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Abstract

Globoid cell Leukodystrophy (GLD), or Krabbe disease, is an autosomal recessive
neurodegenerative disease caused by the deficiency of the lysosomal enzyme Galactocerebrosidase
(GALC). Hematopoietic stem cell transplantation (HSCT) provides modest benefit in pre-
symptomatic patients but well short of a cure. Gene transfer experiments using viral vectors have
shown some success in extending the survival of the mouse model of GLD, twitcher mice. In the
present study, we compared three single stranded (ss) AAV serotypes, two natural and one
engineered (with oligodendrocyte tropism), and a self-complementary (sc) AAV vector, all
packaged with a codon-optimized murine GALC gene. The vectors were delivered via a lumbar
intrathecal route for global CNS distribution onPND10-11, at a dose of 2x101 vg per mouse. The
results showed a similar significant extension of life span of the twitcher mice for all three
serotypes (AAV9, AAVrh10, and AAV-0lig001) as well as the sScCAAV9 vector, when compared to
control cohorts. The rAAV gene transfer facilitated GALC biodistribution and detectable
enzymatic activity throughout the CNS as well as in sciatic nerve and liver. When combined with
BMT from syngeneic wild type mice, there was significant improvement in survival for SSAAV9.
Histopathological analysis of brain, spinal cord and sciatic nerve show significant improvement in
preservation of myelin, with sSAAV9 providing the greatest benefit. In summary, we demonstrate
that lumbar intrathecal delivery of rAAV/mGALCopt can significantly enhance the life span of
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twitcher mice treated at PND10-11 and BMT synergizes with this treatment to further improve the

survival.
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Intrathecal AAV-mediated gene therapy synergized with Bone Marrow Transplant (BMT) in 10-11
day old twitcher mouse model of Krabbe disease to extend the survival as well as to improve the
pathology in the central nervous system and sciatic nerve.
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INTRODUCTION

Krabbe disease or Globoid cell Leukodystrophy is a severe neurodegenerative disease
resulting from the deficiency of lysosomal enzyme Galactocerebrosidase (GALC) (Suzuki
and Suzuki, 1970). It is inherited in an autosomal recessive manner and characterized by
rapid and progressive demyelination along with the presence of large multinucleated globoid
cells. Deficiency of GALC leads to defective catabolism and subsequent accumulation of
psychosine, a toxic metabolite causing apoptosis of myelin forming cells (Nagara et al.,
1986; Tanaka et al., 1993; Taniike et al., 1999). Additionally, inefficient degradation of
another substrate of GALC, galactosylceramide, is believed to attract macrophages capable
of phagocytizing it and transforming into the large globoid cells. In its acute infantile form,
the clinical symptoms start around 6 months of age, progressing very rapidly to death around
2 years of age (Wenger et al., 1997). Later-onset Krabbe disease exhibits highly variable
clinical phenotypes depending on the levels of residual GALC activity. The only available
standard-of-care treatment for this disease is Hematopoietic Stem Cell Transplantation
(HSCT) which has been shown to slow down the disease progression in pre-symptomatic
infants and some later-onset patients (Krivit et al., 1998; Escolar et al., 2005; Duffner et al.,
2009).

Several naturally occurring animal models of Krabbe disease have been identified. This
includes the most commonly used twitcher mouse (Duchen et al., 1980; Kobayashi et al.,
1980), the terrier dogs (Fankhauser et al., 1963; Fletcher et al., 1966; Suzuki et al., 1970)
and the rhesus monkey (Baskin et al., 1989). These animal models, especially the twitcher
mice, have helped researchers to better understand the pathology of the disease as well as to
test different therapeutic interventions.
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Gene transfer utilizing viral vectors to deliver the correct copy of the defective gene is
becoming an attractive approach for treating several lysosomal storage diseases including
Krabbe disease. Recent studies utilizing recombinant Adeno Associated Virus (AAV) have
shown some success in treating the twitcher mice. Wild type AAV has a 4.7 kb single-
stranded (ss) DNA genome and belongs to the parvovirus family (McCarty et al., 2004;
Gonclaves, 2005). Although AAV infects humans, it is non-pathogenic and it is classified as
a dependovirus because it is unable to execute a lytic infection without co-infection with a
helper virus such as adenovirus or herpesvirus (McCarty et al., 2004; Gonclaves, 2005).
Important for CNS gene therapy applications, AAV can transduce non-dividing cells and has
the ability to confer long-term stable gene expression without associated inflammation or
toxicity (Haberman et al., 2003; Bessis et al., 2004; Gonclaves, 2005). Recombinant AAV
vectors contain no AAV coding sequences, and they package any DNA cassette within its
size constraints as long as the DNA is flanked by ~145 bp inverted terminal repeats (ITRs).
An alternative form of the AAV genome is the self-complementary (sc) genome design,
which utilizes a mutated version of one of the ITRs. Sc AAV vectors have 10- to 100-fold
higher transduction efficiency than traditional ss AAV vectors (McCarty et al., 2001;
McCarty et al., 2003; Gray et al., 2011b), facilitating applications designed for global
delivery of the virus particles, such as via intravenous (1V) or intra-cerebrospinal fluid (CSF)
injection. However, a potential drawback of sc AAV vectors for some genes is that the
packaging capacity is cut in half, to approximately 2.3 kb of foreign DNA. The
characteristics of AAV make it an attractive vector in therapeutic strategies for Krabbe
disease.

The ability of AAV serotype 9 (AAV9) to transduce neurons and glia in the CNS after an 1V
injection has raised new possibilities for global CNS delivery of therapeutic transgenes in
rodents, cats, and non-human primates (Duque et al., 2009; Foust et al., 2009; Gray et al.,
2011b). However, the lack of target specificity, high doses of vector required, high
prevalence of anti-AAV9 neutralizing antibodies in the human population, and high loads of
vector that are delivered to peripheral organs create challenges for translating this approach
to humans. More recently, several laboratories have demonstrated the possibility of
achieving widespread gene transfer throughout the CNS following injection of AAV into the
cerebrospinal fluid (CSF). In pigs this resulted in 50-100% transduction of spinal cord
motor neurons along with transduction of neurons and glia in the brain at a dose of 1.7x1011
vector genome (vg)/kg (Federici et al., 2012). In cats, dogs, and non-human primates,
widespread CNS gene transfer could be achieved after a single intra-CSF injection of AAV9
vectors (Samaranch et al., 2012; Samaranch et al., 2013; Haurigot et al., 2013; Bucher et al.,
2013; Gray et al., 2013; Passini et al., 2014). AAVrh10 is an alternative capsid that has been
described as being capable of crossing the blood-brain barrier, and may be amenable to
widespread transduction after intrathecal administration (Hu et al., 2010; Zhang et al., 2011,
Yang et al., 2014).

AAV gene therapy for treating GLD has utilized different serotypes, different routes of
administration and different ages for the initiation of therapy. Direct administration of AAV1
packaged with mouse GALC gene into the brains of neonatal twitcher mice extended their
lifespan from 42 days to up to 66 days along with sustained GALC activity, improved
myelination and attenuated symptoms (Rafi et al., 2005). An AAV5 vector expressing
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GALC was reported to increase the life expectancy of twitcher from 38 days to 52 days
when injected intracranially on day 3 of age (Lin et al., 2005). They also reported an
increase in GALC activity and improvement in their performance in behavioral tests. Rafi
and coworkers (2012) showed that a combination of intracerebroventricular, intracerebellar
and intravenous injections of AAVrh10 vectors with mGALC in neonatal mice increased the
average life span of twitcher to 104 days. In the same study, addition of another IV injection
at PND?7 further improved the survival to an average of 120 days. They observed only a
modest increase in lifespan with only the IV approach at this age; but in a follow up study,
they (Rafi et al., 2014) reported that twitcher mice receiving a single 1V injection of
AAVrh10 on PND10 had an average life span of about 20-25 days longer than the untreated
twitcher mice.

The synergistic effect of Bone Marrow transplant on AAV gene therapy was first reported by
Lin and coworkers in 2007. In that study animals that received intracranial injections of
AAV5/mGALC and myeloreductive BMT at the neonatal stage had an average life span of
104+/-7 days when compared to an AAV only treatment with 49+/-1 days and BMT only
treatment with 44+/-1 days. In another report from the same group, CNS-directed gene
therapy consisting of intrathecal and intracranial AAV5-GALC injections in neonatal
twitcher, combined with BMT increased the median life span of twitcher to 123 days (Reddy
et al., 2011). In a more recent report Rafi et al. (2015) showed that a combination of BMT
and a single 1V injection of AAVrh10-GALC delivered at PND9-10, greatly extended the
lifespan and normal behavior of twitcher with improved CNS and PNS pathology. These
studies provided compelling evidence that a combination approach is capable of treating
different aspects of GLD and produce a significantly better therapeutic outcome than any
single treatment.

The present study utilized intra-CSF AAV delivery via the lumbar puncture route in 10-11
day old twitcher mice. We compared three different AAV serotypes, packaging a codon-
optimized mouse GALC construct along with a self-complementary design packaged into
AAV9 capsid. We designed two constructs for packaging GALC into sSAAV and sCAAV
vectors for delivery into twitcher mice. The expression cassette for SSAAV vectors had a
Chicken-Beta Actin (CBA-CAGGS) promoter and SV40 poly-adenylation site (polyA)
driving the expression of a codon optimized murine GALC. This construct was packaged
into three AAV serotypes, AAV9, AAVrh10 and AAVolig001. A minimal JeT promoter and
a short synthetic poly A along with a truncated mouse GALCopt was used in the design for
SCAAV. The purpose of this experiment was to test if the best SCAAV/GALC design could
afford a better rescue than the widely used sSAAV/GALC construct. Our hypothesis was that
even though the net expression of GALC afforded by this design would be weaker, the
increased distribution to more cells might provide a greater overall rescue.

There was significant extension of life span with all the AAV vectors tested and they all
produced similar survival benefit. We also tested the combination of two serotypes
individually with BMT after chemical conditioning using Busulfan. As reported earlier by
other researchers, we observed a synergistic effect of BMT on AAV gene transfer in terms of
survival and pathological improvement. The therapeutic efficacy of all the treatments were
evaluated on the basis of survival, CNS and peripheral nerve histopathology.
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MATERIALS AND METHODS

Plasmid Design and Vector Preparation

For the purpose of this study, we designed two constructs to be packaged into single
stranded (ss) and self-complementary (sc) AAV vectors (Figure 1A). A codon-optimized and
myc tagged mouse GALC (mGALCopt-myc) was cloned under a Chicken-Beta Actin
(CBA-CAGGS) promoter along with a SV40 poly-Adenylation (poly A) tail for packaging
into a traditional sSAAV. The codon-optimized mouse GALC was a kind gift from Dr.Tal
Kafri at University of North Carolina at Chapel Hill. This expression cassette was packaged
into three AAV serotypes, AAV9, AAVrh10 and AAVOIig001. The Olig001 capsid was
developed by Dr. Steven Gray and Dr. Thomas McCown at University of North Carolina at
Chapel Hill and found to transduce mostly oligodendrocytes after intracranial administration
into mice and rats (data not shown). A minimal JeT promoter (Tornoe et al., 2002) combined
with a short synthetic poly A was used to drive the expression of a truncated mGALCopt-
myc (sequence starts with the 2" start codon) in the construct design for SCAAV.

Recombinant AAV vectors were generated using proprietary methods developed at the UNC
Gene Therapy Center Vector Core facility (Chapel Hill, NC, USA) (Gray et al., 20113;
Grieger et al., 2016). The AAV vectors produced for this study included: sSAAV9Y/

mGAL Copt, ssAAVrh10/m GAL Copt, ssOlig001/m GAL Copt and SCAAVI/m GAL Copt.
Vectors were dialyzed in phosphate-buffered saline (PBS) containing 5% D-sorbitol and
350mM NacCl. Viral titers were determined by gPCR as described (Gray et al., 2011a).

Mouse Studies

All the experiments involving the use of animals described in this report were approved by
the University of North Carolina—Chapel Hill Institutional Animal Care and Use Committee.
The naturally occurring mouse model for Krabbe disease, the twitcher mouse (Strain B6.CE-
Galc™13) was originally sourced from Jackson Laboratory (Bar Harbor, ME) but provided
by Dr. Mark Sands (Washington University, St. Louis), and the colony was maintained at the
University of North Carolina at Chapel Hill.

The timeline of therapeutic interventions in twitcher mice for the purpose of this study is
depicted in figure 1B. The intrathecal delivery of vehicle control and AAV vectors (2x1011
vg/mouse) were done on PND10-11 into twitcher mice. Concentrated AAV stocks were used
to keep the injection volume typically between 5-10uL although some initial studies used
injection volumes as high as 18uL. For the mice that received Bone Marrow Transplant on
PND9-10, they were chemically conditioned by intraperitoneal injection of Busulfan
(35mg/kg body weight) onPND8-9. These mice were given neomycin containing water
(0.5¢/L) for 50 days following the treatment. The bone marrow cells were collected from the
femur and tibia of 8-10wk old syngeneic WT C57BI-6 or B6 mice heterozygous for eGFP
(Okabe et al., 1997). The eGFP-positive mice were kindly provided by Dr. Mark Sands. The
bone marrow cells were injected intraperitoneally into twitcher on PND9-10 at the rate of 40
million live cells per mouse. One set of the control and treated mice were monitored for
survival and euthanized at humane end point. Tissue samples were collected for analyzing
GALC activity, psychosine levels and vector biodistribution. A separate set of control and
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treated mice were euthanized on PND35 for performing histo-pathological examination. At
sacrifice, these mice were transcardially perfused first with PBS containing 1U/mL heparin
followed by 4% Paraformaldehyde (PFA) in PBS. The brain and spinal cord tissues were
preserved in Neutral Buffered Formalin (NBF). They were processed, embedded in paraffin
and used for histological analysis. The sciatic nerves from these mice were post-fixed in
0.15M Karlsson and Schultz phosphate buffer containing 2.5% glutaraldehyde and 2% PFA.
They were processed and resin-embedded to be used for downstream analysis.

GALC Enzymatic Activity Assay

Samples were lysed in double-distilled and deionized water (4qH»0), and tissue
homogenates (20 pg) were incubated with synthetic fluorescent GALC substrate (6-
Hexadecanoylamino-4-methylumbelliferyl-beta-D-galactoside; Moscerdam Substrates) for
17 hr at 37°C. After incubation, the reaction was stopped, and fluorescence was measured
using a Beckmann Coulter DTX 880 multimode detector using excitation/emission
wavelengths of 385 nm and 450 nm, respectively.

Quantitative PCR Analysis of Vector Genomes

Analysis of vector biodistribution was done by quantitative PCR (qPCR). Tissue DNA was
purified and quantified as described (Gray et al., 2011a). The quantification was specific for
the codon-optimized mouse GALC. The primer sequences are as follows: mGALCopt-F-5’-
CACCATCAACAGCAACGTGG-3" mGALCopt-R-5"-
GTTCCTCGTAGTAGCTGGCC-3’. Data is reported as the number of double-stranded
GALC molecules per 2 double-stranded copies of the murine LaminB2 locus, or in other
words, the number of vector DNA copies per diploid mouse genome.

Immunohistochemistry

The Hematoxylin-Eosin (H&E) staining for brain and spinal cord sections were done using
an autostainer XL from Leica Biosystems by the Translational Pathology Laboratory and the
Animal Histopathology Core at UNC, respectively.

The processing and staining of sciatic nerve samples were done by the Microscopy Services
Laboratory in the Department of Pathology and Laboratory Medicine, UNC as per their
standardized protocol. Nerve samples (3mm segments) were post-fixed in 1% Osmium
tetroxide/0.15M sodium phosphate buffer for 90 minutes at 4°C, rinsed in deionized water,
dehydrated through increasing concentrations of ethanol and finally with propylene oxide.
Tissue samples were infiltrated with a 1:1 mixture of propylene oxide: Polybed 812 epoxy
resin (1A:2B formulation, Polysciences, Inc., Warrington, PA) for 3 hours followed by an
overnight infiltration in 100% resin. The nerve segments were embedded in fresh epoxy
resin and polymerized for 24 hours at 60°C. Using a diamond knife, 1 micrometer cross-
sections of the nerve were cut, mounted on glass slides and stained with 1% toluidine blue O
in 1% sodium borate. Slides were mounted with a #1.5 coverslip and DPX mountant
(Sigma-Aldrich, St. Louis, MO).

Luxol Fast Blue (LFB) staining for brain and spinal cord was done by the Animal
Histopathology Core at UNC. Briefly, the brain and spinal cord sections were immersed in
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0.05% LiCO3 for the color development and then decolorized with 70% ethyl alcohol. The
sections were oxidized using 1% Periodic acid for 5 minutes, followed by rinsing with water
and dehydration with ethyl alcohol and xylene.

All the slides were digitally imaged in the Aperio ScanScope XT (Leica) using 20x
objective. The image analysis was done using Aperio ImageScope (Leica).

Stastistical Analysis

GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA) was used for the analysis
of extension of lifespan as a result of different treatments. Using Kaplan-Meier curve
analysis and Mantel-Cox log rank test, each treatment was compared individually to the
vehicle injected to determine the significance of the survival benefit. Additionally,
comparisons were made between AAV only and combination with BMT cohorts. For
analysis of vector biodistribution and GALC activity data, Standard Error of Mean (SEM)
were calculated and a two tailed Student’s t test was used when required for comparison
between treatments.

RESULTS

General Approach

We designed two constructs for packaging GALC into sSAAV and scAAV vectors for
delivery into twitcher mice (Figure 1A). The expression cassette for sSAAV vectors featured
a Chicken-Beta Actin (CBA-CAGGS) promoter along with a S\V40 poly-adenylation site
(polyA) driving the expression of a codon optimized murine GALC. Three AAV serotypes,
AAV9, AAVrh10, and AAVOIig001, were used to deliver this cassette. A truncated
mGALCopt-myc (sequence starts with the 2" start codon) cloned under a minimal JeT
promoter combined with a short synthetic poly A was included in the construct design for
SCAAV. The relative expression afforded by the ss (CBA) and sc (JeT) constructs was
evaluated in vitro. Additionally, we used another construct coding for WT mouse GALC
used by few other researchers, but with slightly different transcription elements. When
AAV9 vectors were used to deliver the CBA (ss) or JeT (sc) construct, the CBA promoter
produced ~40 fold more GALC mRNA (Supplemental Methods and Supplemental Table 2).
We did not see any significant difference between the WT and codon-optimized murine
GALC at the mRNA level in this experiment.

For the studies detailed in here, we treated the twitcher mice between the ages of 8-11 days.
For vehicle or AAV-only treatments, the intrathecal delivery was done in 10-11 day old
twitcher via lumbar puncture. Mice receiving BMT were injected intraperitoneally with
busulfan (35mg/kg body weight) 24 hours before the transplant. Bone marrow cells were
collected from the femur and tibia of WT eGFP+ mice and 40 million live cells were
injected IP into 9-10 day old twitcher. All the treated mice were monitored for weight gain/
loss on alternate days and survival was recorded as described.

To visualize and quantify the level of engraftment, we euthanized four twitcher mice
transplanted with GFP* bone marrow along with two untreated mice (Supplemental
methods, Supplemental figure 1 and Supplemental Table 1). We included a GFP* mouse as a
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positive control for the assays (data not shown). We observed an engraftment level of up to
64% in the blood and up to 3% in the brain. By IHC, the engraftment looked better in the
brain compared to that in spinal cord and the distribution of donor cells was not homogenous
in the brain with more cell in the upper cerebral cortex and cerebellum.

Vector Distribution and Gene Expression

As an initial comparison of the treatment cohorts, we assessed the overall distribution of the
vector DNA as well as the distribution of the expressed GALC enzyme.

The biodistribution of each vector in major organs and target tissues was analyzed at the
humane end point using real time quantitative PCR (qPCR) and expressed as copies of the
delivered mGALCopt genome per 2 copies of diploid mouse genome (Figure 2A). The
tissue from vehicle-injected negative control and BMT-treated twitcher mice did not have
any detectable viral genomes, which was expected since the codon-optimized transgene had
a sequence distinct from the endogenous mouse GALC gene. The average vector distribution
observed for sSAAV9 (n=9) and ssAAVrh10 (n=9) after intrathecal delivery was very similar
in the peripheral organs, spinal cord and sciatic nerve, but we observed a higher distribution
trend in the front (rostral) brain (p=0.11) for ssAAV9. The ssAAVOIig001 vector had highly
reduced distribution to peripheral organs, but was comparable to AAV9 and AAVrh10 in
hind brain and spinal cord. The self-complementary vector had a slightly higher mean copy
number in the spinal cord, but did not surpass the sSAAV9 vector in the brain or sciatic
nerve. Combining BMT with vector delivery appeared to marginally improve the vector
biodistribution for both AAV9 and AAVrh10 in the periphery as well as CNS, but this effect
was not significant.

The enzymatic activity of GALC was determined in twitcher tissues collected at humane
endpoint along with that of a heterozygous (het) littermate collected at PND40 (Figure 2B).
There was no detectable activity in tissues of vehicle-treated mice. In the liver, sSAAV9- and
ssAAVrh10-treated mice recorded GALC activity higher than the normal het mouse. There
was a significant increase in liver GALC activity when combined with BMT for sSAAV9
(p=0.007), and a trend towards increase for ssAAVrh10 (p=0.15). In the brain, for all AAV-
treated animals, low levels of activity were observed. The BMT and ssAAV9 combination
showed higher GALC activity in the front brain compared to all other treatments. Mouse to
mouse variability was very high for the GALC enzymatic activity analysis for spinal cord
and nerve samples; an overall increase in GALC activity was observed for all treatment
cohorts compared to vehicle, but it was unclear whether any treatment was more effective in
these tissues. A general trend showed higher GALC activities when AAV is combined with
BMT. Interestingly, although GALC activities were above normal physiological levels in the
tissues examined for each treatment, there was still accumulated psychosine (Supplemental
Figure 2).

Overall, the biodistribution analysis indicates that all the AAV vectors were able to distribute
the GALC transgene throughout the CNS, but the Olig001 capsid had highly reduced
distribution to the sciatic nerve and peripheral organs. Although superphysiological levels of
GALC were achieved in some tissues this did not translate to a clear reduction in
psychosine.
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Survival

The twitcher mice, both control and treated, were monitored for survival. A 20% weight loss
from the recorded peak weight is considered to be the humane end point for assessing the
life span of the mice, and was scored as a death. A Kaplan-Meier curve analysis was
performed for the survival proportions plotted in Figure 3. The median life span for the
control mice was 40 days in our colony. Mice treated with BMT had a median survival of
45.5 days, whereas the AAV only treatments had median survivals ranging from 50.5 to
55.5. The combined AAV+BMT treatments had further extensions in median lifespan to 79
and 57, for AAV9 and AAVrh10 respectively. These extensions of life span compared to
vehicle treated mice were all significant (p<0.0001for sSAAV9, ssAAVrh10 and scAAVY;
p=0.0003 for ssOlig001; p=0.0021 for BMT only; p=0.0008 for BMT+ssAAV9 and
p=0.0008 for BMT+ssAAVrh10) when analyzed with Log rank (Mantel-Cox) test. The
combination treatment of BMT with sSAAV9/mGALCopt significantly (p=0.0004) enhanced
survival when compared to sSAAV9 only. However, the addition of BMT to the sSAAVrh10
treatment did not lead to a significant extension in median survival compared to ssAAVrh10
alone. Two mice in the BMT+ssAAVrh10 treatment cohort had survivals approaching that
seen with the ssAAV9+BMT combination, but overall there was a high degree of variability
in the survival of this cohort. As such, there was not a significant difference between the
AAV9+BMT combination and the AAVrh10+BMT combination. Based on the data from
these cohorts, in terms of survival, the BMT treatment provided the least benefit and all
AAV treatments provided a greater but approximately equivalent benefit. It isn’t clear if the
addition of BMT to the AAVrh10 treatment conferred a greater benefit, but the addition of
BMT to the AAV9 treatment provided the best survival outcomes of all the treatments tested.

Histopathology

In order to stratify the treatment effects further, a histological assessment was conducted on
key areas that are believed to contribute to the disease progression of GLD. This included
the sciatic nerve, lumbar spinal cord, cervical spinal cord, and cerebellum. Demyelination
and degeneration in these areas is well-described as part of the overall disease progression
(Fletcher et al., 1977; Hoogerbrugge et al., 1988; Levine et al., 1994; Fletcher et al., 2010;
Rafi et al., 2014; Rafi et al., 2015).

To evaluate the effect of treatments on peripheral nerves of twitcher mice, we performed
histopathological analysis on the sciatic nerves of normal het littermates and affected control
and treated mice at PND35. At this defined end point, upon gross examination it was noted
that the control vehicle-treated twitcher mice were much weaker in appearance and had
swollen sciatic nerves compared to all those which received treatment. To assess the
ultrastructure of the sciatic nerves, they were embedded in resin and semi thin (1 um)
sections were stained with toluidine blue to detect the presence of myelin. Two nerves from
3 mice each were analyzed per treatment except for BMT+ssAAVrh10 where only 2 mice
were analyzed and representative images are shown (Figure 4). The sciatic nerve from the
vehicle-treated twitcher showed significant loss of myelin and axons with overall marked
degeneration clearly visible. The normal heterozygous mouse had intact myelin and normal
distribution of axons. The BMT+ssAAV9 treated twitcher appeared to have a near normal
sciatic nerve histology with no detectable myelin loss and near normal axonal count. Similar
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observations could be made for sSAAV9 only treated animals where very little
demyelination and axonal loss is noted. The ssAAVOIig001, scAAV9 and BMT-only treated
animals showed only a modest improvement in sciatic nerve pathology over the control
twitcher mice. The mice receiving ssAAVrh10 alone and in combination with BMT had an
intermediate level of pathology compared to the vehicle treated twitcher mice and het
controls.

To quantify the differences observed in axonal loss and demyelination between different
treatment cohorts, we used the HALO platform for axon quantification from Indica Labs to
calculate G-ratios (axon diameter/outer myelin diameter) across the entire sciatic nerve cross
sections (Supplemental Figure 3). This quantitative analysis showed normalization of G-
ratios for the treated animals, to an extent that is generally consistent with the qualitative
representative images depicted in Figure 4.

To assess the treatment effects proximal and distal from the injection site, demyelination in
the lumbar spinal cord, cervical spinal cord, and cerebellum was assessed by luxol fast blue
staining (Figures 5, 6, and 7 and Supplemental Figures 7-13). The images are representative
of three mice per treatment except for the BMT+ssAAVrh10 treatment (n=2). Similar
sections were stained with hematoxylin and eosin (Supplemental figures 4, 5 and 6) and
images were analyzed in parallel to understand the pathology. The cerebellum images in
Figure 5 are focused on the white matter tracts where there is distinct focal destruction of
myelinated fibers in the untreated twitcher mice. Intact myelin was observed in normal het
mice. In the area most distal from the injection site, the cerebellum, myelin was best
preserved by the ssAAV9 treatment (with or without BMT). Improvement was noted with all
other treatments as well. In the areas more proximal to the injection site, the lumbar and
cervical spinal cord, myelin was relatively well-preserved with the sSAAV9 and ssAAVrh10
treatments, and further improved with the addition of BMT. Minor benefit was seen with the
ssAAVOIig001, scAAV9, and BMT only treatments, and in general the treatment effects
were more pronounced in the lumbar spinal cord than the cervical spinal cord. As might be
expected, for all treatments except BMT, the greatest rescue occurred closest to the lumbar
injection site and the smallest effects were noted distally, in the cerebellum. BMT had a
relatively better therapeutic effect in the cerebellum than either of the spinal cord regions.
This correlates with the level of engraftment observed in brain and spinal cord areas
(Supplemental Figure 1). None of the treatments could completely rescue this pathology, but
the sSAAV9 +BMT combination had the best preservation of myelin in the spinal cord and
brain of twitcher mice, with close to complete normalization of the white matter near the
injection site (lumbar spinal cord).

DISCUSSION

Apart from the conclusions regarding the treatment of Krabbe disease, we report the first
biodistribution analysis that we are aware of directly comparing AAV9 and AAVrh10 after
intrathecal administration. AAVrh10 has been characterized in the context of direct
intracranial injection and intravenous administration, but our data indicates that it may be a
viable vector to support gene transfer by intrathecal administration. That said, our results
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indicate greater therapeutic benefit was conferred by AAV9 compared to AAVrh10, at least
in the context of Krabbe disease.

There were clear stratifications among the pathological outcomes of individual treatments
that didn’t necessarily translate to better survival. According to survival outcomes, BMT
alone provided the least benefit. All the capsid and vector designs provided an equivalent
survival benefit. Combination with BMT significantly increased survival with AAV9, but
this synergy was only marginal and not significant with AAVrh10. When examining the
pathology, all treatments provided some improvement to the spinal cord, cerebellum, and
sciatic nerve. However, the treatment with AAV9 was particularly striking in the degree of
tissue morphology preservation, and this “normalization” was increased further with the
addition of BMT. The reason for this improved outcome with AAV9 is only partially clear.
The vector DNA biodistribution is similar between the 3 capsids, with the exception of
markedly reduced biodistribution of AAV-Olig001 to the forebrain, sciatic nerve, and
peripheral organs. It makes some sense therefore that, of the 3 capsids evaluated, AAV-
Olig001 provided the least GALC expression and reduction in pathology to the sciatic nerve.
Also, previous studies had described the marked reduction in oligodendrocyte numbers in
twitcher as early as two weeks of age (Taniike et al., 1999) and this could have led to a
decreased target cell population for this vector when used in 10-11 day old twitcher. Further,
the scAAV9 construct expressed significantly less GALC than sSAAV9, suggesting that
although scAAV would be expected to express GALC in more cells, the weaker JeT
promoter was not able to match the net expression afforded by the CAGGS promoter. We
want to point out that the expression afforded by this SCAAV construct was able to provide a
statistically equivalent survival benefit as the sSAAV design, but had very modest benefit in
improving the overall pathology. Perhaps most interesting is the observation that all 3
capsids provided normalized or superphysiological levels of GALC across the brain, spinal
cord, and sciatic nerve, but there was still accumulated psychosine that was indistinguishable
from untreated twitcher mice. Possible explanations for this include uneven distribution of
GALC-expressing cells or populations of cells that are refractory to uptake of GALC via the
mannose-6-phosphate pathway. Another possibility is that psychosine accumulation was
slowed, but since tissue was collected at the humane endpoint all the animals showed equal
psychosine levels. Overall, we have 2 major conclusions from this study: 1) Using the
intrathecal route of administration, AAV9 is the best of the 3 capsids tested. 2) BMT clearly
synergized with the intrathecal AAV9 treatment, providing a substantial benefit over AAV9
alone.

Comparing our findings with those recently published by the Wenger lab, several similarities
and differences can be drawn. The mice were treated with identical vector doses (2x1011 vg/
mouse) at identical treatment ages, but the route of AAV delivery was different and only
AAVrh10 was investigated 1V (Rafi et al., 2014; Rafi et al., 2015). The mice receiving
intrathecal AAV vector only had a median lifespan of 50.5 to 55.5 in our study, and
AAVrh10 provides a median lifespan of approximately 65 days after 1V injection (Rafi et al.,
2015). Although we attempted to follow the same BMT regimen as reported by Rafi et al.,
our transplanted mice had a median life span of 45.5 days, short of 77 day median survival
observed by Rafi et al. The difference in the efficacy of BMT may explain why a more
pronounced extension in survival was seen when intravenous AAVrh10 therapy was
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combined with BMT, resulting in survival of multiple mice past 300 days. In contrast, we
were unable to see this high level of synergy they observed with the combination of BMT
and intrathecal delivery of AAVrh10-GALC and the combination of intrathecal AAV9 with
BMT in our study resulting in a more modest survival extension to 79 days. Based on the
survival data with AAV vectors alone, the data suggests that the 1V and intrathecal
approaches are equivalent in terms of survival outcomes, but a direct comparison can’t be
drawn regarding the synergy with BMT. Taken together, our studies identified that both
AAV9 and AAVrh10 could provide a benefit, but only AAVrh10 was tested in Rafi et al. We
would not infer from our results whether AAV9 might be better by an intravenous route of
administration, and this remains to be tested.

Our study follows a series of published studies that document the synergy between BMT and
AAV-mediated gene therapy in the twitcher mice (Lin et al., 2007; Reddy et al., 2011; Rafi
et al., 2015). Our work further strengthens this general finding supporting the need for a
combinatorial treatment, which is now seen with 3 different AAV-mediated approaches
(neonatal intracranial injection with AAV5, intravenous injection with AAVrh10, and
intrathecal injection with AAV9) in 3 separate and independent laboratories.

There is a reasonable expectation that the approach and results from these studies are
translatable to humans. The intrathecal route of administration for AAV9 has been confirmed
by multiple laboratories to confer widespread gene transfer across the CNS, across multiple
small and large animal models including non-human primates (Samaranch et al., 2012;
Haurigot et al., 2013; Gray et al., 2013; Bucher et al., 2013; Passini et al., 2014). There is
also precedence for AAV9-mediated intrathecal gene transfer in a human clinical trial, which
was pioneered by our group for Giant Axonal Neuropathy (clinicaltrials.gov identifier
NCT02362438). An IV approach with an AAVrh10 vector in combination with BMT is also
justified as an alternative approach based on the data by Rafi et al., 2015. Although there is
no precedent for injecting AAVrh10 vectors IV in humans, there is precedence for injecting
similar doses of AAV9 vectors IV into infants with Spinal Muscular Atrophy
(clinicaltrials.gov identifier NCT02122952). Either approach is likely to provide substantial
benefit to patients beyond that which is provided by HSCT alone, both approaches are
feasible for human translation, and both are supported by studies at a relevant postnatal age.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Krabbe disease is a devastating neurodegenerative disease. Hematopoietic stem cell
transfer using cord blood or donor bone marrow is the current standard-of-care, which
provides some limited efficacy in non-symptomatic infants and twitcher mice. We report
that intrathecal AAV-mediated gene therapy in 10-11 day old twitcher mice can extend
survival and improve pathology. Further, we show that bone marrow transplant synergizes
with this approach. We propose that this study models the application of a combined
therapy in human infants with Krabbe disease, and that the results are an important
preclinical step towards the eventual application of gene therapy to Krabbe infants.
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Figure 1. AAV construct designs and Outline of the study
(A) The expression cassette for the traditional single stranded-AAV included a codon

optimized and myc tagged mouse GALC gene under a Chicken Beta Actin (CBA-CAGGS)
promoter along with SVV40 poly-adenylation signal. For the self-complementary AAV
design, a reduced mGALCopt-myc gene starting with the 29 start codon is cloned under a
minimal JeT promoter with a short synthetic polyA. (B) Time line for the interventions in
the twitcher mice for the experiments outlined in the study.
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Figure 2. Biodistribution (A) and GAL C Activity (B) in Twitcher tissues after Intrathecal
delivery of AAV/mGAL Copt with or without BMT

The twitcher mice were injected with vehicle or AAV/mGALCopt (2x101 vg/mouse) via
lumbar puncture on PND10-11. In combinations with BMT, the mice were treated with
Busulfan (35mg/kg body weight) intra-peritoneally on PND8-9 followed by intra-peritoneal
injection of bone marrow cells from syngeneic WT mice (40 million cells per mouse) one
day later. The mice were euthanized at the humane end point and tissues were collected for
various analyses. (A) The average number of mGALCopt vector genomes in major organs is
plotted. The analyses included a minimum of five mice except for the combination treatment
of BMT+ssAAVrh10-mGALCopt (n=2). No detectable viral genomes were found in control
(vehicle) and BMT-only treated animals. (B) The mean GALC activity in major peripheral
organs, CNS tissue and sciatic nerve for different treatments is plotted. For technical
reasons, GALC activity was not analyzed for the heart, front brain and cervical cord from
mice treated with sSSAAVI/mGALCopt vector. GALC activity was measured in organs from
at least 4 mice except for BMT+ssAAVrh10-mGALCopt (n=2).
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Figure 3. Extension of life span after intrathecal delivery of AAV/mGAL Copt vectors alone and
in combination with Bone Marrow Transplant

Twitcher mice were injected with vehicle or AAV/mGALCopt vectors at a uniform dose of
2x101 vg per mouse on PND10-11 alone and in combination with BMT. The mice
receiving BMT received an ip injection of Busulfan (35mg/kg body weight) on PND8-9,
followed by an IP injection of 40 million bone marrow cells from syngeneic WT mice on
PND9-10. They were monitored for weight loss on alternate days and a 20 % loss of weight
from the recorded peak weight was taken as the humane end point to record the survival. All
treated mice had significant extension of life span compared to vehicle treated mice
(p<0.0001 for ssAAV9, ssAAVrh10 and scAAV9; p=0.0003 for ssOlig001; p=0.0021 for
BMT only; p=0.0008 for BMT+ssAAV9 and p=0.0008 for BMT + ssAAVrh10) when
analyzed with Log rank (Mantel-Cox) test). BMT+ssAAV9/mGAL Copt significantly
(p=0.0004) enhanced survival when compared to sSAAV9 only. The comparison of
ssAAVrh10 versus BMT+ssAAVrh10 and between the two BMT combinations were
nonsignificant.
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Figure 4. Sciatic Nerve histopathology after AAV/mGAL Copt gene therapy with and without
BMT in twitcher mice

Semi-thin (1pm) cross sections of sciatic nerve stained with toluidine blue from vehicle-
treated, AAV-only treated, BMT-only treated and BMT-AAV combination treated twitcher
mice and normal heterozygous littermate are shown. All the images are representative of
three mice except for BMT+ssAAVrh10 (n=2). The scale bar is 200um. The quantitative
analysis of mean G-ratios for different treatments is provided as Supplemental Figure 3.
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Figure5. Histological Analysis of Focal Demyelination in the deep white matter of cerebellum
after AAV/mGAL Copt gene therapy with and without BMT in twitcher mice

Sagittal sections of the brain (8—10 pm) were stained with Luxol Fast Blue to detect the level
of myelination in twitcher mice treated with vehicle, AAV only, BMT only and BMT-AAV
combinations. The higher magnification images are from the deep white matter of the
cerebellar region. The arrows indicate areas with degenerated myelin. The scale bar is
200um. The upper left panel shows the location from which images were taken. The
corresponding HE stained sections are provided in Supplemental Figure 4. Larger areas of
selected treatments are provided as Supplemental Figures 7 — 9.
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Figure 6. Histological Analysis of Focal Demyelination in the cervical spinal cord after AAV/
mMGAL Copt gene therapy with and without BMT in twitcher mice

Cross sections of the cervical spinal cord (8—-10 pm) were stained with Luxol Fast Blue to
detect the level of myelination in twitcher mice treated with vehicle, AAV only, BMT only
and BMT-AAV combinations. The images are from white matter tracts of ventral columns of
the cord. The arrows indicate areas with degenerated myelin. The scale bar is 200um. The
upper left panel shows the location from which images were taken. The corresponding H-E
stained sections are provided in Supplemental Figure 5. Larger area images of control and
sSAAV9+BMT treatment are provided as Supplemental Figures 10 and 11.
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Figure 7. Histological Analysis of Focal Demyelination in the lumbar spinal cord after AAV/
MGAL Copt gene therapy with and without BMT in twitcher mice

Cross sections of the lumbar spinal cord (8—10 um) were stained with Luxol Fast Blue to
detect the level of myelination in twitcher mice treated with vehicle, AAV only, BMT only
and BMT-AAV combinations. The images are from white matter tracts of ventral columns of
the cord. The arrows indicate areas with degenerated myelin. The scale bar is 200um. The
upper left panel shows the location from which images were taken. The corresponding H-E
stained sections are provided in Supplemental Figure 6. Larger area images of control and
sSAAVI9+BMT treatment are provided as Supplemental Figures 12 and 13.
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