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The Neurotropic
Properties of
AAV-PHP.B Are
Limited to C57BL/6J
Mice

Improved delivery of adeno-associated virus
(AAV) vectors to the CNS will greatly
enhance their clinical utility. Selection of
AAV9 variants in a mouse model led to the
isolation of a capsid called PHP.B, which re-
sulted in remarkable transduction of the
CNS following intravenous infusion. How-
ever, we now show here that this enhanced
CNS tropism is restricted to the model in
which it was selected, i.e., a Cre transgenic
mouse in a C57BL/6] background, and
was not found in nonhuman primates or
the other commonly used mouse strain
BALB/cJ. We also report the potential for
serious acute toxicity in NHP after systemic
administration of high dose of AAV.

Identification of adeno-associated virus
(AAV) capsids from natural isolates with
CNS tropism has substantially enhanced
the utility of this platform for basic studies
of neurobiology and therapeutic applica-
tions of gene therapy of CNS diseases.'
The most widely used capsid for CNS appli-
cations has been AAV9, which we isolated
from a human heart.” A number of groups
have demonstrated distribution of transduc-
tion following systemic delivery of AAV9
into heart, skeletal muscle, and the CNS.*®
Clinical
AAV9 are underway for targeting motor
neurons of the spinal cord in patients with
spinal muscular atrophy (ClinicalTrials.gov:
NCT02122952) and in treating the neuro-
pathic manifestations of the lysosomal stor-
age disease Sanfilippo A (ClinicalTrials.gov:
NCT02716246).

trials of systemically-delivered

While AAV9 is unique compared to the
many natural capsids that have been
vectored in terms of CNS delivery, its effi-
ciency is low even at very high systemic
doses.” Deverman et al.® recently described
an engineered variant of AAVY, called
PHP.B, that exhibits much higher delivery
to the CNS of mice following intravenous
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(i.v.) injection. This variant was isolated
from a library of AAV9 capsids containing
a randomized population of a 7 amino acid
insert. A Cre transgenic line of C57BL/6]
mice was used to select those capsid variants
that efficiently trafficked to the CNS. PHP.B
is being considered for the treatment of a
wide range of CNS diseases.

In an attempt to develop PHP.B for human
gene therapy, we evaluated its efficacy and
toxicity in nonhuman primates (NHPs).
Prior to doing so, we confirmed the findings
of Deverman et al.® in C57BL/6] mice. Intra-
venous injection of 1E12 genome copies
(GC) of PHP.B expressing GFP demon-
strated remarkable transduction throughout
the brain and the spinal cord, as measured
by detection of GFP fluorescence, that was
almost 4 logs higher than what was observed
with AAV9 (Figures 1A and 1B; Figures S1
and S2). This high level of transduction was
observed in multiple areas of the brain (Fig-
ure S2). Similar transduction was observed
with both vectors in non-CNS tissues of
C57BL/6] mice, such as liver and muscle
(Figures 1A and 1B). Quantitation of vector
genomes in tissue confirmed the substan-
tially higher CNS gene transfer with PHP.B
as described by Deverman et al.® (Figure 1C).
We were surprised, however, with the results
of the same experiment conducted in
BALB/cJ mice, which showed very low trans-
duction and gene transfer in the CNS that
was no different than what was observed
with AAV9 (Figures 1A-1GC; Figures S1 and
S2). Transduction and gene transfer of
PHP.B was slightly lower than AAV9 in liver
and muscle (Figures 1A-1C). For both
vectors, transduction of liver and CNS was
higher in C57BL/6] than in BALB/c],
whereas muscle transduction was higher in
BALB/cJ (Figures 1A-1C).

Despite the disappointing results obtained in
BALB/c] mice, we proceeded with pilot
studies in NHPs (Table S1). Adult rhesus
macaques (n = 1 per vector) that were nega-
tive for neutralizing antibodies to the respec-
tive capsids were injected with 2E13 GC/kg
of the same GFP versions of AAV9 and
PHP.B studied in mice; this represents a
2.5-fold lower vector per kg dose than we
studied in mice, but it was also 4-fold higher

than the low dose evaluated by Deverman
et al.® that showed high-level CNS transduc-
tion in C57BL/6] mice. Both NHPs tolerated
the vector well, with only minor abnormal-
ities in clinical pathology (data not shown);
both animals were necropsied at the planned
time of 21 days. GFP expression was detected
by direct fluorescence of GFP and quantified
in most non-CNS tissues, including liver
and muscle (Figures 2A and 2B), kidney,
pancreas, heart, spleen, and pituitary (Fig-
ure S3) at equivalent levels in the AAV9-
and PHP.B-treated animals, except for in
skeletal muscle, where transduction was
higher for PHP.B. However, very low trans-
duction was observed in the CNS based on
GFP fluorescence, including in the frontal
cortex and spinal cord (Figures 2A and 2B)
and hippocampus and cerebellum (Fig-
ure S3). Interestingly, the dorsal root ganglia
(DRG), which lie outside of the CNS, were
transduced at equally high levels with both
AAV9 and PHP.B than were cells within
the CNS (Figures 2A and 2B). The quantity
of vector genomes in various tissues paral-
leled GFP expression (Figure 2C). Notably,
vector genomes were 3 logs lower in tissues
of the spinal cord and brain than in liver
and spleen, with no differences between
AAV9 and PHP.B.

Having demonstrated that both vectors
were safe at 2E13 GC/kg, we injected
animals (n = 1 per group) at a higher dose
of 7.5E13 GC/kg. The animal injected
with PHP.B vector developed marked eleva-
tions of serum transaminases along with
profound thrombocytopenia and diffuse
bleeding, which required euthanasia on
day 5 (Figure 3; Table S2). Pathology at nec-
ropsy was consistent with diffuse hemor-
rhage (Figure S4). The AAV9-injected
animal tolerated the vector well without
clinical sequelae or laboratory abnormalities
except biphasic elevations in transaminases,
which were higher on day 14, presumably
due to a T cell response to GFP (Figure 3;
Table S2). Tissues were harvested on day
21 as planned and showed mild mononu-
clear cell infiltrates (Figure S5). A more
thorough description of the clinical and
laboratory abnormalities observed at high
doses of vector can be found in the Supple-
mental Information.
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Figure 1. Comparison of AAV9- and PHP.B-Mediated Gene Transfer in Mice

(A) Direct GFP fluorescence in the brain, liver, and gastrocnemius muscle. Scale bars, 2 mm (brain) and 100 um (liver, muscle). (B) GFP quantification of whole-slide scans.
(C) Vector biodistribution in tissues. After systemic administration of 5E13 GC/kg to adult mice, PHP.B’s ability to target the brain with high efficiency is limited to the
C57BL/6J strain. In BALB/cJ adult mice, AAV9 and PHP.B are equivalent and display low blood-brain-barrier crossing. PHP.B-mediated brain transduction is intermediate in
CB6F1 hybrids. *p < 0.05; **p < 0.01; ***p < 0.0001. Error bars represent SD.
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Figure 2. Comparison of AAV9- and PHP.B-Mediated Gene Transfer in Nonhuman Primates
(A) Direct GFP fluorescence in the cortex, spinal cord, dorsal root ganglia (DRG), liver, and quadriceps muscle. Insets show GFP immunohistochemistry in high-dose animals.
*Euthanized 5 days post injection; all others were euthanized 21 days post injection. Scale bars, 100 um. (B) GFP quantification showing values for whole-slide scans (cortex,
liver, muscle) or averages and SD from multiple images taken with a microscope (10 images for DRGs, 2 images for lumbar spinal cord). (C) Vector biodistribution in tissues.
After systemic administration of 2E13 GC/kg (low dose) or 7.5E13 GC/kg (high dose) to adult rhesus macaques, both AAV9 and PHP.B vectors are equivalent with low to mild
CNS targeting. Organs unprotected by the blood-brain barrier, such as dorsal root ganglia, liver, and muscles, are efficiently transduced. Note that GFP expression is not
directly comparable in the PHP.B high-dose monkey that was euthanized 5 days post injection due to vector-related clinical condition. Vector biodistribution is similar for
dose-matched AAV9 and PHP.B vectors, showing that both vectors share the same tropism and properties in NHP.

The development of pathology in the PHP.B-
treated animal and the different necropsy
times make it difficult to compare the two
high-dose animals in terms of transduction
efficiency, although the amount of vector ge-
nomes measured in tissues were the same be-
tween the two animals and 2 to 3 logs higher
in spleen and liver than in brain and spinal
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cord (Figure 2C). Very low to undetectable
transduction, as measured by GFP fluores-
cence, observed in CNS
including frontal cortex and spinal cord (Fig-
ures 2A and 2B) and hippocampus and
cerebellum (Figure S3). Like the low-dose
animals, both high-dose animals demon-
strated GFP expression in DRG (Figures 2A

was tissues,
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and 2B; Figure S6). Brain tissues from
high-dose animals were also analyzed for
GFP protein by immunohistochemistry,
which confirmed the low transduction
achieved with both vectors (high magnifica-
tion insets in Figures 2 and S3 and low
magnification micrographs in Figure S6).
Expression of GFP outside of the CNS was
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Figure 3. Toxicity Event in the High-Dose-Treated PHP.B NHP
Platelet counts, total bilirubin, transaminase levels, and gross picture of the cutaneous petechiae and bruises on the thorax and abdomen of the NHP treated with
7.5E13 GC/kg of PHP.B-GFP vector. The toxicity event was characterized by thrombocytopenia, hyperbilirubinemia, and increased transaminases on day 3 and day 5 post
vector administration. Massive subcutaneous and internal bleeding led to humane euthanasia of the animal on day 5.

high, with substantial differences between
the two vectors possibly reflecting the
different times of necropsy and the influence
of CTLs to transduce cells in the AAVY-
treated animal that was necropsied at
day 22 (Figures 2A and 2B; Figure S3). The
level of transduction of skeletal muscle and
heart achieved with the high-dose AAV9
vector was impressive, supporting its use in
primary muscle diseases (Figures 2A and
2B; Figure S3). It is interesting that the
amount of vector genomes was similar be-
tween the CNS and muscle in the AAV9
animal, although expression of GFP was
logs higher in muscle.

We have never observed such a profound
difference in AAV vector performance be-
tween two strains of mice. In vivo transduc-
tion of vectors based on natural isolates of
AAYV have generally tracked between strains
of mice and different species, including
larger animals, with the notable exception
of liver, where mice are more efficiently
transduced than primates.”’® The lack of
translation from mice to NHPs and to
humans is often explained by stronger im-

mune responses in primates. Another team
recently reported the lack of significant
blood-brain barrier (BBB) penetration of
PHP.B vector in a smaller NHP, the
marmoset.'" We do not think that stronger
cell-mediated response in BALBc/] mice
can explain the lack of GFP expression in
the brain, as the liver was efficiently trans-
duced and C57BL/6 and BALB/c mice are
prototypical Thl- and Th2-type mouse
strains, respectively, accounting for weak
T cell responses in BALB/c.'” The apparent
restriction of high-CNS transduction with
PHP.B to C57BL/6] mice may reflect the
fact that it was selected for high delivery to
the CNS in this strain of mice. This remark-
able strain-specific difference in vector deliv-
ery to the CNS may facilitate the identifica-
tion of factors that enhance CNS delivery.

We report an unprecedented acute toxicity
event leading to the euthanasia of an NHP
5 days after injection. Clinical pathology,
gross findings, and histology were compat-
ible with acute tissue injury and systemic
activation of innate immunity with endothe-
lial cells and/or platelet activation, leading to
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PHP B.GFP 7.5e13 GC/kg
AAVI.GFP 7.5e13 GC/kg
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consumption thrombocytopenia and sec-
ondary hemorrhages. While the event re-
ported here has to be interpreted with
caution due to the limited number of ani-
mals, the acute timing (within days after in-
jection) suggests a direct AAV-mediated
toxicity when administered i.v. at high doses
that is different in timing, quality, and
severity to the liver toxicity previously re-
ported in systemic human AAV studies. In
the systemic human AAV studies, the liver
toxicity is believed to be caused by adaptive
immune responses to the capsid or the trans-
gene product. Additional NHP studies are
needed to determinate the precise patholog-
ical and molecular mechanisms involved as
well as the potential implication for clinical
trials using comparable doses of systemic
vectors. In the meantime, it seems prudent
for sponsors to monitor acute manifestations
of innate immunity, such as thrombocyto-
penia, in clinical trials involving high dose
systemic AAV.

The low CNS transduction of PHP.B at doses

of vector associated with dose-limiting
toxicity in NHPs will limit its utility in
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treating human diseases beyond that which
could be achieved with AAV9.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six fig-
ures, two tables, a clinical case description,
and Supplemental Materials and Methods
and can be found with article online at
https://doi.org/10.1016/j.ymthe.2018.01.018.
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