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Aggregation of recombinant AAV2 results in reduced yield during purification and may have
deleterious effects on vector transduction efficiency, biodistribution and immunogenicity following
in vivo administration. Studies to elucidate the mechanism of vector aggregation and methods to
prevent its occurrence are reported. In excipient screening studies, the sugars sorbitol, sucrose,
mannitol, trehalose, or glycerol at concentrations of up to 5% (w/v), or surfactants Tween 80 or
Pluronic F68, did not prevent aggregation. Aggregation was prevented by the use of various salts at
concentrations corresponding to solution ionic strengths of N200 mM. AAV2 vectors purified by
double cesium chloride gradient centrifugation, cation-exchange chromatography, or combined
chromatography and gradient centrifugation each demonstrated a similar requirement for ionic
strength to prevent aggregation. AAV2 vectors concentrated to 6.7 � 1013 vector genome (vg)/mL
in neutral-buffered isotonic saline resulted in 59 F 6.0% recovery of nonaggregated material
compared to 96 F 4.4% recovery in an isotonic formulation with elevated ionic strength. The latter
showed no aggregation following storage or after 10 freeze–thaw cycles at �208C. AAV2 vectors
stored for an extended period in an elevated ionic strength formulation retained a high infectivity
titer (13 vg/infectious unit) and transduction efficiency. Nuclease digestion of purified AAV2 vectors
reduced aggregation, implicating trace amounts of vector surface nucleic acids in interparticle
binding.
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INTRODUCTION

Recombinant adeno-associated virus (rAAV) is a promis-
ing vector for human gene transfer [1–3]. A member of
the Dependovirus genus of the parvoviruses, AAV Type 2
(AAV2) is composed of a single-strand DNA molecule of
4680 nucleotides encoding replication (rep) and encapsi-
dation (cap) genes flanked by inverted terminal repeat
sequences [4]. The genome is packaged by three capsid
proteins (VP1, VP2, and VP3), which are amino-terminal
variants of the cap gene product. The icosahedral virus
particle has a diameter of ~26 nm. A high-resolution
crystal structure of AAV2 has been reported [5].

The solubility of purified AAV2 particles is limited,
and aggregation of concentrated AAV2 vectors has been
reported [6–9]. Aggregation can lead to purification losses
and inconsistencies in the testing of purified vector. The
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in vivo administration of AAV2 vectors to certain sites,
such as the central nervous system, may require small
volumes of concentrated vector, and the maximum
achievable dose is limited due to low vector solubility.
Vector aggregation is also likely to influence biodistribu-
tion following in vivo administration and may cause
unwanted immune responses to vectors, as has been
reported for proteins [10]. Reports of immune responses
that limit transgene expression following AAV vector
administration in preclinical [11–13] and clinical [14]
studies emphasize the need to address factors that may
contribute to vector immunogenicity. Hence, an impor-
tant objective for the development of AAV2 vectors is to
optimize vector purification methods and formulations
to prevent aggregation when concentrated vector stocks
are prepared. To achieve this objective, the biochemical
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mechanisms that contribute to aggregation should be
elucidated. In this study we have investigated AAV2
vector aggregation by examining the influence of differ-
ent classes of excipients and by identifying impurities
that contribute to aggregation. Methods to prevent the
aggregation of AAV2 vectors are described.

RESULTS

Excipient Screening by Dynamic Light Scattering
Initial screening experiments were performed to identify
classes of excipients that could reduce aggregation and
thereby provide information on the mechanism of AAV
vector aggregation. We observed that vector aggregation
could be caused by the dilution of our purified AAV2
vector preparations with a low-concentration buffer (10
mM sodium phosphate, pH 7.2). Based on this bdilution-
stressQ method, we screened for excipients that, when
included in the diluent, were able to prevent vector
aggregation. For this screening, aggregation was meas-
ured by dynamic light scattering (DLS), a method that is
highly sensitive, requires only small volumes (20 AL) of
sample, and provides a semiquantitative measure of
aggregation adequate for comparison studies. Excipients
examined included selected inorganic salts, amino acids,
uncharged simple carbohydrates, and surfactants. The
results are shown in Table 1. Charged excipients (inor-
ganic salts and amino acids) were able to prevent
aggregation when present at sufficient concentrations.
However, concentrations required to prevent vector
aggregation varied, ranging from 180 mOsm for magne-
TABLE 1: Screening for excipients that prevent AAV2 vector
aggregation using a dilution-stress method

Excipient

Osm required to prevent

aggregation (max tested)

Magnesium sulfate 180 mOsm
Sodium citrate 220 mOsm

Sodium chloride 320 mOsm

Sodium phosphate 220 mOsm

Sodium sulfate 220 mOsm
Arginine NIA (200 mOsm)

Aspartic acid 320 mOsm

Glutamic acid 320 mOsm
Glycine NIA (200 mOsm)

Histidine NIA (200 mOsm)

Lysine 300 mOsm

Glycerol NIA (5% w/v, 543 mOsm)
Iodixanol NIA (5% w/v, 32 mOsm)

Mannitol NIA (5% w/v, 275 mOsm)

Sorbitol NIA (5% w/v, 275 mOsm)

Sucrose NIA (5% w/v, 146 mOsm)
Trehalose NIA (5% w/v, 146 mOsm)

Pluronic F68 NIA (10% w/v, 12 mOsm)

Polysorbate 80 NIA (1% w/v)

NIA, no inhibition of aggregation.
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sium sulfate to 320 mOsm for sodium chloride. The
amino acids Arg, Asp, Glu, Gly, His, and Lys were each
found to be unable to prevent aggregation when initially
screened at 200 mOsm. Three amino acids (Lys, Asp, and
Glu) were examined at higher concentrations and found
to prevent aggregation at 300–320 mOsm. Several carbo-
hydrates were tested at concentrations of up to 5% w/v
and found to have no effect on vector particle aggrega-
tion. For example, 5% w/v glycerol (543 mOsm) did not
prevent aggregation under the dilution-stress method.
The surfactants Pluronic F68 (to 10% w/v) and Polysor-
bate 80 (to 1% w/v) similarly had no effect.

Vector Aggregation at Reduced Ionic Strength
A more detailed analysis of AAV2 vector aggregation as a
function of the concentration of selected excipients was
performed. Shown in Fig. 1A is the dependence of
aggregation on the osmolarity of these excipients. For
charged excipients a concentration-dependent inhibition
of aggregation was observed. Salts of multivalent ions
were required at lower concentrations to prevent aggre-
gation than was NaCl. For example, magnesium sulfate at
~200 mOsm prevented aggregation, while NaCl was
required at ~350 mOsm to achieve a similar effect.
Sodium salts of citrate, sulfate, and phosphate were
intermediate in their potency. These data suggested that
the ionic strength (A) of the solution, a parameter that
depends on charge valency as well as concentration, was
the excipient characteristic affecting vector aggregation.
In Fig. 1B, the data were plotted to show vector
aggregation as a function of the calculated ionic strength
of solution for each excipient. This transformation
showed that the dependence of vector aggregation on
ionic strength was the same regardless of which salt was
used, and aggregation was prevented in all cases in which
the ionic strength was ~200 mM or greater.

Effect of Purification Method on AAV Vector
Aggregation
Recombinant AAV2 purified using different methods
(e.g., density-gradient purification versus ion-exchange
chromatography) would be expected to have differing
impurity profiles. To investigate the effect of purification
method, aggregation as a function of ionic strength was
measured for vectors purified by three methods. In these
studies, NaCl was used to vary ionic strength. As shown
in Fig. 1C, AAV2 vectors purified by double cesium
chloride gradient ultracentrifugation (Method 1), by
cation-exchange column chromatography (Method 2),
or by combined column and CsCl gradient ultracentrifu-
gation (Method 3) each aggregated to a similar degree at
low ionic strengths. In contrast, AAV2-FIX purified by the
column method and then subjected to an additional
nuclease digestion step (Method 2 plus nuclease) to
further degrade and remove DNA impurities showed a
reduced degree of aggregation at low ionic strengths.
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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FIG. 1. Dependence of AAV2 vector aggregation on osmolarity and ionic strength of selected excipients and on the method of purification. The average particle

radius of AAV2-FIX vectors was measured by DLS following vector dilution in varying concentrations of excipients buffered with 10 mM sodium phosphate, pH

7.5. (A) Aggregation of vectors purified by Method 3 (see Materials and Methods) as a function of the osmolarity of sodium chloride (.), sodium citrate (o),

sodium phosphate (n), sodium sulfate (5), magnesium sulfate (z), and glycerol (w). (B) Vector aggregation as a function of the ionic strengths of the same

solutions. (C) AAV2 vector aggregation as a function of ionic strength of sodium chloride for vectors purified by Method 1 (double CsCl gradient) (+); Method 2

(cation exchange chromatography) (4); Method 2 plus nuclease digestion (E); or Method 3 (chromatography plus CsCl gradient) (�).
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Nuclease digestion performed at an earlier stage of the
purification process (clarified HEK cell lysate as in
Method 1) did not reduce the aggregation of subse-
quently purified vector even though the amount of
residual nonvector DNA was not reduced significantly
following additional nuclease digestion of the purified
vector when measured by real-time quantitative (Q)-PCR.

Effects of Ionic Strength and Nuclease on a Preparative
Scale
The preceding results describing the dependence of
vector aggregation on ionic strength and nuclease treat-
ment were performed on an analytical scale, employing a
method to measure aggregation (DLS) that is semiquan-
titative. The effects of elevated ionic strength and
nuclease treatment on AAV2 vector aggregation were
next tested on a larger scale using methods to induce and
quantify vector aggregation relevant to preparative-scale
vector purification. Purified AAV vectors were diafiltered
TABLE 2: AAV vector recovery on a process scale follo
elevated-ionic-strength formulation

Experiment Formulation A (mM) Targ

1 CF 160 2.

TF1 310 2.
TF2 510 2.

2 CF 160 6.

TF2 510 6.

3 CF (�Bz) 160 3.
CF (+Bz) 160 3.

MOLECULAR THERAPY Vol. 12, No. 1, July 2005

Copyright C The American Society of Gene Therapy
into solutions of varying ionic strengths, the volume was
reduced to reach high target vector concentrations, and
aggregation was then assessed by our measuring vector
recovery following filtration of the product using a
0.2-Am filter. Aliquots from a single pool [1.7 � 1015

vector genome (vg) in 91 mL ~3 M CsCl, 1.9 � 1013 vg/
mL] of AAV2-AADC vector purified by Method 1 through
the second CsCl gradient centrifugation step were used as
the starting material in the experiments described in
Table 2. Tangential-flow filtration using hollow fibers was
used for diafiltration because this method is scalable and
enabled the accurate preparation of small volumes
(minimum ~1.4 mL) of concentrated vectors. In Experi-
ment 1, three hollow-fiber units were used to diafilter
AAV2-AADC vector into formulations CF, TF1, or TF2
(Control Formulation, Test Formulation 1, Test Formula-
tion 2), respectively, and then the volume was reduced to
a value corresponding to 2.5 � 1013 vg/mL. Formulation
ionic strengths and vector recoveries following 0.2-Am
wing diafiltration and concentration in control and
s, followed by 0.2-Am filtration

et (vg/mL) Actual (vg/mL) Recovery % (RSD)

5 � 1013 1.93 � 1013 77 (6.6)

5 � 1013 2.38 � 1013 95 (7.4)
5 � 1013 2.33 � 1013 93 (7.4)

7 � 1013 3.98 � 1013 59 (6.0)

7 � 1013 6.42 � 1013 96 (4.4)

6 � 1013 2.46 � 1013 68 (11)
6 � 1013 3.29 � 1013 91 (12)
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FIG. 2. Transduction by AAV2 vectors prepared and stored in elevated-ionic

strength formulation TF2. D7/4 cells were infected with AAV2-AADC prepared

in control (.) or TF2 formulations (5) at 10-fold serial multiplicities. After 72 h

the concentration of AADC in each well was measured by ELISA. Error bar

indicate the standard deviation of the average value (n = 5) measured at each

dilution.
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filtration are shown in Table 2. Recoveries using both
elevated ionic strength formulations TF1 (95 F 7.4%) and
TF2 (93 F 7.4%) were significantly higher than that using
CF (77 F 6.6%). In Experiment 2, AAV2-AADC was
concentrated to a higher target value (6.7 � 1013 vg/
mL) in CF or TF2. Vector recovery using TF2 (96 F 4.4%)
was again significantly higher than recovery using CF
(59 F 6.0%). Within the variability of the assays used,
vector was recovered fully at both target concentrations
(Experiments 1 and 2) using TF2, indicating that aggre-
gation was prevented. In contrast, significant aggregation
was observed at these target concentrations using CF, and
the extent of aggregation (i.e., loss following 0.2-Am
filtration) was proportional to the target vector concen-
tration. Formulation TF1 was not used in Experiment 2
because of its poor stability following freeze–thaw cycling
(Table 3), coupled with the limited supply of vector. In
Experiment 3, the effect of prior nuclease digestion of
purified vector on aggregation was examined. In the
absence of nuclease digestion, recovery of AAV2-AADC
was 68 F 11%, indicating a degree of aggregation
consistent with that observed using CF in Experiments
1 and 2. In contrast, purified vector treated with nuclease
and then concentrated in CF gave a greater recovery (91 F
12%). The results obtained on a preparative scale are
concordant with the effect of nuclease on vector aggre-
gation observed using the analytical-scale dilution-stress
method (Fig. 2), confirming that efficient nuclease
digestion of purified AAV2 vectors results in reduced
aggregation.

Stability of AAV2 Vectors Following Storage Or
Freeze–Thaw Cycling
The concentrated vectors prepared in CF, TF1, and TF2
(Table 2, Experiment 1) were subjected to a short stability
study to investigate whether aggregation would occur
during refrigerated storage or following multiple freeze–
thaw (F/T) cycles. Aggregation was assessed by DLS, and
Rh values N20 nm were deemed to indicate the occur-
rence of aggregation. As shown in Table 3, AAV2-AADC
vector prepared in CF showed some aggregation after
5 days of storage at 48C, as well as following one or more
F/T cycles at �20 or �808C. For vector prepared in TF1, no
TABLE 3: Stability of AAV2 vectors prepared in control and elevated-ionic-strength formulations after 48C storage or
freeze–thaw (F/T) cycling

Formulation

Particle radius—Rh (nm)

Prea
48C �208C �808C

5 days 1 F/T 5 F/T 10 F/T 1 F/T 5 F/T 10 F/T

CFb 14.5 27.0 22.4 56.1 94.5 20.6 57.5 141

TF1 13.8 16.3 THc TH TH TH TH TH

TF2 13.8 14.4 14.2 14.0 14.1 13.8 21.3 50.9
a Pre, DLS radius measured immediately following 0.2-Am filtration.
b Vector concentrations (vg/mL): CF, 1.93 � 1013; TF1, 2.38 � 1013; TF2, 2.33 � 1013.
c TH, signal intensity too high to measure.

MOLECULAR THERAPY Vol. 12, No. 1, July 2005174
Copyright C The American Society of Gene Therap

Sarepta Exhibit 1047, page 4
-

,

s

aggregation occurred after 5 days at 48C; however,
aggregation occurred after one or more F/T cycles at
�20 or �808C, as indicated by the high DLS signal
intensity (too high to measure in neat samples). Visual
inspection indicated slight cloudiness in these samples,
which is consistent with aggregation. For vector prepared
in TF2, no aggregation was observed after storage at 48C
or follow-up to 10 F/T cycles at �208C. Some aggregation
was observed after 5 and 10 F/T cycles at �808C.

Functional Studies
As described above, the high-ionic-strength isotonic
formulation TF2 effectively prevented vector aggregation
during concentration and storage and represented a
promising candidate for further study. An important
question was whether preparation and storage of the
vector in high-ionic-strength TF2 would adversely affect
its functional activity. To assess this, assays were per-
formed to measure the infectious titer and transduction
y
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efficiency of vectors prepared and stored for an extended
period of time in TF2. For infectivity, a highly sensitive
assay capable of detecting single infectious events was
used [15]. AAV2-AADC prepared in TF2 at a concentra-
tion of 6.4 � 1013 and stored at 48C for 45 days was
assayed and determined to have a vector genome-to-
infectious unit ratio (vg/IU) of 13 compared to a value of
16 vg/IU for the reference vector. This difference is not
significant given the reported variability of the assay (RSD
~50%). Transduction efficiency was assessed by measur-
ing the expression of AADC protein by ELISA following
the transduction of D7/4 cells. As shown in Fig. 2, at
vector inputs ranging from 10 to 105 vg/cell there was no
significant difference between vector prepared in TF2 and
the reference control. Together, these data indicate that
preparation and storage of AAV2 vectors in high-ionic-
strength TF2 does not have a detrimental effect on vector
infectivity or transduction efficiency.

DISCUSSION

Critical to the success of clinical gene transfer vectors is
the development of purification methods and final
product formulations that ensure high safety, consis-
tency, and potency appropriate for preclinical and
clinical applications. An important requirement is to
maintain product solubility during purification and
storage, as is well established for protein therapeutics
[16–19]. For AAV2, vector particle aggregation is a
problem that has been previously recognized [6–9].
Factors influencing vector aggregation, including the
intrinsic characteristics of the virus particle as well as
the role of trace impurities, need to be well defined to
optimize vector purification methods and product for-
mulation and storage conditions.

In the current study we found that some degree of
aggregation of AAV2 vectors purified by our laboratory
occurred in neutral-buffered solutions such as phosphate-
and Tris-buffered saline when particle concentrations
reached approximately 1–2 � 1013 particles/mL. In
studies that aimed to increase vector solubility in low-
ionic-strength solutions to support crystal structure
determination, Xie and colleagues reported that 25%
(w/v) glycerol enabled concentration of AAV2 to very
high concentrations (4.4–18 � 1014 particles/mL) [9]. In
our preliminary screen of excipients, we tested glycerol
and other sugars at concentrations of up to 5% and did
not observe a reduction of vector aggregation induced by
low ionic strength. The mechanism by which glycerol
improves the solubility of AAV2 may be most effective at
higher concentrations. Croyle and colleagues reported a
significant loss of the titer of AAV and adenovirus,
possibly due to aggregation, following multiple freeze–
thaw cycles in sodium phosphate buffer [6]. The results of
our freeze–thaw stability study using sodium phosphate
are consistent with their findings. We found that while
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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150 mM sodium phosphate provided sufficient ionic
strength to prevent aggregation during preparation and
nonfrozen storage of concentrated AAV2-AADC vector,
even a single freeze–thaw cycle resulted in aggregation.
Particle aggregation is also an unresolved issue for
adenovirus. A field-use stability study of a recently
established adenovirus reference material was reported
[20] in which variable levels of virus aggregation were
reported.

We have shown that solution ionic strength is a
parameter affecting the solubility of our AAV2 vector
preparations, implicating ionic interactions between
virus particles in aggregation. The observation that
elevated ionic strength increased AAV2 vector solubility
regardless of the identity of the charged excipient
supports the hypothesis that ionic strength per se, rather
than interactions involving a specific ion species, is
important. The low solubility of AAV2 particles might
be caused by its highly symmetrical structure in con-
junction with the stabilizing effect of interactions
between oppositely charged moieties such as amino acid
side chains on neighboring particles. A pH dependence of
AAV2 vector aggregation that is consistent with the
participation of charged-vector-surface amino acids has
been reported previously [9,21]. However, in the current
study we observed that the addition of free amino acids
with charged side chains prevented AAV2 vector aggre-
gation only at ionic strengths at which aggregation was
prevented using other salts. The absence of a specific
effect using soluble amino acids suggests that other
mechanisms contributed to interparticle interactions in
our studies. Vector aggregation at low ionic strength was
found to be reduced by nuclease treatment of already
purified vector particles, suggesting that nucleic acid
impurities (e.g., host cell and plasmid DNA fragments)
associated with the surface of virus particles can form
ionic bonds to neighboring particles. We previously
reported [22] that AAV2 vector stocks prepared by
transient transfection and purified by density gradient
ultracentrifugation contained approximately 46 pg/109

vg of nonvector DNA (plasmid and mammalian). This
nucleic acid was found to be resistant to nuclease
digestion, and we concluded that it was packaged.
However, the observation reported here that nuclease
treatment of our purified AAV2 vectors reduced aggrega-
tion implicates residual vector surface nucleic acids. An
explanation for this discrepancy is that while most of the
impurity DNA in our preparations is packaged, a small
amount of DNA that cannot be resolved by our Q-PCR
assay is present on the vector surface and contributes to
aggregation. For a preparation with 46 pg nonvector DNA
per 109 vg, we estimate that the amount of surface-
associated nucleic acid is less than the standard deviation
of the Q-PCR assay (RSD ~10%), therefore b4.6 pg/109 vg.

The conditions that we used for Benzonase digestion
of crude cell lysates did not achieve the degree of removal
175
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of vector surface DNA required to prevent aggregation in
subsequently purified vector. This may pertain specifi-
cally to our protocol, which required an elevated salt
concentration to efficiently extract vector from cells,
conditions not optimal for Benzonase activity. Nuclease
treatment of purified vector was effective in reducing
aggregation and may provide a useful purification step
for optimizing the stability of concentrated vectors
preparations. This use of a nuclease would require addi-
tional steps to ensure its subsequent removal, such as
diafiltration with an appropriate membrane that retains
vector but not the nuclease molecule.

Commonly used buffered-saline solutions have ionic
strengths (A ~150 mM) that may be insufficient to
prevent aggregation of concentrated AAV2 with trace
amounts of vector surface-associated nucleic acids. In our
screening studies, an ionic strength of z200 mM was
required to prevent aggregation at the vector particle
concentrations examined, and higher ionic strengths
(300–500 mM) may be preferred for optimal solubility
and stability. Formulations for preclinical and clinical
studies should be approximately isotonic, especially for
in vivo administration of vector to sites at which solute
diffusion may be slow. The exponential relationship of
ionic strength with charge valency can be used to achieve
this objective. Compared to monovalent salts such as
sodium chloride, salts with multiple valencies (e.g., some
salts of sulfate, citrate, and phosphate) that are estab-
lished parenteral excipients (www.accessdata.fda.gov/
cder/iig/index.cfm) used at isotonic concentrations can
provide higher ionic strengths and thereby enhance the
solubility of concentrated AAV2 vectors. For example, the
sodium citrate formulation (TF2) characterized in these
studies was isotonic (315 mOsm) and provided an ionic
strength (510 mM) that enabled AAV2 vector concen-
tration to 6.4 � 1013 vg/mL without evidence of
aggregation.

In summary, our studies show that trace amounts of
nucleic acid impurities associated with the vector surface
can contribute to ionic interactions between vector
particles contributing to AAV2 vector aggregation. Effi-
cient removal of residual vector surface nucleic acids
during purification and the use of elevated-ionic-strength
solutions during AAV2 vector purification and formula-
tion are useful strategies to achieve stable, concentrated
solutions of AAV2 vectors.

MATERIALS AND METHODS

AAV purification. AAV2 vectors expressing human coagulation factor IX

(FIX) or human amino acid decarboxylase (AADC) were produced by

triple transfection of HEK293 cells as previously described [23], with

modifications. For large-scale preparations, cells were cultured and trans-

fected in 850-cm2 roller bottles (Corning). Vectors were purified by one of

three methods. In purification Method 1, transfected HEK293 cells from

roller bottles were collected by centrifugation (1000g, 15 min), resus-

pended in 500 mM NaCl, 2.5mM MgCl2, 50 mM Tris, pH 8.5, and lysed by

three freeze/thaw cycles (alternating an ethanol/dry ice bath and a 378C
176
water bath). The cell lysate was clarified by centrifugation (8000g, 15

min). The pH of the clarified cell lysate was approximately 8.0. The

supernatant was then diluted to 200 mM NaCl by the addition of sterile

water and digested with Benzonase (purity Grade 1, Merck, Darmstadt,

Germany; 200 U/mL, 1 h, 378C). The lysate was adjusted to 25 mM CaCl2
using a 1 M stock solution and incubated (1 h, 48C). The mixture was

centrifuged (8000g, 15 min) and the supernatant containing vector

collected. To precipitate virus from the clarified cell lysate, polyethylene

glycol (PEG 8000) was added to a final concentration of 8%, and the

mixture was incubated (3 h, 48C) and then centrifuged (8000g, 15 min).

The pellets containing vector were resuspended with mixing in 0.15 M

NaCl, 50 mM HEPES, 25 mM EDTA, pH 8.0, and incubated (16 h, 48C).

The resuspended material was pooled, and dry CsCl was added to a final

density of 1.40 gm/mL. Vector was then banded by ultracentrifugation

(SW28, 25,000 rpm, 24 h, 208C) using a Beckman Model LE-80 centrifuge.

The centrifugation tubes were fractionated, and densities from 1.38 to

1.42 gm/mL containing vector were pooled. The material was banded a

second time by ultracentrifugation (NVT65 Rotor, 60,000 rpm, 16 h,

208C), and fractions containing AAV2 vectors were pooled. Ultrafiltra-

tion/diafiltration (UF/DF) by tangential-flow filtration was used to

achieve concentration and buffer exchange as described in the following

section. In purification Method 2, cell harvests containing AAV were

microfluidized and filtered through 0.65-and 0.2-Am filters (low protein

binding, Sartorius, Goettingen, Germany). Virus was purified from the

clarified cell lysates by chromatography using Poros 50HS cation-

exchange resin (PE Biosystems, Foster City, CA, USA) as previously

described [24]. For the nuclease digestion described in Fig. 2, column-

purified vectors were incubated (4 h, RT) with 100 U/mL Benzonase and

10 U/mL DNase I (RNase free, Roche Applied Science, Penzberg,

Germany). For purification Method 3, vectors obtained following

chromatography were further purified by CsCl gradient ultracentrifuga-

tion (SW28, 25,000 rpm, 24 h, 208C) to remove empty capsids.

Real-time quantitative PCR was used to quantify AAV preparations as

previously described [25]. Vectors purified by each method were assessed

by SDS–PAGE/silver staining analysis, and in all cases VP1, VP2, and VP3

were present in the expected ratios, with the capsid proteins representing

N95% of total proteins as determined by scanning densitometry. However,

unlike gradient-purified AAV2 vectors purified using Methods 1 and 3,

vectors purified by Method 2 (column chromatography) contained empty

capsids at a level ranging from 3 to 10 empty capsids per vector genome.

We previously reported characterization of the quantity and size

distribution of DNA impurities in AAV2 vectors prepared by these

methods [22] (Smith et al., manuscript in preparation). The levels of

residual plasmid and mammalian DNA were 11 and 35 pg/109 vg,

respectively, for CsCl gradient-purified vector preparations, and 31 and

100 pg/109 vg, respectively, for column-purified vector. The higher level

of DNA impurities in vectors purified by column chromatography

corresponded to fragments of nonvector nucleic acids associated with

empty/partially filled capsids that copurified with vector particles in the

absence of a density gradient separation step. To measure the level of

vector surface nucleic acid impurities, Benzonase digestion was performed

by the mixing of 100 AL of purified vector with 400 AL of digestion buffer

(10mM Tris, pH 8.0, 10mM MgCl2, 500U Benzonase) and then incubation

(60 min, 378C). Within the limit of precision of the Q-PCR assay used

(RSD ~10%), no significant reduction in plasmid and genomic DNA was

observed following this nuclease treatment of column-or cesium gradient-

purified vectors. In spike controls in which plasmid (250 pg) or genomic

(85 ng) DNA was added to the vector, spiked DNA was fully digested.

Southern blot analysis of the nonvector plasmid and mammalian DNA

indicated a range of sizes up to the packaging limit of the vector (not

shown).

Ultrafiltration/diafiltration. Disposable hollow-fiber tangential-flow fil-

tration devices (8-in. Midgee, 100 kDa MW cutoff, Amersham Biosciences,

Uppsala, Sweden) were used to concentrate and diafilter AAV2 vectors

purified by the methods described above and for the UF/DF experiments

described in Table 2. For all UF/DF procedures, a volume of diafiltration

buffer corresponding to 10� the product volume was used, which was

added in ~1-mL increments to approximate continuous diafiltration.
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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Using this method, the calculated amount of residual CsCl after

diafiltration was b0.5 mM. The following three formulations were used

for UF/DF: Control Formulation (CF; 140 mM NaCl, 10 mM sodium

phosphate, 5% sorbitol, pH 7.3, 592 mOsm); Test Formulation 1 (TF1; 150

mM sodium phosphate, pH 7.5, 355 mOsm); and Test Formulation 2 (TF2;

100 mM sodium citrate, 10 mM Tris, pH 8.0, 315 mOsm). For Experiment

1 shown in Table 2, diafiltration was performed at a volume correspond-

ing to a concentration of 1 � 1013 vg/mL and then reduced to a value

corresponding to 2.5 � 1013 vg/mL (assumes no vector loss). For

Experiment 2, diafiltration was performed at a volume corresponding to

a 2 � 1013 vg/mL and then reduced to a value corresponding to 6.7 � 1013

vg/mL. For Experiment 3 (CF F Bz), AAV2-AADC vector (approximately

1.2 � 1014 vg) was first diafiltered into TF1 and then passed through a 0.2-

Am filter. The titer was determined and the volume adjusted to 1 � 1013

vg/mL. To 10 mL of this material, MgCl2 was added to a final

concentration of 2 mM, and the material was then divided into two 5-

mL aliquots. One aliquot was incubated with Benzonase (200 U/mL, 4 h,

RT), and the second was mock-incubated. Each aliquot was then

diafiltered into CF at a vector concentration of 2 � 1013 vg/mL and then

concentrated to a 3.6 � 1013-vg/mL target. Following all UF/DF protocols,

Pluronic F-68 (BASF, Mount Olive, NJ, USA) was added to the vector

product from a 1% stock to a final concentration of 0.001%, and the

solution was passed through a 0.2-Am syringe filter (Sartorius).

Measurement of vector aggregation by dynamic light scattering.

Purified vectors were assessed for aggregation by dynamic light

scattering using Protein Solutions DynaPro 99 (E = 825.4 nm). Primary

data (particle radius Rh, average value measured over 30 cycles, 10

cycles/min) were used for all analyses reported. A dilution-stress method

was developed to assess the effect of varying excipients on vector

aggregation. In this method, 80 AL of test excipient was added to 20 AL

of purified vector with rapid mixing in the cuvette used for DLS

measurement, and data collection was initiated within 10 s of mixing.

Prior to the addition of excipients, the Rh value for AAV2 vector

preparations was measured and confirmed to be b15 nm. Samples that

were not 100% monomeric were passed through a 0.2-Am syringe disc

filter (Sartorius) to remove aggregates. The osmolarity and ionic

strength values shown in Fig. 1 were weighted calculations of test

excipients (80%) and the starting vector formulations (20%). The

osmolarity was calculated according to the equation: osmolarity = Aci,

where ci is the molar concentration of each solute species. The ionic

strength (A) was calculated according to the equation: A = 1/2Acizi
2,

where zi is the charge on each species. Under conditions that resulted

in vector aggregation (e.g., low A), a progressive increase in Rh was

observed over time. To validate the use of average Rh measured over the

3-min interval following dilution as a measure of aggregation, the

average rate of increase of Rh (DRh/Dt) over the same time interval was

also assessed, giving conclusions that were concordant with those

reported in Fig. 1.

Functional studies. The infectivity of AAV2-AADC vectors was deter-

mined using a sensitive assay as previously described [15]. The test

sample was run concurrently with an AAV2-AADC reference previously

prepared in CF and stored at �808C. The transduction efficiency of

AAV2 vectors was measured using a whole-cell ELISA. Briefly, D7/4 cells

grown in 96-well plates were infected with 10-fold serial dilutions of

the test sample and reference vector at inputs ranging from 10 to 105

vg/cell (five replicates/dilution). After 48 h, the culture medium was

removed, and cells were washed twice with 200 AL PBS (10 mM sodium

phosphate, 140 mM NaCl, pH 7.2). Cells were then permeabilized and

fixed by the addition of 100 AL PBS containing 0.5% Triton X-100 and

4% paraformaldehyde to each well (15 min). Cells were then washed

twice with PBS containing 0.5% Triton X-100. Nonspecific sites were

blocked by adding PBS containing 3% bovine serum albumin (BSA) and

0.5% Triton X-100 (60 min). After washing, cells were incubated (60

min) with rabbit anti-AADC IgG antibody (AB136, Chemicon, Teme-

cula, CA, USA) and washed. Cells were then incubated (60 min) with

alkaline phosphatase-conjugated goat anti-rabbit IgG and washed.

Antibodies were diluted 1:1000 in PBS containing 1% BSA, 0.5% Triton
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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X-100. The substrate para-nitrophenylphosphate (PNPP, Pierce Biotech-

nology, Rockford, IL, USA) was added (1 mg/mL in diethanolamine

buffer, Pierce), and after 30 min the concentration of cleaved substrate

was measured spectrophotometrically (E = 405 nm). Human AADC

expression as a function of vector input was fitted using a spline curve

(SigmaPlot9.0, Systat Software, Point Richmond, CA, USA). The AAV2-

AADC reference vector was measured concurrently with the test

sample.
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