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Lot-to-Lot Variation in Adeno-Associated Virus
Serotype 9 (AAV9) Preparations
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Viral vectors are complex drugs that pose a particular challenge for manufacturing. Previous studies have
shown that, unlike small-molecule drugs, vector preparations do not yield a collection of identical parti-
cles. Instead, a mixture of particles that vary in capsid stoichiometry and impurities is created, which may
differ from lot to lot. The consequences of this are unclear, but conflicting reports regarding the biological
properties of vectors, including transduction patterns, suggest that this variability may have an effect.
However, other variables, including differences in animal strains and techniques, make it difficult to
identify a cause. Here, we report lot-to-lot variation in spinal cord gray matter transduction following
intrathecal delivery of self-complementary adeno-associated virus serotype 9 vectors. Eleven lots of vector
were evaluated from six vector cores, including one preclinical/Good Laboratory Practice lot. Eight of the
lots, including the preclinical lot, failed to transduce the gray matter, whereas the other three provided
robust transduction. The cause for this variation is unknown, but it did not correlate with vector titer,
buffer, or purification method. These results highlight the need to identify the cause of this variation and
to develop improved production and quality control methods to ensure lot-to-lot consistency of vector
potency.
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INTRODUCTION
IT IS ALL TOO common for competing biodistribution

studies to report significantly different transduction
profiles for adeno-associated viral (AAV) vectors. For
instance, intravenous injectionof self-complementary
adeno-associated virus serotype 9 (scAAV9) into adult
mice primarily transduced astrocytes1 or neurons,2

depending on the laboratory doing the study. Reports
on intracerebroventricular delivery of AAV9 have
described two distinct patterns of transduction,
stemming from transduction differences between
scAAV9 and single-stranded AAV9.3 These potential
issues go beyond AAV vectors. Goenawan and Hirai
discovered that the timing of harvest of lentiviral
vectors could affect the preferred cellular targets
in the brain, due to the action of a cysteine
protease, cathepsin K.4 Failed attempts to re-
produce a particular finding may never reach the
literature, given the problems of publishing

negative data but are discussed at meetings and
on websites. While variability in viral lots might
explain inconsistencies in transduction profiles,
many other factors could be at play, including
differences in animal strains, the timing of injec-
tions, the promoter and enhancer sequences used,
and the training of personnel. Therefore, it is
difficult to know whether the variances in results
are due to inherent differences between vector
preparations.

Previous studies in mice,5 cats,6 dogs,7 pigs,8 and
primates,9 including our own,10 demonstrated that
intrathecal delivery of AAV9 vectors can lead to the
robust transduction of the gray matter of the spinal
cord, including motor neurons. This approach had
not previously been evaluated in rats. During our
investigation, we discovered that scAAV9 vectors
can be segregated into two distinct categories:
those that are able to reach the gray matter from
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the intrathecal space (penetrating) and those that
are efficiently excluded from the gray matter
(nonpenetrating). This issue was not specific to the
core producing the vector or the vector genome that
was being packaged. Our data point to a major,
heretofore unrecognized problem with scAAV9
production, one that has led to a substantial waste
of time and research funds for many laboratories.

MATERIALS AND METHODS
Plasmids

Plasmids encoding the genomes of scAAV9-CB-
IGF1 and scAAV9-CB-GFP (pTR-CB-IGF1 and
pTR-CB-GFP, respectively) were provided by An-
drew Moreo of Nationwide Children’s Vector Core.
Each plasmid encodes inverted terminal repeats
for self-complementary AAV production flanking a
cytomegalovirus (CMV) early enhancer, chicken
b-actin promoter, a modified SV40 late 16S intron, a
bovine growth hormone polyadenylation site, and
either the enhanced green fluorescent protein
(eGFP) or human insulin-like growth factor 1 (IGF1)
complementary DNA (cDNA). Production of the
plasmids was performed by Aldevron (Fargo, North
Dakota). In the course of manufacturing the plas-
mids, both plasmids were sequenced to confirm their
identity. The sequences have been deposited into
GenBank (MK225671 and MK225672, respectively).

Virus lots
Viral vectors were obtained from Nationwide

Children’s (Columbus, OH), the University of
Florida Powell Gene Therapy Center (Gainesville,
FL), the University of North Carolina Vector Core
(Chapel Hill, NC), the University of Massachusetts
Medical School Viral Vector Core (Worcester, MA),
the Penn Vector Core (Philadelphia, PA), and SAB
Technology, Inc. (Philadelphia, PA).

Vector delivery
All animal experiments were approved by the

Emory University Institutional Animal Care and
Use Committee (for rat and mouse studies) or the
T3 Labs Institutional Animal Care and Use Com-
mittee (for pig studies). All rat experiments were
conducted in Sprague-Dawley rats generated in
our own colony and regularly crossed with fresh
breeders from Invigo/Harlan. The animals were
maintained on a 12:12-h light/dark cycle with food
(LabDiet 5001; LabDiet, St Louis, MO) and tap
water provided ad libitum.

Intrathecal vector delivery in rats was accom-
plished in one of two ways: intrathecal catheter
threaded from the cisterna magna (CM) or lumbar
puncture. The switch was made mid-study due to

the risk of morbidity associated with catheter
placement. In the earlier experiments, vector was
delivered by threading a catheter from the CM to
the lumbar level of the spinal cord. Catheters were
created by inserting a 7-cm-long piece of poly-
ethylene tubing (0.008† inside diameter [I.D.],
0.014† outside diameter [O.D.], Cat. No. PE-8-25;
Strategic Applications, Lake Villa, IL) 1–2 mm into
a 2.5-cm piece of BD Intramedic I.D. 0.38 mm, O.D.
1.09 mm PE20 tubing (Cat. No. 427405; BD,
Franklin Lakes, NJ) and sealing the joint with
clear nail polish. A wire was threaded into the
catheter to give it stability while it was being in-
serted into the animal. Animals were anesthetized
with isoflurane, and the depth of anesthesia was
gauged by toe pinch. The surgical site was shaved
and sterilized with betadine scrub. The body was
placed at a right angle relative to the skull. An
incision in the skin was made down the midline
from the nuchal crest to approximately the C5
vertebra. The upper layer of muscle was cut along
the midline, whereas the lower layers of muscle
were bluntly dissected away from the midline and
retracted, exposing the membrane covering the
foramen magnum. Using a number 11 scalpel
blade, an incision was gradually made by gently
running the tip of the blade over the center of the
membrane until cerebrospinal fluid (CSF) flowed
out through the hole. The catheter was threaded
through the hole and down the spinal cord until the
adapter came to rest on the membrane. The wire
was removed and a 27-gauge insulin syringe was
used to inject 30 lL of vector through the catheter.
A second syringe with 30 lL of sterile 0.9% NaCl
was used to flush the catheter. The catheter was
then removed. The muscle was closed in two layers,
and the skin was sutured with 4-0 Vicryl suture.
The animal was placed on a warm pad during re-
covery from anesthesia.

In later experiments, intrathecal vector delivery
was accomplished by lumbar puncture adapted
from a previous technical report.11 The animal was
anesthetized with isoflurane, and the skin around
the L3 and L4 vertebrae was shaved and sterilized.
A rolled paper towel was inserted beneath the an-
imal to induce more curvature in the lower spine
and create space between the lamina. A neonatal
lumbar puncture needle (25-gauge · 1†, Cat. No.
405073; BD) was inserted between L3 and L4,
causing the tail to twitch. The stylet was removed
and CSF was observed to flow up into the reservoir.
Thirty to 50 lL of CSF was removed and replaced
with 30 lL of vector. A 1-mL syringe was then
connected to the lumbar puncture needle, and the
vector was displaced into the lumbar cistern. The
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needle was then removed, and the skin was closed
with 4-0 Vicryl suture. The animal was placed on a
warm pad during recovery from anesthesia.

To perform intraparenchymal injections in the
rats, 70-day-old rats were anesthetized with iso-
flurane, and the skin around the T12 and T13
vertebrae was shaved and sterilized. The animals
were then placed in a stereotaxic frame. An incision
was made down the midline, and the muscles at-
tached to the T12 and T13 spinous processes were
dissected away from the bone and retracted. A la-
minectomy was performed using rongeurs to ex-
pose the spinal cord unilaterally. A World Precision
Instruments 10-lL NanoFil syringe with a 34-
gauge needle was loaded with vector and affixed to
a manual micromanipulator mounted to the ste-
reotaxic frame. The tip of the needle was positioned
1 mm from the midline and resting on the surface of
the dura. The needle was then lowered 1.3 mm to
place the tip within the ventral horn. Two micro-
liters of vector was injected over 2–3 min, and then,
the needle was left in place for 1 min before slowing
being retracted. The needle was then positioned
5 mm caudal to the first injection and the process
was repeated. The muscle and skin were closed
with 4-0 Vicryl suture. The animal was placed on a
warm pad during recovery from anesthesia.

Intrathecal vector delivery in the pig was per-
formed as previously described.10 Briefly, the ani-
mal was anesthetized and the surgical area was
sterilized. An incision was made over the lumbar
spine, and a one- to two-level laminectomy was
performed at the upper lumbar levels to access the
spinal canal. A small incision was made in the
dura, and an intrathecal catheter (EDM Lumbar
Catheter; Medtronic, Minneapolis, MN) was in-
serted and advanced to the cervical cord under
fluoroscopy. 0.5 mL of scAAV9-CB-IGF1 was then
injected. The catheter was retracted 10 cm to the
thoracic cord, and a second bolus of 0.5 mL was
delivered. This was repeated for a third bolus de-
livered to the lumbar cord. The catheter was re-
moved, and the dura was sutured in a running
watertight manner. The muscle and skin were
closed in layers.

Intraparenchymal vector delivery in the pig was
performed as previously described.12 Briefly, the
animal was anesthetized and the surgical area was
sterilized. A 22-cm incision was made through the
skin and muscle overlying the cervical spine to
expose the spinous processes and laminar surface.
A three-layer laminectomy was performed at the
C3–C5 levels to provide access to the spinal cord,
and a 2.5-cm incision was made in the dura. The
microinjection platform was mounted to the animal

on the occiput and C7 spinous process. The pia was
then opened. Ten pairs of bilateral injections were
then made with a floating cannula: 2 mm medial
relative to the dorsal root entry zone, 3.5 mm deep
relative to the pial surface, with *2 mm between
each injection. Twenty-five microliters of vector
was injected at each site at a rate of 5 lL/min.
Following infusion, the cannula was left in place for
5 min to minimize reflux. After all injections were
complete, the dura was closed in a running water-
tight manner, and the muscle and skin were closed
in layers.

Intrathecal vector delivery in the mouse was
adapted from previous work.13 Male B6SJL/J mice
(Jackson Laboratories, Bar Harbor, ME) were an-
esthetized with isoflurane, and the depth of anes-
thesia was gauged by toe pinch. A rolled paper
towel was placed under the lumbar spine to help
separate the C5 and C6 lamina. An incision was
made over the lower lumbar spine, and the spinous
processes of C5 and C6 were identified. Ten mi-
croliters was loaded into a 27-gauge, 1 mL insulin
syringe. The needle was inserted into the lumbar
cistern by positioning the tip to one side of the C6
spinous process and angling the needle down and
medially so that in slipped between the spinous
process and the transverse process and under the
C5 lamina. Proper position of the needle was as-
sessed by the distance the needle was able to ad-
vance and the lack of reflux during the injection. In
the case of reflux, the fluid was removed with a
cotton swab and the injection was attempted a
second time. The skin was then stapled shut with
an Autoclip Applier (Stoelting, Wood Dale, IL),
and the animal was placed on a warm pad during
recovery.

Immunohistochemistry
At the time of euthanasia, rats were anesthe-

tized with 5% isoflurane and euthanized with
100 mg/kg pentobarbital. Saline followed by 4%
paraformaldehyde was delivered by cardiac perfu-
sion. The spinal column was then removed and
postfixed in 4% paraformaldehyde overnight. The
spinal cord was removed and cryopreserved in 30%
sucrose. Samples were embedded in Tissue-Tek�

O.C.T. Compound (VWR, Radnor, PA) and sec-
tioned at 40 lm on a Leica CM1950 cryostat (Wet-
zlar, Germany). Three weeks after vector delivery,
pigs were perfused with saline, and spinal cord
segments for immunohistochemistry (IHC) were
harvested, fixed overnight in 4% paraformalde-
hyde, and cryopreserved in 30% ethylene glycol,
30% sucrose in 0.1 M phosphate buffer, pH 7.5, and
sectioned on the cryostat.
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A rabbit anti-green fluorescent protein (GFP)
primary antibody (AB3080P; Millipore, Billerica,
MA), biotinylated goat anti-rabbit secondary (111-
065-144; Jackson ImmunoResearch, West Grove,
PA), Vector ABC kit with HRP detection (PK-4000;
Vector, Burlingame, CA), and Vector SG peroxidase
substrate kit (SK-4700; Vector) were used to detect
GFP expression. The primary was used at a 1:500
dilution and the secondary at 1:250. For IGF1 detec-
tion, a rabbit anti-IGF1 primary antibody (ab134140;
Abcam, Cambridge, MA) was used at the same dilu-
tion and under the same conditions. For pig samples,
sections were counterstained lightly with eosin.
Images were collected with a Nikon (Tokyo, Japan)
Eclipse E400 microscope with a Nikon Digital Sight
controller and DS-Fi1 camera.

Vector titer
Vector preparations were titered by quantitative

PCR (qPCR). Samples of each vector were serially
diluted in 1 · PCR buffer (10 mM Tris-HCl, pH 8.0,
50 mM KCl, 5 mM MgCl2). One hundred microliters
of each dilution was transferred to a new PCR tube
and 1lL of DNase I was added (Cat. No. 18047-019;
Invitrogen, Waltham, MA). Nonencapsidated DNA
was digested for 30 min at 37�C, and then, the DN-
ase I was inactivated by incubation at 95�C for
10 min. To digest the capsid, 1lL Proteinase K
(Qiagen, Germantown, MD) was added to each
sample, and the samples were incubated at 60�C for
1 h followed by 20 min at 95�C to inactivate the
proteinase.

To create a standard curve, pTR-CB-GFP was
digested with ScaI-HF in 1 · CutSmart buffer (New
England Biolabs) at 37�C for 1 h. The enzyme was
inactivated by incubation at 80�C for 20 min. The
digested plasmid was then serially diluted in
1 · PCR buffer to create a standard curve. Two
microliters of each standard and each virus sample
were quantified using SYBR� Green JumpStart�
Taq ReadyMix� (Sigma–Aldrich, St. Louis, MO)
with primers against eGFP (forward primer: 5¢-
AAGGGCATCGACTTCAAGG-3¢; reverse primer:
5¢-TGCTTGTCGGCCATGATATAG-3¢) on a 7500
Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA). Four dilutions of each vector
(1:102 to 1:105) were assayed in triplicate, and the
values are reported as the average of these four
dilutions.

Vector quantification in pig tissue
qPCR was performed by MPI Research (Matta-

wan, MI) to quantify vector levels in pig tissue.
DNA was isolated using the QIAsymphony DSP
DNA Mini Kit on a QIAsymphony instrument.

DNA concentration was measured with a Nano-
Drop 8000 Spectrophotometer. A standard curve
was generated using pTR-CB-IGF1 and prepared
in the presence of 1,000 ng of pig liver DNA. qPCR
was performed on an Applied Biosystems 7900HT
Fast Real Time PCR System using TaqMan Uni-
versal Master Mix II (Thermo Fisher Scientific,
Waltham, MA) and targeting the SV40 poly-
adenylation sequence (forward primer 5¢-TGGT
GGTGCAAATCAAAGAACT-3¢; reverse primer: 5¢-
AACACTTCCGTACAGGCCTAGAA-3¢; probe: 5¢-
6FAM-CTCAGTGGATGTTGCCTT-MGB-3¢). The
data were initially recorded as vector copies per
1,000 ng of DNA for tissue, per 100 ng of DNA for
blood, or per 10 lL of CSF. Vector copies for tissue
and blood were converted to vector copies per dip-
loid genome assuming a genome size of 5.4 · 109

base pairs and an average molecular weight of 650
Da per base pair.

Measurement of transduction in vitro

NSC-34 and HEK293 cells were maintained in
Dulbecco’s modified Eagle medium (D5796; Sigma–
Aldrich) supplemented with 10% fetal bovine
serum and 0.1% penicillin–streptomycin (#15070-
063; Thermo Fisher Scientific) and split at 80–90%
confluence. Twenty-four hours before transduc-
tion, the cells were plated in 48-well plates at a
density of 1.4 · 104 cells per well. Cells were
transduced in triplicate at two multiplicities of in-
fection (MOIs): 2.5 · 105 and 2.5 · 104, making the
assumption that the cells divided once in the 24 h
between plating and transduction. Untreated cells
served as a negative control. Due to autofluore-
scence in the media, the media was replaced with
phosphate-buffered saline immediately before im-
aging. For each well, two nonoverlapping regions
were imaged at random. For each region, two im-
ages were obtained on a Leica DM IRE2 inverted
microscope (Buffalo Grove, IL): one under bright-
field and one using fluorescence. The exposure time
for fluorescence was empirically determined so
that no cells bodies were detected in the negative
control wells. For HEK293 cells, the fluorescence
and brightfield images were processed through
ImageJ to measure the area occupied by the
transduced cells and all cells, respectively, and the
results were reported as the percentage of the area
occupied by the cells that were GFP positive. Due to
the larger variation in cell diameter observed in
NSC-34 cultures, cells were counted manually and
expressed as the percentage of cells that were GFP
positive. For both cell types, the results are pre-
sented as the average – the standard deviation of
three wells.
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Sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and silver stain

For six scAAV9 lots, 1.5 · 1010 vector genomes (vg)
of virus in 5 lL were mixed with 5 lL 2 · Laemmli
buffer (#1610737; Bio-Rad, Hercules, CA), prepared
according to the manufacturer’s instructions. The
samples were heated to 95�C for 5 min and then
cooled to room temperature. The samples were loa-
ded onto a 4–15% Mini-PROTEAN TGX Stain-Free
Gel (#4568086; Bio-Rad) and run at 90 V for 90 min.
The gel was then removed from the plastic cassette
and stained with a Pierce Sliver Stain Kit (#24612;
Thermo Fisher Scientific) according to the manu-
facturer’s instructions. The gel was transferred to a
smooth, white background and photographed with
an Apple iPhone 6.

RESULTS
Gray matter transduction by scAAV9-CB-GFP

Since intrathecal delivery of scAAV9 had not
previously been reported in rats, a pilot study
was conducted. A self-complimentary AAV9 vector
expressing GFP from a CMV enhancer and chicken
b-actin promoter (scAAV9-CB-GFP) was obtained
from Core A (lot 1, Table 1). This vector was in-
jected intrathecally (IT) via a catheter threaded
from the CM to the lumbar level of the spinal cord
into male Sprague-Dawley rats. The animals were
euthanized 3 weeks later and perfused. Gray
matter transduction was observed along the length
of the cord (Fig. 1A, B), consistent with previous
reports in other animal models.

Based on these pilot data, two new lots were
obtained from Core A, a therapeutic vector, and a
new lot of scAAV9-CB-GFP to serve as a negative
control (lot 2). A therapeutic study was initiated
that included nine animals receiving scAAV9-CB-
GFP. As the animals reached endpoint, the spinal

cords were harvested and stained for GFP. In
contrast to the pilot, no gray matter transduction
was observed in any of the scAAV9-CB-GFP-
treated animals (Fig. 1C, D). Dorsal root ganglia
(DRGs) and white matter tracks stained positive
for GFP, demonstrating that the vector was infec-
tious. Since these animals were harvested later
than the pilot animals, a third lot of scAAV9-CB-
GFP was obtained from Core A (lot 3). The new lot
was injected as above, and the animals were har-
vested at 3 weeks. Again, no transduction of the
gray matter was observed (n = 4; Table 1). However,
unilateral injection of the vector into the gray
matter yielded robust transduction (Fig. 1E),
demonstrating that the vector could transduce the
gray matter if delivered directly.

To determine if this problem was specific to Core
A, new scAAV9-CB-GFP preparations were ob-
tained from Core B (lot 4) and Core C (lot 5). These
vectors were injected IT (n = 3 per preparation),
and the animals were harvested after 3 weeks.
Only lot 4 produced detectable staining in the gray
matter (Table 1). These results suggested that the
problem was not core-specific.

Transduction by other scAAV9 vectors
To determine if the variation between lots was a

problem specific to the scAAV9-CB-GFP genome,
several different GFP-expressing scAAV9 vectors
were obtained from four vector cores and tested in
Sprague-Dawley rats as described above (lots 7–10).
In addition, an older lot of scAAV9-miniCAG-GFP
was also tested (lot 6). Only one of these prepa-
rations, the older lot of scAAV9-miniCAG-GFP
transduced the gray matter (Table 1). These results
suggest that the problem encountered with intra-
thecal delivery of scAAV9 is neither core- nor vec-
tor genome-specific. In addition, animals from the
same colony of Sprague-Dawley rats housed under

Table 1. Research grade scAAV9 lots used in this study

Lot no. 1 (pilot) 2 3 4 5 6 7 8 9 10

Source Core A Core A Core A Core B Core C Core D Core D Core E Core C Core F
Vector CB-GFP CB-GFP CB-GFP CB-GFP CB-GFP miniCAG-GFP miniCAG-GFP CMV-GFP CBA-GFP scCB6-PI-GFP
Gray matter

transduction
+ - - + - + - - - -

Purification CsCl Iodixinol/Chrom. Iodixinol/Chrom. CsCl Iodixinol/Chrom. CsCl CsCl Iodixinol/Chrom. Iodixinol/Chrom. Iodoxinol
Buffer A A A B C D D E C F
Core titer (vg/mL) 5.7 · 1012 4.2 · 1012 8.3 · 1012 1.7 · 1013 1.7 · 1012 1.2 · 1013 1.5 · 1013 1.4 · 1013 4.0 · 1012 3.4 · 1012

Retitered (vg/mL) ND ND 2.5 · 1012 3.0 · 1013 ND 2.4 · 1013 5.2 · 1013 1.1 · 1013 6.4 · 1012 1.5 · 1013

A: 20 mM Tris, pH 8.0, 1 mM MgCl2, 200 mM NaCl, 0.001% Pluronic F68.
B: PBS with 0.001% Pluronic F68.
C: 350 mM NaCl, 5% sorbitol in PBS.
D: PBS with 5% sorbitol and 0.001% Pluronic F68.
E: Lactated ringers.
F: PBS with additional 35 mM NaCl, 5% glycerol.
CBA, chicken b-actin promoter; CMV, cytomegalovirus promoter; ND, not done; PBS, phosphate-buffered saline; vg, vector genomes.
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the same conditions were used to test all lots of
vector, ruling out differences in animal strain or
environment.

Lot parameters do not correlate
with transduction

We next considered three other potential sources
of variability: production scheme, buffer, and titer.
The lots tested thus far had either been purified on
a continuous CsCl gradient or by iodixinol gradient
with or without affinity chromatography purifica-
tion. Core A had moved away from CsCl banding

between the first lot that did transduce the gray
matter and those that did not, and the second
penetrating lot had also been purified on a CsCl
gradient. However, there was no consistent rela-
tionship of purification scheme with gray matter
transduction (Table 1). The vectors were dialyzed
against a variety of buffers, but there was no ob-
vious correlation between buffer and transduction.

Errors in vector titering were also considered
given previous reports regarding difficulties in
quantifying AAV preparations by qPCR.14 Seven
lots for which we had sufficient material left were

Figure 1. Gray matter transduction following intrathecal scAAV9 delivery. Seventy-day-old Sprague-Dawley rats received a 30 lL intrathecal injection of
scAAV9-CB-GFP via an intrathecal catheter, threaded from the cisterna magna down to lumbar level of the spinal cord. Three weeks later, the spinal cords
were harvested, sectioned, and stained for GFP (black stain). (A) Cervical and (B) lumbar spinal cord sections from animals that received the pilot lot from
Core A are shown. At all levels of the spinal cord, robust transduction was observed in the gray matter, including cells morphologically similar to motor neurons
(arrows). (C) Cervical and (D) lumbar spinal cord sections from animals receiving lot 2 from Core A are shown. In contrast to the animals in (A, B), no gray
matter transduction was observed. White matter tracts did stain positively for GFP, possibly due to DRG transduction. (E) When directly injected unilaterally
into the spinal cord, a nonpenetrating vector yielded robust transduction of the gray matter on the treated side (left). DRG, dorsal root ganglia; GFP, green
fluorescent protein; scAAV9, self-complementary adeno-associated virus serotype 9.
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retitered head-to-head using primers against the
GFP cDNA, which was common among all the
vectors. The titers measured by our assay were
comparable to the titers provided by the cores that
produced these lots, with no more than a 4.5-fold
variance between the two measurements (Table 1).
In addition, there was no correlation between vec-
tor titer and gray matter transduction.

Whole-particle mass spectrometry
We next considered the possibility that there

were gross structural differences between pene-
trating lots and nonpenetrating lots. Two lots of
scAAV9-CB-GFP were evaluated by charge detec-
tion mass spectrometry (CDMS)15: a nonpenetrat-
ing lot from Core C (lot 5) and a penetrating lot
from Core B (lot 4). Both lots produced a domi-
nant peak with a weight that correlated with the
mass expected for a particle carrying half of a
genome (partial) and a peak corresponding to a
full-length genome (Fig. 2). In addition, the
nonpenetrating lot (Fig. 2B) contained a small
peak of empty capsids as well as some high– and
low–molecular weight peaks of unknown iden-
tity. Neither of these features was prominent in
the penetrating lot (Fig. 2A). Empty capsids have
been shown to inhibit transduction,16 but not at
the low levels found in this lot. The implications
of the high– and low–molecular weight impuri-
ties are unclear.

Good Laboratory Practice lot evaluated in pigs
A Good Laboratory Practice (GLP) lot of scAAV9-

CB-IGF1 was produced at Core C as part of a rapid
development program for efficacy, biodistribution,
and toxicology studies. It was expected that the
GLP lot would be immune to the problem observed
in the majority of research-grade preparations. In
consultation with the head of the vector core, a
number of quality control criteria were chosen
ahead of production. This lot met all the release
criteria (Supplementary Table S1).

A pilot experiment was carried out in Göttingen
minipigs. Two pigs received intrathecal scAAV9-
CB-IGF1 as performed previously,10 and two re-
ceived 20 intraparenchymal injections into the
cervical spinal cord targeting the ventral horns.
Three weeks after vector delivery, the animals
were euthanized and tissue was taken for IHC,
qPCR, and pathology.

qPCR results are shown in Fig. 3. For the two
animals receiving intraparenchymal injections,
the highest quantity of vector genomes was found
at the site of the injections, reaching *100 copies
per diploid genome. Transduction of the gray
matter in spinal cord regions distant from the in-
jections was substantially lower,*0.1% of the level
in the cervical cord, suggesting that the vector did
not spread far from the injection site. Low levels of
vector genomes were also found in peripheral tis-
sues. Strikingly, animals that received intrathecal

Figure 2. Mass spectrometry reveals differences in scAAV9 preparations. Charge detection mass spectrometry was used to characterize two scAAV9-CB-
GFP lots: one penetrating lot (lot 4, A) and one nonpenetrating lot (lot 5, B). Peaks with masses predicted for filled, partially filled, and empty capsids are
identified. The predominant band in both lots has a mass similar to the predicted molecular weight for a capsid packaging half of a genome, comprising 61% of
the area under the curve in lot 4 and 51% in lot 5. Particles containing a full-length genome represented 27% and 23% of the area for these two lots,
respectively. In addition, the nonpenetrating lot has a peak corresponding to empty capsids representing 9% of the area as well as a collection of high–
molecular weight material of unknown identity.
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scAAV9 delivery achieved vector copies in the spi-
nal cord similar to those of the uninjected regions of
animals receiving parenchymal injections, suggest-
ing that the vector failed to reach the gray matter.
Relative to the pigs receiving intraparenchymal in-
jections, IT delivery led to greater numbers of ge-
nomes in the brain, DRGs, nerves, and peripheral
tissues (Fig. 3).

Spinal cord sections from both cohorts were
stained for IGF1. Consistent with the qPCR data,
IGF1 expression was detected in the cervical cords
of animals receiving intraparenchymal injections
(Fig. 4). No positive staining could be detected out-
side this region in pigs receiving intraparenchymal
scAAV9 or in any spinal cord region in animals re-
ceiving IT scAAV9. These data again suggest that
the GLP lot is nonpenetrating. These results indi-
cate that GLP lots are not immune to the problem
observed with research-grade vectors.

The GLP lot does not inhibit a penetrating lot
One potential hypothesis to explain the above

data is that nonpenetrating lots contain soluble
inhibitory factors that prevent the virus particles

from reaching the gray matter. To test this model,
scAAV9-CB-GFP from lot 4 was diluted 1:10 into
the GLP scAAV9-CB-IGF1 preparation and in-
jected IT into mice (n = 6). As a positive control,
scAAV9-CB-GFP was injected neat into a second
cohort (n = 4). Similar to rats receiving an IT in-
jection of the penetrating lot, scAAV9-CB-GFP-
treated mice showed robust transduction in the
gray matter along the length of the cord (Fig. 5).
IGF1-GFP-treated mice also exhibited gray matter
transduction along the length of the cord. Staining
was reduced relative to scAAV9-CB-GFP-treated
mice but appeared to be consistent with the 1/10th
dose that was delivered to these animals. This re-
sult suggests that a nonpenetrating lot does not
contain soluble factors that inhibit transduction.

In vitro analysis of transduction
Five scAAV9 lots expressing GFP were assayed

in vitro for their ability to transduce neuronal-
lineage cell types, two penetrating lots and three
nonpenetrating lots. NSC-34 and HEK293 cells
were transduced at MOIs of 2.5 · 105 and 2.5 · 104.
Forty-eight hours after transduction, the trans-

Figure 3. scAAV9-CB-IGF1 biodistribution in pigs. A GLP lot of scAAV9-CB-IGF1 was injected intraparenchymally into the cervical cord of two pigs
(20 injections, 2.5 · 1011 vg/inj.) or IT via a catheter (500 lL per spinal cord region [cervical, thoracic, and lumbar], 1.4 · 1013 vg/mL) in two pigs. Three weeks
later, the animals were euthanized and tissues were collected. Quantitative PCR was performed on the brain, spinal cord, and peripheral tissues to measure
vector genomes. Missing bars indicate samples where the vector copy number was below the limit of detection. The highest levels of transduction were
observed in the cervical cord of pigs receiving parenchymal injections. IT delivery did not result in greater transduction in the thoracic and lumbar cord
compared with pigs receiving cervical injections, even though the total dose was nearly sixfold higher. CSF, cerebrospinal fluid; GLP, Good Laboratory Practice;
IT, intrathecally; LN, lymph node; ROI, region of interest; vg, vector genomes.
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duction efficiency at each MOI was determined.
The results of the higher MOI are shown (Fig. 6A,
B). Similar results were observed in the HEK293
cells at the lower MOI (data not shown). In NSC-
34 cells, little transduction was observed in all
the samples at the lower MOI, so those samples
were not quantified. Differences in transduction
were observed between all the lots. The non-
penetrating lots yielded less transduction than
the penetrating lots. In one case, lot 7, trans-

duction was reduced 21-fold relative to lot 4.
Transduction by lots 8 and 10 was approximately
two- to threefold lower than lot 4.

Polyacrylamide gel electrophoresis/silver
stain analysis of vectors

The five scAAV9 lots expressing GFP assayed
above and the GLP scAAV9-IGF1 lot were analyzed
by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by silver stain to

Figure 4. IGF1 expression in pig spinal cord. scAAV9-CB-IGF1 was injected intraparenchymally into the cervical cord of two pigs (20 injections, 2.5 · 1011

vg/inj.) or IT via a catheter threaded from the lumbar spine (500 lL per spinal cord region [cervical, thoracic, and lumbar], 1.4 · 1013 vg/mL). Three weeks later,
the animals were euthanized and tissues were collected. (A) In pigs receiving parenchymal injections, IGF1 was detected in the cervical cord (black stain) but
not in other regions. Some positive cell bodies are apparent and the entire gray matter is faintly stained as expected for a secreted protein. (B) In contrast,
animals receiving intrathecal injections showed no evidence of IGF1 expression at any spinal cord level. A section from the lumbar cord is shown. (C, D) The
ventral areas indicated by the boxes in (A, B), respectively, are shown at higher magnification. Arrows indicate IGF1-positive cells with large somas that are
likely motor neurons. The scale bar for (A, B) represents 1 mm and the scale bar for (C, D) represents 100 lm. IGF1, insulin-like growth factor 1.
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look for the presence of contaminants that might ex-
plain the differences in transduction efficiency in vivo.
1.5 · 1010 vg were analyzed in each lane. Three bands
dominated in all the lots, likely corresponding to VP1,
VP2,andVP3.Althougheachlanecontainedthesame
amount of vector genome, there was substantial var-
iation in the amount of the capsid proteins. No two lots
exhibited the same pattern of contaminants.

DISCUSSION

Reproducibility is a hallmark of science. Ideally,
two laboratoriesevaluating thesame viralvector and
delivery approach will observe the same biodis-
tribution in vivo. However, as the literature suggests
and our data have shown, obtaining reproducible
results with intrathecal scAAV9 vectors can be a
significant challenge. In the current study, two sur-
geons performed all the surgeries. Each surgeon in-
jected half of the animals for each vector. Both

surgeons obtained identical results for each vector,
suggesting that individual technique is not a factor in
the observed lot-to-lot variation.

The source of the observed variation in trans-
duction is unclear. The problem is not specific to
one vector core or one particular vector genome.
Two of the six cores used produced both penetrat-
ing and nonpenetrating lots of the same vector. The
problem also does not appear to be species specific
since it manifested in both rats and pigs. CsCl-
purified AAV vectors can contain contaminants
that inhibit transduction.17,18 However, all the
penetrating vectors identified in this study were
purified on CsCl gradients.

Other potential sources of lot-to-lot variation in-
clude osmolarity, the presence of endotoxins, aggre-
gation of virus particles, the presence of empty
capsids,16,19,20 an immune response against the vec-
tor, action by residual CsCl, the integrity of the vector
genome, and other protein contaminants.21–23 Lim-

Figure 5. A nonpenetrating scAAV9 lot does not inhibit a penetrating lot. Seventy-day-old mice received an intrathecal injection of scAAV9-CB-GFP (10 lL at
1.7 · 1013 vg/mL; lot 4) or the GLP scAAV9-CB-IGF1 (10 lL at 1.4 · 1013 vg/mL) spiked with a 1:10 volume of the GFP vector (IGF1-GFP-treated). Approximately
70 days later, the animals were euthanized and the spinal cords were sectioned and stained for GFP. Shown are representative sections of cervical spinal cord
from (A) untreated, (B) scAAV9-CB-GFP-treated, and (C) IGF1-GFP-treated mice. IT delivery of the GFP vector resulted in robust transduction of the spinal
cord (black stain). Mixing a 1:10 volume of this preparation into the GLP preparation did not inhibit the ability of the GFP vector to transduce the gray matter.

Figure 6. In vitro characterization of scAAV9 lots. (A) NSC-34 cells and (B) HEK293 cells were infected with two penetrating lots (lots 4 and 6) and three nonpenetrating
lots (lots 7, 8, and 10) of scAAV9 expressing GFP at an MOI of 2.5 · 105. Forty-eight hours after infection, the cells were imaged under fluorescent microscopy and light
microscopy to determine the fraction of cells transduced. (C) 1.5 · 1010 vg of vector were analyzed using SDS-PAGE and silver stain. Lanes: L, ladder (weights given in kDa
on right); 1, lot 4; 2, lot 6; 3, lot 7; 4, lot 8; 5, lot 10; 6, GLP lot. In all lots, the three bands corresponding to VP1, VP2, and VP3 (87, 73, and 62 kDa, respectively) are the dominant
species. Contaminants of unknown identity are present in all lots and vary from lot to lot. Although equal numbers of vector genomes were loaded, the total mass of capsid
proteins varied between lots. MOI, multiplicity of infection; SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
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ited quantities of the vectors precluded us from mea-
suring osmolarity, endotoxins, CsCl concentration,
immune response, and aggregation in the research-
grade lots. However, the mixing experiment where a
small amount of a penetrating vector spiked into a
nonpenetrating vector showed that transduction of
the penetrating vector is not inhibited. This observa-
tion suggests that osmolarity, endotoxins, and CsCl
concentration do not likely underlie the lot-to-lot
variation in gray matter transduction. Notably, these
types of assays are not commonly used by researchers
performing in vivo studies of research-grade vectors.
Given our results, although, these are assays one
should consider at the outset of any study involving
viral vectors.

For five scAAV9 lots expressing GFP (two pene-
trating and three nonpenetrating) for which sam-
ples remained after the in vivo experiments, in vitro
transduction and PAGE were performed. Silver
stain of the samples did not reveal any differences
between the penetrating and nonpenetrating vec-
tors. One nonpenetrating lot did show a 21-fold re-
duction in transduction of NSC-34 and HEK293
cells, lines that have some neuronal characteristics.
However, the other two nonpenetrating lots showed
only mildly reduced potencies, differences not con-
sistent with the complete lack of gray matter trans-
duction observed in vivo. Whether this reflects a
lower overall infectivity of these vectors or a differ-
ence in their affinity for these cell types is unknown.
CDMS analysis of one nonpenetrating lot revealed
high–molecular weight impurities in this prepara-
tion. Unknown are the identities of these impurities
and whether they appear in all nonpenetrating lots.

The mixing experiment conducted in mice sug-
gests that the problem in the nonpenetrating lots is
not a soluble factor. This could point to differences in
capsid composition or to modifications of the surface
of the capsid. Capsid composition is known to vary
from lot-to-lot. The relative ratio of VP1:VP2:VP3 is
often quoted as 1:1:10. However, we were unable to
identify a primary source for this ratio. The earliest
estimate in the literature, *1:1:20, was reported by
Rose et al. for AAV serotypes 1, 2, and 3.24 The esti-
mate of 1:1:10 is sometimes directly or indirectly
misattributed to this article. Shortly thereafter,
Johnson et al. reported a ratio of *1:1:8 for AAV3.25

Variation in capsid composition has been reported in
the intervening years, ranging from 1:1:5 to 1:1:20,26

possibly dependent on the cell line used to manu-
facture the vectors.27 This variation can affect
transduction efficiency and the transduction pro-
file.27 In addition, these bulk measurements of cap-
sid protein stoichiometry belie particle-to-particle
variability within a single preparation.28 Identifying

new ways to interrogate the structures of individual
capsids may help shed light onto the mechanisms
underlying lot-to-lot variation in AAV preparations.

How AAV9 vectors reach the gray matter from
the CSF space is currently unclear. To reach the
gray matter from the CSF, the vector presumably
must cross both the pia mater and the glia limitans.
The pia mater is fenestrated in the Virchow-Robin
spaces (VRS),29 possibly providing a direct path for
AAV9 through this barrier. Consistent with this
idea, it has been suggested that intrathecal
AAVrh10 enters the interior of the spinal cord, in
part, by passing through the VRS.30

The glia limitans is composed of astrocytic end
feet connected by tight junctions, likely representing
thegreatestbarrier between the graymatter and the
intrathecal space. Interestingly, there are also as-
trocytic end feet associated with the blood–brain
barrier. Studies of intravenous delivery of scAAV9
have yielded different patterns of transduction, with
some observing primarily astrocyte transduction. It
is tempting to speculate that these studies used lots
similar to our nonpenetrating preparations and
that the virus particles fail to cross the astrocytic
end feet, resulting in little neuronal transduction.
If true, the problem that we have described may
have implications for other routes of scAAV9
delivery.

While some inconsistencies might be expected from
research-grade lots, which undergo less stringent
quality control testing, the problem with the GLP lot
was surprising. This lot underwent substantial re-
lease testing that was developed in concert with the
director of the core. At an increasing rate, gene ther-
apy vectors are moving into clinical trials and receiv-
ing approvals, including those for intrathecal delivery
ofAAV9vectors.31 The failureof theGLP vector raises
the pressing question about how to ensure consist
potency between lots. Measures of impurities, such as
residual cell proteins and empty capsids, were not
sufficient in this case to predict a problem with the
vector. Clearly, other assays are needed. Animal
testing is one possible option, although genetic drift in
animal colonies occurring over years or decades may
make this approach less than reliable in the long
term.32–34 Identifying the underlying problem would
allow for the development of in vitro assays to screen
new lots. Better tools to characterize vector composi-
tion and a better understanding of how variation in
composition affects transduction are needed.
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