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Abstract

Recombinant adeno-associated vir (rAA V) vectors offer promie for gene therapy of alpha-l antitrsin (AA T)
deficiency. A toxicology study in mice evaluated intramuscular injection of an rAA V vector expressing human
AAT (rAAV-CB-hAT) produced using a herpes simplex virus (HSV) complementation system or a plas-

. mid tranfection (TFX) method at doses of 3xlO11 vg (1.2xl013 vg/kg) for both vectors and 2x1012 vg (8xl013

vg/kg) for the HSV-produced vector. The HSV-produced vector had favorable in vitro characteristics in term of
purity, efficiency of tranduction, and hATexpression. There were no signcant differences in clical fidings
or hematology and clical chemitr values betwéen test artcle and control groups and no gross pathology
fidings. Hitopathological examation demonstrated mial to mid changes in skeletal muscle at the in-
jecton site, consistig of focal chonic interstitial inamation and muscle degeneration, regeneration, and
vacuoliation, in vector-injected anals. At the 3xlO11 vg dose, seru hAAT levels were higher with the HSV-
produced vector th with the TFX-produced vector. With the higher dose of HSV-produced vector, the increase
in seru hAT levels was dose-proportonal in females and greater than dose-proportional in males. Vector
copy numbers in blood were highest 24hr after dosing and declined thereafter, with no detectable copies present
90 days after dosing. Antibodies to hAT were detected in alost all vector-treated anals, and antibodies to
HSV were detected in most anals that received the highest vector dose. These results support contiued
development of rAAV-CB-hAT for treatment of AAT deficiency.

Introduction

ALPHA-l ANITRYPSIN DEFICIENCY is caused by mutations. in the SERPINIA gene that tyically generate a protein

with impaired secretion from the liver, resultig in low seru
concentrations of alpha-l antitrsin (AA T) and impaired

anti-protease activity in the lung, leading to early-onset pul-
monary emphysema (Silverman and Sandhaus, 2009). The
potential for using a recombinant adeno-associated vi

(rAA V) vector for delivery of the wild-tye (M) AA T gene has
been explored. Intial efforts examed delivery of rAA V-AAT
vectors to muscle, lung, or liver (Song et al., 1998, 2001; Virella-
Lowell et al., 2005; Liqun Wang et al., 2009). Although robust
expression could be acheved with each delivery method, the

use of muscle injection for development of a clcal approach
has several advantages, such as a more favorable profile of
anti-capsid effector T-cell responses (Mano et al., 2006;
Brantly et al., 2009) and a lower level of dissemination to
distant sites (Mano et al., 2003, 2006). The pursuit of an in-
tramuscuar (l) approach was fist focued on the use of an
rAA V-AAT vector delivered withi an adeno-associated
viru (AA V) serotye 2 capsid (Brantly et al., 2006), but levels
of gene expression were very low and generally undetectable.
Studies from a number of groups showed that the use of the
AA VI capsid in muscle was substantially more effcient than
AA V2 (Xiao et al., 1999; Chao et al., 2001; Gao et al., 2002;
Rabinowitz et al., 2002; Hauck and Xiao, 2003), and work from
members of our group demonstrated that human AAT
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(hT) produced from the muscle was fuctional (Lu et al.,
2006).

In a Phase 1 clical tral, an rAA V vir vector expressing
hA T when delivered with the AA VI capsid (rAA VI-CB-

hAT) acheved sustained expression of AAT, but seru
levels were substantially below the levels considered to be
therapeutic (Brantly et al., 2009). The rAA Vi-eB-hAT vec-
tor used in that study was made using a plasmid tranfection
(TX) production method; it was evaluated in toxicology and
biodistribution studies that demonstrated dose-dependent
inamatory reactions detected histologically at the injec-
tion site, and vector DNA was detected in most organ in a
dose- and tie-dependent maner (Flotte et al., 2007).

Production of rAA VI-CB-hAAT using a recombinant
herpes simplex vi (HSV) complementation system (Kang
et al., 2009; Thomas et al., 2009) has acheved much higher
yields, enabling a substantial increase in dosage in clincal
studies. In preparation for a Phase 2 clical trial of rAA VL-

CB-hAAT, we performed a bridgig toxicology study com-
paring the vector made by either a plasmid TFX method or
the HSV complementation method.

Research Design and Methods

Vector production

The rAA VI-CB-hA T vector consists of an AA V serotye
1 capsid strctue containg a single-stranded DNA mole-

cue with AA V2 inverted termal repeats flang a gene
cassette compried of a cytomegaloviru (CMV imediate-
early enancer I chicken ß-acti promoter, a hybrid chcken
ß-acti/rabbit ß-globin intron, cDNA encodig hAT, and
an SV 40 polyadenylation signaL. Th vector was produced
by two methods.

The TFX-produced vector was made by TF of human
embryonic kidney (HEK) 293 cell with two plasmids, one

containg the AA V -eB-hA T expression cassette and the
other an AA V I adenovi hybrid plasmid containg AA V
serotye 2 rep and AA V serotye 1 cap genes and all ade-
novirs packaging and helper fuctions requied for pro-
duction of rAA V (Grim et al., 1998). The cell were lysed
with 0.5% (v Iv) Polysorbate 80, treated with Benzonase,

disrupted by passage though a microfluidier, and clarifed
by centrifgation. The vector was purifed by a thee-colum
chomatography process (CRT Hydroxyapatite followed by
Q Sepharose HP and then Sephacrl 5-300) and then con-
centrated by tangential flow filtration, buffer exchanged with
lactated Riger's solution, and filtered though a 0.2-tim fi-
ter. Ths is the same process that was used to produce the
vector used in a Phase 1 clical trial (Brantly et al., 2009).

The HSV-produced vector was made using a recombinant
HSV (rHSV) complementation system in suspenion baby
hamter kidney (sBHK) cells (Kag et al., 2009; Thomas et al.,
2009). The sBHK cells were coinected with two rHSV helper
virues. One contained AA V serotye 2 rep and AA V sero-

tye 1 cap genes. The other contained the AA V -eB-hA T
expression cassette inerted into the thymdie kiase locu
of an HSV-l vir (d27.1) that has a deletion in the .
UL54 gene, and thus does not express the imediate-early
protein ICP27 and is thereby replication-incompetent in
normal cell but can be propagated in V27 cells (Vero cell
stably tranformed with the UL54 gene). The cells were
harvested by lysis with Triton X-I00 detergent, treated with
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Benzonase, clarified by fitration, concentrated, and bufer
exchanged; the resultig intermediate was purfied by colum
chomatography using CIM Q Monolith anon-exchange
chomatography followed by A VB Sepharose affty cho-

matography. The product was then concentrated by tangen-
tial flow fitration, bufer exchanged with lactated Riger's
solution, and fitered though a 0.2-tim filter.

Vector characterization

Vector concentration was determed by a quantitative
real-time PCR assay as previously described (Kang et a/.,
2009), using priers and probe that target the SV40 poly-
adenylation sequence in the vector.

Vector inectivity was determined by a TCIDso assay.

HeLaRC32 cells (which express AA V rep and cap genes) were
coinected with serial diutions of vector and a satuatig
amount of human adenovir tye 5 (AdS). After 3 days, cell
lysates were analyzed for the presence of vector sequences
by PCR, using primers and probe specific for the SV40 se-
quence present in the vector. Samples from each well that
acheve a value above the liit of quantication of the PCR
assay were scored as positive, and the TCIDso was calcuated
using the Spearman-Kärber method (Miler and Ulch,
2001).

Expression of hA T was determed by coinection of
HEK 293 cell cultued in six-well plates with vector (1,000,
10,000, òr 100,000 vgl cell) and AdS (10 il I cell). Controls
included mock-inected cells and cells inected with only
AdS. Five hours after inection, inectious medium was
replaced with 2ml of fresh medium (Dubecco's modi-

fied Eagle's medium with 10% fetal bovine seru) and the
plates incubated at 37°C, 5% CO2 for a total of 58 hr. Cultues
were harvested, cell debris was removed by centrifga-
tion, and AA T expressed by the tranduced cells and
secreted into the cultue medium was quantied by hAAT-
specific ELISA.

Vector purty was determed by silver-stained sodium
dodecyl sulate-polyacrylamde gel electrophoresis (SD5-

PAGE) analysis using lxlOlO vg per lane. Vectors were re-
suspended in 4xloading bufer, subjected to electrophoresis
on a NuP AGE Novex 4-12% Bis- Tris denatuing poly-
acrylamde gel (Ivitrogen, Carlsbad, CAl accordig to
the manufactuer's intrction, and silver-stained using the
SilverXpress Silver Staing Kit (Invitrogen) for total pro-
tein. The density of silver-staied bands was determined
using a Molecuar Imager ChemiDoc XRS System with

Quantity One softare (Bio-Rad Laboratories, Hercues,
CAl. Purity was estiated by comparig the sum of the
denities of the three AA V vial capsid protein (VPL, VP2,
and VP3) with the sum of the densities for all protein in the
lane. The denity of the VP3 band was also compared be-
tween the HSV-produced and TF-produced vector and the
HSV-produced vector after purification by CsCl gradient
centrifgation.

Residual HSV protein was determed by ELISA. Serial
dilutions of test seru or affty colum-purifed HSV
protein standards were added to wells of microtiter plates
precoated with rabbit polyclonal anti-HSV antibody, incu-

bated overnght, washed, reacted with horseradish peroxi-
dase (HR)-labeled rabbit polyclonal anti-HSV antibody,
incubated.2hr, rined, and reacted with Supersignal ELISA
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Femto Maxum Sensitivity Substrate (Termo Scientic,
Waltham, MA); the relative lumescence unts (RLU) were
determined in a plate reader. The HSV protein concentration
was calculated based on the RLU of a series of diutions of
test samples and the stadard cure generated from the HSV
protein reference standard cue. The limt of quatication

in this assay is 1 ng/ml.
Endotoxi was determed by Limulus Amebocyte Lysate

Endosafe assay (Charles River Laboratories, Charleston, SC)
accordig to the manufactuer's intrctions. Standard pro-

cedures were used to test for bacterial, fugal, and myco-
plasma contamation.

For electron microscopy, samples of purfied vector were
applied to carbon-coated electron microscopy grids, ried

twice with ultrapure water, negatively stained with 2%
uranyl acetate for 1 mi, and examed by transmission
electron microscopy at 100,000-fold magnfication. Empty
capsids can be readiy distiguhed from fu capsids as

doughut-shaped particles, resultig from the uptake of
uranyl acetate in the core of the capsid or from collapse and
differential staing of the partcle. Total partcles and empty
particles were counted on each of thee images from a
sample of rAA VI-CB-hAT vector produced by the HSV
method (total of 1,268 particles counted) or TFX method
(total of 1,251 partcles counted).

Toxicology study design

Four groups of 42 adult C57BL/6 mice (21 males, 21 fe-
males) each were injected by the 1M route with one of four
test artcles: the TF group received rAA VI-CB-hA T pro-
duced using a plasmid TFX method at a dose of 3xl011 vg
per mouse (1.2xl013 vg/kg); the HSV groups received
rAA Vi-eB-hA T produced using an rHSV helper virs

method at two different dosage levels (3xlO11 vg per mouse
(1.2xl013 vg/kg) and 2xl012 vg per mouse (8 X 1013 vg/kg)l;

and the control group received placebo (lactated Riger's
solution). 1M injections were given in a volume of 180 til in
each hid lib (90 til in each quadriceps and 90 til in each

gastrocnemius) on a single day. Ten anals (five males, five
females) from each group were sacriced at 21,60, or 90 days
after injecton. The remaing 12 anals (six males, six fe-
males) from each group were used to provide blood samples
at study days 1, 21, 60, and 90 for measurement of vector
DNA concentration.

Blood for hematology (hemoglobin, hematocrit, red cell
count, platelet count, and white cell count with differential)
and clical chemitr (creatie kiase, alane amiotran-
ferase, aspartate amotranferase, alkalie phosphatase,

creatie, and blood urea nitrogen) was obtained on the day

of sacrifice. Blood for quantitative PCR analysis of vector
DNA was obtaied 1, 21, 60, and 90 days after injection. At
necropsy, blood was obtained for measurement of seru
hAT concentration; the brain, heart, liver, lungs, kidneys,
splee, adrenal glands, thymus, and uteru were weighed;
and samples of skeletal muscle, liver, spleen, heart, kidney,
lung, lymph nodes, diaphragm, jejunum, pancreas, gonads,
and brain were obtained for hitopathology.

Ouantitation of vector in blood

Blood was collected in ethylenediametetraacetic acid by
submandibular puncture and snap-frozen in liquid nitrogen,
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followed by storage at -80°C unti anlysis. DNA was ex-
tracted from 50-190 til of blood using a QiaAp DNA Blood
Mii kit (Qiagen, Valencia, CAl, with one positive control

(blood spiked with rAAVI-CB-hAT at lxl08 vg/ml) and
one negative control (normal mouse blood) included in each
batch of DNA extraction. DNA concentration was deter-
mied by measurig UV absorbance at a wavelengt of
260 nm (A260) using a Beckman Coulter DU 640 Spectro-
photometer. Vector concentration was determed by a
quantitative real-tie PCR assay as previously described

(Kang et al., 2009), and was expressed as copy numbers per
microgram of DNA.

Ouantitation of hAA T expression

Expression of hA T was quantified by ELISA. Microtier
plates were coated with 100 til of goat anti-hAT antibody
(MP Biomedical, Solon, CAl diluted 1:500 in 0.2 M sodium
carbonate-bicarbonate buffer (pH 9.4) overnght at 4°C,

washed with phosphate-bufered salie containg 0.05%

Tween 20 (PBS- T), and then blocked with blockig buffer

(1 % nonfat mil in PBS- T) for 1 hr at room temperatue. Se-
rial diutions of hAT standards (Athens Research & Tech-
nology, Athens, GA), test samples, and a positive control
(pooled normal human seru; Inovative Research, Ply-
mouth, MN) were added to the plate and incubated at room
temperatue for 2hr. Plates were washed with PBS-T, and
HRP-labeled goat anti-hAAT (Abcam, Cambridge, MA) di-
luted 1:5,000 in blockig buffer was added and plates incu-
bated for 1 hr at room temperatue. Plates were washed with
PBS-T, and 3,3',5,5'-tetramethylbenidie (T) substrate

(Sigma, St. Loui, MO) was added followed by stop solution
after 5 mi. Absorbance (OD45o) was measured using a
tiQuant plate reader (BioTek, Winooski, VT) and data ana-
lyzed using the GenS data analysis softare. The assay has a

lower lit of quantitation of 1 ng/ml.

Detection of antibodies to HSV and hAA T

Antibodies to HSV were detected by ELISA as above,
except that microtiter plates were coated with 0.5 tig of total
protein from an extract of HSV-inected Vero cells diluted in
blocking bufer. The anti-HSV reference standard was a pool

of five monoclonal antibodies specific for HSV -1 protein
ICPO, ICP5, ICP35, gD, and gG (Virys, Taneytown, MD),
and the secondary antibody was HR-labeled goat anti-
mouse IgG (Abcam) diluted 1:5,000 in blockig bufer. A
pool of sera from a group of mice injected with rAA VI-CB-
hA T was used as an internal positive control. Results were
expressed relative to the internal positive control, which was
assigned an anti-HSV titer of 1 U/ml.

Antibodies to hA T were detected by ELISA as above,

except that microtiter plates were coated with 1 tig of hA T
(Athen Research & Techology) in 100 til, the anti-hA T
reference standard was seru from a cyomolgus macaque
injected with rAAVI-CB-hAT, and HR-labeled goat anti-
monkey IgG (Fitzerald Industres International, North Acti,
MA) and HR-labeled goat anti-mouse IgG (Abcam) were
used as a secondary antibody for the reference standard and
the test samples, respectively. Results were expressed rela-

. tive to an internal positive control, which was assigned an
anti-hAT titer of 1 U/ml.



158

Statistical analyses

Differences in the proporton of empty particles on elec-
tron micrograph images were compared using the i test.
Group mean body weight (by sex and dose group) and
group mean organ weight measurements (by sex, dose
group, and sacrifce tie (subgroup)) were analyzed using
statitics programs in the PathTox database (PathTox Ver-
sion 4.2.2, Xybion, Cedar Knolls, NJ. Afer testig for an

overall trend among test groups by an analysis of variance,
Bartlett's test was used to establih the homogeneity of the
data. If the data were homogeneous, group differences were
evaluated using a modied. Duett's test (Duett, 1955,

1980). If data were nonhomogeneous, group diferences were
assessed using a modifed t test. Statistical signcance was
assessed at P ~ 0.05.

For hematology, clical chemistr, seru hAT concen-
tration: and vector distrbution in blood, one-way analysis

of vanance (ANDV A) was used to evaluate dierences in
mean values among placebo and treatment groups. For he-
matology and clincal chemitr parameters, Duett's

multiple comparison test (Duett, 1955, 1980) was per-

formed to assess differences between treated and control
groups. For vector distrbution and hAT data, F-test con-
trasts based on pooled variance estiates from the ANDV A
were performed, with no adjustment for multiple pairise

comparisons; the pairise comparisons of interest were be-
tween (1) individual treated groups and placebo controls, (2)
low-dose HSV and TFX groups, and (3) high-dose HSVand
low-dose HSV groups. Pairise comparisons were made at

each tie point, and for hAT data, the magntudes of dif-
ferences between groups were compared across tie points.

Both the vector distrbution and hAT data exhbited
variabilty that scaled with mean values. Logarithc tran-
formation of these data using an estiated offset constant
(Rocke and Durbin, 2003) was used prior to analysis to sta-
bile variances and satisfy the homogeneity of variance as-

sumption underlyig the ANDV A regression modeL.
Logarithc tranformations were also performed for several
of the hematology and clical chemistr data prior to anal-
ysis.

Statistical calculations were performed using the SAS
softare system, Version 9.1 (SAS Softare Corp., Cary,

NC). All reported P values are two-sided, and statistical
signcance was assessed at P = 0.05 and P = 0.01.

TABLE 1. CHACTERITION OF rAA Vi-eB-hA T
VECTORS

Results

Parameter
TFX-produced HSV-produced

vector vector

Vector concentration (vg/ml)
Inectious titer (IU/ml)
hAT expression (llg/ml)
Purity
Endotoxi (EU/ml)
HSV protein (ng/ml)

6.4xi012
2.0xl010

6.0
93.6%
0.22

Not applicable

6.0xi012
1.3 X 1011

13.2
97.6%
0.13
60

~u, endotoxi unts; HSV, herpes simplex vi; il, inectious
unts; TFX, tranfection; vg, vector genomes.
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Results

Characterization of rAAV1-CB-hAAT

Characteritics of the rAA VI-CB-hA T vector stocks

produced by the TFX andHSV methods are sumarized in
Table.1. !hey had simar concentrations as determed by
quantitative PCR, but vector inectivity, determed by a
T~ID50 assay in HeLaRC32 cell, was approxiately sixold

higher and hA T expression, determed in HEK 293 cell,
was approxiately twofold higher with the HSV -produced

vector (Fig. 1). Both vectors had very low levels of endotoxi,
and tests for sterilty and mycoplasma contamination were
negative. The HSV-produced vector had low levels of re-
sidual HSV protein (60ng/ml). Silver-stained SD5-PAGE
analysis indicated that both vectors had purty ?90%, al-
though small amounts of extra bands in addition to AA V
VPl, VP2, and VP3 were visible in th~ TFX-produced vector
(Fig. 2). At an equivalent loadig of lxl0lO vg per lane, the
density of VP3 was 34% higher with the TFX-produced

vector and 24% higher with theHSV-produced vectors than
with an HSV-produced vector that underwent subsequent
CsCl gradient purifcation, suggestig there were empty vi-
ral particles in the non-CsCl-purifed vector preparations.
Electro~ micrographs of purfied' vectors showed a higher
proportion of empty capsids in the TFX-produced vector

than in the HSV-produced vector. Examples of empty par-
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0
'f~ 8i:
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~.£ 2
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Mock AdS rAAV
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10K
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FIG. 1. Expression of hAT in HEK 293 cell tranduced
with rAA VI-CB-hAAT produced by a recombinant herpes
simplex viru method and pured by CIM Q and A VB
colum (HSV), or produced by a tranfection method and
purifed by hydroxyapatite, Q Sepharose, and Sephacryl

5-300 colum chomatography (TX). Mock, mock-inected
cells; AdS, cell inected with tye 5 adenoviru only; rAA V
lK, 10K, or 100K, cells tranfected with AdS and rAA VI-CB-
hAT at a multiplicity of inection of 1,000, 10,000, or
100,000, respectively. Values represent the mean::SEM
concentration of hA T in the cutue supernatant. Seru
~ T. concentrations were signcantly higher in animals

receiving the HSV-produced vector than in mice receiv-
ing the TF-produced vector (F-value 65.16, dlf= 129P.. 0.0001). . , ,
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FIG. 2. Silver-stained SDS-P AGE analysis of rAA Vi-e&-

hAT. Lane 1, molecuar weight markers; lane 2, HSV-
produced vector purified by CIM Q and A VB colum
chomatography; lane 3, TFX-produced vector purifed by
hydroxyapatite, Q Sepharose, and Sephacryl S-300 colum
chomatography; lane 4, HSV-produced vector pured by
CIM Q and A VB colums followed by CsCl gradient centri-
fugation. A total of 1 xl010 vg was added to lanes 2, 3, and 4.
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ticles with attenuated central electron density are indicated
by the arrows in Fig. 3. The mean:: SD proportion of empty
capsids was 2.45%:: 0.24% for the HSV-produced vector and
12.18%:: 2.16% for the TFX-produced vector (l = 87.19, 1 df,
P~O.OOOI).

Toxicology study results

IM injections of both vectors were well tolerated in all
anals, with no apparent local reactions observed clically.

Two male and two female mice died or were euthaned
during the study due to non-test article-related causes (se-
vere dermatitis unesponsive to treatment in two females
and trauma from submandibular bleeds or found dead the
morng after injection in one each). There were no test
artcle-related clincal fidings. Ski lesions (dermatitis with

alopecia) occurred in all groups including the control an-
mals (no dose-response effect was seen) and were more
common in females than in males.

There were no signficant diferences in mean body
weights between test artcle and control groups at any time
point for males. For females, group mean body weights were
lower than those of the control group at week 8 in the TFX
group, at weeks 7 and 9 in the lower-dose HSV group, and at
weeks 5- in the high-dose HSV group (Fig. 4). In all in-
stances where group mean body weights were lower, values
were between 92.4% and 95.3% of the corresponding control
value.

Vector admstration had no adverse effect on hematol-
ogy or seru chemistr parameters, and there were no gross

pathology fidigs. For the nie organ that were weighed at

necropsy, there were several intances of statitically signf-
icant differences in organ weight, organ-to-body weight or
organ-to-brai weight ratios in one or more treatment groups
compared with the control group, but none of these weight
differences was associated with hitological changes in the
relevant organ.

FIG. 3. Electron micrographs of HSV-produced rAAVI-C&-hAAT pured by CIM Q and AVB colum (left) and TFX-
produced rAA Vi-eB-hAT purified by hydroxyapatite, Q Sepharose, and Sephacryl S-300 colum chomatography (right).
The arrows point to examples of capsids with electron-dene centers (empty capsids), which are more common with the TFX-
produced vector than with the HSV-produced vector.
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Histopathological findings

Microscopic fidings associated with exposure to vector

were lited to the gastrocnemius and quadriceps femoris

muscles injected with vector and the draing lymph nodes.

No other test article-related effects were detected in any of
the other tissues examed.

Hitological lesions related to test artcle exposure were
identied in anals from all vector-treated groups at all
thee sacrice tie points, and consisted primariy of

mononuclear cell inamation and muscle cell degenera-
tion, regeneration, and vacuolization (Fig. 5). Comparison of
lesion scores for the inamatory and degenerative re-
sponse in the skeletal muscles of the mice injeced with low
or high doses of the HSV-produced vector demonstrated: (1)
a dose response to the amount of vector injected; (2) a di-
mishment in the inamatory and degenerative response
over tie; and (3) a more pronounced inamatory and
degenerative response in the female mice compared with
male mice at 21 days post injection (Table 2).

At 21 days post injection, the inamatory and degener-
ative responses in male and female mice injected with the

A
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__ Male placebo
-0 MaleTFX
.. Male HSV LD
-6 Male HSV HD

__ Female placebo
-0 Female TF
-+ Female HSV LD
-0 Female HSV HD

FIG. 4. Group mean body weights of
C57BL/6 mice after admstration of
rAA VI-CB-hA T vector or placebo. TF,
tranfection-produced vector; HSV, re-
combinant herpes simplex vir-produced
vector; LD, 3xl011 vg/mouse; HD, 2xl012
vg/mouse.
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lower dose of HSV-produced vector were slightly greater
than in mice injected with the TFX-produced vector, but

difference between these two groups in the amount of in-
flamation and degeneration were no longer apparent by 60

days post injection.
The myofiber vacuoliation in mice exposed to HSV-

produced vector also showed a dose response at day 21 post
inection, was greater in females than males at 21 days post
injection, and dimished over tie. In contrast, myofiber

vacuoliation was not apparent in mice exposed to TFX-

produced vector at 21 days post inection but was apparent
at day 60 and increased in intenity at day 90.

Serum hAA T concentrations

Dose- and sex-dependent expression of hAT was ob-
served in mice admstered the HSV-produced vector

(Table 3). The vector dose was 6.7-fold higher in the high-
dose HSV group than the low-dose HSV group. Ii females,
seru hAT levels appeared to increase proportional to the
increased dose (seru hAT levels were 4.8- to 8.5-fold
higher in the high-dose' HSV group compared with the

B

FIG. 5. Histological appearance of muscles afer injection ofrAA Vi-eB-hAT. The tisue is from the day 21 sacrifice of a
female injected with the lower dose of HSV~produced vector. (A) Segmental myofiber degeneration and necrosis with
regeneration. The large arrow points to an individual myofiber with segmental degeneration and necrosis and associated
lymphocyc, hitiocyc, and neutrophic inamation. The small arrow points to a focu of myofiber regeneration. (B)
Myofiber vacuoliation. Myofibersbelow the line contain peripheral vacuoles (small arrow).
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TABLE 2. MEAN SEVERIY SCORESa OF INJECTION SITE LESIONS IN C57BL/6
MICE AFER INJECTION OF rAAVi-eB-hAT

Group Placebo TFX' 1.2xW13 vg/kg HSVO 1.2xl013 vg/kg HSVO 8xl013 vg/kg

Lesionc R M D V R M D V R M D V R M D V

Males
Day 21 0 0 0 0 0.4 0.5 0.2 0 0.7 1.5 1.0 0.9 1.5 1.9 1.8 2.2
Day 60 0 0.1 0 0 0.6 1.2 0.4 1. 1.0 1.2 0.2 0.9 1.5 1.9 0.7 0.7
Day 90 0 0 0 0 0.9 1.0 0.4 1.2 0.7 0.7 0.2 1.0 1.2 1.4 0.9 0.6

Females
Day 21 0 0.1 0.1 0 0.2 0.7 0.3 0 1.2 1.6 1.5 1.3 1.7 2.0 2.0 2.5
Day 60 0 0 0 0 0.3 1.0 0.2 0.5 0.9 1.3 0.2 1.2 1.3 2.2 0.8 0.8
Day 90 0 0.1 0.1 0 0.9 1.1 0.8 1.4 0.9 1.0 0.5 0.7 1.2 1.3 0.4 0.3

aSeverity score scale: 0, none; 1, mial; 2, ind; 3, moderate; 4, severe.
box, tranfection-produced rAA VI -CB-hAT; HSV, recombint herpes simplex-produced vector.
"R, regeneration; M, mononuclear cell inamation; D, degeneration; V, vacuoliation.

low-dose HSV group at the thee tie points tested). In
males, the increase in seru hAT levels was more than
dose-proportional (seru hA T levels were 15- to 33-fold
higher in the high-dose HSV group compared with the low-
dose HSV group at the thee tie points tested). There was
also a modest sex-dependent effect on hAT expression at
the 1.2xl013 vg/kg dose of TFX-produced or HSV-produced
vector; at the thee tie points tested, seru hA T levels
were 1.2- to 2.2-fold higher in males than in females in the
TFX group and 1.0- to 1.9-fold higher in males than in
females in the low-dose HSV group.
. At equivalent dosage levels of 3xl011 vg (1.2xl013

vg/kg), hA T expression was higher in anals receiving

HSV-produced vector than in anals receiving TF-pro-

duced vector. At the thee tie points tested, seru hAT
levels were 1.2- to 2.9- fold higher in the low-dose HSV
group than in the TFX group in males and 1.4- to 2.7-fold
higher in the low-dose HSV group than in the TF group in
females. These dierences were statitically signcant at

days 21 and 60 in females and day 60 in males. Seru hA T
levels were also signcantly higher in the high-dose HSV
groups compared with the low-dose HSV groups at all tie
points.

TABLE 3. SERUM hAT CONCENTRATIONS AFTER INJECTION
OF rAA VI-CB-hA T IN C57BL/6 MICE

Serum hAAT concentration (¡i, mean:: SD)
Dosage level (vg/kg)

Sex Day TFX 1.2xl013 HSV 1.2xl013 HSV 8XW13

. Male 21
60
90

Female 21
60
90

35.95 :: 9.18b
39.88:: 8.95b

27.77 :: 5.60b
9.24::2.34b
6.76::0.52b
4.40:: 1.27'

1.08:: 1.57

0.92::0.44
0.70::0.25
0.40::0.25
0.59::0.14
0.56::0.03

1.08::0.86
2.65::1.71a
1.51 ::0.37

1.08::0.21a
1.40:: 0.34a

0.80::0.21

aSigncantly dierent from TF group, po( 0.01.
bSigncantly dierent from low-dose HSV group, po( 0.01.

hAT, human alpha-l anti-trsin; HSV, recombinant herpes
simplex-produced vector; SD, stadard deviation; TFX, tranfecton-

produced vector; vg, vector genomes.

Vector concentrations in blood

In all vector-treated groups, vector copy number in blood
was highest 24hr after dosing and declined thereafter, with
no detectable copies present in any vector-treated group 90
days after dosing (Fig. 6). Vector copy numbers were gen-
erally higher in females than in males, and were signficantly
higher in low-dose HSV females compared with TFX females
on days 1 and 21, in high-dose HSV females compared with
low-dose HSV females at days 1, 21, and 60, and in high-dose
HSV males compared with low-dose HSV males at days 21
and 60.

Antibodies to hAA T and HSV

Antibodies to hAT were detected in all thee vector-
treated groups (Table 4). In the TFX and low-dose HSV
groups, the average anti-hAAT antibody titer was highest at
day 21 and decreased at day 60 and day 90. The average anti-
hAT antibody titer was lower in the high-dose HSV group
than in the other vector-treated groups and was similar at all
thee tie points.

Antibodies to HSV were detected almost exclusively in the
high-dose HSV group (Table 4). In the groups that received
placebo or vector made by tranfection, no anti-HSV anti-
bodies were detected except for a low level in one placebo
anal at day 60 and one TFX anal at day 90. In the low-
dose HSV group, anti-HSV antibodies were detected in one
female at day 60, two females at day 90, and none of the
males at any time point. In the high-dose HSV group, anti-
HSV antibodies were detected in none of the anals at day

21, in thee of five males and four of four females at day 60,
and in thee of five males and five of five females at day
90. The average anti-HSV antibody concentration in the
high-dose HSV group did not increase between day 60 and
day 90.

Discussion

AAT deficiency is caused by mutations in the SERPINIA
gene. The mutation phenotye is designated by its protease
inbitor (PI*) tye, with normal AA T designated PI*M.

More than 95% of clical AA T deficiency is due to homo-
zygosity for the PI*Z allele (Glu342Lys) (Crystal et al., 1989).
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FIG. 6. Biodistribution of rAAVi-eB-hAT DNA in blood of C57BL/6 mice. TFX, tranfection-producèd vector; HSV,
recombinant herpes simplex vir-produced vector; LD, 3xl011 vg/mouse; HD, 2xl012 vg/mouse; LOQ, lower lit of
quantitation. Each symbol represents the value for an individual mouse.

The range of seru AAT concentrations is 20 to 53 ¡. in
normal individuals, 3 to 7 ¡. in patients with the ZZ phe-
notye, and 10 to 23 ¡. in patients with the SZ phenotye
(Brantly et al., 1991). Epidemiological data indicate that
patients with the ZZ phenotye but not the SZ phenotye
are at increased risk of developing pulonary emphysema;
achevig trough seru AA T concentrations )0 11 ¡.
(572llg/ml) with weekly intravenous inions of AAT
protein pured from normal plasma donors has been the

basis for approval of several products used for augmentation
therapy in AAT-deficient patients. .

The high seru AAT concentration requied to acheve a
therapeutic benefit is a major challenge in the development
of a gene therapy product for treatment of AAT deficiency.
To address ths challenge, we have evaluated an rAA V-

hAT vector produced using a recombinant HSV comple-
mentation system and an improved colum chomato-
graphy purcation process that acheves much higher yields
than previous TFX methods. When evaluated by in vitro
assays and compared with TFX-produced vector, the HSV-
produced vector had favorable characteristics in term of
purity assessed by silver-stained SD5-P AGE, effciency of
tranduction and hA T expression, and the ratio of ful to
empty AA V particles in electron micrographs. Compared

with the TFX-produced vector, the proportion of empty
particles in the HSV-produced vector was lower as assessed
by either electron microscopy (2.45% vs. 12.18%) or densi-
tometr of silver-staied bands in SD5-PAGE (24% vs. 34%

more VP compared with CsCl-purifed vector). Both of
these methods provide an imprecise estiate of the pro-

portion of empty partcles, and neither can fuly explain the
)0 100% increase in trangene expression in anals injected

with the HSV-produced vector, which suggests that the
HSV -produced vector is more inectious or less susceptible to
degradation after inecton than the TFX-produced vector.

Although results in rodents do not necessarily tranlate to
results in human, if a simar twofold increase in trangene
expression levels with the HSV-produced vector compared
with the TF-produced vector were to occur in human, ths
might allow for a reduction in the vector dosage requied to
acheve a therapeutic effect. In addition, the marked increase
in vector yield with the HSV -based production method wil
enable admstration of much higher total dosages to pa-
tients with AAT deficiency.

Although improved overall yields of rAA V production
using the HSV complementation system have been reported
previously, it was important to ask if there are any difer-
encès in the safety profile of HSV -produced vector compared

TABLE 4. ANTIBODIES TO hAT AND HSV IN C57BL/6 MICE AFTER INJECTION OF rAAVi-eB-hAT

Number positive/number tested (mean value:: SD)

Antigen Placebo TFX Low HSV' HighHSV

hAT
Day 21 0/10 8/10 (16.6:: 12.6) 10/10 (15.1:: 10.1) 8/10 (3.0::2.2)
Day 60 0/10 9/10 (5.3:: 3.5) 10/10 (3.6::3.3) 6/9 (4.0::2.8)
Day 90 0/9 10/10 (2.7:: 1.8) 10/10 (1.7:: 1.) 7/10 (2.5:: 2.1)

HSV
Day 21 0/10 0/10 0/10 0/10
Day 60 1/10 (1.0) 0/10 1/10 (0.13) 7/9 (29.6::40.0)

Day 90 0/9 1/10 (1.7) 2/10 (5.2:: 3.5) 8/10 (23.1 ::28.2)

hAT, human alpha-l antitrsin; HSV, herpes simplex vir; TFX, transfection-produced vector at 1.2xio13 vg/kg; Low HSV, HSV-

produced vector at 1.2xio13 vg/kg; High HSV, HSV-produced vector at 8xio13 vg/kg.
Antibody values are in arbitrar Unts per inter compared with a reference stadard assigned a value of 1 U/in.
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with TFX-produced vector. Results from the current bridgig

toxicology study support the safety of rAA VI-CB-hA T
produced using the HSV complementation method when
injected IM in mice. There were no local or systemic clincally
apparent adverse effects, no adverse effects on hematology
or clical chemitr parameters, and no gross pathology

fidings. Hitological fidings at the injection site were

mial to moderate, decreased over tie, and their fre-
quency was proportional to hA T expression as measured
by seru hA T levels. Simlar dose-dependent hitological
changes at the injection site were seen in a previous study in
mice injected IM with TFX-produced rAAVI-CB-hAAT

(Flotte et al., 2007).
At a dose of 1.2 x 1013 vg/kg, seru hAAT concentrations

were higher in mice injected with the HSV-produced vector
than in mice injected with the TFX-produced vector. These
results are consistent with the higher effciency of tranduc-
tion and hA T expression observed in the in vitro assays.
Higher seru hAT concentrations were also observed in
male mice compared with female mice, especially with the
high-dose HSV-produced vector. Sex differences were not
observed in a previous toxicology study of rAA VI-CB-hA T
admstered by IM injection (Flotte et al., 2007), but a male
sex advantage has been noted after portal vein delivery of
rAA V2 and rAA V5 vectors in murine studies of both factor
IX and phenylalane hydroxylase gene tranfer (Davidoff
et al., 2003; Mochuk et al., 2004). It is possible that the
higher seru hA T levels in male mice in the present study
are due to leakage of the vector to the systemic circuation
and liver-derived expression due to the use of the CB pro-
moter.

Intial studies with an rAA V vector expressing hAT
packaged in serotye 2 capsid and injected IM in mice in-
dicated that high levels of antibody to hAT developed in
BALB/c mice and appeared to abrogate hAT expression,
whereas imunocomptomied nude mice and C57BL/6
mice did not appear to develop antibodies to hA T, and
sustained expression of hAAT was détected in seru from
these latter mice (Song et al., 1998). Subsequent studies in
C57BL/6 mice reported that IM injection of an rAA V-hAT
vector packaged in serotye 1 capsid resulted in a marked
increase in seru hAT concentrations compared with the

same vector packaged in serotye 2 capsid, and was asso-
ciated with low but detectable levels of anti-hAT antibodies
(Lu et al., 2006). In the present study, seru hAT concen-
trations tended to decrease with tie after dosing, concur-

rent with development of antibodies to hAT. Prelimary
studies have identified AAT:anti-AAT imune complexes in
the seru of C57BL/6 mice injected with rAA VI-CB-hA T,
and disociation of these imune complexes in vitro durig
measurement of seru hA T concentration by ELISA re-
sults in a higher measured AAT concentration (G. Ye, un-
published observations). In contrast, antibodies to hAAT
have not been reported among the thousands of patients
with AA T deficiency who have received weekly intravenous
inions of purfied AA T protein. Thus, results in mice in-

jected with rAA VI-CB-hA T may underestiate the seru
AA T concentrations that wil be acheved in patients injected
with th vector.

The process used for purcation of HSV -produced

rAA Vi-eB-hA T is highly effective in removing HSV pro-
tein, and a low-level residual HSV protein (20ng/ml at the
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dilution injected) was present in the batch of vector used in
the toxicology study. The residual HSV protein is not de-
tectable by imunoblottg (G. Ye, unpublihed observa-

tions) and is assumed to consist of very small amounts of
many different HSV proteins present in HSV-inected cells.
Ths low level of HSV protein appeared to be sufcient to
induce low levels of anti-HSV antibodies in mice that re-
ceived high doses of the HSV-produced vector. It is not
known if the lower doses of HSV -produced vector that wil
be used in clical trials wil result in either an increase in
anti-HSV antibodies in the approxiately 80% of persons
~40 years of age who have preexitig antibodies to HSV
(Xu et al., 2006) or development of anti-HSV antibodies in
those who have not been previously inected with HSV. It is
unely that imune responses to small amounts of HSV

protein wil have any deleterious effect, because in HSV
vaccine studies much larger amounts of HSV protein com-
bined with strong adjuvants have been admstered by IM
injection to large numbers of healthy volunteers with no
important adverse effects (Corey et al., 1999; Stanberry et al.,
2002; Berntein et al., 2005).

In sumary, results of the preclincal evaluation of
rAAVi-eB-hAT produced using an rHSV complementa-
tion system support the planed clical evaluation of thproduct. .
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