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Recombinant adeno-associated viral (rAAV) vectors represent a novel class of biopharmaceutical drugs.
The production of clinical-grade rAAV vectors for gene therapy would benefit from analytical methods that
are able to monitor drug product quality with regard to homogeneity, purity, and manufacturing con-
sistency. Here, we demonstrate the novel application of analytical ultracentrifugation (AUC) to charac-
terize the homogeneity of preparations of rAAV vectors. We show that a single sedimentation velocity run
of rAAV vectors detected and quantified a number of different viral species, such as vectors harboring an
intact genome, lacking a vector genome (empty particles), and containing fragmented or incomplete vector
genomes. This information is obtained by direct boundary modeling of the AUC data generated from
refractometric or UV detection systems using the computer program SEDFIT. Using AUC, we show that
multiple parameters contributed to vector quality, including the AAV genome form (i.e., self-
complementary vs. single-stranded), vector genome size, and the production and purification methods.
Hence, AUC is a critical tool for identifying optimal production and purification processes and for moni-

toring the physical attributes of rAAV vectors to ensure their quality.

INTRODUCTION

GENE TRANSFER VECTORS based on adeno-associated
virus (AAV) have demonstrated significant promise
for human gene therapy. Ongoing clinical trials for
the blinding disorder termed Leber’s congenital am-
aurosis 2'® and the blood clotting disorder hemo-
philia B? have demonstrated that AAV-based gene
therapies can be safe and efficacious. Moreover,
with the recent approval in Europe of a recombi-
nant AAV1 serotype vector for the treatment of a
lipoprotein lipase deficiency, recombinant adeno-
associated viral (rAAV) vectors are considered to be a
novel class of biological drugs.'® To support the
manufacturing of clinical-grade rAAV therapeutics,
reliable, scalable, and GMP-compliant production
and characterization protocols are needed. Although
significant improvements for rAAV vector production
and purification have been reported,’* methods to
monitor the physical attributes of clinical-grade

rAAV vectors to ensure their quality are lacking. For
example, no established approaches exist for asses-
sing the homogeneity of rAAV vector preparations
that include measuring both the presence and
fractional content of empty viral particles, full
genome-containing viral vectors, and vectors with
fragmented genomes or non-transgene-related DNA
contaminants. Thus, identifying and developing
sensitive and accurate methods to assess vector
quality are needed. Although analytical ultracentri-
fugation (AUC) has been applied to the character-
ization of recombinant adenovirus vectors,'>'3 its
application in the characterization of rAAV vectors to
assess particle heterogeneity and quality has not
been described. The recent advances in AUC meth-
odology, in particular, modern computational strat-
egies, have allowed for the direct modeling of the
sedimentation process of heterogeneous mixtures,
generating sedimentation velocity size distribution
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analyses with improved detection limits and en-
hanced resolution.'* Additionally, the introduction of
mathematical algorithms,'® to allow the solution
of the differential equation of the sedimentation/
diffusion process, allows a quantitative assessment of
constituent particles of a heterogeneous mixture.
Consequently, the use of AUC has expanded to in-
clude analysis of protein—protein interactions,'® so-
lutions of polydisperse nanoparticles,'” viruses,'®!?
and therapeutic viral vaccines.'®

AAVs harbor attractive features for gene transfer.
Wild-type AAV is composed of a single-stranded
DNA genome that encodes replication (rep) and en-
capsidation (cap) genes flanked by inverted terminal
repeats (ITRs).'??° Recombinant AAV-based vectors
are typically produced by a transient transfection
method using the “gutless” vector approach.?23 The
therapeutic genes of interest, together with the
regulatory elements, are inserted between the 5" and
3’ viral ITRs and are encoded on one plasmid. The
rep and cap functions are provided in trans on a
separate plasmid, and a third plasmid provides
the required adenoviral helper genes, E4, E2, and
Va RNA. The transfection of the three plasmids is
postulated to result in viral vectors that are fully
assembled, and the ITR-flanked vector genome is
then inserted into the virus via a capsid pore,?* the
resulting population of viral vectors contains both
non-genome-containing particles (empty capsids)
and genome-containing vectors. In addition, the
preparation may contain incomplete portions of the
rAAV genome or nongenomic nucleic acid contami-
nants. As adaptation of the transient transfection
protocol to a manufacturing process is challenging,
alternate scalable production methods such as those
using baculovirus,?~2® herpes simplex HSV,??% or
packaging/producer cell lines®'~® are being consid-
ered. However, the production method likely influ-
ences the quality of the final rAAV vector product,
particularly with respect to the amounts of empty
particles, capsids containing fragmented genomes,
and capsids containing nongenomic nucleic acid
contaminants. This idea is significant, particularly in
light of recent reports that rAAV vectors that are
fully or partially empty exacerbate vector-related
side effects and negatively affect gene transduc-
tion.?® Thus, an analytical method to quantitate the
fractional content of these various vector species is
desirable for clinical vector lot release.

AAYV vectors package single-stranded genomes;
therefore, they require host-cell synthesis of the
complementary strand for efficient transduction.
The use of dimeric or self-complementary mole-
cules (scAAV) eliminates the requirement for
host-cell DNA synthesis.*® scAAV vectors fold

upon themselves to form transcriptionally compe-
tent double-stranded DNA. AAV vector genome
dimerization is achieved by mutation or deletion
of one of the two terminal resolution sites (trs).*
A recent clinical trial for hemophilia B, using
AAVSFIX,® demonstrated the clinical potential of
self-complementary AAV vectors, but the generation
and characterization of these vectors for clinical use
remain a challenge. The fractional content of the
capsids with dimeric genomes needs to be accurately
quantitated and shown to be reproducible between
different clinical vector lots. For the successful
manufacturing of scAAVs, factors that result in the
generation and packaging of monomeric genomes
need to be identified to minimize the fractional con-
tent of vectors that harbor “half size” or monomeric
genomes.

Early studies using preparative ultracentrifuga-
tion demonstrated that wild-type AAV2 virus con-
sists of a range of particles of different buoyant
densities.*! Using a combination of cesium chloride
(CsCl) density centrifugation and velocity sedi-
mentation in sucrose gradients, De La Maza and
Carter?! demonstrated that wild-type AAV2 virus is
composed of virus particles containing genomes of
varying size and sedimentation coefficients. Conse-
quently, preparative ultracentrifugation in CsCl
density gradients is routinely used to fractionate
rAAV vector preparations into their constitutive
virus particles.®® However, the quantitative analy-
sis of the various rAAV particles following frac-
tionation by preparative ultracentrifugation is
challenging as the recovery of distinct virus popu-
lations from the cesium gradient is not always
achievable. Here, we show that AUC offers many
advantages over preparative ultracentrifugation.
One advantage is that particle separation can be
monitored during the centrifugation in situ and in
real time; therefore, a quantitative assessment of
constituents of rAAV vector preparations can be
determined.

AUC demonstrated that rAAV vector prepara-
tions contained different species of rAAV with
distinct densities, which include viral particles
containing a full rAAV genome, particles that are
totally empty or partially empty as a result of
packaging fragmented vector genomes, or other
non-vector genomic nucleic acid contaminants. In
addition, AUC demonstrated that different pro-
duction and purification processes and vector
genome size and form (single-stranded vs. self-
complementary) all contribute to rAAV vector
heterogeneity. Thus, AUC provides a critical tool to
identify and quantitate all virion particle species in
rAAV vector preparations. In addition, AUC can be
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used to evaluate the strategies that help minimize
the fractional content of nonfunctional empty or
partially empty virions.

MATERIALS AND METHODS
Vector production and purification

AAV vectors were produced either via transient
transfection,?? or via the producer cell method,3*37
as previously described. For the production of AAV
vectors by transfection, HEK293 cells were trans-
fected using polyethyleneimine, PEI, and a 1:1:1
ratio of the three plasmids (ITR vector, AAV rep/
cap, and Ad helper plasmid). In the case of self-
complementary AAV vectors, the ITR vector plas-
mid contained one wild-type and one mutated ITR
as described.*® The pAd helper used was pHelper
(Stratagene/Agilent Technologies, Santa Clara,
CA). For the generation of the empty capsids, the
vector ITR plasmid was omitted, and only empty
capsids were assembled. Generation of AAV vec-
tors by the producer cell line method was per-
formed as described previously.?>3” Briefly, a
HeLa-based producer cell line was created follow-
ing transfection of HeLaS3 cells (ATCC CCL-2.2)
with a single plasmid containing the following el-
ements: AAV2 rep genes and cap gene of the de-
sired serotype, the vector genome flanked by AAV2
ITRs, and a puromycin resistance gene. Trans-
fected cells were grown in the presence of puro-
mycin to isolate stable integrants, which were
subsequently screened for AAV productivity fol-
lowing infection with wtAd5 virus.3®37 Purification
of AAV from both production platforms was per-
formed as previously described.*? A description of
all AAV vectors used for analysis in this study, with
their method of production, is included as Supple-
mentary Table S1 (Supplementary Data are avail-
able online at www.liebertpub.com/hgtb).

Sample preparation for AUC analysis

Purified vector, at a concentration of 2e12—-5e12
vg/ml, was buffer exchanged into phosphate-
buffered saline (PBS), pH 7.2, using a 10K MWCO
Slide-a-Lyzer (Thermo Scientific, Waltham, MA).
The AAV vector absorbance signal was determined
by optical density measurement at 260 nm (ODyg)
using spectrophotometric methods. For consis-
tency, the samples were adjusted to a target con-
centration (ODggq of between 0.2 and 0.8) by direct
dilution with PBS or further concentrated using an
Amicon Ultra-0.5/30K MWCO Centrifugal Filter
Device (Merck, KGaA, Darmstadt, Germany). AAV
empty particle concentration was determined by
AAV Titration ELISA (Progen; Biotechnik, Hei-
delberg, Germany) or Asgo/Asso.

Sedimentation velocity AUC data acquisition

Sedimentation velocity AUC analysis was per-
formed using a Proteome Lab XL-I (Beckman
Coulter, Indianapolis, IN). Four hundred microli-
ters of sample was loaded into the sample sector of
a two-sector velocity cell, and 400 ul of PBS was
loaded into the corresponding reference sector. The
sample was placed in the four-hole rotor and al-
lowed to equilibrate in the instrument until a
temperature of 20°C and a full vacuum were
maintained for 1hr. Sedimentation velocity cen-
trifugation was performed at 20,000 rpm and 20°C.
Absorbance (260 nm) and Raleigh interference op-
tics were used to simultaneously record the radial
concentration as a function of time until the light-
est sedimenting component cleared the optical
window (1.2 hr).

AUC data analysis

The percentage of virions containing a full ge-
nome was determined by analyzing approximately
60 scans using either the absorbance or interference
detection method and the SEDFIT continuous-size
C(S) distribution model.’® Second-derivative reg-
ularization was applied to the fitting with a confi-
dence level of F statistic=0.68. The following C(S)
parameters were held constant: resolution =200S, S
min=1, S max=200, and frictional ratio=1.0. RI
and TI noise subtractions were applied, and the
meniscus position was allowed to float, letting the
software choose the optimal position. This model fits
the data to the Lamm equation, and the resulting
size distribution is a “distribution of sedimentation
coefficients” that resembles a chromatogram with
the area under each peak proportional to the con-
centration in units of Fringes or ODggq units. The
sedimentation coefficient in Svedberg units and the
relative concentration in OD units were determined
for each component in the distribution. The results
of the AUC analyses are plotted as the normalized
differential coefficient distribution value, C(S), ver-
sus sedimentation coefficient (S). Each AUC run is
an independent assay, and each analysis is moni-
tored for the following attributes to ensure result
quality: goodness of fit (rmsd), the ratio of ODygo nm/
interference signal in fringes (A260/IF ratio) for
each peak, sedimentation coefficient consistency for
each species between runs, and the overall scan
quality.

Absorbance optics (260 nm)

Absorbance data require the use of extinction
coefficients to calculate the molar concentration
and the percent value of the empty and genome-
containing capsids. Molar concentrations of both
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genome-containing and empty capsid were calcu-
lated using Beer’s law and % full genome-
containing and empty capsid was calculated. The
molar extinction coefficient for AAV DNA contain-
ing capsid was determined using the following

43
formula e60/pDNA + £260/AAV capsid.

€260/DNA containing capsid = (200 X MWDNA
+3.72¢6 M ~'ecm ') xcp/vg=M lem 1,

where cp/vg=1.** The number of nucleotides is
used to calculate the molecular weight of the
packaged DNA. The molecular weight of the bases
are as follows: A is 312.2Da, C is 288.2Da, G is
328.2Da, and T'is 303.2 Da, with the average value
of 1nt=309.5 g/mol.*?

The molar extinction coefficient for e60/aAV capsia =
3.72¢6 M~ lecm 1%

The molar concentration (M) of each species was
calculated using Beer’s law.

MpeakX = AbsorbancepeakX/(SZGOpeakX X 1.20111)

The relative percentage of each peak in the C(S)
distribution is calculated based on the molar con-
centration of each species in relation to the sum of the
molar concentration of all species in the distribution.

An example with three peaks in the distribution
is as follows:

%peak 1= [Mpeakl/(Mpeakl + Mpeak2 + Mpeak3)] x 100

The C(S) values were determined using the
SEDFIT algorithm described.'® The molar con-
centration of both the genome-containing vector
and the empty virion was calculated using Beer’s
law, and the fractional content of each capsid spe-
cies was reported as a % of the total.

Southern blot analysis

Vector DNA was extracted from approximately
1x 10" vector capsids by digestion in 50 ul reactions
containing 0.4 mg/ml protease K, 1% sarkosyl, and
10mM EDTA at 50°C for 1hr, followed by phenol/
chloroform extraction. The samples were then pre-
cipitated with ethanol for analysis by alkaline agarose
gel electrophoresis and Southern blot hybridization
as previously described by McCarty et al.*°

RESULTS
Optimization of the AUC method
for the characterization of rAAV vectors
AUC using the classical boundary sedimentation
velocity was used to reveal the particle hetero-

geneities of the rAAV vector preparations. A mix-
ture of rAAV2 vectors (20% containing a full
genome and 80% empty particles) was generated
by mixing together defined ratios of purified empty
and full genome-containing vectors. To monitor the
movement of rAAV2 particles in response to a
centrifugal force, this mixture of empty and
genome-containing rAAV2 capsids was scanned at
260nm along a centrifugal field at defined time
intervals. Figure 1A shows a representative scan-
ning profile following centrifugation of the rAAV2
mixture at 20,000 rpm for 1.2hr (when all the se-
dimenting species clear the optical window). The
scans represent the acquisition of concentration
data as a function of radius r, at time ¢, to yield a
series of concentration scans that reveal the com-
plete migration pattern of constituent vector par-
ticles in the rAAV2 vector preparation. In these
sigmoidal-like curves or boundaries, the leading
edge of the curve represents the faster sedimenting
species (i.e., rAAV2 vectors containing the full ge-
nome), whereas the trailing edge of the curve rep-
resents the slower sedimenting species (i.e., the
“empty” rAAV2 particles) (Fig. 1A). Plotting the
differential sedimentation coefficient distribution
value [C(S)] versus the sedimentation coefficient in
Svedberg units (S) yields the distribution of sedi-
mentation coefficients for the rAAV2 sample (Fig.
1B). The C(S) values were determined using the
SEDFIT algorithm.'® To calculate the molar
concentrations and percent values for each viral
species from the absorbance data, extinction coeffi-
cients were determined. Molar absorbance extinc-
tion coefficients for both the empty particles (exg0,
capsid = 3. 72X 10°) and genome-containing particles
(e260/capsid = 3 X 107) were calculated using genome
size and published formulas.*® Molar concentra-
tions of both genome-containing vectors and empty
particles were calculated using Beer’s law. The
molar concentration of each species was used to
calculate its relative abundance, expressed as a
percentage of total capsids (Fig. 1B). These results
demonstrate that AUC may be used to accurately
distinguish and quantify empty particles and
genome-containing vectors in a heterogeneous
preparation.

For the rAAV23,4¢ vector preparation shown in
Fig. 1A and B, viral vectors containing a full ge-
nome are represented by the peak sedimenting at
94S and accounted for 21% of the vector prepara-
tion. Empty capsids sedimented with an S value of
64S and accounted for 79% of the vector prepara-
tion. These sedimentation values were confirmed
by AUC analysis of pure populations of empty (Fig.
1C) or genome-containing capsids (Fig. 1D). The
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Figure 1. Boundary sedimentation velocity profiles of an AAV2 vector containing a predetermined 4:1 ratio of empty:genome-containing capsids (A). The size
of the vector genome is 3465 nucleotides. Two areas are indicated, which correspond to areas associated with the empty capsid (l) and (II) material migrating
faster than the empty capsids, that is, the genome-containing capsids. The data shown in (A) were then analyzed using SEDFIT to calculate the sedimentation
coefficient distribution plot shown in (B). Two distinct populations of virions are represented with the sedimentation coefficients of 64S and 94S, representing
empty capsids and genome-containing capsids, respectively. The X axis represents the sedimentation coefficient in Svedberg units S, and the Y axis
represents the concentration as a function of S. The integration of each peak yields the relative concentration of each species in units of detection, and the
application of Beer's law (C=A/el) yields the concentration of each species. Molar extinction coefficient values for empty capsids and genome-containing
capsids were determined according to published formulas*® and the relative percentage of each species determined. The vector sample contains 79% empty
capsids and 21% genome-containing capsids in agreement with the 4:1 predetermined ratio. (C) and (D) represent the sedimentation coefficient distribution
plots for pure populations of empty capsids (C) and genome-containing capsids (D), demonstrating that the sedimentation coefficients for empty capsids and

genome-containing capsids are 64S and 93S, respectively.

AUC profile of a pure population of AAV2 empty
particles revealed a single peak with a sedimen-
tation coefficient of 64S, whereas the AUC profile
of a pure population of AAV2 genome-containing
vectors revealed a single peak with a higher
sedimentation coefficient of 93S. These results
support the values generated above and fur-
ther confirm that AUC may be used to quantify
genome-containing and empty rAAV capsids from
a heterogeneous preparation containing both
species.

This AUC method was further assessed for re-
producibility by performing five independent runs of
the same vector sample (an scAAV9 vector harbor-
ing a dimeric vector genome of 2050 nucleotides
in size, scAAV9550), as shown in Supplementary
Table S2. The sedimentation coefficients for both
genome-containing and empty rAAV2 vectors were
highly reproducible, yielding coefficients of varia-
tion from 0.5% to 0.6%. Similarly, the relative
abundance (expressed as a percentage of the total)
of genome-containing virions was determined with
a coefficient of variation of approximately 2%.
These results indicate that the AUC method for

quantifying genome-containing and empty rAAV2
capsids yields highly reproducible and consistent
values.

Comparison of interference and absorbance
detection methods

An alternative optical detection method using
Rayleigh interference optics (IF) was also evalu-
ated. This detection method measures the sample
concentration based on differences in refractive
indices between the reference solution and the
AAV-containing sample. Similar to absorbance
detection, interference detection can be applied to
any AAV preparation regardless of the sequence of
the genome. Unlike absorbance detection, which
requires an extinction coefficient, interference de-
tection yields integrated peaks that are directly
proportional to the concentration.

Pure populations of empty and genome-containing
rAAV23,65 vectors were mixed at a 1:1 ratio and
analyzed by AUC using either interference (Fig. 2A)
or absorbance detection methods (Fig. 2B). Inter-
ference detection revealed two populations of rAAV
particles at the approximate expected ratios of 43%
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Figure 2. Comparison of the interference detection and absorbance de-
tection methods. Sedimentation distribution plots for an AAV2 vector con-
taining empty and genome-containing capsids at a ratio of 1:1 using (A)
interference detection and (B) absorbance detection. (C) Table comparing
the relative percentage of empty and genome-containing capsids as de-
termined by both detection methods. The AAV vector harbored a vector
genome-containing 3370 nucleotides. The ratio of absorbance signal to
interference signal (Aysonm/IF) for both empty and full particles is 0.41 and
2.38, respectively.

empty and 57% genome-containing vectors, as re-
presented by the 62S and 92S species, respectively
(Fig. 2A). Both detection methods yielded similar
abundance ratios; however, with the absorbance
detection method, discordance existed between the
peak height and concentration (compare size of 62—
63S peaks in Fig. 2A and B). The data generated by
both methods are compared in Fig. 2C. The ratio of
absorbance signal to interference signal (Asgonm/IF)
can be used in a manner that is analogous to the 260/
280 ratio, which assisted in identifying peaks in the

C(S) distribution. Although interference optics of-
fered many advantages over absorbance optics, in-
cluding greater precision and resolution, this method
had the disadvantage of requiring a higher sam-
ple concentration. Moreover, the interference optics
method was affected by a mismatch between the
reference and the rAAV vector sample buffer. The
AAV samples typically exhibit a low protein con-
centration, requiring a more sensitive detection
method; also, completely matching the rAAV sample
and reference buffers is difficult; therefore, the ab-
sorbance optics method was chosen as the preferred
optics method for further analysis.

AUC assessment of rAAV vectors produced
and purified using different methodologies

The fact that AUC can be a highly accurate and
reproducible way to resolve and quantify empty
and genome-containing rAAV vectors was applied
to analyze the quality of rAAV vector preparations
produced using different protocols. A major prob-
lem with rAAV vector preparations is the presence
of vectors with partial or fragmented genomes. To
illustrate the utility of the AUC method to resolve
these species, rAAV vectors generated by two dif-
ferent methods, termed the “triple transfection”
and “producer cell line” methods, were analyzed by
AUC. An rAAV233;9 vector, harboring a 3370-
nucleotide transgene, was produced using either
the triple transfection method or the producer cell
line method. AUC analysis showed that the vector
preparation profiles produced by these methods
were remarkably different. Using the producer cell
line method, 74% of the virions contained a full
genome, as represented by the 92S species (Fig.
3A), and 19% were empty particles (63S species),
with the remainder containing a fragmented ge-
nome represented by an intermediary 75S species.
By contrast, 82% of the virions produced by the
triple transfection method were empty particles
(64S species), with 11% containing a fragmented
genome (76S and 84S species) and only 8% of the
vectors possessing a full genome (94S) (Fig. 3B).
Repeat productions of the same AAV2337, vector
using either producer cell line or triple transfection
yielded similar AUC profiles (Fig. 3C and D). A
small variation in the sedimentation coefficient
(~2S) between different preparations of the same
vector can be explained by small differences in
process residuals from the different production
runs. In addition, a trend for improved vector
quality was evident when the producer cell line
method was compared with triple transfection for
the production of an AAV2EGFP vector harboring
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Figure 3. Sedimentation distribution plots for AAV233;0 and AAV2CBAEGFP vectors generated by the producer cell line (A, C, E, G) or triple transfection
method (B, D, F, H). (A) The relative percentages of each capsid species in an AAV233;0 vector generated using the producer cell line method were 19% (63S),
7% (75S), and 74% (92S). (B) The relative percentages of each capsid species for the same AAV2335, vector generated using triple transfection were 82% (64S),
7% (76S), 4% (84S), and 8% (94S). (C, D) sedimentation distribution plots for repeat productions of AAV25374 using producer cell line (C) and triple transfection
(D). (C) The relative percentages for each capsid were 23% (62S), 7% (76S), and 70% (92S). (D) The relative percentages for each capsid were 75% (64S), 7%
(79S), and 18% (94S). Sedimentation distribution plots for AAV2CBAEGFP vector generated by producer cell line (E, G) and triple transfection (F, H). (E) The
relative percentages of each capsid species in an AAV2CBAEGFP vector generated using producer cell line method were 43% (64S), 40% (100S), 7% (75S), and
10% (86S). (G) The relative percentages of each capsid species in a repeat production of the same AAV2CBAEGFP vector using producer cell line were 42%
(64S), 45% (101S), 7% (78S), and 6% (88S). (F) The relative percentages of each capsid species for the same AAV2CBAEGFP vector generated using triple
transfection were 70% (64S), 12% (100S), 10% (78S), and 8% (88S). (H) Repeat production of AAV2CBAEGFP by transient transfection yielded relative
percentage values of 74% (64S), 10% (101S), 8% (77S), 4% (84S), and 5% (91S).

a larger vector genome of approximately 4200 nu-
cleotides (Fig. 3E-H). These results indicate that
vector preparations generated using the producer
cell line technology may be of a higher quality, with
a greater proportion of the virions containing a full
genome. The vast majority of vectors produced by

the triple transfection method were empty, with a
lower proportion of capsids having a full-length
genome. These results also highlight the ability of
the AUC method to resolve vectors with frag-
mented genomes in addition to full genome-
containing and empty vectors. Moreover, these
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findings illustrate the power of the AUC method to
evaluate the quality and homogeneity of vector
preparations.

Next, the AUC method was used to evaluate the
effectiveness of the chromatographic methods at
removing empty particles.*? The separation of the
empty and genome-containing vectors was realized
using ion exchange chromatography (Fig. 4A,
peaks 1 and II). AUC analysis of the different elu-
tion peaks revealed that the genome-containing
vectors (Fig. 4A, peak II) represented 94% of the
vector preparation upon elution from the column.
This fraction yielded a single peak with a sedi-
mentation coefficient of 92S by AUC (Fig. 4B). By
contrast, the rAAV23445 vector preparation before
the chromatographic step (Fig. 4C) contained a
substantial number of empty particles. AUC anal-
ysis revealed two peaks with S values of 63S and
94S, with the 63S peak (empty particles) re-
presenting 52% of the total vector population.
These results show that ion exchange chromato-
graphic methods are highly effective in removing
empty particles from rAAV vector preparations.
Importantly, these results demonstrate the utility
of applying the AUC method to evaluate vector
quality upon purification and the use of AUC in
evaluating different vector purification protocols or
techniques.

AUC assessment of viral genome integrity

As illustrated in Figs. 3 and 4, the rAAV vector
preparations may contain vectors packaged with
fragmented genomes in addition to the full genome
and empty capsids. A major problem in generating
homogeneous rAAV vector preparations for clinical or
research applications is the presence of capsids with
fragmented genomes, which may result in aberrant
or absent transgene expression. Indeed, heterogene-
ity associated with rAAV vector preparations has
been reported to result from the packaging of frag-
mented genomes®? or AAV-encapsidated DNA im-
purities.*** Therefore, AUC was evaluated as a tool
to quantify the aberrant packaging of fragmented
genomes in rAAV vector preparations. Empirically
determining the extinction coefficient of the frag-
mented genomes of unknown size and sequence is
difficult; therefore, a relationship between the
sedimentation coefficient (S value) and genome
size was established. To this end, rAAV vector
preparations with encapsidated viral genomes
of known size were analyzed by AUC, and their
corresponding S values were determined. A stan-
dard curve was then generated to correlate the
genome size and S value, as shown in Fig. 5A. This
finding demonstrated a highly linear relationship
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Figure 4. Separation of AAV2 particles by ion exchange chromatography.
AAV23465 empty and genome-containing capsids were separated using ion
exchange chromatography.*? (A) Chromatogram following the elution of the
column. Empty capsids (peak 1) elute first, followed by genome-containing
capsids (peak Il). (B) Sedimentation distribution plots for peak Il reveal that
94% of the capsids in this elution peak sediment with a sedimentation
coefficient of 92S, representing genome-containing capsids. (C) Sedi-
mentation distribution plots for the column load reveal two populations of
capsids sedimenting at 63S and 94S, representing a mixture of empty and
genome-containing capsids with a fractional content of 52% and 48%, re-
spectively. Axgg (- - - -) and Agg (...... ).

(R%=0.9978) between the sedimentation coeffi-
cient and genome size. Moreover, the relationship
between sedimentation coefficient and genome
size was shown to be independent of AAV capsid,
supporting the use of the standard curve for AAV
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Figure 5. Correlation of vector genome size versus sedimentation coefficient. The sedimentation coefficient for a series of AAV vectors containing vector genomes
of various sizes was determined. (A) These data were used to generate a standard curve revealing a high correlation between vector genome size and sedimentation
coefficient. (B) Sedimentation distribution plots for a self-complementary AAV vector harboring a dimeric genome of approximately 4.3 kb and a monomeric genome of
approximately 2.1 kb. The fractional content of capsids harboring the dimeric genome and sedimenting at 101S was 25%, whereas the fractional content of capsids
harboring the monomeric genome and sedimenting at 82S was 75%. (C) Sedimentation distribution plots for a single-stranded AAV2 vector harboring a vector genome
of approximately 4 kb; 84% of the capsid species is represented by a species sedimenting at 99S, and the remaining 16% is represented by a capsids species
sedimenting at 85S. (D) Alkaline Southern blot analysis of the self-complementary AAV vector (lane 1) and the single-stranded AAV vector (lane 2). Lanes 3 and 4
represent the standards of 4.2 and 2.4, respectively. *, dimeric genome; ***, monomeric genome; 0, single-stranded vector genome.

vectors of any serotype. AUC analysis of different
AAV vector serotypes, including AAV1, AAV2,
AAV5, AAV6, AAVY, and AAVrh8R, harboring the
identical EGFP vector genome, all generated
sedimentation coefficient values of approximately
100S (Supplementary Fig. S1), suggesting that the
encapsidated vector genome contributes more to the
sedimentation coefficient (S value) than capsid
proteins do. To demonstrate the utility of AUC to
detect genome fragments, a self-complementary
vector preparation of scAAVIEGFP was analyzed
by AUC (Fig. 5B). The standard curve was then
used to assign the genome size to each of the re-
solved genome-containing vectors, and approxi-
mately 25% of the vector preparation sedimented
as a 101S species representing an encapsidated
genome of approximately 4.3kb (Fig. 5B). This
1018 peak represents the double-stranded, dimeric
vector genome that has a known size of approxi-
mately 4.3 kb. However, the majority of the vector

preparation (75%) sedimented with an S value of
82S, which corresponds to a vector genome size of
approximately 2.1 kb (Fig. 5B), consistent with the
packaging of the single-stranded monomer.

The packaging of monomeric genomes, in the
context of self-complementary vectors, is well
documented and is often a result of inadvertent
terminal resolution at spurious “trs-like” se-
quences despite the presence of an ITR with a
mutated D sequence.*® Figure 5D shows an al-
kaline Southern blot of the same scAAVIEGFP
vector preparation, which revealed two vector
population-containing genomes, approximately 4.3
and 2 kb in size, corroborating the AUC data in Fig.
5B. The Southern blot data also confirmed that
the monomeric viral genome was preferentially
packaged over the dimeric genome. Interestingly,
AUC analysis of a single-stranded rAAV9EGFP
vector revealed a single predominant peak (84%)
with a measured S value of 99S, corresponding to
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approximately 4200 nucleotides in the standard
curve (Fig. 5C). Again, in agreement with the
AUC method, Southern blot analysis of this vector
preparation revealed homogeneous encapsidation
of a viral genome approximately 4 kb in predicted
size (lane 2, Fig. 5D). These results demonstrate
that the AUC method may be used to measure the
size of AAV vector genomes, yielding genome size
data in agreement with the standard Southern
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blotting technique. These results also suggest
that single-stranded rAAV vectors may be pack-
aged in a more homogeneous manner than double-
stranded self-complementary vectors.

Use of AUC to assess factors that influence
packaging of vector genomes

The AUC method was next used to identify the
factors that may influence the packaging of the
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Figure 6. Schematic maps of the rep/cap helper plasmids used to generate the AAV vectors. (A) wt rep/cap helper with the p5, p19, and p40 endogenous
promoters driving the expression of rep 68/78, rep 52/40, and cap, respectively. (B) pHLp rep/cap helper with the p5 promoter moved downstream of the cap
ORF and a mutated TATA box. (C, D) Sedimentation distribution plots for an AAV5FIX vector harboring a vector genome of 4.4 kb produced using (C) wt rep/
cap helper and (D) pHLp rep/cap helper. (D) In total, 94% of AAV5FIX vector capsids sediment at 102S. (C) Overall, 17% of the AAV5FIX vector capsids
sediment at 103S and 83% sediment at 86S. (E, F) Sedimentation distribution plots for a repeat production of AAV5FIX produced using the wt rep/cap helper (E)
or the pHLp rep/cap helper (F). (F) In total, 90% of AAV5FIX vector capsids sediment at 101S and 10% sediment at 86S. (E) Overall, 17% of AAV5FIX vector
capsids sediment at 103S and 83% at 92S.
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intact AAV vector genomes. The production of
rAAV vectors by transient transfection methods
requires the use of three plasmids: an AAV rep/cap
helper, an ITR transgene vector plasmid, and a
pAd helper.?® AUC was used to assess the effect of
the rep/cap helper on vector genome packaging
using one of two methods. In the first method (Fig.
6A), a helper plasmid was used in which rep 78/68
expression was driven by the endogenous p5 pro-
moter (“wt rep” construct). In the second method
(Fig. 6B), the helper was modified such that rep 78/
68 expression was reduced (data not shown), by
moving the p5 promoter downstream of the cap
sequence, and mutating the TATA box (“pHLp
rep”).** A single-stranded AAV5 vector encoding
factor IX (AAV5FIX) and a single-stranded AAV5
vector encoding SMN (AAV5SMN) were generated
using rep/cap helpers that differed in rep expres-
sion levels, as described.

Based on the size of the FIX expression cassette
(4.4 kb), the predicted sedimentation coefficient for
the AAVSFIX vector capsid was approximately
102S. AUC analysis of AAV5FIX made with pHLp
rep revealed a homogenous profile with the ma-
jority of the vector (90%), sedimenting with an S
value of the expected size, approximately 102S
(Fig. 6D). By contrast, the AAV5FIX vector gener-
ated using the “wt rep,” rep/cap helper, generated a
strikingly different AUC profile (Fig. 6C). Instead
of a predominant peak at 102S, the profile revealed
more capsid heterogeneity, with the majority of
the AAVS5FIX (86%) sedimenting at a lower S
value of 86S, likely representing packaging of
a fragmented genome. Moreover, in this vector
preparation, only 15% of the AAV5FIX vector se-
dimented at the correct S value of approximately
103S (Fig. 6C). A repeat production of the AAV5-
FIX vector showed the same trend for improved
vector genome packaging using pHLp rep (Fig. 6E
and F). Similarly, AAV5SMN vectors, generated
using these same rep/cap helpers, had different
AUC profiles (Supplementary Fig. S2E and F).
Similar to the AAV5FIX vectors, the AAVSSMN
vectors generated with pHLp rep helper showed
less heterogeneity by AUC analysis, with the ma-
jority of the vector sedimenting with an S value of
1018, consistent with packaging of a genome of the
predicted size of 4.4 kb (Supplementary Fig. S2F).
By contrast, the AUC profile for the same vector
genome packaged using WT rep helper revealed
three distinct AAV vector species, with sedimen-
tation coefficients of 100S (predicted S value for
the full vector genome of ~4400nt), 92S, and 80S
(Supplementary Fig. S2E). Moreover, AAVSEGFP

and AAV5 4600 generated using pHLP rep showed a
similar trend for more homogenous packaging
compared with the same vectors generated us-
ing WT rep (Supplementary Fig. S2A-D). Hence,
for the vector sequences analyzed in this study,
factor IX (FIX), survival motor neuron pro-
tein (SMN), and EGFP, using differing levels of
rep 68/78 protein, can affect genome packaging
efficiency.

Further analysis of the AAV5SSMN and AAV5-
FIX vector preparations was performed by South-
ern blotting. In agreement with the AUC method,
Southern blot analysis of AAV5SMN generated
with wild-type levels of rep 68/78 demonstrated
packaging of full-length (4.4kb) and fragmented
(<4.4kb) SMN genomes (Supplementary Fig. S3A,
lane 1). By contrast, the AAV5SSMN vector gener-
ated in the presence of pHLp rep predominantly
contained vectors with a full-length SMN genome
(Supplementary Fig. S3A, lane 2). Southern blot
analysis of the AAV5FIX vectors generated under
the two experimental conditions was also per-
formed. The presence of a full-length FIX vector
genome was confirmed for both vector preparations
(Supplementary Fig. S3B, lanes 1 and 2); however,
only the AAV5SFIX vector generated in the presence
of wild-type levels of rep 68/78 harbored a DNA
fragment that was reactive with an Amp®-specific
probe (Supplementary Fig. S3C, lane 2). This Amp-
reactive 2.6 kb fragment is represented as an 86S
species in the AUC profile, representing 80% of the
total capsids (Fig. 6C). No Amp-containing frag-
ment in the AAV5FIX vector preparations that
were generated in the presence of pHLp rep was
found (Supplementary Fig. S3C, lane 1). DNA im-
purities in the AAV5FIX preparations were also
assessed by Q-PCR using primers and probes
specific for Amp. The Q- PCR analysis of both
AAVSFIX vector preparations corroborated the
Amp Southern blot data, confirming that <1%
Amp titer was detected in AAV5FIX vector prep-
arations generated in the presence of pHLp rep.
However, this finding is in contrast to an approx-
imately 35% titer when the same vector plasmid
was used to generate the AAV5FIX vector in the
presence of wild-type rep 68/78. This result un-
derscores the utility of AUC analysis in revealing
the presence of packaged genomes that would be
otherwise undetected by gene-specific Southern
blot analysis.

Finally, a self-complementary AAV2EGFP vec-
tor was generated using rep-cap helpers that dif-
fered in the rep expression levels, as described
above. In the presence of reduced rep 78/68 (pHLp
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rep), more than half (56%) of the vector preparation
contained dimeric genomes, as represented by the
101S species (Supplementary Fig. S4B). This result
is the expected sedimentation coefficient for a
capsid containing a dimeric genome of approxi-
mately 4300 nucleotides. By contrast, the scAA-
V2EGFP vector generated with wild-type levels
of rep 78/68 had significantly fewer packaged di-
meric genomes (26%), with the majority of the
particles containing monomeric genomes and se-
dimenting at 82S (Supplementary Fig. S4A). Re-
peat production runs of the same vector comparing
the two rep helpers yielded a similar result; scAA-
V2EGFP generated using pHLp rep contained over
50% dimeric genomes (Supplementary Fig. S4D)
compared with approximately 30% with WT rep
(Supplementary Fig. S4C). Similarly, production
of a self-complementary AAV9,590 vector, using
either pHLp or WT rep, showed the same trend for
improved packaging of the dimeric genome with
pHLp rep (Supplementary Fig. S4E and S4F).
The scAAV9 vector generated with WT rep con-
tained 21% dimeric genomes (Supplementary
Fig. S4E), in contrast to 56% when the same vector
was generated with pHLp rep (Supplementary
Fig. S4F).

DISCUSSION

Although rAAV vectors have emerged as an im-
portant class of novel biopharmaceutical drugs,
robust methods to monitor the homogeneity, pu-
rity, and consistency of their manufacturing have
not been developed. In an attempt to address this
problem, we evaluated the potential of AUC as a
technique to characterize the homogeneity of rAAV
vectors. AUC analysis is highly versatile’®>™'® and
can be broadly applied to determine the biophysical
properties of many types of particles, across a wide
range of particle concentrations and sizes. We show
that, by subjecting rAAV preparations to AUC
under boundary sedimentation velocity conditions,
the sedimentation of constituent rAAV capsids can
be monitored at set time intervals. The differential
sedimentation coefficient distribution value [C(S)]
versus the sedimentation coefficient in Svedberg
units (S) can be plotted, and the area under each
peak in the C(S) distribution integrated to deter-
mine the relative concentration of each peak. Each
peak represents a species of rAAV particle that is
reflective of its molecular weight. The species that
can be detected by this method include rAAV cap-
sid particles comprising intact rAAV viral genomes
(e.g., full virions), empty viral particles in which no

rAAYV viral genomes have been encapsidated, and
rAAV viral particle variants in which variant rAAV
viral genomes (e.g., truncated viral genomes) or
nucleic acid contaminants are encapsidated. The
genome size of a particular species of rAAV parti-
cles is calculated by comparing the S value of the
species to a standard curve generated by S values of
rAAV particles comprising encapsidated viral ge-
nomes of different known sizes. By resolving the
genome-containing particles by size (e.g., dimeric
and monomeric genomes or partial fragments), the
AUC method represents a powerful tool to assay
the quality of rAAV vector preparations produced
under different conditions. Moreover, the results
from distinet vector production systems demon-
strated that the AUC method can be widely useful
for quality control and the optimization of condi-
tions to yield improved AAV vector preparations
(Figs. 3, 4, and 6).

AUC analysis revealed that rAAV vectors pro-
duced using the standard triple transfection pro-
duction protocol consist predominantly of empty
particles. Moreover, we showed that the popula-
tion of virions that contain DNA can be very het-
erogeneous. Furthermore, in addition to the full
genome-containing vectors, a large proportion
of the preparations contain fragmented genomes
or non-genome-related DNA contaminants (Fig.
3). Improvements in vector quality are achieved
when a producer cell line is used to generate
rAAV vectors. With this platform, for certain
vector genome sequences, the majority of the
vectors produced contain full genome-containing
particles (Fig. 3A and C), resembling the findings
associated with wild-type AAV.*” However, de-
spite the preponderance of empty particles in
transient transfection-produced rAAV vectors,
chromatographic purification methods can be
used to reduce their presence, and their removal
can be monitored with AUC (Fig. 4).

Encapsidated plasmid DNA impurities have
been shown to be derived from the backbone of the
ITR-containing vector (cis) plasmid,** with the use
of an oversized backbone in the vector production
plasmid resulting in a significant reduction in
plasmid-derived DNA impurities.** In this study,
AUC showed that the inclusion of a large backbone
alone may not be sufficient to minimize inadvertent
backbone packaging and that rep protein (68/78)
levels may also play a role (Fig. 6). FIX vector
plasmid packaging, harboring a large backbone
(~T7kb), in the presence of wild-type levels of rep
68/78 resulted in backbone packaging, as evi-
denced by AUC, Southern blot, and AMP-specific
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TagMan analysis, whereas backbone/AMP pack-
aging was reduced in the presence of lower levels of
rep proteins (Fig. 6 and Supplementary Fig. S3).
Because vector plasmid replication is Rep68 me-
diated, a mechanism for encapsidation of plasmid
backbone sequences has been proposed by Hauck
et al.,** that is, a Rep68-mediated vector plasmid
replication that inadvertently proceeds through
the ITR junction and into the plasmid backbone.**
Thus, the encapsidation of backbone/Amp se-
quences is likely reduced by using a helper ex-
pressing lower levels of the Rep68 protein.
Similarly, when a series of vector plasmids with a
smaller backbone (~2.5kb) were packaged in the
presence of reduced or wild-type levels of rep 68/78
proteins (Supplementary Fig. S2), remarkably
different AUC profiles and Southern blots were
revealed. In these examples, higher rep 68/78 pro-
tein levels resulted in increased packaging of frag-
mented vector genomes. Elevated rep 68/78 levels
may contribute to the generation of fragmented
genomes using a mechanism analogous to the
mechanism reported for the rep 68 effects on self-
complementary vector genomes, that is, spurious
nicking at ¢rs-like sites on the vector genome.*¢
Imperfect fidelity in the AAV DNA-packaging
mechanism?* likely enables the inadvertent pack-
aging of these fragmented genomes into preformed
capsids. Additionally, using a single-molecule se-
quencing method, Kapranov et al.,*® demonstrated
that AAV packaging initiates from the 3’ end of the
AAV ITR, whereas 5 end mapping revealed pre-
mature termination as a mechanism that leads to
incomplete vector genome packaging.
Self-complementary AAV vectors encoding a
codon-optimized human FIX gene under the con-
trol of a liver-specific promoter have shown efficacy
in preclinical models of hemophilia B and have also
yielded exciting results in a phase 1 clinical trial,
underscoring their utility in human gene therapy.’
An optimal method to reliably quantitate the
packaging of the dimeric self-complementary ge-
nome has not been described; therefore, we
investigated the applicability of AUC in the char-
acterization of self-complementary rAAV vectors.
In agreement with Wu et al.,*® we show that the
packaging of dimeric self-complementary ge-
nomes (dsDNA) can be influenced by the level
of rep proteins and that reducing the levels of
rep68 shows a trend in an improvement in the
dsDNA:ssDNA ratio (Supplementary Fig. S4).
The applicability of the AUC method in the
characterization of self-complementary vectors
is significant. The many advantages that self-

complementary vectors offer, including rapid on-
set of transgene expression® and increased bio-
physical stability,*® may be offset by the challenge
of reproducibly producing these vectors with the
same degree of homogeneity, a requisite for all
clinical vectors. Hence, the AUC method provides
a quantitative measurement of the dsDNA:ssDNA
ratio, providing a valuable tool for the quality
assessment of clinical-grade self-complementary
vectors.

In summary, we describe the development of a
novel application of the AUC method to reveal the
constituents of rAAV vector preparations, includ-
ing empty vectors and vectors that contain com-
plete or incomplete genomes. Typically, EM is used
for the analysis of the ratios of empty AAV virions
in viral vector preparations®®; however, this
method has limitations. Although EM technology
is very useful and informative for qualitatively
studying the structures of virions, this method is
not ideal for the precise quantitative assessment of
empty and full virions in a viral preparation. In
addition, EM cannot distinguish full virions pack-
aged with the full-length genome from virions with
partial viral genomes or plasmid DNA impurities.
Here, we show that AUC enables the precise and
quantitative characterization of all constituent
rAAV particles in real time. Moreover, this method
can be used to assess factors that improve the
quality of rAAV vector preparations. Vector ge-
nome integrity can be assessed by Southern blot
analysis, and this method can reveal the range of
encapsidated viral genomes; however, this tech-
nique cannot provide a quantitative assessment.
Southern blotting relies on the manipulation of
DNA before analysis and efficient reactivity with a
probe of known sequence; thus, fragmented ge-
nomes and DNA impurities may go undetected
because of the lack of complementarity with a
vector sequence-specific probe. The ability to ana-
lyze all vector species is critical to assessing the
homogeneity of clinical AAV vector preparations,
which should predominantly consist of virions with
a complete therapeutic genome. The presence of
empty vectors and virions containing nongenomic
nucleic acid contaminants is a concern because
capsid proteins may trigger a T-cell-based immune
response against the vector and the host cell
transduced by the vector,’® whereas encapsidated
nongenomic nucleic acids can be transferred and
persist in vivo after rAAV vector administration.*”
Additionally, vectors with fragmented genomes
can behave as defective interfering particles and
reduce the therapeutic potential of complete vec-
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tors.?® In conclusion, we have shown that AUC is a
valuable method that should become a universal
tool in the development of rAAV vectors to verify
vector composition before clinical use. Importantly,

AUC analysis of rAAV preparations enables the
use of the same assay conditions to analyze differ-

ent preparations of rAAV particles regardless of
the rAAV genome nucleotide sequence and capsid

serotype.

company.
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