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Abstract
Theultimate goal ofmuscular dystrophy gene therapy is to treat allmuscles in the body. Global gene deliverywas demonstrated
in dystrophicmicemore thana decadeagousing adeno-associated virus (AAV). However, translation to affected largemammals
has been challenging. The only reported attempt was performed in newborn Duchenne muscular dystrophy (DMD) dogs.
Unfortunately, AAV injection resulted in growth delay, muscle atrophy and contracture. Herewe report safe and bodywide AAV
delivery in juvenile DMD dogs. Three ∼2-m-old affected dogs received intravenous injection of a tyrosine-engineered AAV-9
reporter ormicro-dystrophin (μDys) vector at the doses of 1.92–6.24 × 1014 viral genomeparticles/kg under transient or sustained
immune suppression. DMD dogs tolerated injectionwell and their growthwas not altered. Hematology and blood biochemistry
were unremarkable. No adverse reactions were observed. Widespread muscle transduction was seen in skeletal muscle, the
diaphragm and heart for at least 4 months (the end of the study). Nominal expression was detected in internal organs.
Improvement in muscle histology was observed in μDys-treated dogs. In summary, systemic AAV gene transfer is safe and
efficient in young adult dystrophic large mammals. This may translate to bodywide gene therapy in pediatric patients in the
future.

Introduction
Localized gene transfer has resulted in miraculous improve-
ments for diseases that affect a single organ (1,2). However,
such therapies will unlikely change the disease course when af-
flicted tissues are distributed throughout the body as in the case
of Duchenne muscular dystrophy (DMD), a lethal X-linked mus-
cle disease caused by dystrophin deficiency (3). The ultimate
cure for DMD requires bodywide gene therapy. Vascular delivery

has the potential of global muscle transduction. However,
infusion of trillions of viral particles may lead to unexpected
responses and even fatal complications (4,5).

The first successful whole body gene transfer was conducted
in rodent models of muscular dystrophy more than a decade ago
using adeno-associated virus (AAV). Investigators from several
laboratories demonstrated that a single intravascular injection
of AAV-6, 8 or 9 reached every muscle in the body (6–8). More
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recently, systemic AAV delivery was achieved in skeletal and car-
diacmuscle of aged dystrophicmice (9–11). Despitemarvelous re-
sults in rodents, bodywide gene transfer has been problematic in
diseased large mammals (12).

Systemic gene transfer in a largemammal was initially tested
in normal neonatal dogs (13,14). Intravenous injection of 2 × 1014

viral genome (vg) particles/kg of AAV-9 resulted in broad skeletal
muscle transduction in puppies (13). The same technique was
subsequently found to be effective for other AAV serotypes (15–
17). In these studies, persistent expression was achieved for up
to 1 year (the end of the study) at a dose as high as 9.7 × 1014 vg
particles/kg without any toxicity. Unfortunately, translation to
the canine DMDmodel hasmetwith great difficulties (18). Korne-
gay et al. delivered 1.5 × 1014 vg particles/kg of AAV-9 to two
4-day-old affected puppies through the jugular vein. Surprisingly,
treated dogs developed massive inflammatory myopathy, con-
tracture and growth retardation (5). The results of Kornegay
et al. question the feasibility of systemic AAV gene therapy in
dystrophic large mammals.

Recent studies suggest that replacing surface exposed tyro-
sine residue on AAV capsid may reduce immunogenicity and en-
hance transduction (19,20). We tested Y731F AAV-9, a surface
tyrosine mutated AAV-9 variant in adult DMD dogs and observed
robust expression following direct muscle injection (21). Here we
tested the hypothesis that Y731F AAV-9 can result in whole body
muscle transduction in juvenile DMD dogs. A human placental
alkaline phosphatase (AP) reporter vector or a potentially thera-
peutic μDys vector were injected intravenously at a dose up to
6.24 × 1014 vg particles/kg under transient or sustained immune
suppression. All three dogs tolerated injection and immune sup-
pression well. No adverse reactions were observed. Necropsy at
the age of 5.5–6 months revealed robust skeletal muscles trans-
duction throughout the body and widespread gene transfer in
theheart. Our results demonstrated for thefirst time that system-
ic AAV delivery in a diseased large mammal is safe and effective.
Similar approaches may be used to treat pediatric muscular dys-
trophy patients in the future.

Results
A single intravenous injection of Y731F AAV-9 resulted
in efficient skeletal muscle transduction throughout
the body and widespread gene transfer in the heart

Dog Bouchelle was injected with 1.92 × 1014 vg particles/kg
(7.09 × 1014 vg particles total) of a Rous sarcoma virus (RSV)
promoter-driving AP reporter AAV vector (Table 1). This dog also
received 5-week transient immune suppression (Fig. 1A) (21,22).

The injection procedurewent smoothly. The dog tolerated im-
mune suppression and large-dose AAV well. No change was
noted in the activity, behavior, food/water consumption and
vital signs of the dog throughout the entire experiment. The
body weight also showed stable growth (Table 1 and Fig. 1B).
Compared with that of the baseline (before the start of immune
suppression), post-injection blood chemistry was in general un-
remarkable (Fig. 1C, and Supplementary Material, Table S1).
Therewas a slight increase in blood urine nitrogen (but still with-
in the normal range), a trend of higher creatine (but still within
the normal range), and transient elevation of blood AP (Fig. 1C).
However, we did not detect any clinically meaningful events.
One-month muscle biopsy showed strong AP expression and
abundant vector genomes (Fig. 1D and E). Bouchelle was eutha-
nized at 3.5 months after gene transfer. AAV transduction was
evaluated by histochemical staining, enzymatic activity assay

and vector genome quantification (Figs 2 and 3). We observed
widespread AP expression and vector genome in every muscle
(Fig. 2). On average, ∼25% (range, 5–80%) myofibers were trans-
duced. The extensor carpi ulnaris (ECU) muscle had the lowest
expression (AP positive myofiber, 5%; AP activity, 0.84 μM/μg).
The highest transduction was seen in the extraocular muscle
(EOM) (AP positive myofiber, 80%; AP activity, 215 μM/μg; AAV
genome copy number, 26.2 copies/diploid genome). Respiratory
failure and heart failure are the leading causes of death in
DMD. Encouragingly, high-level AP expression was detected in
the diaphragm, intercostal muscle and heart (Fig. 2).

Systemic Y731F AAV-9 injection resulted in minimal
expression in internal organs

Onhistochemical staining, we did not detect AP expression in the
liver and testis (Fig. 3A). In the kidney, we found very few AP
positive cells in the glomerulus (Fig. 3A). In the lung, AP positive
cells were seen in alveolar cells. In the pancreas, we noticed
strong AP expression in smooth muscle and some expression in
acini (Fig. 3B). However, minimal expression was observed in is-
lets of Langerhans (Supplementary Material, Fig. S1). Robust
transduction was observed in the microvasculature in muscles
(Fig. 3C). The peripheral nerves (including large nerves such as
sciatic nerve and small nerve branches inside muscle) showed
very high AP expression (Fig. 3D and E). The spinal cord was
also transduced at high efficiency (Fig. 3E). Some AP expression
was seen in the hippocampus, but minimal AP expression was
detected in the cerebrum and cerebellum (Fig. 3E). Consistent
with AP staining results, the AP activity assay in tissue lysate
revealed minimal expression in internal organs except for the
sciatic never and spinal cord (Fig. 3F). Despite the dramatic differ-
ence in AP expression, surprisingly, similar amount of the AAV
genome was detected in internal organs (Fig. 3F). In fact, the
AAV genome copy number in internal organs was quite compar-
able to that in muscles (Figs 2D and 3F).

Table 1. Experimental dog summary

Dog name Bouchelle Stephan Brooke

Dystrophin gene
mutation

Intron 19
insertion

Intron 6 point
mutation

Intron 13
insertion

Gender Male Female Male
Body weight at
injection (kg)

3.7 3.5 3.2

Body weight at
necropsy (kg)

10.6 10.6 11.3

Promoter RSV CMV CMV
Transgene Human AP

reporter
gene

Canine
µ-dystrophin

Canine
µ-dystrophin

Total AAV injected
(vg particles)

7.09 × 1014 1.77 × 1015 2.0 × 1015

Vector dose (vg
particles/kg BW)

1.92 × 1014 5.04 × 1014 6.24 × 1014

Vector volume
(ml/kg BW)

4.9 5.7 6.2

Age at AAV
injection
(month)

2.0 1.8 1.8

Age at biopsy
(month)

3.0 2.8 2.8

Age at necropsy
(month)

5.5 5.3 5.8
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Bodywide gene transfer was achieved with a μDys vector

Next, we delivered a μDys AAV vector to affected dogs Stephan
(5.04 × 1014 vg particles/kg, 1.77 × 1015 vg particles total) and
Brooke (6.24 × 1014 vg particles/kg, 2.00 × 1015 vg particles total)
(Table 1). In this vector, a flag-tagged codon-optimized canine
ΔR2–15/ΔR18-19/ΔR20-23/ΔC μDys gene was expressed from the
cytomegalovirus (CMV) promoter (21). Immune suppression
was extended until the end of study in these two dogs. Stephan
and Brooke tolerated AAV administration and immune suppres-
sion well. Brooke showed normal growth as expected. Stephan

showed a slower growth between weeks 8 and 10, but its growth
curve returned to the levels of Bouchelle and Brooke by week 14.

No clinically meaningful adverse reactions were noted. Post-

injection blood examination showed a profile similar to that of

Bouchelle (Fig. 1C, and SupplementaryMaterial, Table S1). Essen-

tially, all laboratory parameters were within the range of other

affected dogs in our colony. One-month biopsy revealed robust

μDys expression (Fig. 1D). Necropsy was performed at 3.5 (Ste-

phan) and 4 (Brooke) months after injection. Consistent with

the findings of Bouchelle, we observed efficient gene transfer in

Figure 1. Experimental protocol, growth curve, blood biochemistry and biopsy results. (A) Schematic overview of the study. Arrow, AAV injection; open arrowhead, biopsy;

filled arrowhead, necropsy; filled box, the dog is under immune suppression. (B) The growth curve of individual dogs. The colony average is shown in gray (N ≥ 70). (C)
Selected blood biochemistry results. Complete data can be found in Supplementary Material, Table S1. Dotted gray lines, the maximal and minimal values for age-

matched untreated DMD dogs in our colony (N = 31). Solid gray line, the average value of age-matched untreated DMD dogs in our colony (N = 31). (D) Representative

AP histochemical staining photomicrographs and dystrophin immunofluorescence staining photomicrographs from the CT and BF muscles obtained at biopsy. (E)
Vector genome copy number quantification from biopsied muscle samples.
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Figure 2. A single intravenous injection of an AP reporter AAV vector leads to global muscle transduction in a juvenile dystrophic dog. (A) Representative full-view AP

staining photographs of the indicated muscle. (B) Representative AP histochemical staining photomicrographs of the heart and skeletal muscles. (C) AP activity. (D)

AAV vector genome quantification. Abbreviations for the heart: LA, left atrium; LVa, left ventricle anterior; LVp, left ventricle posterior; LVx, left ventricle apex; Pap,

papillary muscle; RA, right atrium; RV, right ventricle; Sep, interventricular septum. Abbreviations for the diaphragm: Dia-c, diaphragm costal part; Dia-l, diaphragm

lumbar part; Dia-s, diaphragm sternal part. Abbreviations for skeletal muscles: BB, biceps brachii; BF, biceps femoris; Bra, brachialis; CT, cranial tibialis; Del,

deltoideus; ECU, extensor carpi ulnaris; FCR, flexor carpi radialis; FCU, flexor carpi ulnaris; FD, flexor digitorum; Gas, gastrocnemius; Gra, gracilis; Ics, intercostalis; Lat,

latissimus; Pec, pectoralis; Pro, pronator; Ssp, supraspinatus; TB, triceps brachii; Ter, Teres; Ton, tongue; VL, vastus lateralis; VM, vastus medialis.
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Figure 3. Systemic Y731F AAV-9 injection results in minimal transgene expression in internal organs despite robust expression in peripheral nerve, spinal cord and

microvasculature. (A) Representative HE and AP histochemical staining photomicrographs of the liver, testis and kidney. (B) Representative HE and AP histochemical

staining photomicrographs of the pancreas and lung. Asterisk, smooth muscle. (C) Representative AP histochemical staining photomicrographs of muscle revealing

strong staining in the microvasculuture (red arrows). All arrow bars stand for 100 μm. (D) Representative AP histochemical staining photomicrographs of the sciatic

never. Left panel, full-view image; right panel, high magnification image. (E) Representative HE and AP histochemical staining photomicrographs of a small never

branch (arrow) inside muscle, spinal cord (gray matter and white matter), hippocampus, cerebrum and cerebellum. (F) AP activity and AAV vector genome

quantification in the indicated tissues.
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striated muscles all over the body in Stephan and Brooke at nec-
ropsy (Fig. 4). Interestingly, despite a 25% difference in the vector
dose (5.04 × 1014 vg particles/kg in Stephan versus 6.24 × 1014 vg
particles/kg in Brooke), we observed quite comparable levels of
transduction in two dogs. Immunostaining with a flag antibody
revealed correct sarcolemmal localization of μDys (Fig. 4A
and B). Quantitatively, μDys-positive cells reached ∼25% (range,
5–60%) (Fig. 4E). Similar to Bouchelle (Fig. 2), the EOM showed
the highest transduction (50–60%) while the ECU muscle had
the least μDys expression (5%) (Fig. 4A, B and E). Respiratorymus-
cles (diaphragm, intercostalmuscle and abdominalmuscle) were
also highly transduced with 23–48% myofibers showed μDys ex-
pression. Western blot with a dystrophin antibody confirmed
μDys expression at the expected size in striated muscles (Fig. 4F

and G). The AAV vector genome was detected in every muscle
(Fig. 3G and H). No μDys was detected in internal organs (Supple-
mentary Material, Fig. S2).

μDys expression reduced histopathology

In Bouchelle, the dog that received the AP reporter vector, all
muscles showed classic dystrophic pathology such as abundant
inflammatory cell infiltration, dark-stained hyalinized/hyper-
contracted myofibers, necrotic myofibers, angulated myofibers,
large hypertrophic myofibers, excessively small myofibers and
increased endomysial and perimysial connective tissue depos-
ition (Fig. 5A, and Supplementary Material, Fig. S3). For dogs
that received the μDys vector (Stephan and Brooke), two different

Figure 4. A single intravenous injection results in bodywide muscle expression of a flag-tagged μDys gene in young adult dystrophic dogs. (A) Representative flag

immunostaining of skeletal muscles from dog Stephan. (B) Representative flag immunostaining of skeletal muscles from dog Brooke. (C) Representative flag

immunostaining of the heart from dog Stephan. (D) Representative flag immunostaining of the heart from dog Brooke. (E) Percentage of μDys-positive myofibers. (F)
Representative dystrophin western blot from dog Stephan. Positive and negative western blot controls are ECU muscles with and without μDys AAV injection,

respectively. (G) Representative dystrophin western blot from dog Brooke. Positive and negative western blot controls are ECU muscles with and without μDys AAV

injection, respectively. (H) AAV vector genome quantification. Abbreviations for skeletal muscles: Abd, abdominus; BB, biceps brachii; BF, biceps femoris; Bra,

brachialis; CT, cranial tibialis; Del, deltoideus; Dia, diaphragm; ECU, extensor carpi ulnaris; EDL, extensor digitorum longus; EOM, extraocular muscle; FCR, flexor carpi

radialis; FCU, flexor carpi ulnaris; fl-Dys, full-length dystrophin; Gas, gastrocnemius; Gra, gracilis; Ics, intercostalis; Pec, pectoralis; Pro, pronator; Sem, semitendinosus;

Ssp, supraspinatus; TB, triceps brachii; Ter, Teres; Ton, tongue; VL, vastus lateralis; VM, vastusmedialis. Abbreviations for the heart: LA, left atrium; LV, left ventricle; LVa,

left ventricle anterior; LVp, left ventricle posterior; LVx, left ventricle apex; Pap, papillary muscle; Papa, anterior papillary muscle; Papp, posterior papillary muscle; RA,

right atrium; RV, right ventricle; Rvca, caudal part of the right ventricle; RVcr, cranial part of the right ventricle; Sep, interventricular septum.
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profiles were observed. The majority of muscles had ≥25% μDys-
positive cells (such as the abdominal muscle, biceps femoris (BF),
cranial tibialis (CT) and triceps brachii (TB)). These muscles ap-
peared to have relatively uniformed myofiber size and much
less inflammation (Fig. 5). Hyalinized/hypercontractedmyofibers
were rarely detected in thesemuscles. On detailed immunohisto-
chemical characterization, we observed very few macrophages,
neutrophils, CD4+ T cells andCD8+ T cells (Fig. 5B andC). Further,
these inflammatory cells were restricted to small loci (Fig. 5B and
C). A different profile was seen in the ECU muscle. This muscle
had the lowest expression (5%) (Fig. 4E). Its histology was identi-
cal to that of untreated or AAV.AP injected DMD dogs (data not
shown). On in situ force measurement, we did not see any im-
provement (data not shown).

To study overall improvement in μDys-treated dogs, we exam-
ined the serum CK level but did not see a consistent trend (Sup-
plementary Material, Table S1, and Fig. S4).

Discussion
In this study,we demonstrated for the first time that systemic AAV
gene transfer is feasible in a young adult dystrophic large

mammal. Bodywide delivery to skeletal and cardiac muscle was
confirmed in three affected dogs using two different AAV vectors.
Notably, efficient whole body muscle transduction was not asso-
ciated with any serious complications. All treated dogs tolerated
gene transfer well and maintained the expected body weight
growth (Fig. 1B). This is encouraging considering the fact that up
to 2 × 1015 vg AAV particles were delivered to dogs that have on-
going massive muscle degeneration, necrosis and inflammation.

Systemic gene delivery has been a long-standing barrier in the
field of gene therapy. This barrier was partially broken a decade
agowhen a series of studies from several laboratories showed ro-
bust whole body gene transfer in rodents with AAV-6, 8 and 9 at
the dose of ∼0.5–2 × 1014 vg particles/kg bodyweight (6–8,23). Yet,
scaling-up systemic AAV delivery to large mammals remains a
formidable challenge (18). There are several obstacles. First, the
thick basement membrane in large mammals may significantly
limit vector spread from themicrovasculature. It is thus expected
that systemic transduction efficiency in large mammals will be
reduced compared with that of mice. In support of this notion,
the vector dose (1 × 1014 vg/kg) that leads to bodywide gene trans-
fer in adult mice yields much lower transduction in newborn
dogs (8,13). The second obstacle is the large-scale AAV produc-
tion. Besides the high cost and intense labor, negligible contami-
nants will become a significant safety concern when trillions of
viral particles are administrated. A third obstacle is our body’s re-
sponse to the infused virus. Unexpected inflammatory and/or
immune response may lead to fatal complications as demon-
strated in the tragic death of Jesse Gelsinger in a 1998 clinical
trial and in the premature termination of the study reported by
Kornegay et al. (4,5). Lastly, although AAV is much less immuno-
genic than vectors based on some other viruses (such as adeno-
virus), affected dogs often mount a furious immune response
to AAV. This may further worsen untoward immune rejection
to the AAV vector and/or AAV transduced myofibers (1,24).
Taken together, development of systemic AAV gene transfer in
adult dystrophic dogs represents an unprecedented challenge.

In light of the clinical need for bodywide gene therapy for
DMD, we explored the safety and feasibility of intravenous AAV
injection in the canine model, the best large animal model for
DMD (25). To gain a comprehensive view on both muscle and
non-muscle gene transfer, we first tested an AP reporter vector
at a dose close to the effective dose we have used in normal neo-
natal puppies (∼2 × 1014 vg/kg) (Table 1) (13,16). Consistent with
the results of our newborn dog studies (13,16), single intravenous
injection yielded bodywide skeletal muscle transduction in the
juvenile DMD dog (Fig. 2). In newborn puppies, saturated trans-
duction was observed in every skeletal muscle (13,16). However,
in the young adult dystrophic dog, only the EOM showed near
complete transduction (80%). We have previously found that
myocardium expression from AAV-9 and Y731F AAV-9 was se-
lectively blocked at some undefined post-entry steps in newborn
dogs (13,16,17). In these published studies, we detected the AAV
genome in the heart but AP positive cells were rarely observed.
In striking contrast, efficient AP expression was seen in the
heart of the young adult dystrophic dog suggesting that certain
age and/or disease-related changes in the cardiomyocytes may
have facilitated cardiac AAV-9 transduction in the juvenile
DMD dog.

The cellular mechanism of systemic AAV muscle transduc-
tion is poorly understood. However, it is generally believed that
viral particles have to cross the blood vessels to reach muscle.
Consistent with this notion, we observed efficient microvascula-
ture transduction in muscle (Fig. 3E). It has been shown that
AAV-9 can cross the blood–brain barrier and transduce the

Figure 5. μDys expression ameliorates muscle pathology in young adult

dystrophic dogs. (A) Representative muscle serial sections stained for transgene

expression (AP staining for AAV.AP injected dog Bouchelle and flag

immunostaining for AAV.μDys injected dog Stephan and Brooke) and general

morphology (HE staining). The yellow square marks the same myofiber in serial

sections. Asterisk, heavily stained hylinated/hypercontracted myofiber; arrow,

angular myofiber; solid arrowhead, necrotic myofiber; open arrowhead,

degenerative myofiber; pound sign, fibrotic tissue deposition. An enlarged view

of the HE stained photomicrography of the AAV.AP infected dog is shown in

Supplementary Material, Figure S3. (B) Representative HE staining, Flag

immunostaining and immune cell immunohistochemical staining on muscle

serial sections from AAV μDys injected dog Stephan. Insets are the enlarged

view of the boxed areas. Arrow, CD4+ or CD8+ T cell. (D) Representative HE

staining, Flag immunostaining and immune cell immunohistochemical

staining on muscle serial sections from AAV μDys injected dog Brooke. Insets

are the enlarged view of the boxed areas. Arrow, CD4+ or CD8+ T cell.
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central nerve system (26,27). We indeed observed a high-level
transduction in the spinal cord. Intriguingly, there was nominal
AP expression in the cerebrum and cerebellum (Fig. 3D). Never-
theless, the peripheral nerves (including large nerves such as
the sciatic nerve and small nerve branches such as these inside
muscle) were effectively transduced (Fig. 3C and D).

Following systemic gene transfer, a significant amount of viral
particles is often sponged in the liver. Zincarelli et al. compared
nine AAV serotypes (AAV-1 to AAV-9) in mice and found that
AAV-9 yielded the highest expression in the liver. In sharp con-
trast,we did not see strong liver expression in either normal new-
born puppies or adult dystrophic dogs (Fig. 3) (13,15–17). There
was also minimal expression in the testis, kidney, pancreas and
lung (Fig. 3). Interestingly, we detected a high abundance of the
AAV genome in internal organs (Fig. 3). Our results suggest that
there may exist important species differences in AAV transduc-
tion. The inconsistency between the AAV genome copy number
and the level of transgene expression in the liver is somewhat
unexpected. The exact mechanisms behind this peculiar finding
remain to be dissected. We speculate that it may relate to pro-
moter silencing or inefficient conversion of the single-stranded
AAV genome to the double stranded transcription competent
form in the dog liver.

To confirm and expand our findings with the reporter AAV
vector, we next performed a dose escalation study with a μDys
vector in two affected dogs. One dog received a total of 1.77 × 1015

vg AAVparticles (5.04 × 1014 vg/kg) and the other received 2 × 1015

vg AAV particles (6.24 × 1014 vg/kg) (Table 1). These doses are
lower than the highest does we have delivered to newborn nor-
mal dogs (9.65 × 1014 vg/kg) (17). However, as to our knowledge,
they are the highest AAV doses ever been delivered to a diseased
large mammal. Considering the potential immunogenicity of
dystrophin (24,28), we extended immune suppression to the
end of the study (Fig. 1A). Despite prolonged immune suppres-
sion and the increased AAV dose, we did not see adverse reac-
tions in either dog. Blood examination did not show any
evidence of liver or kidney damage (Fig. 1C, and Supplementary
Material, Table S1). Together with the results of the AP vector in-
jected dog, we conclude that there is minimal risk for systemic
AAV gene transfer in adolescent dystrophic dogs.

To verify bodywide muscle transduction in μDys vector in-
jected dogs, we performed immunostaining and western blot
(Fig. 4). These studies revealed the correct sarcolemmal localiza-
tion and expected molecular size of μDys (Fig. 4). Consistent with
what we saw in the AP vector injected dog, widespread μDys ex-
pression was detected in every muscle including the heart
(Fig. 4). Although there were muscle-to-muscle differences, on
average transduction efficiency reached ∼25%.

The dog Brooke was injected with a dose 25% greater than
whatwas administrated to the dog Stephan (Table 1).We initially
expected Brooke to have higher expression. However, this turned
out not to be the case. On biopsy, Stephan seemed to have a
slightly better expression and it also had more AAV genome
copy (Fig. 1). The necropsy samples from Brooke’s skeletal mus-
cle, in general, had expression higher than those from Stephan’s
(Fig. 4). But Stephan appeared to have a better expression in the
heart (Fig. 4). Interestingly, compared with Stephan, Brooke had
a lower AAV genome copy number in most skeletal muscle and
heart samples. We suspect that individual differences (such as
gender, body weight at injection, vector dose, necropsy age and
other yet unknown factors) may have contributed to these
observations.

The EOM consistently showed the highest expression in all
three treateddogs. The exactmechanism(s) underlyingpreferential

EOM transduction is yet to be elucidated. But it should be pointed
out that this muscle indeed carries some unique biological fea-
tures. For example, it is the only muscle in the dog body with
the type IIB myofiber (29) (Duan D, unpublished observation).

In the neonatal study conducted by Kornegay and colleagues,
dogs were not administrated with immune suppressive drugs.
We have previously shown that transient immune suppression
is necessary to achieve efficient local AAV transduction in DMD
dogmuscles (21,22). Based on the same premise, we applied tran-
sient immune suppression in this study (Fig. 1A). Interestingly,
two recent reports showed effective AAV-1 and AAV-8 delivery
of an oligonucleotide via regional intravascular administration
in dystrophic dogs without using immunosuppression (30,31).
Future side-by-side comparison is needed to clarify the role of
the AAV serotype (AAV-1 and AAV-8 versus AAV-9) and the trans-
gene product (oligonucleotides versus proteins) in vascular deliv-
ery in DMD dogs.

Since our long-term goal is systemic DMD gene therapy, we
examined muscle pathology in all three injected dogs. As ex-
pected, delivery of a reporter gene AAV vector yielded no protec-
tion (Fig. 5A). Themuscle still displayed characteristic dystrophic
features. Two dogs received μDys therapy (Fig. 4). Different levels
of mosaic expression were observed in various muscles in these
dogs. The extensor carp ulnaris muscle had 5% μDys-positive
myofibers. Neither morphology nor function was improved in
this muscle. However, we noticed an encouraging trend of path-
ology amelioration in muscles that had μDys expression in more
than 25% myofibers (Fig. 5). This result is consistent with the re-
ports from other groups (30–34). Collectively, these data suggest
that threshold non-uniform dystrophin expression can protect
muscle. Despite histology improvement in many muscles, we
did not see consistent reduction in serum creatine kinase. This
could either because not all muscles were protected at the cur-
rent doses or because the sample size is too small in our study.
Future large-scale high-dose studies arewarranted to thoroughly
evaluate whole body μDys therapy in dystrophic dogs. Alterna-
tively, other AAV serotypes should be explored to identify capsids
that are more potent. It should also be pointed out that we have
only followed AAV injected dogs for 3–3.5 months. Future long-
term studies are warranted to assess the extent and persistence
of systemic delivery in affected dogs.

In summary, we have demonstrated for the first time that
intravenous Y731F AAV-9 administration can lead to efficient
bodywide muscle transduction in young adult dystrophic dogs.
The procedure is safe at the dose as high as 6.24 × 1014 vg
particles/kg body weight (2 × 1015 vg particles per dog). While
our study has opened the door to the possibility of bodywide
AAV μDys gene therapy in young DMDpatients in the future, add-
itional works are needed to assess long-term safety and efficacy.
Nevertheless, preliminary reports from systemic AAV-9 delivery
in spinal muscular atrophy patients have yielded encouraging
safety data (trial #NCT02122952) supporting continuous develop-
ment of systemic AAV gene therapy for human diseases.

Materials and Methods
Animals

All animal experiments were approved by the Animal Care and
Use Committees of the University ofMissouri andwere in accord-
ancewith theNational Institutes of Health guidelines. Three dys-
trophin-deficient dogs were used in this study (Table 1). All three
dogs were seronegative for AAV-9 before injection. Each dog car-
ried a different null mutation in the dystrophin gene (18).
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Specifically, the dog Bouchelle had a repetitive element insertion
in the intron 19 of the dystrophin gene. This insertion introduced
anonsensemutation,whichabolisheddystrophin expression (18).
In the dog Stephan, a point mutation in intron 6 disrupted dys-
trophin RNA splicing and the resulting transcript contained
frame-shift mutation and a premature stop codon (35). In the
dog Brooke, the long interspersed repetitive element-1 was in-
serted in the intron 13 of the dystrophin gene. Insertion created
anewexon containingan in-frame stop codon (36). All experimen-
tal dogs were generated by artificial insemination and were on a
mixed genetic background of golden retriever, Labrador retriever,
beagle andWelsh corgi. The genotyping was determined by poly-
merase chain reaction (PCR) as we previously described (36,37).

Recombinant Y731F tyrosine mutant AAV-9 production
and gene delivery

TheY731FAAV-9 capsid-packaging construct has been published
before (21,38). The AP reporter vector was published before
(13,16). In this vector, the ubiquitous RSV promoter controls AP
expression. This plasmid has been described previously. The ca-
nine micro-dystrophin AAV stock (CMV.μDys) was produced
using our published construct pSJ46 (21). In the CMV.μDys vector,
the codon-optimized canine ΔR2-15/ΔR18-19/ΔR20-23/ΔC micro-
gene was expressed under the control of the CMV promoter
(21). Recombinant endotoxin-free AAV vectors were generated
using the triple plasmids transfection method we described be-
fore (39). Viral titer was determined using the Fast SYBR Green
Master Mix kit (Bio-Rad, Hercules, CA) by real-time quantitative
PCR (qPCR) in an ABI 7900 HT qPCR machine (Applied Biosys-
tems). For RSV.AP virus, the forward primer for viral titer quanti-
fication was 5′-GGTTGTACGCGGTTAGGAGT and the reverse
primer was 5′-GGCATGTTGCTAACTCATCG. This primer set amp-
lified a fragment in the RSV promoter. For CMV.μDys virus, the
titer was determined by qPCR using primers that amplified
exons 69 and 70 in the dystrophin CR domain. The forward pri-
mer is 5′-TTTTCTGGTCGAGTTGCAAAAG. The reverse primer is
5′-CCATGTTGTCCCCCTCTAAGAC.

Immune suppression

Immune suppression was applied to experimental dogs using
cyclosporine (Neoral, 100 mg/ml; Novartis, East Hanover, NJ;
NDC 0078-0274-22) and mycophenolate mofetil (CellCept,
200 mg/ml; Genentech, South San Francisco, CA; NDC 0004-
0261-29) (21,22). Cyclosporine was administered orally at the
dose of 10–20/mg/kg/day to achieve a whole blood trough level
of 100–200 ng/ml. The cyclosporine level was measured at the
Clinical Pathology Laboratory in the University of Missouri Hos-
pital (Columbia, MO). The blood trough level was achieved at ∼6
days after starting cyclosporine. Mycophenolate mofetil was ad-
ministered orally twice a day at the dose of 20 mg/kg (40 mg/kg/
day). Immune suppression was started at 1 week prior to AAV in-
jection. Immune suppression was continued for 4 weeks after
AAV injection for Bouchelle and throughout the entire experi-
ment for Stephan and Brooke (Fig. 1).

Gene delivery, muscle biopsy and dog necropsy

Systemic Y731F AAV-9 delivery was performed in conscious dogs
by a single intravenous injection through the cephalic vein
(Table 1). Biopsy was performed on the BF and CT at 1 month
after AAV injection (14). Necropsy was performed at 3.5 months
post-injection for Bouchelle and Stephan and 4 months

post-injection for Brooke. During necropsy, major skeletal mus-
cles from the head (EOM, temporalis, tongue), neck (sternocepha-
licus), shoulder (deltoideus, supraspinatus), thorax (intercostal
muscle, pectoralis), back (latissimus, teres, trapezius), abdomen
(abdominal rectus), forelimb (biceps brachii, brachialis, extensor
carpi radialis, ECU, extensor digitorumcommunis,flexor carpi ra-
dialis, flexor carpi ulnaris, flexor digitorum, pronator, TB) and
hind limb (BF, cranial sartorius, CT, extensor digitorum lateralis,
extensor digitorum longus, gastrocnemius, gracilis, quadriceps,
rectus femoris, semimembranosus, semitendinosus, vastus la-
teralis and vastus medialis) as well as the diaphragm (sternal,
costal and lumbar part), heart (right and left atria, right and left
ventricles, papillary muscles and interventricular septum) and
internal organs (liver, pancreas, spleen, lung, kidney, gonad,
spinal cord, brachial plexus, sciatic nerve, cerebrum, cerebellum
and hippocampus) were harvested. Two pieces of samples were
collected from each tissue. One piece was frozen in liquid nitro-
gen-cooled isopentane in optimal cutting temperature media
for cryosection and histological examinations. The other piece
was snap frozen in liquid nitrogen for genomic DNA and protein
extraction.

Blood chemistry

Blood was drawn from experimental subjects before the start of
immune suppression (baseline data) and periodically throughout
the experiment (Supplementary Material, Table S1). The labora-
tory biochemical test was performed at the Veterinary Medical
Diagnostic Laboratory in the University of Missouri Veterinary
Medical Teaching Hospital (Columbia, MO).

Histological examination of AP reporter gene expression

AP histochemical staining was carried out on 8-µm-thick cryo-
sections as we described before (13,14,22). Briefly, tissue sections
were fixed in 0.5% glutaraldehyde for 10 min. After washing with
1 mM MgCl2, slides were incubated at 65°C for 45 min to inacti-
vate endogenous AP activity. Slides were subsequently washed
in a pre-staining buffer containing 100 mM Tris–HCl, pH 9.5,
50 mM MgCl2, 100 mM NaCl. Finally, slides were stained in the
freshly prepared AP staining solution (165 mg/mL 5-bromo-4-
chloro-3-indolylphosphate-p-toluidine, 330 mg/ml nitroblue
tetrazolium chloride, 50 mM levamisole) for 5–20 min. Cryosec-
tions from an uninfected dog (Frank) were used as negative
controls for AP staining (13).

Examination of AP activity assay in tissue lysate

Total protein lysate was extracted as we described before (14).
Protein concentration was determined using the DC protein
assay kit (Bio-Rad). AP activity was measured by a colorimetric
method using the Stem TAGTM alkaline phosphatase activity
assay kit (Cell Biolabs, San Diego, CA). Prior to the assay, en-
dogenous AP activity was inactivated by incubating the lysate
at 65°C for 1 h.

Examination of μDys expression by immunofluorescence
staining

Codon-optimized flag-tagged canine ΔR2-15/ΔR18-19/ΔR20-23/ΔC
μDys was revealed with an anti-FLAGM2 antibody (1:400; Sigma).
μDys expression was also confirmed with a dystrophin C-termin-
al Dys-2 epitope specific antibody (1:20; Novocastra, Newcastle,
UK).
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Western blot

Whole muscle lysate was loaded on an 8% sodium dodecyl sul-
fate-polyacrylamide gel, and protein was transferred to a polyvi-
nylidene difluoridemembrane. Dystrophin was detected with an
antibody against the Dys2 epitope (1:100; Novocastra). The full-
length dystrophin protein migrated at 427 kD. The canine ΔR2-
15/ΔR18-19/ΔR20-23/ΔC μDys protein migrated at 140 kD.

Vector genome copy number determination

Genomic DNAwas extracted from freshly frozen tissue samples.
The AAV genome copy was determined using the Fast SYBR
Green Master Mix kit (Applied Biosystems) by qPCR in an ABI
7900 HT qPCR machine. A set of primers located within the AP
genewas employed to quantify the vg copy number in Bouchelle.
The forward primer is 5′-GACTGAGCCCATGACACCAA. The re-
verse primer is 5′-CATCTGTCTCGACCCCACTG. For Stephan and
Brooke, we used a set of primers that amplified a 119 bp fragment
in the CMV early enhancer. The forward primer is 5′-TTACGG
TAAACTGCCCACTTG. The reverse primer is 5′-CATAAGGTCA
TGTACTGGGCATAA.

In situ muscle force assay

Prior to necropsy, the contractility of the ECU muscle was mea-
sured according to our published protocol (21,40).

Supplementary Material
Supplementary Material is available at HMG online.
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Supplementary Materials 

 

Supplementary Table 1.  Blood test results. 

 

Supplementary Figure 1.  Systemic Y731F AAV-9 injection results in minimal transgene 

expression in the islet of the pancreas.  The islet is marked by immunofluorescence staining 

with a polyclonal anti-insulin antibody.  Top row, low-magnification images; Bottom row, high-

power images of the boxed areas in the top row. 

 

Supplementary Figure 2.  Micro-dystrophin is not detectable in internal organs follow 

systemic AAV.µDys injection.  A, Quantification of the AAV genome copy in internal organs 

of dog Stephan and Brooke.  B, Representative western blot results showing a lack of micro-

dystrophin expression in internal organs.  

 

Supplementary Figure 3.  Systemic AAV.AP injection does not protect skeletal muscle in 

young adult DMD dogs.  Representative photomicrograph of HE stained cranial tibialis muscle 

from the dog injected with AAV.AP.  This is an enlarged version of the photo shown in Figure 

5A.  Asterisk, heavily stained hylinated/hypercontracted myofiber; Arrow, angular myofiber, 

Solid arrowhead, necrotic myofiber; Open arrowhead, degenerative myofiber, Pound sign, 

fibrotic tissue deposition. 

 



 2 

Supplementary Figure 4.  Serum CK profile.  AAV injection was performed at time 0.  The 

pre-treatment CK level was obtained right before the start of immune suppression (one week 

before AAV injection).   



Supplementary Table 1. Blood test results

Unit
Timeline week -1 1 2 3 4 5 14 -1 0 1 2 4 6 8 9 11 12 -1 0 1 2 3 4 5 7 9 11 13 15 16 Average Min Max
Plasma protein g/dL 6.1 6.2 6.6 6.5 6.6 7.2 7.2 7.3 6.3 6.2 5.5 5.9 6.9 7.0 7.8 7.0 7.3 6.2 6.4 6.3 6.6 6.3 6.7 6.9 6.9 7.0 6.8 6.8 7.1 6.8 6.84 5.80 7.90
WBC x10^3/uL 14.13 11.13 17.73 10.40 9.93 13.38 13.69 13.56 8.47 11.46 16.81 10.99 13.86 10.73 11.93 12.99 13.28 15.65 21.15 9.92 12.52 14.39 16.25 15.25 13.78 13.85 11.51 12.36 14.82 12.26 14.59 8.34 21.13
RBC x10^6/uL 4.27 4.64 4.72 4.87 5.11 5.65 5.69 4.61 8 5.58 5.5 5.15 4.70 5.59 6.27 5.81 6.28 4.61 4.69 5.2 5.42 5.13 4.94 5.34 5.47 6.01 5.88 6.67 6.88 6.36 5.84 4.27 7.31
Hgb g/dL 9.5 10.4 10.6 11.1 11.6 12.9 12.9 11 11.1 12.9 12.7 11.5 11.1 13.2 14.8 13.5 14.6 10.9 10.9 12.2 12.4 11.6 11.3 12.3 12.1 13.7 13.2 15.1 15.3 14.2 13.56 9.50 16.70
Hct % 30 31 32 33 34 37 38 33 33 34 37 34 32 37 43 39 42 33 31 33 33 33 31 34 34 37 36 41 43 39 39.50 30.00 48.00
MCV fL 71 67 67 67 66 65 67 71 69 61 68 67 69 66 69 67 66 72 67 63 60 63 63 64 61 62 61 62 62 62 67.88 58.00 74.00
MCH pg 22.2 22.4 22.5 22.8 22.7 22.8 22.7 23.9 23.3 23.1 23.1 22.3 23.6 23.6 23.6 23.2 23.2 23.6 23.2 23.5 22.9 22.6 22.9 23.0 22.1 22.8 22.4 22.6 22.2 22.3 23.22 22.10 24.50
MCHC g/dL 31.5 33.5 33.5 34.2 34.6 35.2 33.9 33.7 33.9 37.7 34.2 33.4 34.5 36.0 34.2 34.6 35.2 32.7 34.7 37.3 37.9 35.7 36.2 36.1 36.1 36.7 37.0 36.5 35.9 36.0 34.32 30.50 39.20
Platelet x10^3/uL 801 932 921 796 850 1069 806 329 278 501 569 493 416 737 749 639 637 438 626 465 573 587 561 491 508 608 445 585 517 475 732.35 409.00 977.00
Neutro, Seg x10^3 /uL 9.47 7.35 12.59 8.01 7.05 8.56 8.35 5.56 5.59 6.76 8.41 7.25 8.87 5.37 7.64 8.18 6.91 7.51 12.90 6.25 7.01 9.79 9.26 7.32 9.78 7.89 5.87 6.80 6.97 7.48 7.68 3.51 12.68
Neutro, Band x10^3 /uL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.00 0.16 0.00 0 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.30
Lymphocyte x10^3 /uL 3.96 2.45 4.08 2.29 2.18 2.94 4.52 7.19 1.69 3.78 7.23 2.75 4.02 4.51 4.06 3.90 5.58 7.67 7.19 3.17 4.01 3.60 5.69 7.17 3.58 5.40 4.83 5.07 6.22 4.54 6.36 2.25 9.90
Monocyte x10^3 /uL 0.57 0.56 0.53 0.00 0.70 1.20 0.82 0.81 0.85 0.69 0.67 0.33 0.69 0.54 0.24 0.52 0.27 0.16 0.63 0.5 1.25 0.58 0.65 0.76 0.00 0.42 0.35 0.25 1.19 0.00 0.38 0.00 1.30
Eosinophil x10^3 /uL 0.14 0.78 0.53 0.10 0.00 0.67 0.00 0.00 0.17 0.23 0.50 0.66 0.28 0.32 0.00 0.13 0.40 0.16 0.42 0 0.13 0.43 0.65 0.00 0.41 0.14 0.46 0.25 0.44 0.25 0.25 0.00 0.72
Basophil x10^3 /uL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.16
Reticulocyte % 3.5 1.6 3.1 2.2 1.4 2.2 1.1 5.4 2.4 0.8 0.5 4.2 6.2 3.1 2.6 2.7 3.3 6.6 3.3 1.5 1.6 2.7 4.0 2.0 2.2 1.9 1.6 1.7 1.9 1.6 2.59 0.70 5.50
Glucose mg/dL 134 131 117 128 123 128 115 121 113 66 105 106 106 92 130 113 110 116 108 112 109 110 103 99 107 104 80 114 111 126 97.78 66.00 134.00
BUN mg/dL 14 9 10 12 10 21 17 15 4 11 14 12 15 9 12 10 10 11 8 7 7 10 8 10 14 11 10 10 8 9 14.63 9.00 22.00
Creatinine mg/dL 0.4 0.3 0.3 0.3 0.2 0.5 0.4 0.5 0.2 0.2 0.4 0.3 0.4 0.2 0.4 0.4 0.3 0.4 0.3 0.3 0.3 0.4 0.3 0.2 0.3 0.4 0.2 0.3 0.3 0.4 0.39 0.20 0.60
Sodium mEq/L 142 141 141 142 144 142 151 145 142 141 142 145 143 146 145 143 148 143 144 144 142 143 142 145 144 144 145 145 143 143 143.25 139.00 150.00
Potassium mEq/L 5.9 6.2 6.0 5.4 6.0 5.7 4.5 5.6 6 5.1 6.4 5.6 6.1 6.2 6.0 4.7 5.7 4.7 5.4 5.3 5.5 5.6 5.6 5.4 5.2 5.7 5.2 5.6 5.6 5.0 5.80 4.70 6.70
Chloride mEq/L 106 105 105 106 107 102 107 108 109 102 111 109 104 105 103 105 106 105 106 108 105 107 105 107 104 105 105 105 106 104 105.13 102.00 108.00
Total CO2 mEq/L 23 20 18 20 20 24 24 20 19 16 18 18 21 25 25 19 24 22 22 19 20 19 20 19 19 19 22 23 18 20 21.80 20.00 25.00
Anion gap mEq/L 19 22 24 21 23 22 25 23 20 28 19 24 24 22 23 24 24 21 21 22 23 23 23 24 26 26 23 23 25 24 22.20 17.00 27.00
Albumin g/dL 2.7 2.7 2.9 2.9 2.9 3.0 3.2 3.0 3.0 3.0 2.5 2.5 3.0 3.1 3.2 3.1 3.2 2.7 2.9 2.8 2.9 2.8 3.0 3.1 3.2 3.2 2.9 3.1 3.2 3.2 3.09 2.60 3.50
Total protein g/dL 5.0 4.8 5.6 5.4 5.4 5.6 6.2 5.1 5.1 5.0 4.5 4.5 5.8 6.1 5.6 6.4 5.8 4.5 5.6 4.8 5.1 5.1 5.4 5.7 5.5 5.6 5.7 5.8 5.7 5.9 5.64 4.80 7.00
Globulin g/dl 2.3 2.1 2.7 2.5 2.5 2.6 3.0 2.1 2.1 2.0 2.0 2.0 2.8 3.0 2.4 3.3 2.6 1.8 2.7 2.0 2.2 2.3 2.4 2.6 2.3 2.4 2.8 2.7 2.5 2.7 2.56 1.80 3.50
Calcium mg/dL 11.1 10.8 10.9 11.4 10.8 13.7 10.9 11.7 11.1 10.7 10.6 11.1 11.7 11.2 11.7 10.5 11.1 12 11.8 11.4 11.5 11.6 11.7 11.7 12.7 12.6 11.8 11.8 10.8 10.8 11.31 10.40 13.20
Phosphorus mg/dL 9.5 8.8 9.3 8.8 9.1 7.6 7.9 10.1 7.2 6.6 6.7 8.7 8.2 8.3 8.5 6.3 7.7 9.8 8.5 7.8 8.3 8.4 9.1 9.5 8.6 8.4 8.3 8.4 7.4 8.3 8.76 6.10 10.50
Cholesterol mg/dL 208 271 253 252 251 283 299 272 286 259 165 206 211 271 296 419 284 207 251 282 290 267 227 222 247 284 285 290 300 279 276.85 182.00 430.00
Bilirubin mg/dL 0.2 0.1 0.2 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.1 0.2 0.3 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.18 0.10 0.30
ALT U/L 402 330 383 414 417 370 1,053 264 222 149 72 188 382 403 370 374 370 284 339 263 251 265 345 304 416 439 422 414 396 427 415.20 264.00 593.00
ALP U/L 78 82 97 125 177 59 41 82 90 69 55 85 86 78 72 35 57 90 87 78 78 70 83 81 72 74 70 71 61 59 64.75 31.00 122.00
CK U/L 27,600 16,144 25,235 19,890 11,658 31,541 N/A 32,319 10,186 4,055 5,119 7,770 31,974 17,588 13,679 12,810 30,958 30,859 15,812 11,571 14,092 22,193 13,328 22,000 15,750 25,458 17,701 20,995 22,819 19,918 46,074.13 17,772.00 209,625.00
Blue marked, baseline level before the start of immune suppression.
Yellow marked, mean value of 2 to 6-m-old untreated affected dogs.
Green/Orange marked, lower/higher than the minimum/maximum value, respectively, in age-matched untreated affected dogs.

Bouchelle Stephan Brooke  2 to 6-m-old untreated affected dogs

Abbreviations: ALP, alkaline phosphotase; ALT, Alanine aminotransferase; BUN, Blood urea nitrogen; CK, creatine kinase; Hct, Hematocrit; Hgb, Hemoglobin; MCH, Mean corpuscular hemoglobin; MCHC, Mean corpuscular hemoglobin concentration; MCV, Mean corpuscular volume; Neutro Band; Neutro Seg, 
Segmented neutrophil; RBC, red blood cell; WBC, white blood cell.  
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Supplementary	  Figure	  1.	  	  	  
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Supplementary	  Figure	  2A	  
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Supplementary	  Figure	  2B	  
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Supplementary	  Figure	  3	  



C
re

at
in

e 
K

in
as

e 
(K

U
/L

) Bouchelle Stephan 

Brooke 

5 

10 

15 

20 

25 

30 

35 

0 
-1 0 2 4 6 8 10 12 14 16 

Timeline (week) 

Supplementary	  Figure	  4	  


	Hum. Mol. Genet.-2015-Yue-hmg_ddv310.pdf
	ddv310supp.pdf
	Supp legend.pdf
	Supp Table 1.blood results.pdf
	Supp Figure 1 HMG..pdf
	Supp Fig 2 HMG.pdf
	Supp Fig 3 (Fig5A Bouchelle HE enlarged).pdf
	Supp Figure 4.final.pdf



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




