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COMPOSITIONS AND METHODS FOR PURIFYING RECOMBINANT ADENO-
ASSOCIATED VIRUS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit under 35 U.S.C. § 119(e) of U.S. provisional
application number 62/020,315, filed July 2, 2014, which is incorporated by reference herein

in its entirety.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
This invention was made with government support under ROI HL097088 awarded by
the National Institutes of Health National Heart, Lung, and Blood Institute and under NL
059412 awarded by the National Institutes of Health. The government has certain rights in

the invention.

BACKGROUND OF THE INVENTION

Recombinant Adeno-associated virus (rAAV) vectors (also referred to as rAAV
particles herein) have emerged as one of the most versatile and successful gene therapy
delivery vehicles. A number of clinical trials successfully commenced recently (Mueller and
Flotte, 2008; High, 2011; High and Aubourg, 2011; Mingozzi and High, 2011; Nathwani et
al., 2011; Asokan et al., 2012) and patients diagnosed with lipoprotein lipase deficiency will
now have an option to be treated with Glybera®, the first rAAV-based drug to win the
regulatory approval of the European Commission. However, even though the industry is
poised for the expansion into several application areas represented by orphan diseases, a

simple and scalable rAAV production technology is still lacking.

SUMMARY OF THE INVENTION
Aspects of the disclosure are based, in part, on the development of a method of
purifying rAAV particles that is rapid, cost-effective, and results in an unexpectedly more

highly purified rAAV product compared to previous methods.
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Accordingly, aspects of the disclosure relate to methods of purifying rAAV particles.
As described herein, it was found that rAAV particles remained in suspension under low pH
conditions that caused flocculation of the majority of cellular components in a cell lysate.
These low pH conditions also did not significantly damage the rAAYV particles. Accordingly,
aspects of the disclosure relate to a simple technique of enriching a sample for rAAV
particles. In some embodiments, the method comprises reducing the pH of a cell lysate
comprising rAAYV particles to less than or equal to 5 to produce a flocculate and a supernatant
comprising the rAAV particles and isolating the supernatant comprising the rAAV particles
from the flocculate. In some embodiments, a further purification technique can be used to
purify the rAAV particles from the supernatant, such as a purification technique known in the
art or described herein. Exemplary purification techniques include iodixanol step gradient,
CsCl gradient, chromatography, or polyethylene glycol (PEG) precipitation.

In some embodiments, also as described herein, it was found that the rAAV particles
contained within the supernatant after flocculation by low pH could be purified using cation
exchange chromatography to produce a preparation of rAAV particles with high purity.
Accordingly, in some embodiments, the method comprises reducing the pH of a cell lysate
comprising rAAYV particles to less than or equal to 5 to produce a flocculate and a supernatant
comprising the rAAV particles, isolating the supernatant comprising the rAAV particles from
the flocculate, and purifying the rAAV particles from the supernatant using cation exchange
chromatography, thereby producing purified rAAYV particles.

In some embodiments, also as described herein, it was found that rAAYV particles
purified from the supernatant could be further purified in order to produce high titer and
GMP-quality rAAV preparations. Accordingly, in some embodiments, the method comprises
reducing the pH of a cell lysate comprising rAAV particles to less than or equal to 5 to
produce a flocculate and a supernatant comprising the rAAV particles, isolating the
supernatant comprising the rAAV particles from the flocculate, and purifying the rAAV
particles from the supernatant using cation exchange chromatography, thereby producing
purified rAAYV particles, and further purifying and/or concentrating the purified rAAV

particles. The further purification and/or concentration may be performed using any method
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known in the art or described herein. In some embodiments, further purifying and/or
concentrating the purified rAAV particles comprises tangential flow filtration and/or
centrifugation.

In some embodiments, the method comprises:

a) providing a cell lysate having a pH of between 6 and 9 and comprising rAAV
particles;

b) reducing the pH of the cell lysate to less than or equal to 5 to produce a flocculate
and a supernatant comprising the rAAV particles;

c) isolating the supernatant comprising the rAAV particles from the flocculate; and

d) purifying the rAAV particles from the supernatant using cation exchange
chromatography, thereby producing purified rAAYV particles.

In some embodiments of any one of the methods provided herein, reducing the pH
comprises contacting the cell lysate comprising the rAAV particles with a triprotic acid. In
some embodiments of any one of the methods provided herein, the triprotic acid is citric acid.
In some embodiments of any one of the methods provided herein, reducing the pH comprises
contacting the cell lysate comprising the rAAV particles with 100 mM citric acid.

In some embodiments of any one of the methods provided herein, the cell lysate
further comprises sodium citrate. In some embodiments of any one of the methods provided
herein, the cell lysate further comprises an endonuclease. In some embodiments of any one
of the methods provided herein, the cell lysate further comprises Mg** and benzonase. In
some embodiments of any one of the methods provided herein, the sodium citrate is 16mM
sodium citrate.

In some embodiments of any one of the methods provided herein, isolating the
supernatant comprising the rAAV particles from the flocculate comprises isolating the
supernatant comprising the rAAV particles from the flocculate by centrifugation or filtration.
In some embodiments of any one of the methods provided herein, isolating the supernatant
comprising the rAAV particles from the flocculate comprises isolating the supernatant

comprising the rAAV particles from the flocculate by centrifugation.
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In some embodiments of any one of the methods provided herein, the cell lysate is a
mammalian or insect cell lysate. In some embodiments of any one of the methods provided
herein, the cell lysate is HEK293 or Sf9 producer cell lysate. In some embodiments of any
one of the methods provided herein, the cation exchange chromatography is sulfopropyl
column chromatography.

In some embodiments of any one of the methods provided herein, the method further
comprises:

further purifying and/or concentrating the purified rAAV particles by tangential flow
filtration and/or centrifugation, thereby producing further purified and/or concentrated rAAV
particles.

In some embodiments of any one of the methods provided herein, the cell lysate is
produced by microfluidization, sonication, freeze/thawing, or hypotonic lysis of cells
comprising the rAAV particles. In some embodiments of any one of the methods provided
herein, the cell lysate is produced by hypotonic lysis of cells comprising the rAAV particles.
In some embodiments of any one of the methods provided herein, the cell lysate is produced
by microfluidization.

In some embodiments of any one of the methods provided herein, reducing the pH of
the cell lysate to less than or equal to 5 to produce a flocculate and a supernatant comprising
the rAAV particles comprises reducing the pH of the cell lysate comprising the rAAV
particles to between pH 3 and 5. In some embodiments of any one of the methods provided
herein, reducing the pH of the cell lysate to less than or equal to 5 to produce a flocculate and
a supernatant comprising the rAAV particles comprises reducing the pH of the cell lysate
comprising the rAAV particles to between pH 3 and 4.

In some embodiments of any one of the methods provided herein, the rAAV particles
are TAAV2, rAAVE or rAAVO particles. In some embodiments of any one of the methods
provided herein, the rAAV particles are rAAVSE or rAAVO particles. In some embodiments
of any one of the methods provided herein, the rAAV particles are rAAVO particles.

In some embodiments of any one of the methods provided herein, the purified rAAV

particles or the further purified and/or concentrated rAAV particles are added to a
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pharmaceutical composition. In some embodiments, the pharmaceutical composition
comprises a pharmaceutically acceptable carrier. In some embodiments, the pharmaceutical
composition is administered to a subject in need thereof.

Other aspects of the disclosure relate to compositions comprising rAAV particles. In
some embodiments, the composition comprises rAAV particles having a purity of above
90%. In some embodiments, the composition comprises purified rAAV particles or further
purified and/or concentrated rAAYV particles produced by or obtainable by any one of the
methods described herein.

Yet other aspects of the disclosure relate to a method, comprising administering a
composition described herein (e.g., a composition comprising rAAV particles having a purity
of above 90% or a composition comprising purified rAAV particles or further purified and/or
concentrated rAAV particles produced by or obtainable by any one of the methods described
herein) to a subject in need thereof.

Other aspects of the disclosure relate to kits, e.g., kits for performing a method
described herein. In some embodiments, the kit comprises water for injection (WFI), sodium
citrate and citric acid. In some embodiments, the kit further comprises a sulfopropyl (SP)
resin chromatography column. In some embodiments, the kit further comprises a filtration

concentrator.

The details of one or more embodiments of the disclosure are set forth in the
description below. Other features or advantages of the present disclosure will be apparent
from the following drawings and detailed description of several embodiments, and also from

the appending claims.

BRIEF DESCRIPTION OF THE DRAWINGS
The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present disclosure, which can be better understood
by reference to one or more of these drawings in combination with the detailed description of

specific embodiments presented herein.
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Fig. 1 depicts a schematic flowchart of an exemplary AAV purification protocol. A
crude cell lysate is acidified by the addition of citric acid (Step 1). A heavy flocculate is
precipitated by a low spin centrifugation (Step 2). A supernatant is subjected to a one-step
cation-exchange chromatography (Step 3). Eluted virus is dialyzed/concentrated using
tangential flow filtration (Step 4).

Figs. 2A and 2B are a graph and a series of photographs showing exemplary results of
rAAV0O stability testing. 2A — Infectious titer assay: iodixanol-purified rAAV9-GFP was
exposed to sodium citrate/phosphate buffers in the range of pH2.55-8.05, at room
temperature for the time period of 2 h, 24 h, or 3 weeks. After incubation, an aliquot was
diluted in Lactate Ringer solution and used to infect C12 cells co-infected with Ad5
(multiplicity of infection (MOI) of 5). GFP (+) cells were visually scored at 48 h post
infection. 2B — EM studies: viral capsid were visualized after treatment at different
temperatures (rows) in bufters of different pHs (columns).

Figs. 3A-F are a series of graphs and photographs showing an exemplary rAAV9
purification. Fig. 3A — SP column chromatography profile of rAAVO purification. Solid line
indicates OD;go (mAU), dashed line — measured electric conductance (mS/cm). Fig. 3B —
Silver-stain SDS protein gel analysis of rAAVO purification steps. Fractions are: “Benzo” —
crude lysate treated with benzonase; “SP load” — supernatant after flocculation/centrifugation
step; “SP FT” — SP column flowthrough; “SP 50%B” — fraction containing rAAV9 eluted
from the column with the buffer mixture containing S0%buffer B; “TFF’ — tangential flow
filtration fraction (final purified rAAV9 stock); “293 iodixanol” — positive control, rAAV9
purified by ‘conventional’ iodixanol buoyant density gradient. Fig. 3C—Western blotting
analysis of the final purified rAAV9 fraction (TFF), side-by-side with positive control; left
panel — adjusted gel load sample volumes; right panel — same sample volumes as in Fig. 3B.
Higher sample loads allow visualizing VP-derived, B1-immunoreactive peptides but result in
“burnt out” effect in the X-ray film for some peptides (e.g., VP3). Fig. 3D, E - Electron
microscopy. Negative stain images of rAAVO purified using the sodium citrate method (Fig.
3D), or using discontinuous step gradient of iodixanol (Fig. 3E)[ref. 8]. The inserts in the

lower right hand corner are close-up images of the virus capsids. Filled arrowheads point at
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the DNA-containing particles; empty arrowheads — at the empty capsids; black asterisk
indicates proteasome; white asterisk - deformed AAV particle. Fig. 3F - Graphical
representation of the rAAV9-GFP yields at all purification steps, as titered for the genome-
containing particles (dot-blot assay, black bars, or PCR assay, grey bars); and infectious
particles (green cell assay, GCA, white bars). The missing bars for some steps indicate the
titers below 10E4, the Y-axis plotting scale.

Figs. 4A-D are a series of graphs and photographs showing an exemplary rAAV2
purification. Fig. 4A — SP column chromatography profile of rAAV2 purification. Solid line
indicates OD5go (mAU), dashed line — measured electric conductance (mS/cm). Fig. 4B —
Silver-stain SDS protein gel analysis of rAAV2 purification steps. Fractions are as following:
“Benzo” — crude lysate treated with benzonase; “SP load” — supernatant after
flocculation/centrifugation step; “SP FT”” — SP column flowthrough; “SP 10%B” — fraction
containing rAAV?2 eluted from the column with the buffer mixture containing 10% buffer B;
“SP 20%B” — 20% buffer B; “TFF” — tangential flow filtration fraction (final purified rAAV2
stock); “293 iodixanol” — positive control, rAAV2 purified by ‘conventional” iodixanol
buoyant density gradient. Fig. 4C — Western blotting analysis of the final purified rAAV2
fraction (TFF), side-by-side with positive control; left panel — adjusted gel load sample
volumes; right panel — same sample volumes as in Fig. 4B. Fig. 4D - Graphical
representation of the rAAV2-GFP yields at all purification steps, as titered for the genome-
containing particles (dot-blot assay, black bars, or PCR assay, grey bars); and infectious
particles (green cell assay, GCA, white bars).

Figs. SA-F are a series of graphs and photographs showing an exemplary rAAV8
purification. Fig. SA — SP column chromatography profile of HEK 293-derived rAAVS§
purification. Solid line indicates ODago (mAU), dashed line — measured electric conductance
(mS/cm). Fig. 5B — SP column chromatography profile of Sf9-derived rAAVS purification.
Fig. 5C - Silver-stain SDS protein gel analysis of rAAVS purification steps. Fractions are as
following: “293” — sample derived from chromatography shown in Panel A; “Sf9” — sample
derived from chromatography shown in Panel B; “Benzo” — crude lysate treated with

benzonase; “SP load” — supernatant after flocculation/centrifugation step; “SP FT” — SP
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column flowthrough; “SP 50%B” — fraction containing rAAVS eluted from the column with
the buffer mixture containing 50% buffer B (see the Methods section for details); “TFF” —
tangential flow filtration fraction (final purified rAAVS stock); “293 iodixanol” — positive
control, rAAVS purified by ‘conventional’ iodixanol buoyant density gradient. Fig. 5D —
Western blotting analysis of the final purified rAAVS fraction (TFF), side-by-side with
positive control; left panel — adjusted gel load sample volumes; right panel — same sample
volumes as in Fig. 5C. Fig. SE, F - Graphical representation of the rAAV8-GFP yields from
HEK 293 cells (Fig. SE), or from Sf9 cells (Fig. SF) at all purification steps, as titered for the
genome-containing particles (dot-blot assay, black bars, or PCR assay, grey bars); and
infectious particles (green cell assay, GCA, white bars). The missing bars for some steps
indicate the titers below 10E4, the Y-axis plotting scale.

Fig. 6 is a series of photographs of dotblots within a table showing the last
temperature at which intact capsids were detected (HL-2370) and the first temperature at

which denatured particles were detected (B1 and Al).

DETAILED DESCRIPTION OF THE INVENTION

The ever growing rAAV vector toolbox, in addition to many natural AAV serotypes,
now includes numerous AAV capsid mutants derived from combinatorial libraries or through
rational engineering (Zhong et al., 2008; Asokan et al., 2012). To purify all these divergent
AAYV variants, buoyant density gradients such as CsCl, or iso-osmotic medium iodixanol
discontinuous gradients (Zolotukhin et al., 1999) are routinely used. Although quite useful in
a laboratory setting, these procedures are not easily adapted for Good Manufacturing Practice
(GMP) protocols. In this regard, the most promising approach incorporates chromatography
steps, either affinity, hydrophobic, or ion-exchange, depending on the biochemical properties
of a particular serotype. For example, heparin affinity chromatography based on interaction
with heparan sulfate proteoglycan has been successfully applied to rAAV?2 (Clark et al.,
1999; Zolotukhin et al., 1999), while mucin affinity chromatography was used for rAAVS5
purification (Auricchio et al., 2001). Many successful examples of one- or two-step ion-

exchange chromatography purification have been reported for rAAV serotypes 1, 2, 4, 5, and
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8 (Brument et al., 2002; Kaludov et al., 2002; Zolotukhin et al., 2002; Davidoff et al., 2004;
Okada et al., 2009). More recently, an affinity media incorporating anti-AAV VHH ligand, a
single-domain camelid antibody derivative, was utilized to purify serotypes 1, 2, 3, and 5
(Hellstrom et al., 2009). In spite of these documented successful examples, some AAV
serotypes, such as rAAV9, were refractory to conventional chromatography procedures and
required significant effort and exceptional laboratory skills for the purification (Zhou et al.,
2011).

As described herein, a rapid and reproducible protocol for rAAV particle purification
has been developed based on a partial purification of an initial crude lysate by flocculation of
cell debris under low pH conditions, which can be followed by, e.g., one-step cation-
exchange chromatography. The flocculation step eliminates the bulk of the contaminating
protein and DNA allowing for rAAV particle binding to, and subsequent elution from a resin,
e.g., by cation exchange chromatography. Exposure of the rAAV particles to low pH
conditions does not damage the rAAYV particles. Methods described herein are contemplated
for application to many serotypes, and in particular rAAV9 particles, and for rAAV particles
purified from both mammalian and insect cell production systems.

Accordingly, aspects of the disclosure relate to methods of purifying rAAYV particles,

as well as compositions comprising the purified rAAV particles and uses thereof.

Methods

Aspects of the disclosure relate to methods of purifying recombinant adeno-associated
virus (rAAV) particles.

In some embodiments, the method comprises: (a) providing a cell lysate comprising
rAAYV particles; (b) reducing the pH of the cell lysate to produce a flocculate and a
supernatant comprising the rAAV particles; and (c) isolating the supernatant comprising the
rAAYV particles from the flocculate. In some embodiments, rAAV particles may be purified
by from the supernatant, e.g., by a method known in the art or described herein. In some
embodiments, rAAV particles may be purified from the supernatant by chromatography, such

as cation exchange chromatography.
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Accordingly, in some embodiments, the method comprises: (a) providing a cell lysate
comprising rAAV particles; (b) reducing the pH of the cell lysate to produce a flocculate and
a supernatant comprising the rAAV particles; (c) isolating the supernatant comprising the
rAAYV particles from the flocculate; and (d) purifying the rAAV particles from the
supernatant using cation exchange chromatography, thereby producing purified rAAV
particles. In some embodiments, the purified rAAV particles may be further purified and/or
concentrated, e.g., by a method known in the art or described herein. In some embodiments,
the further purification and/or concentration comprises TFF and/or centrifugation.

Accordingly, in some embodiments, the method comprises: (a) providing a cell lysate
comprising rAAV particles; (b) reducing the pH of the cell lysate to produce a flocculate and
a supernatant comprising the rAAV particles; (c) isolating the supernatant comprising the
rAAYV particles from the flocculate; (d) purifying the rAAV particles from the supernatant
using cation exchange chromatography, thereby producing purified rAAV particles; and (e)
further purifying and/or concentrating the purified rAAV particles, e.g., by TFF and/or
centrifugation.

In some embodiments, reducing the pH in (b) in any one of the methods described
herein comprises reducing the pH of the cell lysate to less than or equal to 5 to produce a
flocculate and a supernatant comprising the rAAV particles. In some embodiments, reducing
the pH in (b) in any one of the methods described herein comprises reducing the pH of the
cell lysate to less than or equal to 4 (e.g., less than 4, less or equal to than 3.5, less than or
equal to 3, less than or equal to 2.5, or less than or equal to 2) to produce a flocculate and a
supernatant comprising the rAAV particles. In some embodiments, (b) in any one of the
methods described herein comprises reducing the pH of the cell lysate comprising the rAAV
particles to between pH 2 and 5 (e.g.,2t05,2t04.5,2t04,2t03,2.5t05,2.5t04,3t05,3
to4,3.5t05,3.5t0o4, or4to5). In some embodiments, (b) in any one of the methods
described herein comprises reducing the pH of the cell lysate comprising the rAAV particles
to between pH 3 and 5. In some embodiments, (b) in any one of the methods described
herein comprises reducing the pH of the cell lysate comprising the rAAV particles to between

pH 2 and 4. In some embodiments, (b) in any one of the methods described herein comprises



10

15

WO 2016/004319 PCT/US2015/039005
11

reducing the pH of the cell lysate comprising the rAAYV particles to between pH 3 and 4. In
some embodiments, (b) in any one of the methods described herein comprises reducing the
pH of the cell lysate comprising the rAAYV particles to between pH 3.5 and 4. In some
embodiments, (b) in any one of the methods described herein comprises reducing the pH of
the cell lysate comprising the rAAV particles to pH 3.9. pH can be measured or determined
using any method known in the art or using a commercially available pH measuring device,
e.g., a pH meter which may comprise a hydrogen-electrode, a quinhydron-electrode, or a
glass electrode (see, €.g., products available from Hanna Instruments and Thermoscientific
such as the Orion Star™ A111, A211 or A214 pH Benchtop Meter) or a pH indicator, e.g., a
halochromic chemical compound, such as those listed in the table below. In some
embodiments, the pH is measured using a pH meter with a glass electrode. In some
embodiments, the pH may be determined based on a calculation, instead of a direct
measurement. For example, compositions of acids and bases having a known pH may be

mixed in a ratio that has been previously calculated to result in a particular pH.

Indicator Low pH color | Transition | Transition | High pH
low end high end color

Gentian violet yellow 0.0 2.0 blue-violet
Malachite green (first transition) | yellow 0.0 2.0 green
Malachite green (second 11.6 14.0 colorless
transition)
Thymol blue (first transition) red 1.2 2.8 yellow
Thymol blue (second transition) | yellow 8.0 9.6 blue
Methyl yellow red 2.9 4.0 yellow
Bromophenol blue yellow 3.0 4.6 purple
Congo red 3.0 5.0 red
Methyl orange red 3.1 4.4 yellow
Screened methyl orange (first red 0.0 32 grey
transition)
Screened methyl orange (second | grey 32 4.2 green
transition)
Bromocresol green yellow 3.8 54 blue
Methyl red red 4.4 6.2 yellow
Azolitmin red 4.5 8.3 blue
Bromocresol purple yellow 5.2 6.8 purple
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Bromothymol blue yellow 6.0 7.6 blue
Phenol red yellow 6.4 8.0 red
Neutral red red 6.8 8.0 yellow
Naphtholphthalein colorless to 7.3 8.7 greenish to

reddish blue
Cresol Red yellow 7.2 8.8 reddish-

purple

Cresolphthalein colorless 8.2 9.8 purple
Phenolphthalein colorless 8.3 10.0 fuchsia
Thymolphthalein colorless 9.3 10.5 Blue
Alizarine Yellow R yellow 10.2 12.0 Red

In some embodiments, reducing the pH in (b) in any one of the methods described
herein comprises contacting the cell lysate comprising the rAAV particles with an acid.

In some embodiments, the acid is provided as a liquid, suspension, emulsion, solid, or
a combination of two or more thereof. In some embodiments, a liquid is an anhydrous liquid.
In some embodiments, a liquid is a solution (e.g., an aqueous solution). Accordingly, in
some embodiments an acid is provided in a solution (e.g., in an acid solution or in a buffer
solution). In some embodiments, the acid is provided in a solid form (e.g., in a crystalline
form, an amorphous form, a powder form, a salt form, or other solid form).

In some embodiments, an acid is a monoprotic acid, a triprotic acid, or any other
suitable acid, or a combination of two or more thereof. In some embodiments, the acid is
contained within a composition, e.g., within a solution or a buffer solution also comprising a
base (such as sodium citrate or sodium phosphate as described below or elsewhere herein, or
any other suitable buffer solution comprising a base). In some embodiments, the monoprotic
acid is acetic acid. In some embodiments, the triprotic acid is citric acid (e.g., citric acid
monohydrate) or phosphoric acid. In some embodiments, reducing the pH in (b) comprises
contacting the cell lysate comprising the rAAV particles with citric acid. In some
embodiments, reducing the pH in (b) comprises contacting the cell lysate comprising the
rAAV particles with 10mM-1M citric acid solution (e.g., 10mM-1M, 10mM-750mM, 10mM-
500mM, 10mM-250mM, 10mM-100mM, 25mM-1M, 25mM-750mM, 25mM-500mM,
25mM-250mM, 25mM-100mM, 50mM-1M, 50mM-750mM, 50mM-500mM, 50mM-
250mM, 50mM-100mM, 75mM-1M, 75mM-750mM, 75mM-500mM, 75mM-250mM, or
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75mM-100mM) and 10mM-1M sodium citrate solution (e.g., 10mM-1M, 10mM-750mM,
10mM-500mM, 10mM-250mM, 10mM-100mM, 25mM-1M, 25mM-750mM, 25mM-
500mM, 25mM-250mM, 25mM-100mM, 50mM-1M, 50mM-750mM, 50mM-500mM,
50mM-250mM, 50mM-100mM, 75mM-1M, 75mM-750mM, 75mM-500mM, 75mM-
250mM, or 75mM-100mM). It is to be appreciated that in different embodiments, different
acids may be used. In some embodiments, if the cell lysate comprises sodium citrate, then
the acid used is citric acid. In some embodiments, if the cell lysate comprises sodium
phosphate, then the acid used is citric acid.

In some embodiments, a method is provided, wherein the method comprises: reducing
the pH of a composition comprising cells containing rAAV particles to lyse the cells, thereby
producing a flocculate and a supernatant comprising the rAAYV particles; isolating the
supernatant comprising the rAAV particles from the flocculate; and purifying the rAAV
particles from the supernatant using cation exchange chromatography, thereby producing
purified rAAV particles. In some embodiments, the pH of the composition is reduced to less
than or equal to 5 (e.g., less than or equal to 5, less than or equal to 4.5, less than or equal to
4, less or equal to than 3.5, less than or equal to 3, less than or equal to 2.5, or less than or
equal to 2). In some embodiments, the pH of the composition is reduced to between pH 2 and
5(e.g.,2t05,2t04.5,2t04,2t03,2.5t05,2.5t04,3t05,3t04,3.5t05,3.5to4,or4to
5).

In some embodiments, reducing the pH of the composition comprises contacting the
composition with a buffer solution comprising a triprotic acid, e.g., citric acid, and citrate
(e.g., sodium citrate such as trisodium citrate). In some embodiments, reducing the pH of the
composition comprises contacting the composition with a buffer solution comprising a
triprotic acid, e.g., citric acid, and phosphate (e.g., sodium phosphate such as dibasic sodium
phosphate). In some embodiments, reducing the pH of the composition comprises contacting
the composition with a buffer comprising 10mM-1M citric acid (e.g., 10mM-1M, 10mM-
750mM, 10mM-500mM, 10mM-250mM, 10mM-100mM, 25mM-1M, 25mM-750mM,
25mM-500mM, 25mM-250mM, 25mM-100mM, 50mM-1M, 50mM-750mM, 50mM-
500mM, 50mM-250mM, 50mM-100mM, 75mM-1M, 75mM-750mM, 75mM-500mM,
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75mM-250mM, or 7SmM-100mM) and 10mM-1M mM sodium citrate (e.g., 10mM-1M,
10mM-750mM, 10mM-500mM, 10mM-250mM, 10mM-100mM, 25mM-1M, 25mM-
750mM, 25mM-500mM, 25mM-250mM, 25mM-100mM, 50mM-1M, 50mM-750mM,
50mM-500mM, 50mM-250mM, 50mM-100mM, 75mM-1M, 75mM-750mM, 75mM-
500mM, 75mM-250mM, or 7S mM-100mM). In some embodiments, reducing the pH of the
composition comprises contacting the composition with a buffer comprising 10-50 mM citric
acid (e.g., 10-50 mM, 20-40 mM, 30-40 mM or 34 mM citric acid) and 5-30 mM sodium
citrate (e.g., 5-30 mM, 10-20 mM, or 16 mM sodium citrate). In some embodiments, the
reducing the pH of the composition comprises contacting the composition with a buffer
comprising sodium citrate and citric acid in a ratio of 16 to 34 sodium citrate to citric acid

(Volume/Volume, v/v). Non-limiting, exemplary buffer solutions at non-limiting, exemplary

14

pH ranges are provided in the tables below.

Exemplary Citric Acid — Sodium Citrate Buffer Solutions (x mL of 0.1M solution of citric

acid + y mL of 0.1 M solution of sodium citrate)

pH x mL of 0.1M ymLof 0.1 M
solution of citric | solution of sodium
acid* citrate**
3.0 46.5 35
32 43.7 6.3
34 40.0 10.0
3.6 37.0 13.0
3.8 35.0 15.0
4.0 33.0 17.0
4.2 31.5 18.5
4.4 28.0 22.0
4.6 25.5 24.5
4.8 23.0 27.0
5.0 20.5 29.5
5.2 18.0 32.0
5.4 16.0 34.0
5.6 13.7 36.3
5.8 11.8 38.2
6.0 9.5 41.5
6.2 7.2 42.8

PCT/US2015/039005
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*Citric acid monohydrate, CsHgO; * H,O, Molecular weight = 210.14; 0.1M-solution
contains 21.01 g/l. **Trisodium citrate dihydrate, CsHsO;Na; « 2H,0O, Molecular weight =

15

294.12; 0.1M-solution contains 29.41 g/1.

Exemplary Citric Acid — Sodium Phosphate Buffer Solutions

Add the following to create 100 ml of phosphate/citrate buffer solution. Stock solutions are

0.2 M dibasic sodium phosphate; 0.1 M citric acid

pH 0.2 M Na,HPO, 0.1 M citric acid
(ml)* (ml)**

2.6 5.4 44.6
2.8 7.8 42.2
3.0 10.2 39.8
32 12.3 37.7
34 14.1 359
3.6 16.1 33.9
3.8 17.7 323
4.0 19.3 30.7
42 20.6 29.4
4.4 22.2 27.8
4.6 23.3 26.7
4.8 24.8 25.2
5.0 25.7 24.3
5.2 26.7 23.3
5.4 27.8 22.2
5.6 29.0 21.0
5.8 30.3 19.7
6.0 32.1 17.9
6.2 33.1 16.9
6.4 34.6 154
6.6 36.4 13.6
6.8 40.9 9.1
7.0 43.6 6.5

*Na;HPO,, Molecular weight = 141.98; 0.2M-solution contains 28.40 g/1, or Na,HPOy, *
2H,0, Molecular weight = 178.05; 0.2M-solution contains 35.61 g/l. **Citric acid
monohydrate, CsHgO7 * H,O, Molecular weight 210.14; 0.1M-solution contains 21.01 g/1.

PCT/US2015/039005
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In some embodiments of any one of the methods provided herein, the cell lysate
comprising the rAAV particles is at a particular pH range prior to the pH reduction step. In
some embodiments, the cell lysate in a method provided herein has a pH of between 6 and 9
(e.g.,6t09,65t09,6t08,6.5t08, or7to9). In some embodiments, the cell lysate has a
pH of between 6 and 8. In some embodiments, the cell lysate comprises sodium citrate (e.g.,
in solution). In some embodiments, the cell lysate comprises sodium phosphate (e.g., in
solution). In some embodiments, the cell lysate comprises 25mM to 1M sodium citrate (e.g.,
25mM to 1M, 25mM to 500mM. 25mM to 250mM, 25mM to 100mM, 50mM to 1M, 50mM
to 500mM. 50mM to 250mM, 50mM to 100mM, 75mM to 1M, 75mM to 500mM. 75mM to
250mM, or 75mM to 100mM sodium citrate). In some embodiments, the cell lysate
comprises 100 mM (millimolar) sodium citrate. In some embodiments, the cell lysate further
comprises Mg”*. In some embodiments, the Mg*" is present in an amount of between 0.5mM
to 2mM(e.g., 0.5mM to 1.5mM, 0.8mM to 1.2 mM, ImM to 2mM, such as 0.984mM or 1.6
mM). In some embodiments, the cell lysate further comprises an endonuclease, e.g.,
Benzonase® (commercially available, e.g., from SigmaAldrich and EMDMillpore). In some
embodiments, the Benzonase® is present in an amount of between 100 to 300 units/gram of
wet cell weight (e.g., 200 units/g wet cell weight). Wet cell weight may be determined by
any method known in the art. In some embodiments, wet cell weight is determined by
centrifugation of a cell suspension from harvested cells, pelleting the cells, removing the
supernatant and weighing the pelleted cells.

In some embodiments of any one of the methods provided herein, the cell lysate is
contacted with a composition comprising sodium citrate (such as a solution), e.g., 25mM to
IM sodium citrate (e.g., 25mM to 1M, 25mM to 500mM. 25mM to 250mM, 25mM to
100mM, 50mM to 1M, 50mM to 500mM. 50mM to 250mM, 50mM to 100mM, 75mM to
1M, 75mM to 500mM. 75mM to 250mM, or 75mM to 100mM sodium citrate) in order to
produce the cell lysate comprising sodium citrate (e.g., in a solution). In some embodiments,
the cell lysate is contacted with a composition comprising sodium phosphate (such as a
solution) in order to produce the cell lysate comprising sodium phosphate (e.g., in a solution).

In some embodiments, the cell lysate is contacted with Mg**, e.g., as MgCl,, to produce the
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cell lysate comprising Mg>*. In some embodiments, the cell lysate is contacted with an
endonuclease, e.g., Benzonase®, in order to produce the cell lysate comprising the
endonuclease. In some embodiments, the cell lysate is contacted with sodium citrate, Mg2+,
and an endonuclease to produce a cell lysate comprising sodium citrate, Mg**, and an
endonuclease. In some embodiments, in addition to or alternatively to contacting the cell
lysate with the endonuclease, the cell lysate may be spun down (e.g., by centrifugation) in
order to produce a partially clarified supernatant.

In some embodiments of any one of the methods provided herein, the flocculate
comprises proteins, nucleic acids and/or lipids of the cell lysate that are derived from the
cells. In some embodiments, the flocculate comprises at least 90% (e.g., at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99% or more) of the proteins of the cell lysate that are derived from the cells. In
some embodiments, the flocculate comprises 90%-99% (e.g., 90-99%, 91-98%, 92%-98%,
93%-98%, 94%-98%, 95%-98%, or 95%-99%) of the proteins of the cell lysate that are
derived from the cells. In some embodiments, the supernatant comprises no more than 10%
(e.g., no more than 10%, no more than 9%, no more than 8%, no more than 7%, no more than
6%, no more than 5%, no more than 4%, no more than 3%, no more than 2%, no more than
1%, or less) of the proteins of the cell lysate that are derived from the cells. In some
embodiments, the flocculate comprises 0.01%-10% (e.g., 0.01%-10%, 0.1%-10%, 1%-10%,
0.1%-9%, 1%-9%, 0.1%-8%, 1%-8%., 0.1%-7%, 1%-1%, 0.1%-6%, 1%-6%., 0.1%-5%, 1%-
5%, 0.1%-4%, 1%-4%., 0.1%-3%, 1%-3, 0.1%-2%, 1%-2%, or 2%-5%) of the proteins of the
cell lysate that are derived from the cells. The percentage of protein content of the flocculate
or supernatant may be determined by any method known in the art, e.g., by Coomassie stain,
silver stain, or a Bradford assay.

In some embodiments, the cell lysate is a mammalian or insect cell lysate. Exemplary
mammalian cells from which the lysate may be produced include, but are not limited to,
HEK?293 cells, COS cells, HeLa cells, BHK cells, or CHO cells (see, e.g., ATCC® CRL-
1573™, ATCC® CRL-1651™, ATCC® CRL-1650™, ATCC® CCL-2, ATCC® CCL-10™,
or ATCC® CCL-61™). Exemplary insect cells from which the lysate may be produced
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include, but are not limited to Sf9 cells (see, e.g., ATCC® CRL-1711™). The S{9 cells may
be Sf9 producer cells that comprise rep and/or cap genes from one or more AAV serotypes or
pseudotypes for producing rAAV particles (see, e.g., Mietzsch et al. OneBac: platform for
scalable and high-titer production of adeno-associated virus serotype 1-12 vectors for gene
therapy. Hum Gene Ther. 2014 Mar;25(3):212-22; and Aslanidi et al. An inducible system
for highly efficient production of recombinant adeno-associated virus (rAAV) vectors in
insect Sf9 cells. Proc Natl Acad Sci U S A 2009 106: 5059-5064). The cell lysate may be
produced using any method known in the art, e.g., by microfluidization, sonication,
freeze/thawing, or hypotonic lysis of cells comprising the rAAYV particles. The cells
comprising the rAAV particles may be in pellet form, either frozen or thawed. In some
embodiments, insect cell lysate is produced by microfluidization of insect cells comprising
the rAAV particles. An exemplary microfluidization method is provided in Example 1. In
some embodiments, mammalian cell lysate is produced by hypotonic lysis of mammalian
cells comprising the rAAYV particles.

Isolating the supernatant from the flocculate in a method described herein may be
accomplished using any method known in the art, e.g., by centrifugation or filtration. In
some embodiments, isolating the supernatant comprising the rAAV particles from the
flocculate comprises centrifugation.

Purifying the rAAV particles from the supernatant using cation exchange
chromatography in a method described herein may be accomplished using any method known
in the art, e.g., sulfopropyl (SP) column chromatography or carboxymethyl (CM)
chromatography (see, e.g., HiPrep™ Sp Fast Flow 16/10, HiPrep™ CM FF 16/10, and
HiPrep™ SP XL 16/10 available from GE Healthcare). In some embodiments, the cation
exchange chromatography comprises applying the supernatant to a column, washing with a
low pH (e.g., pH between 2-5, 3-5, or 3-4) buffer (e.g., sodium citrate buffer), and eluting in a
higher pH (e.g., pH 5-8, 5-7, 5-6 or 6-7) buffer (e.g., sodium citrate buffer).

In some embodiments of any one of the methods described herein, the method further
comprises further purifying and/or concentrating the purified rAAYV particles. The purified

rAAYV particles may be further purified and/or concentrated using any method known in the
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art, e.g., by tangential flow filtration (TFF), dialysis membrane filtration, and/or
centrifugation (e.g., using centrifugation filtration devices, e.g., at 150kD Molecular weight
cut-off (MWCO) membrane filter devices, see, e.g., products from Orbital Bioscience and
Millipore). Exemplary commercially available TFF systems and cartridges include products
from GE Healthcare Life Sciences (see, e.g., the Midgee products) and Pall Corporation (see,
e.g., Minimate™ TFF System).

The rAAV particles of the disclosure may be of any serotype or any combination of
serotypes (e.g., a population of rAAYV particles that comprises two or more serotypes, €.2.,
comprising two or more of rAAV2, rAAVS, and rAAV9 particles). In some embodiments,
the rAAV particles are rAAV1, rAAV2, rAAV3, rAAV4, rAAVS, rAAV6, rAAV7, rAAVS,
rAAV9, rAAV10, or other rAAV particles, or combinations of two or more thereof). In some
embodiments, the rAAV particles are rAAV2, rAAVE or rAAVO particles. In some
embodiments, the rAAV particles are pseudotyped rAAYV particles. In some embodiments
the rAAV2, rAAVSE or rAAVO particles are pseudotyped rAAV2, rAAVE or rAAV9
particles. Pseudotyped particles are described herein. In some embodiments, the rAAV2,
rAAVSE or rAAVO particles are rAAV2/2, rAAV2/8 or rAAV2/9 pseudotyped particles. In
some embodiments, the rAAV particles are rAAVE8 or rAAVY particles (e.g., TAAV2/8 or
rAAV2/9 particles). In some embodiments, the rAAV particles are rAAVO particles (e.g.,
rAAV2/9 particles).

In some embodiments, of a method described herein, the method may further
comprise measuring the purity and/or the amount of intact rAAYV particles in the purified
rAAYV particles. Measuring the purity and/or the amount of intact rAAV particles in the
purified rAAV particles may be accomplished using any method known in the art or
described herein. In some embodiments, measuring the purity and/or the amount of intact
rAAYV particles comprises an immunoassay, a nucleic acid hybridization-based assay (e.g., a
dot-blot assay), SDS-PAGE followed by either Coomassie blue or silver staining,
visualization with an electron microscope, a PCR assay, an infectious center assay (e.g.,
green fluorescent cell assay), or combinations thereof. In some embodiments, measuring the

purity and/or the amount of intact rAAV particles comprises an immunoassay that includes
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antibodies specific for intact capsids (e.g., an antibody described herein or an anti-AAV2-
clone A20 or anti-AAV1-clone ADK1a, both available from PROGEN Biotechnik GmbH,
Catalog number 61055 and 610150, Heidelberg, Germany, or anti-AAV-8-clone ADKS or
anti-AAVO9-clone ADK®9, both avaiable from American Research Products, Inc. Catalog
number 03-651160 and 03-651162, Waltham, Massachusetts), antibodies for denatured
capsids (e.g., Anti-AAV, VP1/VP2/VP3 clone B1 available from American Research
Products, Inc. Catalog number 03-61058, Waltham, Massachusetts; Wistuba A, et al. (1995),
J. Virol, 69: 5311-5319), and/or antibodies specific for VP1u externalization (e.g., Anti-
AAV, VPI1 clone Al available from American Research Products, Inc. Catalog number 03-
61056; Wistuba, A. et al.(1997) J. of Virology 71: 1341-1352; Wobus,CE. et al. (2000) J.
Virol 74 (19): 9281-9292).

Other aspects of the disclosure relate to methods of preparing rAAV particles for
further purification. In some embodiments, the method comprises: (a) providing a cell lysate
comprising rAAYV particles and (b) reducing the pH of the cell lysate to produce a flocculate
and a supernatant comprising the rAAV particles. Providing the cell lysate and reducing the
pH of the cell lysate may further include any one or more of the embodiments described
above. In some embodiments, the method further comprises purifying the rAAV particles.

The rAAV particles may be purified by any method known in the art or described herein.

rAAYV particles and Methods of producing rAAYV particles

Aspects of the disclosure relate to recombinant AAV (rAAV) particles and methods
of purifying the rAAV particles. The purified rAAV particles have many uses, e.g., in
methods and pharmaceutical compositions for treating a disease in a subject in need thereof
(e.g., a subject having a disease involving reduced protein expression that may be treated
with gene therapy), in rAAV particle-derived vaccines, for infecting cells to screen rAAV
particles for a desired phenotype (e.g., upregulation of a protein or polypeptide of interest in
the cell), or for infecting animals to screen for pharmakinetics and/or therapeutic efficacy of

an rAAV.
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In some embodiments, recombinant rAAV particles comprise a nucleic acid vector.

In some embodiments, the nucleic acid vector contains a construct comprising (a) one or
more heterologous nucleic acid regions comprising a sequence encoding a protein or
polypeptide of interest or encoding an RNA of interest (e.g., a microRNA or a small hairpin
RNA) and (b) one or more regions comprising inverted terminal repeat (ITR) sequences (e.g.,
wild-type ITR sequences or engineered ITR sequences) flanking the one or more
heterologous nucleic acid regions. In some embodiments, the nucleic acid vector is
encapsidated by a viral capsid. In some embodiments, the nucleic acid vector is circular. In
some embodiments, the nucleic acid vector is single-stranded. In some embodiments, the
nucleic acid vector is double-stranded. In some embodiments, a double-stranded nucleic acid
vector may be, for example, a self-complimentary vector that contains a region of the nucleic
acid vector that is complementary to another region of the nucleic acid vector, initiating the
formation of the double-strandedness of the nucleic acid vector.

Accordingly, in some embodiments, a rAAV particle comprises a viral capsid and a
nucleic acid vector as described herein, which is encapsidated by the viral capsid. In some
embodiments, the viral capsid comprises 60 capsid protein subunits comprising VP1, VP2
and VP3. In some embodiments, the VP1, VP2, and VP3 subunits are present in the capsid at
a ratio of approximately 1:1:10, respectively. In some embodiments, the nucleic acid vector
comprises a construct comprising (1) one or more heterologous nucleic acid regions
comprising a sequence encoding a protein or polypeptide of interest, (2) one or more nucleic
acid regions comprising a sequence that facilitates expression of the heterologous nucleic
acid region (e.g., a promoter and/or enhancer), and (3) one or more nucleic acid regions
comprising a sequence that facilitate integration of the heterologous nucleic acid region
(optionally with the one or more nucleic acid regions comprising a sequence that facilitates
expression) into the genome of the subject. In some embodiments, viral sequences that
facilitate integration comprise Inverted Terminal Repeat (ITR) sequences. In some
embodiments, the nucleic acid vector comprises one or more heterologous nucleic acid
regions comprising a sequence encoding a protein or polypeptide of interest or an RNA of

interest operably linked to a promoter, wherein the one or more heterologous nucleic acid
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regions are flanked on each side with an ITR sequence. The ITR sequences can be derived
from any AAV serotype (e.g., 1,2, 3,4,5,6,7,8,9, 10) or can be derived from more than
one serotype. In some embodiments, the ITR sequences are derived from AAV2. ITR
sequences and plasmids containing ITR sequences are known in the art and commercially
available (see, e.g., products and services available from Vector Biolabs, Philadelphia, PA;
Cellbiolabs, San Diego, CA; Agilent Technologies, Santa Clara, Ca; and Addgene,
Cambridge, MA; and Gene delivery to skeletal muscle results in sustained expression and
systemic delivery of a therapeutic protein. Kessler PD, Podsakoff GM, Chen X, McQuiston
SA, Colosi PC, Matelis LA, Kurtzman GJ, Byrne BJ. Proc Natl Acad Sci U S A. 1996 Nov
26;93(24):14082-7; and Curtis A. Machida. Methods in Molecular Medicine™. Viral
Vectors for Gene Therapy Methods and Protocols. 10.1385/1-59259-304-6:201 © Humana
Press Inc. 2003. Chapter 10. Targeted Integration by Adeno-Associated Virus. Matthew D.
Weitzman, Samuel M. Young Jr., Toni Cathomen and Richard Jude Samulski; U.S. Pat. Nos.
5,139,941 and 5,962,313, all of which are incorporated herein by reference).

In some embodiments, the construct (e.g., comprising one or more heterologous
nucleic acid regions comprising a sequence encoding a protein or polypeptide of interest and
optionally the one or more nucleic acid regions comprising a sequence that facilitates
expression of the heterologous nucleic acid region) is no more than 6 kilobases, no more than
5 kilobases, no more than 4 kilobases, or no more than 3 kilobases in size. In some
embodiments, the construct (e.g., comprising one or more heterologous nucleic acid regions
comprising a sequence encoding a protein or polypeptide of interest and optionally the one or
more nucleic acid regions comprising a sequence that facilitates expression of the
heterologous nucleic acid region) is between 4 and 6 kilobases in size, e.g., 4-6 kilobases, 4-5
kilobases, or 4.2-4.7 kilobases.

In some embodiments, the nucleic acid vector comprises a pTR-UF-11 plasmid
backbone, which is a plasmid that contains AAV2 ITRs, or a nucleic acid region of the pTR-
UF-11 plasmid that comprises the ITRs. This plasmid is commercially available from the
American Type Culture Collection (ATCC MBA-331). The sequence of pTR-UF-11 is
provided in SEQ ID NO: 1.
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In some embodiments, the construct comprises one or more regions comprising a
sequence that facilitates expression of the heterologous nucleic acid, e.g., expression control
sequences operatively linked to the heterologous nucleic acid. Numerous such sequences are
known in the art. Non-limiting examples of expression control sequences include promoters,
insulators, silencers, response elements, introns, enhancers, initiation sites, termination
signals, and poly(A) tails. Any combination of such control sequences is completed herein
(e.g., a promoter and an enhancer).

To achieve appropriate expression levels of the protein or polypeptide of interest, any
of a number of promoters suitable for use in the selected host cell may be employed. The
promoter may be, for example, a constitutive promoter, tissue-specific promoter, inducible
promoter, or a synthetic promoter. For example, constitutive promoters of different strengths
can be used. A nucleic acid vector described herein may include one or more constitutive
promoters, such as viral promoters or promoters from mammalian genes that are generally
active in promoting transcription. Non-limiting examples of constitutive viral promoters
include the Herpes Simplex virus (HSV), thymidine kinase (TK), Rous Sarcoma Virus
(RSV), Simian Virus 40 (SV40), Mouse Mammary Tumor Virus (MMTV), Ad E1A and
cytomegalovirus (CMV) promoters. Non-limiting examples of constitutive mammalian
promoters include various housekeeping gene promoters, as exemplified by the B-actin
promoter.

Inducible promoters and/or regulatory elements may also be contemplated for
achieving appropriate expression levels of the protein or polypeptide of interest. Non-
limiting examples of suitable inducible promoters include those from genes such as
cytochrome P450 genes, heat shock protein genes, metallothionein genes, and hormone-
inducible genes, such as the estrogen gene promoter. Another example of an inducible
promoter is the tetVP16 promoter that is responsive to tetracycline.

Tissue-specific promoters and/or regulatory elements are also contemplated herein.
Non-limiting examples of such promoters that may be used include (1) desmin, creatine

kinase, myogenin, alpha myosin heavy chain, human brain and natriuretic peptide, specific
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for muscle cells, and (2) albumin, alpha-1-antitrypsin, hepatitis B virus core protein
promoters, specific for liver cells.

Synthetic promoters are also contemplated herein. A synthetic promoter may
comprise, for example, regions of known promoters, regulatory elements, transcription factor
binding sites, enhancer elements, repressor elements, and the like.

In some embodiments, a construct described herein may also contain marker or
reporter genes, €.g., LacZ or a fluroscent protein.

In some embodiments, the construct comprises one or more heterologous nucleic acid
regions comprising a sequence encoding a protein or polypeptide of interest. The protein or
polypeptide of interest may be, e.g., a polypeptide or protein of interest provided in Table 1.
The sequences of the polypeptide or protein of interest may be obtained, e.g., using the non-
limiting National Center for Biotechnology Information (NCBI) Protein IDs or SEQ ID NOs

from patent applications provided in Table 1.

Table 1. Non-limiting examples of proteins or polypeptides of interest and associated

diseases
Protein or Polypeptide Non-limiting Exemplary Non-limiting
diseases NCBI Protein

IDs or Patent
SEQ ID Nos

acid alpha-glucosidase (GAA) Pompe NP_000143.2,
NP_001073271.1,
NP_001073272.1

Methyl CpG binding protein 2 Rett syndrome NP_001104262.1,

(MECP2) NP_004983.1

Aromatic L-amino acid decarboxylase | Parkinson’s disease NP_000781.1,

(AADC) NP_001076440.1,
NP_001229815.1,
NP_001229816.1,
NP_001229817.1,
NP_001229818.1,
NP_001229819.1

Glial cell-derived neurotrophic factor | Parkinson’s disease NP_000505.1,

(GDNF) NP_001177397.1,
NP_001177398.1,
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NP_001265027.1,
NP_954701.1

Cystic fibrosis transmembrane
conductance regulator (CFTR)

Cystic fibrosis

NP_000483.3

Tumor necrosis factor receptor fused
to an antibody Fc (TNFR:Fc)

Arthritis, Rheumatoid arthritis

SEQ ID NO. 1 of
W02013025079

HIV-1 gag-proArt (tgAACQ9)

HIV infection

SEQ ID NOs. 1-5
of
WO02006073496

Sarcoglycan alpha, beta, gamma,
delta, epsilon, or zeta (SGCA, SGCB,
SGCG, SGCD, SGCE, or SGCZ)

Muscular dystrophy

SGCA
NP_000014.1,
NP_001129169.1

SGCB
NP_000223.1

SGCG
NP_000222.1

SGCD
NP_000328.2,
NP_001121681.1,
NP_758447.1

SGCE
NP_001092870.1,
NP_001092871.1,
NP_003910.1

SGCZ
NP_631906.2

Alpha-1-antitrypsin (AAT)

Hereditary emphysema or
Alpha-1-antitrypsin
Deficiency

NP_000286.3,
NP_001002235.1,
NP_001002236.1,
NP_001121172.1,
NP_001121173.1,
NP_001121174.1,
NP_001121175.1,
NP_001121176.1,
NP_001121177.1,
NP_001121178.1,
NP_001121179.1

Glutamate decarboxylase

Parkinson’s disease

NP_000808.2,
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1(GAD1) NP_038473.2
Glutamate decarboxylase Parkinson’s disease NP_000809.1,
2 (GAD2) NP_001127838.1
Aspartoacylase (ASPA) Canavan’s disease NP_000040.1,
NP_001121557.1
Nerve growth factor (NGF) Alzheimer’s disease NP_002497.2
Granulocyte-macrophage Prostate cancer NP_000749.2
colonystimulating
factory (GM-CSF)
Cluster of Differentiation 86 (CD86 or | Malignant melanoma NP_001193853.1,
B7-2) NP_001193854.1,
NP_008820.3,
NP_787058.4,
NP_795711.1
Interleukin 12 (IL-12) Malignant melanoma NP_000873.2,
NP_002178.2
neuropeptide Y (NPY) Parkinson’s disease, epilepsy NP_000896.1
ATPase, Ca++ transporting, cardiac Chronic heart failure NP_001672.1,
muscle, slow twitch 2 (SERCA2) NP_733765.1
Dystrophin or Minidystrophin Muscular dystrophy NP_000100.2,
NP_003997.1,
NP_004000.1,
NP_004001.1,
NP_004002.2,
NP_004003.1,
NP_004004.1,
NP_004005.1,
NP_004006.1,
NP_004007.1,
NP_004008.1,
NP_004009.1,
NP_004010.1,
NP_004011.2,
NP_004012.1,
NP_004013.1,
NP_004014.1
Ceroid lipofuscinosis neuronal 2 Late infantile neuronal NP_000382.3
(CLN2) ceroidlipofuscinosis or Batten’s
disease
Neurturin (NRTN) Parkinson’s disease NP_004549.1
N-acetylglucosaminidase, alpha Sanfilippo syndrome NP_000254.2
(NAGLU) (MPSIIIB)
Iduronidase, alpha-1 (IDUA) MPSI-Hurler NP_000194.2
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Iduronate 2-sulfatase (IDS) MPSII-Hunter NP_000193.1,
NP_001160022.1,
NP_006114.1
Glucuronidase, beta (GUSB) MPSVII-Sly NP_000172.2,
NP_001271219.1
Hexosaminidase A, o polypeptide Tay-Sachs NP_000511.2
(HEXA)
Hexosaminidase B, B polypeptide Tay-Sachs NP_000512.1,
(HEXB) NP_001278933.1
Retinal pigment epithelium-specific Leber congenital amaurosis NP_000320.1
protein 65kDa (RPE65)
Factor IX (FIX) Hemophilia B NP_000124.1
Adenine nucleotide translocator progressive external NP_001142.2
(ANT-1) ophthalmoplegia
ApaLl mitochondrial heteroplasmy, YP_007161330.1
myoclonic epilepsy with ragged
red fibers (MERRF) or
mitochondrial
encephalomyopathy,
lactic acidosis, and stroke-like
episodes (MELAS)
NADH ubiquinone Leber hereditary YP_003024035.1
oxidoreductase subunit 4 (ND4) Optic

very long-acyl-CoA dehydrogenase
(VLCAD)

very long-chain acyl-CoA
dehydrogenase (VLCAD)
deficiency

NP_000009.1,
NP_001029031.1,
NP_001257376.1,
NP_001257377.1

short-chain acyl-CoA dehydrogenase | short-chain acyl-CoA NP_000008.1
(SCAD) dehydrogenase (SCAD)

deficiency
medium-chain acyl-CoA medium-chain acyl-CoA NP_000007.1,

dehydrogenase (MCAD)

dehydrogenase (MCAD)
deficiency

NP_001120800.1,
NP_001272971.1,
NP_001272972.1,
NP_001272973.1

Myotubularin 1 (MTM1) X-linked myotubular myopathy | NP_000243.1
Myophosphorylase (PYGM) McAurdle disease (glycogen NP_001158188.1,
storage disease type V, NP_005600.1
myophosphorylase
deficiency)
Lipoprotein lipase (LPL) LPL deficiency NP_000228.1
sFLTO1 (VEGF/PIGF (placental Age-related macular SEQID NO: 2, 8,
growth factor) binding domain of degeneration 21,23, or 25 of
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human VEGFR1/Flt-1 (hVEGFR1) W02009105669
fused to the Fc portion of human
IgG(1) through a polyglycine linker)
Glucocerebrosidase (GC) Gaucher disease NP_000148.2,

NP_001005741.1,
NP_001005742.1,
NP_001165282.1,
NP_001165283.1

UDP glucuronosyltransferase 1 Crigler—Najjar syndrome NP_000454.1
family, polypeptide Al (UGT1A1)
Glucose 6-phosphatase (G6Pase) GSD-Ia NP_000142.2,
NP_001257326.1
Ornithine carbamoyltransferase (OTC) | OTC deficiency NP_000522.3
Cystathionine-beta-synthase (CBS) Homocystinuria NP_000062.1,
NP_001171479.1,
NP_001171480.1
Factor VIII (F8) Haemophilia A NP_000123.1,
NP_063916.1
Hemochromatosis (HFE) Hemochromatosis NP_000401.1,
NP_620572.1,
NP_620573.1,
NP_620575.1,
NP_620576.1,
NP_620577.1,
NP_620578.1,
NP_620579.1,
NP_620580.1
Low density lipoprotein receptor Phenylketonuria (PKU) NP_000518.1,
(LDLR) NP_001182727.1,
NP_001182728.1,
NP_001182729.1,
NP_001182732.1
Galactosidase, alpha (AGA) Fabry disease NP_000160.1
Phenylalanine Hypercholesterolaemia or NP_000268.1
hydroxylase (PAH) Phenylketonuria (PKU)
Propionyl CoA carboxylase, alpha Propionic acidaemias NP_000273.2,

polypeptide (PCCA)

NP_001121164.1,
NP_001171475.1

The polypeptides and proteins provided in Table 1 are known in the art (see, e.g.,

Adeno-Associated Virus Vectors in Clinical Trials. Barrie J. Carter. Human Gene Therapy.

May 2005, 16(5): 541-550. do0i:10.1089/hum.2005.16.541. Published in Volume: 16 Issue 5:
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May 25, 2005; Neuropharmacology. 2013 Jun;69:82-8. doi:
10.1016/j.neuropharm.2012.03.004. Epub 2012 Mar 17.; Adeno-associated virus (AAV) gene
therapy for neurological disease. Weinberg MS1, Samulski RJ, McCown TJ.Gene therapy for
lysosomal storage disorders. Yew NS, Cheng SH. Pediatr Endocrinol Rev. 2013 Nov;11
Suppl 1:99-109; Directed evolution of novel adeno-associated viruses for therapeutic gene
delivery. Bartel MA, Weinstein JR, Schaffer DV.Gene Ther. 2012 Jun;19(6):694-700. doi:
10.1038/gt.2012.20. Epub 2012 Mar §; Therapeutic in vivo gene transfer for genetic disease
using AAV: progress and challenges. Mingozzi F, High KA. Nat Rev Genet. 2011
May;12(5):341-55. doi: 10.1038/nrg2988). In some embodiments, the polypeptide or protein
of interest is a human protein or polypeptide.

In some embodiments, the construct comprises one or more heterologous nucleic acid
regions comprising a sequence encoding a RNA of interest (e.g., an shRNA, siRNA or
microRNA) and a promoter. Exemplary RNAs of interest and AAV vectors comprising such
RNAs include, e.g., AAVsh2.4, AAVsh8.2, AAVsh30.1, AAV-shHD2, shRNAs or siRNAs
targeting TGFB1, TGFPR2, and CTGF, scAAV2-IRElalpha, XBP1 and ATF6. Such RNAs
are known in the art (see, e.g., McBride et al., Artificial miRNAs mitigate ShARNA-mediated
toxicity in the brain: Implications for the therapeutic development of RNAi. PNAS, 2008.
doi: 10.1073/pnas.0801775105; Franich et al., AAV Vector—-mediated RNAi of Mutant
Huntingtin Expression Is Neuroprotective in a Novel Genetic Rat Model of Huntington’s
Disease. Mol. Ther., 2008. doi:10.1038/mt.2008.50; Sriram et al., Triple Combination of
siRNAs Targeting TGFB1, TGFBR2, and CTGF Enhances Reduction of Collagen I and
Smooth Muscle Actin in Corneal Fibroblasts. IOVS., 2013. doi: 10.1167/iovs.13-12758; and
Ruan et al., Development of an anti-angiogenic therapeutic model combining scAAV2-
delivered siRNAs and noninvasive photoacoustic imaging of tumor vasculature development.
Cancer Letters, 2013. DOI: 10.1016/j.canlet.2012.11.016). Other exemplary RNAs of
interest include RNAs (e.g., microRNAs or shRNAs) that target Huntingtin (HTT, see, e.g.,
NM_002111.7), Ataxin-1 (ATXN]1, see, e.g., NM_000332.3 or NM_001128164.1), TGFf1
(TGFBI, see, e.g., NM_000660.5), TGFBR2 (TGFBR2, see, e.g., NM_001024847.2 or
NM_003242.5), connective tissue growth factor (CTGF, see, e.g., NM_001901.2), IRElalpha
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(IREla, see, e.g., NM_001433.3), X-box binding protein 1 (XBP1, see, e.g.,
NM_001079539.1 or NM_005080.3) and activating transcription factor 6 (ATF®6, see, e.g.,
NM_007348.3). Such RNAs of interest may be used to treat, e.g., Huntington’s disease,
cancer, hypervascularization, and spinocerebellar ataxia type 1.

The rAAV particle may be of any AAV serotype, including any derivative or
pseudotype (e.g., 1,2, 3,4,5,6,7, 8,9, or 10, or pseudotypes/derivatives thereof). Non-
limiting examples of derivatives and pseudotypes include rAAV2/1, rAAV2/5, rAAV2/S,
rAAV2/9, AAV2-AAV3 hybrid, AAVrh.10,AAVhu.14, AAV3a/3b, AAVrh32.33, AAV-
HSC15, AAV-HSC17, AAVhu.37, AAVrh.§, CHt-P6, AAV2.5, AAV6.2, AAV2i§, AAV-
HSC15/17, AAVMA41, AAV9.45, AAV6(Y445F/Y731F), AAV2.5T, AAV-HAE1L/2, AAV
clone 32/83, AAVShH10, AAV2 (Y->F), AAVSE (Y733F), AAV2.15, AAV2.4, AAVMA4I,
and AAVr3.45. Such AAV serotypes and derivatives/pseudotypes, and methods of
producing such derivatives/pseudotypes are known in the art (see, e.g., Mol Ther. 2012
Apr;20(4):699-708. doi: 10.1038/mt.2011.287. Epub 2012 Jan 24. The AAV vector toolkit:
poised at the clinical crossroads. Asokan A1, Schaffer DV, Samulski RJ.). In some
embodiments, the rAAYV particle is a pseudotyped rAAV particle. In some embodiments, the
pseudotyped rAAV particle which comprises (a) a nucleic acid vector comprising AAV?2
ITRs and (b) a capsid comprised of capsid proteins derived from AAVx (e.g., AAV1, AAV3,
AAV4, AAVS, AAV6, AAVT, AAVE, AAVO, or AAV10). Exemplary rAAV pseudotyped
particles include, but are not limited to rAAV2/1, rAAV2/5, rAAV2/8, and rAAV2/9
particles. Methods for producing and using pseudotyped rAAV particles are known in the art
(see, e.g., Duan et al., J. Virol., 75:7662-7671, 2001; Halbert et al., J. Virol., 74:1524-1532,
2000; Zolotukhin et al., Methods, 28:158-167, 2002; and Auricchio et al., Hum. Molec.
Genet., 10:3075-3081, 2001).

Methods of producing rAAV particles and nucleic acid vectors are also known in the
art and commercially available (see, e.g., Zolotukhin et al. Production and purification of
serotype 1, 2, and 5 recombinant adeno-associated viral vectors. Methods 28 (2002) 158—167;
and U.S. Patent Publication Numbers US20070015238 and US20120322861, which are

incorporated herein by reference; and plasmids and kits available from ATCC and Cell
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Biolabs, Inc.). For example, the nucleic acid vector may be combined with one or more
helper plasmids, e.g., that contain a rep gene (e.g., encoding Rep78, Rep68, Rep52 and
Rep40) and a cap gene (encoding VP1, VP2, and VP3), and transfected into a producer cell
line such that the rAAV particle can be packaged and subsequently purified.

In some embodiments, the one or more helper plasmids is a first helper plasmid
comprising a rep gene and a cap gene and a second helper plasmid comprising a Ela gene, a
Elb gene, a E4 gene, a E2a gene, and a VA gene. In some embodiments, the rep gene is a
rep gene derived from AAV2 and the cap gene is derived from AAV9. Helper plasmids, and
methods of making such plasmids, are known in the art and commercially available (see, e.g.,
pDM, pDG, pDPlrs, pDP2rs, pDP3rs, pDP4rs, pDP5rs, pDP6rs, pDG(R484E/R585E), and
pDP8.ape plasmids from PlasmidFactory, Bielefeld, Germany; other products and services
available from Vector Biolabs, Philadelphia, PA; Cellbiolabs, San Diego, CA; Agilent
Technologies, Santa Clara, Ca; and Addgene, Cambridge, MA; pxx6; Grimm et al. (1998),
Novel Tools for Production and Purification of Recombinant Adenoassociated Virus Vectors,
Human Gene Therapy, Vol. 9, 2745-2760; Kern, A. et al. (2003), Identification of a Heparin-
Binding Motif on Adeno-Associated Virus Type 2 Capsids, Journal of Virology, Vol. 77,
11072-11081.; Grimm et al. (2003), Helper Virus-Free, Optically Controllable, and Two-
Plasmid-Based Production of Adeno-associated Virus Vectors of Serotypes 1 to 6, Molecular
Therapy,Vol. 7, 839-850; Kronenberg et al. (2005), A Conformational Change in the Adeno-
Associated Virus Type 2 Capsid Leads to the Exposure of Hidden VP1 N Termini, Journal of
Virology, Vol. 79, 5296-5303; and Moullier, P. and Snyder, R.O. (2008), International efforts
for recombinant adenoassociated viral vector reference standards, Molecular Therapy, Vol.
16, 1185-1188). A sequence of exemplary helper plasmid pXX6 is provided in SEQ ID NO:
2. A sequence of exemplary helper plasmid rep2cap9 is provided in SEQ ID NO: 3.

An exemplary, non-limiting rAAV particle production method is described in
Example 1. Another exemplary, non-limiting, rAAV particle production method is described
next. One or more helper plasmids are produced or obtained, which comprise rep and cap
OREFs for the desired AAV serotype or pseudotype (e.g., rep2cap9 plasmid) and the
adenoviral VA, E2A (DBP), and E4 genes under the transcriptional control of their native
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promoters (e.g., pXX6 plasmid). HEK293 cells (available from ATCC®) are transfected via
CaPOy-mediated transfection, lipids or polymeric molecules such as Polyethylenimine (PEI)
with the helper plasmid(s) and a nucleic acid vector described herein (e.g., containing a
construction comprising one or more heterologous sequences that encode a protein or
polypeptide of interest or an RNA of interest and ITRs flanking the heterologous sequences,
e.g., a pTR-UF11 plasmid comprising one or more heterologous sequences that encode a
protein or polypeptide of interest or an RNA of interest). The HEK293 cells are then
incubated for at least 60 hours to allow for rAAYV particle production. Alternatively, in
another example Sf9-based producer stable cell lines are infected with a single recombinant
baculovirus containing the rAAV expression cassette. As a further alternative, in another
example HEK293 or BHK cell lines are infected with a HSV containing the rAAV expression
cassette and optionally one or more helper HSVs containing rep and cap ORFs for the
desired AAV serotype or pseudotype and the adenoviral VA, E2A (DBP), and E4 genes
under the transcriptional control of their native promoters. The Sf9 cells are then incubated
for at least 60 hours to allow for rAAYV particle production. The rAAYV particles can then be
purified from the HEK293 or SF9 cells using a method described herein.

Other methods for obtaining, producing, making and using rAAV particles are known
in the art and discussed herein (see, e.g., Kessler et al. (1996). Gene delivery to skeletal
muscle results in sustained expression and systemic delivery of a therapeutic protein.
Proceedings of the National Academy of Sciences of the United States of America 93: 14082-
14087; Pauly et al. (1998). Complete correction of acid alpha-glucosidase deficiency in
Pompe disease fibroblasts in vitro, and lysosomally targeted expression in neonatal rat
cardiac and skeletal muscle. Gene therapy 5: 473-480; Song et al. (1998). Sustained secretion
of human alpha-1-antitrypsin from murine muscle transduced with adeno-associated virus
vectors. Proceedings of the National Academy of Sciences of the United States of America
05: 14384-14388; Conway et al. (1999). High-titer recombinant adeno-associated virus
production utilizing a recombinant herpes simplex virus type I vector expressing AAV-2 Rep
and Cap. Gene therapy 6: 986-993; Xu et al. (2001). CMV-beta-actin promoter directs higher

expression from an adeno-associated viral vector in the liver than the cytomegalovirus or
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elongation factor 1 alpha promoter and results in therapeutic levels of human factor X in
mice. Human gene therapy 12: 563-573; Asfour et al. (2002). Uniform long-term gene
expression using adeno-associated virus (AAV) by ex vivo recirculation in rat-cardiac
isografts. The Thoracic and cardiovascular surgeon 50: 347-350; Fraites et al. (2002).
Correction of the enzymatic and functional deficits in a model of Pompe disease using adeno-
associated virus vectors. Molecular therapy : the journal of the American Society of Gene
Therapy 5: 571-578; Mah et al. (2002). Virus-based gene delivery systems. Clinical
pharmacokinetics 41: 901-911; Mah et al. (2002). Improved method of recombinant AAV2
delivery for systemic targeted gene therapy. Molecular therapy : the journal of the American
Society of Gene Therapy 6: 106-112; Sun et al. (2002). Sustained hepatic and renal glucose-
6-phosphatase expression corrects glycogen storage disease type la in mice. Human
molecular genetics 11: 2155-2164; Zolotukhin et al. (2002). Production and purification of
serotype 1, 2, and 5 recombinant adeno-associated viral vectors. Methods 28: 158-167; Mah
et al. (2003). Dual vectors expressing murine factor VIII result in sustained correction of
hemophilia A mice. Human gene therapy 14: 143-152; Flotte et al. (2004). Phase I trial of
intramuscular injection of a recombinant adeno-associated virus alpha 1-antitrypsin (rAAV2-
CB-hAAT) gene vector to AAT-deficient adults. Human gene therapy 15: 93-128; Mah et al.
(2004). A new method for recombinant adeno-associated virus vector delivery to murine
diaphragm. Molecular therapy : the journal of the American Society of Gene Therapy 9: 458-
463; Rucker et al. (2004). Rescue of enzyme deficiency in embryonic diaphragm in a mouse
model of metabolic myopathy: Pompe disease. Development 131: 3007-3019; Cresawn et al.
(2005). Impact of humoral immune response on distribution and efficacy of recombinant
adeno-associated virus-derived acid alpha-glucosidase in a model of glycogen storage disease
type II. Human gene therapy 16: 68-80; Kohlbrenner et al. (2005). Successful production of
pseudotyped rAAV particles using a modified baculovirus expression system. Molecular
therapy : the journal of the American Society of Gene Therapy 12: 1217-1225; Mah et al.
(2005). Sustained correction of glycogen storage disease type II using adeno-associated virus
serotype 1 vectors. Gene therapy 12: 1405-1409; Walker et al. (2005). Expression of

erythropoietin in cats treated with a recombinant adeno-associated viral vector. American
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journal of veterinary research 66: 450-456; Brantly et al. (2006). Phase I trial of
intramuscular injection of a recombinant adeno-associated virus serotype 2 alphal-antitrypsin
(AAT) vector in AAT-deficient adults. Human gene therapy 17: 1177-1186; Ghosh et al.
(2006). Long-term correction of murine glycogen storage disease type la by recombinant
adeno-associated virus-1-mediated gene transfer. Gene therapy 13: 321-329; Kishnani et al.
(2006). Pompe disease diagnosis and management guideline. Genetics in medicine : official
journal of the American College of Medical Genetics 8: 267-288; Pacak et al. (2006).
Recombinant adeno-associated virus serotype 9 leads to preferential cardiac transduction in
vivo. Circ Res 99: €3-9; Flotteet et al. (2007). Preclinical characterization of a recombinant
adeno-associated virus type 1-pseudotyped vector demonstrates dose-dependent injection site
inflammation and dissemination of vector genomes to distant sites. Human gene therapy 18:
245-256; Mah et al. (2007). Physiological correction of Pompe disease by systemic delivery
of adeno-associated virus serotype 1 vectors. Molecular therapy : the journal of the American
Society of Gene Therapy 15: 501-507; Pacak et al. (2007). Long-term skeletal muscle
protection after gene transfer in a mouse model of LGMD-2D. Molecular therapy : the
journal of the American Society of Gene Therapy 15: 1775-1781; Cideciyan et al. (2008).
Human gene therapy for RPE65 isomerase deficiency activates the retinoid cycle of vision
but with slow rod kinetics. Proceedings of the National Academy of Sciences of the United
States of America 105: 15112-15117; Flotte et al. (2008). Apparently nonspecific enzyme
elevations after portal vein delivery of recombinant adeno-associated virus serotype 2 vector
in hepatitis C virus-infected chimpanzees. Human gene therapy 19: 681-689; Hauswirth et al.
(2008). Treatment of leber congenital amaurosis due to RPE65 mutations by ocular subretinal
injection of adeno-associated virus gene vector: short-term results of a phase I trial. Human
gene therapy 19: 979-990; Pacak et al. (2008). Relative persistence of AAV serotype 1 vector
genomes in dystrophic muscle. Genetic vaccines and therapy 6: 14; Pacak et al. (2008).
Tissue specific promoters improve specificity of AAV9 mediated transgene expression
following intra-vascular gene delivery in neonatal mice. Genetic vaccines and therapy 6: 13;
Polyak et al. (2008). Gene delivery to intestinal epithelial cells in vitro and in vivo with

recombinant adeno-associated virus types 1, 2 and 5. Digestive diseases and sciences 53:
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1261-1270; Brantly et al. (2009). Sustained transgene expression despite T lymphocyte
responses in a clinical trial of rAAV1-AAT gene therapy. Proceedings of the National
Academy of Sciences of the United States of America 106: 16363-16368; Byrne, BJ (2009).
Innovative vector design: cross-packaged, self-complementary and now trans-splicing AAV
vectors. Human gene therapy 20: 1224-1225; Cideciyan et al. (2009). Human RPE65 gene
therapy for Leber congenital amaurosis: persistence of early visual improvements and safety
at 1 year. Human gene therapy 20: 999-1004; Cideciyan et al. (2009). Vision 1 year after
gene therapy for Leber's congenital amaurosis. The New England journal of medicine 361:
725-727; Clement et al. (2009). Large-scale adeno-associated viral vector production using a
herpesvirus-based system enables manufacturing for clinical studies. Human gene therapy 20:
796-806; Mendell et al. (2009). Limb-girdle muscular dystrophy type 2D gene therapy
restores alpha-sarcoglycan and associated proteins. Annals of neurology 66: 290-297; Lock et
al. (2010). Characterization of a recombinant adeno-associated virus type 2 Reference
Standard Material. Human gene therapy 21: 1273-1285; Mabh et al. (2010). Gel-mediated
delivery of AAV1 vectors corrects ventilatory function in Pompe mice with established
disease. Molecular therapy : the journal of the American Society of Gene Therapy 18: 502-
510; Mendell et al. (2010). Sustained alpha-sarcoglycan gene expression after gene transfer in
limb-girdle muscular dystrophy, type 2D. Annals of neurology 68: 629-638; Weinstein et al.
(2010). Adeno-associated virus-mediated correction of a canine model of glycogen storage
disease type Ia. Human gene therapy 21: 903-910; Byrne et al. (2011). Pompe disease gene
therapy. Human molecular genetics 20: R61-68; Mandel et al. (2011). AAV6-mediated gene
silencing fALS short. Molecular therapy : the journal of the American Society of Gene
Therapy 19: 231-233; Pacak et al. (2011). AAV vectors for cardiac gene transfer:
experimental tools and clinical opportunities. Molecular therapy : the journal of the American
Society of Gene Therapy 19: 1582-1590; Byrne et al. (2012). Gene therapy approaches for
lysosomal storage disease: next-generation treatment. Human gene therapy 23: 808-815;
ElMallah et al. (2012). Retrograde gene delivery to hypoglossal motoneurons using adeno-
associated virus serotype 9. Human gene therapy methods 23: 148-156; Jacobson et al.

(2012). Gene therapy for leber congenital amaurosis caused by RPE65 mutations: safety and
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efficacy in 15 children and adults followed up to 3 years. Archives of ophthalmology 130: 9-
24; Lee et al. (2012). An acidic oligopeptide displayed on AAV2 improves axial muscle
tropism after systemic delivery. Genetic vaccines and therapy 10: 3; Qiu et al. (2012). Spinal
Delivery of AAV Vector Restores Enzyme Activity and Increases Ventilation in Pompe
Mice. Molecular therapy: the journal of the American Society of Gene Therapy 20: 21-27;
Stedman et al. (2012). Signs of progress in gene therapy for muscular dystrophy also warrant
caution. Molecular therapy: the journal of the American Society of Gene Therapy 20: 249-
251; Conlon et al. (2013). Preclinical toxicology and biodistribution studies of recombinant
adeno-associated virus 1 human acid alpha-glucosidase. Human gene therapy Clinical
development 24: 127-133; Elmallah et al. (2013). Sustained Correction of Motoneuron
Histopathology Following Intramuscular Delivery of AAV in Pompe Mice. Molecular
therapy : the journal of the American Society of Gene Therapy; Falk et al. (2013).
Intrapleural administration of AAV9 improves neural and cardiorespiratory function in
Pompe disease. Molecular therapy : the journal of the American Society of Gene Therapy 21:
1661-1667; Lee et al. (2013). Treatment of congenital neurotransmitter deficiencies by
intracerebral ventricular injection of an AAV9 vector. Human gene therapy; Mah et al.
(2013). Adeno-associated virus-mediated gene therapy for metabolic myopathy. Human gene
therapy 24: 928-936; Smith et al. (2013). Phase I/II trial of adeno-associated virus-mediated
alpha-glucosidase gene therapy to the diaphragm for chronic respiratory failure in Pompe
disease: initial safety and ventilatory outcomes. Human gene therapy 24: 630-640, all of
which are incorporated by reference with respect to the disclosure related to obtaining,

producing, making, and using rAAV particles).

Compositions

Aspects of the disclosure relate to compositions comprising TAAV particles or further
purified and/or concentrated rAAYV particles described herein. In some embodiments, the
composition is obtainable by or produced by a method described herein.

In some embodiments, purified rAAYV particles or further purified and/or concentrated

rAAYV particles described herein are added to a composition, e.g., a pharmaceutical
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composition. In some embodiments, the composition comprising rAAV particles has a purity
of above 90%, above 91%, above 92%, above 93%, above 94%, above 95%, above 96%,
above 97%, above 98%, above 99%, above 99.1%, above 99.2%, above 99.3%, above 99.4%,
above 99.5%, above 99.6%, above 99.7%, above 99.8%, above 99.9% or above 99.99%.
Purity may be measured using any method known in the art. In some embodiments, purity is
measured by determining the amount of capsid proteins, VP1, VP2, and VP3 (which are
approximately 87, 72, and 63 kiloDaltons (kD) in size, depending on the serotype) relative to
the total protein amount present in the purified rAAYV particles or further purified and/or
concentrated rAAV particles (e.g., in a pharmaceutical composition). In some embodiments,
the amount of capsid proteins is measured using SDS-PAGE followed by a gel stain such as
Silver stain or Coomassie Blue stain (e.g., GelCode® Blue reagent from ThermoScientific).
The stain may be quantified, e.g., by densitometry or any other method known in the art. In
some embodiments, the capsids proteins are present in an amount of at least 90% of the total
protein amount (e.g., at least 90% of all bands present in an SDS-PAGE gel as detected by
Silver stain or Coomassie stain are capsid protein bands such as at 87, 72, and 63
kiloDaltons). In some embodiments, one or more positive controls are used in a purity
measurement or assay, €.g., compositions comprising a known rAAV serotype, optionally at
a known concentration.

In some embodiments, the composition comprises a pharmaceutically acceptable
carrier. Non-limiting examples of pharmaceutically acceptable carriers include lactose,
dextrose, sucrose, sorbitol, mannitol, starches, gum acacia, calcium phosphate, alginates,
tragacanth, gelatin, calcium silicate, microcrystalline cellulose, polyvinylpyrrolidone,
cellulose, water, saline, syrup, methylcellulose, ethylcellulose,
hydroxypropylmethylcellulose, polyacrylic acids, lubricating agents (such as talc, magnesium
stearate, and mineral oil), wetting agents, emulsifying agents, suspending agents, preserving
agents (such as methyl-, ethyl-, and propyl-hydroxy-benzoates), pH adjusting agents (such as
inorganic and organic acids and bases), sweetening agents, and flavoring agents.

In some embodiments, a composition described herein may be administered to a

subject in need thereof. In some embodiments, a method described herein may further
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comprise administering a composition comprising rAAV particles as described herein to a
subject in need thereof. In some embodiments, the subject is a human subject.

In some embodiments, the subject has or is suspected of having a disease that may be
treated with gene therapy. Exemplary diseases include, but are not limited to, cystic fibrosis,
hemophilia B, San Filippo syndrome, lipoprotein lipase deficiency, alpha-1 antitrypsin
deficiency, arthritis, hereditary emphysema, Leber’s congenital amaurosis, age-related
macular degeneration, muscular dystrophy (duchenne, LGMD2d and 2c), Parkinson’s
disease, Canavan’s disease, Batten’s disease, Alzheimer’s disease, metachromatic
leukodystrophy, alpha-1 antitrypsin deficiency, lipoprotein lipase deficiency, heart failure,
rheumatoid arthritis, amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA),
ornithine transcarbamylase deficiency, epilepsy, Rett syndrome,lysosomal storage disorders
of skeletal muscle or CNS or Pompe disease, or another disease listed in Table 1. These
diseases, associated symptoms and signs of the diseases, and methods of diagnosis of the
diseases are known in the art and available to the skilled practitioner. Treatment methods
involving rAAYV particles are also known in the art (see, e.g., Adeno-Associated Virus
Vectors in Clinical Trials. Barrie J. Carter. Human Gene Therapy. May 2005, 16(5): 541-550.
doi:10.1089/hum.2005.16.541. Published in Volume: 16 Issue 5: May 25, 2005;
Neuropharmacology. 2013 Jun;69:82-8. doi: 10.1016/j.neuropharm.2012.03.004. Epub 2012
Mar 17.; Adeno-associated virus (AAV) gene therapy for neurological disease. Weinberg
MS1, Samulski RJ, McCown TJ.Gene therapy for lysosomal storage disorders. Yew NS,
Cheng SH. Pediatr Endocrinol Rev. 2013 Nov;11 Suppl 1:99-109; Directed evolution of
novel adeno-associated viruses for therapeutic gene delivery. Bartel MA, Weinstein JR,
Schaffer DV.Gene Ther. 2012 Jun;19(6):694-700. doi: 10.1038/gt.2012.20. Epub 2012 Mar
8; Therapeutic in vivo gene transfer for genetic disease using AAV: progress and challenges.
Mingozzi F, High KA. Nat Rev Genet. 2011 May;12(5):341-55. doi: 10.1038/nrg2988).

The compositions described above may be administered to a subject in any suitable
formulation by any suitable method. The route of administration of the composition may be
oral, parenteral, by inhalation or topical. The term parenteral as used herein includes

intravenous, intraarterial, intraperitoneal, intramuscular, intradermal, intrathoracic,



10

15

20

25

WO 2016/004319 PCT/US2015/039005
39

intrathecal, and subcutaneous administration. The compositions described above are
typically administered to a subject in an effective amount, that is, an amount capable of
producing a desirable result. The desirable result will depend upon the active agent being
administered. For example, an effective amount of rAAV particles may be an amount of the
particles that are capable of transferring a heterologous nucleic acid to a host organ, tissue, or
cell. As is well known in the medical and veterinary arts, dosage for any one subject depends
on many factors, including the subject's size, body surface area, age, the particular
composition to be administered, the active ingredient(s) in the composition, time and route of
administration, general health, and other drugs being administered concurrently.

In some embodiments, compositions comprising rAAV particles may be directly
introduced into a subject, including by intravenous (IV) injection, intraperitoneal (IP)
injection, or in situ injection into target tissue (e.g., muscle). For example, a syringe and
needle can be used to inject a rAAV particle composition into a subject. Depending on the
desired route of administration, injection can be in situ (i.e., to a particular tissue or location
on a tissue), intramuscular, IV, IP, or by another parenteral route. Parenteral administration of
rAAYV particles by injection can be performed, for example, by bolus injection or continuous
infusion. Formulations for injection may be presented in unit dosage form, for example, in
ampoules or in multi-dose containers, with an added preservative. The compositions may take
such forms as suspensions, solutions or emulsions in oily or aqueous vehicles, and may
contain formulatory agents such as suspending, stabilizing and/or dispersing agents.
Alternatively, the rAAV particles may be in powder form (e.g., lyophilized) for constitution
with a suitable vehicle, for example, sterile pyrogen-free water, before use.

To facilitate delivery of the rAAV particles to a subject, the rAAV particles can be
mixed with a carrier or excipient. Carriers and excipients that might be used include saline
(e.g., sterilized, pyrogen-free saline) saline buffers (e.g., citrate buffer, phosphate buffer,
acetate buffer, and bicarbonate buffer), amino acids, urea, alcohols, ascorbic acid,
phospholipids, proteins (for example, serum albumin), EDTA, sodium chloride, liposomes,
mannitol, sorbitol, and glycerol. USP grade carriers and excipients are particularly useful for

delivery of rAAV particles to human subjects. Methods for making such formulations are
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well known and can be found in, for example, Remington: The Science and Practice of
Pharmacy, 2pnd edition, Pharmaceutical Press, 2012.

In addition to the formulations described previously, the rAAV particles can also be
formulated as a depot preparation. Such long acting formulations may be administered by
implantation (for example subcutaneously or intramuscularly) or by intramuscular (IM)
injection. Thus, for example, the rAAV particles may be formulated with suitable polymeric
or hydrophobic materials (for example as an emulsion in an acceptable oil) or ion exchange

resins, or as sparingly soluble derivatives.

Kits

Aspects of the disclosure relate to kits, e.g., a kit for performing a method described
herein. In some embodiments, the kit comprises water for injection (WFI), sodium citrate
and citric acid. In some embodiments, the sodium citrate and citric acid are in a solution
(e.g., at molarity described herein), either together (e.g., as a buffer) or separately.

In some embodiments, the citric acid is provided in a solution at a pH of less than or
equal to 5 (e.g., less than 4, less or equal to than 3.5, less than or equal to 3, less than or equal
to 2.5, or less than or equal to 2). In some embodiments, the citric acid is provided in a
solution at a pH of between 2 and 5 (e.g.,2t05,2t04.5,2t04,2t03,2.5t05,2.5t0 4,3 to
5,3t04,3.5t05,3.5t04, or4to5). In some embodiments, the sodium citrate is provided in
a solution at a pH of between 6 and 9 (e.g.,6t09,6.5t09,6t0 §,6.5to §,0or 7 t0 9).

In some embodiments, the kit comprises a 10mM-1M citric acid solution (e.g.,
10mM-1M, 10mM-750mM, 10mM-500mM, 10mM-250mM, 10mM-100mM, 25mM-1M,
25mM-750mM, 25mM-500mM, 25mM-250mM, 25mM-100mM, 50mM-1M, 50mM-
750mM, 50mM-500mM, S0mM-250mM, S0mM-100mM, 75mM-1M, 75mM-750mM,
75mM-500mM, 75mM-250mM, or 75mM-100mM) and a 10mM-1M mM sodium citrate
solution (e.g., 10mM-1M, 10mM-750mM, 10mM-500mM, 10mM-250mM, 10mM-100mM,
25mM-1M, 25mM-750mM, 25mM-500mM, 25mM-250mM, 25mM-100mM, 50mM-1M,
50mM-750mM, 50mM-500mM, S0mM-250mM, S0mM-100mM, 75mM-1M, 75mM-
750mM, 75mM-500mM, 75mM-250mM, or 75mM-100mM). In some embodiments, the kit
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comprises 100mM sodium citrate solution and 100mM citric acid solution.

In some embodiments, the kit comprises water for injection (WFI), sodium citrate
(e.g., 100mM sodium citrate), citric acid (e.g., 100mM citric acid), and a sulfopropyl (SP)
resin chromatography column (e.g., a Iml SP FF HiTrap from GE Healthcare Life Sciences).
In some embodiments, the kit comprises water for injection (WFI), sodium citrate (e.g.,
100mM sodium citrate), citric acid (e.g., 100mM citric acid), and a sulfopropyl (SP) resin
chromatography column (e.g., a Iml SP FF HiTrap from GE Healthcare Life Sciences) and a
filtration concentrator, such as an ultrafiltration concentrator (e.g., an Apollo ® 150 from
Orbital Bioscience).

In some embodiments, the kit comprises sodium citrate (e.g., 100mM sodium citrate),
citric acid (e.g., 25mM to 1M citric acid, such as 100mM citric acid), and a sulfopropyl (SP)
resin chromatography column (e.g., a Iml SP FF HiTrap from GE Healthcare Life Sciences).
In some embodiments, the kit comprises sodium citrate (e.g., 100mM sodium citrate), citric
acid (e.g., 100mM citric acid), and a sulfopropyl (SP) resin chromatography column (e.g., a
Iml SP FF HiTrap from GE Healthcare Life Sciences) and a filtration concentrator, such as
an ultrafiltration concentrator (e.g., an Apollo ® 150 from Orbital Bioscience).

In some embodiments, the kit further comprises instructions for use, e.g., instructions
for use in a method described herein. In some embodiments, the kit further comprises one or
more tubes or other types of containers for cell lysate (e.g., Eppendorf tubes) and/or one or
more tubes or other types of containers for waste generated (e.g., 10mL or 50mL tubes for
collecting flow-through and other wastes that could be produced in a method described
herein).

WFl is sterile, nonpyrogenic, distilled water suitable for injection. In some
embodiments, WFI is produced by distillation (or optionally by a purification process proven
to be equal to or superior to distillation) and has the following properties: conductivity of no
greater than 1,3uS/cm at 25 degrees Celsius (or an equivalent at another temperature), a total
organic carbon (TOC) level of less than or equal to 500 parts per billion, a bacteria endotoxin
level below 0.25 endotoxin units per milliliter (EU/mL), and a bacterial level of no more than

10 colony-forming units (CFU) per 100 mL. WFI is known in the art and can be produced
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using routine methods.

Without further elaboration, it is believed that one skilled in the art can, based on the
above description, utilize the present disclosure to its fullest extent. The following specific
embodiments are, therefore, to be construed as merely illustrative, and not limitative of the
remainder of the disclosure in any way whatsoever. All publications cited herein are

incorporated by reference for the purposes or subject matter referenced herein.

EXAMPLES

Example 1. Exemplary AAV purification protocol

Described below and elsewhere herein is a rapid, low cost, and scalable method for
purification of various rAAVs from the lysates of producer cells of either mammalian or
insect origin. The method takes advantage of two general biochemical properties of all
characterized AAV serotypes: 1) low isoelectric point of a capsid; and 2) relative biological
stability of the viral particle in the acidic environment. A simple and rapid clarification of
cell lysate to remove the bulk of proteins and DNA is accomplished by utilizing inexpensive
off-the-shelf reagents such as sodium citrate and citric acid. After the low-speed
centrifugation step, the supernatant is subjected to cation exchange chromatography via SP
column. The eluted virus may then be further concentrated by either centrifugal spin devices
or tangential flow filtration yielding material of high titer and GMP grade biochemical purity.
The protocol was validated for rAAV serotypes 2, 8, and 9. The described method makes
rAAYV vector technology readily available for the low budget research laboratories and could

be easily adapted for a large scale GMP production format.

Recombinant adeno-associated virus (rAAV) vectors have emerged as one of the most
versatile and successful gene therapy delivery vehicles. A number of recent clinical trials had
impressive clinical outcomes [refs. 1-6] and patients diagnosed with lipoprotein lipase
deficiency will now have an option to be treated with Glybera®, the first rAAV-based drug to

win the regulatory approval of the European Medicines Agency (EMA). However, even
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though the industry is poised for the expansion into several application areas represented by
orphan diseases, a simple and scalable rAAV production technology is still lacking.

The ever growing rAAV vector toolbox, in addition to many natural AAV serotypes, now
includes numerous AAV capsid mutants derived from combinatorial libraries or through
rational engineering [refs. 5, 7]. To purify all these divergent AAV variants, buoyant density
gradients such as CsCl, or iso-osmotic medium iodixanol discontinuous gradients [ref. 8] are
routinely used. Although quite useful in a laboratory setting, these procedures are neither
scalable nor easily adapted for Good Manufacturing Practice (GMP) protocols. In this regard,
the more promising approach incorporates chromatography steps, either affinity,
hydrophobic, or ion-exchange, depending on the biochemical properties of a particular
serotype. For example, heparin affinity chromatography based on interaction with heparan
sulfate proteoglycan has been successfully applied to rAAV2 [refs. §, 9], while mucin affinity
chromatography can be used for rAAVS purification because it binds to sialic acid [ref. 10].
Many successful examples of one- or two-step ion-exchange chromatography purification
have been reported for rAAV serotypes 1, 2, 4, 5, and 8 [refs. 11-15]. More recently, an
affinity media incorporating an anti-AAV VyH ligand, a single-domain camelid antibody
derivative, was utilized to purify serotypes 1, 2, 3, and 5 [ref. 16]. In spite of these
documented successful examples, some AAV serotypes, such as rAAVY, are refractory to
conventional chromatography procedures and require significant effort and exceptional
laboratory skills for their purification [ref. 17].

Described herein is an efficient and reproducible protocol based on a partial
purification of the initial crude lysate by flocculation of cell debris under low pH conditions,
followed by one-step cation-exchange chromatography. The flocculation step eliminates the
bulk of the contaminating protein and DNA allowing for quantitative AAV binding to, and
subsequent elution from the resin. The method could be applied to several serotypes and for

vectors purified from both mammalian and insect cell production systems.

Testing vector infectivity and stability over pH range.

AAVO was selected for the development of all the experimental steps since AAVO is



10

15

20

25

WO 2016/004319 PCT/US2015/039005
44

one of the most challenging AAV serotypes to purify. It has been observed previously that
the unique N-terminus of the AAV capsid viral protein VP1 (VP1u) undergoes a reversible
pH-induced unfolding/refolding process, complemented by a loss/gain of a-helical structure
which does not disrupt the capsid integrity [ref. 18]. To test whether these pH-induced
structural changes affect vector infectivity, we exposed rAAV9 vector to citrate and
phosphate buffers with pH ranging from pH2.5 to pHS for periods of time of up to three
weeks followed by an infectivity assay. A physiological solution, Lactated Ringer (LR,
pH6.42) was used as a positive control buffer. The in vitro infectivity of the rAAV-GFP was
assayed before and after pH exposure for a specified period of time. As shown in Fig. 2A,
after a short 2 h exposure, the infectivity of the virus does not change in any of the buffers
over the whole pH range tested. After 24 h incubation, however, there was a ten-fold
reduction in infectivity which was more pronounced at the range of pHS5-6, followed by
another log reduction after exposure for three weeks. Surprisingly, however, the lower pH
range was less deleterious thus providing experimental validation for the low pH-induced
flocculation step. Obviously, other components of the buffer provide structural stability as
well because LR appears to better sustain higher virus infectivity over three weeks, the period
of time tested.

Independently, the impact of pH on the structural stability of rAAV9-GFP was tested
by a dot-blot immunoassay. lodixanol-purified rAAV9-GFP, in citrate-phosphate buffer at
pH7.4,6.0,5.5, or 4.0, was exposed to the range of temperatures 4-100°C and blotted for
antibodies to detect intact capsids (HL-2370), denatured capsids (B1), and VP1u
externalization (A1) (data not shown). Based on the observations, the temperature range was
narrowed to 70-80°C to more accurately determine capsid stability and denaturation
temperature. FIG. 6 lists the last temperature at which intact capsids were detected (HL-2370)
and the first temperature at which denatured capsids were detected (B1 and Al). At neutral
pH (pH 7.4) the capsid was intact at 75°C but not 78°C. Low pH (pH 4.0) induced a loss in
capsid stability since particles were only intact to 73°C. However, intermediate acidity (pH
5.5-6.0) increased the stability of the capsid to 78°C. Interestingly, there appeared to be a

reverse correlation between increased capsid stability in the pH 5.5-6.0 range and the reduced
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infectivity (Fig. 2A) in the same pH range which may be due to slower uncoating of the
capsid within a cell.

The structural stability of the rAAV9-GFP virus was further validated using electron
microscopy. As with the dot-blot assay, capsids in citrate-phosphate buffer at pH 7.4, 6.0, 5.5,
or 4.0 were exposed to temperatures between 70-80°C and visualized using negative-stain
EM (Fig. 2B). Intact capsids were detected up to 73°C for pH 4.0, 75°C for pH 7.4, and 78°C
for pH 5.5 and 6.0. However, above these respective temperatures the capsids were denatured
and no longer visible. Additionally, for capsids at pH 6.0, while stable at 77°C, when heated
to 78°C there was a decrease in the number of intact particles visible and an increase in
broken particles indicating the capsids are not stable and are denaturing at this point. These
EM results agree with the dot-blot data and together these observations demonstrate a very
sharp transition temperature in capsid stability, which is otherwise very high for the rAAVO9-

GFP capsids.

SP Column chromatography

AAV9. AAV9-based vectors exhibit distinctive properties such as delayed blood
clearance, ability to cross blood-brain barrier, and targeting cardiac muscle with a higher
tropism. This serotype, however, proved to be challenging to purify using standard
chromatography procedures. Followed flocculation step, it was tested as to whether AAV9
remaining in the supernatant was capable of binding to an ion-exchange resin (Fig. 3A).
AKTA FPLC (GE Health Care) system had been utilized. After the microfluidization step,
the crude lysate contained 1288 mg of protein, the amount of which was reduced down to
14.8 mg of total protein in the supernatant fraction applied to the column. Thus, low pH
flocculation followed by low-speed centrifugation disposes of 98.85% of total protein in the
crude lysate making AAV9 remaining in the supernatant (Fig. 3B, lane marked “SP load™)
highly amenable to cation-exchange chromatography. AAV9 quantitatively binds to SP resin
(Fig. 3B, lane “SP FT”), and is eluted with higher pH (measured pH4.6) and sodium ion
concentration (0.25 M NaCl) with very little contaminating proteins (Fig. 3B, lane “SP 50%

B”). These low MW were effectively removed during the subsequent
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concentration/ultrafiltration step through 150 kDa cut-off TFF concentrator (Fig. 3B, lane
“TFF”). There was little difference between the SP-purified/TFF-concentrated fraction and
the rAAVO sample purified by the “standard” protocol using an iodixanol gradient (Fig. 3B,
lane “293 iodixanol”). The additional faint bands in the purified sample seen on the silver-
stained gel were VP-derived peptides (Fig. 3C, right panel). These peptides appear to be the
products of capsid protein autocleavage [ref. 19], therefore there was no evidence that AAV
vectors purified by the current protocol incorporated higher ratios of the cleaved peptides
compared to the “standard” iodixanol method. Electron microscopy examination of rAAV9
capsid purified by SP column chromatography (Fig. 3D) revealed a higher degree of purity
and integrity of the sample as compared to the one purified by iodixanol gradient (Fig. 3E).
The total yield in the peak SP 50% B fraction constituted 84% of the SP load (by dot blot
assay), or 53% (by PCR assay), or 93% (by green cell assay (GCA)) (Fig. 3F). Thus, in
several simple steps, rAAV9-GFP was purified to a highest degree of purity while retaining
more than 90% yield in a TFF-concentrated final stock.

AAV2. AAV?2 is one of the most utilized and studied serotypes providing structural
platform for rationally designed vectors and combinatorial capsid libraries. Using similar to
AAVO conditions, we attempted to purify AAV2-GFP produced in HEK 293 cells (Fig. 4A).
AAV?2 capsid proteins appeared to constitute one of the major protein components of the
supernatant after the flocculation/centrifugation steps since VP3 was readily identifiable on a
silver stained gel (Fig. 4B, lane “SP load”). However, a significant fraction of the virus was
lost in the flow through (Fig. 4B, lane “SP FT”). Consistent with weak binding at this pH
condition, the elution of AAV2 was initiated at lower Na* (50 mM-100 mM). The total yield
in the peak SP 20% B fraction constituted 5.2% of the SP load (by dot blot assay), or 6.2%
(by PCR assay), or 11.2% (by GCA) (Fig. 4D). The eluted and concentrated vector, however,
was remarkably pure (Fig. 4B, lane “TFF”), with no detectable contaminating proteins
identified at this sample load, with the exception of B1-immunoreactive peptides, the product
of capsid autocleavage (Fig. 4C, lane “293 iodixanol”).

AAVS. AAVS serotype-based vectors are among the most efficient vehicles for

transducing target tissues in vivo, and they are widely utilized both in the laboratory setting
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and in clinical trials. Moreover, several laboratories have designed insect cell-based systems
to scale up production of rAAVSE vectors [refs. 20, 21]. To investigate whether this method
could be extended further to purify AAVSE from mammalian, as well as from the insect cell
milieu, a side-by-side purification was conducted using identical conditions for rAAVS§
packaged in HEK 293 cells vs Sf9 cells (Fig. 5A, B). As expected, the respective crude
lysates showed divergent protein patterns (Fig. 5C, lanes “Benzo, 293 and Sf9”). Even after
flocculation/centrifugation, the SP loads were very much distinct for both samples, although
already at this point, VP3 could be easily identified in both samples. The Sf9-derived rAAVE
vector had a lower VP1/VP2 capsid protein content (Fig. 5D), consistent with previous
reports [refs. 20, 22]. This is a characteristic of the AAVSE produced in Baculovirus
expression system and in no way is related to the purification protocol. An extra B1-
immureactive minor band present in both 293- and Sf9-derived TFF samples (Fig. 5D,
marked by the * asterisk) was also identified in the iodixanol sample, although only at 10-
fold higher load. If this peptide is a product of capsid autocleavage, then perhaps it happens at
a somewhat higher rate under the low pH conditions used in this protocol. There was no
evidence, however, that these minor alterations affect the vector’s infectivity. The total yield
in the peak SP 30% B fraction constituted 56% of the SP load (by dot blot assay), or 22% (by
PCR assay), or 62.8% (by GCA) for 293-derived rAAVS (Fig. 5E), with comparable yields
for Sf9-derived vector (Fig. SF).

In some aspects, a purpose of the current project was to develop a simple and
reproducible purification method applicable to many, if not all, AAV serotypes and variants.
In addition, the method should be applicable to AAV vectors produced from either
mammalian or Sf9 insect cell cultures, i.e. from very different cellular protein milieus.
Previously, an in-depth study of methods for the recovery of rAAV from bulk cell lysates was
conducted, establishing that no satisfactory method existed among those tested at the time
[ref. 8]. In the current project, a less explored method of low pH-induced flocculation of
colloidal suspensions in a crude cell lysate was used [ref. 23]. The relative stability of AAV

under low pH conditions has been taken into consideration [refs. 18, 24], as well as reports
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that rAAVs can be purified under low pH conditions by AVB Sepharose HP affinity
chromatography [refs. 16, 25]. Target flocculation pH was selected in the range of pH3 - pH4
[ref. 23], and the sodium citrate buffer pH3.9 was found to be the most consistent in forming
the flocculate without AAV virus loss. Moreover, sodium citrate buffer was selected for the
subsequent chromatography step because of its working pH range of 3.0-6.2, pK=6.4 [ref.
26]. The analysis of the calculated isoelectric points (pI) mean values of capsids of all
characterized AAV serotypes 1-12 showed their slightly acidic character (pI=6.3) [ref. 18].
This meant that at lower pH, the capsids will be protonated and thus capable of binding to a
strong cation exchanger containing, for example, a bonded sulfonic acid group, such as
sulfopropyl (SP). At the buffer pH values approaching the isoelectric target point (pI=6.3),
capsids become zwitterionic (charge-neutral), which would enable their dissociation and
elution from the resin. Thus, the flocculation and subsequent binding to SP resin could be
carried at pH3.9, while elution from the resin could be conducted at higher pH approaching
pH6.2. It was also anticipated that because of the relative uniformity of the capsids’ pI across
all characterized serotypes, the purification procedure would be applicable to many AAVs.

Prior to the method development it was determined whether exposing virus to low pH
modified its structure, rendering it non-infectious. Consistent with previous observations [ref.
18], acidification of the virus for 2 h resulted in little if any reduction of the infectivity.
Although longer incubations were somewhat unfavorable, the actual time of the purification
(flocculation followed by column chromatography) is compatible with short low pH exposure
times.

Described herein is a simplified purification protocol which, regardless of the
upstream production method, yields exceptionally pure vector preparations. The protocol
was tested using three serotypes (AAV2, AAVS, and AAV9) from three different clades
(Clade B, E, and F, respectively) [ref. 27] thus validating its potential applicability to many
AAYV serotypes and mutants. The yield of the purified virus was significantly different for
three serotypes tested ranging from to 11% (AAV2), to 63% (AAVS), to 93% (AAV9)
suggesting that for each serotype, optimization of chromatography step may be needed.

Shown herein is the protocol’s utility in the context of rAAV vectors produced by triple
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transfection in mammalian HEK 293 cells and in insect Sf9 cells produced by infection with
baculovirus, providing evidence of the protocol’s potential usefulness in an industrial scale-
up production environment. It is believed that this is one of the most inexpensive protocols
utilizing simple off-the-shelf reagents such as sodium citrate and citric acid. Moreover,
substituting SP Sepharose (bulk price ~$1/ml) for AVB Sepharose HP ($50/ml) brings the
AAYV vector methodology within the reach of essentially any research laboratory. The
protocol could be simplified even further by substituting microfluidization with sonication, or
freeze/thawing of a cell pellet, or even hypotonic lysis in H,O; and tangential flow filtration -
with low-speed centrifugation/concentration through 150 kDa cut-off Apollo concentrator.
Separating DNA-containing and empty rAAYV particles without ultracentrifugation in buoyant
density gradients remains a technical challenge. Curiously, the pI value for virions
incorporating packaged DNA is different from those for empty capsids [ref. 12]. Perhaps
modifying chromatography conditions and/or carriers as previously described [ref. 12] will
allow rAAVO (and other serotypes) preparations to be more enriched for particles
incorporating DNA.

In summary, described herein is an affordable protocol for the purification of rAAV
using off-the-shelf reagents and easy to follow steps. Because of its overall simplicity, the
protocol could be used in a regular research laboratory, as well as further adapted for GMP-

grade industrial scale production.

Material and Methods
Production of rAAV from HEK 293 cells

Typically, rAAV was produced by CaPO4-mediated transfection of plasmid DNA in
293 cells grown in CellStack® format (Corning, seeded area of 6360 cm” containing ~1x10°
cells at the time of transfection, ~1.5x10° cells at harvest), as previously described [ref. 14].
Briefly HEK293 cells were seeded at approximately 30% confluence (~4.8E+8 cells) in a
single 10 stack “CellStack” (6,360cm” growth surface area) 24 hours prior to transfection.
Following the 24 hour incubation the confluence of the CellStack increased to 50-60%

confluence at the time of transfection. Transfection of the HEK293 cells was accomplished
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by calcium phosphate precipitation. The transfection consisted of preparing plasmid DNA
that was suitable for uptake, copying and expression of some of the genes contained within
the plasmids. Helper plasmids pXX6 & rep2cap9 were co-transfected with pTR-UF11
cloning plasmid. The transfection reagents were mixed appropriately and applied to the
HEK?293 cells in culture. The HEK293 cells were incubated at 37C degrees, 5% CO2 for 3-5
days after which time either the media, the cells or both were harvested for purification of

AAV.

Production of rAAV from Sf9 producer cell lines

rAAV was produced from Sf9-based producer stable cell lines upon infection with a
single recombinant baculovirus encoding the rAAV expression cassette, as previously
described [refs. 21, 28]. Typically, insect cells were grown in 1 L suspension (4x250 ml in 2
L Erlenmeyer flasks each) until their densities reached 2x10° cells/ml at which point
recombinant Bac-rAAV-GFP was added at M.O.IL. of 5. Cells were harvested 72 h later and
rAAV was purified as described below.

Production of clarified crude lysates

To maintain the reproducibility regardless of the scale of the process the volumes of
each of the reagents used in this protocol were based on the approximate wet weight of the
harvested cell pellet. An approximation of 1 g cell pellet wet weight being equal to 1 ml was
used in lieu of actual weights and volumes that can be determined by direct measure or
displacement. Fig. 1 shows an overview of the process: cell pellet was resuspended in an
appropriate volume of 100 mM sodium citrate followed by the addition of magnesium and
benzonase. Following the digestion an appropriate volume of 100 mM citric acid was added
to acidify the slurry and to initiate the formation of a protein flocculate. After low-speed
centrifugation, the supernatant was subjected to ion exchange chromatography.

A Citrate Buffer Table [ref. 26] was used to identify ratios of the buffer pair: 100 mM
sodium citrate (NazCsHsO7) and 100 mM citric acid (CsHgO7) were mixed at the respective

ratio of 16:34 (v/v) to derive a buffer of pH3.9. In practice, frozen cell pellets were



10

15

20

25

WO 2016/004319 PCT/US2015/039005
51

resuspended in 100 mM sodium citrate pH8.05, 1.44 ml/g wet cell pellet weight, at
approximately 1.9x10° cells/g wet cell weight. ddH,O was then added, 2.25 ml/g wet cell
weight, followed by MgCl, to a final concentration of 1.6 mM. DNA contaminants were
digested by incubation with Benzonase® (200 units/g wet cell weight) for 1 h at 37°C. Cells
were disrupted by one-pass microfluidization (Microfluidics Model 110S Microfluidizer
fitted with “Z” type interaction chamber to produce a colloidal suspension of particles of 100
um or less) and 100 mM citric acid was added (3.06 ml/g wet cell weight), followed by
addition of H,O, 2.25 ml/g wet cell weight. Heavy flocculate, which immediately formed at
this point, was precipitated by centrifugation at 4,450 x g for 10 min at RT. Supernatant
(pH~3.6) was collected and subjected to SP cation exchange chromatography.

SP column chromatography

HiPrep SP HP 16/10 (20 ml bed volume, GE Healthcare Life Sciences) was
equilibrated with 5 column bed volumes (BV) of Buffer A: 25 mM sodium citrate buffer,
target pH3.9 (mixed at the ratios as described above and diluted 4-fold), followed by 5 BV of
Buffer B: 50 mM sodium citrate buffer, target pH6.2 (sodium citrate to citric acid ratio of
42.8:7.2, diluted 2-fold), containing 0.5 M NaCl, followed by 5 BV of Buffer A. The clarified
supernatant was applied to the column at 5 ml/min, washed with Buffer A until the absorption
at A,go reached background levels, followed by wash with 5 BV of 90% Buffer A - 10%
Buffer B mixture (target pH4.65). AAV virus was eluted by the buffer mixture of 80% Buffer
A —20% Buffer B (for AAV2, target pH4.96), or 70% Buffer A — 30% Buffer B (for AAVS,
target pH5.22), or 50% Buffer A — 50%Buffer B (for AAV9, target pHS5.57). Some samples
were further purified using a tangential flow filtration system (TFF, “Mid-Gee” system, GE
Healthcare Life Sciences, connected to a Watson Marlow 323 pump and a pressure monitor

from Amersham).

rAAV titering

Dot-blot assay, PCR assay, and green cell fluorescent assays (GCA) were described
earlier [ref. 14, 29]. For the GCA, 2x10* C12 cells [ref. 30] per well in 96-well plates were
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infected with serial dilutions of a rAAV-GFP vector and co-infected with Ad5 (M.O.1. of 5)
to increase the sensitivity. Forty eight hours later, cells infected with rAAV-GFP were
visually scored using a fluorescence microscope and the titer was calculated according to the

dilution factor.

Dot-blot immunoassay

rAAVO9-GFP was diluted to 2 ng/pl in citrate-phosphate buffer at pH 7.4, 6.0, 5.5, or
4.0 containing 150 mM NaCl. Samples were incubated in a BioRad C1000 Touch Thermal
Cycler at a temperature range of 4-100°C for initial experiments to broadly determine capsid
stability (data not shown) then a narrower temperature range of 70-80°C for subsequent
experiments to more accurately assess capsid stability, for 5 min, then cooled to 4°C. Twenty
ng of a treated sample was immobilized onto a nitrocellulose membrane using a dot-blot
apparatus (Bio-Rad). Blots were blocked in 5% milk in 0.05% Tween-PBS and probed for
intact capsids, denatured capsids, or VP1u externalization using anti-AAV9 capsid
monoclonal antibodies HL.-2370 at 1:1000, B1 (American Research Products) at 1:3000, or
A1l (American Research Products) at 1:20, respectively. Detection was carried out using
HRP-linked anti-mouse monoclonal antibody at 1:5000 (GE Healthcare) and Immobilon

chemiluminescent substrate (Millipore).

Electron microscopy (EM)

rAAVO-GFP was diluted to 50 ng/ul in citrate-phosphate buffer at pH 7.4, 6.0, 5.5, or
4.0 containing 150 mM NaCl and heated to 73°C, 75°C, 77°C, 78°C, or 80°C for 5 min then
cooled to 4°C using a BioRad C1000 Touch Thermal Cycler. Samples were adhered to glow-
discharged carbon-coated copper grids (TED Pella) and stained with 2% uranyl acetate.
Images were collected using a Tecnai G2 Spirit transmission electron microscope (FEI Co.,

Eindhoven, Netherlands).
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OTHER EMBODIMENTS

All of the features disclosed in this specification may be combined in any
combination. Each feature disclosed in this specification may be replaced by an alternative
feature serving the same, equivalent, or similar purpose. Thus, unless expressly stated
otherwise, each feature disclosed is only an example of a generic series of equivalent or
similar features.

From the above description, one skilled in the art can easily ascertain the essential
characteristics of the present disclosure, and without departing from the spirit and scope
thereof, can make various changes and modifications of the disclosure to adapt it to various

usages and conditions. Thus, other embodiments are also within the claims.

EQUIVALENTS

While several inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to
be within the scope of the inventive embodiments described herein. More generally, those
skilled in the art will readily appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the inventive teachings is/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, many
equivalents to the specific inventive embodiments described herein. It is, therefore, to be
understood that the foregoing embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents thereto, inventive embodiments may
be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit,

and/or method described herein. In addition, any combination of two or more such features,
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systems, articles, materials, kits, and/or methods, if such features, systems, articles, materials,
kits, and/or methods are not mutually inconsistent, is included within the inventive scope of
the present disclosure.

All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

All references, patents and patent applications disclosed herein are incorporated by
reference with respect to the subject matter for which each is cited, which in some cases may
encompass the entirety of the document.

The indefinite articles “a” and ““an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “‘either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple
elements listed with “and/or” should be construed in the same fashion, i.e., “one or more” of
the elements so conjoined. Other elements may optionally be present other than the elements
specifically identified by the “and/or” clause, whether related or unrelated to those elements
specifically identified. Thus, as a non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other than B); in another embodiment,
to B only (optionally including elements other than A); in yet another embodiment, to both A
and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or” as defined above. For example, when separating items in
a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least
one, but also including more than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the contrary, such as “only one of”
or “exactly one of,” or, when used in the claims, “consisting of,” will refer to the inclusion of

exactly one element of a number or list of elements. In general, the term “or” as used herein
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shall only be interpreted as indicating exclusive alternatives (i.e. “one or the other but not

2% <

both”) when preceded by terms of exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of.” “Consisting essentially of,” when used in the claims, shall have its ordinary
meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements
and not excluding any combinations of elements in the list of elements. This definition also
allows that elements may optionally be present other than the elements specifically identified
within the list of elements to which the phrase “at least one” refers, whether related or
unrelated to those elements specifically identified. Thus, as a non-limiting example, “at least
one of A and B” (or, equivalently, “at least one of A or B,” or, equivalently “at least one of A
and/or B”) can refer, in one embodiment, to at least one, optionally including more than one,
A, with no B present (and optionally including elements other than B); in another
embodiment, to at least one, optionally including more than one, B, with no A present (and
optionally including elements other than A); in yet another embodiment, to at least one,
optionally including more than one, A, and at least one, optionally including more than one,
B (and optionally including other elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one step or act, the order of the steps or acts
of the method is not necessarily limited to the order in which the steps or acts of the method
are recited.

In the claims, as well as in the specification above, all transitional phrases such as

29 Cel

“comprising,” “including,

2% << 2% << 29 CCl

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including
but not limited to. Only the transitional phrases “consisting of” and “consisting essentially
of”” shall be closed or semi-closed transitional phrases, respectively, as set forth in the United

States Patent Office Manual of Patent Examining Procedures, Section 2111.03.
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Claims
What is claimed is:
1. A method of purifying recombinant adeno-associated virus (rAAV) particles, the

method comprising:

a) providing a cell lysate having a pH of between 6 and 9 and comprising rAAV
particles;

b) reducing the pH of the cell lysate to less than or equal to 5 to produce a flocculate
and a supernatant comprising the rAAV particles;

c) isolating the supernatant comprising the rAAV particles from the flocculate; and

d) purifying the rAAV particles from the supernatant using cation exchange
chromatography, thereby producing purified rAAYV particles.

2. The method of claim 1, wherein reducing the pH in b) comprises contacting the cell

lysate comprising the rAAV particles with a triprotic acid.

3. The method of claim 2, wherein the triprotic acid is citric acid.

4. The method of claim 3, reducing the pH in b) comprises contacting the cell lysate

comprising the rAAV particles with 100 mM citric acid.

5. The method of any one of the preceding claims, wherein the cell lysate further

comprises sodium citrate.

6. The method of claim 5, wherein the cell lysate further comprises an endonuclease.

7. The method of claim 5 or 6, wherein the cell lysate further comprises Mg** and

benzonase.
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8. The method of claim 5, 6 or 7, wherein the sodium citrate is 16mM sodium citrate.
0. The method of any one of the preceding claims, wherein c) comprises isolating the

supernatant comprising the rAAV particles from the flocculate by centrifugation or filtration.

10. The method of claim 9, wherein ¢) comprises isolating the supernatant comprising the

rAAYV particles from the flocculate by centrifugation.

11. The method of any one of the preceding claims, wherein the cell lysate is a

mammalian or insect cell lysate.

12. The method of claim 11, wherein the cell lysate is HEK293 or Sf9 producer cell
lysate.

13. The method of any one of the preceding claims, wherein the cation exchange

chromatography is sulfopropyl column chromatography.

14. The method of any one of the preceding claims, wherein the method further
comprises:

e) further purifying and/or concentrating the purified rAAV particles by tangential
flow filtration and/or centrifugation, thereby producing further purified and/or concentrated

rAAYV particles.

15. The method of any one of the preceding claims, wherein the cell lysate in a) is
produced by microfluidization, sonication, freeze/thawing, or hypotonic lysis of cells

comprising the rAAV particles.

16. The method of claim 15, wherein the cell lysate in a) is produced by hypotonic lysis
of cells comprising the rAAV particles.
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17. The method of claim 15, wherein the cell lysate in a) is produced by

microfluidization.

18. The method of any one of the preceding claims, wherein b) comprises reducing the

pH of the cell lysate comprising the rAAV particles to between pH 3 and 5.

19. The method of claim 18, wherein b) comprises reducing the pH of the cell lysate
comprising the rAAV particles to between pH 3 and 4.

20. The method of any one of the preceding claims, wherein the rAAV particles are
rAAV2, rAAVE or rAAVO particles.

21. The method of any one of the preceding claims, wherein the rAAV particles are
rAAVSE or rAAVO particles.

22. The method of any one of the preceding claims, wherein the rAAV particles are
rAAVO particles.

23. The method of any one of the preceding claims, wherein the purified rAAV particles
or the further purified and/or concentrated rAAV particles are added to a pharmaceutical

composition.

24. The method of claim 23, wherein the pharmaceutical composition comprises a

pharmaceutically acceptable carrier.

25. The method of claim 23 or 24, wherein the pharmaceutical composition is

administered to a subject in need thereof.
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A composition comprising purified rAAYV particles or further purified and/or

concentrated rAAV particles produced by or obtainable by the method of any one of claims 1

to 24.

27.

28.

29.

30.

A composition comprising rAAYV particles having a purity of above 90%.

A method, comprising:

administering a composition of claim 26 or claim 27 to a subject in need thereof.

A kit, comprising water for injection (WFI), sodium citrate and citric acid.

The kit of claim 29, further comprising a sulfopropyl (SP) resin chromatography

column.

31.

The kit of claim 29 or 30, further comprising a filtration concentrator.
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