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Infantile globoid cell leukodystrophy (GLD, Krabbe disease) is
a demyelinating disease caused by the deficiency of the lyso-
somal enzyme galactosylceramidase (GALC) and the progres-
sive accumulation of the toxic metabolite psychosine. We
showed previously that central nervous system (CNS)-directed,
adeno-associated virus (AAV)2/5-mediated gene therapy syn-
ergized with bonemarrow transplantation and substrate reduc-
tion therapy (SRT) to greatly increase therapeutic efficacy in
the murine model of Krabbe disease (Twitcher). However, mo-
tor deficits remained largely refractory to treatment. In the cur-
rent study, we replaced AAV2/5 with an AAV2/9 vector. This
single change significantly improved several endpoints primar-
ily associated with motor function. However, nearly all (14/16)
of the combination-treated Twitcher mice and all (19/19) of the
combination-treated wild-type mice developed hepatocellular
carcinoma (HCC). 10 out of 10 tumors analyzed had AAV in-
tegrations within the Rian locus. Several animals had addi-
tional integrations within or near genes that regulate cell
growth or death, are known or potential tumor suppressors,
or are associated with poor prognosis in human HCC. Finally,
the substrate reduction drug L-cycloserine significantly
decreased the level of the pro-apoptotic ceramide 18:0. These
data demonstrate the value of AAV-based combination therapy
for Krabbe disease. However, they also suggest that other ther-
apies or co-morbidities must be taken into account before
AAV-mediated gene therapy is considered for human thera-
peutic trials.

INTRODUCTION
Infantile globoid cell leukodystrophy (GLD, Krabbe disease) is a
rapidly progressive and invariably fatal lysosomal storage disorder
caused by the deficiency of galactosylceramidase (GALC) activity.1

Symptoms typically appear by 3–6 months of age, and death occurs
by 2–4 years of age. GALC deficiency results in the rapid accumula-
tion of psychosine, a toxic glycolipid normally degraded by GALC in
the lysosome.2 Psychosine accumulates in all cell types, but most
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rapidly in oligodendrocytes and Schwann cells, leading to profound
demyelination. Krabbe disease is characterized by failure to thrive,
limb stiffness, weakness, paralysis, blindness, and developmental
delay and regression. Currently, the only available therapy is hemato-
poietic stem cell transplantation (HSCT), which must be adminis-
tered prior to symptom onset to delay progression.3 This treatment
is not curative.

The Twitcher (Twi) mouse is a genetically faithful model of Krabbe
disease that closely parallels the biochemical, histological, and clinical
progression of the human disease. Twi mice experience a rapidly pro-
gressive disease course, with tremors and ataxia starting at �25 days
and death occurring by�40 days.4,5 The Twimouse has been an indis-
pensable tool for testing new therapies. However, finding an effective
therapy has been a challenge. Themajority of singlemodality therapies
provide only limited clinical benefit and none are curative.6–8 Several
groups have shown that combination therapies targeting multiple
pathogenic mechanisms result in dramatic clinical improvements.9–13

We showed previously that early intervention (newborn) with central
nervous system (CNS)-directed, adeno-associated virus 2/5 (AAV2/
5)-mediated gene therapy synergizedwithHSCT to increase themedian
lifespan (�110 days) of Twimice to a greater extent than the sum of the
increases from the individual treatments.10 We subsequently showed
that the synergy was likely due to AAV-mediated gene therapy supply-
ing a persistent source of the deficient enzyme while HSCT provided a
significant immunomodulatory effect.14 Although this combination
represented a significant advance, the increase in lifespan was modest
compared to the lifespan of a normal laboratory mouse. Therefore,
we added a small-molecule substrate reduction therapy (SRT)
drug, L-cycloserine, to the AAV2/5 gene therapy/HSCT regimen.
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L-cycloserine inhibits serine palmitoyl transferase, an enzymeupstream
of psychosine synthesis, and has been shown to slow psychosine accu-
mulation.15 The addition of thrice weekly injections of L-cycloserine
dramatically and synergistically increased the median lifespan of Twi
mice to�300 days.16 Despite the improvements in lifespan, correction
of motor deficits (rotarod and wirehang) remained incomplete.

As we systematically tested various combination approaches, the sec-
ond-generation AAV2/5 vector remained constant. In the current
study, we performed the same triple-treatment (3xRx) experiment as
described above using the same recombinant AAV genome but pack-
agedwith anAAV9capsid.17This newer generationAAVvector further
increased efficacy. Themedian lifespan of 3xRx Twimice was increased
to�400 days. Importantly, the clinical/behavioral deficits dramatically
improved, and in somecases, completelynormalized for the entire life of
the animal. Unexpectedly, most of the 3xRx Twi mice did not appear to
die from Krabbe disease. Rather, they likely succumbed to hepatocellu-
lar carcinoma (HCC) later in life. Nearly 90% (14/16) of the 3xRx Twi
mice and 100% (19/19) of the 3xRx normal control mice had large he-
patic tumorswhennecropsied. In fact, itwasdifficult to identifynormal-
appearing liver in several of the animals.

Hepatocellular carcinoma has been reported by several groups atR1
year of age following intravenous injection of AAV vectors in
newborn mice.18–21 To our knowledge, HCC has never been reported
following CNS-directed, AAV-mediated gene therapy. Although the
exact cause of HCC in the current study is not known, our data sug-
gest that AAV integration into the Rian locus represents one “hit” in
the “multi-hit” process leading to cancer.22 Sequence analysis sug-
gested that secondary AAV integrations may have provided addi-
tional events that cooperated to cause HCC. Finally, L-cycloserine
may have also contributed to the development of HCC by decreasing
the levels of the anti-proliferative and pro-apoptotic ceramide 18:0,23

a ceramide species that is downregulated in human HCC cells.24

In total, these data show that combination therapy is a highly effective
treatment for murine GLD. However, our findings also raise concerns
for the use of high doses of very efficient AAV vectors in combination
with drugs or approaches that may have oncogenic potential.

RESULTS
Lifespan

Twi mice received intracranial (IC) and intrathecal (IT) injections of
AAV2/9-GALC at birth alone (Twi AAV2/9-GALC), in combination
with HSCT at postnatal day (PND) 2 (Twi 2xRx), or in combination
with HSCT and thrice weekly SRT with L-cycloserine (Twi 3xRx).
Groups of untreated wild-type (WT) and Twi mice, as well as 3xRx
WT animals, were also generated. These animals were analyzed bio-
chemically and histologically at 36 days of age and at a terminal time
point, as well as functionally for lifespan and motor function.

Untreated Twi mice had a median lifespan of 41 days (range: 24–
46 days; Figure 1A). Twi mice treated with AAV2/9-GALC alone,
AAV2/9-GALC + HSCT (2xRx), and AAV2/9-GALC + HSCT + L-
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cycloserine (3xRx) had median lifespans of 66.5 days (range: 50–
83 days), 269 days (range: 180–673 days), and 404 days (range:
157–569 days), respectively. Although the median lifespan of the
2xRx Twi mice was more than 4 months less than the 3xRx Twi
mice, they were not significantly different. WT mice treated with
the same 3xRx regimen had a median lifespan of 440 days (range:
347–507 days). All untreated WT mice lived to at least 673 days, at
which point they were sacrificed to terminate the study.

Body Weight

Untreated Twi mice fail to thrive, as indicated by severely impaired
weight gain and a mean maximum weight of 7.8 ± 0.5 g (Figure 1B).
Both 2xRx and 3xRx combination therapies improved weight gain,
with body weights plateauing at a mean of �18 g for both groups.
WT mice receiving 3xRx therapy reached a mean weight of �21 g,
which was significantly less than that of untreatedWT animals (>30 g).

Motor Function

Motor function was assessed by rotarod (Figures 1C and 1D) and
wirehang (Figure 1E) tests. Untreated Twi mice were unable to com-
plete the rotarod or the wirehang test at 4 weeks of age. UntreatedWT
mice performed both rotarod and wirehang for 60 s (the maximum
tested time) throughout life. Twi mice treated with 2xRx therapy
were able to perform rotarod at near-WT levels until approximately
1 month prior to death, after which their performance rapidly deteri-
orated. Nearly all 3xRx-treated Twi mice performed the rotarod test
at WT levels throughout life and were able to maintain a 60 s perfor-
mance until they were moribund (Figure 1D).

Untreated Twi mice are not able to perform the wirehang at any point
in their lives (Figure 1E).16 Twi mice receiving 2xRx therapy were able
to perform the wirehang test at near-WT levels until 10 weeks of age,
after which their wirehang performance quickly deteriorated. No
2xRx Twi mouse was able to stay on the inverted wire for 60 s past
90 days (12 weeks). At 10 weeks of age, Twi mice receiving 3xRx ther-
apy were able to perform the wirehang at near-WT levels. At every
subsequent time point, 3xRx-treated Twi mice performed signifi-
cantly better on the wirehang than 2xRx-treated Twi mice. Some
3xRx-treated Twi mice were able to perform the wirehang test for
the full 60 s at 60 weeks of age.

Biochemical Analyses

The brains of Twi mice had virtually undetectable levels of GALC ac-
tivity when compared to that of their WT littermates (Figure 2A). All
mice treated with AAV2/9-GALC gene therapy, either as a single
therapy or in combination, had at least physiologic levels of GALC ac-
tivity that persisted for the life of the animals. There was no significant
difference in brain GALC activity between animals receiving AAV2/
9-GALC alone, 2xRx therapy, or 3xRx therapy, suggesting that
neither HSCT nor SRT contributed to the increase in GALC activity
in treated Twi mice.

For both brain (Figure 2B) and sciatic nerve (Figure 2C), psychosine
levels were significantly and persistently decreased in AAV2/9-GALC



Figure 1. Triple Combination Therapy Increases Lifespan and Improves Clinicobehavioral Performance in Twi Mice

(A) Kaplan-Meier curves showing increased lifespan in 3xRx Twi mice (n = 16), 2xRx Twi mice (n = 14), and AAV2/9-GALC alone Twi mice (n = 25) compared to untreated Twi

mice (n = 10). WT mice treated with 3xRx therapy (n = 19) had a significantly shorter lifespan than untreated WT mice (n = 11). Asterisks indicate mice that had large he-

patocellular carcinoma tumors at death. The lifespan data for Twi mice treated with HSCT or L-cycloserine alone are from previous publications10,16 and shown as a

comparison for monotherapy animals. (B) Combination therapies improve weight gain in Twi mice but cause weight loss inWTmice. Untreated Twi mice (Twi untreated) have

profoundly impaired weight gain compared toWTmice (WT untreated). Double (Twi 2xRx) and triple (Twi 3xRx) combination therapy partially improve weight gain in Twi mice,

but WT mice receiving 3xRx therapy (WT 3xRx) have mildly impaired weight gain compared to untreated WT mice. (C) Rotarod testing shows nearly normal performance in

3xRx-treated Twi mice (Twi 3xRx) throughout life. Twi 2xRx also significantly improves rotarod performance. However, 2xRx Twi mice eventually are unable to remain on the

rotarod. In contrast, only a few untreated Twi (untreated Twi) mice are able to stay on the rotating rod for the full 60 s, even early in life, and are dead by 5–6 weeks of age. (D)

Premoribund rotarod performance was assessed 1–7 days prior to death. Twi mice treated with 3xRx therapy perform as well as untreated WT (data not shown) and 3xRx-

treated WT mice (WT 3xRx) up until death. In contrast, untreated Twi mice and 2xRx-treated Twi mice can no longer perform rotarod when premoribund. The median age at

premoribund testing for mice in each experimental group is indicated above the corresponding column. (E) 2xRx and 3xRx Twi mice have near-normalized wirehang

performance at 10 weeks of age. Although performance is impaired at subsequent time points, 3xRx-treated Twi mice perform significantly better than 2xRx-treated Twi mice

at every time point starting at 10 weeks. Untreated WT mice are able to remain on the wirehang for 60 s throughout life. The error bars represent one standard error of the

mean, *p < 0.05, **p < 0.01, ***p < 0.005.
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only, 2xRx, and 3xRx Twi mice, compared to untreated Twi mice.
There was no significant difference in brain or sciatic nerve psycho-
sine levels between mice treated with AAV2/9-GALC alone, 2xRx
therapy, or 3xRx therapy. However, a slight elevation in psychosine
was detected in both the brain and sciatic nerves in the treated Twi
mice compared to WT mice at nearly every time point.

Donor Cell Engraftment

Twi mice treated with 2xRx or 3xRx therapy had mean GFP+ donor
engraftment levels of 52.9% ± 19.9% and 46.9% ± 20.2%, respectively.
WT mice treated with 3xRx therapy had a mean engraftment level of
44.6% ± 18.0%. There is no significant difference in engraftment be-
tween these three groups (Figure 2D).

Peripheral Neuropathy

Untreated Twi mice had fewer axons, significant peri-axonal edema,
and macrophage infiltration in the sciatic nerve compared to WT
mice (Figures 3A–3D). Twimice receiving 3xRx therapy had significant
albeit incomplete correction of peripheral nerve structure, with fewer
infiltrating monocytes/macrophages, less peri-axonal edema, and
significantly more axons (Figure 3E) than age-matched untreated Twi
mice. Sciatic nerve pathology was not corrected in 36-day-old 2xRx
Twi mice.

Neuroinflammation

Twi mice had profound and global microgliosis (CD68+; Figure 4)
compared to WT mice. The hindbrain (cerebellum and brain stem)
was more severely affected than the forebrain (cortex). Both 2xRx
and 3xRx therapy attenuated microgliosis in Twi mice at 36 days of
age. However, CD68 staining increased in both 2xRx and 3xRx Twi
mice as they aged. Whole-brain homogenates showed significant ele-
vations in G-CSF (Figure 5A), KC (Figure 5B), MCP-1 (Figure 5C),
andMIP-1a (Figure 5D) in untreated 36-day-old Twi mice compared
to their WT littermates. Although CNS-directed, AAV-mediated
gene therapy alone initially decreased the levels of cytokines/chemo-
kines, it failed to maintain these levels in aged mice. In contrast, both
Molecular Therapy Vol. 29 No 2 February 2021 693
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Figure 2. Combination Therapies Normalize Biochemical Features of

Murine Krabbe Disease

(A) GALC activity is deficient in untreated Twi brains (Twi Untr). Compared to un-

treated WT mice (WT Untr), Twi mice treated with AAV2/9-GALC alone (Twi AAV2/

9), 2xRx therapy (Twi 2xRx), and 3xRx therapy (Twi 3xRx) have at least physiologic

levels of GALC activity in the brain. Psychosine levels in (B) brain and (C) sciatic nerve

are much higher in Twi Untr mice compared to WT Untr mice and Twi mice treated

with AAV2/9-GALC alone, 2xRx therapy, or 3xRx therapy. All therapies significantly

decrease psychosine accumulation in brain and sciatic nerves throughout the lives

of Twi mice. (D) There is no significant difference in donor (GFP+) bone-marrow

engraftment between Twi or WT mice receiving 2xRx or 3xRx therapies. The error

bars represent one standard error of the mean, *p < 0.05, **p < 0.01.
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2xRx and 3xRx therapy normalized cytokine/chemokine expression
in the brain for the life of the animals.

Hepatocellular Carcinoma

We observed hepatic tumors (Figure 6A) in 14/16 3xRx Twi mice, 2/14
2xRx Twi mice, and 19/19 3xRx WT mice (Figure 6B). We performed
targeted sequence capture analyses on genomic DNA from tumor
and normal-appearing liver tissue from 10 WT animals receiving
3xRx in order to identify potential AAV integration sites. 82 capture
probes were generated that spanned the entire AAV vector, including
the inverted terminal repeats (ITRs), the CAGGSpromoter, and the hu-
manGALC cDNA.After capture and sequencing, the datawere aligned
to the mm10 reference genome with the AAV vector sequence ap-
pended. Integration sites were defined by taking reads aligned to the
AAV sequence and finding regions where the paired reads mapped
recurrently. There were �73 unique integration events that met these
strict criteria (Table S1). As an indicator that the targeted sequence cap-
turemethod faithfully identified the correct sequences, every exon of the
murine Galc gene was detected in tumor and normal-appearing tissue
with read counts ranging from single digits to hundreds (Figure S1).
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Tumors from all (10/10) of the animals had AAV integrations within
theRian locus (Table 1; Figure S2A). Although several AAV integration
events occurred near miR-341, none were present within that micro-
RNA (Figure 7). The integrated vectors largely appeared to be rear-
ranged such that the identified break points within the integrated
AAV sequences occurred in the 50 portion of the vector (Table S2).
Several animals had additional AAV integrations in or near genes asso-
ciated with HCC and other malignancies (Akap13;25 Figures S2B and
S2C), that affect cell growth or death (Kcnh126 and Eva1a;27 Figures
S2D and S2E), or that are tumor suppressors (Foxp1,28,29 Tusc3,30

Magi1;31,32 Figures S2F and S2G). In fact, one animal (6675) with an
integration in Rian also had intragenic integrations in both Foxp1 and
Tusc3, which are known and candidate tumor suppressors, respectively.

Since the penetrance of HCC was much lower in 2xRx compared to
3xRx Twi mice, we hypothesized that L-cycloserine might exacerbate
the HCC predisposition imposed by AAV integrations. L-cycloserine
significantly decreased the levels of the pro-apoptotic ceramide
18:023,24 in tumor tissue compared to normal-appearing liver tissue
(Figure 6C). However, there were no hepatic tumors observed in 11
out of 11 WT mice receiving thrice weekly subcutaneous injections of
L-cycloserine alone for 1 year.
DISCUSSION
GLD is a rapidly progressing, demyelinating inborn error of meta-
bolism for which there is currently no cure. Although GLD is a
simple monogenic disorder, it has remained largely refractory to
treatment.8 This is likely due to the presence of multiple secondary
pathogenic mechanisms arising from the primary GALC defi-
ciency. In this study, we treated Twi mice with a triple therapy
regimen that simultaneously targeted three major mechanisms.
Central nervous system-directed AAV2/9-mediated gene therapy
results in persistent, high levels of GALC activity. Hematopoietic
stem cell transplantation ameliorates neuroinflammation.14 L-
cycloserine is a small-molecule drug that slows psychosine accu-
mulation by inhibiting serine palmitoyl transferase, an enzyme
that catalyzes an early step in ceramide synthesis.15 This combina-
tion therapy resulted in a 10-fold increase in median lifespan of
Twi mice. The synergistic effects of combination therapy in the
current study are consistent with, but greater in magnitude than
previous combination therapy studies.9–14,16 It will be important
to determine whether the synergy observed in the Twi mouse
will translate to larger animal models of Krabbe disease.37,38

Another aspect of GLD that has remained relatively refractory to
treatment is motor dysfunction, which is quantified in this study by
the rotarod and wirehang tests. As performed in this study, rotarod
primarily measures coordination, whereas wirehang is an indicator
of peripheral neuropathy, limb strength, and coordination. While
previous therapy studies have reported some improvements in both
rotarod and wirehang performance,11,16,39 improvements have been
incomplete and/or limited, with mice falling off both apparatuses as
the disease progresses. In the current study, 3xRx-treated Twi mice



Figure 3. Combination Therapy Significantly Delays

Progression of Sciatic Nerve Pathology

Compared to (A) 36-day-oldWTmice (36dWT), (B) untreated

Twi mice (36d Twi) have severe sciatic nerve pathology with

decreased myelination, periaxonal edema, profound axonal

degeneration, andmacrophage infiltration. (C) 36-day 2xRx is

less effective than (D) 36-day 3xRx at preserving overall

sciatic nerve architecture in 36-day-old Twi mice. (E) Twi Untr

mice have decreased axon density in the sciatic nerve. Twi

3xRx is significantly more effective than Twi 2xRx at pre-

venting axonal loss. The error bars represent one standard

error of the mean, **p < 0.01, ***p < 0.005.
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were able to stay on the rotarod even when they were a few days from
being moribund.

The wirehang test appears to be a more challenging exercise for Twi
mice since untreated Twi mice cannot perform the task for 60 s at
any point in their lives, and treated mice fail this test prior to failing
on the rotarod.16 Interestingly, half of the Twi mice receiving 3xRx
therapy were able to perform wirehang for the maximal time tested
(60 s) throughout life. In contrast, no 2xRx Twi mouse was able to
perform the wirehang test for 60 s past 12 weeks of age. These data
suggest that L-cycloserine plays an important role in correcting the
peripheral neuropathy in Twi mice. This is supported by the greater
histopathological improvements observed in the sciatic nerves of
3xRx-treated mice compared to 2xRx-treated mice.

Despite the significant improvement in lifespan and motor function,
Twi mice treated with 3xRx therapy retain some signs of GLD,
including a milder but persistent tremor and hind limb clasping.
One potential explanation for continued disease progression is the
uneven distribution of AAV2/9-mediated gene expression in the
CNS and PNS, which has been described in other studies.17 Although
GALC levels were at least physiologic and psychosine accumulation
was significantly reduced in whole-brain lysates of 3xRx-treated
Twi mice, it is possible that uneven distribution of GALC expression
resulted in focal areas of pathologic psychosine accumulation and
continued, albeit slower, disease progression.

Another potential cause of GLD progression is the slow but worsening
neuroinflammation in the treated Twi CNS. Untreated Twi mice have
profoundmicrogliosis and astrocytosis, aswell as significantly increased
expression of pro-inflammatory cytokines as early as postnatal day
2.40,41 Cytokine/chemokine levels were normalized transiently and
persistently in 2xRx- and3xRx-treatedTwimice, respectively.However,
the increased immunohistochemical staining forCD68as combination-
treated Twi mice age suggests that the cellular response is more refrac-
Mol
tory than the cytokine response. Alternatively,
elevated cytokine levels in localized regions of the
CNSmaybemaskedwhenperforming cytokine as-
says onwhole-brain homogenates. Finally, psycho-
sine accumulation in microglia and astrocytes has
been hypothesized to directly activate these cells.42
Therefore, it is possible that the lowbut persistent levels of psychosine in
the CNS activate neuroinflammatory cells and contribute to the
continued progression of disease.

In total, these data suggest that the 2xRx treatment regimen is less effec-
tive than the 3xRx approach and the 2xRx mice eventually succumb to
Krabbe disease. In contrast, the addition of SRT to CNS-directed gene
therapy andHSCT (3xRx) is muchmore effective. In fact, the 3xRx Twi
mice did not appear to die from Krabbe disease. Rather, at death, the
3xRx Twi mice had a very mild Twi phenotype but nearly all of the
mice had advancedHCC. 3xRxWTmice also had a dramatically short-
ened lifespan and all of the animals had advanced HCC.

It is clear that systemic delivery of an AAV vector to newborn mice can
cause HCC.33,43 However, to our knowledge, HCC has never been re-
ported following CNS-directed, AAV-mediated gene transfer, even
when using broadly trophic capsids such as AAV9. The incidence of
HCC in both the 3xRx Twi and 3xRxWTmice in the current study ap-
proached 100%. In contrast, there was no evidence of HCC in a nearly
identical study (same HSCT protocol and identical dose of L-cyclo-
serine) in Twi mice using an AAV2/5 vector.16 We hypothesize that
leakage of the virus into the systemic circulation and the use of a
more potent AAV vector contributed to the development of HCC. It
has been shown by several groups that AAV vectors can “leak” into
the systemic circulation following an IT injection and result in liver
transduction that equals or exceeds CNS transduction.44,45 It should
be noted that the animals in the current study received both IC and
IT injections of AAV. It should also be noted that vectors packaged in
an AAV9 capsid transduce the liver 50- to 100-fold more efficiently
than vectors packaged in an AAV5 capsid.46

We also hypothesize that one or both of the adjunct treatments used
in this study (HSCT with pre-conditioning irradiation and L-cyclo-
serine) greatly exacerbated the HCC phenotype and increased its
penetrance. Our belief that several independent factors cooperated
ecular Therapy Vol. 29 No 2 February 2021 695
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Figure 4. 3xRx Attenuates Microgliosis Early in the GLD Disease Course

Anti-CD68 immunohistochemistry shows profoundmicroglial activation (brown staining) in untreated Twi (36d Twi) brainstem (BS), cerebellum (CB), and cortex (Cort). 36-day

2xRx Twi decreases microgliosis at 36 days but is unable to prevent eventual disease progression and development of severe neuroinflammation at a terminal time point

(Term 2xRx). Microgliosis in terminal 3xRx-treated Twi mice (Term 3xRx) is less severe than that in Term 2xRx mice, especially in the cortex. Aging WT brains (Term WT)

develop mild microglial activation throughout the brain.
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to increase the incidence of HCC is consistent with Knudson’s hy-
pothesis stating that cancer results from the accumulation of multiple
“hits” to the genome.22 Ionizing irradiation generates double-
stranded DNA breaks and small genomic insertions and deletions.47

This could affect the rate or site preference for AAV integration.
Aberrant ceramide levels have previously been reported in HCC. Spe-
cifically, C18:0 ceramide, which is anti-proliferative23 and downregu-
lated in human HCC,24 is also downregulated in murine HCC tissue
in the current study. The SRT used in this study, L-cycloserine, not
only decreases the accumulation of the toxic metabolite psychosine,
but it also reduces the levels of upstream lipids including ceramides.
Interestingly, very few of the 2xRx animals (no L-cycloserine) devel-
oped HCC, and most of those animals lived well beyond 200 days.
Although not definitive, this result suggests that the altered ceramide
levels may play a role in the exacerbated HCC phenotype. Taken
together, these data strongly suggest that ionizing irradiation and L-
cycloserine administration may represent additional events that in-
crease the likelihood of malignant transformation. However, it seems
unlikely that the radiation and L-cycloserine by themselves result in
HCC, at least within the time frame of this study, since there was
no evidence of HCC in the nearly identical study cited above.16 The
only known difference between the prior and current studies is the
use of an AAV2/9 rather than AAV2/5 vector, suggesting that the
more potent AAV2/9 vector is necessary for the high penetrance of
HCC. Finally, it has been suggested that the presence of a reporter
gene (e.g., GFP) might increase the toxicity of AAV-mediated gene
therapy.48 In the current study, GFP is constitutively expressed
from a stable transgene in the donor hematopoietic-derived cells in
order to determine engraftment. It is formally possible that GFP
expression in donor-derived fixed tissue macrophages in the liver
(Kupfer cells) may contribute to the development of HCC through
a bystander effect.

Targeted sequence capture using probes specific for the AAV vector
showed that tumors from 90% of the animals analyzed had AAV in-
696 Molecular Therapy Vol. 29 No 2 February 2021
tegrations in the Rian locus. This is not surprising, since it is known
that tumors in mice treated during the neonatal period are associated
with AAV vector integration in the Rian locus.19,33 Interestingly, the
integrated AAV vectors isolated from the tumors are typically rear-
ranged such that the 50 ITR and cis-acting regulatory elements are
intact but the 30 sequences, including the transgene of interest, are
deleted. Consistent with these findings, the vectors integrated into
the Rian locus in the current study appear to be rearranged in a
similar manner such that the 50 sequences are the predominant se-
quences identified. It has been shown previously that these rearranged
vectors dysregulate the Rian locus and downstream genes. In fact,
prior experiments using an integrating AAV containing only the
chicken b-actin (CBA) promoter have proven that dysregulation of
the Rian locus represents an initiating event that is sufficient to cause
clonal expansion and transformation in mouse hepatocytes.33 The
Rian locus is complex and encodes a number of genes, long noncod-
ing RNAs, small RNAs, and microRNAs, one of which, miR-341, has
been noted to be recurrently targeted in AAV-associated HCCs.
Because this gene is unique to rats and mice and harbors nearly
60% of all the previously reported AAV integrations in the Rian locus,
it might suggest that some genotoxic events are not necessarily trans-
latable across species.

None of the integration events we captured map tomiR-341. Integra-
tions in the Rian locus in the current study are generally dispersed
across the locus, mapping in between, and/or close to, the locations
of other AAV integration events that have been previously reported
with different vectors and animal models (Figure 7). In addition,
several animals with integrations in Rian had additional AAV inte-
grations into genes that regulate cell growth or cell death, or are asso-
ciated with various malignancies, including HCC. Of particular inter-
est is the fact that one animal (6675) had integrations not only in the
Rian locus, but also in a known tumor suppressor gene (Foxp1) and a
candidate tumor suppressor gene (Tusc3). Dysregulated expression of
Foxp1 has been associated with large tumor size, high serum



Figure 5. Combination Therapies Normalize Cytokine Expression in the Twi

Brain

(A) G-CSF, (B) KC, (C) MCP-1, and (D) MIP-1a are significantly elevated in Twi Untr

brains at 36 days of age. Gene therapy alone (Twi AAV2/9) decreases the expres-

sion of these cytokines at 36 days. However, by the time these mice are terminal,

cytokine expression in Twi mice receiving AAV2/9 alone no longer differs from that of

36-day-old Twi Untr mice. Both 2xRx (Twi 2xRx) and 3xRx (Twi 3xRx) therapies

normalize cytokine expression for the life of the animals. The error bars represent

one standard error of the mean, **p < 0.01, ***p < 0.005.

Figure 6. 3xRx Significantly Increases the Penetrance of AAV-Induced HCC

in Twi and WT Mice

(A) Representative images of gross normal liver (top panel) and HCC tumor (bottom

panel) isolated from a terminal 3xRx-treatedmouse. (B) The incidence of HCC (black

fill) is increased in 3xRx-treated Twi (Twi 3xRx) andWT (WT 3xRx) mice compared to

2xRx-treated Twi mice (Twi 2xRx). (C) The level of the pro-apoptotic ceramide, 18:0,

is significantly lower in tumor tissue (Twi 3xRx HCC) compared to normal-appearing

liver tissue (Twi 3xRx Norm). The error bars represent one standard error of the

mean, *p < 0.05.
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a-fetoprotein levels, and poor prognosis in human HCC.29 Low levels
of Tusc3 expression is an independent risk factor for overall and dis-
ease-free survival in human HCC.30 Another animal (6902) with a
Rian integration also had an insertional event in a different candidate
tumor suppressor, Magi1, the downregulation of which has been
associated with multiplicity of tumor nodules and poor clinical prog-
nosis in humanHCC.32 Further studies will be necessary to determine
whether those integration events acted as cooperating mutations that
contributed to the development of AAV-mediated HCC.

The 3xRx combination therapy used in this study is a very effective
therapy for Krabbe disease. Not only does it increase lifespan, but it
also improves motor function in Twi mice. However, the administra-
tion of this therapy was not without risks. AAV-induced HCC inmice
is a reproducible finding.43 Insertional mutagenesis byWTAAV2 has
also been implicated in the development of human HCC, albeit at a
much lower rate than that observed in mice injected with recombi-
nant AAV.49 In addition, no AAV integrations have been identified
in the syntenic Rian locus of the human genome in human HCC.
There is a clear need to understand the role of AAV in the develop-
ment of HCC and to determine how other therapies or co-morbidities
might interact with AAV to increase the penetrance of HCC. In the
specific case of Krabbe disease, less toxic conditioning regimens
and more precise SRT drugs will likely be necessary before a similar
combination treatment regimen can be safely administered to affected
children.

MATERIALS AND METHODS
Experimental Animals and Treatment Groups

Animals were housed atWashington University in St. Louis under the
supervision of M.S.S. Heterozygous Twi (GALC+/�) mice on a
C57BL/6J background (Jackson Laboratory, ME, USA) were bred
andmaintained. Genotypes of all experimental mice were determined
by PCR, as previously described.50,51 Mice were housed under stan-
dard conditions, on a 12 h/12 h light/dark cycle with ad libitum access
to food and water. HSC donors were syngeneicGALC+/+mice that ex-
pressed GFP under the CAG promoter.52 All animal procedures were
approved by the Institutional Animal Studies Committee atWashing-
ton University School of Medicine and were in accordance with the
guidelines of the National Institutes of Health.

There were four treated and two untreated groups of animals in this
study. The 3xRx Twi group was composed of 22 animals (16 for life-
span, behavior, and terminal histology; 3 for 36-day biochemistry
Molecular Therapy Vol. 29 No 2 February 2021 697
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Table 1. AAV Integration Sites in or near Cancer- and Cell-Growth/Death-Associated Genes

Animal ID Agea (months) Chr Integrationb Start Site (bp) Read Counts Gene Gene Description Reference

6657 13.4 12 109643597c 857 Rian microRNA cluster 33

6675 14.7

12 109618074c 1,390 Rian microRNA cluster 33

6 99150006c 4,883 Foxp1 Forkhead protein, tumor suppressor 28,29

8 39104763c 199 Tusc3
endoplasmic reticulum (ER) protein, candidate
tumor suppressor

30

6722 17.6

12 109631801c 3,060 Rian microRNA cluster 33

7 75627402c 1,682 Akap13
A-kinase anchor protein, double oncogene
homology, breast cancer

25,34

6815 14.7 12 109609803c 1,684 Rian microRNA cluster 33

6824 15.0

12 109631309c 213 Rian microRNA cluster 33

1 192215900c 55 Kcnh1
K+ channel, increased expression confers growth
advantage

26,35

6 81973046d 87 Eva1a regulator of programmed cell death 27,36

6828 13.1 12 109625075c 3,737 Rian microRNA cluster 33

6902 14.9

12 109613953c 85 Rian microRNA cluster 33

12 109671965e 825 Rian microRNA cluster 33

6 94142817c 65 Magi1
membrane-associated guanylate kinase, candidate
tumor suppressor

31,32

7025 15.5 12 109615046 1,430 Rian microRNA cluster 33

7045 16.8 12 109606198c 3,519 Rian microRNA cluster 33

7046 14.2 12 109611352c 387 Rian microRNA cluster 33

aThe age when the animals died or were sacrificed for humane reasons.
bThe start and stop sites for each AAV integration are listed in Table S1.
cIntragenic integration site.
dIntegration site �60 kb upstream of Eva1a.
eIntegration site �15 kb downstream of Rian.
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and histology; and 3 for 36-day cytokine analysis). The 2xRx Twi
group was composed of 20 animals (14 for lifespan, behavior, and ter-
minal histology; 3 for 36-day biochemistry and histology; and 3 for 36-
day cytokine analysis). The AAV2/9-GALC treated Twi group (Twi
AAV2/9-GALC alone) was composed of 31 animals (25 for lifespan,
behavior, and terminal histology; 3 for 36-day biochemistry and his-
tology; and 3 for 36-day cytokine analysis). The 3xRx WT group
was composed of 25 animals (19 for lifespan, behavior, and terminal
histology; 3 for 36-day biochemistry and histology; and 3 for 36-day
cytokine analysis). The untreated Twi group was composed of 16 an-
imals (10 for lifespan, behavior, and terminal histology; 3 for 36-day
biochemistry and histology; and 3 for 36-day cytokine analysis).
Finally, the untreated WT group was composed of 17 animals (11
for lifespan, behavior, and terminal histology; 3 for 36-day biochem-
istry and histology; and 3 for 36-day cytokine analysis).

Virus Production

The AAV2/9-GALC vector consists of the CMV enhancer and the
chicken b-actin promoter, followed by the mouse GALC cDNA and
the rabbit b-globin polyadenylation signal, as previously described.51

The AAV2/9-GALC vector was produced by the Virus Vector Core
Facility at the Gene Therapy Center of the University of North Car-
olina as a single-stranded AAV. Briefly, the virus was produced by tri-
698 Molecular Therapy Vol. 29 No 2 February 2021
ple transfection of HEK293T cells. The cells were lysed and virus pu-
rified by sequential iodixanol step gradient centrifugation followed by
anion exchange column chromatography. The virus was diluted in
sterile Lactated Ringer’s solution to a final concentration of 1012 viral
particles per mL and stored at �80�C.

Treatment Regimen

IC and IT injections of AAV2/9-GALC were administered on post-
natal day 0, as previously described.16 Briefly, mice received one
15 mL IT injection of the virus at a concentration of 1012 viral particles
per mL. In addition, six 2 mL IC injections were administered at the
same concentration, targeting bilateral cortical hemispheres, thalami,
and cerebelli. Therefore, the total dose of vector is approximately
2.7 � 1010 vg/pup (�2.7 � 1013 vg/kg).

HSCT was performed on postnatal day 1, as previously described.16

Briefly, mice were conditioned with 400 rads total body irradiation
from a 137Cs source and then injected with 106 nucleated donor
bone-marrow cells from a GALC+/+GFP+/� donor.52 Quantification
of bone-marrow chimerism was determined by flow cytometry for
donor-derived GFP expression in recipient bone marrow. Briefly,
data were acquired using CellQuest software (BD Biosciences) and
analyzed using FlowJo software (Tree Star). Gates were established



Figure 7. Pattern of Genotoxic AAV Integrations into RIAN

The genomic locations (UCSC Genome Browser, Genome Reference Consortium Mouse Build 38 December 2012, mm10) on chromosome 12 of rAAV HCC integrations in

the Rian locus identified by previous studies19–21 in comparison to those identified in the current study. Many of these integrations are within or near themiR-341 locus, which

is 96 base pairs in length. The thick bar designated by Chandler* represents 19 integrations that are within this locus. Junctions designated by Chandler** arise from a vector

with a TBG promotor.
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on nucleated bone-marrow cells from a GFP-positive donor animal to
exclude dead cells and debris. The same gates were used to analyze
nucleated bone-marrow cells from the recipient animals.

L-cycloserine was administered subcutaneously as previously
described.16 Briefly, L-cyloserine was reconstituted fresh in phos-
phate-buffered saline before each injection. Mice received 25 mg/kg
L-cycloserine three times per week until postnatal day 28 and
50 mg/kg L-cycloserine three times per week for the rest of their lives.
GALC Activity Assay

Experimental mice were deeply anesthetized and perfused with phos-
phate-buffered saline. One brain hemisphere was flash frozen and ho-
mogenized in double-distilled H2O (ddH2O). Measurement of GALC
activity was performed using a 3H-galactosylceramide substrate and
reported as the nanomoles of substrate cleaved per hour per milligram
of total protein, as previously described.16
Mass Spectrometry

Galactosylsphingosine (psychosine) and ceramidesweremeasured in the
brain, liver, and sciatic nerve as previously described.53,54 Galactosyl-
sphingosine was separated from glucosylsphingosine and glucosylcera-
mide by hydrophilic interaction liquid chromatography (HILIC) col-
umns. Ceramides were separated on two-dimensional chromatography
by the HILIC column in the first dimension and by reversed phase col-
umn in the seconddimension.Multiple reactionmonitoring (MRM)was
used to detect galactosylsphingosine and ceramides on an AB SCIEX
4000QTRAP tandemmass spectrometer in positive ESImode.Data pro-
cessingwas conductedwithAnalyst 1.5.2 (Applied Biosystems).Data are
reported as the peak area ratios of lipids to their internal standards.
Behavioral Testing

Behavioral testing consisted of the rotarod and wirehang tests,
which were conducted as previously reported.16 Mice were tested
once every other week on the rotarod and once every week on
the wirehang. Performance was measured as the time it took for
the mouse to fall from either apparatus. Three trials were run and
the average of the three trials was reported for each time point.
For both tests, the maximum tested time was 60 s. Each group con-
tained at least n = 10 animals.

Immunohistochemistry

Mice were deeply anesthetized and perfused with phosphate-buffered
saline. One sagittal half of each brain was harvested immediately
following perfusion. Tissues were fixed in 4% paraformaldehyde for
24–48 h at 4�C and cryoprotected in 30% sucrose. 16 mm sections
were blocked in normal goat serum then incubated with primary
rat anti-mouse CD68 (Bio-Rad), as previously described.14 The sec-
tions were then incubated in the appropriate horseradish-peroxi-
dase-conjugated secondary antibody and developed with a commer-
cially available 3,3'-diaminobenzidine tetrahydrochloride (DAB) kit
(Vector Laboratories).

Histology

Sciatic nerves were isolated and immediately fixed in 4% paraformal-
dehyde/2% glutaraldehyde. Incubation of nerves in osmium tetroxide
was quickly followed by serial dehydration in ethanol and embedding
in Araldite 502 (Polysciences). 1-mm-thick cross sections were pre-
pared using an ultramicrotome. These sections were then stained
with 1% toluidine blue and mounted on slides. Three random digital
images of sciatic nerve cross sections for each animal were obtained at
100� magnification. Myelinated axons were then counted within
Molecular Therapy Vol. 29 No 2 February 2021 699
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each field (102 mm2 area) by an observer blinded to genotype and
treatment, and the data for each of the three fields were tabulated
for statistical comparison. Image acquisition was completed with a
Hitachi CCDKP-MIAN digitizing camera mounted on a Leitz Labor-
lux S microscope. The Leco IA32 Image Analysis System was used for
histomorphometric analysis.
Cytokine Measurement

Brains were perfused with phosphate-buffered saline, followed by im-
mediate flash freezing and homogenization in a solution containing
protease inhibitor cocktail. Cytokine levels were quantified using
the Bio-plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad) with the
help of Dr. Camaron Hole and the Doering Lab at Washington Uni-
versity in St. Louis.
Statistical Analysis

Statistical significance was calculated using a one-way ANOVA with
post hoc Bonferroni correction for multiple comparisons, unless
otherwise specified. The p values are denoted as follows: *p < 0.05;
**p < 0.01; ***p < 0.001; ns denotes not significant, p R 0.05.
Sequence Production and Analysis

Genomic DNA was isolated, captured using 82 probes ordered from
IDT to target the AAV vector, and sequenced on an Illumina NovaSeq
6000. Reads were aligned using BWA mem version 0.7.15,34,35,36,55

and duplicates were marked with Picard version 2.18.1. Non-dupli-
cated reads with one endmapping to the AAV construct and the other
to the genome were retained. Regions of 1,000 bp with at least 25
reads were extracted in each sample. Such sites found in greater
than 50% of samples were removed as artifacts, and then only tu-
mor-specific (absent in the matched normal) sites with at least 50
unique reads of evidence were retained. Each site was manually re-
viewed to remove additional alignment artifacts or those with recur-
rent peaks in every sample. TheGalc locus was also excluded from the
integration site list due to its presence in the vector sequence.
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