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MEANS AND METHOD FOR PREPARING VIRAL VECTORS AND USES OF
SAME

SEQUENCE LISTING
The instant application contains a Sequence Listing which has been submitted in ASCH format
via EFS-Web and 1s hereby incorporated by reference in its entirety. Said ASCH copy, created

on October 31, 2018 is named AVEX-003001'WO _ST25.1xt and is 14,639 bytes in size.

RELATED APPLICATIONS

This application claims priority to U.S. provisional patent application number 62/583,033, filed

Movernber 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 compositions

and uses comprising the same.

BACKGROUND

Adeno-associated virus (AAV) 1s a member of the parvoviridae fanuly. The AAV genome is
composed of a linear single-stranded DNA molecule which contains approximately 4.7
kilobases (kb) and consists of two major open reading frames encoding the non-structural Rep
(replication) and structural Cap (capsid) proteins. Flanking the AAV coding regions are two
cis-acting inverted terminal repeat (ITR) sequences, approximately 145 nucleotides in length,
with interrupted palindromic sequences that can fold into hairpin structures that function as
primers during initiation of DNA replication. In addition to their role in DNA replication, the
TTR 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 serotvpes of AAYV exist and offer varied tissue tropism. Known serotypes include, for
example, AAVE, AAVZ, AAV3 AAV4 AAVS, AAVE, AAVT, AAVSE, AAVY, AAVI1D and
AAV11. AAVY s described in U.S. Pat. No. 7,198,951 and in Gao et al., J. Virol., 78; 6381~
6388 (2004), which are hereby mcorporated by reference in their entirety. Advances i the

delivery of AAV6 and AAVR have made possible the transduction by these serotypes of
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skeletal and cardiac muscle following simple systemic intravenous or intraperitoneal
injections. See Pacak et al., Circ. Res., 99(4): 3-9 (2006) and Wang et al., Nature Biotech.
23(3) 321-8 (2005}, The use of AAV to target cell types within the central nervous system,
though, has required surgical intraparenchymal injection. See Kaplitt et al, “Safety and

tolerability of gene therapy with an adenc-associated virus (AAV) bome GAD gene for

Parkinson’s disease: an open label, phase Tinal” Lancer, 369 2097-2105; Marks et al., “Gene
delivery of AAY Z-neurturin for Parkinson's disease: a double-blind, randonszed, controiled
trial.” Lancet Newrol 9:1164-1172; and Worgall et al., “Treatment of late infantile neuronal
ceroid hipofuscingesis by CNS administration of a serotype 2 adeno-associated virus expressing

CLNZ ¢DNA.” Hum Gene Ther, 19(5):463-74 .

The nucleotide sequence of the AAV serotvpe 2 (AAV2) genome is presented in Srivastava et
al., ¥ 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 p3, p19, and p40 for their relative map locations) drive the expression of the two AAV
internal open reading frames encoding rep and cap genes. The two rep promoters {p3 and p19),
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 nultiple enzvmatic 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 start sites are responsible for the production of the three related capsid proteins.
A single consensus polyadenylation site is located at map position 935 of the AAY genome. The
life cycle and genetics of AAV are reviewed in Muzyczka, Current Topics in Microbiology

and Immumology, 158: 97-129 (1992),

Vectors derived from AAVY are particularly atiractive for delivering genetic material because
(i) they are able to infact (transduce} a wide variety of non-dividing and dividing cell types
inchuding muscle fibers and neurons; (i1} they are devoid of the virus structural genes, thereby
eliminating the natural host cell respouses to virus infection, e.g. interferon-mediated
responses; (i) 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,
replication-deficient AAV vectors generally persist as episomes, thus hmiting the risk of
2
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msertional mutagenesis or activation of oncogenes; and (v} in contrast to other vecior systems,
AAV vectors do not irigger a significant immmune response (see 11), thus granting long-term

expression of the therapeutic transgenes (provided their gene products are not rejected).

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

immediate 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 cell protein, and/or low

contaminating DMNA, while retaining high potency.

SUMMARY

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 101 AAVY viral vector genomes/mL (ve/mL), (b} less than
about 7% empty viral capsids, (¢} less than about 100 ng/mi host cell protein per 1 x 1077
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 polymucleotide encoding a survival
motor neuron (SMN) protein. In one embodiment, the AAVY viral vector comprises a
polynucleotide encoding a methyl-CpG-binding protein 2 (MECPZ) protein. In one
smbodiment, the AAV9 viral vecior comprises a polvnucleotide encoding a short hairpin RNA
(shRNA) targeting superoside dismutase | (SOD 1), In one embodiment, the AAVY viral vecior

3
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comprises a modified AAVZ ITR, a chicken beta-actin (CB) promoter, a cytomegalovirus
{CMV) immediate/early enhancer, a modified SV40 late 165 miron, a bovine growth hormone

{(BGH) polyvadenyiation signal, and an unmodified AAV2 ITR

The present disclosore provides a pharmaceutical formulation. In some embodiments, the
agueous pharmaceutical formulation comprises {a) an AAV9 viral vector comprising a
polynucleotide encoding a survival motor neuron (SMN} protein, (b) a Tns buffer, {¢)
magnesium chioride, (d) sodium chloride, and (e} a poloxamer (e.g., poloxamer 188), wherein
the pharmaceutical composition does not comprise a preservative. In one embodiment of the
formudation, the AAV9 viral vector further comprises a modified AAV2 ITR, a chicken beta-
actin (CB) promoter, a cytomegalovirus (CMV) immediate/early enhancer, a modified SV40
fate 16s mitron, a Bovine growth hormone (BGH) polvadenylation signal, and an wnmodified
AAV2 ITR. In one embodiment of the formulation, the Tris buffer concentration 1s about 10-
30 nM, e.g.. about 20 mM. In one embodiment, the pH of the formulation is about 7.7 to about
8.3, e.g., about pH 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, e.g, about | mM. In one embodiment of the formulation, the sodium
chloride concentration is about 100-300 mM, e.g., about 200 mM. In one embodiment, the

formulation comprises about 0.005% w/v poloxamer 188,

Another aspect of the disclosure is directed to a method of treating type 1 spinal muscular
atrophy (SMA) in a patient in need thereof, comprising administering an AAV® viral vector
comprising a polynucleotide encoding a SMN protein (e.g., a composition or formulation as
disclosed herein) o the patient by an intrathecal or intravenous route, wherein the patient is (a)
nine months old or younger. (b) has a body weight of at least about 2.6 kg, (c) has bi-allelic
SANT noll mutations or deletions, and (d) has at least one functional copy of SMN2. In one
embodunent, the AAVY viral vector comprises a modified AAVZ ITR, a chicken beta~actin
{CB} promoter, a cytomegalovirus (CMV) immediate/earty enhancer, a modified SV40 late
165 intron, a Bovine growth hormone (BGH) polyadenylation signal, and an unmodified AAV2
ITR. In an embodiment, the palient has a body weight of no more than about 8.5 kg, In one
embodiment, the patient does not have a ¢.859G>C substitution 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 1s administerad to the patient before the onset

of one or more SMA symptoms selected from hypotonia, delay in motor skalls, 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 determuned by an ELISA binding

Immunoassay prior to adnunistration.

Also disclosed heremn 15 a method of treating a pediatric patient with spinal muscular atrophy
{(SMA) Type I, with or without disease onset, comprising administering to the patient a
composition or formulation comprising an adeno-associated virus (AAV) vector as disclosed

herein.

The present disclosure 1s also directed 10 a method of treating Rett Syndrome in a patient in
need thereof, comprising administering an AAV9 viral vector comprising a polynucleotide
encoding a methyl-CpG-binding protein 2 (MECP2) protein to the patient by an intrathecal or

miravenous route.

The present disclosure is also directed to a method of treating amyotrophic lateral sclerosis
{ALS) in a patient in need thereof, comprising administering an AAV9 viral vecior comprising
a polvnucleotide encoding a short hairpin RNA (shRNA) targeting superoxide dismutase 1

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

Another aspect of the disclosure is directed to a method of treating a patient suffering from
type I SMA, comprising the steps of {a) determining the weight of the patient, (b) obtaining a
kit containing vials of an AAVS viral vector pharmacewutical composition, and {¢) administering
the AAVY 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 AAVY viral vector corprises a polvnucieotide

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

385 &+ 0483 + 04! Total Vial
Patient Weight (kg) mk vial mi vial Per Kit
2.6-3.0 0 2 2
3135 2 1 3
36-40 1 2 3
41-45 0 3 3
46-590 2 2 4
5155 1 3 4
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585 + 04|83 = 64| Total Vials
Patient Weight (kg) mk. vial mi vial Per Kit
56-060 0 4 4
6165 2 3 5
6.6-70 1 4 3
7.1-175 0 5 3
7.6-8.0 2 4 6
8185 1 5 6

In one embodiment, the kit comprises an AAV9 viral vector comprising a mutated AAV2 ITR,
a chicken beta-actin (CB} promoter, a cytomegalovirus (CMV) immediate/early enhancer, a
modified SV40 late 163 intron, a Bovine growth hormone (BGH) polvadenyviation signal, and
an AAV2 ITR. In one embodiment, the AAV viral vector is administered by infusion at a dose

of about 1.0x10' - 2. 5x10% vo/kg.

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 AAV9 viral
vector comprises a polvnucleotide encoding a survival motor neuron {(SMN} protein or the
formudation corprising {8} an AAVO viral vector comprising a polvnucleotide encoding a
survival motor neuron (SMIN} protein, (b} a Tris buffer, (¢) magnesium chloride, (d} sodium

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

Another aspect of this disclosure is directed to a kit coraprising vials containing about 5.5 mbL
or about 8.3 mL of an AAV? viral vector comprising a polynuclectide encoding a survival
motor neuron (SMN) protein, and formulated at a concentration of about 2.0 x 10" ve/mL in
20 mM Tris, T mM MgClz, 200 mM NaCl, 0.0605% w/v Poloxamer 188 at pH 7.7-8 3, e g,
about 8.0.

Another aspect of this disclosure 1s directed to a method of treating type T SMA, comprising
adnunistering a volume of the composition the composition AAVY viral vector comprises a
polynucleotide encoding a survival motor neuron (SMN )} protein or the formulation comprising

{a) an AAV9Y viral vector comprising a polynucleotide encoding a survival motor neuron
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{SMN) protein, (b) a Tris buffer, (¢} magnesium chloride, {d) sodium chloride, and (e} a

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

Another aspect of this disclosure is directed to methods of manufacturing of an AAV viral
vector. Tn one embodiment, 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, (¢} Iysing the adherent cells to isolate the AAV viral vector,
{d} acidifying and clarifying the call lysate of (), {e) purifving the product of (d) using cation
exchange chromatography (CEX), (B filtering the product of (&) using langential flow fltration
(TFF), (g) ultracentrifuging the product of (f) in a cesium chloride (CsCl) buffer; and ¢h)

collecting the AAYV viral vectors from the product of {(g}.

Another aspect of this disclosure is directed to a method of purifving 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}, (¢} filtering the
product of (b} through a tangential flow filtration, (d) ultracentrifuging the product of (¢} using
a2 -4 M cesium chloride {CsCl) buffer, (e} collecting the AAV viral vectors from the product
of {d}, (f) filtering the product of (&) through a tangential flow filtration. In an embodiment, the
method is performed at industrial 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 Type
1 by admiurustering an AAVY viral vector comprising a polynucleotide encoding a SMN protein

as prepared according to anv of the methods disclosed herein.

Another aspect of this disclosure 15 directed to a method of treating a patient having Rett
Syndrome by administering an AAV9 viral vector comprising a polvnucleotide encoding an

MECP2 proiein as prepared according to any of the methods herein.

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

SOD as prepared according to according to any of the methods herein.
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Another aspect of this disclosure 15 directed to an AAV9 viral veclor comprising a
polvaucleotide encoding a SMN protein, manufactured according 1o any of the methods herein.
Another aspect of this disclosure is directed to a pharmaceutical composition comprising an
AAV9Y viral vector comprising a polymucleotide encoding a SMN protein, manufactured

according to anv of the methods heremn.

Another aspect of this disclosure is directed to an aqueous pharmaceutical composition
comprising an AAVY viral vector comprising a polvnucleotide encoding a SMN protein, a Tiis
buffer, a magnesium chioride solution, and a sodiwmn chloride solution, wherein the
pharmaceutical composition does not comprise a preservative, and wherein the composition is

manufactured according to any of the methods herein.

Another aspect of this disclosure is directed to an AAVY viral vector comprising a
polvnucleotide encoding an MECP2 protein, manufactured according to 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 an MECP2 protein, manufactured

according to any of the methods herein.

Another aspect of this disclosure is directed to an AAVY viral vector comprising a
polvnucleotide encoding an shRNA targeting SOD1, manufactured according to any of the

methods 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 (3} a
self-complementary AAVY viral vector comprising a modified AAV2 TTR, a chicken beta-
actin {CB} promoter, a cytomegalovirus (CMV) imumediate/earty enhancer, a modified SV40
late 16s intron, a bovine growth hormone (BGH) polyadenviation signal. and an unmodifiad
AAVZITR, (b) 20 mM Tris at pH 8.0, (¢} 1 oM MgCla, {d) 200 mM NaCl, and (e} 0.005%
Poloxamer 188, wherein the patient has a body weight of 2.6 kg to 8.5 kg. In one embodiment,

the composition does not comprise a preservative.
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In one embodiment, the patient is (a) 1s nine months old or younger, {b) has a body weight of
at least about 2.6 kg, (¢} has bi-allelic SMN! null mutations or deletions, and {d) has at least

one functional copy of SAINZ.

Another aspect of this disclosure is directed to a composilion suitable or manufactured for
wtravenously  administering a pharmaceutical composition comprising {3} a  self-
complementary AAVY viral vector comprising a modified AAV2 TR, a chicken beta-actin
{CB) promoter, a cytomegalovirus (CMV) immediate/sarly enhancer, a modified SV40 late
165 intron, a bovine growth hormone (BGH) polyadenylation signal, and an snmodified AAV2
ITR, (b) 20 ;M Tris at pH 8.0, (¢} I mM MgCl, (d)200 mM NaCl, and (e} 0.003% Poloxamer
188.

In some embodiments, disclosed herein is a composition or formulation, wherein the
composition or fornwmlation 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 pg/g (ppm) of cesium, (¢} about 20-80
ppm of Poloxamer 188, (d) Tess than about 0.22 ng of BSA per 1.0x105 vg, (e} less than about
6.8x10° pg of residual plasmid DNA per 1.0x10F vg, (£} less than about 1.1x10° pg of residual

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

In some embodiments, the present disclosure provides an upstream process to produce an
intermediate {e.g.. frozen intermediate) denived from a working cell bank, wherein the
upstream process comprises the steps of (a} culturing cells, (b) transfecting the cultured cells
with plasmids (e.g., three plasmds), (¢} harvesting the expanded viral particles from the cells
after a culture period, {(d) purifying the viral particles via filtration to remove any intact cells
or cellular debris, (&) 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 upstream process is 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 derivative that is available in the art and is suitable for use in the methods

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

apAAV plastmd and a pHELP plasmmd.

In one embodiment, the process further comprises lysing 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, at a conceniration between 50 — 200 Uiml, eg, at a

concentration between 75-1350 U/mi, to reduce residual host cell DNA.

In one embodiment, the punfyving step includes depth filtration and subsequent filtration
through a filter that removes large molecule contamanands and cell debris, for exarnple g 045
micron filter, but that pernuts vector genomes 1o pass therethrough Any suitable depth filter

may be used.

In one embodiment, the tangential flow filtration (“TFF”) achieves between 5 - 15X, eg, 6 -
10 X concentration of the eluent of step (d) and at least 4 diavolumes, e.g., 6 diavolumes
diafilivation or 10 diavolumes, or 12 diavolumes, or 15 diavolumes diafiltration. Any suitable
TFF filter may be used. In an embodiment, the TFF membrane is 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 ultracentrifugation and a further tangential
flow filtration step to produce a filtered drug substance where the purified AAV particles are

suspended in a pharmaceutically accepiable carrier.

In one embodiment, the acidification and clarification step mcludes depth fltration and

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

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

part of this step, in one embodiment, a detergent, for example Tween, 15 added. In some

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

chromatography resin using a coraposite sulfonyl resin with a 0.2 micron pore size.

In one embodiment, the Cestum Chioride (CsC ultracentrifugation siep uses between 2-4 M
CsClL e.g., about 3 M CsClL

In another embodiment, the CsCi ultracentrifugation step is performed at about 40-56 kRPM
for about 20-25 hrs. In another embodiment, the CsCl ultracentrifugation step is performed at
about 45 kRPM for about 22 hrs.

In one embodiment, the tangential Bow filration (“TFF”} achieves between S— 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 diafiliration. 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 iz below 50 per million {ppm). In another
embodiment, the level of detection of Cs is about 50-70 ppmu. In another embodiment, the level
of detection of Cs is about 70-90 parts per nullion (ppr). In ancther embodiment, the level of
detection of Cs is about 90-110 parts per million (ppm). In another embodiment. the level of
detection of Cs is about 110-130 parts per mullion {ppm). In another embodiment, the level of
detection of Cs is about 130-150 parts per million (ppm). In another embodiment, the level of

detection of Cs is less than 150 parts per million {ppm).

These purtfication methods can be used to prepare high yield vival 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”Vmi, e.g., less than 1.2 X10° pg/mL heDNA per
IX10H ve/mL. Thus, a $ kg patient receiving 7.5X10% vg would get no more than up to
1.2X10° pg/mL*7.5X100 vg /(1 X10 ¥ vg/mL) = 8.4X 107 pg heDNA = 84,000 ng heDNA per
5kg dose. In one embodiment, a preparation comprises less than 5.0x10° pg residual host cell
DNA per 1.0x105 vg, less than 2.0x10° pg residual host cell DNA per 1.0x107 vg_ less than
1 Ix10° pg residual host cell DNA per 1.0x10"% vg, less than 1.0x10° pg residual host cell DNA

per 1.0x105 vg, less than 0.9x10° pg residual host cell DNA per 1.0x105 vg, less than 0.8x10°
11
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pg residual host cell DNA per 1.0x10" vg or anv concentration in between.

In one embodiment, the AAV 15 a replication defective AAVY, e g.. sCAAVY, with AAV2-
derived ITRs. In another embodiment, the AAV vector carries an SMN transgene. In an
embodiment, the SMN-coding DNA is 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 is directed to a pharmaceutical composition comprising AAV
particles in a formulation suttable for etther (a) intravenous {“TV™) injection or (b} intrathecal

(“IT”) administration.

In another embodiment, the pharmaceutical composition has less than 10% emply capsids, less
than 8% empty capsids, less than 7% empty capsids, less than 5% empty capsids, less than 3%
empty capsids, or less than 1% 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 empty capsids, because those empty
capsids may generate an adverse response (e.g., immume response, inflammatory response,

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

In ancther embodiment, the residual host cell protein (vHCP”} in said pharmaceutical
compaosition is less than or equal to 100 ng/ml tHCP per 1 X 107 vg/ml, e.g, less than or equal
to 40 ng/ml FHCP per 1 X 109 vg/ml or 1-50 ng/mi HCP per 1 X 102 vg/ml In one
embodiment, a pharmaceutical composition disclosed herein comprises less than 10 ng fHCP
per 1.0x10" vg, or less than 3 ng tHCP per 1.0x107 vg, less than 4 ng fHCP per 1.0s107 vg,

or less than 3 ng tHCP per 1.0x10 vg, or any concentration in between.

In another embodiment, the residual host cell DNA (“h¢DNA”) in said pharmacesutical
composition is less than or equal to 5 X 10° pg/ml heDNA per 1 X 10 vg/mi, less than or
equal to 1.2 X 10% pg/ml (HDNA per 1 X 101 vg/mol, or 1 X 10° pg/mi rHDNA per 1 X 108
vg/mi o 1.2 X 10° pg/ml per 1 X 109 vg/ml. In one embodiment, the residual host cell DNA
in said pharmaceutical composition is less than 5.0x10° pg per 1.0x10" vg, less than 2.0x10°

pg per 1.0x108 vg, less than 1.1x10° pg per 1.0x10% vg, less than 1.0x10° pg heDNA per
12
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1.0x10" vg, less than 0.9x10° pg heDNA per 1.0x10 vg, less than 0.8x10° pg heDNA per

1.0x10% vg, or any concentration in between.

In an embodiment, the residual plasmid DNA in said pharmaceutical composition is less than
or equal 10 1.7 X 10° pg/ml per 1 X 10V vg/mi, or 1 X 10° pg/mi per 1 X 107 vg/ml 0 1.7 X
10° pg/ml per 1 X 10 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

1.0x10% vg, or less than 6.8x10° pg per 1.0x10% vo.

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 0.22 ng per 1.0x10" vg, or less than
0.2 ng per 1.0x10"% vg, or any concentration in between of bovine serum albumin (BSA) Tn
one embodiment, the benzonase in said pharmaceutical composition is less than 0.2 ng per
1.0x10" vg, less than 0.1 ng per 1.0x10% vg, less than 0.09 ng per 1.0x10" vg, less than 0.08
ng per 1.0x10" vg or anv concentration in between. In one embodiment, the Poloxamer 188 in
said pharmaceutical composition is about 10-150 ppm, about 135-100 pprn, or about 20-80 ppim.
In one embodiment, the cesium in sad pharmaceutical composition is less than 50 ug/g (ppmy),

fess than 30 ug/p {(ppm) or less than 20 pg/s (ppmy), or any concentration 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 5%, less than 4%, less than 3%, less than 2%, or any percentage in
between. In one embodiment, the total punity, 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 wnnamed related impurtty, e.g., as
measrued by SDS-PAGE, is greater than 5%, greater than 4%, greater than 3% or greater than
2%, or any perceniage in between. In one embodimeni, the pharmaceutical composition
comprises a percentage of filled capsids relative to total capsids (e g.. peak I+peak 2 as
measured by analytical ultracentrifugation) 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 ubtracentrifugation s 20-80%, 25-75%, 30-75%, 35-75%, or 37.4-70.3%. In one
13
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embodiment of the pharmaceutical composition, the percentage of filled capsids measwed in

peak 2 by analytical ultracentrifugation is 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 1.0-5.0 x 10V yg/mL, 1.2-3.0 x 10" vg/mL or 1.7-2.3 x 10% vg/mL.

In one embodiment. a pharmaceutical composition disclosed herein exhibits a bioburden of
less than 3 CFU/mL, less than 4 CFU/mL less than 3 CFU/mL, less than 2 CFU/mL, or less
than | CFU/mL, or any concentration in between. In one embodiment, the amount of endotoxin
in accordance with USP, e.g. USP <85> (incorporated by reference in its 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 herein in
accordance with USP, e.g. USP <785> (incorporated by reference in its entirety) is 350-450
mQOsm/ke, 370-440 mOsmvkg or 390-430 mOsm/kg. In one embodiment, the pharmaceutical
composition contains fewer than 1200 particles that are greater than 23 wm per container, fewer
than 1000 particles that are greater than 235 um per contamer, fewer than 600 particles that are
greater than 25 pum per container, fewer than 500 particles that are greater than 25 pm per
comtainer, or any value in between. In one embodiment, the pharmaceutical composition
contains fewer than 10000 particles that are grealer than 10 pm per container, fewer than 8000
particles that are greater than 10 um per container, or fewer than 6000 particles that are greater

than 10 pm per container.

In one embodiment. the pharmaceutical composition has a genomic titer of 0.3-5.0x10P

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

In one embodirent, a pharmaceutical composttion disclosed herein corprises one or more of
the following: less than about 0.09 ng of benzonase per 1.0x10% vg, less than about 30 ug/e
{ppm) of cesium, about 20-80 ppm of Poloxamer 188, less than about 0.22 ng of BSA per
1.0x10V vg, less than about 6.8x10° pg of residual plasmid DNA per 1.0x10% vg, less than
about 1. Ix10° pg of residual heDNA per 1.0x10% vg, iess than about 4 ng of (HCP per 1.0x10%
vg, pH 7.7-8.3, about 390-430 m{Osnvkg, less than about 600 particles that are > 25 ym in size
per container, less than about 6000 particles that are > 10 pm in size per container, about 1.7

x 1047 - 2.3 x 108 ve/mL genomic titer, infectious titer of about 3.9 x 10% - 8.4 x 10! 1U 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% erupty 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
virro cellular assay or iz 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 suitable 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(3), 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 Mecp2 knockout mouse as n Guy et al., “Reversal of
neurological defects in a mouse model of Rett syndrome.” Science, 315(5815):1143-7. The
potency or % functional AAY SOD1 may be assayed using a suitable in virro cellular assay
or i vivo animal model, e.g., a SODJ mutant mouse as in Gurney et al., “Muotor neuron
degeneration in mice that express a human Cu.Zn superoxide 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

sutiable control.

In one embodimeni, an miravenous (“IV™) formudation has a pH between 7.5 and 8.5, a
genomic titer of between about | — 8 x 10 viral vector genomes/mL (vg/mL), or between 2 X
107 vg/ml - 6 X 10% vg/ml, and optionally an osmolality of 384 — 448 mOsmwvkg. In one

embodiment, an IV formulation comprises MgCls, NaCl, pluronic F68, in Tris buffer at pH 8.0.

In one embodiment, for TV administration, the AAV-9 vector carrving the SMN transgene i
administered under sterile conditions in an appropriaie setting {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 is slowly infused over

approximately 30-60 minutes,

In another embodiment, the disclosure herein provides compositions and methods of delivering
a polynucleotide to the ceniral nervous svstem of a patient in need thereof comprising
intrathecal (“IT”) delivery of rAAVY and a non-ionic, low-osmolar contrast agent to the patient,
whergin the tAAV9 comprises a self-complementary genome including the polynucieotide.
The polynucleotide s delivered to, for example, the brain, the spinal cord, a ghial cell, an
astrocyte and/or a lower motor neuron. The non-1onic, low-osmolar contrast agent is, for
example, iobitridol, iohexol, iomeprol, topamidol, iopentol, iopromide, 1oversol or ioxilan. In
some embodiments, the polvnucleotide is a sarvival motor neuron (SMN) polvnucleotide. Tn
one embodiment, the contrast agent is ichexol, e.g, 1ohexol 180 (sold as Ommipague 180,

containing 388 mg iohexol equivalent to 180 mg of organic iodine per mL).

In one embodiment, for IT administration, the sSCAAVY vector carrying the SMN transgene is
diluted with normal saline and pre-mixed with an approprate, hyperbaric contrast medium
approved and labeled for pediatric use for radiographic monitoring of the injection via lumbar
intrathecal injection (such as Ommipaque 180} The total volume of aqueous composition
comprising AAV-9 vector carrying the SMIN iransgene plus contrast roedium and/or saline will
not exceed 5 mL. 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 carrying the SMN transgene via intrathecal imjection under
sterile conditions in a PICU patient room or other appropriate setting (e.g., interventional suite,
operating room, dedicated procedure room) with immediate access to acute critical care
management. Sites may use an afraumatic needle inserted with the bevel parallel to the dura
fibers; this has been shown to considerably reduce damage to the dura and consequently
decrease the risk for cerebrospinal fluid leak after lumbar puncture (Ebinger et al | “Headachs
and Backache After Lumbar Puncture in Children and Adolescents: A Prospective Study.”
Pediatrics, 113(6):1588-1592; Kiechl-Kohlendorfer et al., “Cerebrospinal Fluid Leakage After
Lumbar Puncture in Neonates: Incidence and Sonographic Appearance.” American Journal of

Roentgenology, 181¢1):231-234) including in children
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Sedation/anesthesta s recommended for all patients receiving IT mjections. 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
procedure and post-procadure Trendelenburg positioning placement. Patients will be placed
int the Trendelenburg position, tilied head-down at 30° for 15 minutes following adminisiration

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 punchre into the L3-L4 or L4-L5 interspinous space mio the subarachnotd
space. Subarachnoid cannulation is 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 SMIN 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 comprises a self-complementary rAAV9
genome, wherein the engineered transgene comprises an SMN polvnucleotide and wherein the

disease 1s SMA.

In anocther embodiment. the present disclosure provides a method of treating a neurological
disease in a patient in need thereof comprising intrathecal delivery of a pharmaceutical
composition disclosed herein with a contrast agent, wherein the parvovirus comprises a sel{-
complementary TAAVY genome, wherein the engineered transgene comprises an SMN

polynucleotide, wherein the disease is SMA, and wherein the contrast agent is omnipague 180.

In another embodiment, the present disclosure provides method of treating a tvpe 1L UL 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 rAAVY genome, wherein the enginesred transgene comprises an SMN

polynucleotide, and wherein the contrast agent is omnipague 180,

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

patient in need thereof comprising intravenous delivery of the pharmaceutical composition
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disclosed herein, wherein the parvoviras comprises a self-complementary rAAVY genome, and
whergin the engineered transgene comprises an SMN polynucieotide. In some embodiments,
the patient is 0-9 months old. In some embodiments, the patient 15 0-6 months old. In other
embodiments, the pediatric patient is up to about 8 kg in weight. In some embodiments, the
pediatric patient is about 8.5 kg or less. In some embodiments, the pediatric patient is about 2.6

kg or more.

In another embodiment, the present disclosure provides a kit for treating type | SMA in a patient in need
thereof, comprising intravencus administration of the phanmaceutical composition disclosed here
contained in vials. In some eiebodiments, the weight of the patient is measured and the dose s calenlated

based on the weight of the patient.

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

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

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

5

an,” and “the” are understood

the context clearly dictates otherwise; as examples, the terms “a, ,
to 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

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

integers or steps, but not the exclusion of any other clement, 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 fo imply the inclusion of a stated element, integer or
step, or group of elements, integers or steps, and the exclusion of anv 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 matertally

affact 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 staied 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 5% 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 festing of the present disclosure, suitable methods and materials are described
below. All publications, patent applications, patents, and other references mentioned herein are
incorporated by reference in their entirety. The references cited herein are not admitted to be
prior art to the claimed disclosure. In the case of conflict, the present Specification, including
definitions, will control. In addition, the materials, methods, and examples are illustrative only
and are not intended to be himiting Other features and advantages of the disclosure will be

apparent from the following detailed description and claims.

BRIEY DESCRIPTION OF THE FIGURES

Various objects and advantages and a more complete understanding of the present disclosure
are apparent and more readily appraciated by reference to the following Detailed Description
and to the appended claims when iaken i conjunction with the accompanying Drawing

wherein:

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

Fig. 1 A shows the plasiid roap 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 (SMIN} cDNA under the control of a chicken-beta-actin hybrid promoter with
an immediate/early evtomegalo virus (CMV ) enhancer element. The SMIN ¢DNA encodes a
full length, functional protein. The expression cassette contains a modified intron sequence

derived from stnuan virus 40 (SV40) and a bovine growth hormone (BGH) polvadenylation
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signal. The expression cassetie (CMV-CB-S§V40-SMN-BGHpA) is flanked by AAV2 derived
inverted termunal repeate (ITRs). The lfeft ITR s modified to preferentially package self-
complementary AAV genomes. Together, the regions between and including the ITRs are
packaged into recombinant AAVY capsids during the manufacture of the find drugs product.
Key pSMN components that are not intended for packaging into recombinant AAV genomes
wmclude an open reading frame encoding resistance to kanamyein (KanR) and an origin of
replication {ori} derived from pUC. The ori and KanR regions are useful for plasmid

manufacture,

FIG 1B shows the plasnmd 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 genomwe that provide factors that
are important for AAY replication, namely EZA, E4, and VA RMNA. The adenovirus El
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 expected to be generated from

such a production system,

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

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

plasmid contains open reading frames for the AAVZ rep gene and the AAV S 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,
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FIGS. 4 describe the drug substance upstream process flow 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.

FIG. 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

experiments.

FIGS. 9A-E show growth and metabolite profiles. HEK 293 cells were seeded in duplicate at
12,000 and 8,000 cells/cm’ in bioreactors {pH 7.23. 37.0°C, 55% dissolved oxygen (DOY).
Cells were transfected with DMNA plasmids/PER at four days (12,000 cells/em?) and five days
{8,000 cells/cm?) post-seeding.  Bioreactors were harvesied 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 filtration 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 at 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). Cells
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were transfected with DNA plasmids/PEI (1:1 m/mj} five days post-seeding. pH and metabolite

analysis wre performed using NGV A BioProfile 400.

FIGS. 13 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.

FIG. 16 shows Phase 1| {(Process A) and Phase 3 Trial (Process B) Mamfacturing 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 NCHAAVOSMNO0613) and Process B (Phase 3 Lot 600136).

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

FIG. 19 shows the manufacturing consistency assessment by pair-wise comparison of Process

B (Phase 3} lots 600156 and 600307.

FIG. 20 shows the stability profile for NCH Lot NCHAAVISMNO0613 stored at real-time

storage condition < -60°C over 12 months.

FIG. 21 shows sedimeniation coefficients (sec x 10} for the Phase-] material
(NCHAAVIOSMNO613) showing empty capsids (7%) with sedimentation coefficient of
approximately 60 x 10" sec, and the full capsids with sedimentation coefficient range of

approximately 80-150 < 1077 sec.

FiG. 22 shows sedimentation coefficients (sec x 10'7) 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 10°7 gec.

FIG. 23 shows sedimentation coefficients {sec x 10°'%) for the Phase-3 material {(600307)

showing empty capsids (4%) with sedimentation coeflicient of approximately 60 x 107 sec,

and the full capsids with sedimentation coefficient range of approximately 80-150 x 1075 sec.
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BETAILED DESCRIPTION

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

suitable for human use was developed.

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

cells. Thus, the term inchudes cloning and expression vehicles, as well as viral vectors.

In some embodiments, by an "AAV vector” is meant a vector derived from an adeno-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, but retain functional flanking ITTR
sequences. Functional ITR sequences are necessary for the rescue, replication and packaging
of the AAV virion. Thus, an AAV vector s 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-tvpe nucleotide sequences, and may be altered, e.g.. by the insertion,
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-0 vector, with AAV-2
derived ITRs. Also by an “AAV vector”™ 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™ is meant a self-complementary adeno-associated virus
(scAAV), which is a viral vector engineered from the naturally occurring adeno-associated
virus {AAV) for use in gene therapy. sCAAV is termed “self~complementary”™ because the

coding region has been designed o form an mtra-molecular double-stranded DNA template.

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

>
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polyvnucleotide sequences other than the iniended vector genome (also referred to "AAV-
encapsidated nucleic acid impurities” or "AAV-encapsidated DNA impurities”}.

In some embodiments, "recombinant virus” is meant a virus that has been genetically altered

>

e.g., by the addition or insertion of a heterologous nucleic acid construct nto the

50

particle. “Recombinant” may abbreviated "1, e.g., rAAV may refer to recombinant AAV.

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

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

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

In some smbodiments, the terms "recombinant AAV virion,” "rAAV vinon," "AAV vector
particle,” "full capsids,” and "full particles”" are defined herein as an infectious, replication-
defective virus imcluding an AAV protein shell, encapsidating a heterologous nucleotide
sequence of interest which is flanked on both sides by AAV ITRs. A rAAYV virion is produced
in a suitable host cell which has had sequences specifying an AAV vector, AAV helper
functions and accessory functions introduced therein. In this manner, the host cell is rendered
capable of encoding AAV polypeptides that provide for packaging the AAV vector {containing
a recombinant nucleotide seguence of interest) into infectious recombinant virion particles for

subsequent gene delivery.

In some embodiments, the terms "empty capsid,” and "empty 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 mterest flanked on both sides by AAV

ITRs.

The term "host cell” denotes, for example, wmicroorganisms, veast cells, insect cells, and
manunalian cells, that can be, or have been, used as recipients of an AAV helper construct. an
AAY vector plasmid, an accessory function vecior, or other transfer DNA. The term includes
the progeny of the original cell which has been transfected. Thus, a "host cell” as used herain

generally refers to a cell which has been transfected with an exogenous DNA sequence. It i
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understood that the progeny of a single parental cell may not necessarily be completely
identical in morphology or in genomic 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 AAV gene products that, in turn, function in trans
for productive AAV replication. Thus: AAV helper {functions include both of the major AAV
open reading frames (ORFs), rep and cap. The Rep expression products 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 necessary packaging
functions. AAV helper functions are used herein to complement AAV functions in trans that

are missing from AAV vectors.

In one embodiment, the terma "AAY helper construct” refers generally to a oucleic acid
molecule that includes nucleotide sequences providing AAV functions deleted from an AAVY
vector which is 1o be used to produce a transducing vector for delivery of anucleotide sequence
of interest. AAV helper constructs are conymonly used to provide transient expression of AAV
rep and/or cap genes to complement missing AAV functions that are necessary for AAVY
replication; however, helper constructs lack AAV ITRs and can neither replicate nor package
themselves. AAV helper constructs can be in the form of a plasmd, phage, transposon, cosmid,
virus, or virion. A number of AAV helper consiructs 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. Virol. 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, e.g., U.S. Pat. Nos. 5,139,941 and 6,376,237

In another embodiment, the term "transfection” is used to refer to the uptake of foreign DNA
by acell, and a cell has been "transfected” when exogenous DNA has been introduced inside
the cell membrane. A number of transfection techniques are generally known in the art. See,
e.g., Graham et al. {1973) Virology, 52:456, Sambrook et al. {1989} Molecular Cloning, a
laboratory manual, Cold Spring Harbor Laboratories, New York, Davis et al. (1986) Basic

Methods in Molecular Biology, Elsevier, and Chu et al. (1981) Gene 13:197. Such techniques
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can be used to mitroduce one or more exggenous DNA moteties into suitable host cells.

As used herewn, 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 art that spontaseous or
nduced changes can occur in kary otype during storage or transfer of such clonal populations.
Therefore, cells derived from the cell line referred to may not be precisely identical to the
ancestral cells or cultures, and the cell line referred to includes such variants. In some
embodiments, the terms “HEK 293 celis”, “293 cells” or their grammatical equivalents are used
interchangeably here and refer to the hosi/packing cell line used in the methods disclosed

herein.

In some ewbodiments, the term “eluent™ may be understood, in context, to refer to the buffer
used to elute a substance. In some embodiments, the term “eluent” mav be understood, in
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 embodimenis, the methods described herein employ GMP
procedures for producing AAV viral vectors at industrial scale. To date, industrial scale
production of AAV viral vectors for gene therapy has been challenging because of scalability
issues. Thus, in some embodiments, the methods described herein provided an advantage by
producing AAV viral vectors, e.g., in adherent cells, at industrial scale and at purity levels
sufficient to aduynister to a hurnan. 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 yvield 1s
more than 5 x 108 vg, or more than § 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 upstrear process comprises the steps of {a) culturing cells, e g,
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adherent cells, (b) transfecting the cultured cells, e g., adherent cells, with three plasmids, {(¢)
harvesting the expanded viral particles from the cells after a culture period, e.g., by total cell
lvsis, (d) punifying the viral particles via filtration to remove any intact cells or cellular debris,
(e) 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
ntermediate 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 hergin is an AAV encoding an shRNA targeting SOD1, an
AAY comprising a polynucleotide encoding MECP2, or an AAV comprising a polvnuclteotide
encoding SMN, as described herein. In some embodiments, the upstream process is conducted

under GMP 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 TTRs flanking a polvanucleotide encoding a polypeptide (inchuding, but not himited
to, an SMN polypeptide) or encoding siRNA, shRNA, antisense, and/or nuRNA directed at
mutated proteins or control sequences of their genes. The polynuclestide is operatively linked
to transcriptional control DNAs, specifically promoter DNA, enhancer DNA and
polyadenylation signal sequence DNA that are functional in target cells to form a gene
cassette. The gene cassette mayv also include intron sequences to facilitate processing of an

RNA transeript when expressed in mammalian cells.

In some embodiments, the rtAAV (e.g., TAAVY) 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 injury inchuding
spinal cord and brain trauma/injury, stroke, and bram cancers. Non-liniting examples of
known nervous systern 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 neurotrophie factor (CNTF), glial cell line-derived
neurotrophic factor (GDNF), the fibroblast growth factor fanuly (e.g., FGF's 1-13), leukemia
inhibitory factor (LIF), certain members of the insulin-like growth factor famuly (e.g., IGF-1),
the neurturing, persephin, the bone morphogenic proteins {BMPs), the immunophiling, the
transforming growth factor (TGF) family of growth factors, the neuregulins, epidermal
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growth facior (EGF), platelet-derived growth factor (PDGF}, vascular endothelial growth
factor family {e.g. VEGF 165), follistatin, Hifl, and others. Also generally contemplated are
zing finger transenption factors that regulate each of the trophic or protective factors
contemplated herein. In further embodiments, methods to modulate neuro-immune fimction
are contermplated, including but not lirsited to, inhibition of microglial and astroglial
activation through, for example, NFKB inhibition, or NFKB for neuroprotection (dual action
of NFkB and associated pathways in different cell tvpes) by siRNA, shRNA, antisense, or
miRNA. In still further embodiments, the tAAY {e. g, TAAV9) genome encodes an apoptotic
inhibitor (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 inhubitor of axonal growth {e.g., a
suppressor of Nogo [Gertle et al., The Journal of Neuroscience, 23(13}: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), Tyrosine hydroxylase, GTP-cyclohvdrolase 1 {gtpchl), apoptotic inhibitors (e.g.,
bel2, belxl), glial 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

exaraple, modifiers of Parkin and/or svnuclein.

For treatment of neurodegenerative disorders such as Alzheimer's disease, in some
ermbodiments, methods to increase acetylcholine production are contermplated. In some
ermbodiments, methods of increasing the level of a choline acetyltransferase (ChAT) or

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

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

treating a neurodegenerative disorder such as Huntington's disease.

The rAAV {e.g. rAAV9Y) genome encodes in various embodiments siRNA, 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 molscular markers of diseass, such as
TNF-g nitric oxide, peroxyntirite. 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 brain 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 90-93% of ALS causes 1s unknown, a subset of ALS is 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 alieviate

disease symptoms,

In some embodiments, the AAV vector encodes an shRNA targeting SOD1 for ALS. An
exenplary AAV, e.g.. scAAVY, construct encoding shRNA for SOD1 1s provided in
W(320135031392 and US2016272976, the contents of which are hereby imcorporated m their
entirety. In some embodiments, an AAV construct encoding shRNA for SOD1 may be
prepared using the methods disclosed herein. In some ersbodiments, these AAV constructs
may be used to treat ALS. In some embodiments, the SOD1 AAV exhubits less than 10%,
e.g., less than 7%, 5%, 4%, 3%, 2%, or 1% empty capsids. In some embodiments, the SOD1
AAV exhibits low amounts of residual host cell protein, host cell DNA, plasmid DNA, and/or
endotoxin, e.g., levels discussed herein for the preparation and purification of AAV veciors.
As used herein, “AVXS-301" is a non-limiting example of an scAAVY vector, i.e.,
comprising a polynucleotide (e.g. pSOD Ish) encoding anti-human SOD1 shRNA, a modified
AAVZITR, ahuman H1 promoter, and an unmodified AAVZ ITR. The modified and
umodified FTRs may come in either orientation (i.e., 5° or 37} relative to the anti-human

SO shRNA expression cassetts.

As used herein, the “pSOD1sh™ vector plasmid comprises a polynucleotide encoding a short
hairpin RINA (shRNA} targeting the expression of the superoxide dismutase 1 (S0D1) gene,
te., an anti-SOD1 shRNA cassette, wherein the cassette 1s flanked by adeno-associated virus

wnverted terminal repeat (ITR) sequences, e.g., “left” and “right” of the polynucleotide
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encoding the pSOD1sh. In some embodiments, the polvnucleotiide encoding pSOD1sh is
transcribed into a short hairpin RN A that specifically targets the homan SOD1 mRNA. In
some embodiments, the ITR sequences surrounding the polynucleotide encoding pSOD1sh
are native, variant. or modified AAV TR sequences. In some embodiments, at least one I'TR
sequence 1S a native, variant or modified AAV?2 ITR sequence. In some embodiments, ITRs
flank the polynucleotide encoding pSOD1Ish. In some embodiments, the two TTR sequences
are both native, variant or modified AAV2 I'TR sequences. In some embodiments, the “left”
ITR is a modified AAV2 I'TR sequence that allows for production of self-complementary
cenomes, and the “right” ITR is anative AAV2 ITR sequence. In some embodiments, the
“right” TR 1s a modified AAV2 ITR sequence that allows for the production of self-
complementary genomes, and the “left” ITR is a native AAV2 I'TR sequence. In some
embodiments, the pSGD Ish vector further comprises a segment of the human HI RNA
promoter, e.g., as described by Myslinksi. Myslinkski et al. “An unusually compact external
promoter for RNA polymerase I transcription of the human HI1RNA 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
polynucleotide encoding anti-human SODI shRNA, a modified AAV2 ITR, a human H1
promoter, and an unmodified AAV2 ITR

In one embodiment, the methods and materials described herein may be used for the
treatment of neurodevelopmental disorders such as Rett Syndrome. Rett Syndrome is a rare
neurological disorder first recognized in infancy, resulting from mutations in 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 methvl-CpG-binding protein 2.7 Nature Genetics,
23:185-183. Boys who have only one copy of the X chromosome typically die shortly after
birth, while girls who have two copies of the X chromosone usually have one functional
copy of the gene. Thev begin to develop symptoms between 6-18 months, with hallmark
symptoms like hand wringing or squeezing, clapping, rubbing, washing, or hand to mouth
movemenis. The disease is progressive with significant disability that can include autistic-like
behaviors, breathing urregulanties, feeding and swallowing difficulties, growth retardation
and seizures. There are 200 known mutations of the MECPZ 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 neurodegenerative disorder. Guy et al, “Reversal of Neurological

Defects in a Mouse Model of Rett Syndrome.” Science, 315{(5815)71143-1147.

For embodiments relating to Rett Syndrome, the rAAV {e.g. TAAV9) genome may encode,
for example, methy! cytosine binding protein 2 (MeCP2). An exemplary AAV, e.g.,
scAAVY, construct comprising a polynucleotide encoding MeCP2 is provided in US Patent
No. 9,415,121, the contents of which are hereby incorporated in their entirety. In some
embodiments, an AAV construct comprising a polynucleotide encoding MeCP2 may be
prepared using the methods disclosed herein. In some embodiments, these AAV construcis
may be used to treat Rett Syndrome. Tn 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 AAV exhibits low amounts of residual host cell protein, host cell DNA, plasmid
DNA, and/or endotoxin, e.g., levels discussed herein for the preparation and purification of

AAV vectors.

As used herein, “AVXS-2017 is a non-limiting example of an sSCAAVY vector, i.e.,
comprising a polvnucleotide (e.g. pMECP2) comprising a MECPZ ¢DNA expression
cassette, a modified AAV2 ITR, a murine Mecp2 promoter, a modified $V40 intro, a
minimal polvadenylation signal, and an unmodified AAV2 ITR. The modified and

unmodified I'TRs may come in either orientation (i.e., 57 or 37} relative to the MECPZ cDNA

expression cassette.

As used herein, the “pMECP2” vector plasmid comprises a polynucleotide encoding an
MECP2 protein, a modilied AAV2 ITR, a murine MecpZ promoter, a modified SV40 iniro, a
minimal polvadenylation signal, and an unmodified AAV2 ITR. In some embodiments.
pMECP2 15 a vector construct comprising a polynucleotide encodmg an MECP2 protein, 1.¢.
a MECP2 ¢DNA expression cassette, wherein the cassetie ts flanked by adenoc-associated
virus inverted terminal repeat (ITR) sequences, e.g., “left” and “right” of the polvnucleotide
encoding the MECP2 gene. In some embodiments, the polvnucleotide encoding MECP2 is a
homan MECP2 sequence, e.g., a natorally occurring haman MECPZ sequence or isoforms,
variants, ot mutants thereof. In some embodiments, the ITR sequences are native, variant, ot
modified AAV I'TR sequences. In some embodiments, at least one [TR sequence is a native,
variant or modified AAV2 TTR sequence. In some embodiments, the two ITR sequences are

both native, variant or modified AAV2 ITR sequences. In some embodiments, the “left” I'TR
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15 a modified AAV2 ITR sequence that allows for production of self-complementary
genomes, and the “right” ITR is a native AAV2 TTR sequence. In some embodiments, the
“right” ITR 1s a modified AAV2 ITR sequence that allows for the production of seif-
complementary genomes, and the “left” I'TR is a native AAV2 I'TR seguence. In soms
embodiments, the pMECP2 vector further comprises a segment but not all of the mouse
MecpZ2 promoter. In some embodiments, the pMECP2 vector further comprises a Simian
Virus 40 (SV40) intron. In some embodiments, the pMECP2 vector further comprises a
minimal polvadenviation 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 rAAV genomes disclosed herein lack AAV rep and cap DNA. AAY
DNA in the rAAV genomes {e.g., ITRs) may be from any AAV serotype for which a
recombinant virus can be derived including, but not hmited 1o, AAY serotypes AAV-1, AAV-
2, AAV-3, AAV-4, AAV-5, AAV-6, AAV-7, 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 No. NC 001401 and Srivastava
et al., Virol., 45 555-564 {1983} the complete genome of AAV-3 is provided in GenBank
Accession No. NC_1829; the complele genome of AAV-4 s provided in GenBank Accession
No. NC 001829, the AAV-5 genome is provided in GenBank Accession No. AF083716; the
complete genome of AAV-6 is provided in GenBank Accession No. NC 00 1862; at least
portions of AAV-7 and AAV-& 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-
G388 (2004); the AAV-~10 genome is 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 plasid comprises a polynucleotide encoding an SMIN
protein, i.e, a SMN cDINA expression casseite, wherein the cassette is flanked by adeno-
associated virus inverted terminal repeat (TTR} sequences, eg. “left” and “right” of the
polvnucleotide encoding the SMIN gene. In some embodiments, the polynucleotide encodimg
SMN is a hurnan SMN sequence, e.g., anaturally occurting human SMN sequence or isoforms,
variants, or mutanis thereof. In some embodiments, the I'TR sequences are native, variant, or
maodified AAV ITR sequences. Tn some embodiments, at least one TTR sequence is a native,

variant, or modified AAVZ T'TR sequence. In some ernbodiments, the two TR sequences are
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both native, variant, or modified AAV2 ITR sequences. In some embodiments, the “left” ITR
is a modified AAV2 ITR sequence that allows for the production of self-complementary
genomes, and the “right” ITR is anative AAV2ITR sequence. In some embodiments, the “right”
ITR is a modified AAV2 ITR sequence that allows for the production of self-complementary
genomes, and the “left” I'TR 15 anative AAV2 I'TR sequence. In some embodiments, the pSMN
plasmud further comprises a CMV enhancer/chicken beta-actin (“CB”) promoter. In some
embodiments, the pSMN plasmid further comprises a a Simian Virus 40 (SV40) intron. In
some embodiments, the pSMN plasmid further comprises a bovine growth hormone (BGH)
polyvadenylation {polv 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.”
is a non-timiting example of a vector construct using all the sequences in Table | and falling within

the scope of the term pSMN.

In some embodiments, a pSMN vector may comprise a SMN cDNA expression cassette, a
modified AAV2Z ITR, a chicken beta~actin {(CB) promoter, a cvtomegalovirus (CMV)
immediate/early enhancer, a modified SV40 late 16s infron, a bovine growth hormone (BGH)
polyadenylation signal, and an unmodified AAV2 ITR. The meodified and unmodified [TRs

may come in either orientation {i.e., 5° or 37) relative {o the SMIN ¢DNA expression cassette.

In some embodiments, e.g., during the manufacturing processes described herein the vector
construct sequence is encapsidated, eg, o AAVY virions. In these embodiments,
encapsidation is in a non-replicating, recombinant AAV9 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,
VP3), e.z., o 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 scquences. 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 homan SMN {ransgene, a
MECP?2 transgene, or a anti-SOD1 shRNA. In some embodiments, the capsid is comprised of 60
viral proteins (VPI, VP2, VP3) s & ratio of 1:1:10 produced by altiernate sphicing such that VP2

and VP3 are two truncated forms of VP 1, alf with common C-terminal sequences.
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In some embodiments, the amount of functional viral vectors s determined by the % of
functional vg/mL as measured using a suitable in vitro cellular assay or iz vive animal model.
For example, the % of functional AAY SMN may be assayed 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 % of functional AAY MeCP2 may be assayed using a suitable in vifro

cellular assay or in vivo animal model, e.g., an MecpZ knockout mouse. The % of functional
AAV S0OD1 may be assayed using a suitable in vifro cellular assay or in vive animal model,

e.g., a SOD] mutant roouse.

The DNA sequence of an exemplary vector construct, e.g., AVXS-101 is described in Table
1.

Table 1: AVXS-181 Vector Construct DNA Sequence Summary Component (2l nt start
and stop positions are in relation to SEQ ID NO: 1),

Start Stop Size Bescription Nop-Hmiting
Position | Pesition | (nt) description of
potential benefits
"Left" Mutated AAV2 ITR i 106 106 Modification to | Without being
the "left" ITR limited by theory,
by deleting the | this mutated TR
teronnal may allow fora
resohition site second-gencration
to allow haipin | self-
formation of complementary
genome vector to
maximize vector
potency, allowing
lower systemic
doses
CMV Enhancer / CB Promoter i53 432 280 Portion of the Without being
CMY limited by theory,
immediate/early | this may allow for
enbancer constiuiive high-
439 704 266 CB core level SMN
promoter EXPIESSION
5V40 Intron 774 870 97 Imtron from the | Without being
SV4O (to imited by theory,
enhiance this may allow for
accomulation of | increased gene
steady level of | expression
MRNA for
translation)
Human SMN ¢DNA 1003 1887 885 Modified from | Withount being
Genbank limited by theory,

34




(o]

10

15

20

WO 2019/094253

PCT/US2018/058744

Accession
#NM 017411

this raay allow the
for expression of a
full-length SMN
protein

BGH Poly A Termination Signal

1973 2204

je]
I
(]

signal

BGH Polv A

Without being
lirited by theory,
this may provide a
Polv Aofthe
SMN mRNA
(transcripion
termination
signal) for high-
fevel, efficient
gene expression

"Right" AAV2 TR

2217 2359

i43 Unmodified
AAVZITR

Without being
frmited by theory,
this AAV2Z ITR in
cis yaay provide
for both viral
DNA replication
and packaging of
the AAV vector
FENOME

In another aspect, the DNA sequence of the AVXS-101 vector construct is provided n SEQ

IDNO: 1

ctgcgegetce
ggcgaccettt
gagtggaatt
gtecgttacat
ccecccgecea
tagggacttt
cacttggcag t
cgtcaatgac
tatgggactt
tcactcteec
attttttaat
cgcgecaggyc
gaggtgcgge
atggcgaggce
ggcgggageyg
ctgazaaacc
tcaggteceg

gatgttgccet

tgaggccgee
cctecagtgag
~ctgaattca
azatggccceyg
taatgacgta
caatgggtgyg
-~ gtatcatatg
ccgectggea

cagtacatct

agcgatgggyg
gdggcgaggg

cagageggygoy

ccgeggtygge
ctggtaagtt
tggtgcaaat

gectgtacgy

35

coctggotgac

ceaagtacge
ttatgcecceag
actcgaggce

cececeaatttt

aagtgttact

ccgy
cgca
ggta

cgece

gtaacgc

gtaa

cCccc

tacatg

50

cot
gegte

\O

gagagg 100

i

cctcetg 150

raacga 200
caa 250

[oN]
<
[w)

actgee
tattga 350

acct 400

acgttctget 450
gtatttattt 500
ggggggggeg 5950
gcgaggegga 600
gtttcecectttt 650
gocgogeggeg 700
cgacgaggaa 750
gtetttt 800
cteccteag 850
tetgetetaa 900
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aagctgcgga a 950

gtacccyg cggecgatoe accggtcogy a

atatcgtcga cocacgoghtc cgggceccoac gotgogcaca 1000

ctatggcgat gagcagcegge ggcagtggty goggegtece ggagcaggag 1050

Q
[fe

gattccecgtge tgtitccggeyg cggecacagge cagagcegatyg attcectgacat 1100

ttgggatgat acagcactga taaaagcata tgataaaget gtggettcat 1150

ttaagcatgc tcectaaagasalt ggtgacat gtgaaacttc gggtaaacca 1200

>

[
(@]

ragaccacac ctaaaadgaaa acc tq(‘tdl(* du()’f'd1L dada JCCaaaadgaa

(€3]
()
[

gaatactgca

(o]

cttecttac aacagtggaa agttyggggac aaatgttctg

€3]
i
<

ccatttggte agaagacggt tgcatttacce cagetaccat tgcttcaatt
gattttaaga gagaaacctyg tgttgtggtt tacactggat atggaaatag
gaggagcaa aatctgtcecyg atctactittc cccastcotgt gaagtageta

ataatataga acagaatgct caagagaatg

acagatgaaa gtgagaactc caggtctect

[o)
[w)
-7

S

caagcccaaa tetgcetecat ggaactcettt tcetceccteca ccacccececcea

[N
(&3]
[}

tgccagggece aagactggga ccaggaaagce caggitctaaa attcaatgge

i
o
(]

ccaccaccgc caccgereace accaccacce cacttactat catgetgget

e =
ot
o
-

3
(@
<

geoctecattt
gtccagattc

tagtacatga

ttagacaaaa 1850

tcaaaaagaa gaaatgetgg 1900

catagagcag gacagatcta 1950

=
N>
(@)
o
<

gaaagcttat cgataccgtce gactagaget cgcetgatcag cctcgactgt

\

gcettectagt tgccagecat ctgttgtittg cccectececccece gtgeettect 2050
tgaccctgga aggtgecact cccactgteoce tttectaata aaatgaggaa 2100
attgcatcge attgtetgag taggtgteat tetattetgg ggggtogagt 2150
g9 aggattggga agacaatagce aggcatgetg 2200

ttygg ccactecceccte 2250
tctgcgeget cgetegetceca ctgaggoeegg gegaccaaaq gtegeocecgac 2300
gccecgggett tgecccggogcyg gectcagtga gogagegage gcgcagagag 2350

ggagtggee 2359 (SEQIDNO: 1)

In some embodiments, the amino acid sequence of the SMN protein encoded by the pSMN

plasmad comprises:
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MAMSSGGSGGGVPEQEDS VLFRRGTGQSDDSDIWDDTALIKAYDKAVASFKHALK
NGDICETSGKPKTTPKREKPAKKNK SQKKNTAASLQOWKVGDKCSATWSEDGCIYPA
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 aliernative start sites but share a carboxy terminus. Below, VP specific
arnino acid sequences are shown i black and are bolded. Amino acid sequences common to
VP1 and VP2 are undeslined and in /fafics. Amino acids common to all three capsid proteins

are bolded and i italics.

1 MAADGYLPDW LEDNLSEGIR EWWALKPGAP OQPKANGOHGD NARGLYLPGY KYLGPGNGLD
61 KGEPVNAADA AALEHDKAYD GOLKAGDNPY LKYNHADAEF QERLKEDTSF GGNLGRAVEQ
121 AKKRLLEPLG LVEEAAKTAP GKKRPVEQSF QEPDSSAGIG KSGAQPAKKR LNFGQTGDTE

181 SVPDPQAPIGE PPAAPSGVGS L TMASGGGARP VADNNEGADG VGESSSGNWHC DSQWILGDRYVY

241 TISTRYWALP TYNNHLYKG SNSTSGGSSN DNAYFGYSTP WGYFDFNRFH CHFSPRDWOR
301 LINNNWGFRP KRINFKLFNI QVKEVTDNNG VKTIANNLTS TVQVFTDSDY QLPYVIGSAH

361 EGCLPPFPAD VFMIPQYGYL TINDGSQAVG RSSFYCLEYF PSQMIRTGNN FOFSYEFENY

421 PFHSSYAHSG SLDRLMINPLI DOQYIYYISKT INGSGONQQGT LKFSVAGPSN MAVQGRNYIP
481 GPSYRQQRVS TTVTONNNSE FAWPGASIWA LNGRNSLMNP GPAMASHKEG EDRFFPLSGS
541 LIFGKQGTGR DNVYDADKVMI TREEEIKTTN PVATESYGQV ATNHOSAQAG AQTGWVGNOG
601 JLPGMVWQADR DVYLQGPIWA KIPHTDGNFH PSPLMIGGFGM KHPPPOILIK NTPVPADPPT
661 AFNKDKLNSF ITQYSTGQVS VEIEWELQRE NSKRWNPEIQ YTSNYYKSNN VEFAVNTEGY

721 YSEPRPIGTR YLTRNL (SEQ ID NO: 3).

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

acid sequence set forth in SEQ IDNO: 3.

In another aspect, disclosed herein are DNA plasmids comprising rAAV genomes. The DNA
plasmids are transferred to cells permissible for imfection 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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mfectious viral particles with AAV® capsid proteins. Techniques to produce rAAV particles,
in which an AAV genome to be packaged, rep and cap genes, and helper virus functions are
provided to a cell are standard in the art. In some ernbodiments, production of rAAV involves
the following components present within a single cell (denoted herein as a packaging cell). a
rAAV genomwe, AAV rep and cap genes separate from (1e., 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,
AAV capsid proteins may be meodified to enhance delivery of the recombinant vector.
Modifications to capsid proteins are generally known in the ait. 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
Opinions 1n Biotechnology, 1533-539; and Muzyczka, 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. Matl, Acad. Sct. USA, 81:6466 (1984}, Tratschin et al,,
Mol. Cell. Biol. 5:3251 (1983); McLaughlin et al., J. Virol., 62:1963 (1988); and Lebkowski
et al., 1988 Mol. Cell. Biol.,, 7:349 (1988). Samulski et al. (1989, J. Virol,, 63:3822-3828); U.§.
Pat. No. 5,173,414, WO 95/13365 and corresponding U.S. Pai. No. 5,658,776, W0 95/13392,
WO 96/17947, PCT/USOR/18600; WO 97/09441 (PCT/US96/14423), WO 97/08298
(PCT/USY6/13872);, WO 97/21825 (PCT/USYG/2077Ty, WO 97/06243 (PCT/FRY6/01064);
WO 99/11764; Pernn et al. (1995) Vaccine 13:1244-1250; Paul et al. (1993) Human Gene
Therapy 4:609-615; Clark et al. (1996) Gene Therapy 3:1124-1132; U.S. Pat. No. 5,786,211,
U.S. Pat. No. 5,871,982, and U.S. Pat. No. 6,258,395, The foregoing documents are hereby
incorporated by reference in their entirety herein, with particular emphasis on those sections of

the documents relating to rAAV production,

An exemplary method of generating a packaging cell is to creaie a cell line that stably expresses
all the necessary components for AAV particle production. For example, a plasmid (or multiple
plasmids) cornprising a rAAV genome lacking AAV rep and cap genes, AAV rep and cap
genes separate from the rAAV genome, and a selectable marker, such as a neomy cin resistance
gene, are integrated inio the genome of a cell. AAVY genomes have been iniroduced into
bacterial plasmds by procedures such as GC tailing (Samulcks et al., 1982, Proc. Natl. Acad.

S6. USA, 79:2077-2081), addition of svothetic linkers contaiming restriction endonuclease
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cleavage sites (Laughlin et al, 1983, Gene, 23:65-73}) or by direct, blunt-end ligation
{Senapathy & Carter, 1984, I Biol. Chem., 259:4661-4666). The packaging cell line is then
mfected with a helper virus such as adenovirus. The advantages of this method are that the cells
are selectable and are suitable for farge-scale production of tAAV. Other examples of suitable
methods employ adenovirus or baculovirus rather than plasmids 1o introduce tAAV genomes

and/or rep and cap genes into packaging cells.

The disciosure herein thus provides, in various embodiments, packaging cells that produce
infectious TAAV. 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 Hela cells,
HEK 293 cells and Per(C.6 cells {a cognate 293 line). In one embodiment, the cell line 1s HEK

293 celis,

To increase the viral vector production vield. adherent cells may be cultured and selected for
improved adherence to culture flasks. In some embodiments, improves iransfection efficiency
and cell count during subsequent bioreactor seeding steps. During subculture, cells may be
detached from the cell culture surface bv methods known 1n the art. For example, cells may be
lifted by scraping or by incubating in a sohition comprising proteases. In an exemplary
embodiment, HEK293 cells may be washed with PBS and dissociated with trypsin for ~2
minutes at roor teraperature. Dissociation may be stopped by adding growth media containing
serum, and cell clumps may be dissociated by repeated pipetting of the suspension. (el
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 tire that cells are allowed to adhere
may be about 2 houwrs, 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 to the cuiture flasks. In some embodiments, the process is repeated
af least 2 times, at least 3 timoes, af teast 4 times, at least 5 times, or any suitable number of
tmes. In an exemplary embodiment, HEK293 cells are seeded n 75 o 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 {i.e, infectious encapsidated rAAVY particles) comprises a
rAAYV genome disclosed herein. In one aspect, the tAAVY genome 15 a self-complementary

genome.

In another aspect, rAAV are provided such as a rAAVY named "rAAV SMN" In some
embodiments, the rAAYV SMN genome has in sequence a first AAVZ I'TR, the chicken-§ actin
promoter with a cytomegalovirus enhancer, an SV40 intron, a polvnucleotide encoding SMN,
a polvadenylation signal sequence from bovine growth hormone, and a second AAVZ ITR. In
some embodiments, polynucleotide encoding SMN is a huran SMN gene, e.g., set forth in or
derived from GenBank Accession Number MN_(00344.2, Genbank Accession #NM_ 017411,
or any other suitable human SMN isoform.  An exemplary SMIN sequence comprises a
sequence of:

1 CCACAAATCT GGGAGGGOGA TAACCACTCG TAGAAAGCGT GAGAAGTTAC TACAAGCGGT

61 CCTCCOGGCC ACCGTACTGT TCOGCTCCCA GAAGCCCOGE GCGGCGGAAS TCOTCACTCT

121 TAAGAAGGGA CGGGGCCCCA CGCTGCGCAC CCGCGGETTT GCTATGGCGA TGAGCAGCGG
181 CGOCAGTGGT GGCGGUGTCC CGOAGCAGTA GEATTCCGTS CTGTTCUGGL GLGGCACAGE
241 CCAGAGCGAT GATTCTGACA TTTCGGGATGA TACAGCACTG ATAAAAGCAT ATGATAAAGE
301 TOTGGCTTCA TTTAAGCATG CTCTAAAGAA TGGTGACATT TGTGAAACTT CGGGTAAACC
361 AAAAACCACA CCTAAAAGAA AACCTGCTAA CAAGAATAAA AGCCAAAAGA AGAATACTGC
421 AGCTTCCTTA CAACAGTGGA AAGTTGOGGA CAAATCGTTOT GOCATTTGOT CAGAAGACGG
481 TTGCATTTAC CCAGCTACCA TTGCTTCAAT TGATTTTAAG AGAGAAACCT GTGTTGTGGT

541 TTACACTGGA TATGGAAATA GAGAGGAGCA AAATCTGTCC GATCTACTTT COCCAATCTG
601 TGAAGTAGCT AATAATATAG AACAGAATOC TCAAGAGAAT GAAAATGAAA GCCAAGTTTC
561 AACAGATGAA AGTGAGAACT CCAGGTCTCC TOGAAATAAA TCAGATAACA TCAAGCCCAA
721 ATCTGCTOCA TGGAACTOTT TTOTCECTOC ACCACCCCOC ATGOCAGOGE CAACACTGGE
781 ACCAGGAAAG CCAGGTCTAA AATTCAATAG CCCACCACCG CCACCGCCAC CACCACCACT
841 CCACTTACTA TCATGCTGOC TGUCTCCATT TCCTTCTGGA CCACCAATAA TTCCCCCACC

901 ACCTCCCATA TOTCCAGATT CTCTTGATGA TGCTGATGOT TTGGGAACGTA TGTTAATTTC

961 ATGGTACATG AGTGGCTATC ATACTGGCTA TTATATGGGT TTCAGACAAA ATCAAAAAGA
1021 AGOAAGGTGC TCACATTCCT TAAATTAAGS AGAAATGCTG CCATAGAGCA GCACTAAATG
1081 ACACCACTAA AGAAACGATC AGACAGATCT GGAATGTGAA GCUTTATAGA AGATAACTGG
1141 CCTCATTTCT TCAAAATATC AAGTGTTGGG AAAGAAAAAA GGAAGTGGAA TGGGTAACTC
1201 TICTTGATTA AAAGTTATGT AATAACCAAA TGCAATGTGA AATATTTTAC TGGACTCTTT
1261 TGAAAAACCA TCTGTAAAAG ACTGOGOTGC CGGTGGGAGH CCAGCACGOT GOTGAGCCAG
1321 TTGAGAAAAT TTGAATGTOC ATTAGATTTT GAATGATATT GGATAATTAT TGGTAATTTT
1381 ATGGCCTOTG AGAAGGGTCT TGTAGTTTAT AAAAGACTGT CTTAATTTGC ATACTTAAGC
1441 ATTTAGGAAT GAAGTGTTAG AGTGTCTTAA AATGTTTCAA ATGGTTTAAC AAAATGTATG
1301 TGAGGUGTAT GTGCGCAAAAT GTTACAGAAT CTAACTOGTG GACATGGCTS TICATTGTAC
1561 TGTTTTTTTC TATCTTCTAT ATGTTTAAAA GTATATAATA AAAATATTTA ATTTTTTTIT

1621 A (SEQ ID NO: 4).

Conservative nucleotide substitutions of SMIN DNA are also contemplatied {e.g., a guanine to

adenine change al posttion 625 of GenBank Accession Number NM_000344.2). In some

embodiments, the genome lacks AAY 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

Iimited tfo, the human SMNI1 polypeptide set out in NCBI protein database number
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NP_000335.1. In embodiments the SMN DNA comprises a polynucleotide which encodes a
human SMN polypeptide {for example the human SMN protein identified by Uniprot accession
number Q16637 isoform 1 (Q16637-1)). Also contemplated s the SMNI1-modifier
polypeptide plastin-3 (PLS3} [Oprea et al., Science 320(5875): 524-527 (2008}]. Sequences

encoding other polypeptides mav be substituted for the SMN DNA.

Pre-transfection, cells are expanded in suitable culture media, in flasks or a suitable bioreactor,
or both. In some embodiments, cells may be expanded in bioreactors that provide continuous
cireulation of cell culture media. In one embodiment, cells are expanded in 200 m?, 333 n?, or
500 m? iCELLis bioreactors. One culture media is 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 pump.
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 celis/cm?. In an

embodiment, HEK293 cells are seeded at 8600-12.000 cell/cm?.

Suitable 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 rAAV with
the cells, e.g, in appropriate media, and screening for those cells harboring the DNA of interest
using conventional techniques such as Southern blots and/or PCR, or by using selectable

markers.

In some embodiments, a packaging cell line is transfected with three plasnuds: a plasmid
encoding or comprising the vector sequence to be packaged within the AAV vector {e.g,
pSMN, pMECP2 transgene, or pSODIsh), pHELP and pAAV2/9. Transfection can be
performed using any of the techniques known in the ari, including but not limited to
electroporation, hipofection, e 2. with a lipofactamine, cationic polvmers and cationic lipids.
Any suitable transfection media may be used. In one embodiment of the transfection process,
adherent huran emmbryvonic kidney (HEK293) cells are transfected with a triple DNA plasmud
polyethylenimine (PEL) co-precipitation. In one embodiment, a scAAVI.CB.SMN vector {a
self-complementary AAV9 vector comprising a CB promoter and a polynucleotide encoding
SMIN} 15 produced using triple DNA plasmid transfection into adherent HEK293 cells using a
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PEI co-precipitation in a large-scale adherent cell bioreactor. In one embodiment, the DMEM
arowth medium used for cell expansion is replaced with a modified DMEM transfection media.
This media s formulated without calcium and L-glutamune.  In one embodiment, the
transfection media is DMEM with no FBS, no calcium, no L-glutamine and 4.5 g/L glucose.
In some embodiments, transfection media withowt 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
PAAVZ/9) are mixed together with PEI in transfection media and allowed to react. In somg
embodiments, the three plasmids are mixed together in abouwt 1:1:1 molar ratio. In some
ernbodiments, the plasmids and PET are mixed inaratio of 1:1 by weight of BDNAPEL In some
embodiments, the plasmids and PEI are mixed in a ratio of less than 1:1 by weight of BNAPEL
In an embodiment, pSMN, pHELP and pAAV2/9 are mixed in I:1:1 molar ratio in OptiMEM
media. In such an embodiment, PEI is added such that DNAPEI 1s 1:1 by weight. In some
embodiments, the reaction is allowed to occur for 0-60 minutes, or 10-43 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 compiising the steps of (i) culturing adherent HEK293 cells in an industrial scale
bioreactor, (2) transfecting the adherent cells with plasmids for less than 60 minuies io enable
production of the AAV vector, and optionally applving further processing, purification,
formulation and filling steps to produce a pharmaceutical product. In one embodiment of this
process, the scCAAVI.CB.SMN vector is produced using triple DNA plasmid transfection using
a polyethylenimine (“PEI”) co-precipitation. Tn an embodiment, the 3 plasmids utilized for this

transfection are pSMN, pAAV2/9, and pHELP.

Transfection may be performed by contacting the packaging cell line with the DNA-PE]
coprecipiiate. In some embodiments, the DNA-PEI coprecipitate in transfection media is filled
into a media recirculation bag. In some embodiments, the DNA-PEI coprecipitate in
transfection media is circulated into the bioreactor and completely displaces the growth media.
In some embodiments, the DNA-PET coprecipitaie in transfection media is allowed to contact
the adherent cells in the bioreactor. In some embodiments, DNA-PEI coprecipitate n
transfection media is allowed to contact the adherent cells in the bioreactor for up to two hours.
In soms embodiments, the transfection occurs for one to two hours. Tn some embodiments, the

transfection occurs for less than one hour, for example, 10 minutes, 20 manutes, 30 minutes,
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40 minutes or S0 minutes. In some embodiments, the transfection occurs for one o two hours.
In some embodiments, the transfection is stopped by recirculating complete growth media

through the bioreactor and completely displacing the tramsfection media

2. Harvesting the Expanded Viral Pariticles

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 Iysis process 1§ initiated. In some embodiments, the cells are lysed
in sttu. Optionally, the viral particles are harvested without lysing. In sore embodiments, an
endonuclease is added, e.g., circulated into the bioreactor to 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. N,
et al J. Bact 1963, 83, 273-278; Nestle, M. et al. J. Biol. Chem. 1969, 244, 3219-3225) that 1s
sold under the name Benzonase® (EMD Millipore}. The enzvme is produced and purified from
E. colt strain W3110, a mutant of strain K12, containing the pNUCT production plasimid (U.S.
Pat. No. 5,173,418, which is hereby incorporated by reference in its entirety). Structurally, the
protein is a dimer of identical 245 amino acid, about 30 kDa subunits with two important
disulfide bonds. Benzonase® degrades all forms of DNA and RNA (single stranded, double
stranded, linear and circular) and is effective over a wide range of operating conditions,
digesting nucleic acids to 5-monophosphate terminated oligonucleotides 2-5 bases in length.
Benzonase® is produced under current good manufacturing practices {cGMP) and, thus, can
be used in industrial scale processes for the purification of proteins and/or viral particles. Gther
endonucleases 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 broreactor to a final concentration of between 50 — 200 U/ml, e.g., 75 — 130 Ui, e g,
about 100 U/mL. In somme embodiments the addition of Benzonase significantly reduces host

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

In some embodiments, the endonuclease 1s allowed to mux before the tysis buffer is added to
the reactor. In some embodiments, the cell lysis solution s allowed to mix with the adherent
cells for up to 1 hour, up to 2 hours, up 1o 3 hours, up to 4 hours or up to 3 hours. In some
embodiments, the lysis buffer may comprise magnesiom chloride and/or Tween-20 in a suitable

butfer. In an exemplary embodiment, the lysis buffer 15 500 mM HEPES, 10% Tween 20,
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20 mM MgCh, pH 8.0. A Salt Sucrose Solution (5§88} which guenches the Benzonase reaction
may be added to stop the lysis reaction. In some embodiments, the S5S is added to a harvest
bag comprising rinse buffer and mixed for 15 munutes. 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 gquenched cell lysis solution and the [ysed cell contents, all of which together
comprises the bulk harvest. In some embodiments, the Bioreactor Rinse Buffer may comprise
Tris, Mg12, NaCl, Tween-20 and sucrose. In an exemplary embodiment, the Bioreactor Rinse
Buffer comprises 20 mM Tris, I mM MgCh, 500 mM NaCl, 1% Tween-20 w/v and 1% sucrosg
wiv at pH 8.1,

3. Purifying the Viral Particles

After harvest, the bulk harvest viral particles may be concenirated and purified, tvpically via
filtration. In one embodiment, the viral particles are filtered by depth filtration followed bv
filtration through a filter that removes large molecule contaminants and cell debris, for example
a 0.45 pm flter, bui that permits vector genomes o pass therethrough, Any suttable depth

filter may be used.

As understood in the art, depth filtration refers to the use of a porous filter medium to clanfy
solutions containing significant quantities of large particles {e.¢., intact celis or cellular debris}
in comparison to membrane filtration which would rapidly become clogged under such
conditions. A variety of depth filtration media of varying pore sizes are commercially available

from a variety of manufacturers such as Millipore, Pall, General Fleciric, and Sartorious.

The target flow rate for depth filtration may be reduced to keep the filier inlet pressure within
specification.  Once all bulk harvest has been filtered, the depth filter may, i certamn
embodiments, be chased with the diafiliration buffer used for a subsequent first tangential flow
filtration step (“TFF17). The depth filter pool 15 mixed. The depth filter pool may then be
filtered through a 0.45 ym 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 fo concentraie 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) 1s 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 variety of manufactarers 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
centle cross flow feed can, in certain embodiments, minimize membrane fouling, maintain a
high filtration 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 systems are provided with a means (e.g., 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 herein. In one
embodiment, the Molecular Weight Cut Off (MWCO) of the TFF system is between 200-400
kDa, e.g., about 300 kDa.

In one embodiment, the TFF1 step is performed using a 300 kDa MW cut-off regenerated
ceflulose membrane cassetie. The cassette is flushed and sanitized with NaOH solution and
equilibrated with TFF1 buffer. In one embodiment, the TFFI buffer comprises 20 mM Tris, 1

mM MgCla, 300 oM NaCl, 1% Sucrose, pH 8.1,

In some embodiments, the concentration phase of the TFF1 step is selected to reduce the
volume of the clarified harvesi approximaiely 10x. Once the target retentaie volume is reached,
diafiltration operations may be started. The retentate can, o some embodiments, be diafiltered
with about 6 diavolumes of TFF1 buffer. In some embodiments, the retentaie is diafiltered
with about 5-20, or 10-15, or 12 diavolumes of TFF1 butfer. Once 6 diavolumes of permeate
total flow have been achieved, the retentate may be concentrated again and harvested. Rinses,
e.g., two successive rinses of the membrane, may be execuied (o 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 ice orin a
freezer and then transferred {0 <-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 downstream process, e.g., as described herem).
The multiple intermediate product substance lots may be pooled prior to freezing and storage.
In other embodiments, the multiple intermediate product substance lots may be pooled after

thawing the frozen and stored lots.

DOWNSTREAM PROCESS

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

downsiream process steps include: (a) acidification and ¢larification {e.g.

[

using filtration}, (b)
cation exchange chromatography, (¢} tangential fow filration ("TFF27), (d) CsCl
ultracentinifugation, {e) collection of viral vector and () further tangential flow filiration
(“TFF37} to produce a filtered drug substance where the purified AAV particles are suspended
in 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), CsCl ultracentrifugation for
Full/Empiy Capsid Separation, tangential flow filtration (TFF3) for Concentration/ Buffer
Exchange, TFF 3 pool material filtration o 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.
In some embodiments, the downstream process disclosed herein may be used io process an
intermediate comprising an AAV SMN, an AAV MECP2, or an AAV encoding shRNA

targeting SOD1 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 TFF] intermediate maierial. A detergent, e.g., Tween 20, may be used to promote
floceulation of the bulk of host cell proteins and DNA under acidic pH. The pH of the TFF]
intermediate containing detergent may then be lowerad. 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 pm
filter, but that permits vecior genomes io pass therethrough. Any suitable depth filier may be

used.

In one 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 solution in 20 mM Tns. 1 mM
MgCla, 500 mM NaCl, 1% Sucrose m/v, pH 8.1. In some embodiments, Tween 20 is added
slowly over a span of about 1 - 6 hours. In some embodiments, Tween 20 is added slowly over
3-6 howrs. Tn some embodiments, Tween 20 s added slowly over 4 hours. In some
embodiments, the Tween 20/TFF1 Intermediate solution is allowed to incubate overnight at
room temperature. In some embodiment, the Tween 20/TFF1 Intermediate solution is allowed
to incubate for 8-20 howrs at room temperature. In an exemplary embodiment, the Tween

20/TFF1 Intermediate solution 1s allowed to incubate for 12-20 hours at room temperature.

After incubation the pH of the Tween 20 containing TFF1 Intermediate may be lowered by
adding any suitable acid. Tn some embodiments, 1M glvcine pH 2.5 1s added to achieve a target
pH of 3.5+ 0.1, In some embodiments, the target pH is pH 3.0~ 4.0, about pH 3.3 - 3.7, abowt
pH 3.4 - 3.6, or about pH 3.5, Once the pH 1s within the acceptable range. the solution may be
passed through any size filter. In an exemplary embodiment, a depth filter (e.g., Clarisolve
POD)Y in hine with a 0.45 pr flter (e.g., Opticap XL10 Durapore filter) or 0.8/0.45 pm PES

filter is used.

2. Cation Exchange Chromatography
In various embodiments, a cation exchange (CEX) capture chromatography step is used, e.g.,
1o separate the viral capsids from host cell proteins, host cell DNA, host cell lipids, Tween 20
and other process-related tmpurities. The principles of cation exchange chromaiography are

well known in the art, but, briefly, this method relies on the charge-charge 1nteractions between
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the positively-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 until pH and
conductivity is stabilized. The sample 1s then loaded and the colurmm is washed with a loading
buffer. Finally, an elution buffer is used to elwte the sample of interest off the column, and
fractions containing the sample are collected. The presence of the sample of nterest can be

detected by optical  absorbance  measurements of the  eluant

In one embodiment, the CEX step ugilizes a CiMimultus $03-8000 Advanced Composite
Column (Sulfonvl) (2 pm pores) chromatography column. In one embodiment, the elution peak
is collected starting at a sharp rise m OD280. The OD280 will begin to rise when the
conductivity is between 80-85 mS/cm. The CEX eluate 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 in QD280 and is collected for 1.5 collection volumes (CVs). In another
embodiment, the second fraction starts immediately after the first fraction and is collected for
1.0 CV. The two fractions are pooled and then neuvtralized to pH 8.0 0.30. In one embodiment,

a Meutralization Buffer coroprises 1.0 M Tris pH 9.1 £ 0.1 at 20°C.

3. Tangential Flow Filtration 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 CsCl
ultracentrifugation step. Any suitable TFF membrane may be used. In an embodiment, the

TFF2 step utilizes 300kD MWCO regenerated cellulose membranes.

In some embodiments, the concentration phase of this step is designed to reduce the volume of
the CEX eluate. In one embodiment, the refentate is diluted Z-fold with a diafiltration buffer
and the relentate is concentraied to its mitial volume. In one embodiment, the dialiliration
butfer is the TFF2 NaCl diafiltration buffer that countaing 20 mM Tris, 2 mM Mg(C12, 150 mM
Nall, 0.2% Poloxamer 188, 1% Sucrose, pH 8.1 = 0.1 at 20°C. In such embodiments, this
process may be repeated until diafiliration with the new buffer is complete. In one embodiment,
the retentaie is dilwted 2-fold with a CsCl-containing diafiliration buffer and the retentate is
concentrated 1o its initial volume. o an embodimeni, the CsCl-containing diafiltration buffer
is the TFF2 CsCl diafiliration buffer that contans 20 mM Tris, 2 mM MgCh, 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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diaftltration with the new buffer s complete. Once CsCl diafiltration 1s complete, the retentate
may then be concenirated to a prescribed volume that is dependent on the system hold-up
volume. In some embodiments, rinsing, .g., two successive rinses of the membrane, are

executed to maximize the product racovery from the TFF2 system.

4. CsCl Ultracentrifugation

In some embodiments where an AAV is used for in vivo gene transduction, the final product
of rAAV may contain minimum tmpurities and empty particles. Two methods for purifving
AAYV vector are ultracentrifugation using either an 1odixanol gradient or a CsCl gradient. One
study comparing the two methods demonstrated that iodixanol 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 Purification of Recombinant
Adeno-Associated Viral Vectors for Preclinical Applications.” Human Gene Therapy
Methods, 26(4):147-157. Even though the use of CsCl leads to lower amounts of empty viral
capsids, CsCl may be toxic to celis 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
iodixanol (~1 day). A different study has shown that the many steps to remove residual CsCl
frequently results in the dramatic 1oss of rAAV, leading to tow yields 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
prechinical saroples, they are not scalable and thus not suitable for large-scale production of
commercial products. See, e.g, Tomono et al., “Ultracentrifugation-free chromatography-
mediated large-scale purification of recombinant adeno-assoctated viras serotype 1 fAAV Y
Molecular Therapy - Methods & Climical Development, 3:15058 (“purification methods using
cesium chioride (CsCly or todixanol density uliracentrifugation are not suitable for large-scale

production”™).

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

performed by analytical ultracentrifugation, and may invelve the use of gradient buffers.
49



o

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

Examples of gradient buffers include but are not limited to CsCl, sucrose, 1odixanol and others
known in the art. Centrifugation can be performed in any centrifuge capable of reaching the
desired g-forces, e.g., an autorated 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 matenial from a specific band. In some embodiments, TFF2-purified filtered material
1s cenirifuged at 241,600-302,000 g (~40.000-50,000 rpm in 50.2 Ti rotor). In some
embodiments, TFF2-purified filtered material is centrifuged overnight. In some embodiments,
TRF2-purified filtered material is centrifuged for 16-24 hours. In some embodiments, TFF2-
purified filtered material is centrifuged for 20-24 hours. In some embodiments, TFF2Z-purified
filtered material is centrifuged at 15-25°C. In an embodiment, TFF2-purified filtered material
is centrifuged at 302,000 g (50,000 rpm in 502 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) MgCh, {¢) 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 7.5-83, or pH 7.9-82 In an
ernbodiment, a suitable buffer for CsCl centrifugation is 20 mM Tris, 2 mM MgCle, 3 M CsCl,
(.2% Poloxamer 188, pH 8.1 + 0.10. After completion of the centrifugation step, tubes may be
removed from the uitracentrifuge. Tn some embodiment, the highest band, Band A, contains
the empty capsids. In some embodiments, the next highest bands, Bands B, € 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 18G needle attached {o 30
mL syringe inserted just below band D to middle of tube. In other embodiementis, the bands
may be assaved for the presence of full or empty capsid using technigues known in the art

and/or as described herein, and the bands containing 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 done by UV absorbance
measurements, In some embodirvents, the total amount of capsid protemns and total 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 is done by analvtical oltracentrifugation.
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In one embodiment, the AAY viral vector collected after ultracentnfugation has less than 8%
empty capsids, fess than 7% empty capsids, less than 5%, less than 3%, or less than 1%. In one
embodiment, the AAV viral vector collected after ultracentrifugation has 1-10% empty capsids.
In one embodiment, the AAV viral vector collected after ultracentrifugation has 2-8% empty
capsids. In one embodiment, the number of empiy capsids 1s below the limit of detection. Tn
another embodiment, the percentage of empty capsids is determined as a percentage of total

capsids.

5, Tangential Flow Filtration 3 to Generate Viltered Drug Substance

In some embodiments, a tangential flow filtration step (TFF3) is used to remove CsCl and
concentrate the full vector capsids.  Tangential flow filtration 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
uitracentrifugation pool. In some embodiments, once the target retentate volure 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 include one or more of the following
components, comprising {3y Tris, (b) MgClh, (¢) NaCl, or (d) Poloxamer 188. In one
embodiment, a suitable TFF3 buffer can include all of (a), (b). {¢) and (). Tn 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 MgClz, 200 mM Na(l, 0.001% Poloxamer 188, pH 8.0 +
0.1 at 20°C. In another embodiment, a suitable TFF3 buffer comprises 20 mM Tris, | mM
MgClz, 200 mM NaCl, 0.003% Polosamer 188, pH 8.0+ 0.1 at 20°C. In one embodiment, the
concentrated retentate is filtered using a 0.2pm Pall Supor® EKV Sterilizing-Grade Filter
(Mini Kleenpak) Filter to produce a filtered drug substance. Tn some embodiments, the methods
described herein yield more than 5 x 10 vg, or more than 8 x 10" vg or more than 1 x 10%

vg of FAAY per manufacturing batch.

Pharmaceutical Compasitions

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

x 108 viral vector genomes/mb {vg/mL), or about 1.7 - 2.3 x 10° vg/mLl. In some
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embodiments, the viral vector is formulated at a concentration of about 1.9 -2.1 x 10" vo/mL.
In some embodimenis, the viral vector is formulated at a concentration of about 2.0 x 10V

ve/ml..

In some embodiments, during the production process of the viral vector, empty viral capsids
that do not confam nucleic acid material may be generated. Pharmacuetical compositions
comprising low amounts of empty viral capsids may be advantageous, because they avoid
exposing patients, ¢.g., infants, with immature immune systems 1o antigenic material (empty
capsids, host cell protein, host cell DNA) gnnecessartly 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 material, empty capsids have different densities, allowing the two species
to be separated by gradient centinfugation, or other methods known m the art. In some
embodiments, the empty capsids are separated by ultracentrifugation. In some embodiments,
the empty capsids are separated by CsCl gradient ultracentrifugation. 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-empty viral capsids can be measured by standard laboratory
techniques. Tn some embodiments, the ratio is measured by optical absorbance measurements.
In some embodiments, the ratio is measuredby UV absorbance measurements. In some
embodiments, the total amount of capsid proteins and total amount of DNA can be determinad
by UV absorbance measurements. In some embodiments, the measurement s determined by
optical refractive index measurements. In some other embodiments, the measurement is

determined by analytical ultracenirifugation.

High levels of empty capsids may pose challenges for the efficacy of viral vector treatments.
In one embodiment, the pharmaceutical composition has fess than 10% empty capsids. less
than 8% empty capsids, fess than 7%, less than about 5%, fess than 3%, less than 1% ampty
capsids. In another emibodinent, the pharmaceutical composition has 1-10% empty capsids. In
another embodiment, the pharmaceutical composition has 2-8% empty capsids. In another
embodiment, the pharmaceutical composition has less than or equal to 6% emply capsids, 5%
empty capsids, 4% empty capsids, 3% empty capsids, 2% empty capsids, or fewer. In an
embodiment, the number of empty capsids is below the limit of detection. In another
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embodiment, the percentage of empty capsids is determined as a percentage of total capsids,
e.g. using AUC. In some embodiments, these low percentage empty capsids tmprove efficacy
of treatment and/or reduce adverse events {e.g.. inflammatory responses, hiver imury) after
administration to a patient, e.g., as compared to compositions having higher percentage empty
capsids. In 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, e.g.,

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.
HEK293 cells) used to generate the viral vectors may not be completely separated out. Residual
host cell proteins pose a potential o elicit an immune response. The amount of residual host
cell can be measured by any standard laboratory techniques 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
measuwred by enzyme-linked immunosorbent 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 Cygnus

Technologies HEK 293 HCP FLISA Kit.

In another embodiment, the residual host cell protein in said pharmaceutical composition is
less than or equal 10 5 X 10° pg/ml per 1 X 10" vg/mi, less than or equal fo 1.2 X 10° pg/ml
per 1 X 108 veg/mL or 1 X 107 pg/ml per § X 108 vg/ml t0 1.2 X 10° pg/mil per 1 X 105 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 85, 4, 3, 2, T 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 vector, residual host cell DNA from the adherent
cells {e.g. HEK293 cellsy or residual plasmid DNA transfected to generate the viral vectors
may not be completely removed. The purification process {e.g. acidification, clarification,
tangential flow filtration etc.) removes the bulk of residual host cell or plasmid DNA. In one

embodiment, measurerent of the amount of residual host cell or plasmud DNA 15 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 (qPCR) with primers specific for host cell or plasmid
sequences. [n another embodiment, measurement of the amount of residual host cell or plasmid
DNA is performed by digital droplet PCR (ddPCR). In one embodiment, the amount of plasmid
DNA is determined 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 15
determined by commercial qPCR assay kits, for example the resDNASEQQ 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 plasmid 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 in said pharmaceutical composition 1s less than
or equal to 1.7 X 10° pg/mi per 1 X 10% vg/ml, 1 X 10° pg/ml per 1 X 10" vg/ml to 1.2 X 1¢°
pg/ml per 1 X 10" ve/ml. In an embodiment, the residual host cell DNA in said pharmaceutical
composition is less than or equal 10 3 x 10°, 2 x 105, 1.1 x 10°, 1 x 10° pg or fewer per 1.0 x
10% vg. In smbodiments, 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 plasmud DNA in said pharmaceutical composition is less
than or equal 10 1.7 X 10° pg/mi per 1 X 105 ve/ml, 1 X 10° pg/mi per 1 X 108 ve/ml 10 1.7
X 10° po/ml per 1 X 101 ve/ml. In another embodiment, the residual plasmid DNA in said

pharmaceutical composition is less than or equal 10 6.8 x 10° pgper 1.0 x 109 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 104 vg,

In an embodiment, the residual host cell DNA in a pharmaceutical composition is less than or
equal to 1.1 x 10° pg per 1.0 x 10% 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, and the residual host cell

protein in said pharmaceutical composition is less than or equal to 4 ng per 1.0 x 10% vg.
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In some embodiments, the amount of endotoxin in the pharmaceutical composition is less than
about 1 EU/mL per 1.0x10% vg/mi, less than about 0.75 EUMAMEL per 1 Ox105 vg/ml., less than
about 0.5 EL/mL per 1 .0x10¥vg/mL, less than about 0.4 EU/mL per 1.0x10% vg/mL., less than
about 0.35 EU/mL per 1.0x10% vg/mL, less than about 0.3 EU/mL per 1.0x10" vg/mL, less
than about 0.25 EU/mL per 1.0x10% vg/mL, less than about 0.2 EU/mL per 1.Ox10% vg/ml,
less than about 0.15 EU/mL per 1.0x10% vg/mL., less than about 0.1 EU/mL per 1.0x107
vg/mL, less than about 0.05 EU/mL per 1.0x105 vg/mL, or, less than about 0.02 EU/mL per
1.0x10% vo/mL. Methods for determining the amount of endotoxin are known in the art, e g |
a imudus amoebocyie lysate (LAL) fest. In embodiments, the endotoxin is assaved per U.S.

Pharmacopiea ("USP™) <85> (incorporated herein by reference i its entirety).

In one embodiment, the bovine serum albumin (BSA) in a pharmaceutical composition is less
than 0.5 ng per 1.0 x 10" vg, less than 6.3 ng per 1.0 x 10 vg, or less than 0.22 ng per 1.0 x
10¥ vg. In one embodiment, the benzonase in said pharmaceutical composition is less than 0.2
ng per 1.0 x 105 vg, less than 0.1 ng per 1.0 x 10" vg, or less than 0.09 ng per 1.0x 107 vg.

In one embodiment, a pharmaceutical composttion disclosed herein comprises one or more of
the following: fess than about 0.09 ng of benzonase per 1.0x10Y vg, less than about 30 pg/z
{(ppm of cesium, about 20-80 ppm of Poloxamer 188, less than about 0.22 ng of BSA per
1.Ox10% vg, less than about 6.8x10° pg of residual plasmid DNA per 1.0x107 vg, less than
about 1.1x10° pg of residual heDNA per 1.0x10% vg, less than about 4 ng of tHCP per 1.0x10
vo, pH 7.7-8.3, about 390-430 mOsnvkg, 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 1013 - 2.3 x 10% vg/ml genomic titer, infectious titer of about 3.9 x 108 - 8.4 x 101 JU per
1.0 x 10" vo total protein of about 100-300 pg per 1.0 x 10% vg, median survival of > 24
days of A7TSMA mice with about 7.5 < 10 vg/kg dose of viral vector, about 70-130% relative

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

In one embodiment a pharmaceutical composition disclosed herein comprises one or more,

e.g., all, of the following: pH 7.7-83 (e.g, as measured by USP <791>), aboul 390-430

mOsnvkg (e.g., as measured by USP <7835>), less than about 600 particles that are > 25 pm in

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" - 2.3 x 107

vg/mlL 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 pg per 1.0 x 101 vg, median survival of > 24 days of A7SMA mice
with about 7.5 x 101 vg/kg dose of viral vector, e.g., in an in vivo functionalitiy fest, e.g., a5
described herein, about 70-130% relative potency based on a in vitro cell-based assay, and/or
fess than about 5% empty capsid. In embodiments, a pharmaceutical composition disclosed
herein comprises a total purity greater than or equal to 95% (e.g., as determined by SDS-
PAGE)}. In embodiments, a pharmaceutical composition disclosed heremn comprises no single
un-named refated 1mpurity at a level greater than 2% (e.g.. as determined by SDS-PAGE). In
embodiments, a pharmaceutical composition disclosed hersin comprises Endotoxin fevels of
less than or equal to .75 EU/mL {e.g., as measured by USP <85>). In embodiments, a
pharmaceutical composttion disclosed herein tests for no growth in a sterility test, e.g., as

measured by USP <71>,

High levels of residual host cell protein, host cell DNA, plasnud DNA, and/or endotoxin may
pose challenges for the efficacy of viral vector ireatments. In some embodiments, these low
amouns of residual host cell protein, host cell BNA, plasmid DNA, and/or endotoxin improve
efficacy of treatment and/or reduce adverse events {e.g., inflammatory responses, Hiver injury)
after administration to a patient, e g., as compared {o compositions having higher amounts. In
some embodiments, the methods of preparing viral vectors disclosed heremn provide these
improved levels, as compared to the levels in prior methods, e.g., those not using adherent cells
and/or the purification methods described herein. In some embodiments, 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

endotoxin,

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 after the TFF, e g, the
second TFF, is below about 30 ug/g. In some embodiments, the amount of residual cestum
after the TFF, e.g., the second TFF, is below about 20 ug/g. In some embodiments, the residual
casium in the pharmaceutical composition is less than or equal to 30 ug/g {(ppm}. In some
erbodiments, the amount of residual CsCl may be measared by mass spectrometry, inductively
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 AAV viral vectors collected after the second TFF
is greater than or equal to about 5310 ve/ml, greater than or equal to about 1x10" vg/ml, or

greater than or equal to about 3x 100 vg/ml.

In one ernbodiment, a pharmaceutical composition has one or more of the following: less than
0.99 ng of benzonase per 1.0x10V vg, less than 30 ug/g (ppm) of cesium, about 20-80 ppm of
Poloxamer 188, less than 0.22 ng of BSA per 1.0x101 vg, less than 6.8x10° pg of residual
plasmid DNA per 1.0x10% vg, less than 1.1x30° pg of residual heDNA per 1.0x10% vg, and
less than 4 ng of fHCP per 1.0x10Y vy,

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 potency is assessed as against a reference standard using the methods i 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" vg/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 viiro relative potency as
tested by a cell-based assay to be 50-150%, 60-140% or 70-130% relative 1o a reference
standard and/or suitable control.

The virus particles purified according to the present disclosure (e.g., viral pariicles) can be
formulated according to known methods to prepare pharmaceutically useful composttions. The
compositions of the disclosure can be formulated for administration to a mammalian subject,
eg. a human, using techniques known in the art. In particular delivery systems may be
formudated for miramuscular, wiradermal, mucosal, subcutaneous, nfravenous, intrathecal,

injectable depot type devices or topical administration.

When the delivery system is formulated as a solution or suspension, the delivery system is i
an acceptable carrier, e.g., an aqueous carrier. A variety of agueous 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 is, or lyophilized,
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the lyophilized preparation being combined with a sterile solution prior to adnunistration.

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

compaosition does not comprise a preservative.

The genomic titer of viral vectors, e.g., those in the compositions and formuations disclosed
herein, 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) may be used for
smaller samples and absolute 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 thowsands 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 {echniques. In one embodiment, the genomic titer of the viral
vector is determined using PCR. In another embodiment, the genomic titer of the viral vector
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 instance, in Lock et al., “Absolute Determination of Single-Stranded and Seli-
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-based methods detect and quantify encapsidated AAVY viral genome
using specifically designed primers and probes targeting the chicken beta-actin promoter. In
other emboduments, the PCR-based methods detect and quantify encapsidated AAVY viral
genome using specifically designed primers and probes targeting the CMYV 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
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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 hormons

polyadenylation signal.

In some embodiments, the pharmaceutical composition is about pH 7.7-8.3 and has an
osmolality of 390-430 mOsmvkg. 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> (incorporated by reference in iis entirety). In some embodiments, the
osmolality is measured using freezing point depression in accordance with USP, eg, USP
<785> (incorporated by reference in its entirety). In some embodiments, the csmolality is
measured using a vapor pressure depression osmometer. In other embodiments, the osmolality

1s measured using a membrane osmometer,

In one embodiment, an intravenous formulation has a pH between 7.5 and 8.5, a genomic titer
of 2 X 10" vg/ml - 6 X 10 vg/ml, and an osmolality of 384 — 448 mOsm/kg. Tn another
ernbodiment, an intravenous formulation has a pH between 7.5 and 8.5, a genonugc titer of 1.5
X 109 ve/ml — 3.5 X 10 vo/ml, and an osmolality of 384 — 448 mOsnvkg. In another
embodiment, an intravenous formulation has a pH between 7.5 and 8.5, a genomic titer of 1.8
X107 vg/ml - 2.2 X 10V vg/ml, and an osmolality of 384 — 448 mQOsm/kg. In an embodiment,
an IV formulation comprises about 0.1-2.0 mM MgCl. In an embodiment, an 1V formulation
comprises about 100-300 mM Nall. 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 M Tris buffer, e.g., at apH of 7.5-8.5.
In an embodiment, an IV formulation comprises | M MgCly, 200 mM NaCl, 0.005% w/v
Poloxamer 188, 1 20 mM Tris buffer at pH 8.0. Iu embodiments, the IV forraulation comprises

a genomic titer of about 1x10% 10 3x10" vg/mL or 1.7x10% 10 2.3x10% vg/mi.

Uses of Pharmaceutical Compositions

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

central nervous system of a patient comprising admunistering a tAAVY with a genome

wncluding the polynuclectide. In some embodiments, the delivery is mirathecal delivery of a
59



o

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

polynucleotide to the central nervous system of a patient comprising administering a rAAV9
with a genome including the polynucleotide. Tn some embodiments, a non-ionic, low-osmolar
contrast agent 13 also administered to the patient. The non-iome, low-osmolar contrast agent
increases transduction of target cells in the central nervous system of the patient. In some
embodiments, the rAAVY genome i3 a self-complementary genome. In other embodiments, the

rAAV9 genome ts 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 limited 1o, the motor cortex and the brain stem.
In some embodiments, the polynucleotide is delivered to the spinal cord. In some embodiments,
the polynucieotide is delivered to a lower motor neuron. Embodiments of the disclosure employ
TAAVY to deliver polynucieotides 1o nerve and glial cells. In some embodirnents, the glial cell
1s a microghial cell, an oligodendrocyte or an astrocyie. In some embodimenis, the rAAVY s

used to deliver a polynucleotide 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
Deficiency/GM2 Gangliosidosis, Alpha~mannosidosis, Aspartviglucosaminuria, Cholesteryl
ester storage disease, Chronic Hexosanunidase A Deficiency, Cystinosis, Danon disease, Fabry
disease, Farber disease, Fucosidosis, Galactosialidosis, Gaucher Disease (Type l, Type ll, Type
I, GM1 gangliosidosis (Infantile, Late infantile/Juvenile, Adult/Chronic), I-Cell
disease/Mucoliptdosis H, Infantile Free Sialic Acid Storage Disease/ISSD, Juvenile
Hexosarmimidase A Deficiency, Krabbe disease (Tofantile Onset, Late Onset), Metachromatic
Leukodystrophy, Mucopolysaccharidoses disorders {Pseudo-Hurler
polydystrophy/Mucolipidosis A, MPSI Hurler Syndrome, MPSI Scheie Syndrome, MPS 1
Hurler-Scheie Syndrome, MPS 1T Hunter syndrome, Sanfilippo syndrome Type A/MPS HI A,
Sanfilippo syndrome Type B/MPS HI B, Sanfilippo syndrome Type C/MPS HI €, Sanfilippo
syndrome Type D/MPS TH B, Morquio Type A/MPS WA, Morquio Type B/MPS VB, MPS
IX Hyvaluronidase Deficiency, MPS VI Maroteaux-Lamy, MPS VII Sly Syundrome,
Mucolipidosis I/Sialidosis, Mucolipidosis IIC, Mucolipidosis type TV), Multiple sulfatase
deficiency, Niemann-Pick Disease {Type A, Tyvpe B, Type (), Neuronal Ceroid Lipofuscinoses
(CILNG disease {(Atypical Late Infantile, Late Onset vanant, Early Juvenile), Batten-
Spielmever-Vogt/Juvenile NCL/CLN3 disease, Finmish Varant Late Infantile CLNS, Jansky-
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Bielschowsky disease/Late mfantile CLN2/TPPI Disease, Kufs/Adult-onset NCL/CLIN4
disease, Northem Epilepsy/variant late infantile CLNE, Santavuori-Haltio/Infantile CLNI/PPT
disease, Beta-mannosidosis, Pompe disease/Glvcogen storage disease type 1L, Pyenodysostosis,
Sandhoff Disease/Adult Onset/GM2Z Gangliosidosis, Sandhoff Disease/GM2 gangliosidosis--
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 materials is indicated for treatment of nervous
system disease such as Reit Syndrome, Alzheimer's disease, Parkinson's disease, Huntinglon'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

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

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

by mutations of the survival motor neuron 1 (SMIN1} gene. Hurmnans also carry a second nearly
identical copv of the SMN gene called SMN2. Lefebvre er ol “Identification and
characterization of a spinal muscular atrophy-determining gene.” Cell, 80(13:155-65. Monani
et al. “Spinal muscular atrophy: a deficiency in a ubiquitous profein; a motor-neuron specific
disease.” Newron, 48(6):885-896. Both the SMN1 and SMNZ genes express SMN protein,
however SMINZ contains a tfranslationally silent mutation in exon 7, which results in inefficient
inclusion of exon 7 in SMIN2 transeripts. Thus, SMN2 produces both full-length SMN protein
and a truncated version of SMN lacking exon 7, with the truncated version as the predominant
form. As aresult, the amount of functional full-length protein produced by SMN2 is much less
{(by 70-90%) than that produced by SMIN1. Lorson et al. " A single nucleotide in the SMN gene
regulates splicing and is respounsible for spinal muscular atrophy.” PNAS, 96(11) 6307-6311.
Monani et al, “A single nucleotide difference that alters splicing patterns distinguishes the
SMA gene SMIN1 from the copy gene SMN2.” Hum Mol Genet 8(731177-1183. Although
SMIN2 cannot completely compensate for the loss of the SMNT gene, patients with milder
forms of SMA generally have higher SMN2 copy numbers. Lefebvre et al, “Correlation
between severity and SMN protein level in spinal muscular atrophy.” Nat Genet 16{3):265-
269. Park et al, “Spinal muscular atrophy: new and emerging insights from model mice.” Curr
Neurol Neurosci Rep 102y 108-117. A caveal is that SMN2Z copy number is not the sole

phenotypic modifier. In particular, the ¢ 839G>C variant in exon 7 of the SMNZ gene has been
81



o

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

reporied as a posttive disease modifier. Patient with this particular mutation have less severs
disease phenotypes. Prior et al., “A positive modified of spinal muscular atrophy 1n the SMN2

gene.” Am J Hum Genet 85(3):408-413

Type T SMA (also called infantile onset or Werdnig-Hoffmann  disease) is when SMA
symptoms are present at birth or by the age of 6 months. In this tvpe, babies typically have low
muscle tone (hvpotonia), a weak cry and breathing distress. They often have difficulty
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 hypotonta, delay
in motor skills, poor head conirol, round shoulder posture and hypermobility of joints.
Typically, these babies have two copies of the SMIN2 gene, one on each chromosome 5. Over

half of alt new SMA cases are SMA type 1.

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 known as types TH and [V SMA, mild
SMA, adult-onset SMA and Kugelberg-Welander disease) results in 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 1o walk during their adult years. People with types ¥ or IV SMA generally
have between four and eight SMN2 genes, from which a fair amount of full-length SMN

protein can be produced.

In one embodiment, the term "freatment” comprises the step of administering intravenousiy, or
via the tntrathecal route, an effective dose, or effective multiple doses, of a composition
comprising a rAAY as disclosed herein to an animal {including a human being) in need thereof.
If the dose is administered prior to development of a disorder/disease, the administration i
prophylactic. If the dose is administered after the development of a disorder/disease, the
admunistration is 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 prevents progression to a disorder/disease state, that slows or prevents
progression of a disorder/disease state, that diminishes the extent of disease, that 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 compositions comprising rAAV of the disclosure are adnunistersd
mtravenously to a patient in need thereof having an SMA type L In another embodiment, the
compositions comprising rAAV of the disclosure are administerad intrathecally to a patient in

need thereof having SMA types 1L, IHf, or IV,

Amethod of treating type | SMA in a patient in need thereof, by administering the AAVY viral
vector via an intrathecal or intravenous route is disclosed herein. In some embodiments, the
patient is 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 type I SMA in a patient, the
weight of the patient is determined. In some embodiments, the patient has a body weight of
fess than 8.5 kg. Tn some embodiments, 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., a null mutation, in one copy of the SMN1
gene {encompassing any mutation that renders the encoded SMN1 nonfunctional). In some
ernbodiments, the patient has mutations, e.g., a null nutation, in two copies of the SMNT gene.
In some embodiments, the patient has mutations, e.g., anell mutation, in all copies of the SMIN1
gene. In some embodiments, the patient has a deletion in one copy of the SMN1 gene. In some
embodimenis, the patient has a deletion in two copies of the SMNI gene. In some
embodiments, the patient has biallelic SMN1 mutations, that is, either a deletion or substitution
of SMN1 in both alleles of the chromosome. Inn some embodiments, the patient has at least one
functional copy of the SMNZ gene. In some embodiments, the patient has at least two
functional copies of the SMINZ gene. In some emboduments, 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 at least four
functional copies of the SMN2 gene In some embodiments, the patient has at Jeast five
functional copies of the SMN2 gene. In some embodiments, the palient does not have a
¢.859G>( substitution in exon 7 of at least one copy of the SMN2 gene. In some embodiments,
the genetic sequence of the SMNI or SMN2 gene may be determuned by full genome
sequencing. In other ernbodiments, the genetic sequence and copy number of the SMNT or
SMN2Z gene may be determined by high-throughput sequencing. In some embodiments, the
genetic sequence and copy number of the SMNI or SMN2 gene may be determined by
microgrray analysis. In some embodiments, the genetic sequence and copy number of the
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SMINT or SMN2 gene may be determined by Sanger sequencing. In some embodiments, the
copy number of the SMNI or SMN2 gene may be determined by fluorescence in-situ

hybridization (FISH).

In some embodiments, the patient shows one or more SMA svmpioms. SMA sympioms can
wmclude hypotonia, delay in 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 shouiders (front and back). Head
control is assessed by the patient’s abilitv 1o hold the head upnight. In some embodiments,
spontaneous movement 1s observed when the patient is in a supine position and motor skills is
assessed by the patient’s ability to 1ift their elbows, knees, hands and feet off the surface. In
some embodiments, the patient’s grip strength is measured by placing a finger in the patient’s
palm and lifting the patient until their shoulder comes off the surface. Hypotonia and grip
strength is measured by how soon/ong the patient maintains grasp. In some embodiments, head
control is assessed by placing the patient’s head in a maximum available rotation and
measuring the patient’s ability o turn head back towards midline. Tn some embodiments,
shoulder posture may be assessed by sitting patient down with head and trunk support, and
observing if patient flexes elbows or shoulder to reach for a stimulus that 1s placed at shoulder
fevel at arms length. In some embodiments, shoulder posture may also be assessed by placing
patient in a side-lving posttion, 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 patients 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 may be assessed bv known
clinical measures, e.g., CHOP INTEND. Other SMA symptoms may be evaluated according

to known clinical measures, e.g., CHOP INTEND.

In some embodiments, patients are treated after they show symptons of type I SMA {eg.. one
or more symptoms), as determined using one of the tests deseribed herein In some
embodiments, patients are treated before they show symptoms of type I SMA. In some
embodiments, patients are diagnosed with type T SMA based on genetic testing. before they are

symptomatic.
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Combination therapies are also contemplated herein. Combination as used herein includes
etther simultanecus treatment or sequential treatments. Combinations of methods can include
the addition of certain standard medical treatments (¢.g., riluzole in ALS), as are
combinations with novel therapies. For example, other therapigs for SMA include antisense
oligonucleotides (ASOs) that alter bind to pre-mRNA and alter their splicing patterns. Singh.
et al., “A multi-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 §,361 977 and US § 930,853, incorporated herain by raference) may be used.

MNusinersen is an approved ASO that target intron 6, exon 7 or intron 7 of SMN2 pre-mRNA,
modulating the splicing of SMNZ to more efficiently produce full-length SMN protein. In
some embodiments, the method of treatment comprising the AAVY viral vector is
administered in combination with a muscle enhancer. In some embodiments, the method of
treatment comprising the AAVY viral vector is adnunistered in combination with a
neuroprotector. In some embodiments, the method of treatment comprising the AAVY viral
vector is administered in combination with an antisense oligonucleotide-based drug targeting
SMN. Tn some embodiments, the method of treatment comprising the AAV9 viral vector is
administered in combination with nusinersen. In some embodiments, the method of freatment
comprising the AAV9 viral vector is administered in combination with a myostatin-inhibiting
drug. In some embodiments, the method of treaiment comprising the AAVY viral vector is

admunistered in combination with stamulumab.

While delivery to an individual in need thereof after birth is contemplated, intrauteral

delivery to a fetus is also contemplated.

Methods of treating tvpe I SMA patients using the pharmaceutical compositions comyrising
the viral vector are contemplated. In some embodiments, the viral vector 1s formulated at a
concentration of about I — 8 x 10¥ AAV9 viral vector genomes/mL (vg/mL)}. In some
embodiments, the viral vector is formulated at a concentration of about 1.7 - 2.3 x 10 ve/mL.
In some embodiments, the viral vector is formulated at a concentration of about 1.9 - 2.1 x 107
vg/ml. Tn some embodiments, the viral vector is formulated at a concentration of about 2.0 x

08 vo/ml
104 vg/ml.

In some embodiments where the viral vector is used for treating type T SMA 1n a patient, the

AAV viral vector (e.g. AAV SMN) is aduuinistered 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 I SMA 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 13 used for treating type 1 SMA in a patient, the
AAV viral vector is infused into the patient over about 45-70 min. In some embodiments where
the viral vector is used for treating type I SMA in a patient, the AAV viral vector is infused
wnto the patient over about 60 min. In some embodiments where the viral vector is used for
treating tvpe | SMA m a patient, the AAV viral vector is infused into the patient using an
infusion pump, a peristaltic pump or any other equipment known in the art In some
embodiments where the viral vector is 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 administered will vary depending, for example, on the
particular TAAYV, the mode of adnunistration, the treatment goal, the individual, and the cell
type(s) being targeted, and may be deternuned by methods standard in the art. Titers of rAAV
may range from about 1 X 10°, about 1 X 107, about 1 X 10% about 1 X 10°, about 1 X 10",
about 1 X 101 about 1 X 1072, about 1 X 1013, about 1 X 10™, or more DNage resistant particies
{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 ari.

Dosages may also vary based on the timing of the administration to a human. These dosages
of rAAV may range from about T X 10H vg/ke, about 1 X 101 vo/ke, about 1 X 105 vo/kg,
about 1 X 10" vg/kg, about 1 X 10 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 tAAY may range from about
13X 104 ve/kg, about 1 X 10%2 vg/kg, about 3 X 101 ve/kg. about 1 X 10 vg/kg, aboutr 3 X
107 ve/lke, about T X 10" ve/ke, about 3 X 10 vg/kg, about 1 X 105 vg/ke, about 3 X 1073
vg/kg, about 1 X 10" vg/kg, about 3 X 10 vg/kg, or more vector genomes per kilogram body

weight.

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

of rAAY may range from about 1 X 101! vg/kg/week, about T X 10! vg/kg/week, about | X

107 vg/kg/week, about 1 X 10Y vg/kg/week, about 1 X 10%° vegrkg/week, about 1 X 10%

ve/kg/week, or more vector genomes per kilogram body weight in an adult. For a neonate, the

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 1072 vg/kg/week, about 1 X 107 vg/kg/week, about 3 X 107 vg/kg/week, about 1 X
104 ve/kg/week, about 3 X 10 vo/kg/week, about 1 X 10V vo/kg/week, about 3 X 108
vg/kg/week, about 1 X 10 vg/kg/week, about 3 X 10 vg/kg/week, or more vector genormes
per kilogram body weight per week. Dosages of rAAV 1 X 10! vg/1.5 kg/week, about 1 X
102 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
X 10V vg/1.5 kg/week, about 1 X 10'¢ 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 1 X 101
ve/1.5 kg/week, about 1 X 10%2 ve/1.5 kg/week, about 3 X 10 vp/kg/week, about 1 X 107
vg/1.5 keg/week, about 3 X 1047 ve/1.5 kg/week, about 1 X 10" ve/1.5 kg/week, about 3 X 104
vg/l.5 kg/week, about 1 X 105 vg/1.5 kg/week, about 3 X 101 vg/1.5 kg/week, about 1 X 1019
vg/1.5 kg/week, about 3 X 10 vo/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" to
5.0 X 10" 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 s stride.” Nature Methads,
Hoy541-344. Svkes et al.,, “Quantitation of targets for PCR by use of limiting diluwtion.”
Biotechniques. 13(3)444-449. A sample is fractionated 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 limited to, the BioRad QX100
ddPCR and the RainDance Raindrop Digital PCR. In one ersbodiment, the dose is determined
using PCR. To another embodumuent, the dose is deternuned 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 viral genome using
specifically designed primers and probes targeting the SMN genve. In other embodiments, the
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PCR-based methods detect and quaniify 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 AAV9Y viral genome using
specifically designed primers and probes targeting the UMYV enhancer. In other embodiments,
the PCR-based wethods detect and quantify encapsidated AAVY viral genome using
specifically designed primers and probes targeting the TR 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 polyadenyiation

signal.

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

as the target concentration of the drug prodact.

Fable 2: Desing

Patient Weight Range (kg) Dose Volume® ml)
26-3.0 16.5
31-35 103
36-40 22.0
4145 24.8
46-50 27.5
5155 30.3
56-60 33.0
61-65 358
66-70 38.5
7175 41.3
7680 44.0
R1-85 46.8

ANOTE: Dose Volume is calculated using the upper limit of the Patient Weight Range.

In some embodiments pharmaceutical composiiion comprising the AAV viral vector is
nfused into the patient over about 20-70 minutes, for example over about 45-70 minutes. In
some embodiments, the pharmaceutical composition comprising the AAV viral vector is
infused into the patient over about 60 min. In some embodiments, the pharmaceutical
composition comprising the AAV viral vector is mflused 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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pharmaceuntical composttion comprising the AAV viral vector is infused into the patient using

asyringe pump.

The pre-screening of patients amenable to treatment is also contemplated, as well as the
administration of treatment {o patients identified according to ¢riteria disclosed herien. AAVs
may give nse to both a cellular and huwmoral immune response. As a result, a fraction of
potential patients for AAV-based gene therapy harbors pre-existing antibodies against AAV.
Jeune et al , “Pre-existing anti-Adeno-Associated Virus antibodies as a challenge in AAV
gene therapy.” Hum Gene Ther Methods, 24(2):59-67. Boutin ¢t al., “Prevalence of serum
1gG and neuiralizing factors against adeno-associated virus (AAV) types 1,2, 5,6, 8, and 9 in
the heaithy population: implications for gene therapy using AAV vectors.” Hum (ene Ther,
21:704-712. Because even very low levels of antibodies can prevent successful transduction,
antecedent anti-AAYV antibodies pose a serious obstacle to the universal application of AAY
gene therapy. In some embodiments, the levels of anti-AAV9 antibody titers in a patient is
determined prior to administration of the AAV viral vector. In some embodiments, the levels
of anti-A AV antibody titers in a patient is determined by an ELIS A binding immunoassay.
In some embodiments, the patient has anti-AAV9 antibody titers at or below 11100 as
determined by an ELISA binding immunoassay prior to administration of treatment. In some
embodiments, the patient has anti-AAV9 antibody titers at or below 1:50 as determined by an
ELISA binding immunoassay prior to administration of treatment. In some embodiments, the
patient has anti-AAV9 antthody titers above 1:100 as determined by an ELISA binding
immunoassay after treatment and ts 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
deterroined by an ELISA binding immunoassay afier treatment and is roonitored for 1-8

weeks or until titers decrease to below 1:30.

One approach to overcome high anti-AAV antibody titer 15 the use of nunosuppressant
drugs. Monoclonal anti-CI320 antibody rituximab in combination with ¢yclosporine A has
been shown to be effective in bringing down anti-AAV titers. Mingozzi et al |
“Pharmacological modulation of humoral iramuonity in a nonhuman primate model of AAV
gene transfer for hemophilia B.” Mol Ther, 20:1410-1416. Another approach is the use of
plasmapheresis 10 deplete neutralizing antibodies prior {o vecior adminisiration. Monteithet et
al., “A 10 patient case report on the impact of plasmapheresis upon neutralizing factors
against adeno-associated virus (AAV ) types 1, 2, 6, and 8.7 Mol Ther, 19(11:2084-2091.
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During plasmapherests, blood 1s withdrawn from a patient and the plasma and blood cells are
separated by either centrnifugation or hollow fiber filtration. The blood cells are then returned
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
immunoglobuling but in this case, plasmapherests represents an attractive approach to deplete
anti~-AAV antibodies. In some embodiments, the patient has anti-AAVS antibody titers above
1:100 as determined by an ELISA binding immunoassay prior to or after treatment and is
treated with plasmapheresis. In some embodiments, the patient has anti-AAV9 antibody titers
above 1:50 as determined by an ELISA binding immumnoassay prior o or afier treatment and

is treated with plasmapheresis.

Pre-existing maternal antibodies 1o AAVY may be transferred 1o an infant patient throogh
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 1o or
after treatment and is switched to formula feeding. In some embodiments, the patient has
anti-AAV9 antibody titers above 1:30 as determined by an ELISA binding imnunoassay

prior o or after treatment and is switched o formula feeding.

Prior to and after admimstration of treatmaent, 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 hemocytometer. Thrombocytopenia
can aizo be detected by viewing a slide prepared with the patient’s blood (a thin blood film or
peripheral smear) under the microscope. Normal hurnan platelet counts range from 150,000

celis/mli to about 450,000 cells/ml.

In some embodiments, the patient has platelet counts above about 67,000 cells/ml prior fo
admunistration or above about 100,000 cells/ml, or above about 150,000 cells/mil. In some
embodiments, the patient has platelet counts below about 150,000 cells/ml prior to
adwunustration or below abowt 100,060 cells/mi, or below about 67,000 celis/mi, and is
monitored for 1-8 weeks or until platelet counts increase to above about 67,000 cells/ml, or
above about 100,000 cells/ml, or above about 130,000 cells/ml. In some embodiments where
platelet counts are below about 67 000 cells/mi after administration of the viral vector, the
patient mav be treated with platelet transfusion. In some embodiments, the patient does not
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have thrombocytopenia prior to administration of the viral vector. In some embodiments, the
patient has thrombocytopenia after admanistration of the viral vector and is monitored for about
1-8 weeks or uniil the patient does not have thrombocyiopenia. In some embodiments, the
patient has thrombocytopenia 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-glutamyl transferase (GGT),
aspartate transaminase {AST) and alanine amunoiransferase (ALT), total bilirubin, glucose,
creatine kinase {CK), creatinine, blood urea mitrogen (BUN;}, electrolytes, 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, troponin-I levels are
monitored after admanistration of the viral vector. In some embodiments, patients may have
troponin-{ levels less than about 0.3, 8.2, 0.135, or 0.1 pg/mi before adnunistration of the viral
vector. In some embodiments, patients rmay have troponin-I levels less than about 6.176 pg/ml
hefore administration of the viral vector. In some embodiments, patients may have troponin-{
levels above about 0.176 ug/mi after administration of the viral vector. In some embodiments,
patienis receive cardiac monitoring after administration of the viral vector wniil troponin-i

levels are less than about 0.176 ug/ml.

Aspartate fransaminase {AST} and alanine aminotransferase (ALT) and total bilirubin are a
general measure of hepatic function, while creatinine tracks renal function. Elevated levels of
AST, ALT or total bilirubin may indicate hepatic malfunction. In some embodiments, the
pattent has normal hepatic function prior to admunsstration 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 adnunistration of the viral vector. In some embodiments, the
patient has bilirubin levels less than 3.0 mg/dL prior to administration of the viral vector. In
some ermnbodiments, patienis have creatinine levels less than 1.8 mg/dL prior to adminisiration
of the viral vector. In some embodimsents, patients have hemoglobin (Hgb) levels between &-
18 g/dL prior to administration of the viral vector. In some embodiments, the patient has white

blood celt (WBC) counts less than 20000 per mm® prior to administration of the viral vector.
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The efficacy of the treatment method may be determined using a varnety of tests for motor
skills before and after 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 Neuromuscular Disorders (CHOP INTEND). Test development and reliability.”
Neuwromusculor Disorders, 2003):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 T0OSS), a newly devised motor assessment for SMA. Testing of
treating efficacy is not limited fo 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, Ability Captured Through Interactive Video Evaluation
{ACTIVE), the Baylev Scale of Infant Development and measurements of compound motor

action potentiais {CMAP}.

In some embodiments, baseline testing before treatment is performed wsing the CHOP
INTEND scale. In one embodiment, the efficacy of treatment 1s determined using the CHOP
INTEND scale during follow up visits. In some embodiments, the CHOP INTEND mcludes
measures of head control, righting reactions, trunk movements in supported sitting, 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 (o
the AAV vector has been observed, and may be expected between 2—4 weeks following gene
transfer. Oue possible consequence 1o such antigen specific T-cell response 18 clearance of the
transduced cells and loss of transgene expression. In an atterapt to dampen the host immmune
response 1o the AAVY based therapy, patients mav be given immune suppressants. In some
embodiments, patients may be given glucocorticoids before administration of viral vector. In
some embodimenis, patients may be given a corticosteroid before administration of viral vector,
In some embodiments, patients may be given an oral steroid before admirustration of viral
vector. Examples of oral steroids include but are not limited to prednisone. prednisolone,
methylprednisolone, triamcinolone, bethamethasone, dexamethasone and hydrocortisone. In

some embodiments, the oral steroid 1s or comprises prednisolone. In some embodiments, the
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patient is started on prophylactic steroid at least 24 hours prior to admmistering 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
steroid is given at a dose of about 0.1-10 mg/kg, e.g, about 1 mg/kg. In some embodiments, the
oral steroid 1s given at a dose of about 0.1-10 mg/kg/day, e g.. about 1 myg/kg/day. In some
embodiments, the levels of AST and ALT are monitored after administration of the viral vector.
In such embodiments, the oral stercid treatment is administered when AST and ALT levels
exceed twice the upper it of normal, e g., as determined by chinical standards and methods
known mn the art, or about 120 TU/L. In some embodiments, the oral steroid treatment is
administered for more than 30 days as long as AST and ALT levels exceed twice the upper
limit of normal, e.g., as determined by clinical standards and methods konown 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 is stopped abrupily, 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
upper limit of normal, e g., as determined by clinical standards and methods known in the art,
or about 120 TU/L. To some embodiments, tapering comprises stepped decrements to 0.5
mg/kg/day for 2 weeks followed by 0.25 mg'kg/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 composition comprising an effective
amount or dose of a viral vector comprising an SMN polynucleotide disclosed herein and
depending on the type of SMA (as further disclosed herein) the kit further comprises a contrast
agent {(—e g omnipague 180}, and mstructions on how to 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 is at a concentration of about

1.7 - 2.3 x 105 vg/mL. In some embodiments, the viral vector pharmaceutical composition 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 cornposition is at a concentration of about 2.0 x 10P ve/mL. Tn some
ermnbodiments, the vials contain about 3.9 mL of a viral vector pharmaceutical compostiion. In
some embodiments, the vials contain about 87 mL of a viral vector pharmaceutical
composition. Tn some embodiments, the kit contains no 5.9 mL vial, at least one 5.9 mL vidl,
at least two 5.9 mb vials or at least three 5.9 ok vials. In some embodiments, the kit contains
no 8.7 mL vial, at least one 8.7 mL vial, at least two 8.7 mL vials, at least three 8.7 mL vials,

at least four 8.7 mL vials, at least five 8 7 mL vials, at least six 8.7 mL vials.

In some embodiments where the kit is used for treating type I SMA 1n a patient, the weight of
the patient is determined. In some embodiments where the kit is used for treating type I SMA
in a patient, the weight of the patient is at least about 2.6 kg. In some embodiments where the
kit is used for freating type 1 SMA in a patient, the weight of the patient is no more than about
8.5 kg. In some embodiments where the kit is used for treating type I SMA in a patient, 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 {reating tyvpe I SMA in a patient,
the AAV viral vector from the vials in the kit is adnunistered to the patient at a dose of about
1.0-2.5x 10" vg/kg In some embodiments where the kitis used for treating type I SMA ina
patient, the AAV 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 about
45-70 nun. In some embodiments where the kit is used for treating type 1 SMA in a patient, the
AAYV 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 is infused info the patient using an mfusion pump, a peristaltic pump
or any other equipment known i the art. In some embodiments where the kit 1s used for treating
type | SMA in a patient, the AAYV viral vector from the vials in the kit is infused into the patient

using a syringe pump.

In one embodiment, the vector is adounistered wntravenously or intrathecally. In one
embodiment, the vector is administered intravenously. In one embodiment, the vector is
admunistered intravenously together with onmipague 180, In another embodiment, the vector
15 admimstered intrathecally together with ommpaque 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 tAAVY are contemplated herein.

Transduction of cells of a patient with rAAV disclosed herein can resulis in sosiained
expression of polypeptide or RNA encoded by the rAAV. The present disclosure thus provides
methods of admunistering/delivering rAAVY (e.g., encoding SMN protein) to an animal or a
human patient. These methods include transducing nerve and/or glial cells with one or more
rAAY. Transduction may be carried out with gene casseites comprising tissue specific control
elements. For example, promoters that allow expression specifically within neurons or
specifically within astrocytes. Examples include newron specific enolase and glial fibrillary
acidic protein promoters. Inducible promoters undey the control of an ingested drug may also

be developed.

In some aspects, it is contemplated that the transduction of cells is increased when a vector of
the disclosure is used in combination with a contrast agent as described herein relative to the
transduction of a vector of the disclosure when not used in combmation with a contrast agent.
In various embodiments, the transduction of cells is increased by 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 609, at least about 70%, at least about 80%, at least about 20%,
at leasi about 100%. at least 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 least about 500% or more when a vecior of the disclosure is 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. In further embodiments,
the transduction of cells 1s ncreased by about 10% to about 50%, or by about 10% to about
100%, or by about 5% to about 10%, or by about 3% to about 50%, or by about 1% to about
500%, or by about 10% to about 200%. or by about 10% io about 300%, or by about 16% 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 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 mtrathecal administration of a vector of the
disclosure and a contrast agent to the central nervous svstem of a patient in need thereof resulis
in 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 a contrast agent are separately administered infrathecally to the
central nervous system of a patient in need thereof. In other embodiments, the vector and
contrast agent are co-formulated and administered mtrathecally 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 administering intrathecally o the central nervous svstem or a patient
in 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 results in an increase
of survival of the patient of at least about 1%, at least about 3%, 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 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 administered 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 in combination with a contrast agent and when the patient 1s
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 to 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 by 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

-
i
/

about 60%, at least aboutl 709, at leasi about 80%, al least about 90%, at least about 100%, at
least about 120%, at least about 150%, at least about 1802, 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
least about 500% or more when a vector of the disclosure 1s 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 combination with a contrast agent and Trendelenberg

position. In further embodiments, the transduction of cells is increased by about 10% to about

3%, or by about 10% to about 100%, or by about 5% to about 10%, or by about 5% to about

e

0%. or by about 1% to about 300%, 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 contrast 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 postiion,

The disclosure also provides aspects wherein intrathecal administration of a vector of the
disclosure and a contrast agent to the central nervous system of a patient in nead thereof put 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 adnunistered 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 1o the ceniral nervous syvstem of a patient in need
thereof put in the Trendelberg position resulis in an increase of survival of the patient of at least
about 1%, at feast about 5%, at least about 10%, at least about 209, at least about 30%, at least
about 40%, at least abowt 50%, at feast abowut 60%, at least about 70%, at least about 80%, at
least about 90%, 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 administered in the absence of the
contrast agent and the Trendelenberg position.

o

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 occur, and that the
description includes instances where the event or circumstance occurs and instances where it

oes not. For example, the phrase optionally the coraposiiion can comprise a combination
means that the composition may comprise a combination of different molecules or mav not
nclude a combination such that the description includes both the combination and the absence
of the combination (1.e., individual members of the combination). Ranges may be expressed
heremn as from about one particular value, and/or 10 about another particular value. When such
arange is expressed, another aspect includes from the one particular value and/or to the other
particidar value. Similarly, when values are expressed as approximations, by use of the
antecedent about, it will be understood that the particular value forms another aspect. It will be
further understond that the endpoints of each of the ranges are significant both in relation to

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

in their entirety for all purposes.

EXAMPLES

The following examples are 1o be considered ifustrative 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 cells) 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 cm? flask and grown in a 37°C incubator for 4 days, with a replacement of culture

media with pre-warmed complete growth media every dayv.

Selection for Increased Adherence: The cells were cultured using the following technigue to
select for strongly adherent cells. Once the cells reached 95% confluency in the 25 cm? flask,
the cells were subcultured. Cells were washed with 5 mi of PBS then dissociated with 0.5-1
ml of HyQTase for ~2 minutes at room temperature. Dissociation was stopped by adding 3§
mb complete growth media and repeatedly pipetted fo dissociate 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 em? flask. after
4 hours of incubation in the 37°C incubator, weakly adherent cells were washed away by
aspirating cell culture media to remove weakly 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 heing subculiured again. This selection process, consisting of the media change
4-hour post-seeding, was performed three fimes prior to expansion of the selected cell

population (Figure 2 and Figure 3). In the final selection step, cells were seeded into 2x173
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ct? flasks, with a final 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: Cealls were subsequently expanded once the cells were confluent in the 2x175
e’ flasks. Cells were washed with 15 mL PBS then dissociated with 3 mL HvQTase and
mcubation for ~2 minutes at room temperature. Dissocation was stopped by adding 10 mL of
complete growth media. Cell suspension was then centrifuged to produce 2 cell pellets once
the supernatant was aspirated. Each peliet was resuspended in 8 mL of complete growth media
and 2 mL of this concentraied cell suspension was added to 8x175 cm? flasks. The flasks were
prepared by adding 20 mL of complete growth media, resulting in a total of 22 mi cell
suspension and a splitting ratio of 1:4. The next expansion step used the same procedure with
the following variations: 4x175 o’ flasks were expanded at a splitting ratio of 1:2 and 4x178
o’ flasks were expanded at a splitting ratio of 1:3. This resulted in a total of 20 x 175 cn?’
flasks.

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

The volume was split into 2 x 50 mk tubes, with a total of 25 mL of cell suspension in each
tube. The samples diluted 1.2 were used to calculate viable cell counts per tube cells using a
haemocytometer and Toludine (trypan) Blue. Tube 1 sample had a viable cell count of 1 99 x
106 cells/ml yielding a cell concentration of 3.98 x 109 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 10% ceils). Thus, a total of 2.2 x 10® cells were harvested. Both
tubes were centrifugead again {6 minutes, 200 x g} and pallets 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 fotal harvested cells
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Cell Concentration Cell Concentration Total cells for
for a 1:2 sample for Harvest Harvest
Tabe 1 .99 x 10° cells/mL 3.98 x 10°celis/mL i x 10%cells
Tube 2 2.4 x 10° cells/mb 4.8 x 10° celis/mL 1.2 x 10%cells
Total - - 2.2 x 10%¢clis

Filled vials were then transferred to a freezing chamber with fresh isopropanol ovemightina -
80°C freezer for controlled rate freezing. The frozen vials were then transferred to vapor phase
liquid mifrogen in a lquid nitrogen tank. Ten vials were transferred on dry ice {0 be banked in

a GMP facility.

HEK293 cells from ATCC were thawed and successfully adapted for increased adherence in 3
passages prior to 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 is suitable for Master Cell Banking it a GMP facility.

Examapie 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

ells, (by transfecting the cultured cells with three plasmids as shown in Figure 1 (g,
comprising AAY SMN described herem} to enable production of the AAV viral vector, {¢}
lysing the adherent cells to isolate the AAV viral vector, (d) purifying the viral pasticles via
filtration to remove any intact cells or cellular debris, and (g) subjecting the purified product
of (d} to tangential flow filtration, and (f) freezing the resultant intermediate preparation of
purified viral particles. Tn alternate embodiments, the AAV prepared with the upstream process

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

{a) Culturing adherent 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 coniaining Cell Expansion Growth Media and
incubated.

80



o

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

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 repeated for 7 times. In the last

tteration, the suspended cells were not reseeded in flasks, but the cell sturry was 1nstead

inoculated in a bioreactor for further expansion.

An ICELLIs 500/200 ot 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 attachment, and
probe equilibration. Cell Expansion Growth Media was charged to equilibrate the bioreactor.
Once the pH (pH 6.9 10 7.5), temperature (35 °C to 39 °C), and dissolved oxygen {40-123%)
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 cefis/cm” (for 333 m”
reactor). The cell shury from the previous step was added to 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 plasmuds wiilized for this transfection
are pSMIN, pAAV2/9, and pHELP. The DMEM growth medium used for cell expansion is
removed from the bioreactor and replaced with Transfection Media. The scAAVS.CB.SMN
vector is produced using triple DNA plasmid transfection into Adherent Human Embryonic
Kidney (HEK293) cells using a polyethylentmune ("PET”) co-precipitation in a large-scale
adherent cell bioreactor. The vector plasmid pSMN contains the ¢cDNA for the human survival
motor neuron protein {SMN}. The 3 plasmids wtilized 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 i the bioreactor antil the
bioreactor temperature is >30°C prior to the addition of the PEI-Plasnud co-precipitation. The
PEi-Plasmid co-precipitation process imvolves the addition of the plasmids to Transfection
Media and 0.2 u filtration into a reaction bag. The PET was added to transfection medium and
then to the reaction bag. The PEl-plasnud ratio 1s about 1:1 by weight. The PEI-—Plasmid
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reaction was manually mixed to form a homogeneous suspension and the reaction oceurs over
a 15-30 minute period. At the end of the reaction time, the PEF-Plasnud co-precipitation was
transferred from the reaction bag to the bioreactor, The PEI-Plastmd co-precipitation was
allowed to mix in the bioreactor for 1-2 hours {(alternative durations are described in Example
7} prior to restarting agitation. The Transfection 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 mwedia 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 howrs 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 until harvest usually at

day 9.

¢} Lvsing the fransfected adhervent cells

After 9 days in the bioreactor, the final pre-harvest samples were taken from the reactor and
the total cell lysis process was inibiated. Benzonase was added to the bioreactor to a final
concentration of 100 U/ml. 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 {SS8) which quenches the Benzonase reaction was added to the harvest bag and mixed
for 15 minutes. 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 filtration and tangsential 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 campled. The depth filter pool was then filtered through a 0.45 um filter
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to further clarify the bulk harvest material. The 0.45 um filter was then chased with TFF1
Buffer.

For the TFF1 step, 5.0 m* of 300 kDa MW cut off regenerated cellulose membrane casseties
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 clanified harvest
by approximately 10x. Once the target retentate volume was reached, diafiltration operation
are started. The retentate was diaftftered 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 executed to maximize the product recovery from the TFF system to

produce an intermediate drug substance.

ing intermediate

The TFF1 intermediate was aliquoted into 1 or 2 Iiter sterile PETG bottles in a LFH hood and

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

Table 4: Buffers used in Upstream Process

Name Formulabion Brovess Bepis) Used

Cell Expansion | BMEM with 10% FBS, 4.5 g/t | 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 /L glucose

Post OptiMEM  with 23 o/L glucose, | iCELLis Bioreactor post
Transfection 4 mM L-glutamine, and no FBS transfection

Media

Lysis Buffer

500 mM HEPES, 10% Tween 20,
20 mM MgCl, pH8.0

1CELLis Bioreactor cell lysis

Salt Sucrose
Solution {S85)

3700 mM NaCl, 10% Sucrose

Clartfication

Bioreactor Rinse
Buffer

20 mM Tris, 1 mM MgCh, 500 mM
Na(l, 1% Tween 20, 1% Sucrose

1CELLis bioreactor harvest

TFFI Buffer

20 mM Tris, | mM MgCh, 500 mM
NaCl, 1% Sucrose

Clartfication, TFF1

TFF1
Sanitization
Buffer

0.5 M NaGH

TFF1 membrane sanifization
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Example 3 - Downstream Process

A downstream process {see, e.g., Figure 5} was used to process the TFF1 intermediaie to a
filtered drug substance. In some embodiments, the downstream process disclosed herein may
be used to process an intermediate comprising an AAY SMN, an AAV MECPZ, or an AAY
encoding shRNA targeting SOD1 as described herein. The downstream process steps include:
{a) acidifving and darifying the intermediate (using filtration), (b} purifying using cation
exchange chromatography, {(¢) filtenng with tangential flow fltration (“TFF27), (d)
wltracentrifuging using CsCl buffer to separate filled and empty viral capsids, {e} collecting the
AAV viral vectors, and (d) filtering the collected AAV viral vectors with a second tangential

fow filtration ("TFF37) step.

(a} Acidification and Clarification

The TFFI mtermediate material from the upsiream 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 determine the titer. The pooled TFF1 Intermediate was
iminediately 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 howrs. The pH was then lowered by the addition of
Acidification Buffer (1M glycine) to pH 3.3-3.7. The precipitate formed after the pH was
towered 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 Clarified TFF Intermediate.

{b) Purification with Cation Exchanee Chromategraphy

The cation exchange (CEX) chromatography step was used to separate the viral capsids from
proteins, DNA, and other process impurities, e.g., host cell hipids, TWEEN 20, This step
wifized a CiMraultus 503-8000 Advanced Composite Column (Sulfonyl} (0.2 um pores}
chromatography colummn (R 0 L) operated using an automated process chromatography system,

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

Solution name | Composition Purpose
e b P o L CEX Uyele
WFI WF] Column flushes 200 L
50 mM glycine, 500 mM
NaCl, 1.0% sucrose, 0.20 % Eouilibration.  wash
CEX A-Buffer poloxamer 188, 4 i ’ 1256 L
i elution
pH35+0.1 at 20°C
50 mM glveine, 2.0 M Na(l,
Lo % sucrose, 020 % Colunmn equilibration
CEX B-Buffer | poloxamer 188, & 401
and elution
pH35+£0.1 at 20°C
Monolith J e
“olumn itization,
Cleaning { M NaOH, 2 M NaCl Column Sanitization. | o,
N N CIp
Solution
1 M ammonium | ; 4, anunoniurm acetate Restore colurmnn pH 40 L
acetale
3 £.O M Tris . -
pH . 2.0 s pH  adjusioent  of -
Neutralization CEX product 0.5L
buffer pH 91+ 0.1 at 20°C A prod
Storage solution | 20% Ethanol in WF1 Column storage 40 L

The Acidified and Clarnified TFF Intermediate (i.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 1 was initiated at the start of the elution gradient for 10 column volumes

{CV)ea defined volume of 2.3-2.7 CV. The chromatography colunn was discarded after each

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

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

¢) Filterine with Taneential Flow Filiration {(TFE2
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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 vitracentrifugation step. The Neutralized CEX
Fluate was processed using a TFF system fitied with 0.3 m? of 300 kDa MWCO regenerated

cellulose membrane.

o

The volume of the Neutralized CEX Eluate was reduced to a target retentate volume. Once the
target retentate volume was reached, diafiltration was started in discontinuous TFF mode (batch
mode}. The retentate was diluted 2-fold with TFF2 NaCl Diafiltration Buffer, and the retentate
i3 concentrated to iis initial volume. This was repeated until diafiltration with TFF2 Na(l
10 Drafiltration Buffer was complete. The retentate was then diluted 2-fold with TFF2 CsCl
Drafiltration Buffer and the retentate was concentrated to its initial volume. This was repeated

wuntif diafittration with TFF2 NaCl Diafiltration Buffer was complete.

The retentate was further concentrated to a final mass based on the physical titer of the
15  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 cvcle of the system with TFF2 CsCl Diafiltration Buffer was followed by product
blowdown to maximize the product recovery from the TFF system. A sample of the TFF2
Retentate, which confains the retentate and flush) was taken for physical titer measurement.
20 The TFF2 membrane cassettes were discarded afier each batch (i.e., TFF membranes were not

reused).

Table 6: Buffers for T¥F2

Selution Name Composition
TFF2 NaCl Diafiliration Buffer | 20 mM Tris, 2 mM MgClz, 150 M NaCl, 0.2%
Poloxamer 188, 1% Sucrose , pH 8.1+ 0.1 at 20°C
TFF2 CsCl Dhafiltration Buffer 20 mM Tris, 2 mM MgCh, 3 M (s, 0.2% Poloxamer
188, pH 8.1+ 0.1 at 20°C

25

(&) CsCl Ultracentrifug

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

wltracentrifugation tubes and the tubes were sealed. The tubes were placed in an uliracentrifuge,
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hike an aptomated Optima XPN 100 Ultra Centrifuge sysiem or equivalent svstem equipped
with Type 50.2 Ti rotor or equivalent rotor. The filled tubes were centrifuged at 45,600 rpm

for 22 hours at 20°C.

e} Collecting AAY viral vectors

After conpletion of centrifugation step, tubes were removed from the ultracentrifuige and
placed in a biosafety cabinet. Product containing tubes were mounted on ring stands above a
waste container. A lamp was positioned directly under the tube to visualize the empty capsids
band (Band A, highsst band). the full capsid doublet bands (Band B and Band C, upper and
lower 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 material was transferred 1o a collection bag. The collected
ultracentrifuged pool (UC Pool) was diluted with TFF2 Buffer to reach a consistent starting
Cs{1 concentration in the TFF2 Load material. The diluted UC Pool is processed in the TFF3

step. The buffer for the CsCl altracentrifugation step is listed in the table below:

Table 7: Buffer for CsCl Ultracentrifugation

Selution Mame ’ Composition
TFF2 CsCl Diafiliration Buffer | 20 mM Tris, 2 mM MgC12, 3 M CsCl, 0.2% Poloxamer
188, pH 8. 1£0.10

1) Filtering ial Flow Filtration (TFF3)

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

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

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 reientate volume was started. The

retentate was diafiliered with TFF3 Buffer. A saraple 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, 23 the Diluted UC Pool physical titer, 3} a target drug substance (DS)
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concentration, 4} the combined volume of system flushes and filter flushes, and 5) the density
of the TFF3 Buffer. The TFF3 membrane cassettes were discarded after each batch (e,

cassettes are not reused).

Table 8: Buffers for THE3

Solution Mage £ smposition

TFF3 Buffer option 1 20 mM Tris, 1 mM MgCh, 200 mM Na(l, 0.001% Poloxamer
188, pH 8.0+ 0.1 a1 20°C

TFF3 Buffer option 2 20 mM Tris, | mM MgClz, 200 mM NaCl, 0.005% Poloxamer
188, pH 8.0+ 0.1 a1 20°C

Two successive 20 mb rinses of the TFF 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 Klcenpak). A filter rinse was performed with TFF3
Buffer to recover any vector rernaining in the filter and to adjust the final volume of the Filtered
TFE3 Pool (i.2., Drug Substance DS). The DS was aliguoted into 125 or 250 mb PETG bottles

and frozen at < -60°C.

Example 4 - Formulating and Filling

The Drug Product (DP) was a single-dose, preservative-free, stenile, clear fo slightly opaqgue,
and colorless to faint white, intravenous infusion of non-replicating, self-complementary
AAVY vector at a target concentration of 2.0 x 10" vg/ml. The DP comprised 20 mM Tris, 1
mM MgCl, 200 mM NaCl, 0.005% w/v Poloxamer 188, The pH range of the solution was 7.7

10 8.3.

Table 9: Drug Product Unit Operation — Buffer Composition

Solution Name I Composition . . , . ,
Drug Product (DP) | 20 M Tris, 1 mM MgClz, 200 maM NaCl, 0.001% Poloxamer
Formulation Buffer option | 188, pH8.0+ 0.1

1
Drug Product (DP} | 20 mM Tris, | mM MgCl, 200 mM Na(Cl, 0.005% Poloxamer
Formulation Buffer option | 188, pH 8.0+ ¢.1

2
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The DP was filled into stertle, ready to use, 10 mi Crystal Zenith (CZ) vials, stoppered with
sterile, ready 1o use, chrlorobutyl elastomeric stoppers, and sealed with sterile, 20 mwo flip-off
alunminum seals. The vials were filled with a nominal {ill volume of either 5.5 mt. or 8.3 mi.

The target overfill was 0.4 mL, and the vials were filledt0 59+ 0.1 mL or 8.7+ 0.1 mL.

Example § - 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 Laboratories reports the mean survival for animals
with the SMA-like phenotype as ~15 = 2 days. Pilot studies demonsirated a median survival
time for untreated animals with SMA-like phenotype of 163 days {geometric mean; n=3

studies; 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). Drrug 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; ve/mL} was determined by Droplet Digital polymerase 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
suttability 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 limits on the reference standard Median Survival dose-response curve

A prior batch of vector (hereinalter, Prior Batch) was used in this study {o determune the linear
correlation between median survival (davs) of SMAA7 mouse when dosed with drug product
(hereinafter, Sample Batch) at five different dose levels including the 0 (zero) dose using 0.9%
saling solution (untreated group). Table 10 shows the calitwation curve using the Prior Baich

refersnce batch.
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Table 18 Calibration Curve nsing Kive Bose Levels of AVXS-161

Prior Batch Standard Reference Over Time

O-Months 3-Months §-Months
Replicate 1 | Replicate 2 Replicate 3 Replicate 1 | Replicste2 | Replicate | Replicatet
n=44 n=32 n=3% =21 n=il n=ll n=22
15 16 15 15 14 15 16
24 3 25 21 21 21 2l
31 9 27 28 28 ND 28
ND* {>103) ND* (>115) 79
ND* >131) . - ND* (»47) ND* (~47) ND* {37} ND* {41}

* ot Determined (ND) - Median Survival (days) has not been reached as of 24ALG2017

The data from this study demonstraied that the linear range of the median survival dose-
response curve was (-7.4 vg'kg. The relative potency of drug product Sample Batch was
5  established by comparing the Hnear regression curve of the Prior Batch reference standard to
that of the drug product Sample Batch hnear regression curve.  This was accomplished by
using the ratio of the y-intercept and slope of each hinear regression line (i.e.. Reference
Standard and Test Article). The percent Relative Potency calculation is delineated in equation
(1} below:
10 %RP = [{y-Intercept/siope of Test Article} + {y-Intercept/slope of Reference Standard}] X 100
(1}
The Prior Batch used in the Phase-1 clinical 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 swrvival dose-response curve to determine the relative potency of the
drug product clinical batches, as follows:

s Median survival (days) dose-response curve was generated using 5 dose (vg/kg) levels
e Doses 0, 1.2E+13 and 7. 4E+13 were selected for rnmning a linear dose response model.
20 ¢ Suitability limuts for saline (untreated group} were 13 to 17 days median survival.
*  Suitability limits for the reference standard sample were established as:
o Slope > 2.0E-13
o y-intercept > 16.00 (days)
o y-Intercept/Slope Ratio > 8. SE+13
25 o R2z=0.7
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The A7 mouse model was used to demonstrate efficacy of SMA therapeutics, including drug
product. With a median swrvival of 15 days + 2 days, TFF3 Bulfer Solution (vehicle)-treated
control animals provide a rehiable baseline control from which product potency can be
measured as an increase 1n 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
adminisiered dose {vg/kg) is log-transformed and ploited againsi 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 a3 well as a Negative Control. A dose demonstrating 240

day swrvival {greater than the dose that demonsirates doubling of the meadian survival) was also

included as a Positive Control.

Table 11: Target Doses

TFF% Et;f‘f’er’ Solution 1542 Negative Control
{Vehicle) (untreated)
1.10x10 = 40 days Median Survival | Positive Control
1.00x10" 1642 Standard-1
1.2x10% 2243 Standard-2
7.5x105 3143 Standard-3

Dose Solution Preparations {refer to Table 12 for the dilution scheme example.

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

Positive Control -- The Test Article lot is prepared at a 1.10x10" vg/kg using TFF3
Buffer Solution. See Tablel2 for the dilution scheme example.

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

concenirations delineated in Table 11 using the TFF3 Buffer Solution.

Table 12: Reference Standard and Test Article Dilution Scheme (Example)
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| 5.0x10 5.0x101

Test Article Preparation -~ The test article was diluted using the TFF3 Buffer Solution.
Dilutions were calculated to generate the test doses (vg/kg) delineated in Table 11 per mouse

in a total final volume of 50 pl. Dilutions were made for 12 nuce at the time with one extra
volume as a Positive Control targeted to increase minimum lifespan of treated mice 1o 240 days

of Median Survival (davs).

Acceptance limits on control samples

Negative Control (untreated nuce) -- The assay acceptance limit for the Negative
Control group was that the SMAA7 mice meet the median survival of 1342 days. In addition,

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

Positive Control (group treated at the target clinical dose) -~ The assay acceptance linut
for the Posttive Control group was that at a mimmum lifespan of treated mice 1o be to 240 days

Median Survival. In addition, anv mouse expiring in <10 days will be excluded from the

analysis.
Acceptance limits on the Reference Standard dose response curve
Assay suitability criteria will be deternuned for the reference standard Linear dose response

curve plotting Median Survival {days) against the administered dose {vg/mL}. See Table 13

for the Assay suitability criteria.

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

Reference Standard 2200100 | 2165 = 3.5x101 207 100.0
Test Article 22.0x10% | 2160 2 8.0x10% 207 -
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Y-Intercept/Slope Ratio -- A linear regression curve of the Median Survival {days} versus the
admimistered Dose (vg/kg) for the Reference Standard and the Test Article is determuned. The
ratio of y-Tantercept to the slope for each linear regression 1s calculated.

Reporting Results

Qualitative Reporting of Relative Potency Results -- The Assay Switability criteria is evaloated
for each assay prior io delermination of a single point Median Survival {days) read at = 40
days for the Positive Control 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.

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
=40 days and the Median Survival of 3123 days for the mouse group representing the upper
standard dose of 7.5x10" vg/kg is reached The Percent Relative Potency {%RP) 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:

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

Example 6: Surfactant Inactivatien Study
To separale 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 TFFI Intermediate is about 2.5-fold lower than i the full process when Tween-
20 1s added to TFF1 Intermediale 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-]
Intermediate containing 4-8% Tween-20. To evaluate the capacity for virus inactivation by the
surfactant treatment step, XMulV and PRV were each used to spike the test article with virus

in duplicate experiments. Virus was quantitated vsing a plaque-forming infectivity assav.

The TFF1 manufacturing step generates a swrfactant concentration range of 4-8% Tween-20.
The TFF1 Intermediate was pooled, and 12% more Tween-20 was added to the TFF!
Intermediate at an operating temuperature 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
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controlied temperature of 16.0°C + 0.1°C. The dwration of the inactivation process was 120

minutes versus the tvpical process time of 16 hours.

For the inactivation process, the inactivation load was prepared by measuring the volume of
the test article, equilibrating to the target temperature, and then spiking with virus. Samples of
the spiked mactivation load were removed at six {6) time points to demonstrate the kinetics of
inactivation over time: <1 minute, 15 minutes, 30 minutes, 60 nunutes, 90 minutes, and 120
minutes. After collection, sach sample was diluted in growth medium to cease virus
inactivation, and was assayed for virus. To increase assay sensifivity at 90 nunutes and 120
munutes, large volumes of these time 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 treatment {Tween-20) was shown to be
effective as evidenced by LRV values greater than 4 logl0 for both viruses at the 90-minute
time poiut. The Kinetics of inactivation by surfactant treatment are Hustrated in Figure 6 and
Figure 7 as graphs of the rate of virus mactivation over the course of 120 minutes during the

Tween-20 surfactant treatment.

Example 7: Effect of Higher Seeding Density, Transfecting and Harvesting Karlier and
DBNA/PEI 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 S was evaluated. Each condition was evaluated in duplicate

int 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, 3 mun, in 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 T175cm? flasks and mcubated at 37.0°C, 5% CO: for three days until

cultures reached ~90% confluency. For each cell passage. spent media was removed, flasks
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were washed with PBS (-CaCla, -MgCla) at 0.08 mL/cm?, and then flasks treated with TrypLE
Select (0.04 mL/cm?®) and incubated at 37.0°C, 5% €Oz 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 &.

Cell Inoculation and Monitoring

Bioreactors were inoculated in duplicate with HEK 293 cells at a target density of 8,000
cells/em? and 12,000 cells/cm? in growth media (high glucose DMEM + 10% Australian Origin
FBS + 1:100 Pemcillin Streptomycin (Pen Strep) with agitation. Process parameters were set
to pH 7.23, 37.0°C, 55% dissolved oxygen (DO) and hinear speed of 2cro/s. 24 hours’ post
seeding, recirculation with DMEM growth media (0.188mL/cm’) was turned on to a
recirculation speed (12.5mL/min).  Daily samples taken for offline pH, metabolites, and
nutrients were tead using a Nova BioFlex. On day four {12,000 cells/em?), 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-2003 for total

nuclet o monitor culture growth.

Transfection

Day four (12,000 cells/cnt®) and day five (8,000 cells/cm®) post cell inoculation, recirculation
was stopped, and cells in each bioreactor were transfected with plasmid DNA and
Polvethylenimine (PEl}. DNA and PEI were mixed in a 1:1 mg/mg ratio. Plasmid DNAs were
transfected in a 1:1.5:2 mass ratio with pSMN plasmid, pAAV2/9 plasmid and pHELP plasmmd
were added to DMEM -/~ media; high glucose, -CaClz, - L-ghutamine and 0.2 pM filtered and
mixed by inversion. PEI was added to DMEM -/~ media and nuxed by inversion. PEI 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 to
transfect two bioreactors for each of the four conditions. DNA/PE! complex was added to each
bioreactor and incubated at process parameters for two hours. Two hours post transfection

recirculation foop 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 mi/em?) and recirculated for 24 hours at
85



o

10

15

20

25

WO 2019/094253

PCT/US2018/058744

process parameters. 48 hours post transfection all media removed from recirculation only and
replaced with OptiMEM + 1:100 Pen Strep {12 mL/muin) and recirculated 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 (50 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 inversion. The
bioreactors were washed with bioreactor rinse buffer (500 mM NaCl, 1% w/v Sucrose, 20 mM
Tris Base, 1% v/v Tween 20, 1 mM MgClh.6H:0) for about 15 mins at process parameters.
The bioreactors were drained and bioreactor rinse buffer was pooled with crude bulk harvest,

mixed by inversion and sampled for ddPCR assay.

Depth Filtration and Tangential Flow Filtration

On day eight (12,000 cells/cm?) and day nine (control 8,000 celis/cm?), post cell inoculation
bioreactors 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 cat’® polish filier (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 Ultrafiftration Module PLCMK C 0.1m? filter (EMD Millipore). At least 6
diavolumes was used to diafiltrate the final product. Post TFF1 filtration samples were obtained

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

Plasmids were used to produce DS in bioreactors. Data represent each condition in duplicate,

corresponding bioreactor number and condition shown 1n Table 14,

Table 14: Biorcactor murnbers and corresponding conditions.
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221,222 12,0600 4 20 8
223, 224% 8,000 5 20 9
225,226 8,000 5 60 9
227,228 8,000 5 120 9

Cell Growth: Cells were counted on the day of seeding (Day (), and nuclei were counted at
day 4 (12,000 cells/cm?), day 5 (8,000 cells/cmn®) and day 9 post-seeding. Data indicates that
cells in all reactors grew exponentially between day 0 and day 5. Afier transfection, day 9
nuclet 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 S and day
9. The increase in growth in bioreactor 221 may be an artifact based on uneven distribution of
cells on individual fibers used for total nucler counts. It is possible that cells in all bioreactors

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

pH, Nutrients and Metabelites: Glucose consumption trended the same in all bioreactor
cultures, suggesting that despite the increase m bioreactor 221 growth curve, cells consumed
glucose at similar rates. pH for bioreactors seeded at 12,600 cells/cm” averaged 7.06 and 8,000
cells/cmy? averaged 7.18 for {irst three days. pH declined slightly with increased nufrient
metabolism, and increased by day 9 concurrent with rise in aromonium ion levels. Lactate
increased until day 3 (bioreactors 221, 223, 224, 225, 227} and day & (bioreactors 222, 226,
2283 then leveled off toward the end of production, suggesting uttlization of lactate as an energy

source at this stage.

Production Titers

Viral genomes from harvesi material were measured by digital droplet (ddPCR}. Titers were
about 1.5-fold higher in bioreactors seeded at 12,000 cells/cn?® with an average titer measure
of 6. 37E+10vg/mL (n=2) vs control bioreactors seeded at 8,000 cells/cmy” with an average titer
measure of 433E+10vg/mL (n=2). Titer data suggests that seeding at a higher density,
transfecting and harvesting one day early supports higher DS production vields. Titer yield for
DNA/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 tifer measured was 1.6-fold decrease
2.67E10vg/mL. n=2) compared to the control in which DNA/PEI ncubated for 20 ming

{(4.33E10vg/ml 0=2). Data suggests that longer incubation time Jeads to decrease titer. This

W
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may be due to DNA and PEI forming large complexes that are unable to efficiently transfect
HEK293 cells. Virus production per mL and surface area values are given in Figure 10, as

compared to production n a known process as a positive control.

The viral titer measured at each step of the clarification and concentration steps are shown in
Figure 11. The residual host cell protein at each step during the TFF1 step is shown in Figures

12A-B.

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

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

evaluated and each seeding density were in duplicate in a bioreactor.

Cell Scale Up

HEK 293 cells were thawed and resuspended in DMEM supplemented with 10% FBS. Cells
were centrifuged at 209 x g, 3 min, in 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 T175em? 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 (-CaCly, -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.

Cell Inoculation and Monitoring

Bioreactors were inoculated with HEK. 293 cells at four target densities, each m duplicate:
8.000 cells/cm?®, ©.350 cells/em?®, 10.700 cells/cny® and 12,050 cells/em? in 700 ml growth
media (high ghicose DMEM + 10% Australian Origin FBS + 1:100 Pen Strep) with agitation.
Process parameters were sel fo pH 7.23, 37.0°C, 55% dissolved oxygen (DO} and linear speed
of 2 cm/s. 24 hours post seeding, recirculation with DMEM growth media (total volume now
(.188 ml./cm2} was turned on fo a recirculation speed (12.5 mL/min}. Daily samples were

taken for offline pH, metabolites, and nutrients were read using a Nova BioProfile 400. On day

8
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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 B100 solution (ChemoMeilec) and counied (NucleoCounier NC-200} for total nuclet to

monitor culture growth,

Transfection

Day five post cell inoculation, recirculation was stopped, and the media inside each bioreactor
chamber (not recirculation bottle) was replaced with 600 ml DMEM -/- medium (high glucose,
-CaCl2, - Lghitaming). Each reactor was transfected with plasmid DNA and Polyethyleniming
{(PEIpro)in a I:1 mass ratio. Plasmud DNAs were nuxed 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 PEI and DNA mixtures were combined, mixed by fnversion and
incubated at room terperature for 20 minutes. Each 600 ml PEI/DNA complex mixture was
used to transfect two Bioreactors, repeated for each corresponding seeding density. PEVDNA
complex was added to each bioreactor and incubated at process parameters for two hours. The

recirculation Joop was turned back on two hours post transfection (12.5 mL/min).

Post Transfection Media Exchange

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

with fresh OptiMEM and recirculated at process parameters (12 mL/min).

Harvest

Day nine post cell moculation, Benzonase (100 U/mL) was added, chased with Lysis Buffer
(50 woM HEPES, 1% Tween 20), and mcubated for two hours at process parameters,
Bioreactors were drained and Sucrose Salt Solution (500mM NaCl, 19 w/v Sucrose) added,
mixed by inversion. Bioreactor washed with bioreactor rinse buffer (500 mM NaCl, 1% w/v
Sucrose, 20 mM Tris Base, 1% v/v Tween 20, 1 mM MgCla 6H20) for 15 mins at process
parameters. Bioreactors drained and bioreactor ninse buffer pooled with crude bulk harvest,

mixed by nversion and saropled for ddPCR assay.
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Plasmuds were used to produce Drug Substance in Bioreactors. Reactors were seeded at varyving
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 Number

8 000 cells/em? 221,222
9,350 cells/cm? 223, 224
10,700 cells/cn? 225,226
12,050 cells/cm? 227,228

Cell Grewth: Cells were counted on the day of seeding (Day 0}, and nuclei were counted at
day 5 and 9 posi-seeding. Data indicate that cells in all reactors grew exponentially between
day 0 and dav 5. Despite differences in starting seeding densities, nuclet counts do not indicate
major differences in cell numbers between groups at day 5. After transfection, day 9 nuclei
count suggest that {ive of the reactors {221, 224, 225, 226, 228) doubled in total nuclet from
day 3 to day 9. Two reactors (222, 223) increased 1.4-fold in total nucler, as showninFig. 14A.
Reactor 227 increased 3.8-fold in total nuclet from dav § 1o day 9. This difference may be an
artifact based on uneven distribution of cells between individual fibers used for counts. It 1s
possible that cells in all reactors grew similarly based on metabolite data shown in Figures

14B-E.

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

starting seeding densities is mimumal, <1.2-fold difference.

Production 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 cells/on?,

averaging 3.99E+10 = 2.1E+09 vg/mL (n=2} and 3.70E+10 = 74E+09 vg/mL (n=2),
100
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respectively. For an unidentifiable reason, reactors seeded at 9,350 cells/cm2 exhibited an
average titer measure of 5.02E+08 v/l (n=2), approximately 2 logs lower than average titers
of reactors seeded at Hanking densities. This difference 15 likely a result of an umdentified
operational error during transfection or harvest rather than lack of productivity at this seading
density. Replicate reactors seeded at 12,050 cells/cn?® demonsirated a twolold difference
between each other, with one reactor in range observed for lower seeding densities, 3.2E+10
vg/ mi, while the second produced a titer of only 1.4E+10 vg/ ml. Virus production per mL and

surface area values are given in Figure 15A.

Seeding denstty and production of DS were evaluated, as shown in Fig. 15B. HEK 293 cells
seeded in the range of 8E+03 to 10E+03 cells/cm® showed consistent growth profiles, pH,
glucose consumption, lactate and ammonia generation. Additionally, comparable titers were
produced suggesting slightly higher seeding density does not negatively impact production. In
contrast, reactors seeded at the higher density of 12x10° cells/cm’ exhibited more variability
between duplicates, including lower average titer compared to other conditions, suggesting the
approached used in this experiment may not be optimal for production. These results support
seeding cells at a density ranging between 8x10° and Ix10* cells/em? for bioreactor

experiments.

Example 9: Comparability Assessment

The comparability between AVXS-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
objective with a secondary objective 1o assess manufacturing consistency using Process B by
comparing drug product Lots 600156 and 600307 Figure 16 represents the Phase 1 (Process
Ay 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
NCHAAVOSMNO613 manufactured at Natonwide 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
inchuded a direct comparison of resulting gquality attributes from the Phase 1 clinical drug
product Lot NCHAAVISMNO0613 using Process A and AVXS-101 drug product Lot 600156
using Process B. In addition, the release testing results of Lot 600136 with Lot 600307 were

evaluated holistically for scale-up process reproducibility and consistency.

Table 16: AVXS-101 Drug Product te 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 NCHAAVISMNG613 10DECI3 Process A < -60°C

Phase 3 Study AVXS-101 Lot 600136 | 6TNOV1T7 Process B < -60°C

AVXSE-101 Lot 600307 | G4DECL7 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 1o be comparable and the Process B materials
were assessed to be consistent. Process B materials were also determined to have additional

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

pH

pH analvsis was performed on Lot NCHAAVOSMNO613 (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 consisient.

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 AAVOSMNO0613 had a lower vector concentration than the Process B lots. As
a result, Lot NCH AAVISMNG6E3 was more dilute leading to a more clear and colorless
solution while the colorless to white and slightly opaque observations for Process B lots resulis

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

Considering 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 NCHAAV9SMNO613 (Process
A), Lot 600136 (Process B} and Lot 600307 (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 NCHAAV9SMNO613
(Process A), Lot 600156 (Process B} and Lot 600307 (Process B). The results from both
processes were well below the recommended limits in the USP monograph for 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

Genomic titer by ddPCR was performed on Lot NCHAAVISMNO613 (Process A), Lot 600136
{(Process B) and Lot 600307 (Process B). Genomic titer for AVXS-101 lots was expectad to
fluctuate based on target concentrations in manufacturing. Genomic titer produced by Process
B (3.7 x 10Y vg/mi. and 4.0 x 105 vg/ml) was at least 3 fold higher than that from Process A
{1.1x 10" vg/mL), hence Process B was a better method for large-scale manufacture of AVXS-
101.

Infections Titer
Infectious titer by TCIDse was performed on Lot NCHAAVISMNO613 (Process A), Lot

600136 (Procass B) and Lot 600307 {Process B). Process B (1.3 x 10! I/miL and 6.7 x 10°
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[U/ml) produced on average 66% higher infectious titer than Process A (5.9 x 101 IU/mL),

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

Total Protein

Total Protemn by mucro BCA was performed on Lot NCHAAVISMNOG13 (Process A}, Lot
600136 (Process B) and Lot 600307 {(Process B). Normalized to 1.0 x 10" yvg/mL, the resulis
from both processes ranged from 167-179 ug/mb. The normalized total protein values
demonstrated that the Process A and Process B materials were comparable and that the Process

B materials were consistent.

In vive Relative Potency

Lot NCHAAVIOSMMNOG]3 was used as a reference material for the assay. Based on the
reference standard curve, each potency result obtained for Lot 600156 and Lot 600307 was 97%
and 26% 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 NCHAAVISMNO613 (Process A), Lot 600156
(Process B) 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 materials and 1t was also assessed that the Process B materials were consistent.

Yo Empty Capsid by AUC

% Empty Capsid by AUC was performed on Lot NCHAAVISMNOGI3 (Process A}, Lot
600136 {Process B) and Lot 600307 (Process B). The result for Lot NCHAAVOSMNO613
(Process A) was 7%. The results for Lots 600156 and 600307 {Process B) were 2% and 4%
respectively. Process B (2% and 496) produced about two-fold less erapty 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 NCHAAVISMNO613 (Process A),

Lot 600156 (Process BY and Lot 600307 (Process B) The % Total Purity from both processes

were = 98% and the bandmg patterns as well as the apparent molecular weight for each of the
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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.

Residual Host Cell Protein

Residual Host Cell Protein by ELISA was performed on Lot NCHAAVISMNOG13 (Process
Ay, Lot 600136 (Process B) and Lot 600307 (Process B). The results for all lots tested were
<LO( (8 ng/ml) for the assay. These results 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 NCHAAVISMNO613 (Process A), Lot 600156 (Process
B) and Lot 600307 (Process B). The results for all lots tested were <LOQ (0.50 ng/ol} for the
assay. These results demonsirate that the Process A and Process B materials are comparable

and that the Process B materials are consistent.

Residual Benzonase

Residual Benzonase by ELISA was performed on Lot NCHAAVISMNO0613 (Process A}, Lot
600156 (Process B} and Lot 600307 (Process B). The results for all fots tested were <LOQ
(0.20 ng/mb) for the assay. These results demonstrate that the Process A and Process B

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

Residual Host Cell BNA

Residual Host Cell DNA by ¢PCR was performed on Lot NCHAAVOSMNOG13 (Process A),
Lot 660156 (Process B} and Lot 600307 (Process B}, Mormalized to 1.0x10" vg/mL, the result
for Process A was 3.7 x 1¢° pg/mL while the resulis for Process B were .76 x 10°pg/mL and
0.68 x 10° pg/mlL, respectively. Hence, Process B produced viral vectors with significantly
lower residual heDNA, which mav be advantageous, e.g., for large-scale manufacture of TAAV,

eg., AVXS-101.

Statistical Analysis
Statistical analysis was performed on the quantitative quality atiributes. Comparisons were
performed pair-wise between the Process A Lot (NCHAAVISMNOG613) and each Process B

Lot (600156 and GO0307) as listed below. These results are shown in Figures 18 and 19,
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These studies show that Process B is a superior method of producing viral vectors. Process B
congistently produced a larger quantity of viral vectors (as measured by genomic titer and

infectious titer) with few mmpurities (lower residual heDNA)Y with fewer empty capsids.

Next Generation Sequencing

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 AVXE-101 drug product Phase 3 material from Process B. Alignment of the sequence
dataset against the Sponsor provided reference sequence (pscSMN) revealed complete (100%)
breadth and sufficient depth of coverage across the full length of the genome to enable variant
detection. A total of four minor variant positions were noted, however these appear to represent
sequencing ervors within difficult to sequence regions {e.g., the inverted terminal repeats (ITRs)
of AAVs which are notoriously difficult {o sequence owing to their high GC content and

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

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

Tetal # | Refere | Refere | Total# | %of Average | Consen | %o %Simla | Total #

of nee nee of Populati | Depthof | sus Refere | nty to of
Length | Mapped | on Coverag | Length | nce Rcferene | Unmap

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

ce ed by e Low
Used Mappin ()liglgi}'
for g l?osmon
S

Mappin

4
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Phase 1 Lot NCHAAVSSMNO613 Stability Profile
Lot NCHAAVOSMMNOG13 was stored for 12 months at <-60°C. At cach timne point, the lot was

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

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

assessment was performed wsing Phase 1 clinical drug product Lot NCHAAVOSMNO613

manufactured at Natioowide Children’s and AVXS-101 drug product Lot 600136

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

B Lots 600156 and 600307. For both the comparability assessment {Process A vs Process B)
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and mamifacturing consistency {Process B Lots 600156 vs 600307), the study evaluated the
identity, quality, purity, and potency of AVXS-101 clinical trial matenal using the newly
improved process and analvtical methods to enable a robust assessment of comparability and

manufactiring consistency.

Statistical analysis was perforied on the quantitative quality attributes. Comparisons were
performed pair-wise between the Process A Lot NCHAAVISMNO613 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 to 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 pum size, 50% fewer subvisible particles more than 25 pm size, 1060%
fewer empty capsids and 11% less residual heDNA. Al results were consistent relative to the

Test Linut for each quality atiribute,

Furthermore, to establish manufacturing consistency using Process B, pair-wise comparison
was performed using Lots 600136 and 600307 The resull from this initial pair-wise
comparison between Process B Lot 600156 and 600307 exhibit consistency in manufacturing.

All results were also consistent relative to the Test Limit for each quality attribute.

Based on the results evaluation, the resulting quality attributes from the Phase 1 clinical drug
product Lot NCHAAV9SMMNO613 using Process A and AVXS-101 drug product Lot 6001356
using Process B demonstrated that Process B yields higher amounts of viral vecior and
improved purity, which may be advaniageous, e.g., for large-scale manufacture of rAAV.
Additionally, the two lots of material generated from Process B (Lots 600156 and 600307}

were found 1o be reproducible further exhibiting manufacturing consistency.

Example 10: Apalytical 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 (analyred
in duplicate) for the NCHAAVO9SMNO613, 600156, and 600307 are shown i Figure 21, Figure

22, and Figure 23, respectively.

The AUC analvsis of each material exhibits similar sedimentation coefficients for the empty
and the full capsids with the Phase-1 material (Process A, Lot NCHAAVISMNO613) showing
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elevated empty capsid content (7%) when compared to the Phase-3 material (Process B, Lots
600156 and 600307) with empty capsid contents of 2% and 4% respectively. This is due to 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 ultracentrifugation mamufacturing step emploved by Process A

AVXS-101 production lots using the clinical and comumercial presentation consistently exhibit
three visible bands of capsids when subjected to the CsCl gradient purification process using
ultracentrifugation, both in the Phase-1 clinical trial material produced at Nationwide
Children’s Hospital (NCHAAVOSMNG613) and in each subsequent production lots by AveXis.
Based on the AUC profiles for the Phase 1 clinical drug product Lot NCHAAV9SMNO613
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 matenial generated

from Process B (Lots 6001536 and 600307) were assessed to be consistent,

Example 11 - Upstream Process

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

flow filtration, and {f} freezing 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 1s DMEM with 10% FBS, 4.5 g/L glucose, 4 mM L-
glutanune. In one embodiment, the adherent cells are grown in {lasks mitially and then

transferred into an #CELLis 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, pAAVZ/9, and
pHELP. The DMEM growth medium used for cell expansion is replaced with a modified
DMEM transfection media. The DMEM transfection media contaimed no FBS, no calcium, no

L-glutarmine and 4.5 g/L glucose. The scAAVO.CB.SMN vector was produced using triple
108



o

10

15

20

25

30

WO 2019/094253 PCT/US2018/058744

DNA plasmud transfection into adherent HEK293 cells using a PEI co-precipitation in a large
scale adherent cell bioreactor. The vector plasmid pSMN contains the ¢DNA for the human
SMN. The 3 plasmids utilized for this ransfection are; pSMN (222 mg). pAAVZ/Y (333 mg),
and pHELP {444 mg). The transfection medium was allowed to equilibrate in the bioreactor
wunttl the bioreactor temperature is >30°C prior to the addition of the PEI-Plasmid co-
precipitation. The PEI-Plasmud co-precipitation process involved the addition of the plasnuds
to the transfection media and 0.2 y filiration into a reaction bag. The PE] was added to
transfection medium and then to the reaction bag. The PET -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-Plasmud co-precipitation was added to the bioreactor.
The PEI-Plasmid co-precipitation was allowed to mix in the bioreactor for 1-2 hours prior to
restarting the recircuiation. 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 ID NO: 1) has in sequence an AAV2
ITR, the chickenB-actin promoter with a cytomegalovirus enhancer, an SV40 intron, the SMN
coding DNA set out in (GenBank Accession Number NM_000344.2), a polvadenylation signal
sequence from bovine growth hormone and another AAV2 TTR. Conservative nucleotide
substitutions of SMN DNA are also contemplated (e.g., a guanine to adenine change at position
623 of GenBank Accession Number NM 000344.2). The genome lacks AAV rep and cap
DNA, that is. there is no AAV rep or cap DNA between the ITRs of the genome. SMN
polypeptides contemplated include, but are not limited to, the human SMNT1 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 insert is shown as nucleotides 980-3336 of SEQ ID 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 liters of fresh OptiMEM post transfection
media. The biorsactor was re-filled with 64 liters and recirculation in the hioreactor re-started.
On day 7, 18 - 24 hours post the media change on day 6, the OpttMEM post transfection media
in 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 untif harvest

at day 9.
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After 9 days in the bioreactor, the final pre-harvest samples were taken from the reactor and
the cell lvsis process was mitiated. Benzonase was added to the bioreactor to a final
concentration of 100 U/mlL. After the Benzonase was allowed to mix in the reactor, 7.1 liters
of lysis solution was added to the reactor. The lysis solution was mixed in the reactor for 2
howrs prior to the first harvest step. At the end of the 2 hour lysis, the contents of the bioreactor
were transferred to the harvest bag. 8.9 liters of salt sucrose solution (S88) was added to the
harvest bag and mixed for 15 minutes. The SS8 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 bioreactor and mixed for 15 minutes. The
rinse was then transferred to the conumon harvest collection bag. Once the rinse had been
added to the collection bag, the contents were mixed for 15 minutes and the bulk harvest
samples taken.

The mixed bulk harvest was filtered through the depth filter into a coliection bag. Once all
bulk harvest had been filtered, the depth filter was chased with 50 liters of TFF1 diafiltration
buffer. The depth filter pool was mixed and sampled. The depth filter pool was then filtered
through a 0.45 ywm filter to further clarify the bulk harvest material. The 0.45 pm filter is then

chased with 6 liters of TFF1 buffer.

For the TFFI 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 operation was designed to reduce the volume of the clarified harvest
approximately 10x. Once the target retentate volume was reached, diafiltration operation arg
started. The retentate was diafiltered with 6 diavolumes of TFF1 buffer. Once 6 diavolumes
of permeate total flow were achieved, the retentate was concentrated again and harvested into
a coliection bag. Two successive rinses of the membrane were executed to maxinuze the
product recovery from the TFF system to produce an intermediate drug substance. The TFFI
ntermediate was aliquoted into | or 2 liter sterile PETG boitles in a LFH hood and then frozen

on diy ice or in a freezer and transferred o -60°C storage.

Table 18: Buffers used in Upstream Process

Nane Formulation : ' Process Stepls) Used
Cell Expansion | DMEM with 10% FBS, 4.5 g/l | Cell expansion, iCELLis Bioreactor
Growth Media glucose, 4 mM L-glutamine pre-transfection
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Transfection DMEM with no FBS, no calcium, | iCELL is Bioreactor transfection
Media no L-glitamine and 4.5 2/1 glucose
Post OptiMEM  with 23 ol glucose, | iCELLis Bioreactor post
Transfection 4 mM L-glutamine, and no FBS transfection
Media
Lysis Buffer 500 mM HEPES, 10% Tween 20, | iCELLis Bioreactor cell lysig

20 mM MgCh, pH 8.0
Salt Sucrose | 3700 mM NaCl, 10% Sucrose Claritication

Bioreactor Rinse
Buffer

20 mM Tris, 1 mM MgCl, 500 mM
NaCl, 1% Tween 20, 1% Sucrose

iCELLis bioreactor harvest

TFF1 Buffer

20 mM Tris, 1 mM MgCh, 500 mM
Na(l, 1% Sucrose

Clarification, TFF1

TFFL (.5 M NaOH TFF1 membrane samiization
Sanitization
Buffer

Fxample 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 ("TFF37) to produce a filterad
drug substance where the purified AAV particles are suspended i a pharmaceutically
acceptable carrier. Specificaily, the downstream process contained the following
manufacturing sieps subsequent to production of the TFF1 intermediate; thaw and pool TFF1
intermediate, acidification and clarification, cation exchange chromatography (CEX),
tangential Bow filtration (TFF2), CsCl vitraceninifugation for Full/Empty Capsid Separation,
tangential flow filtration (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 mtermediate material was thawed and gently nuxed. Tween 20 was used to promote
flocculation of the bulk of host cell proteins and DNA under acidic pH. The pH of the TFF1
intermediate pool containing 15% Tween 20 was lowered for CEX chromatography (pH 3.3).
The precipitate formed after the pH was lowered, was then removed by filtering the solution

through a depth and 0.45um filters.

Tween 20 (36% Tween 20 solution in 20 mM Tris, 1 mM MgCl, 500 mM NaCl, 1% Sucrose
m/v, pH 8.1} was slowly added to the TFF1 Intermediate solution over 4 hours to achieve a
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final concentration of 20% Tween 20. After overnight incubation at Room Temperature (RT)
the pH of the Tween 20 containing TFF1 Intermediate was lowered by adding approximately
4 g of 1M glvcine pH 2.5 per kg of TFF1 intermediate/Tween spike pool 1o achieve a target
pH of 3.5 £0.1. 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 Butffer A

The cation exchange (CEX) capture chromatography step was used to separate the viral capsids
from protein, DNA and other process imapurities. This step utilized a CIMmultus S03-8000
Advanced Composite Column (Suifonyl) (Pores 2um) chromatography column (8.0 L)
operated using an automated process chromatography system. Buffers and solutions are

described in the following table:

Table 19: Buffers and solutions for one CEX cycle

i | e e P - Vohune (L) forone 8
Solution name “omposition _ Purpose L CEX Cvelo
WEE WEFI Colunmn flushes 200 L
30 mM glycine, 300 mM
Na(l, 1.0 % sucrose, 0.20 % Equilibration, wash
NS 4 Oc < tl > -
CEX A-Buffer | poloxamer 188, . 256 L
elution
pH 3.5+ 0.1 at 20°C
50 mM elvcine, 2.0 M Na(l,
1O % sucrose, 020 % Columm equilibration
1 3 P [¢29%
CEX B-Buffer polosamer 188, . 1 40 L
and elution
pH 3.5+ 0.1 at 20°C
Monolith C , T
“olumin Sanifization, |
Cleaning I M NaOH, 2 M NaCl PO SARIZANON | g6
i CIip
Solution
1 M ammonium I M amwnoniur acetate Restore colurnn pH 40 L
acetaie
pH 90 oM s pH adjustment of
Neutralization CEX product 0.5L
buffer pH 9.1 = 0.1 at 20°C B Procue
Storage solution | 20% Ethanol in WF1 Colurnn storage 40 L
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The CEX colurnn load was determined by the protein content of the clarified, acidified, TFF1
intermediate. The protein load for the CEX column was set at 70% of the maximuim colunm

capacity.

The elution peak was collected manually starting at a sharp rise in 0D280. The QD280 rose
when the conductivity was between 80-85 mS/cm. The approximate volume of CEX eluate
(product) was ~20 liters or 2.5 CVs {columm volurmes). The CEX eluate was collected i two
fractions. The first fraction started at the sharp rise in OD280 and was collected for 1.5 CVs.
The second fraction started immediately after the first fraction and was collected for 1.0 CV.

The two fractions were neutralized to pH 8.0 + 0.30 using pH 9.0 Neutralization Buffer.

The TFF2 step concenirated, removed protein impurities, and exchanged the buffer to an
appropriate buffer for the CsCl ultracentrifugation step. A tangential flow filtration sysiem
was utilized in conjunction with 0.4 m? (two CEX cycles) or 0.2 n¥ {one CEX cycle) 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, diafiltration was started in discontinuous TFF mode (batch
mode). The retentate was diluted 2X and diafiltered with 8 diavolumes of TFF2 Na(Cl
diafiltration buffer and after that with 8 diavolumes of TFF2 (CsCl diafiliration buffer in
discontinuous TFF mode.  Once CsCl diafiltration was complete, the retentale was
concentrated to a prescribed volume that was dependent on the system hold-up volume. Two
successive rinses of the membrane were executed to maximize the product recovery from the

TFF2 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 (a permeate flow rate of 100 mi per 500 mL of retentate 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 TFE2

| Solution Name | Compoesition
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TFF2 Nall Daafiltration Buffer | 20mM Tris, 2roM MgCl2, 150mM NaCl, 0.2%
Poloxamer 188, 1% Sucrose , pI1 8.1+ 0.1 at 20°C
TFF2 (s Diafiltration Buffer | 20mM Tris, 2mM MgCl2, 3 M CsCl, 0.2% Poloxamer
188, pH 8.1+ 0.1 a1 20°C

Ultracentrifugation may be used to remove empty capsids from full capsids by utilizing cesium
chlonde gradient ultracenirifugation. An automated Optima XPN 100 Ulira Centrifuge svstem
or equivalent system equipped with Type 50.2 Ti rotor or equivalent rotor was used for Cs{l
ultracentrifugation step. TFF2 purified filtered material was slowly added in uliracentriluge
tubes along the instde of the tube wall without introducing bubbles into the solution. The filled
tubes were sealed with handheld heat sealer and centrifuged at 302,000 g (30,000 rprm in 50.2
Ti rotor) for 17 howrs at 20°C. After completion of centrifugation step, tubes were removed
from the Ulira Centrifuge and placed in a bicsafetly cabinet. Product coniaining tubes were
mounted on ring stands above a waste container. A Larap 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 10 30
mid. syringe inserted just below band D to maddle of tube. The collected material was
transferred to a sterile 1 L PETG botile. Material from all centrifuge tubes was pooled into a
sterife T L PETG botile to produce the Ultracentnifuge (UC) Pool. The Buffer for the CsCl

ultracentrifugation step 1s histed in the table below:

Table 21: Buffer for CsCl Ultracentrifugation

Solution Name Composition
TFF2 CsCl Diafiltration Buffer | 20mM Tris, 2raM MgCl2, 3 M CsCl, 0.2% Poloxamer
188, pH 8.1+ 0.10

The TFF3 step removed CsCl and concenirated the full vectior using Final Formulation Buffer.
A tangential flow filtration system was utilized i 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 diafiliered with 10
diavolumes of TFF3 Buffer. Once diafiltration was complete, the concentrated retentate was
transferred to a secondary conical tube through a 0.2 pm Pall Supor® EKY Sterilizing-Grade

Filter (Mini Klesnpak) Filter.
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A successive rinse of the membrane was executed to recover vector from the TFF3 system.
TFF3 Buffer was added to the primary comcal tube that previously held the TFF3 retentate.
This material was recirculated through the cellulose membranes. After recirculation, the flush
was transferred to the secondary conical tube through the 0 Zum Pall Supor® EKYV Sterilizing-
Grade Filter (Mint Kleenpak) Filier. The TFF3 concentrate and partial pool was mixed to
achieve a final vecior concentration of > 4.5 X 10" vg/mL of Drug Substance (pooled TFF3

retentate + two rinses).

A successive rinse of the membrane was executed to maximize the product recovery from the
TFF3 system. TFF3 Buffer was added to the primary conical tube that previously held the
TEF3 retentate and initial flush material. This material was recirculated through the cellulose
membranes. The secondary flush is transferred to a secondary conical tube through the 0.2pum
Pall Supor® EKY 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: Buffers for THE3

Solution Name Lomposition : »
TFE3 Buffer 20mM Tris, 1 mM MgCl12, 200 mM NaCl, 0.001% Poloxamer
188, pH 8.0+ 0.1 a1 20°C

The DS was filtered with a Pall Supor® EKV Sterilizing~-Grade Filter (Mim Kleenpak) mto 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 peristaltic pump
and discarding to a waste flush bag. The Drug Substance (DS) was then filtered through the
flushed filter using a penistaltic purop and collected m the 1 L sterile glass bottle. Based on the
targeted concentration of DS at 5x10% vg/mi., TFF3 Buffer was added to the secondary conical
tube which held the DS and passed through the filter 1o prepare dilute drug product ("DP”) to

a target concentration of 3.3x10' 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: Brug Product Unit Operation - Buffer Composition

| Selution Name | Composition
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TFF3 Buffer 20mM Tris, 1 mM MgCl2, 200 mM NaCl, 0.001% Poloxamer
188, pli 8.0+ 0.1

The DP was filled into 5 mL sterile, ready to use, Crystal Zenith {CZ) vials, stoppered with
sterile, ready 1o use, stoppers, and sealed with sterile, ready to use, seals.

Example 13 - Potency Assay

The relative potency of the drug product was measured using a quantitaiive, n vivo assay. The
assay used an established mouse model of SMA disease. Breeding pairs of the SMAA7 mouse
strain {Jackson Laboratories, #005025) are phenotypically normal but ~25% 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 [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 unireated animals with SMA-like phenotype of 16.3 davs {geometric mean; n=3

studies; 10 mice per study).

Biologically active drug product adnumstered by intravenous (1Y) infusion yields an increase
in survival time that is a function of dose (vg/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 Digital polvmerase chain
reaction (ddPCR). Vector was diluted in saline to achieve each of three specified dose levels
that will be administered to mice with the SMA-like phenotype.

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

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

W

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

6. Acceptance lumits on the reference standard Median Survival dose-response curve

A prior batch of vector (hereinafter, Prior Baich) 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 (untreated

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

-Months 3-Months 6-Manths
Replicate I | Replicate 2 Replicate 3 Replicate 1 | Replicate2 | Replicate3 | Replicate §
n=44 n=32 n=38 n=21 n=21 n=ll n=22
15 16 15 15 14 18 16
24 23 25 21 21 21 22
31 9 27 28 29 ND 23
NO* {>103) ND* (>115) 73
ND* {131 . . ND*(»47) | ND*(47) | ND*(37) | ND* b4l

* Not Determined (ND) - Median Survival {days) has nit been reached as of 248UG2017

The data from this study demonsirated that the linear range of the median survival dose-
response curve was 0-7.4 vg/kg, The relative potency of drug product baich 816836 was
established by comparing the hnear regression curve of the Prior Batch reference standard to
that of the drug product baich 816836 linear regression curve. This was accomplished by
using the ratio of the y-intercept and slope of each linear regression line (i.e., Reference
Standard and Test Article). The percent Relative Potency calculation is delineated in equation
(1) below:
%RP = [{y-Intercept/siope of Test Article) + {y-Intercept/slope of Reference Standard}] X 100
(1}
The NCHO0613 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 criteria using the linear
portion of the median survival dose-response curve to determine the relative potency of the
drug product clinical batches, as follows:
e Median survival (days) dose-response curve was generated using 5 dose (vg/kg) levels
e Doses 0, 1.2E+13 and 7.4E+13 were selected for running a linear dose response model.
e Suitability limts for saline {untreated group) were 13 to 17 days median survival.
¢ Suitability limits for the reference standard sample were established as:
o Slope>2.0E-13
o y-Intereept > 16.00 {days)
o vy-Intercept/Slope Ratio > § SE+13
o RZ>07
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The A7 mouse model was used to demonstrate efficacy of SMA therapeutics, including drug
product. With a median survival of 15 days + 2 days, untreated or saline-treated control animals
provide a reliable baseline conirol 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 Titer using Droplet Digital PCR (ddPCR)
which affect survival in the mouse model with a linear correlation when administered dose
{ve/kg} is 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
titer standards. In addition, the TFF Buffer (vehicle) solution 15 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 Doses

Negative Control
Saline 1542

(untreated)
1.50x10M > 40 days Median Survival Positive Control
0 (saling) 1542 Standard-1
1.2x105 22+3 Standard-2
7.5x10% 31+3 Standard-3

Dose Solution Preparations (refer to Table 26 for the dilution scheme example.
Negative Control -~ The 0.9% saline Solition is used as the Negative Control
Positive Control -- The Test Article lot is prepared at a 1.5x10 vg/kg using saline.
Reference Standard Solutions -- The Reference Standard lot 1s prepared in three

concentrations delineated in Table 23 using the saline Solution.

Table 26: Reference Standard and Test Article Dilution Scheme (Example)
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Test Article Preparation -- The test article was diluted using the saline Solution. Dilutions were
calcudated to generate the test doses {vg/kg) delineated in Table 26 per mouse in a total final
volume of 36 pl. Dilutions were made for 10 mice at the time with one extra volume as a
Positive Control targeted to increase minimoum lifespan of treatad mice to 240 days of Median
Survival (days}).

Acceptance limifs on control samples

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

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

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

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

curve plotting Median Survival (days) against the administered dose {(vg/mL}. See Table 27

for the Assay suitability criteria.

Table 27: Assay Suitability Criteria (Reference Standard Linear Dose-Respense Curve)

Reference Standard >20x107 [ >165 >8.5x10" >0.7 100.0

Test Article >2.0x107 =160 >38.0x10" > 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

ratio of y-Intercept to the slope for each lingar regression is calculated.
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Reporting Resulis

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

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

Quantitative 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 conirol reaches
240 days and the Median Survival of 31£3 days for the mouse group representing the upper
standard dose of 7.5x10" vg/kg is reached. The Percent Relative Potency (%RP) for a Test
Article will be calculated using the v-intercept and slope of the linear regression of the Median
Survival (days) dose-response as follows:

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

Example 14- Single-Dose Gene-Replacement Therapy for Spinal Muscular Adrephy: A
Bose Study

Spinal muscular atrophy (SMA) 15 a severe childhood monogenic disease resulting from loss
or dysfunction of the gene encoding survival motor neuron 1 (SMN/). The incidence of this
disease is approximately 1 in 10,000 live births, with a carrier frequency of 1in 54, SMA is
characterized by the degeneration and loss of lower motor neurons, which leads to muscle
atrophv. The disease is divided into four subtypes (1 through 4) on the basis of the age at
onset and milestone achievement. SMA type 1 (SMA1) s the most severe form and maost
common genetic cause of death among infants. There are two forms of SMN; SMN/ 1s the
primary gene responsible for functional production of SMN protein. SMN2 preferentially
excludes exon 7 during splicing and, as a result, produces only a small fraction of functional
SMNN protein as compared with SMN/. Therefore, the SMN2Z copy number modifies the
disease phenotype, and the presence of two copies of SMN2 is associated with SMAT.

Infants with SMN/ tiallelic deletions and two copies of SMN2 have a 97% risk of SMAL

Recent studies of the natural history of SMAL ¢historical cohort) showed that the median age

at symptom onset among infants with the disease was 1.2 months (range, ¢ to 4 months}, and
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the disease was characterized by hyvpotonia, severe weakness from early infancy, and failure
to sit without support. In infants with SMAT who have two copies of SMN2, the median age
at death or the need for noninvasive ventilation for at least 16 hours per day for at least 14
consecutive days {considered equivalent to permanent ventilation) was 10.3 months. Inn one
cohort of affected children, only 25% swrvived without permanent ventilatory support at 13.6
maonths, and 8% survived without this support by 20 months. 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% confidence interval, 6 1o 17). All patients with SMA 1 have a precipitous
decline in respiratory and swallowing functions after birth and ultimately require mechamcal
muiritional support (through a nasogastric or gastrostomy tube} to maintain adequate nuirition
and reduce the respiratory risks assoctated with aspiration. For patients with SMAL 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 INTEND (Children’s Hospital of Philadelphia

Infant Test of Neuromuscular Disorders) scale, which ranges from 0 to 64, with higher scores
indicating betier motor function, a tool that is sensitive to minor changes in motor function,
such as antigravity movements of limbs. In a historical analysis of 34 patients with SMAT1, all
but 1 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. Oue approach has been central nervous system
delivery of nusinersen (Jonis Pharmaceuticals/Biogen}, an antisense oligonucleotide that was
developed to inhibit exon 7 splicing in SMN2. This drug has been shown {o improve
weakness in the murine model of severe SMA and to increase the median life span of affected
mice from 16 days 1o 25 days. In December 2016, nusinersen 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 15 gene therapy. given as a one-time mtravenous
admimstration that delivers a copy of SMN in a self-complementary adeno-associated viral
serotype 3 (scAAVY). (The coding region of this recombimant virus forms an intramolecular
double-stranded DNA for self-complementary ] template } 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 dayvs to 28.5 days
with a low dose (6.7x101 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 barrier and targeting central nervous system neurons
at all regions of the spinal cord, the systemic administration of AAVY-mediated gene therapy
may be advantageous, given that SMN protein is ubtquitously expressed and SMAT affects
multiple systems (e.g., autonomic and enteric nervous systems, cardiovascular system, and
pancreas), along with many cell types {e.g., heart, pancreas, and skeletal muscle}. The selt-
complementary feature of the vector combined with a hybrid cytomegalovirus enhancer—
chicken betaactin promoter enables rapid and sustained expression of SMN. In April 2014, we
initiated a study of gene-replacement therapy 1nvolving mfants with SMA1T who received a
one-time dose of scAAVY with delivery of the human survival motor neuron gene (hSAN},

under control of the chicken beta-actin promoter (scAAVY. CB.hSMN} (AVXS-101).

Methods

Patient and Studv Progedures: For the purposes of the study, all the patients had a genetically

confirmed diagnosis of SMAI1, homozygous SMN/ exon 7 deletions, and two copies of SAMN2.
Patients with the ¢.859G—C disease modifier in exon 7 of SMN2 were exc¢luded. Patients who

were selected had showed onset of disease from birth up to 6 months of age, characterized by
hypotonia as determined by clinical evaluation accompanied by a delay in motor skills, poor
head conirol, round shoulder posture and hypermobility of joints. Patients with active viral
infections (including HIV or serology positive for hepatitis B or C) or concomitant illness that
created unnecessary risks for gene transfer were excluded from the studv. Patients that needed
invasive ventilatory support (tracheotomy with positive pressure} or pulse oximetry <95%

saturation at screening visit were also excluded.

122



10

25

30

WO 2019/094253 PCT/US2018/058744

Patients were enrolled in two cohorts, according to the dose of gene therapy that was
administered. Patients in cohort T 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 {2.0x10M vg
per kilogrant) and were enrolled over the course of one vear. At day 30 post dosing, the IFN-y
ELISpot assay on Patient 1 in cobort 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° PBMUs). Prednisolone was
started ai 2 mg/kg and was maintained for 35 davs uniil T-cell response and serum
transaminases were reduced. As a result, 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, stariing 24 hours before the adminisiration of gene vecior. Treatment
was continued with prednisolone maindained uotil AST and ALT enzymes fell below the
tevel of 120 IU/L and T-cel response fell below 100 SFCs per 16° PBMCs, at which point

the prednisclone would be tapered off based on clinical judgment.

The vector was delivered in normal saline {approximately 10 to 20 mi per kilogramy) 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 nasogasiric
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 gastrostomy tube, and the tubes were not removed during the study.

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

milestone achievements {particularly, sitting unassisted) and CHOP INTEND scores.

The maintenance of scores of more than 40 points 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 critenia; sitting unassisied 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) criteria (“sitting 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-mini (ACTIVE-mini). Compound
muscle action potentials (CMAP) were recorded from surface electrodes at baseline and
every 6 months after infusion. Pathological status of muscles was quantified by Electrical

Impedance Myography (EIM).

Statistical Analysis: Safety analyses were performed in all the patients, who were also

included 1n the primary analvsis of survival (as defined above and in 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 analyzed with the use of a mixed-effects
maodel 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 analyzed in cohort 2. Statistical analyses were performed with the use of SAS

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

Resuits

Patients: Of the 16 patients who were screened, 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 in the low-~dose cohort ¥ 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 to 7.9) in cohort 2 (Table 28).

Table 28: Demographic and Clinical Characteristics of the 15 Patients

Characteristic Cohert 1 (N=3) Cohort 2 (N=12)
Mean age (range) - o 6.3 (3.9-7.2) 3.4 {0.9-7.9
Mean weight (zange) - kg 6.6 (6.0-7.H) 57(36-84)

Sex - no. (%)

Miale WER) 5(42)
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Female ; 2 (67} 7(58)
Race - no. (%)

White 3100 5423
Other 4] 1(8)
Mean age at svplom onset (range) - 1o E7(10-3.03 F.4{0-3.5)
Mean age at genctic diagnosis {range) - days 33 (4-85) 60 (0-1363
Mean score on CHOP INTEND scale (range) 16 (2-27) 28 (12-50)
Paticats with chnical support - no. (%)

Nutsitional 3 {100) 542y
Ventilatory 3 {100) 2N

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, only 8% of the patients in a historical cohort did not require
permanent mechanical ventilation. At 29 months of age, one patient in cohort 1 required
permanent ventilation because of hyvpersalivation. After salivary gland ligation, the

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

Motor Function Assessmenis: All the patients in cohoris 1 and 2 had increased scores from

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 cutolf on August 7, 2017, palients in cohort 1 had a mean increase of 7.7
points from a mean baseline of 16.3 points, and those in cohort 2 had a mean increase of 24.6

points from a mean baseline of 28.2 points.

Motor Milestones in Cohort 2; A total of 11 of 12 patientis in cohort 2 were able to sit

unassisted for at least 5 seconds, 10 for at least 10 seconds, and 9 for at least 30 seconds
{Table 31). 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

nilestones and rarely had achieved the ability to speak.
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Table 29: Event-free Survival and Motor and Gther Milestones among the 12 Patients of
Cohort 2.

Varta | Age | Bvent | Motor Milestones Other Achievements
bie at -free
St | Survi
dy val
Entr
¥
Brin | Contr | Rol | Sits Sits Spea | Swallo | No | No
gs ols Is with Unassisted ks WS NI | Nutritio
Han | Head | Ov | Assista Voo nal
dto er nce Us | Support
Mou ¢
th
nio E I
5 110} 30
se | se | se
C [ C
Paticnt no.
4 5.6 311 + + + +
5 4.2 28.5 + + + + + L+ P+ i+ + + +
6 1.9 26.1 + + + + b ] + + +
7 3. 28.1 + + + + + |+ + + +
g 7. 324 +
9 49 |29 i+ |+ RN U i s n + ¥
i0 09 1253 + + + + + |+ b+ + + +
it 23 238 + + R }
12 26 1239 + + + + + |+ P+ + + +
i3 09 221 + + + + |+ P+ +
14 41 220 + - S + +
15 21 206 e+ + + + [+ P+ ]+ +
Patients with outcome (9a)
This 100 100 92 73 92 92 183175192 92 58 150
Study
Natur 3by NA {0 0 0 0 |0 [0 | NA NA N {8by20
al 20 mo A mo
Histor
¥
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Studie

5

Pulmonary and Nutrizonal Status 1 Cohort 2 Among the 12 patients i 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
recuare enteral feeding, including 1 whe later required placement of a gastrostomy tube afier
gene-replacement therapy, possibly in assoctation 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.

Safety: As of the end of the study, a total of 36 serious adverse events were gbserved in 13
patienis i the two cohoris. Of these events, imvestigators determined that 2 events were
treatment-related grade 4 events on the basis 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 times the upper limit of the normal range for alanine
aminotransferase (ALT) and 14 tirnes the upper hnut for aspariate aminotransterase (AST))
without other iver-function abnormalities (i.e., total and indirect bilirubin and alkaline
phosphatase} and withowt clinical manifestations. As described above, these elevations were
attenuated by prednisolone treatment, which was subsequently administered in the remaining
patients. One patient in cohort 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
AST). Of the 241 nonserious adverse events, 3 were deemed to be treatment related and
consisied of asymptomatic elevations in serum aminotransferase levels in 2 patients (ALT
and ASTE, both less than 10 times the upper it of the normal range), which were resolved
without additional prednisolone ireatment (Table 0. There were no other abnormalities on
Liver-function testing. Of the 15 patienis, 14 had respiratory tllnesses, which in children with

SMAT frequently result in death or the need for tracheostormy.

Table 30: Adverse Events.

Event Cobort 1 (N=3} Cohod 2 (N=12) All Patiends (N=15
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Events Patients Events Patients Events Patients
10. 10. (%) no. 10. (%) no. no. (%o}
Any adverse event | 44 3 (1003 253 {2 (100 297 15 (1003
Any serious adverse | 7 3 (100} 49 10 (83) 56 13 (87)
event
Adverse event 1 1(33) 4 325 5 427

associated with

treatment

Common adverse event

Upper respiratory 3 1(33) 26 10¢83) 29 11(73)
tract infection

Vomitting 0 0 11 8(67) il 8(53)
Constipation 4 1(3%) 9 7{38) 10 8 (53)
Pyrexia 1 1(33) 10 6 (50) i1 FACYS]
Nasal congestion & ¢ 8 6 (50) 8 6 {40y
Gastroesophageal 1 1(33) 6 53 (42) 7 6 {40}
refhux

Enterovirus infection | 1 1(33) 7 4(33) 8 54{33)
Preuronia ¢ &} i1 5(42) 9 5{33)
Rhinovirus infection | 1 133 10 4(33) 11 533
Cough 0 0 9 5(42) 9 5(33)
Ottis media 6 2(67) 3 2417 9 4427
Elevated 1 133 3 3 (25) 4 427
aminotransferase

level

Respiratory fatlure 1 1(33) 5 3 425) ] 427
Parainfluenza virus 1 1(33) 4 3425) 5 427y
mfection

Rash 0 0 5 4433) 5 4027)
Atclectasis G 1] 4 4 (33) 4 427
Viral gastroenteritis | O ¢ 4 4 (33 4 427
Rldnorrhea 0 0 4 3(25) 4 320y
Broachiolitis ¢ i} 3 3(2%) 3 3020
Diarrhea g 0 3 3 (25) 3 320)
Ear Infection 1 1(33) 2 2(17) 3 3020
Injary frora fall G i} 3 325 3 320
Human rhinovims G 0 3 3(25) 3 320)
Streptecoccal { 1 (33 2 27 3 32
pharvagitis
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Respiratory svncytial virus

Preumonia i 133 2 287y 3 3{28)
Broachiolitis i 1 (33) 2 207 3 3020
Viral upper 0 0 3 325 3 320

respiratory tract

infection

A single intravenous infusion of adeno-associated viral vector confaining DNA coding for
SMN in patients with SMA1 resulted in longer survival than in historical cohorts with this
disease. All 15 patients surpassed the previously reported median age of survival without
permanent ventilation of 10.5 months for patients with SMA1 with two SMN2Z copies. All the
patients also surpassed the benchmark of 20 months, at which time only 8% of the patienis
with this disease typically survive without permanent ventilation. 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 function 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 nutritional support (6 of 7 patients) and ventilatory
support (7 of 10 patients) at the Iast follow-up visit. In the two cohorts, the patients had
ncreases in the score on the CHOP INTEND scale from baseline. Within the first month in
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 intact. The clinical findings m our study of early treatment
reflected the direction of those in the preclinical studies. Two patients were able to crawl,
stand, and walk without support after early treatment. Both of these patients had a fammly
history of SMA, which probably contributed fo the early diagnosis. Although all the patients
in the two cohorts in our study have continued to have improvements in motor function, the
preclinical and clinical data suggest a benefit {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 patients; 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 atienuated by prednisolone treatment. One patient did not
pass screening owing o the presence of anti-AAVY antibody, which is consistent with
population studies that suggest a low rate of anti-AAV Y seropositivity among children and
voung adulis and increasing rates of anti-AAV9 seroposiivity among persons older than 40
years of age. However, the presence of antibodies to the virus may be a himitation of AAV

gene-replacement therapy.

This study used a single-group design with a historical eohort as a control, whichis one of a
limited number of options when the natural history of a disease is well characterized and
lethal. In order to enroll a homogeneous sample that was simular to those in published
historical studies, we restricted enrollment to include only symptomatic patients with SMAT1
who had biallelic SMNV/ mutations and two SMN2Z copies and did not enrol patients with the

¢.838G—C genetic modifier in exon 7 of SMN2, since this genetic modifier predicts a nmilder

phenoty pe of the disease. However, this gene replacement therapy need not be limited to

symptomatic patients, or patients 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 SMAT resulted in extended survival,
improved motor function, and increased scores on the CHOP INTEND scale fo 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 studizs. In follow-
ups of up to 2 years, no waning of effect or clinical regression in motor function had been
reported. Several patients had trapsient and asymptomatic elevations in aminotransferase
fevels. Further siudies are necassary to assess the long-term safety and durability of gene-

replacement therapy in patients with SMATL

Example 15 -~ Pharmacokinetics of scAAVO.CB.hSUMN
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Conventional clinical pharmacokinetic studies are not applicable to gene replacement therapy
products. However, scAAVO.CBhSMN vector shedding stadies, which assess the amount of
vector eliminated from the body through fluids and waste, are a measure that may be used in

lien of conventional pharmacokinetic studies for gene replacement therapies.

Vector shedding after infusion with scAAVY.CB hSMN was investigated at nultiple time
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 {or scAAVO.CB hSMN vector shedding analvsis by droplet digital
polymerase chain reaction through the Month 18 visit. All 3 patients analyzed for

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

scAAVO.CBhSMN was detectable i shed samples post-infusion. scAAVY.CBhSMN
concentrations in urine and saliva were 0.1% to 0.01% of initial concentration in the bodv at
day 1 post-infusion, after which concentrations fell below the limit of quantitation. In stool,
levels 10% to 30% of the mnitial concentration in the body were detectable at day |
post-infusion. One patient showed a peak concentration in stool at day 14 post-infusion of
280% of initial 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 CBhSMN was primarily cleared from the body in stool and by day

60 post-mfusion was below the limit of quantitation in stool.

Example 16 - Non-clinical toxicology tests

Arimal Pharmacology: Following infusion of scAAVO.CBhSMN vector 1n a delia 7 SMA
mouse model of disease (SMN A7 mice), body weight increased, righting behavior improved,
survival was significantly extended in a dose-dependent manner and SMA-related cardiac

deficits retumed toward normal compared to untreated SMIN A7 mice.

Anioal Tosicology: Following mntravenous nfusion in the mouse, vector and transgene were
widely distributed with the highest expression generally observed in heart and liver. and
substantial expression i the bram 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. sCAAV9.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 hyperirophy, Kupffer cell
activation, and scattered hepatocellular necrosis. A No Adverse Effect Level (NoAFL} was not
identified for scAAVS.CBhSMN vector-related heart and hiver findings in the mouse, and the
Maximum Tolerated Dose was defined as 1.5 # 10" 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 Afrophy in Pediatric Patients

This trial was a Phase 1 study evaluating safety and efficacy of scAAVO.CB.hSMN vector in
SMA Type | patients genetically tested to confirm bi-allelic SMN/ deletions, 2 copies of
survival motor neuron 2 (SMN2). negative findings for the ¢.859G>C modification in exon 7
and with the onset of clinical symptoms before 6 months of age. scAAVS.CB hSMN vector
was delivered imtravenously 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 101 ve/kg) used in this
study. The reported siudy outcomes reflect Cohort 2 and includes follow-up of all patients out

to 24 mouths following scAAVO.CB.hSMN vector infusion.

Mortalitv and Event-Free Survival

Survival and time-to-event analyses support the efficacy of scAAVO.CB hSMN vector. In
Cohort 2, all 12 patients (100%) were over 24 months of age and event-free, as opposed (o
only 8% of patients in a natural historv study. This indicates a significant and clinically
meaningful increase in overall survival for patients infused with scAAVO.CB hSMN vector
when compared to untreated patients. At 2 vears following infusion, no patient 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 in 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 thewr
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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 support for > 10 seconds, 9 patients {75.0%) were able to sit without
support for > 30 seconds and 2 patients each (16.7%) were able to stand alone, walk with
assistance and walk alone. Cohort 2 patients who are currently enrolled in an ongoing
chservational long-term follow-up of this study have maintaimed their developmental motor

milestones, with some achieving additional rootor nulestones.

Table 31: Patients Who Developed Significant Motor Function Milestones
Based on Independent Central Review at 24 Monihs of Follow-up
Post-Dose (Full Analysis Set)

s¢AAVY.CB.ASMN vector
Cohort 2
(N =12)
n (%)
Rolling (back to side from both sides) 9(75.0)
Hold head erect > 3 seconds, unsupported 11917
Stis with support, non-independent sitting 11917
Sits without support = 5 seconds 11917
Sits without support > 10 seconds 10 (83.3)
Sits without support > 30 seconds 9(75.0)
Stands with assistance 2(16.73
Stands alone 2367
Walks with assistance 2{16.7)
Walks alone 2{16.7)

Pulmonary
Of the 10 patients in Cohort 2 that were not using non-invasive ventilation (NI'V) at baseline,
7 were free of daily NIV use at 24 months of follow-up. Nearly all patients experienced

common childhood respiratory tnesses that, i children with SMA Type 1, typically result in
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tracheostomy or death. All patients survived respiratory hospitalizations without

tracheostomy or the need for permanent ventilation.

Nutritional

Nutritional gains were also cbserved. Tn Cohort 2, seven patients did not receive enieral
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 to feed orally at end of studv; 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 significant motor fumction
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 function improvements were sustained over time in patients infused with
scAAVO.CBhSMN vector. Eleven of twelve (91.7%) Cohort 2 patients achieved a

2 50 CHOP-INTEND score at 24 roonths. Early intervention and dose appear to posttively

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 decline of 10.7 points between the ages of 6 and 12 months were reported amongst

wunireated infants followed as part of a prospective natural hustory.

Example 18 - Measurement of residual hest cell DNA in AAVY viral vectors 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 plate. 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 37-end. While

the probe is intact, the proximity of the quencher to the reporter dye greatly reduces the
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fluorescence emitted by the reporter dye. Cleavage of the probe separates the reporter dve

and quencher, increasing the reporter fluorescence.

Flanking forward and reverse primers, designead to bind 1o a repetitive sequence within the
human genome, were added to the reaction mixture and annealed to the target sequence
present in 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 ¢ycle, the
exonuclease activily of Tag DNA polymerase released the reporter dve from the probe,
freeing the dve 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 amounts of the target sequence were made, and
the result is that more reporter dye was released from the probe and higher fluorescence in
each successive PCR cvcle. The number of amplification cycles required for the fluorescent
signal to reach a pre-determined threshold value 1s measured. This cvcle is 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 plotiing
log10{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 Extractor Kit (Wako, 295-50201). Briefly,
the samples for testing were mixed well and diluted 1000-fold. The diluted samples were split
into four tubes (500 pL each) and 50 puL of water was added to two of the tubes (unspiked
replicates) while 50l of 30,000 pg/mL DNA standard was added to the other two tubes
(spiked control). Protein solubilization was performued by adding 20 pL of Sodium N-Lauroyl
Sarcosinate solution to each tube, voriexing for 5 seconds then centrifuging briefly. Nal
solution contaimung glveogen and Pellet Paint (Novagen, 70748) was prepared such that they
were in a ratio of 2000:5:4 of Nal:Glycogen: Pellet Paint. 500 uL of the Nal mixture was

added to each tube and incubated at 33°C + 1°C for 13 nunutes. The tubes were removed
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from heat, mixed with 900 uL of isopropanol and incubated at room temperature for 15
minutes. The tubes were then centrifuged at 10,000 g for 15 min at 18°C and the supernatant
decanted. The remaining pellet was washed with 800 pl of Wash Solution A, spun and
repelieted two times. Finally, the pellet was washed with 1500 pl. of chilled Isopropanel
Wash Solution containing glvcogen, spun and repelieted. The final pelleted was resuspended

in 500 uL. nuclease-free water.

The gPCR was performed using a resBNA SEQ Human Quantitative Kit (Applied
Biosysterns, A26366). A Reaction Mix was prepared by combining 2x Environmental Master
Mix, 10x Human DNA Assay Mix and Negative control 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 m miplicate. The plate was sealed with optical adhesive film.,
During thermocycling, a melt was first performed at 95°C for 10 man, 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 plotting the CT value vs. guantity of DNA in
log(Ipg/ml.]}). THe data was fit to a straight line given by the following equation:
CTvalue=mxloglO{xj+b

where x = concentration of standard in pg/mL, m is the slope and b is the y-intercept. The
conceniration 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 gPCR was 3.7x10° pg/mL for prior batch of vecior,
0.76x10° pg/mL for AVXS-101 Lot 600156, 0.68x10° pg/mL tor AVXS1-101 Lot 600307
and 1.3x10° pg/mL for AVXS-201 DS,

Example 19 - Measurement of residual host cell protein (HCP) in AAVS viral vectors
by ELISA

Method
The host cell protein (HCP) concentration in AVXS8-101 samples was measured using a

commercial enzyme-linked immunosorbent assay (ELISA) kit. THe Cygnus Technologies

136

PCT/US2018/058744



o

10

15

25

30

WO 2019/094253

Human Embryonic Kidney 293 HCP ELISA Kit s a solid phase two-site enzyme
immunoassay. Tt is based on a direct sandwich technique in which two polyvclonal 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-

conjugaied anti-HCP antibodies m solution.

After the incubation period, the wells were washed to remove any unbound enzyme-
conjugated antibody. A 3,37, §, §'-tetramethvibenziding (TMB) substrate solution was then
added to the wells. The bound peroxidase conmjugate catalvzed a color change reaction in the
substrate. The reaction was stopped by the addition of acid, which gave a colorimetric
endpoint that could be read spectrophotmetrically at 450 nm. The amount of hydrolyzed

substrate was directly proportional to the concentration of HCP present.

The samples to be tested were diluted to meet the range of the method, from 4 ng/mL to 200
ng/ml. Each samople was then diluted 2-fold in SDB (110 pL sample and 110 4L SDB) and
mixed. Spiked controls were also made to check for consistency. In the spiked controls, 110
pL of each sample was mixed with 27.5 plof 200 ng/mL HCP standard and 82,5 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 ul of anti-HEK 293-HRP conjugate. All conditions were plated in
triplicates. The plate was sealed with a sealing tape and shaken at 400-600 rpm for 2 hours at
room iemperature. Afler the incubation, the solutions in the wells were removed by flicking
the plate upside down and blotting with an absorbent 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 to rest upside down for about 20 sec to drain
after the last wash. Finally, 100 ul. of TMB Substrate was added to each 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 Solwtion 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 1n a servi-logarithnuc graph to generate a four-parameter logistic (4PL) fit
curve based on the following equation:

Y=[{A-D)y/Q+HX/CyB)i+D
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where A is the bottom asvmptote, B s the Hill-slope, € 15 the concentration corresponding to
the midpoint absorbance values between the two asymptotes (ng/mL), D is the top asymptote,
X 15 the sample concentration (ng/rol) and Y is the absorbance. The standard curve was then
used to determing 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 wean 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
variation of the corrected absorbance over 3 well replicates was <15%. The HCP final
concentration for each sample was calculated using the equation:

HCP Concenirationsmpte (ng/mi} = Dilution factor x Mean measured HCP concentration

(ng/mL)}.

Resuits

The residual host cell protein measured by ELISA was below the limit of quantification (8
ng/mb} for prior batch of vector, AVXS-101 Lot 600156, AVXS1-101 Lot 600307 and
AVXS-201 DS.

Example 20 - Measurement of residual benzonase in AAVYY viral vectors by ELISA

Methoed

The residual benzonase concentration in the AAV product. e.g, AVXS-101, was measured
using a commercial enzyme-linked immunosorbent assay (ELISA) kit. The Merck Benzonase
Endonuciease ELISA Kit 1 is a solid phase two-site enzyme immunocassay. It is based on a
direct sandwich technique in which two polvclonal antibodies are directed against separate
antigenic determinants of Benzonase. During incubation, the Benzonase in the sample bound
with anti-Benzonase antibodies bound to a microplate well and with peroxidase-conjugated

antti-Benzonase antibodies in solution.

After the incubation period, the wells were washed to remove any unbound enryme-
conjugated antibody. A 3,37,3,5 -tetramethyibenzidine (TMB) subsirate solation was then
added to the wells. The bound peroxidase comjugate catalyzed a color change reaction in the
substrate. The reaction was stopped by the addition of acid, which gave a colorimetric
endpoint that ceould be read spectrophotometrically at 450 nm. The amount of hydrolyzed

substrate 13 directly proportional 1o the concentration of Benzonase present.
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Briefly, samples were diluted 2-fold by combining 175 uL. of sample with 175 ul. of PBST.
in parallel, a benzonase spiked sample control was aiso prepared by combining 175 ub of
sample with 35 uLof 10 ng/mi. Benzonase standard and 140 pul. of PBST. Pre-coated ELISA
strips from the kit were mounted in a strip support and 100 uL of each test mix was loaded
per well. For blanks, 100 gl of PBST was loaded mstead of sample. Each condition was
loaded in triplicate. The plate was sealed and incubated at room temperature for 2 hours + §
munutes 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 inunmunowasher
and incubated for 1 munute, then mverted and tapped onto an absorbent towel. A total of 3
washes were performed before 100 pL of diluted HRP-Conjugated Antibody was added to
each well. The plate was sealed and incubated at room teroperature for | hour & 3 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 minute, then inverted and tapped onto an absorbent towel. A total of 3 washes were
performed before 100 pL of TMB substrate was added to each well. The plate was sealed and
the contents incubated for 13-40 minutes at room temperature without agitation in the dark.
The reaction was stopped by adding 100 pk of 0.2N H2804 Stop Solution to each well. The
absorbance of the plate was measured using a specirophotometer 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
conceniration of the standards 1n a seri-logarithnuc graph to generate a four-pararmeter
logistic (4PL) fit curve based on the following equation:

Y = [(A - DY/ (1(X/CYBY] + D

where A is the bottom asvioptote, B is the Hill-slope, C is the conceniration corresponding to
the midpoint absorbance values between the two asvraptotes (ng/mL}. D is the top asymptote,
X is the sample concentration (ng/mL) and Y is the absorbance. The standard curve was then
used to determine the HCP concentration in the spiked sample control and the unspiked test
samples using SoftMax Pro Software. The test was only accepted if the > of the standard
curve was >0.98, the mean corrected absorbance of the 2.5 ng/mL standard was >1 .0 OD, the
mean corrected absorbance of the 0.10 ng/ml standard was greater than the mean OD of the

PBST blapk, and the cosfficient of vanation of the corrected absorbance over 3 well
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replicates was <15%. The HCP final concentration for each sample was calculated using the
equation:
Benzonase Concentrationsmpte {ng/mb.) = Dilution factor x Mean measured Benzonase

concentration {ng/mL).

Resuits

The residual benzonase concentration measured by ELISA was below the limit of
quantification {0.2 ng/mL) for prior batch of vector, AVXS-101 Lot 600156, AVXS1-101
Lot 660307 and AVXS-201 DS,

Example 21 - Measurement of protein concentration in AAVY viral vectors by Micre

BCA Assay

Method

The amount of proteins i in-process, drug substance and drug product samples, e.g., of AVXS-
101, were measured by micro BCA plate assay, using a 2 mg/mlL 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 detergent-compatible
bicinchouninic acid (BCA) formulation for colorimetric detection and quantitation of iotal
protein. The BCA detects Cu'' which is formed when Cu?' s reduced by protein in an aikaline
environment. A purple-colored reaction product is formed by the chelation of two molecules
of BCA with one cuprous ion (Cu!"), which exhibits a sirong absorbance at 562 nm that is

linear with increasing protein concenirations.

Briefly, standards were prepared by performing serial dilutions of 2 mg/mL BSA in Diluent
(20-fold dilution of the Fornudation Buffer, 200 mM NaCl, 20 mM Tris, 1 mM MgCl2, 0.001%
w/v Pluronic F-68, pH 8.0). The test samples of AVXS-101 were also diluted 20-fold in water
and serial dilutions made in Diluent. The target concentration 1s about 7.5 pg/mb.. The Working
Reagent (WR) was prepared by mixing 25 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 info a 96-well plate, and mixed with 150 pL 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 + 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 in a semi-logarithmic plot and a quadraiic fit was generated. The quadratic fit1s
based on the equation:

Y=A+Bx+(x?

where A. B, C are curve fit parameters, x is the sample concentration in pg/mL and Y is the
absorbance in OD. 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 (1 ug/mL), and the
coefficient of varation 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 Protein Conceniration (pg/ml) = Dilution Factor x Mean measured protein conceniration

(ng/mL).

Results

The total protein concentration measured by Micro BCA was 167 ug/mk per 1.0x105 vg/ml,
for prior batch of vector. 179 ug/mi per 1.0x10 vg/mL for AVXS-101 Lot 600156, 176
ug/mL per 1.0x10% vg/mL for AVXS1-101 Lot 600307, 182 ug/mL per 1.0x10 vg/mL for
AVXS-201 DP and 418 pg/mL per 1.0x10" vg/mL for AVXS-301 DP.

Example 22 - Purity and Release Specifications of AVXS-101, AVXS-201 and AVXS-301

AVXS-101 Drug Substance and AVXS5-101 Drug Product from Exaroples 1 o 4 were tested

for purity. Table 32 and 33 shows the specification and release critenia for these products,

Table 32: Release specification for AVXS-101 Drug Substance

Process-Related Impurity Origin Accepiance Criteria
Host Cell Protein J1CP) Cell Substrate <4 ogper LOEI3vg
Host ccll DNA Ccli Substrate <1.I5E3 pgper LOEI3 vg
Bovine Serun Afbumin (BSA) Cell Culture <0.22 ngper LOEIZvg
Plasmid DNA (pDNA) Cell Culture <6 8ES ppper LOEI3 vg
Polvethyleimine (PEID} Cell Culture Not tested at Release
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Benzonase

Bownstream Processing

<0.09 ng per LOE13 vg

Tween 20

Pownstream Processing

Not fested at Release

Poloxarmer 188

Downsiream Processing

20-80 ppm

Cesium (Cs)

Downstream Processing

< 30 pg/g (ppm)

Ethancl

Bowrnstream Peocessing

Not tesied at 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 fo faint white
<855> solution, free of visible particulates
pH per USP <79(> 7.7-8.3
Psmolality per USP <785> 390-430 mOsnvkg
Sub-visible particies per USP <787> < 600 particles > 25 um per container
<6000 particles > 10 pm per container
Quanlity Genomic Titer by ddPCR 1.7E13 - 2.3E13 vg/ml.
Infections Titer by TagMan TCIDs, 3.9E8 - 84E10 IU per L OEIS3 vg
Total Protein by Micro BCA 100-300 ngper LOEI3 vg
Pluronic F-68 Content by HPLC-ELSD 20-80 ppm
Potency In vive Functionality Test by A7SMA Median Survival representing the 7.5E13 vg/kg
Mouse Model dose is > 24 days
Invitro Relative Potency by Cell-based 70-130%
Assay
{denlity Vector Genore [dentity by ddPCR Confioms
Identity (Profcin) by SDS-PAGE Main Bands of VP{, VP2, VP3 co-migrate with
the AVXS-101 Reference Standard
Identity (Prodein) by Westem Blat Posiiive for AAV capsid protein
Purity % Capsid Disiribution by SV-AUC % Enpty <5%

Y% Peak | +Peak2 >91.9%

Yo Full (Peak 1) 37.4-705%
9-

% Full (Peak 2) 24.9-60.1%

% Total Other Peaks <8%

% Total Purity by SDS-PAGE

%a Total Pudity (VPL, VP2, VP3) 505 (%

% Total Impurities by SDS-PAGE

% Total Tmpurities <5%

No single un-named related impunty > 2.0%

Named related impurities: Report value (%o} to
0.1% (down to LOQ)

- Imp 1A (~71-73 kDa)

- Tmp L {~61-67 kDa)

- Imp 2 (~56-64 kDa)
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- lmp 3 {~48-58 ki3a)
- Imp 4 (~33-38 kDa)
- Tmp 5 {(~30-34 kDa)

Safety

Endotoxin per USP <85>

<6.75 EU/mL

Sterility per USP <71{>

Ne growth

Container Closure Integnty per USP

<1207> Yacun Decay

Pass

AVXS-201 and AVXS-301 can be manulactured and purified using the same process as

described for AVXS-101, eg., as described in Examples 1-4. The specification and release

criteria for batches of each product produced in bioreactors are shown in Table 34 - 36.

Bioburden

<1 CFU/mL

pH

Appearance by Visnal Inspection

Clear, colorless solution

Osmolabity by Freezing Pomd Depression

411 mOsnvkg

Genomic Titer by ddPCR

4.0x10" vg/mL

Vector Genome Identity by ddPCR

Confirms

Vector Identity by SDS-PAGE

Main Bands of VP1, VP2, VP3
co-mrigrate with AVNS-201 control

Purity by SDS-PAGE

98%

Y% Empty Capsid by AUC

8D

Total Impurities by SDS-PAGE

Total % lmpuritics: 2%
% Impurities with MW:
53.2 kDa, <1.0%
36.9 kDa, <1.0%
29.9 kDa, <1.0%

Residual BSA by ELISA

< LOG (<0.50 ng/mL)

Residual Plasmid DNA by gPCR

1.2 x 10 pg/mb per 1.0 x 109 vp/ral.

Residual Host Cell DNA by gPCR

1.3 x 10 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

<LOO (<8 ng/mb)

Table 35; AVXS-201 Drug Product Lot 283-0218-006

Steniity

N¢ Growth

Eundotoxin

0.62 EU/mL per L.Ox10V vg/mL

Feplication Conmpetent AAV

TBD

pH

Appearance by Visnal Inspection

Clear, colodess soluiion with so visible particles

Osmolabity by Freezing Poinl Depression

409 mOsvkg

Sub-visible Particles by Light Chscuration

e 0 particles greater than or equal to 25 poyper
cortainex

&  { particles greater than or equal to 10 pm per
comainet

Genemic Titer by ddPCR

3.6x10" vg/mL

Infections Titer by TCIDs

8.26 x 101 TCIDS0/mL

Total Protein by Micro BCA

182 pg/rel. per 1.0x10% ve/mL

Pluronic by HPLC-ELSD

46 ppm

Vector Genome Identity by ddPCR

Confirms

[dentity by Westermn Biot

Positive for AAV Capsid Protein

Main Band MW
VP 79.0 kDa
VP2 65.0 kI3a
VP3: 577 kDa

Identity by SDS-PAGE

Main Bands of VP1, VP2, VP3
co-niigrate with AVXS-201 control

%Y Empty Capsid by AUC

2%
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% Total Purity by SDS-PAGE

98%

% Total lnpuritics by 3D8-PAGE

Total %6 lmpuritics: 2%

Y% Impurities with MW
52.5 kDa, <1.0%
36.4 kDa, <1.0%
291 kba, <1.0%

Cesiam by ICP-MS

28 pg/g (ppm)

Table 36: Purity of a test batch of AVXS-3081 Brug Product

Sterility

No Growth

Endotoxin

0.09 EU/mL

Replication Competent AAV

pH

Appearance by Visual fnspection

Clear and colosless solation

Osmolality by Freezing Point Depression

408 mQOsnvkg

Sub-visible Pasticles by Light Chscuration

s O particles greater than or equal to 25
{10 per containey

e  (particles greater than or equal 1o 10
m per container

Genomnic Titer by ddPCR

2.5 x 1Y vp/mL

Iafections Titerby TCIDso

5.62 x 10" TCIDsy/mlL

Total Protein by ) )
Micro BCA 8 pg/ml.
Pluronic by HPLC-ELSD 53.2 ppm
Vector Genone Iderntity by ddPCR Confirms

Identity (Protein) by Western Blot

Positive for AAV Capsid Profein

Identity (Protein) by
SES-PAGE

Main Bands of VP1, VP2, VP3
co-rgrate with AVXS-301 control
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Y Erapty Capsid by AUC 3%

% Total Purity by

- 989,
SES-PAGE 8%

Total Impurities: 2%
% Total Impurities by SDS-PAGE Impurities with MW,

- Imip I {~61-67 kDa): 2%

Cesiur by {CP-MS Below LOQ (< 20ug/g (ppm))

The high purity achieved for AVXS-201 and AVXS-301 shows that the methods of producing
and purifying AAV viral vectors as described in this application shows broad applicability

across AAV viral vectors with different payioads.

Having described embodiments with reference to the accompanying drawings, it is to be
undersiood that the disclosure 15 not limited to the precise embodiments, and that various
changes and modifications may be effected therein by those skilied 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 — 8 X 10V vector genomes/mi of parvovirps engineered with a transgene;
(b} tess than 5.0 % empty capsids;
{c) less than 40ng/ml residual host cell protein per 1 X 10 vg/mi;
{(d) less than 1.2 X 10° po/ml residual host cell DNA per 1 X 10 va/mi; and,

(&) at least 80% of the 1 — 8 X 10" vector genomes/ml are functional.

2. The composition of embodiment 1, wherein the amount of residual plasmid DNA comprises

less than 1.7 X 10% pg per | X 105 vg,

3. The composition of embodiment 1, wherein the amount of vector genomes/mil of parvovirus

comprises 1.8~ 2.2 X 10°? vector genomes/ml.
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4. A method for the purification of AAV particles from a2 mammalian host cell culture to form
a frozen intermediate drug substance comprising the steps of:

{a) culturing cells that have been transfected with a recombinant AAY virion;

(b) harvesting the expanded viral particles from the cells after a culture period;

(¢} pwrifying the viral particles via filiration o remove any intact cells or celhdar debris;

{d) subjecting the eluent from step (¢} to tangential flow filiration; and,

(e} freezing the resultant intermediate preparation of purified viral particles.

5. The method of embodiment 4, wherein an endonuclease is used during the harvesting step.

6. The method of embodiment 5, wherein the endonuclease is benzonase.

7. The method of embodiment 4, wherein the punifving step uses depth filiration followed by

filtration through a filter that removes large molecule contaminants and cell debris.

8 The method of embodiment 4, wherein the tangential flow filtration 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 clarification step;

(b} a cation exchange chromaiography step,

(¢) atangential flow filtration step;

{d) a CsCl ultracentrifugation step to remove emply capsids; and,

{e) a tangential flow filtration step.
10. The method of embodiment 9, wherein the acidification and clarification 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 column 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 kDa 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

0.45 micron filter.

14, The method of embodiment 9, wherein the tangential flow filiration step (e} uses

cellulose  membranes with a  molecular  weight cutoff of 300 kDa MW

i5. A method of treating a neurological disease in a patient in need thereof comprising
intravenous or intrathecal delivery of the pharmaceutical composition of any one of
embodiments 1-3, wherein the parvovirus comprises a self-complementary AAV9Y genome, and
wherein the engineered transgene comprises an SMN polyvnucleotide and wherein the disease

is SMA.

16. A method of treating a neurological disease in a patient in need thereof comprising
intrathecal delivery of the pharmaceutical composition of any one of embodiments 1-3 with a
contrast agent, wherein the parvovirus comprises a self-complementary AAV9 genome, and
wherein the engineered transgene comprises an SMN polynucleotide, wherein the disease is

SMA, and wherein the contrast agent is ommipaque 180.

17. The method of any one of embodiments 13-16, wherein the SMA s type H, type Hl or tvpe
IV SMA.

i8. A method of treating a type 1, I, or IV SMA m a patient in need thereof comprising
intrathecal delivery of the pharmacewtical composition of any one of embodiments 1-3 with a
contrast agent, wherein the parvovirus comprises a self-complementary AAV9 genome,
wherein the engineered transgene comprises an SMN polynucleotide, and wherein the contrast

agent is ommipague 180,

19. A method treating type 1 SMA in a patient in need thereof comprising ntravenous 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 wherein the engineered transgene

comprises an SMN polynucleotide.

20. The method of embodiment 19, wherein the patient is 0-9 months old.

21. The method of embodiment 20, wheren 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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CLAIMS

A pharmaceutical composition comprising:
a. between 1 - 8 x 10 AAVY viral vector genomes/mL (vg/mL);
b. less than about 7% empty viral capsids;
¢. less than about 100 ng/mL host cell protein per 1 x 10" vg/mL;
d. less than about 5 x 10° pg/mL residual host cell DNA per I x 10 vg/mL;

and wherein at least about 80% of the I - & x 1013 AAVO viral vector
genomes/rol. are functional.

The composition of claim 1, wherein the AAV9 viral vector comprises a
polynuclectide encoding a survival motor neuron (SMN) protein.

The composition of claim 1, wherein the AAVY viral vector comprises a
polynucleotide encoding a methyl-CpG-binding protein 2 (MECP2) protein.

The composition of claim 1, wherein the AAVY viral vector coroprises a
polynuclectide encoding a short hairpin RNA (shRINA) targeting superoxide
dismutase 1 {(SOD1).

The composition of claim 2, wherein the AAVY viral vector comprises a modified
AAV2ITR, a chicken beta-actin (CB) promoter, a cytomegalovirus {CMV)
immediate/early enhancer, a modified SV40 late 16s intron, a bovine growth hormone
(BGH) polyadenylation signal, and an unmodified AAV2 ITR.

The composition of claim 2 or 5, wherein the polynucleotide encodes the SMN
protein of SEQ 1D NG: 2.

The composition of any one of claims 2, S, or 6, wherein the AAVY viral vector
comprises SEQ ID NO: 1.

The composition of any one of claims 1-7, comprising between 1.7 — 2.3 x 109
AAVY vg/mb.

The composition of any one of claims 1-8, comprising 1.9~ 2.1 x 108 AAVO ve/mL.
The composition of any one of claims 1-9, corprising about 2 x 10 AAV9 vg/mL.

The composition of any one of claims 1-10, comprising less than about 5% empty
capsids.
The composition of any one of claims 1-11, comprising less than about 3% empty
capsids.

The composition of any one of claims 1-12, comprising less than about 1% empty
capsids.
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18

19.

20.

21

23.

25.

26.

28.

29.

The composition of anv one of claims 1-13, comprising or consisting of 1-2 x 10 vg
of the AAVY viral vector.

The composition of any one of claims 1-14, comprising or consisting of 1.1 x 10! vg
of the AAVY viral vecior.

The composition of any one of claims 1-15, consisting of 1.7 x 10" vg of the AAVY
viral vector.

The composition of any one of claims 1-16, wherein the percentage of functional viral
vector genomes is measured using an in virre cellular assay or an in vive animal
model.

An aqueous pharmaceutical formulation comprising: an AAVY viral vector
comprising a polynucleotide encoding a survival motor neuron (SMN) protein, a Tris
buffer, magunesium chloride, sodium chloride, and a poloxamer {e.g., poloxamer 188),
wherein the pharmaceutical composition does not comprise a preservative.

The formulation of claim 18, wherein the AAV9Y viral vector further comprises a
modified AAVZ ITR, a chicken beta-actin (UB) promoter, a cytomegalovirus (CMV)
immediate/early enhancer, a modified SV40 late 16s intron, a Bovine growth
hormone (BGH) polyadenylation signal, and an unmodified AAV2ITR.

The formulation of claim 18 or 19, wherein the polynucleotide encodes the SMN
protein of SEQ ID NG: 2.

The formulation of any one of claims 18-20, wherein the AAV9 viral vector
comprises SEQ ID NO: 1.

The formulation of any one of clairos 18-21, wherein the Tris buffer concentration is
about 10-30 nM, e.g.. about 20 mM.

The formulation of any one of claims 18-22, wherein the pH of the formulation is
about 7.7 to about 8.3, e.g., about pH 8.0 {e.g., as measured by USP <791>).

The formulation of any one of claims 18-23, wherein the magnesium chloride
concentration is about 0.5-1.5 mM, e g, about I mM.

The formulation of any one of claims 18-24, wherein the sodium chloride
concentration is about 100-300 mM, e.g., about 200 mM.

The formulation of any one of claims 18-25, wherein the formulation comprises about
0.005% w/v poloxamer 188,

The formulation of any one of claims 18-26, wherein the formulation has an
osmolality of 390-430 mOsmv/kg {e.g., as measured by USP <785>})

The formulation of any one of claims 18-27, wherein the AAV9 viral vector is in the
composition of any one of claims 1-17.

A method of treating type I spinal muscular atrophy (SMA} in a patient in need
thereof, comprising adninistering the formulation of any of claims 18-28 or the
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34.

52
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36.

4¢.

41

composition of any of claims 2 or 5-17 to the patient by an intrathecal or intravenous
route, wherein the patient:

a. is nine months old or younger;

b. has a body weight of at least about 2.6 kg;

¢. has bi-allelic SA4N7 null mutations or deletions; and
d. has at ieast one functional copy of SMN2.

The method of claim 29, wherein the AAV9 viral vector comprises a modified AAV2
{TR, a chicken beta-actin (CB) promwoter, a cytomegalovirus (CMV) immediate/early
enhancer, a modified SV40 late 165 intron, a Bovine growth hormone (BGH)
polyadenylation signal, and an vrunodified AAV2 ITR.

The method of claim 29 or 30, wherein the polynucleotide encodes the SMN protein
of SEQ ID NO: 2.

The method of any one of claims 29-31, wherein the AAV9 viral vector comprises
SEQIDNO: 1.

The method of any one of claims 29-32, comprising administering the viral vector at a
dose of about 1-2.5x 10" vg/kg.

The method of any oune of claims 29-33, comprising administering the viral vector at a
dose of about 1.1 x 10" vg/kg.

The method of claims 33 or 34, wherein the amount of viral vector genome is
measured using ddPCR.

The method of any one of claims 29-35, wherein the patient has a body weight of no
more than about 8.5 kg,

The method of any one of claims 29-36, wherein the patient does nothave a
¢.859G>C substitution in exon 7 of at feast one copy of the SMN2 gene.

The roethod of any one of claims 29-37, wherein the treatment 1s admmristered to the
patient before the age of 6 months.

The method of any one of claims 29-38, wherein the treatment is administered to the
patient before the onset of one or more SMA symptoms selected from hypotonia,
delay in motor skills, poor head control, round shoulder posture and hy permobility of
joints.

The method of any one of claims 29-39, wherein the patient has anti-AAV9 antibody
titers at or below 1:100 as determined by an ELISA binding immunoassay prior to
administration.

The method of any one of claims 29-40, wherein the patient has anti-AAV9 antibody
titers at or below 1:50 as determined by an ELISA binding immunocassay prior to
adminisiration.
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The method of any one of claims 29-41, wherein the patient has anti-AAV9 titers
above 1:100 as determined bv an ELISA binding immunoassay after admiunistration
and is monitored for about 1 — 8 weeks or until titers decrease to below 1:100.

The method of any one of claims 29-42, wherein the patient has anti-AAV9 titers
above 1:100 as determined by an ELISA binding immunoassay after administration
and is monitored for about 1 — 8 weeks or until titers decrease to below 1:50.

The method of anv one of claims 29-39, wherein the patient has anti-AAV9 titers
above 1:100 as determined by an ELISA binding immunoassay before or after
administration and is switched to formula feeding, e.g., prior to or after
administration.

The method of any oune of claims 29-39, wherein the patient has anti-AAV 9 titers
above 1:50 as determined by an ELISA binding immunoassay before or after
adrmirustration and 1s switched to formula feeding, e.g.. prior to or after
administration.

The method of any one of claims 29-45, wherein the patient has anti-AAV 9 titers
above 1:100 as determined by an ELISA binding immunoassay after administration
and is treated using plasmapheresis.

The method of any one of claims 29-46, wherein the patient has anti-AAV9 titers
above 1:50 as determined by an ELISA binding immunoassay after administration
and is treated using plasmapheresis.

The method of any one of claims 29-47, wherein the patient has platelet counts above
about 67,000 cells/mi prior to administration or above about 100,000 cells/ml, or
above about 150,000, cells/mi.

The method of any one of claims 29-48, wherein the patient has platelet counts below
about 67,000 cells/mi after administration, or below about 100,000 cells/mi, or below
about 150,000, cells/ml, and 1s monitored for about 1-8 weeks or until platelet counts
increase to about 67,000 cells/mli, or above abowut 100,000 cells/ml, or above about
150,000, cells/ml.

The method of any one of claims 29-49, wherein the patient has platelet counts below
about 67,000 cells/ml after administration and 1s treated with a platelet transfusion.

The method of any one of claims 29-30, wherein the patient does not have
thrombocytopenia prior to administration.

The method of any one of claims 29-51, wherein the patient has thrombocytopenia
after administration and is monitored for about 1-8 weeks or until the patient does not
have thrombocytopenia.

The method of any one of claims 29-32, wherein the patient has thrombocytopenia
after administration and is treated with a platelet transfusion.

The method of any one of claims 29-53, wherein the patient has troponin-{ levels less
than about 0.176 ug/mi before adminisiration of the viral vector.
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61.

62.

63.

64.

The method of any one of claims 29-54, wherein the levels of troponin-I in the patient
is monitored after administration of the viral vector.

The method of claim 34 or claim 35, wherein cardiac monitoring is performed after
admuinistration until roponin-1 levels in the patient are less than about 0.176 ug/mi.

The method of any one of claims 29-56, wherein the patient has normal hepatic
function prior to administration.

The method of claim 57, wherein the patient bas hepatic transaminase levels less than
about 8 — 40 U/L prior o administration.

The method of claim 58, wherein the hepatic transaminase is selected from alanine
transarinase {AST), aspartate transanunase (ALT), and a combination thereof

The method of any one of claims 29-59, wherein the patient has bilirebin levels less
than 3.0 mg/dL, creatinine levels less than 1.8 mg/dL, Hgb levels between 8 — 18
o/dL, and/or white blood cell counts of less than about 20000 per mm? prior to
adnunistration.

The method of any one of claims 29-60, wherein the viral vector is administered in a
Tris-buffered saline.

The method of any one of claims 29-61, wherein the viral vector is administered in
about 5-20 mL/kg, about 10-20 ml./kg, or about 5.5-6.3 mL/kg of Tris-buffered

saline.

The method of any one of claims 29-62, wherein the viral vector is infused over about
45 — 75 roinutes.

The method of any one of claims 29-63, wherein the viral vector is infused over about
60 minutes.

The method of claim 63 or claim 64, wherein the infusion comprises a syringe pump.

The method of any one of claims 29-65, wherein the patient is administered an oral
steroid at ieast 24 hours before administering the viral vector.

The method of any one of claims 29-66, wherein the patient is administered an oral
steroid for at least 30 days after administering the viral vector.

The method of claim 67, wherein the oral steroid is administered once daily.
The method of claim 67, wherein the oral steroid is adnunistered twice daily.
The method of any one of claims 66-69, wherein the patient is monitored for elevated
levels of ALT and/or AST after the adnunistration of the viral vector, and wherein the

oral steroid continues to be administered after 30 days until AST and/or ALT levels
are below twice the upper linut of normal or below about 120 fU/L.
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The method of any one of claims 66-70, wherein the patient is administered an oral
sterotd until AST and/or ALT levels are below twice the upper linit of normal or
below about 120 TU/L.

The method of any one of claims 66-70, wherein the oral stercid is adminstered at a
dose of about Img/kg.

The method of any one of claims 66-71, further comprising tapering the oral steroid
adnunistration after AST and ALT are below twice the upper limit of normal or below
about 120 TU/L.

The rethod of clairn 73, wherein the tapering comprises stepped increments to 0.5
mg/ke/day for 2 weeks followed by 0.25 mg/ke/day for 2 more weeks.

The method of any one of claims 66-73, comprising administering the oral steroid for
30 days at a dose of about 1 mg/kg and then tapering down to 0.5 mg/kg/day for 2
weeks followed by 0.25 mg/kg/day for 2 more weeks.

The method of any one of claims 66-75, wherein the oral steroid is prednisolone or an
equivalent.

The method of any one of claims 29-76, comprising administering a rouscle eshancer
or neuroprotector to the patient.

The method of any one of claims 29-77, comprising admunistering an antisense
oligonucleotide targeting SMN 1o the patient.

The method of any one of claims 29-78, comprising administering nusinersen to the
patient.

The method of any one of claims 29-79, comprising administering stamulomab {o the
patient.

The method of any one of claims 29-80, wherein efficacy is determined using the
CHOP-INTEND scale.

A method of treating a pediatric patient with spinal rouscular atrophy (SMA) Type |
with or without disease onset, comprising administering o the patient a composition
or formulation comprising an adeno-~associated virus (AAV) vector according to any
of claims 2 or 5-28.

A method of treating Rett Syndrome in a patient in need thereof, comprising
administering the composition of any one of claims 3 or 8-17 to the patient bv an
mtrathecal or intravenous route.

A method of treating amyotrophic lateral sclerosis (ALS) in a patient in need thereof,
comprising administering the composition of any one of claims 4 or €-17 to the
patient by an intrathecal or infravenous route.

A method of treating a patient suffering from type I SMA, comprising;

a  determining the weight of the patient;

155



10

18

20

WO 2019/094253

86.

87.

91.

PCT/US2018/058744

b obtaining a kit containing vials of an AAVY viral vector pharmaceutical
composition, wherein the kit comprises the following nursber of vials:

55+ 04 8304 Total Vials
Patient Weieht (ko) il vial mi. vial Per Kit
2630 O 2 2
31-35 2 1 3
3.6-40 1 2 3
41-45 0 3 3
4650 2 2 4
51-55 1 3 4
5660 0 4 4
6.1-65 2 3 5
6.6-70 1 4 5
71-73 0 5 3
7.6-80 2 4 6
8185 1 5 6

¢. wherein the viral vector concentration in each vial is about 2.0 x 10" vg/mL;

d. wherein the AAV9 viral vector comprises a polyvnucleotide encoding a SMN

protein; and

¢. administering the AAVY viral vector from the vials to the patient.

The method of claim 85, wherein the AAV9 viral vector comprises a mutated AAV2
ITR, a chicken beta-actin {CB) promwoter, a cytomegalovirus (CMV) immediate/early
enhancer, a modified SV40 late 165 intron, a Bovine growth hormone (BGH}

polyadenylation signal, and an AAVZITR.

The method of claim 85 or 86, wherein the polynucleotide encodes the SMN protein

of SEQ 1D NO: 2.

The method of any one of claims 85-87, wherein the AAV9 viral vector comprises

SEQ ID NO: 1.

The method of any one of claims 83-88, wherein the AAV viral vector 1s administered
by infusion at a dose of about 1.0x10M - 2.5x10" vg/kg,

The method of any one of claims 85-89, wherein the AAV viral vecior is administered

by infusion at a dose of abour 1.1 x10" vg/kg.

The method of claim 89 or claim 90, wherein the viral vector is infused over about 45

— 70 minutes.

The method of any one of claims 89-91, wherein the viral vector is infused over about

60 minutes.
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96.

The method of any one of claims 89-92, wherein the infusion comprises a syringe
pump.

The method of any one of claims 85-93, wherein the amount of viral vector genome is
measured using ddPCR.

The method of any one of claims 85-94, wherein a dose titer of AAV9Y viral vector 1s
measured by ddPCR.

The method of any one of claims 85-95, comprising admanistermg a dose volume of:

Patient Weight Range (kg) Dose Volume (uk)

26-30 16.5

31-35 19.3

3.6-40 22.0

4.1-45 24.8

46-5.0 275

51-55 303

5.6-60 33.0

6.1-65 35.8

6.6-70 385

7.1-75 413

7.6-8.0 44.0

31-85 46.8

97.

98.

99

1040,

101

102.

A kit for treating a patient suffering from type I spinal muscular atrophy (SMA)
comprising vials containing the coraposition of any one of claims 2 or 5-17 or the
formulation of any one of claims 18-28.

A kit comprising vials containing about 5.5 ml or about 8.3 mL of an AAV9 viral
vector comprising a polvnuclestide encoding a survival motor neuwron (SMN) protein,
and formulated at a concentration of about 2.0 x 10° vg/mL in 20 mM Tris, 1 mM
MgCla, 200 mM NaCl, 0.005% w/v Poloxamer 188 at pH 7.7-8.3, e.g., about 8.0.

The kit of claim 98, wherein the AAV9 viral vector comprises a mutated AAV2 ITR,
a chicken beta-actin (CB) promoter, a cytomegalovirus (CMV) immediate/early
enhancer, a modified SV40 late 16s intron, a bovine growth hormone (BGH)
polyadenylation signal, and an AAVZ TR

The kit of claim 98 or claim 99, wherein the polynucleotide encodes the SMN protein
of SEQ IDNO: 2.

The kit of any one of claims 98-100, wherein the AAV9 viral vector comprises SEQ
IDNOG: 1.

The kit of any one of claims 98-101, wherein the amount of viral vector genome is
measured using ddPCR.
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107.
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110.

111

112,

113

114.

116.

A method of treating tvpe I SMA, comprising administering a volume of the
coraposition of any one of clairos 2 or 5-17 or the formulation of any one of claims
18-28 by intravenous infusion 1o a patient in need thereof.

The method of claim 103, wherein the volume is 16.5 mL if the patient has a body
weight of 2.6-3.0 kg.

The method of claim 103, wherein the volume is 19.3 ml if the patient has a body
weight of 3.1-3.5 kg.

The method of claim 103, wherein the volume is 22.0 mL if the patient has a body
weight of 3.6-4.0 kg.

The method of claim 103, wherein the volume is 24.8 mL if the patient has a body
weight of 4.1-4.5 kg

The method of claim 103, wherein the volume is 27.5 il if the patient has a body
weight of 4.6-5.0 kg.

The method of claim 103, wherein the volume is 30.3 mL if the patient has a body
weight of 5.1-5.5 kg.

The method of claim 103, wherein the volume is 33.0 mL if the patient has a body
weight of 5.6-6.0 kg.

The method of claim 103, wherein the volume is 35.8 mL if the patient has a body
weight of 6.1-6.5 kg.

The method of claim 103, wherein the volume is 38.5 mL if the patient has a body
weight of 6.6-7.0 kg.

The method of claim 103, wherein the volume is 41.3 mL if the patient has a body
weight of 7.1-7.5 kg,

The method of claim 103, wherein the volurne is 44.0 mL if the patient has a body
weight of 7.6-8.0 kg.

The method of claim 103, wherein the volume is 46.8 il if the patient has a body
weight of 8.1-8.5 kg.

A method of manufacturing an AAV viral vecior, comprising:

a. culturing adherent cells;
b. transfecting the adherent cells with plasmid(s) to enable production of the

AAV viral vector;

c. lysing the adherent cells to isolate the AAV viral vector;
d. acidifying and clarifying the cell Iysate of (¢);
e purifving the product of {d) using cation exchange chromatography (CEX});
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117

118,

119.

122.

126.

127.

f filtering the product of {e) using tangential flow filtration (TFF);
<. uliracentrifuging the product of (£ in a cesium chioride (CsCl) buffer; and
h. collecting the AAV viral vectors from the product of {g).

The method of claim 116, wherein the AAV is AAVY.
The method of claims 116 or 117, wherein the AAV is self~complementary (scAAV).

The method of any one of claims 116-11¥, wherein the adherent cells are HEK293
cells.

The method of any one of claims 116-119, wherein the adherent cells are selected for
adherence prior fo culturing.

The method of any one of claims 116-120, wherein the selection comprises
subculturing the adherent cells multiple times 1o select for adherence.

The method of any one of claims 116-121, wherein the adherent cells are seeded in a
bioreactor for culturing.

The method of claim 122, wherein the bioreactor is a large-scale bioreactor that can
provide continuous circulation of cell culture media.

The method of claims 122 or 123, wherein the bioreactor is a 200 m’ or a 333 m”
bioreactor.

The method of claims 122 or 123, wherein the bioreactor is a 300 m? bioreactor.
The method of any one of claims 122-125, wherein the adherent cells are added to
media in a recirculation media bag and circulated through the bioreactor, e.g., using a

peristaltic pump.

The method of claim 126, wherein the peristaltic pumping is continucus while the
adherent cells are seeded in a bioreactor for culturing.

The method of any one of claims 122-127, wherein the seeding density is about
R,000-12,000 cells/cm?,

The method of any one of claimas 122-128, wherein the transfection step comprises
adding a transfection medium to the recirculation media bag and circulating the

transfection medium through the bioreactor, e.g., using a peristaltic pump.

The method of any one of claims 126-129, wherein the circulating, €.g., the peristaltic
pumping, occurs between 15 - 25°C.

The method of any one of claims 116-130, wherein the transfecting step comprises
contacting the adherent cell with an adenovirus helper plasmid (pHELP).

The method of any one of claims 116-131, wherein the transfecting step comprises
contacting the adherent cell with a plasmid encoding an AAV rep gene.
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136.

138.

140.

141.

143.

144.

146,

147.

148.

149.

The method of any one of claims 116-132, wherein the transfecting step comprises
contacting the adherent cell with a plasmmd encoding an AAVY cap gene.

The method of any one of claims 116-133, wherein the transfecting step comprises
contacting the adherent cell with a plasmid encoding an AAV yep gene and an AAV
cap gene on the same plasmid (pAAYV).

The method of claim 132 or claim 134, wherein the AAV rep gene is rep2.

The method of claim 133 or 134, wherein the AAY cap gene is ¢cap?,

The method of any one of claims 116-135, wherein the transfecting step comprises
contacting the adherent cell with the transfection agent polyethylenimine (PER.

The method of claim 137, wherein the ratio of PEI {o at least one of the plasmids is
fess than 1:1 by weight,

The method of claim 137, wherein the ratio of PEI to at least one of the plasmuds is
about 1:1 by weight.

The method of any one of claims 116-139, wherein the transfecting step comprises
contacting the adherent cell with a transfection medium that does not contain serum.

The method of any one of claims 116-140, wherein the transfecting step comprises
contacting the adherent cell with a transfection medium that does not contain calcium

The method of any one of claims 116-141, wherein the transfecting step comprises
contacting the adherent cell with a transfection mwedium that does not contain

glutamine.

The method of any one of clairos 116-142, wherein the transfecting step 1s performed
for 10 — 60 minutes.

The method of any one of claims 116-143, wherein the transfecting step is performed
for 10 — 30 munutes.

The method of any one of claims 116-144, wherein the transfecting step is performed
for less than 30 minutes.

The method of any one of clairas 116-145, wherein the transfecting step is performed
for 20 — 30 minuies.

The method of any one of claims 116-146, wherein the transfecting step is performed
for 15 - 30 minutes.

The method of any one of claims 116-147, wherein the lysing step comprises total cell
fysis.

The method of any one of claims 116-148, wherein the lysing step comprises using a
tvsis buffer supplemented with an endonuclease.

The method of claim 149, wherein the endonuclease is benzonase.
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161.

162.

163.
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The method of any one of claims 116-150, wherein the lysing step comprises using a
tysis buffer supplemented with TWEEN.

The method of any one of claims 116-151, wherein the lysing step is performed
between 15 - 25°C.

The roethod of any one of claims 116-152, further comprising freezing the cell lysate
of step (¢} prior to the acidification siep of {d).

A method of purifying an AAV viral vector from a cell culture lysate, coroprising the
steps of!

a. acidifying and clanfying the cell lysate;

b. purifving the product of (a) using cation exchange chromatography (CEX);

c. filtering the product of (b} through a tangential flow filtration;

d. uliracentrifuging the product of (¢} using a 2 — 4 M cesium chloride {CsCl)
buffer;

e collecting the AAYV viral vectors from the product of (d};

f filtering the product of (¢) through a tangential flow filtration.

The method of any one of claims 116-154, wherein the acidification step comprises
acidifying the cell lysate to a pH of abowt 3.0 - 4.0,

The method of any one of claims 116-155, wherein the acidification step comprises
acidifying the cell lvsate 1o a pH of about 3.3 - 3.7,

The method of any one of claims 116-156, wherein the acidification step comprises
acidifying the cell lysate to a pH of about 3.4 - 3.6

The method of any one of claims 116-157, wherein the acidification step comprises
acidifying the cell lvsate to a pH of about 3.5,

The method of any one of claims 116-158, wherein the ultracentrifugation is
performed between 40,000 — 50,000 rpm.

The method of any one of claims 116-1539, wherein the ultracentrifugation is
performed between about 43,000 — 46,000 rpm.

The method of any one of claims 116-160, wherein the ultracentrifugation is
performed between 15 - 25°C.

The method of any one of claims 116-161, wherein the ultracentrifugation is
performed for 16 — 24 hours.

The method of any one of claims 116-162, wherein the ultracentrifugation is
performed for 20 — 24 hours.
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166.

167.

168.

172.

173.

174.

175.

176.

177.

178.

179.

The method of any one of claims 116-168, wherein the CsCl is at a concentration of
about 3 M.

The method of any one of claims 116-164, wherein the cell lysate 1s incubated with
Tween prior to the acidification step.

The rethod of any one of claims 116-165, wherein the cell lysate is incubated with
Tween for about 8 — 20 hours prior o the acidification step.

The method of any one of claims 116-166, wherein the clarification step comprises
filtering the cell lysate through a depth filter.

The method of any one of claims 116-167, wherein the clarification step comprises
filtering the cell lysate through a 0.45 micron filter.

The method of any one of claims 116-168, wherein the CEX comprises a sulfonvi
resin,

The method of any one of ¢laims 116-169, wherein at least one TFF step comprises
using cellulose membranes with a molecular weight cutoff of 300 kDa MW and
reduces the eluate volume of the cation exchange step by at least six-fold.

The method of any one of claims 116-170, wherein at least one TFF step comprises
using cellulose membranes with a molecular weight cutoff of about 300 kDa MW,

The method of any one of claims 116-171, wherein the CsCl buffer comprises about 3
M CsCl.

The method of any one of claims 116-172, wherein the CsCl buffer comprises Tris,
MgCl, and Poloxamer 188.

The method of any one of claims 116-173, wherein the CsCl buffer comprises about
20 mM Tris.

The method of any oune of claims 116-174, wherein the CsCl buffer comprises about 2
mM MgoCl,

The method of any one of claims 116-175, wherein the CsCl buffer comprises
Poloxamer 188, optionally about about 0.2% w/v Poloxamer 188.

The method of any one of claims 116-176, wherein the CsCl buffer is between abowt
pH 7.5-85.

The method of any one of claims 116-177, wherein the CsCl buffer is between about
pH7.9-82.

The method of any one of claims 116-178, wherein the number of empty viral capsid
is tess than 7% of the total viral capsids after collecting the AAV viral vectors from
the ultracentrifuged cell fysate.
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180.

181.

182.

186.

187.

188.

196

191

194

195.

The method of any one of claims 116-179, wherein the number of empty viral capsid
is less than 5% of the total viral capsids after collecting the AAV viral vectors from
the ultracentrifuged cell lysate.

The method of any one of claims 116-200, wherein the number of emipty viral capsid
is less than 3% of the total viral capsids after collecting the AAV viral vectors from
the ultracentrifuged cell lysate.

The method of any one of claims 116-201, wherein the number of empty viral capsid
is less than 1% of the total viral capsids after collecting the AAV viral veciors from
the ultracenirifuged cell ysate.

The method of any one of claims 179-182, wherein the number of empty viral capsid
is measured by AUC.

The method of any one of claims 116-183, wherein the AAV viral vectors are
collected from the ultracentnifuged cell lysate using a syringe.

The method of any one of claims 116-184, wherein the AAV viral vectors collected
after the second TFF step are stored in a solution comprising Tris, MgCly, NaCl, and
Poloxamer 188,

The method of claim 185, wherein the solution comprises about 20 mM Tris.

The method of claim 183 of claim 186, wherein the solution comprises about 1 mM
MgCh.

The method of any one of claims 185-187, wherein the solution comprises about 200
mM NaCl.

The method of any one of claims 185-188, wherein the solution comprises about
0.005% w/v Polosamer 188.

The method of any one of claims 185-189, wherein the solution is between about pH
7.5 -85,

The method of any one of claims 1853-190, wherein the solution 13 between about pH
7783

The method of any one of claims 116-191, wherein the AAV viral vectors collected
after the second TFF contain less than about 30 pg/g or less than about 20 pg/g of
CsClL

The method of any one of claims 116~192, wherein the concentration of AAV viral
vectors collected after the second TFF is greater than or equal to about 3x10% vg/ml.

The method of any one of claims 116-193, wherein host cell proteins and/or host cell
DNA are removed from the cell lvsate using flocculation with a detergent.

The method of any one of claims 116-194, wherein the AAV viral vector comprises a
polvnucleotide encoding a survival motor neuron (SMN) protein.
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200.

201

202.

204.

205.

206,

208.

209.

The method of any one of claims 116-195, wherein the AAV viral vector comprises a
mutated AAV2 ITR, a chucken beta-actin (CB) promoter, a cytomegalovirus {(CMV)
immediate/early enhancer, a modified 8V40 late 16s intron, a Bovine growth
hormone {(BGH) polyadenylation signal, and an AAV2 ITR.

The method of claim 195 or claim 196, wherein the polvnucleotide encodes the SMN
protein of SEQ 1D NO: 2.

The method of anv one of claims 195-196, wherein the AAV viral vector comprises
SEGID NG L

The method of any one of claims 193-198, wherein the plasmid encoding the SMN
protein, the plasmid encoding the pAAVY, and the plasmid encoding the pHELP are
transfected at aratio of 1:1: 1.

The method of any one of claims 116-194, wherein the AAV viral vector comprises a
polynucleotide encoding an MECP2 protein.

The method of any one of claims 116-194, wherein the AAV viral vector comprises a
polynucleotide encoding an shRNA targeting SOD1.

A method of treating a patient having SMA Type 1 by administering an AAVY viral
vector comprising a polynuclestide encoding a SMN protein as prepared according to
the method of any one of claims 116-199.

A method of treating a patient having Rett Syndrome by administering an AAV9 viral
vector comprising a polynucleotide encoding an MECPZ protein as prepared
according to the method of any one of claims 116-194 or 200,

A method of treating a patient having ALS by administering an AAVS viral vector
comprising a polynucleotide encoding an shRNA targeting SOD1 as prepared
according to the method of any one of clairos 116-194 or 201,

An AAV9Y viral vecior comprising a polvnucleotide encoding a SMN protein,
manufactured according to the method of any one of claims 116-199.

A pharmaceutical composition comprising an AAVY viral vecior comprising a
polynucleotide encoding a SMN protein, manufactured according to the method of
any one of claims 116-199.

An aqueous pharmaceutical composition comprising an AAV9 viral vector
comprising a polvmucleotide encoding a SMN protein, a Tris buffer, a magnesium
chloride solution, and a sodium chloride solution, wherein the pharmaceutical
composition does not comprise a preservative, and wherein the composition is
manufactured according to the method of any one of claims 116-199.

An AAVY viral vector comprising a polynucleotide encoding an MECPZ protein,
manufactured according to the roethod of any one of claims 116-194 or 200

A pharmaceutical composition comprising an AAVY viral vector comprising a
polvoucleotide encoding an MECP2 protein, manufactured according to the method
of any one of claims 116-194 or 200
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232,

213

214

215

An AAV9 viral vector comprising a polynucleotide encoding an shRNA targeting
SODY, manufactured according to the method of any one of claims 116-194 or 201.

A pharmaceutical composition comprising an AAV9 viral vector comprising a
polynuclectide encoding an shRNA {argeting SOD1, manufactured according to the
method of any one of claims 116-194 or 201.

A method of treating Type I SMA in a patient in need thereof by intravenously
administering a pharmaceutical composition comprising:

a.

b.

€.

a self-complementary AAVY viral vector comprising a modified AAV2ZITR, a
chicken beta~-actin (CB) promoter, a cytomegalovirus (CMV ) inmnediate/early
enhancer, a modified 5V40 late 16g intron, a bovine growth hormone (BGH)
polyadenyiation signal, and an uomodified AAVZ ITR;

20 mM Tris at pH 8.0;

I mdM MgCl2;

200 M NaCl; and

0.005% Poloxamer 188;

wherein the patient has a body weight of 2.6 kg 10 8.5 kg;

The method of claim 212, wherein the composition does not comprise a preservative,

The method of claim 212 or 213, wheremn the patient:

a.

b

C.

d.

is nine months old or younger;
has a body weight of at least about 2.6 kg;
has bi-allelic SAZNV! null mutaitons or deletions; and

has at ieast one functional copy of SMN2.

A compostition suitable or manufactured for intravenously administering a
pharmaceutical composition comprising:

a.

(e}

@

a self-complementary AAVY viral vector comprising a modified AAVZ ITR, a
chicken beta-actin (CB) promoter, a cytomegalovirus ({CMV) immediate/early
enhancer, a modified SV 40 late 165 intron, a bovine growth hormone (BGH)
polvadenylation signal, and an unmodified AAV2 ITR;

20 oM Tris at pH 8.0;

I mM MeCl2:

200 mM Na(l; and

0.005% Poloxamer 188,
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220.

The composition of claim 215, wherein the composition does not comprise a
preservative.

The method of any one of claims 116-201, wherein the method is performed at
mduosirial scale.

The method of any one of claims 116-201 or 217, wherein the produced vield of AAY
is more than 5 x 101 vg, or more than 8 x 10" vg or more than 1 x 10 vg per
manufacturing batch.

The composition or formilation of any one of claims 1-17, 18-28, 82-84, or 203-211,
wherein the composition or formulation comprises at least one of the following:

a.

b

k.

o

0.

P

less than about 0.09 ng of benronase per 1.0x105 vg,

less than about 30 pg/g (ppm) of cesium,

about 20-80 ppm of Poloxamer 188,

less than about 0.22 ng of BSA per 1.0x105 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%7 vg,

less than about 4 ng of tHCP per 1.0x10" vg,

about pH 7.7-8.3,

about 390-430 mOsm/kg,

less than about 600 particles that are > 25 wm in size per container,
less than about 6000 particles that are > 10 pum in size per container,
about 1.7 x 10 - 2.3 x 10" vg/mL genomic titer,

infectious titer of about 3.9 x 10% - 8.4 x 100 [ per 1.Ox 107 vg,
total protein of about 100-300 ug per 1.0 x 108 vg,

relative potency of about 70-130%, and

less than about 5% empty capsid.

The composition or formulation of any one of claims 1-17, 18-28, 82-84, or 205-211,
wherein the composition or formulation comprises at least one of the following:

a.
b.

C.

about pH 7.7-8.3,
about 390-430 mOsm/kg,
less than about 600 particles that are > 25 um in size per container,
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221,

k

1.

less than about 6000 particles that are > 10 um in size per container,
about 1.7 x 105 - 2.3 < 105 vg/mL genomic titer,

infectious titer of about 3.9 x 108 - 8.4 x 1010 [U per 1.0 x 107 vg,
total protein of about 100-300 ug per 1.0 x 10" vg,

Pluronic F-68 conent of about 20-80 ppm,

relative potency of about 70-130%,

median survial in a delta7?SMN mouse model greater than or equal to 24 davs
at a dose of 7.5 x 10% vg/kg,

less than about 5% empty capsid,

and a total purity of greater than or equal to about 95%, and

m. less than or equal to about 0.75 EU/mL Endotoxin.

The composition or formulation of any one of claims 1-17, 18-28, 82-84, or 205-211,
wherein the composition or formulation comprises at least one of the following:

&

b.

L]

[

Bie)

fess than about 0.09 ng of benzonase per 1.0s105 vg,

less than about 30 pg/g (ppm) of cesium,

about 20-80 ppm of Poloxamer 188,

less than about 0.22 ng of BSA per 1.0x10% vg,

fess than about 6.8x10° pg of residual plasmid DNA per 1.0x105 vg,
less than about 1.1x10° pg of residual hcDNA per 1.0x108 vg, and

less than about 4 ng of THCP per 1.0x105 vg,
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