at 24 months of follow-up. Nearly all patients experienced

commmon childhood respiratory llnesses that, in children with SMA Type 1, typically result in



r

10

15

20

30

WO 2019/094253 PCT/US2018/058744

tracheostomy or death. All patients survived respiratory hospitalizations without

tracheostomy or the need for permanent ventilation.

Nutritional

Nutrittonal gains were also observed. In Cohort 2, seven patients did not receive enteral
feeding prior to gene replacement therapy. One (1) of these 7 patients had nutritional support
to assist wound healing following a difficult recovery from scoliosis surgery but was also
feeding orally. Four (4} of the 5 patients in Cohort 2 who received enteral feeding prior to
gene replacement therapy were able 1o feed orally at end of study; thus, atotal of 11 of the

12 patients in Cohort 2 were able to feed orally, 6 exclusively.

Motor Function {CHOP-INTEND)

Patients receiving the therapeutic dose achieved statistically signiticant motor function
improvements by Month 1 and Month 3; Children’s Hospital of Philadelphia Infant Test of
Neuromuscular Disorders {CHOP-INTEND) mean increases from baseline were 9.8 points

(n=12, P <0.001) and 15.4 points (n = 12, P < 0.001)}, respectively.

Motor fumction improvements were sustained over time in patients infused with
sCAAVI.CBhSMN vector. Eleven of twelve (91.7%) Cohort 2 patients achieved a

2 50 CHOP-INTEND score at 24 months. Harly intervention and dose appear to positively

affect the response. In general clinical practice, untreated SMA Tvpe 1 children 6 months of
age or older do not surpass a score of 40 points on the CHOP-INTEND. Furthermore, an
average decling of 10.7 poirts between the ages of 6 and 12 months were reported amongst

untreated infants followed as part of a prospective natural history.

Example 18 - Measurement of residual host celi BNA in AAVYY vival veetors using gPCR

Method

This method was used for quantification of residual he DNA in AAV drug substance, e.g,
AVXS-101, and in-process samples by gPCR. Up to six samples were tested per plaie. A
gPCR assay was performed using a TagMan probe. The TagMan probe has a fluorogenic
reporter dve bound to the 57-end and a non-fluorescent guencher bound to the 3”-end. While

the probe is intact, the proximity of the quencher to the reporter dve greatly reduces the
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fluorescence emitted by the reporter dye. Cleavage of the probe separates the reporter dve

and quencher, increasimg the reporter fluorescence.

Flanking forward and reverse primers, designed to bind 1o a repetitive sequence within the
human genome, were added to the reaction mixture and annealed 1o the target sequence
present 1n the sample and standards. The TagMan fluorogenic probe annealed between primer
sites. Successive cycles of template denaturation, primer annealing and product extension
amplified the target sequence. During the extension step of the amplification cycle, the
exonuclease activity of Tag PNA polymerase released the reporter dyve from the probe,
freeing the dye from the quencher, resulting m a fluorescence emission proportional to the

amount of template.

The fluorescence of each well of a 96-well plate was measured by a qPCR instrument.
Through additional PCR cycles, increasing amounis of the target sequence were made, and
the result i1s that more reporter dve was released from the probe and higher fluorescence in
each successive PCR cvcle. The number of amphification ¢vcles required for the fluorescent
signal to reach a pre-deternmuned threshold value 1s measured. This cvcle 1s referred to as the
threshold cycle or CT value. The greater the starting concentration of DNA in the sample or
standard well, the fewer the nomber of PCR cycles required to reach the threshold
fluorescence level, and the lower the CT value. The standard curve is determined by plotling
loglO{DNA concentration) versus the CT value measured for each standard point. The CT
value is used to determine the amount of DNA present in the sample by using the individual

CT value for the sample and solving for the DNA value.

Samples were first prepared using a Wako DNA Exiractor Kit (Wako, 295-50201). Briefly,
the samples for testing were mixed well and diluted 1000-fold. The diluted samples were split
mto four tubes (500 pl each) and 56 ul of water was added to two of the tubes (unspiked
replicates} while 50upL of 30,000 pg/mL DNA standard was added to the other two tubes
(spiked control}. Protein solubilization was performed by adding 20 pb of Sodiwm N-Lauroyl
Sarcosinate solution to each tube, vortexing for 5 seconds then cenirifuging briefly. Nal
solution contaiming glveogen and Pellet Paint (Novagen, 70748) was prepared such that they
were in a ratto of 2000:5:4 of Nal:Glycogen: Pellet Paint. 500 nL of the Nal mixture was

added to sach tube and ncubated at 33°C £ 1°C for 13 nunutes. The tubes were removed
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from heat, mixed with 900 uL of isopropanal and incubated at room temperature for 15
minutes. The tubes were then centrifuged at 10,000 g for 15 min at 14°C and the supernatant
decanted. The remaining pellet was washed with 800 yL of Wash Solution A, spun and
repelieted two times. Finally, the pellet was washed with 1500 ul. of chilled Isopropanol
Wash Solution containing glvcogen, spun and repelleted. The final pelleted was resuspended

in 500 pL. nuclease-free water.

The gPCR was performed using 2 resPNA SEQ Human Quantitative Kit {(Applied
Biosysterns, AZ6366). A Reaction Mix was prepared by combining 2x Environmental Master
Mix, 10x Human DNA Assay Mix and Negative controd as instructed in the kit 20 pL
Reaction Mix was mixed with 10 pL of prepared sample and added to each well on the PCR
plate. Each sample was plated in triplicate. The plate was sealed with optical adhesive film,
During thermocycling, a roelt was first performed at 95°C for 10 min, and then the samples

were cycled between 95°C for 15 sec and 60°C for 1 min for 40 cycles.

A standard curve was generated by plotiing the CT value vs. quanitly of DNA
log{lpg/mb.]). THe data was fit to a straight line given by the following equation:
CTvalue=mxloglO(x)+b

where x = conceniration of standard in pg/mL, m is the slope and b is the yv-intercept. The
concentration of host cell DNA was back-calculated from the CT value of the well using the

above equation, then corrected by the dilution factor.

Results

The residual host cell DNA measured by ¢PCR was 3.7x10° pg/mL for prior batch of vector,
0.76x10° pg/mL for AVXS-101 Lot 600156, 0.68x10° pg/mb for AVXS1-101 Lot 600307
and 1.3x10° pg/mL for AVXS-201 DS,

Example 19 - Measurement of residual host cell protein (HCP) in AAVY viral vectors
by ELISA

Method
The host cell protein (HCP} concentration in AVXS-101 samples was measured using a

commercial enzyme-linked immunosorbent assay (ELISA) kit. THe Cvgnus Technologies

PCT/US2018/058744
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Human Embryonic Kidney 293 HCP ELISA Kitis a solid phase two-site enzyme
mmuncassay. 1t is based on a direct sandwich technique in which two polvclonal antibodies
are directed against separate antigenic determinants of HCP. During incubation, the HCP in
the sample bound with anti-HCP antibodies bound to a microplate well and with peroxidase-

conjugated anti-HCP antibodies in solution.

Afier the incubation period, the wells were washed to remove any unbound enzyme-
conjugated antibody. A 3,37, 5, 8 -tetramethyvlbenzidine (TMB) substrate solution was then
added to the wells, The bound peroxidase comjugate catalvzed a color change reaction in the
substrate. The reaction was stopped by the addition of acid, which gave a colonimetric
endpoint that could be read spectrophotmetrically at 450 nm. The amount of hydrolyzed

substrate was directly proportional to the conceniration of HCP present.

The samples to be tested were diluted to meet the range of the method, from 4 ng/mL to 200
ng/mb.. Each sample was then diluted 2-fold in SDB (110 pL sample and 110 ul. SDB) and
mixed. Spiked controls were also made to check for consistency. In the spiked controls, 110
uL of each sample was mixed with 27.5 uLof 200 ng/mb HCP standard and 2.5 ul. of SDB.
Finally, 50 ul. of each standard, conirol or test sample was added to a well on the 96-well
plate and mixed with 100 pl of anti-HEK 293-HRP conjugate. Al conditions were plated in
triplicates. The plate was sealed with a sealing tape and shaken at 400-600 rpm for 2 howrs at
room iemperature. Afler the incubation, the solutions in the wells were removed by {licking
the plate upside down and blotting with an absorbeni towel. The wells were washed with a
wash bottle, blotted quickly and tapped without letting the wash solution soak in the wells.
The wash was repeated 4 times and allowed 1o rest upside down for about 20 sec 1o drain
after the last wash. Finally, 100 ul. of TMB Substrate was added to gach well of the plate and
incubated for 20-30 min at room temperature with no agitation. The reaction was stopped by
adding 100 ul of Stop Solution to each well. The plate was loaded onto a plate reader within

45 min of adding the Stop Solution and the plate was read at 450 nm and 650 nm.

The mean absorbance of the standards were plotted against the theoretical HCP concentration
of the standards in a semi-logarithmuc graph to generate a four-parameter logistic (4PL) fit
curve based on the following equation:

Y=H{A-D)/(QHX/CYB)+D
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where A is the bottom asymptote, B is the Hill-slope, C is the concentration corresponding to
the midpoint absorbance values between the two asymptotes (ng/mL), D is the top asymplote,
X 15 the sample concentration (ng/ml.} and Y 1s the absorbance. The standard curve was then
used to determine the HCP concentration in the spiked sample control and the unspiked test
samples using SofiMax Pro Software. The test was only accepted if the r* of the standard
curve was >0.98, the mean corrected absorbance of the 200 ng/ml standard was 1.0 0D, the
mean corrected absorbance of the 0 ng/ml. standard was <0.2 0D, and the coefficient of
vartation of the corrected absorbance over 3 well replicates was <15%. The HCP final
concentration for each sample was calculated using the equation:

HCP Concentrationsample (ng/mi.} = Dilution factor x Mean measured HCP concentration

(ng/mL).

Resuits

The residual host cell protein measured by ELISA was below the hmit of quantification (8
ng/mL} for prior batch of vector, AVXS-101 Lot 600156, AVXS1-101 Lot 600307 and
AVXS-201 DS.

Example 20 - Measurement of residual benzonase in AAVY viral vectors by ELISA

Methoed

The residual benzonase concentration in the AAV product. eg., AVXS-101, was measured
using a commercial enryme-linked immmosorbent assay (ELISA) kit The Merck Benzonase
Endonuclease ELISA Kit I is a solid phase two-site envyme imnunoassay. His based on a
direct sandwich technigue 1 which two polyclonal antibodies are directed against separate
antigenic determinants of Benzonase. During incubation, the Benzonase in the sample bound
with anti-Benzonase antibodies bound 1o a microplate well and with peroxidase-conjugaied

antti-Benzonase antibodies in solution.

After the incubation period, the wells were washed to remove any unbound enryme-
conjugated antibody. A 3,37,5,5 tetramethyvibenzidine (TMB) substrate solution was then
added to the wells. The bound peroxidase comjugate catalyvzed a color change reaction in the
substrate. The reaction was stopped by the addition of acid, which gave a colorimetric
endpoint that ccould be read specirophotometrically at 450 nm. The amount of hvdrolyzed

substrate 15 directly proportional to the concentration of Benzonase present.
138
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Briefly, samples were diluted 2-fold by combining 175 pL. of sample with 175 ub of PBST.
In parallel, a benzonase spiked sample control was also prepared by combining 175 b of
sample with 35 pulof 10 ng/ml. Benzonase standard and 140 gl of PBST. Pre-coated ELISA
strips from the kit were mounted m a strip support and 100 ul of each test mix was loaded
per well. For blanks, 100 pb of PBST was loaded mnstead of sample. Hach condition was
loaded i iriplicate. The plate was sealed and incubated at room temperature for 2 hours + §
minutes with agitation on a plate shaker (450 rpm). After incubation, the contents were
discarded and the plate was washed bv adding ~350 pL of PBST using an immunowasher
and incubated for | munute, then mverted and tapped onto an absorbent towel. A total of 3
washes were performed before 100 pb of diluted HRP-Conjugated Antibody was added to
each well. The plate was sealed and incubated at room terperature for 1 hour = 8 minutes
with agitation on a plate shaker (450 rpm). After incubation, the contents were discarded and
the plate was washed by adding ~350 pL of PBST using an immunowasher and incubated for
1 nunute, then inverted and tapped onto an absorbent towel. A total of 3 washes were
performed before 100 pL of TMB subsirate was added to each well. The plate was sealed and
the conients incubated for 15-40 minutes al room temperaiure without agitation in the dark.
The reaction was stopped by adding 100 pL of 0.2N Hz804 Stop Solution to each well. The
absotbance of the plate was measured using a spectrophotometer at 450 nm within 45

minutes of the addition of the Stop Solution.

The mean absorbance of the standards was plotted against the theoretical Benzonase
concentration of the standards in a semi-logarithimuc graph to generate a four-parameter
logistic (4PL) fit curve based on the following equation:

Y= [{A-D)/ (1HX/CYB)] + D

where A is the bottom asyrmpiote, B is the Hili-slope, C is the concentration corresponding to
the midpoint absorbance values between the two asymptotes (ng/mL}. D is the top asymplote,
X 1s the sample concentration (ng/mbL) and Y 1s the absorbance. The standard curve was then
used 1o determune the HCP concentraiion in the spiked sample control and the unspiked test
samples using SoftMax Pro Seftware. The test was only accepted if the 2 of the standard
curve was >0.98, the mean corrected absorbance of the 2.5 ng/mb standard was >1.0 0D, the
mean cotrected absorbance of the 0.10 ng/ml standard was greater than the mean 0D of the

PBST blank, and the coefficient of vanation of the corrected absorbance over 3 well

139



r

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

replicates was <15%. The HCP final concentration for each sample was calcudated using the
equation;
Benzonase Concentrationsampte {(ng/mb.) = Dilution factor x Mean measured Benzonase

concentration {(ng/mkb).

The residual benronase conceniration measured by ELISA was below the himit of
quantification (0.2 ng/mL} for prior batch of vector, AVXS-101 Lot 600156, AVXS1-101
Lot 600307 and AVXS-201 DS,

Example 21 - Measurement of protein concentration in AAVY viral vectors by Micro

BCA Assay

Method

The amount of proteins in in-process, drug substance and drug product samples, e.g., of AVXS-
101, were measured by micro BCA plate assay, using a 2 mg/mL Bovine Serum Albumin
{Thermo Fisher Scientific, 23209) reference protein standard and a Micro BCA Protein Assay
Kit (Thermo Fisher Scientific, 23235). The assay is based on a delergent-compaiible
bicinchominic acid (BCA) formulation for colorimetric detection and quantitation of total
protein. The BCA detects Cu'' which is formed when Cv?' is reduced by protein in an alkaline
environment. A purple-colored reaction product is formed by the chelation of two molecules
of BCA with one cuprous ion (Cu'"), which exhibits a strong absorbance at 562 nm that is

linear with increasing protein concenirations.

Briefly, standards were prepared by performing serial dilutions of 2 mg/mlU BSA in Diluent
(20-fold dilution of the Formmudation Buffer, 200 mM NaCl, 20 mM Tris, 1 mM Mg(C12, 0.001%
w/v Pluronic F-68, pH 8.0). The test samples of AVXS-101 were also diluted 20-fold m water
and sernal dilutions made in Diduent. The target concentration 15 about 7.5 pg/ml. The Working
Reagent (WR) was prepared by mising 235 parts Micro BCA Reagent A, 24 parts Reagent B
and 1 part of Reagent C from the kit. 150 pl of each standard and test sample was loaded in
triplicate into a 96-well plate, and mixed with 150 uL. of WR. The plate was sealed and shaken
at 300 rpm on a plate shaker for 30 seconds. The plate was then incubated without shaking at

37°C 4+ 2°C for 2 hours. After incubation, the plate was centrifuge at 1000 rpm for 2 minutes
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to collect the condensation, and the plate was cooled for 15-60 min after incubation. The plate

was read in a plate reader at 562 nm and the data was analvzed with SoftMax Pro.

The mean absorbance of the standards vs. the theoretical protein concentration of the standards
was plotted n a semi-loganthmic plot and a quadratic it was generated. The quadratic fit s
based on the equation:

Y =A+Bx+Cx?

where A, B, C are curve it parameters, x is the sample concentration in pg/ml and Y is the
absorbance in QD). The test was only accepted if the 12 of the standard curve was >0.98, the
mean absorbance of the blank was less than that of the lowest standard (I pg/mbL}, and the
coefficient of variation of the absorbance over 3 well replicates of each standard was <10%.
The standard curve was then used to determine the protein concentration in the test samples.
The final protein concentration was calculated using the equation:

Total Proiein Concentration (pg/rol) = Dilution Factor x Mean measured protein concentration

{1g/mL).

Resulis

The total protein concentration measured by Micro BCA was 167 pg/mb per 1.0x10% vg/mL
for prior batch of vector. 179 ug/mi per 1 .0x10P vg/mL for AVXS-101 Lot 600156, 176
ug/mL per 1.0x10% vg/mb for AVXS1-101 Lot 600307, 182 pg/mL per 1.0x10Y ve/mL for
AVXS-201 DP and 418 pg/mb per 1.0x10" vg/mL for AVXS-301 DP.

Example 22 - Purity and Release Specifications of AVXS-101, AVXE-201 and AVXE-301

AVXS-101 Drug Substance and AVXS-101 Drug Product from Examples 1 10 4 were tested

for purty. Table 32 and 33 shows the specification and release criteria for these products.

Table 32: Release specification for AVXS-101 Drug Substance

Process-Related Impurity Origin Acceptance Criteria
Host Cell Protein (HCP) Cell Substrate <4 agper LOEIS vg
Hostccll DNA Ccll Substrate <1.15E5 pgper 1LOEI3 vg
Bovine Serum Albunun (BSA) Cell Culture <0 22ngper LOEISvg
Plasmid DNA (pDNA) Cell Culture <6 8ESpgper LOEI3 vg
Polvethyleimine (PED Cell Culture Not tested at Release
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Benzonase Pownstream Processing <009 agper LOEI3 vy
Tween 20 Downstream Processing Not tested at Release
Poloxarmer 188 Downstream Processing 20-80 ppm
Cesinm (Cs) Downsiream Processing < 30 pug/g (ppmy
Ethanol Dowrnsirean Processing Not tested al Release

Table 33: Release specifications for AVXS-101 Drug Product

Category Attribute Acceptance Criterion
General Appearance per USP <631> and USP Clear to slightly opaque, colorless o famt white
<855> solution, free of visible particulates
pH per USP <791> 7.7-8.3
Psmolality per USP <785> 390-430 mOsnvkg
Sub-visible particies per USP <787> < 600 particles > 25 jm per container

< 6000 particles > 10 pm per comtainer

Quantity Genomic Titer by ddPCR 1.7E13 - 23E13 vg/mal.
Infectiouns Titer by TagMan TCIDs 3.9E8 - 84E10 IU per LOE1S vg
Total Protein by Micro BCA 100-300 pg per 1L.6E13 vg
Pluronic F-68 Content by HPLC-ELSD 20-80 ppm
Potency In vivo Functionality Test bv A7TSMA Median Survival representing the 7.5E13 vg/kg
Mouse Model dose is > 24 days
Invitro Relative Potency by Cell-based 70-130%
Assay
{deniity Veclor Genorae [dentity by ddPCR Confyrms
Identity (Protein) by SDS-PAGE Main Bands of VP1, VP2, VP3 co-migrate with
the AVXS-101 Reterence Standard
Identily (Protein) by Weslem Blot Positive for AAV capsid prolein
Purity Ye Capsid Distribution by SV-AUC %% Empty <5%
% Peak 1 +Peak2 >91.9%
Yo Full (Peak 1) 37.4-703%
% Full (Peak 2) 24.9-60.1%
% Total Other Peaks <8%
% Total Purity by SDS-PAGE Yo Total Punity (VP1, VP2, VP3) 265 (18

% Total Impurities by SDS-PAGE %2 Total Tmpurities <5%

Ne single un-named related impuaty > 2.0%

Named related impunities: Report value (%) to
0.1% (down to LOQ)

- Imp 1A (~71-73 kDa)

- lmp 1 {(~61-07 kDDa)

- Inp 2 (~56-64 kDa)




WO 2019/094253 PCT/US2018/058744

- lmp 3 {(~48-58 kDa)
- Imp 4 (~33-38 kDa)
- Tmp 5 {~30-34 KDa)

safety Endotoxin per USP <85> <0.75 EU/mL
Sterility per USP <71> No growth
Contarner Closure Integrity pexr USP Pass

<1207> YVacuvm Decay

AVXS-201 and AVXS-301 can be manulactured and purified using the same process as
described for AVXS-101, eg., as described m Examples 1-4. The specitfication and release

criteria for batches of each product produced in bioreactors are shown in Table 34 - 36,

Table 34: AVXS-201 Druge Substance Lot 283-0218-005

Bioburden <1 CFU/mL
H
P 738

Appearance by Visnal {nspection . .
Clear, colorless solution

Jsmolality by Freezin, it Depressior
Osmolality by Freezing Pomt Depression 411 mOsmvkg

Genomic Titer by ddPCR 4.6x10%% vg/mL
Vector Genome [dentity by ddPCR .
- Confirms
Vector Identity by SDS-PAGE Main Bands of VPI, VP2, VP3

co-nrigrate with AVXS-201 control

Pusity by SDS-PAGE

8%
Yo Empty Capsid by AUC ,
T8k
Total Impurities by SDS-PAGE Total % hnpuritics: 2%

% Impurities with MW:
53.2 kDa, <1.0%
30.9 kDa, <1.0%
29.9 kba, <1.0%

Residual BSA by ELISA <LOQ (<0.50 ng/mL)

Residual Plasmid DNA by gPCR R
b and (.2 X 105 p/ml pee 1.0 % 10% v/l

Residual Host Cell DNA by gPCR < ‘ ,
T 1.3 x 0% pg/ml per 1.0 x 109 ve/mL
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Residual Benzonase by ELISA <LOQ (< 0.20 ng/ml)

Host Cell Protein by ELISA <LOQ (<8 ng/ml)

Table 35: AVXS-20% Drug Product Lot 283-0218-006

Stenlity No¢ Growth

Endotoxin 0.02 EU/mL per £.0x107 vg/mL

Heplication Competent AAV TBD

pH 7.8

Appearance by Visnal Inspection Clear, colordess solution with no visible particles
Qsmolality by Freczing Point Depression 409 mOsiv/kg

e O particles greater than or equal to 25 pm per

Sub-visible Particles by Light Cbscuration . gogi;i?; greater than or cqual o 10 gm per
comtainey

Genomic Titer by ddPCR 3.6x10V vg/mL

Infectious Titer by TCIDso 8.26 x 101 TCID30/mL

Total Protein by Micro BCA 182 pg/ral per 1.0x 108 vg/mL

Phronic by HPLC-ELSD 46 ppm

Vector Genome Identity by ddPCR Confirms

Positive for AAV Capsid Protein

Main Band MW

VPL 79.0 kDa

VP2 65.0 kDa

VP3:57.7 kDa

Main Bands of VP, VP2, VP3
co-migrate with AVXS-201 control

ldenttty by Westemn Blot

Identity by SDS-PAGE

Yo Empty Capsid by AUC 2%
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% Total Purity by SDS-PAGE

98%

% Total Impuritics by SDS-PAGE

Total Yo lmpuritics: 2%

Y% Impurities with MW
52.5 kv, <1.0%
36.4 kDa, <i.0%
29.1 kiba, <1.0%

Cesiun by ICP-MS

238 pg/g (ppuy

Table 36: Purity of a test baich of AVXS-301 Brug Product

Steridity

No Growth

Eadotoxin

0.09 EU/mL

Replication Competent AAY

pH

Appearmace by Visual Inspection

Clear and colorless solution

Osmolality by Freezing Point Depression
" . gl

408 mCsnvkg

Sub-visible Pasticles by Light Obscuration

s O particles greater than or equal to 25
{1 per containey

e O particles greater than or equal to 10
M per container

Genomnc Titer by ddPCR

2.5 x 1P vp/ml

Infections Titer by TCIDso

5.62 x 108 TCHDsp/mL

Total Protein by , )
Micro BCA H8 pg/ml.
Phuronic by HPLC-ELSD 532 ppin
Vector Genome [dentity by ddPCR Confirms

{dentity (Protein) by Western Blot

Pogitive for AAV Capsid Protein

Identity (Protein} by
SPs-PAGE

Main Bands of VP1, VP2, VP3
co-tgrale with AVXS-301 control
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Y Brapty Capsid by AUC 3%e

% Total Purity by

o 98Y%;
SDS-PAGE A

Total Impurities: 2%
% Total Impurities by SDS-PAGE Impurities with MW,

- Dmp § (~61-67 kDa): 2%

Cesian by {CP-MS Below LOG (< 20ug/g (ppny)

The high purity achieved for AVXS-201 and AV XS-301 shows that the methods of producing
and purifying AAV viral vectors as described in this application shows broad applicability

across AAY viral vectors with different pavioads.

Having described embodiments with reference to the accompanying drawings, it is 10 be
understood thai the disclosure 1s not himited to the precise embodiments, and that various
changes and modifications may be effected therein by those skilled in the art without departing

from the scope or spirit of the disclosure and embodiments as defined in the appended claims.

List of Exemplary Embodiments

1. A pharmaceutical composition comprising:
(a) between 1 — & X 10V vector genomes/ml of parvovirus engineered with a transgene;
{b}) less than 5.0 % empty capsids;
(¢} less than 40ng/mi residual host cell protein per 1 X 10Y vg/mi;
(dy tess than 1.2 X 10° pg/mi residual host cell DNA per 1 X 10" vg/ml; and,

(e} at least 80% of the 1 — 8 X 10" vector genomes/mi are {functional.

2. The composition of embodiment 1, wherein the amount of residual plasmid DNA comprises

less than 1.7 X 108 pg per 1 X 10% vg.

3. The composition of embodiment 1, wherein the amowd of vector genomes/m! of parvovirus

comprises 1.8 —~ 2.2 X 10’7 vector genomes/ml.
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4. A method for the purification of AAV particles from a mammalian host cell culture to form
a frozen mtermediate drug substance comprising the steps of:

{(a) culturing cells that have been transfected with a recombinant AAY vinion;

(b} harvesting the expanded viral particles from the cells after a culture period;

(¢} purifying the viral particles via filiration to remove any intact cells or cellular debris;

(d} subjecting the eluent from step (c) to tangential flow filtration; and,

{e) freezing the resultant intermediate preparation of purified viral particles.

5. The method of embodiment 4, wherein an endonuclease 15 used during the harvesting step.

6. The method of embodiment 5, wherein the endonuclease is benzonase.

7. The method of embodiment 4, wherein the purifving step uses depth filiration followed by

filtration through a filter that removes large molecule contaminants and cell dabris.

8. The method of embodiment 4, wherein the tangential flow {iltration step uses cellulose

membranes.

9. A method for the purification of a sample of AAV particles from a mammalian host cell
culture to form a drug product comprising the steps of:

{a) an acidification and clanification step;

{b} a cation exchange chromatography step,;

(¢} a tangential flow filtration step;

{d) a CsCl ultracentnifugation step to remove empiy capsids; and,

{e) a tangential flow filiration step.

10. The method of embodiment 9, wherein the acidification and clanification step comprises
adjusting the sample to pH 3.5 and host cell proteins and DNA are removed via flocculation

with a detergent.

11. The method of embodiment 9, wherein the cation exchange coluron comprises a sulfonyl

resin.
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12. The method of embodiment 9, wherein the tangential flow filtration step (c) uses cellulose
membranes with a molecular weight cutoff of 300 kD3a MW and reduces the eluate volume of

the cation exchange step by at least six-fold.

13, The method of embodiment 9, wherein the CsCl ultracentrifugation step removes at least
80% of the empty capsids in the sample uses depth filtration followed by filtration through a

0.43 micron filter.

14. The method of embodiment 9, wherein the tangeniial flow filtration step (e} uses

cellulose  membranes with a  molecular  weight cutoff of 300 kDa MW

13, A wmethod of treating a neurological disease in a patient in need thereof comprising
miravenous or indrathecal deliverv of the pharmaceutical composition of any one of
embodiments 1-3, wherein the parvovirus comprses a self-complementary AAVY genome, and
wherein the engineered transgene comprises an SMN polynucleotide and wherein the disease

s SMA,

16. A method of treating a nsurological dissase in a patient in need thereof comprising
wmitrathecal delivery of the pharmaceutical composition of any oue of embodiments 1-3 with a
conirast agent, wherein the parvoviras comprises a self-complementarv AAVY genome, and
wherein the engineered transgene comprises an SMN polynucleotide, wherein the disease is

SMA, and wherein the contrast agent is omnipague 180,

17. The method of any one of embodiments 13-16, wherein the SMA s tvpe H, type [l ortype
IV SMA.

18, A method of treating a type I, I, or IV SMA m a patient m need thereof comprising
intrathecal delivery of the pharmaceutical composition of anv one of embodiments 1-3 with
contrast agent, wherein the parvovirus comprises a self-complementary AAV?S genome,
wherein the engineered iransgene comprises an SMN polynucleotide, and whereimn the contrast

agent 15 ommpague 180,

19. A method treating type 1 SMA 11 a patient in need thereof comprising intravenous delivery
of the pharmaceutical composition of any one of embodiments 1-3 wherein the parvovirus
148
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comprises a self~complementary AAVY genome, and whergin the engineered transgens

comprises an SMN polynucleotide.

20. The method of embodiment 19, wherein the patient is 0-9 months old.

21 The method of embodiment 20, wherein the patient 1s 0-6 months old.

22. The method of embodiment 19, wherein the pediatric patient is up to about 8 kg in weight,
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10.

A method of manufacturing an AAV viral vector, comprising:

a. culturing adherent cells;

b. transfecting the adherent cells with plasmid(s) to enable production of the
AAYV viral vector;

C. lysing the adherent cells to isolate the AAV viral vector;

d. acidifying and clarifying the cell lysate of (c);

€. purifying the product of (d) using cation exchange chromatography (CEX);

f. filtering the product of (e) using tangential flow filtration (TFF);
g. ultracentrifuging the product of (f) in a cesium chloride (CsCl) buffer; and
h. collecting the AAV viral vectors from the product of (g).

The method of claim 1, wherein the AAV is AAV9.
The method of claims 1 or 2, wherein the AAV is self-complementary (scAAV).
The method of any one of claims 1-3, wherein the adherent cells are HEK293 cells.

The method of claim 4, wherein step (a) comprises seeding the cells in a large-scale
bioreactor that can provide continuous circulation of cell culture media.

The method of claim 5, wherein the seeding density is 8,000-12,000 cells/cm?.

The method of any one of claims 1-6, wherein the transfecting step (b) comprises
contacting the adherent cell with an adenovirus helper plasmid (pHELP), and a
plasmid encoding AAV rep and cap genes.

The method of claim 7, wherein the AAV rep gene is rep2 and the AAV cap gene is
cap9.

The method of any one of claims 1-8, wherein the transfecting step (b) comprises
contacting the adherent cells with a plasmid comprising a polynucleotide encoding a
survival motor neuron (SMN) protein, a polynucleotide encoding MeCP2 or a

polynucleotide encoding a SOD1 shRNA.

The method of claim 9, wherein the plasmid comprising the polynucleotide encoding

SMNI protein comprises a modified AAV2 ITR, a chicken beta-actin (CB) promoter,
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

a cytomegalovirus (CMV) immediate/early enhancer, a modified SV40 late 16s

intron, a Bovine growth hormone (BGH) polyadenylation signal, and an AAV2 ITR.

The method of claim 9 or 10, wherein the polynucleotide encoding SMN encodes the
SMN protein of SEQ ID NO: 2.

The method of any one of claims 1-11, wherein the AAV viral vector comprises SEQ

ID NO: 1.

The method of any one of claims 1-12, wherein the transfecting step comprises
contacting the adherent cell with the transfection agent polyethylenimine (PEI).

The method of any one of claims 1-13, wherein the transfecting step comprises
contacting the adherent cells with a transfection medium that does not contain serum,
calcium, or glutamine.

The method of any one of claims 1-14, wherein the lysing step comprises a lysis
buffer supplemented with benzonase and Tween.

.The method of any one of claims 1-15, further comprising freezing the cell lysate of
step (c) prior to the acidification step of (d).

A method of purifying an AAV viral vector from a cell culture lysate, comprising the
steps of:

a. acidifying and clarifying the cell lysate;

b. purifying the product of (a) using cation exchange chromatography (CEX);

c. filtering the product of (b) through a tangential flow filtration;

d. ultracentrifuging the product of (c) using a 2 — 4 M cesium chloride (CsCl)
buffer;

e. collecting the AAV viral vectors from the product of (d);

f. filtering the product of (e) through a tangential flow filtration.

The method of any one of claims 1-17, wherein the acidification step comprises
acidifying the cell lysate to a pH of 3.0 — 4.0.

The method of any one of claims 1-18, wherein the ultracentrifugation is performed
between 40,000 — 50,000 rpm.

The method of any one of claims 1-19, wherein the CsCl buffer comprises 3 M CsCl,
Tris, MgCly, and Poloxamer 188, and is between pH 7.5 and 8.5.

The method of any one of claims 1-20, wherein the cell lysate is incubated with
Tween prior to the acidification step.
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22.

23.

24.

25.

26.

27.

28.

29.

30.

The method of any one of claims 1-21, wherein the clarification step comprises
filtering the cell lysate through a depth filter.

The method of any one of claims 1-22, wherein the CEX comprises a sulfonyl resin.

The method of any one of claims 1-23, wherein at least one TFF step comprises using
cellulose membranes with a molecular weight cutoff of 300 kDa MW.

The method of any one of claims 1-24, wherein the number of empty viral capsid is
less than 7%, less than 5%, less than 3% or less than 1 % of the total viral capsids
after collecting the AAV viral vectors from the ultracentrifuged cell lysate.

The method of any one of claims 17-25, wherein the AAV viral vectors collected after
the second TFF step are stored in a solution comprising Tris, MgClz, NaCl, and
Poloxamer 188, and the pH is between 7.5 and 8.5.

The method of any one of claims 17-26, wherein the AAV viral vectors collected after
the second TFF contain less than 30 pg/g or less than 20 pg/g of CsCl.

The method of any one of claims 17-27, wherein the concentration of AAV viral
vectors collected after the second TFF is greater than or equal to 3x10"* vg/ml.

The method of any one of claims 1-28, wherein the produced yield of AAV is more
than 5 x 10'° vg, or more than 8 x 10'® vg or more than 1 x 10'® vg per manufacturing
batch.

The method of any one of claims 1-29, wherein the AAV vector comprises a
polynucleotide encoding a survival motor neuron (SMN) protein, a polynucleotide

encoding MeCP2 or a polynucleotide encoding a SOD1 shRNA.
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