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Severe Toxicity in Nonhuman Primates and Piglets Following
High-Dose Intravenous Administration of an Adeno-Associated
Virus Vector Expressing Human SMN
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Neurotropic adeno-associated virus (AAV) serotypes such as AAV9 have been demonstrated to transduce
spinal alpha motor neurons when administered intravenously (i.v.) at high doses. This observation led to
the recent successful application of i.v. AAV9 delivery to treat infants with spinal muscular atrophy, an
inherited deficiency of the survival of motor neuron (SMN) protein characterized by selective death of
lower motor neurons. To evaluate the efficiency of motor neuron transduction with an AAV9 variant
(AAVhu68) using this approach, three juvenile nonhuman primates (NHPs; aged 14 months) and three
piglets (aged 7–30 days) were treated with an i.v. injection of an AAVhu68 vector carrying a human SMN
transgene at a dose similar to that employed in the spinal muscular atrophy clinical trial. Administration
of 2 · 1014 genome copies per kilogram of body weight resulted in widespread transduction of spinal motor
neurons in both species. However, severe toxicity occurred in both NHPs and piglets. All three NHPs
exhibited marked transaminase elevations. In two NHPs, the transaminase elevations resolved without
clinical sequelae, while one NHP developed acute liver failure and shock and was euthanized 4 days after
vector injection. Degeneration of dorsal root ganglia sensory neurons was also observed, although NHPs
exhibited no clinically apparent sensory deficits. There was no correlation between clinical findings and
T-cell responses to the vector capsid or transgene product in NHPs. Piglets demonstrated no evidence of
hepatic toxicity, but within 14 days of vector injection, all three animals exhibited proprioceptive deficits
and ataxia, which profoundly impaired ambulation and necessitated euthanasia. These clinical findings
correlated with more severe dorsal root ganglia sensory neuron lesions than those observed in NHPs. The
liver and sensory neuron findings appear to be a direct consequence of AAV transduction independent of
an immune response to the capsid or transgene product. The present results and those of another recent
study utilizing a different AAV9 variant and transgene indicate that systemic and sensory neuron toxicity
may be general properties of i.v. delivery of AAV vectors at high doses, irrespective of the capsid serotype
or transgene. Preclinical and clinical studies involving high systemic doses of AAV vectors should include
careful monitoring for similar toxicities.
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INTRODUCTION
MANY GENETIC AND ACQUIRED neuromuscular dis-
eases involve degeneration of lower motor neurons.
One of the most common and devastating examples
is spinal muscular atrophy (SMA), an inherited
deficiency of the survival of motor neuron (SMN)
protein, characterized by progressive weakness
resulting from selective death of lower motor neu-
rons. The involvement of these cells in SMA and

other disorders has made lower motor neurons
critical targets for gene therapy. The cell bodies of
lower motor neurons are distributed throughout
the nuclei of cranial nerves and the ventral horn of
the spinal cord, with axons projecting through pe-
ripheral nerves to reach neuromuscular junctions
(NMJs). A variety of approaches have been evalu-
ated to target these cells with gene therapy vectors.
Intramuscular injection of adeno-associated virus
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(AAV) vectors has been demonstrated to transduce
motor neurons at the NMJ, from which the vector
undergoes retrograde transport to the neuron cell
body.1–3 AAV-mediated transduction of motor
neurons has also been achieved by injection into
the cerebrospinal fluid, or by intravenous (i.v.) de-
livery of high doses of neurotropic AAV serotypes
such as AAV9.4–11 AAV delivery i.v. may target
motor neurons via peripheral axons, or by direct
penetration into the central nervous system and
transduction at the cell body. Systemic AAV9 ad-
ministration has demonstrated successful motor
neuron transduction in a variety of animal models,
and results were recently reported from a first-in-
human trial of high-dose i.v. AAV9 in infants with
SMA, in which patients have demonstrated re-
markable improvements in survival and motor
function compared to historical controls.11–14 In
this trial, asymptomatic transaminase elevations
(up to 35 times the upper limit of the normal range
for alanine aminotransferase [ALT] and 37 times
for aspartate aminotransferase [AST]) occurred in
4/15 patients, and were attributed to a T-cell re-
sponse against capsid derived peptides presented
by transduced hepatocytes. After this hepatic tox-
icity was observed, glucocorticoids were adminis-
tered to subsequent subjects in order to attenuate
T-cell responses to the vector capsid, similar to
protocols employed in other clinical trials of sys-
temic AAV gene therapy.15,16

AAV delivery i.v. was evaluated in juvenile
nonhuman primates (NHPs) and piglets in order to
understand better the efficiency and safety of this
approach for targeting motor neurons in large an-
imals. A neurotropic AAV vector closely related to
AAV9 (AAVhu68) carrying a human SMN expres-
sion cassette was administered at a high dose to
three juvenile NHPs and three piglets. Animals
were evaluated for transduction of spinal motor
neurons as well as evidence of toxicity.

MATERIALS AND METHODS
Animal procedures

All animal procedures were approved by the
Institutional Animal Care and Use Committee of
the University of Pennsylvania. Juvenile NHPs
were group housed and provided additional en-
richment. Piglets were also group housed, when
compatible, and provided supplemental milk for
appropriate weight gain. Animal welfare checks
were performed by animal care staff twice daily.
For i.v. administration, vector was infused via the
saphenous vein (NHPs) or an ear vein (piglets) over
10 min. The day of vector infusion was designated

study day 0. Vectors were formulated in phosphate-
buffered saline (PBS) with 0.001% Pluronic F68.
On the day of injection, vectors were diluted in PBS
(Corning) to deliver a dose of 2 · 1014 genome copies
(GC)/kg in a volume <5 mL/kg (range 3.8–4.6 mL/
kg; see Supplementary Tables S1 and S8 for de-
tails; Supplementary Data are available online at
www.liebertpub.com/hum). Euthanasia was per-
formed with i.v. pentobarbital overdose.

Histology
Tissues were fixed in formalin, paraffin embed-

ded, sectioned, and stained with hematoxylin and
eosin according to standard protocols. Tissues were
evaluated histologically by a board-certified veter-
inary anatomic pathologist. In situ hybridization
(ISH) was performed on formalin-fixed paraffin-
embedded tissues not exceeding a fixation time of
24 h using the ViewRNA ISH Tissue Assay Kit
(Thermo Fisher Scientific) according to the manu-
facturer’s protocol. Probes consisting of Z-shaped
probe pairs were synthesized by the kit manufac-
turer. Probes specific for codon-optimized human
SMN were used either alone or in combination with
probes for rhesus or pig ChAT as markers for motor
neurons. Bound SMN probes were detected by the
formation of Fast Red precipitates imaged with a
rhodamine filter set. ChAT probes were detected
via Fast Blue deposits imaged with a custom filter
set (AVR Optics) made according to the specifica-
tions of the kit manufacturer. Sections were coun-
terstained with DAPI to show nuclei.

For immunohistochemistry, paraffin sections
were deparaffinized through a series of xylene and
ethanol, boiled in a microwave for 6 min in 10 mM of
citrate buffer (pH 6.0), treated sequentially with 2%
H2O2 (15 min; Sigma–Aldrich), avidin/biotin block-
ing reagents (15 min each; Vector Laboratories), and
blocking buffer (1% donkey serum in PBS + 0.2%
Triton for 10 min) followed by incubation with pri-
mary (1 h) and biotinylated secondary antibodies
(45 min; donkey antibodies from Jackson Immuno-
Research) diluted in blocking buffer. Rabbit sera
against fibrinogen (NBP1-33582; Novus Biologi-
cals), CD3 (A045229-2; Agilent Technologies), or
CD20 (PA5-16701; Life Technologies) served as pri-
mary antibodies. A Vectastain Elite ABC kit (Vector
Laboratories) was used with 3,3¢-diaminobenzidine
(DAB) as substrate to visualize bound antibodies as
brown precipitate. Sections were slightly counter-
stained with hematoxylin to show nuclei.

Vector production
AAVhu68 was isolated from a human source,

and its nucleic acid sequence indicates it differs
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from that of AAV9 by two amino acids in the VP1/
VP2 N-terminus. The transgene cassette consisted
of AAV2 inverted terminal repeats flanking a codon-
optimized human SMN cDNA expressed from a
chicken beta-actin promoter with a cytomegalovirus
immediate early enhancer and a chimeric intron,
with a rabbit beta-globin polyadenylation sequence.
Two AAVhu68 vector lots (PD174 and PD178) were
used for this study. The vector was produced by
triple transfection of adherent HEK293 cells using a
previously described protocol.17 The vector was pu-
rified from supernatant by affinity chromatography
using a POROS� CaptureSelect� AAV9 resin, fol-
lowed by anion exchange chromatography to re-
move empty capsids and other impurities. Vectors
were formulated in sterile PBS containing 0.001%
pluronic F68 and stored at £–60�C. Genome copy
titer measured by droplet digital polymerase chain
reaction (PCR) was 4.56 · 1013 GC/mL (PD178;
triplicates were 4.44, 4.52, and 4.71 · 1013 GC/mL)
and 6.06 · 1013 GC/mL (PD174; triplicates were
5.56, 5.48, and 7.13 · 1013 GC/mL) for the two lots.
Endotoxin was tested by LAL assay and was <1 EU/
mL for both vector lots. Bioburden was evaluated by
5-day direct culture and was negative (no growth)
for both vector lots. Viral capsid purity measured by
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis was 100% for both lots (Supplementary
Fig. S1). Relative potency was determined by an
in vitro transduction assay on Huh7 cells based on
the formation of Gems and cytoplasmic structures.
Copies of certificates of analysis for these two vector
lots are provided in Supplementary Figs. S2 and S3.
Analytical ultracentrifugation analysis of other
preparations of this vector produced using the same
process has shown that empty particles typically
comprise <10% of the total vector.

Vector biodistribution
At the time of necropsy, tissues were frozen on

dry ice for vector biodistribution analysis. DNA
was extracted, and vector genomes quantified by
TaqMan PCR, as previously described.18

Enzyme-Linked ImmunoSpot assay
Interferon gamma Enzyme-Linked Immuno-

Spot (ELISPOT) assay was performed, as previ-
ously described.19 The human SMN and AAVhu68
VP1 peptide libraries consisted of 15mer peptides
overlapping by five amino acids divided into two
(SMN) or three (AAVhu68) pools.

Neutralizing antibody assay
Neutralizing antibodies against AAVhu68 were

measured in serum, as previously described.20

Cytokine analysis
Cytokines were measured by Luminex assay

using the 23-plex MILLIPLEX MAP Non-Human
Primate Cytokine Magnetic Bead Panel according
to the manufacturer’s instructions.

RESULTS
NHP study

Three 14-month-old rhesus macaques were ad-
ministered an i.v. dose of 2 · 1014 GC/kg AAVhu68
vector expressing human SMN under control of
a chicken beta actin promoter with a cytomegalo-
virus immediate early enhancer (Supplementary
Table S1). All animals exhibited stable vital signs
during vector infusion and recovered uneventfully
from anesthesia. At 6:42 a.m. on study day 4, animal
16C176 was reported by animal care staff as quies-
cent and minimally responsive while perched in its
home cage; no abnormalities were noted when ob-
served the previous afternoon. The animal was an-
esthetized at 7:25 a.m. for a physical exam, which
revealed hypothermia, pale mucous membranes, an
approximate 15% increase in body weight from the
time of vector administration, and hepatomegaly.
X-ray of the abdomen demonstrated free peritoneal
fluid. Point of care bloodwork performed at 9:10 a.m.
was notable for a packed cell volume of 22%, glucose
of <20 mg/dL, blood urea nitrogen (BUN) of 75 mg/
dL, and creatinine of 2 mg/dL. While under anes-
thesia, the animal was maintained on a warming
blanket, and fluids were administered i.v. Despite
supportive care, at 9:15 a.m., the animal exhibited
signs of shock, including dyspnea and dilated pu-
pils. The animal was euthanized at 9:25 a.m., and a
complete necropsy was performed.

Blood was collected from the femoral vein fol-
lowing euthanasia, and a full serum chemistry
panel performed (Supplementary Table S2).
Remarkable findings included hypoproteinemia,
markedly elevated liver enzymes (AST, ALT,
gamma-glutamyltranspeptidase, alkaline phospha-
tase), hyperbilirubinemia, increased BUN, hy-
perphosphatemia, hypoglycemia, hypocalcemia,
hypochloremia, hyperkalemia, hypocholesterole-
mia, hypertriglyceridemia, and elevated creatine
phosphokinase (Fig. 1 and Supplementary Table S2).
Severe hemolysis of the sample collected at nec-
ropsy limited interpretation of some chemistry
results, such as potassium, and made it impossible
to perform complete blood count (CBC) and coag-
ulation studies. A multiplex cytokine panel revealed
marked elevation of inflammatory cytokines (e.g.,
interleukin-6 increased from 0.2 to 6,490 pg/mL) at
the time of necropsy (Supplementary Table S3).
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At necropsy, the abdominal cavity contained
approximately 44 mL of red serosanguineous fluid.
Cytologic evaluation of the abdominal fluid was
consistent with transudate with acute hemor-
rhage. The liver was diffusely enlarged, firm, and
mottled tan to red, which corresponded histologi-
cally to massive hepatocellular necrosis and de-
generation affecting approximately 95% of the
hepatic parenchyma, with only rare clusters of
relatively normal hepatocytes remaining (Fig. 2A).
The centrilobular to mid-zonal regions were se-
verely congested with hepatocyte loss, degenera-
tion, and necrosis. Additionally, there were small
foci of fibrin, which occasionally formed plugs
within sinusoids and filled the lumen of portal
veins (acute fibrin thrombi; Fig. 2B and C). Immu-
nohistochemistry (IHC) for fibrinogen confirmed
the presence of sinusoidal fibrin plugs (Fig. 2D).
Fibrinogen staining was strongly positive within
periportal to mid-zonal regions, which were the
areas of hepatocellular necrosis in the parenchyma

that remained. Fibrinogen staining frequently
highlighted sinusoids in these regions. The ne-
crotic hepatocytes and associated debris were also
strongly positive.

The spleen was diffusely enlarged, firm, and
congested. The congestion was confirmed histo-
logically. Germinal centers within the white pulp
were depleted of lymphocytes with extensive cel-
lular debris (lymphocytolysis) and had prominent,
occasionally hyalinized, high endothelial venules.
Similarly, the cortex of the thymus exhibited mild
lymphocytolysis with prominent tingible body mac-
rophages. Grossly, the mesenteric lymph nodes
were diffusely enlarged and congested. Histologi-
cally, the follicles exhibited germinal center de-
pletion with lymphocytolysis. Similar histologic
findings were observed in other lymphoid tissues,
including other lymph nodes (submandibular, rec-
tal), thymus, bronchial-associated lymphoid tissue
in the lung, and gut-associated lymphoid tissue in
the colon and cecum. Lymph nodes associated with

Figure 1. Acute transaminase elevations following intravenous (i.v.) administration of an adeno-associated virus (AAV) vector expressing human SMN to
nonhuman primates (NHPs). (A) Study design, (B) serum alanine aminotransferase (ALT), (C) serum aspartate aminotransferase (AST), (D) serum alkaline
phosphatase, and (E) serum total bilirubin. Unscheduled laboratory assessments were performed for all animals on study day 5 after animal 16C176 developed
acute liver failure requiring euthanasia. AST was not performed on study day 5 for animals 16C116 and 16C215. Dashed lines indicate laboratory reference range.
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the rectum, assumed to be mesorectal lymph nodes,
had subcapsular and medullary sinus erythro-
cytosis, consistent with drainage of red blood cells.
The histologic findings within lymphoid follicles and
thymic cortex were suggestive of severe systemic
physiologic stress. Histologically, acute hemorrhage
and edema was evident in the lung, adventitia of the
gall bladder, heart, perirectal adipose tissue, and
subcutis near the mammary gland. The superficial
mucosa of the small intestines, cecum, and rectum
were congested with occasional hemorrhage, as well
as superficial aggregates of hemosiderin-laden mac-
rophages. The presence of hemorrhage and edema in
the lung, gastrointestinal tract, and liver were sug-
gestive of shock, as well as a bleeding diathesis such

as disseminated intravascular coagulation (DIC).21

Acinar cell degeneration in the pancreas was ob-
served, which has also been reported in cases of
shock in NHPs.21 Minimal adrenocortical single-
cell degeneration and necrosis was present in the
zona fasciculata of the adrenal glands, also likely
attributable to systemic disease, such as systemic
stress, ischemia, hemorrhage, and inflammation.22

No gross or histologic findings were noted in the
brain, spinal cord, or cranial or peripheral nerves
of this animal. No significant findings were ob-
served in the kidneys.

The remaining two primates (16C116 and 16C215)
were clinically normal throughout the study
and were necropsied as planned on study day 28.

Figure 2. Liver histopathologic findings in juvenile NHPs treated with i.v. AAVhu68 expressing human SMN. Animal 16C176 required euthanasia on study day 4
and had massive acute hepatocellular necrosis (A) with sinusoidal fibrin deposition (B, arrowheads) and acute fibrin thrombi (C, arrow) in portal veins.
Immunohistochemistry (IHC) for fibrinogen in animal 16C176 revealed prominent periportal sinusoidal fibrin deposition (D, arrowheads; fibrinogen IHC). The
remaining two primates (E, 16C215; F 16C116) were clinically normal throughout the study, and both had similar findings in the liver consisting of single
hepatocellular necrosis (arrows) predominantly surrounding portal areas with mild mononuclear cell infiltrates. Animal 16C215 (E) also had foci of hepato-
cellular regeneration (circle). Staining: hematoxylin and eosin; scale bar = 10 lm (A and C), 50 lm (B), and 100 lm (D–F).
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Bloodwork performed on study day 5 revealed
ALT elevations of 454 and 632 IU/L for 16C116 and
16C215, respectively (reference range 10–100 IU/L).
Serum ALT levels declined by study day 7 and
normalized by study day 14 (Supplementary
Table S2 and Fig. 1). Both animals demonstrated
thrombocytopenia on study day 5 (16C116, 86,000/
lL; 16C215, 24,000/lL), although platelet clumping
was noted on the peripheral blood smear for
16C116, potentially preventing accurate platelet
quantification. Platelet counts normalized by study
day 14 in both animals. Bloodwork was other-
wise unremarkable throughout the study (Supple-
mentary Table S2). A multiplex cytokine panel
performed on study day 7 was unremarkable (Sup-
plementary Table S3). At the time of necropsy, the
liver of one animal (16C116) was mottled tan to red
with an accentuated lobular pattern; no other sig-
nificant gross abnormalities were observed in either
of these two primates. Histologically, the liver of
both primates exhibited minimal multifocal single
hepatocellular necrosis, which was most prominent
in the periportal region (Fig. 2E and F). Addi-
tionally, animal 16C215 had multifocal aggregates
of irregularly arranged hepatocytes with basophilic
cytoplasm, vesicular nuclei, and occasional mitotic
figures, indicative of regeneration (Fig. 2E). These
hepatocyte clusters generally surrounded portal
areas with interspersed mononuclear cell infiltrates
and proliferating fibroblasts (fibroplasia).

Other pertinent histologic findings in the NHPs
necropsied on study day 28 (16C116 and 16C215)
were observed in the nervous system, predomi-
nately in the spinal cord, trigeminal nerve gan-
glia, and dorsal root ganglia (DRG) as well as
the peripheral nerves, including the median, ra-
dial, sciatic, tibial, and peroneal nerves (Fig. 3 and
Supplementary Tables S4–S6). The histologic le-
sions within the central and peripheral nervous
system were often variable, with severity differing
between tissue sections within the same segment,
as well as between segments of spinal cord and
peripheral nerves in the same animal. The DRG
exhibited minimal to mild neuronal cell body de-
generation characterized by dispersion of nissle
substance and nucleus to the periphery (central
chromatolysis), along with clustering of glial cells
around neuronal cell bodies (satellitosis) and mono-
nuclear cell infiltrates surrounding and infiltrat-
ing neuronal cell bodies (neuronophagia; Fig. 3B).
Based on IHC, the mononuclear cell infiltrates were
composed of CD3-positive T cells with few CD20-
positive B cells (Fig. 3C and D). Similar histologic
findings were observed in the trigeminal nerve
ganglia as well (not depicted). In both primates, the

dorsal white matter tracts of the cervical, thoracic,
and lumbar spinal cord exhibited bilateral, minimal
to moderate axonopathy characterized by dilated
myelin sheaths with and without myelomacro-
phages, indicating axonal degeneration (Fig. 3A).
Occasionally, minimal to marked axonopathy was
observed in the dorsal nerve roots of the spinal cord.
The peripheral nerves (median, radial, sciatic, pe-
roneal, and tibial) exhibited a similar axonopathy
consisting of dilated myelin sheaths with and
without myelomacrophages that ranged from mild
to marked, along with variable mononuclear cell
infiltrates and periaxonal fibrosis (Fig. 3E and F).
Peripheral axonopathy was observed bilaterally.
However, severity varied between sections and even
within some nerve sections.

Analysis of vector biodistribution demonstrated
gene transfer to all tissues evaluated, including the
brain and spinal cord (Fig. 4). Notably, DRG were
heavily targeted with >1 GC per diploid genome in
all samples. Extremely high liver transduction was
also evident, >1,000 GC per diploid genome. While
AAV9 and its variants are viewed as neurotrophic,
it is clear there is wide distribution when vector is
delivered at high doses systemically. Vector DNA
was detected at higher levels in the animal ne-
cropsied on study day 4 than those necropsied on
study day 28, suggesting that some of the vector
genomes detected in tissues early after injection do
not represent stable transduction.

SMN mRNA expression was evaluated by ISH
(Fig. 5). There was marked hSMN ISH staining in
the liver of the animal necropsied on study day 4,
but there was no detectable signal in the spinal
cord or brain. Given the extremely high vector
concentration in the liver of this animal, probe
hybridization with vector DNA may have contrib-
uted to the ISH signal. The two animals necropsied
on study day 28 exhibited robust SMN expression
in spinal motor neurons, with approximately 30–
90% of cells transduced on average at each level of
the spinal cord evaluated. There were also scat-
tered patches of transduced neurons and ependy-
mal cells in the brain.

T-cell responses to the vector capsid and human
SMN transgene product were evaluated by inter-
feron gamma ELISPOT (Supplementary Table S7).
Peripheral blood mononuclear cells (PBMCs) were
collected for ELISPOT analysis prior to vector ad-
ministration and at the time of necropsy for all three
animals. Mononuclear cells were also harvested
from the liver at necropsy. All samples exhibited a
robust interferon gamma response to a positive
control stimulation with PHA, with the exception
of liver lymphocytes collected from animal 16C215,
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which exhibited no response to PHA stimulation
and were excluded from subsequent analysis. No T-
cell response to AAVhu68 capsid or hSMN was de-
tectable at either time point for animals 16C176 or
16C215. Animal 16C116 exhibited no T-cell re-
sponse in PBMCs at either time point, but had a
detectable interferon gamma response to both the
vector capsid and transgene product in lymphocytes
harvested from the liver at the time of necropsy.

Piglet study
Three Micro-Yucatan piglets were administered

an i.v. dose of 2 · 1014 GC/kg AAVhu68 expressing

human SMN at 7 (n = 1; piglet A) or 30 (n = 2; piglets
B and C) days old, with piglet A being dosed before
piglets B and C (Supplementary Table S8). All
animals recovered uneventfully after vector ad-
ministration. On study day 14, piglet A developed
hind-limb ataxia characterized by a swaying gait
with intermittent knuckling and crossing over of
the hind limbs. When the hind feet were placed on
their dorsal surface, the piglet failed to correct po-
sitioning of the hoof (placement test), indicating
a deficit in conscious proprioception. This ataxia
progressed to the forelimbs over the course of 7 h.
This piglet also developed dyspnea, but ausculta-

Figure 3. Representative central and peripheral nervous system histopathologic findings in juvenile NHPs treated with i.v. AAVhu68 expressing human SMN
28 days post injection, as depicted in images from animal 16C116. Both animals had an axonopathy (arrowheads) of the dorsal white matter tracts of the spinal
cord (A). The dorsal axonopathy was typically bilateral and characterized by dilated myelin sheaths with and without myelomacrophages, consistent with
axonal degeneration. The dorsal root ganglia (DRG) of the spinal cord (B) had minimal to mild neuronal cell body degeneration characterized by central
chromatolysis (circle), satellitosis, and mononuclear cell infiltrates that surrounded and invaded neuronal cell bodies (neuronophagia; arrows). Mononuclear
cell infiltrates were predominantly composed of CD3-positive T cells (C, arrowheads) with fewer CD20-positive B cells (D, arrowheads; CD3/CD20 IHC). A
similar axonopathy (arrows) was observed in the peripheral nerves of the hind limb (sciatic nerve, E) and forelimb (median nerve, F). Animal 16C176 that was
euthanized on study day 4 had no nervous system findings. Staining: hematoxylin and eosin; scale bar = 200 lm (A), 100 lm (B–F).
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Figure 4. Vector biodistribution in rhesus macaques. Rhesus macaques treated with i.v. AAVhu68 expressing human SMN were euthanized on study day 28,
except for animal 16C176, which was euthanized on study day 4. Vector genomes were detected in tissue DNA samples by quantitative polymerase chain reaction
(PCR). Values are expressed as vector genome copies (GC) per host diploid genome. Data are shown for four liver lobes (caudate, left, middle, and right).

Figure 5. SMN expression in rhesus macaques. Human SMN RNA was detected by in situ hybridization (ISH) in the liver (A). The liver was stained with
control probes for albumin (B) and green fluorescent protein (C). SMN-expressing cells were identified by ISH in the spinal cord (D). Motor neurons were
identified by ChAT ISH (E). Rare patches of transduced neurons were detected by SMN ISH in the brain (F, DAPI nuclear stain). The percentage of ChAT+
motor neurons transduced at each level of spinal cord was quantified (G). Error bars = standard error of the mean.
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tion of all lung fields was within normal limits. The
animal remained bright, alert, and responsive, but
given the progression of neurological deficits, the
piglet was euthanized on study day 14, and a full
necropsy was performed.

On study days 11 and 12, piglets B and C, re-
spectively, developed similar, albeit less severe,
neurologic signs to those exhibited by piglet A. No
dyspnea was observed in piglets B and C. Both
piglets were euthanized on study day 13 due to
progression of neurological signs, and a full nec-
ropsy was performed.

Piglet A was in fair to poor nutritional condition
at the time of necropsy and had a clinical history of
diarrhea on study day 7, which resolved on study
day 9 following treatment with intramuscular
Ceftiofur. A CBC performed prior to euthanasia of
piglet A revealed a marked neutrophilia (22,468/
lL; reference range 2,000–15,000/lL). No other
significant abnormalities were noted on bloodwork,
including liver function tests (LFTs) and platelets
(Supplementary Table S9). The neutrophilia likely
corresponded to histologic evidence of bacterial
bronchopneumonia. Bloodwork, including LFTs and

platelets, was unremarkable for piglets B and C
(Supplementary Table S9).

The cervical, thoracic, and lumbar DRG from all
animals exhibited mild to marked neuronal cell
body degeneration with mononuclear cell infiltrates
(Fig. 6 and Supplementary Tables S4–S6). The
histologic lesions of neuronal degeneration ranged
from central chromatolysis with bright eosinophilic
cytoplasmic globules to complete effacement with
infiltrating mononuclear cells (neuronophagia) and
satellitosis, as depicted in images from piglet B
(Fig. 6B). Similar, albeit less severe, lesions were
observed in the trigeminal nerve ganglia of all ani-
mals as well, ranging from minimal to moderate.
In all piglets, the dorsal white matter tracts of the
cervical, thoracic and lumbar spinal cord exhibited
minimal to moderate axonopathy characterized by
dilated myelin sheaths with and without myelo-
macrophages, consistent with axonal degeneration,
as depicted in images from piglet B (Fig. 6A). The
incidence of these lesions was the same across all
animals. However, the severity was slightly de-
creased in one of the 30-day-old injected piglets
(piglet C).

Figure 6. Representative histopathologic findings of piglets treated with i.v. AAVhu68 expressing human SMN at 7 and 30 days of age. Piglets in both groups
had an axonopathy of the dorsal white matter tracts of the spinal cord (A), as depicted in piglet B. The dorsal axonopathy was bilateral and characterized by
dilated myelin sheaths with and without myelomacrophages, consistent with axonal degeneration (arrowheads). The DRG of the spinal cord (B) exhibited
varying degrees of neuronal cell body degeneration characterized by central chromatolysis (circles), satellitosis, and mononuclear cell infiltrates that
surrounded and invaded neuronal cell bodies (neuronophagia; arrows), as depicted in piglet B. A similar axonopathy (arrows) was observed to varying degrees
in the peripheral nerves of the hind limb (sciatic nerve, C) and forelimb (median nerve, D) in the majority of piglets, as depicted in piglet A. Staining:
hematoxylin and eosin; scale bar = 200 lm (A), 100 lm (B–D).
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In piglet A, the peripheral nerves (median, ra-
dial, sciatic, peroneal, and tibial) contained a sim-
ilar axonopathy to the spinal cord that ranged from
mild to severe bilaterally (Fig. 6C and D). Inter-
estingly, the axonopathy in the peripheral nerves
of the hind limbs (moderate to marked; Fig. 6C)
was more severe than the forelimbs (mild; Fig. 6D).
Piglet B exhibited a minimal peripheral axono-
pathy in most nerves examined, except for the pe-
roneal nerve. The peripheral nerves of piglet C
were histologically unremarkable. The histologic

lesions within the central and peripheral nervous
system were often variable, with severity differing
between and within tissue sections of the same
animal, as well as between different segments of
spinal cord. No histologic abnormalities were noted
in the brain or liver.

In general, the incidence and severity of the pe-
ripheral nerve lesions were decreased in piglets B
and C compared to piglet A, which coincided with
less severe antemortem neurologic signs observed
in the older animals. Additionally, severity of spi-

Figure 7. Vector biodistribution in piglets. Newborn piglets treated with i.v. AAVhu68 expressing human SMN were euthanized 13–14 days after injection.
Vector genomes were detected in tissue DNA samples by quantitative PCR. Values are expressed as vector genome copies (GC) per host diploid genome. Data
are shown for four liver lobes (caudate, left, middle, and right).

Figure 8. SMN expression in the spinal cord of piglets. Human SMN RNA was detected by ISH in cervical (A), thoracic (B), and lumbar (C) spinal cord
segments. Motor neurons were identified by ChAT ISH in corresponding sections (D–F). Representative images are shown.
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nal cord lesions and incidence of peripheral nerve
lesions were lowest in piglet C, which also had the
least severe neurologic signs.

Vector genomes were detectable in all tissues
analyzed, including the brain and spinal cord
(Fig. 7). Gene transfer to DRG was generally
higher than that to spinal cord, often with >1 GC
per host diploid genome. The highest vector ge-
nome copy numbers were found in the liver, with
approximately 200 GC per diploid genome in liver
samples from all three animals. There was no ap-
parent impact of age at injection on the efficiency of
gene transfer to the tissues evaluated.

Expression of human SMN mRNA was detected
by ISH in motor neurons throughout the spinal
cord of all three animals (Fig. 8). The majority of
motor neurons appeared to be transduced in all
animals, with no apparent difference in transduc-
tion between the 7- and 30-day-old piglets.

DISCUSSION

Systemic delivery of AAV vectors has primarily
focused on targeting hepatocytes, which are easily
accessed via large fenestrations in the capillaries
of the liver. Therapeutic levels of liver transduc-
tion have been achieved with AAV vector doses in
the 1012–1013 GC/kg range.15,16,23 Targeting organs
without porous capillary networks, such as the
skeletal muscle or the central nervous system, via
intravascular routes requires quantities of vector
that are 10- to 100-fold greater than those adminis-
tered in most liver gene therapy trials (i.e., ‡1014 GC/
kg). A variety of clinical studies are planned or have
been initiated to evaluate the potential of high-dose
i.v. administration of AAV vectors to transduce cells
of skeletal muscle (NCT03199469, NCT03368742,
and NCT03375164) and the central nervous system
(NCT02122952 and NCT03315182).

The current study evaluated the efficiency and
safety of AAVhu68, an AAV9 variant, expressing
SMN infused i.v. at a dose of 2 · 1014 GC/kg. Studies
in adolescent NHPs and piglets showed potentially
therapeutic levels of transduction in spinal motor
neurons, although unexpected toxicities were en-
countered in each species. Acute systemic inflam-
mation, coagulation defects, and hepatic toxicity
were observed in NHPs, whereas sensory neuron
degeneration occurred in both species with clinical
sequelae evident only in piglets.

Two NHPs developed a rapid asymptomatic el-
evation of liver enzymes and bilirubin after vector
administration, which spontaneously resolved by
study day 14. These animals also exhibited tran-
sient thrombocytopenia on study day 5. One animal

developed a more pronounced transaminase ele-
vation in the context of systemic inflammation and
shock requiring euthanasia on study day 4. This
animal exhibited evidence of DIC, with widespread
hemorrhage, spontaneous hemoperitoneum, and
hepatic fibrin deposition, although blood samples
could not be obtained for confirmatory coagulation
studies at the time of necropsy. At necropsy, the
liver showed extensive necrosis, which could rep-
resent primary vector-related toxicity or which
may be secondary to systemic inflammation or
prolonged hypoperfusion in the setting of shock.

Recent studies in mature NHPs with AAV-
PHP.B, another AAV9 variant, revealed severe
toxicity of potential relevance to this study.24 Ad-
ministration i.v. of AAV9 and AAV-PHP.B vectors
expressing green fluorescent protein was well tol-
erated at 2 · 1013 GC/kg. An animal treated with
AAV9 at a dose of 7.5 · 1013 GC/kg exhibited tran-
sient elevations in transaminases on study day 3
and at necropsy on study day 1424 that were
asymptomatic without other toxicities. An animal
administered i.v. AAV-PHP.B at a dose of 7.5 · 1013

GC/kg acutely developed marked LFT abnormali-
ties (ALT >1,000 IU/L and bilirubin >2.0 mg/dL)
associated with biochemical evidence of DIC and
extensive hemorrhage requiring euthanasia on
study day 5. Necropsy revealed diffuse bleeding
into tissues and modest necrosis of the liver. It is
unclear whether this animal would have ulti-
mately developed shock, similar to 16C176, had it
not been euthanized due to extensive bleeding.

The adverse events observed in these two NHP
studies provide provocative but incomplete evi-
dence for a unifying mechanism of toxicity result-
ing from high-dose systemic AAV administration.
Findings common to both experiments include he-
patocellular injury and development of a bleeding
diathesis consistent with DIC within 5 days of
vector administration. It is presently unclear whe-
ther liver damage is the primary insult leading to
the coagulopathy, or if the coagulopathy is a mani-
festation of systemic toxicity that results in sec-
ondary liver damage.

Several mechanisms were considered by which
AAV vectors could induce liver damage. The acute
time course and ELISPOT results were inconsis-
tent with activation of adaptive immunity and de-
struction of hepatocytes through antigen-specific
T-cell responses to either the vector capsid or
transgene product. Another possible mechanism is
direct toxicity of the vector to hepatocytes, which
could occur through activation of the DNA damage
response by delivery of large numbers of vector
genomes, or induction of an ER stress response by
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transgene overexpression. The findings in this
study appear similar to those described in acute
liver failure caused by acetaminophen toxicity,
which is characterized by rapid hepatocellular de-
generation and tissue factor presentation in the
liver, which leads to intrahepatic coagulation.25–28

However, the systemic coagulopathy in the animal
treated with high-dose AAV-PHP.B seems out of
proportion to the extent of liver damage, suggest-
ing that liver damage is not the only driver of the
coagulopathy.

It is believed that AAV vectors are responsible for
directly eliciting systemic inflammation leading to
platelet activation and DIC independent of damage
to the liver. Inflammatory cytokines were markedly
elevated on study day 4 in the animal that developed
acute liver failure and shock (16C176), although
cytokine production may be secondary to shock and
hepatic necrosis. Inflammatory cytokines were low
to modestly elevated in the NHP treated with high-
dose AAV-PHP.B. However, steroid administration
may have attenuated the inflammatory response.
Previous studies have suggested that capsid and
DNA components of an AAV vector are capable of
activating innate immune pathways, although there
has been little evidence to date to suggest that ac-
tivation of these pathways could result in dose-
limiting toxicity in gene therapy applications.29,30

The timing and features of the toxicity noted in this
NHP cohort are reminiscent of the innate immune
response to high systemic doses of adenoviral vec-
tors that resulted in lethal systemic inflammation
in one research subject.31

The current hypothesis is that high systemic
doses of AAV vectors lead to two independent in-
sults to the host: direct damage to the hepatocyte
and activation of systemic inflammation and an
associated coagulopathy. It is possible that the
vector activates cellular stress pathways that
prime the hepatocyte for a more exaggerated re-
sponse to inflammation. The critical question is the
significance of these findings to human clinical
trials of systemic AAV. The well-described tran-
sient elevations in transaminases associated with
modest doses of systemic AAV in hemophilia clin-
ical trials are not likely related to the findings,
since these laboratory abnormalities occur much
later (4–6 weeks) and are probably associated with
adaptive immune responses. The two ongoing tri-
als of high-dose systemic AAV for X-linked myo-
tubular myopathy (MTM) and SMA both describe
clinically asymptomatic transaminase elevations
that have been treated with steroids.14,32 The
timing of these abnormalities could have different
prognostic implications. Early transaminase ele-

vations (i.e., within the first week) may be a sign of
systemic inflammation that could lead to the severe
toxicity described in this report, while LFT abnor-
malities appearing later would be more consistent
with adaptive immune responses observed in he-
mophilia trials that have remained without clinical
consequences. In the SMA trial, transaminase el-
evations occurred within 1–4 weeks post vector ad-
ministration without additional liver abnormalities
or clinical manifestations (J. Mendell, pers. com-
mun.). Another observation from the NHP study
that is of relevance to clinical applications of high-
dose systemic AAV is the significant variation in
toxicity observed between animals. The cause for
this is unclear, although it is believed that it is more
likely due to variation in the inflammatory response
rather than differential susceptibility to hepato-
cellular injury, and could be related to previous
immunological exposure to AAV or to genetic pre-
disposition to an exaggerated inflammatory re-
sponse. Finally, the impact of the age of the vector
recipient on toxicity was not explored. Previous work
with adenovirus vector suggested that newborn
primates are less susceptible to systemic inflamma-
tion than older animals (unpublished observations).

The animal-to-animal variations observed in
these studies and the rather steep toxicity curve in
which only modest increases in vector dose led to
qualitative changes in outcome create challenges in
clinical trial design, especially when trials are ex-
panded to larger patient populations. The fact that
similar toxicities were observed in NHPs with two
different AAV9 capsid variants carrying different
transgenes suggests that this may represent a
property of the AAV platform rather than idio-
syncratic responses to specific vector constructs.
It should not be surprising, however, that at high
enough dose, one will see dose-limiting toxicities for
any product. Unfortunately, it is difficult to com-
pare vector doses used in different trials because of
wide variations that exist in the PCR quantitation of
vector used by different sponsors. This was illus-
trated by the characterization of a standard prepa-
ration of an AAV8 vector by a consortium of 16
laboratories that were asked to use standardized
PCR protocols.33 The variation in titer of the refer-
ence standard among these laboratories was 100-
fold, indicating that it will be impossible to compare
results of different trials based on vector dose. It is
essential that key stakeholders in the field of gene
therapy work together to develop standardized
methods and reference standards. This will allow
investigators in the field to leverage data sets better
that emerge across different sponsors toward the
development of safe and effective clinical trials.
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One potential but unlikely caveat to the findings
is that impurities in the vector preparation, rather
than the vector itself, may be the cause of toxicity.
The vector release testing could exclude the pres-
ence of significant quantities of foreign proteins,
endotoxin, or microbial contamination. However,
other impurities could be present, and this study
did not include direct experimental controls to ac-
count for toxicity related to impurities, such as
animals treated with equivalent column fractions
prepared from cell supernatant containing no vec-
tor. Notably, similar toxicity was observed in an-
other study using vectors purified by iodixanol
gradient centrifugation rather than the affinity
chromatography method employed in the present
study, indicating that contaminants specific to the
purification process are not responsible for toxici-
ty.17,24 Empty AAV capsids containing no vector
genome represent another contaminant commonly
found in AAV preparations.17 Empty capsids are
not detected by PCR-based titering methods, and
can thus lead to delivery of much larger quantities
of viral protein than anticipated, potentially con-
tributing to toxicity. The quantity of empty capsids
in the vector lots utilized in this study was not
evaluated, although several vector lots produced
using the same method were shown to contain
<10% empty capsids by analytical ultracentrifu-
gation. The previous observation of similar toxicity
using vectors purified by iodixanol gradient cen-
trifugation, which effectively eliminates empty
capsids, further suggests that empty capsids are
not the cause of the observed toxicity.17,24

To the authors’ knowledge, DRG degeneration
following AAV administration has not been studied
or reported in published work, although a strong
tropism for DRG has been noted in some stud-
ies.34,35 The lesions observed in the present study
consisted of degeneration of DRG sensory neuron
cell bodies as well as their central and peripheral
axons. These lesions likely appear >4 days after
gene transfer, as they were absent from the NHP
sacrificed on study day 4, and clinical signs first
presented in piglets 11 days after vector adminis-
tration. DRG lesions were slightly more severe in
piglets than NHPs, whereas the degeneration of
sensory axons in the spinal cord and peripheral
nerves was similar to or even milder in the pigs
compared to the NHPs, an observation that could
be explained by the earlier necropsy time point in
the piglets, which may not have allowed for de-
generation of all axons associated with the dying
cells. This hypothesis is supported by the NHP
studies where axonopathy was noted in animals
necropsied on study day 28 but not the animal ne-

cropsied on study day 4. Sensory deficits were ap-
parent in piglets but not NHPs, suggesting that the
extent of the DRG lesions in NHPs fell below a
threshold at which clinical signs appear. The study
did not characterize the type of sensory fibers af-
fected in either species. Proprioception appeared to
be impacted based on the deficits noted in piglets;
impact on other sensory fibers was not clear, and
should be further characterized in subsequent
studies. It is difficult to determine whether the
DRG toxicity observed in this study will translate
to humans. Sensory symptoms have not been re-
ported in any of the ongoing AAV clinical trials,
though subclinical lesions similar to those in NHPs
may not be noted on routine evaluations.

Encouraging clinical results have been observed
following high systemic doses of AAV vectors in
selected motor neuron and neuromuscular diseases
(NCT03199469).14 It is fortunate that the doses of
vectors needed to achieve efficacy in these trials, to
date, have not been associated with dose-limiting
toxicities. However, the present studies illustrate
how severe and variable these toxicities can be
with some AAV products in large animals. Addi-
tional work will be required to understand the
mechanism(s) of the systemic and sensory neuron
toxicities observed in these animal studies, and the
relevance of each to human trials. At present, it is
suggested that NHPs are the species of choice for
evaluating systemic toxicity associated with high-
dose systemic AAV administration. An example of
the use of NHPs in informing the design of a clinical
trial is the systemic delivery of AAV8 expressing
MTM1 in patients with MTM. Studies performed
in infant NHPs dosed with the AAV8-MTM1 clin-
ical vector at 8 · 1014 GC/kg were relatively clean
with no LFT abnormalities or coagulation defects,
suggesting that the maximally tolerated dose was
>8 · 1014 GC/kg. The MTM clinical trial demon-
strated encouraging results at the starting dose of
1 · 1014 GC/kg, which was at least eightfold lower
than the maximally tolerated dose demonstrated in
infant NHPs.32 Going forward, it is suggested that
clinical trials of high-dose systemic AAV include
careful preclinical vetting in NHPs and early lab-
oratory and clinical evaluations for systemic tox-
icity, liver damage, and coagulopathy, as well as
delayed symptoms of sensory neuropathy.
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