
Original Article
A Highly Efficacious PS Gene Editing
System Corrects Metabolic and Neurological
Complications of Mucopolysaccharidosis Type I
Li Ou,1 Michael J. Przybilla,1 Ozan Ahlat,2 Sarah Kim,3 Paula Overn,2 Jeanine Jarnes,3 M. Gerard O’Sullivan,2

and Chester B. Whitley1

1Gene Therapy Center, Department of Pediatrics, University of Minnesota, Minneapolis, MN 55455, USA; 2Comparative Pathology Shared Resource, University of

Minnesota Masonic Cancer Center, Saint Paul, MN 55108, USA; 3Department of Experimental and Clinical Pharmacology, College of Pharmacy, University of

Minnesota, Minneapolis, MN 55455, USA
Received 4 November 2019; accepted 31 March 2020;
https://doi.org/10.1016/j.ymthe.2020.03.018.

Correspondence: Li Ou, Gene Therapy Center, Department of Pediatrics, Uni-
versity of Minnesota, 5-174 MCB, 420 Washington Avenue SE, Minneapolis, MN
55455, USA.
E-mail: ouxxx045@umn.edu
Our previous study delivered zinc finger nucleases to treat mice
with mucopolysaccharidosis type I (MPS I), resulting in a phase
I/II clinical trial (ClinicalTrials.gov: NCT02702115). However,
in the clinical trial, the efficacy needs to be improved due to the
low transgene expression level. To this end, we designed a pro-
prietary system (PS) gene editing approach with CRISPR to
insert a promoterless a-L-iduronidase (IDUA) cDNA sequence
into the albumin locus of hepatocytes. In this study, adeno-
associated virus 8 (AAV8) vectors delivering the PS gene edit-
ing system were injected into neonatal and adult MPS I mice.
IDUA enzyme activity in the brain significantly increased,
while storage levels were normalized. Neurobehavioral tests
showed that treated mice had better memory and learning
ability. Also, histological analysis showed efficacy reflected by
the absence of foam cells in the liver and vacuolation in
neuronal cells. No vector-associated toxicity or increased
tumorigenesis risk was observed. Moreover, no off-target ef-
fects were detected through the unbiased genome-wide unbi-
ased identification of double-stranded breaks enabled by
sequencing (GUIDE-seq) analysis. In summary, these results
showed the safety and efficacy of the PS in treating MPS I
and paved the way for clinical studies. Additionally, as a ther-
apeutic platform, the PS has the potential to treat other lyso-
somal diseases.

INTRODUCTION
Mucopolysaccharidosis type I (MPS I) results from mutations in
the gene encoding the lysosomal enzyme a-L-iduronidase
(IDUA) and subsequent accumulation of glycosaminoglycan
(GAG) heparan sulfate and dermatan sulfate.1 Without treatment,
children with the most severe form uniformly die between 5 and 10
years of age. Both hematopoietic stem cell transplantation (HSCT)
and enzyme replacement therapy (ERT) are available treatments
for MPS I. However, these treatments have significant limitations.
The procedure of HSCT is associated with morbidity or mortal-
ity.2–4 ERT is of limited use due to the need for frequent and
life-long administration, high cost (>$200,000 annually), and negli-
gible neurological benefits.5
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Gene editing surmounts barriers to clinical relevance encountered by
other methods, as it enables long-term transgene expression andmin-
imizes insertional mutagenesis risk from random integration. Our
previous study delivered zinc finger nucleases (ZFNs) to insert a ther-
apeutic transgene into the albumin locus, which led to transgene
expression without significantly affecting normal albumin expression.
This strategy successfully treated neurological and systemic complica-
tions in mice with MPS I6 and II,7 resulting in two phase I/II clinical
trials (ClinicalTrials.gov: NCT02702115 and NCT03041324). Prog-
ress reports from these clinical trials showed no drug-related adverse
events; however, levels of transgene expression were low.8,9 As shown
in clinical trials for treating MPS VI10 and hemophilia B,11 relatively
low transgene expression is a major obstacle for gene therapy. The low
transgene expression issue may be alleviated by increasing the dose.
However, increasing the dose will bring about a higher risk of toxicity,
more challenging vector production, and increased manufacturing
costs. To this end, we designed a PS (proprietary system) gene editing
approach with clustered regularly interspaced short palindromic
repeats (CRISPR) technology. As opposed to three adeno-associated
virus (AAV) vectors used in the study with ZFN, the PS only requires
two vectors: one AAV vector encoding Cas9 and guide RNA (gRNA),
and the other vector encoding a promoterless donor sequence.
Assuming similar doses, AAV transduction, and nuclease targeting
efficiency, the efficiency of successful genome editing by the PS is ex-
pected to be higher. In 2018, the US Food and Drug Administration
(FDA) approved an investigational new drug (IND) application based
on in vivo delivery of the CRISPR system for treating Leber congenital
amaurosis type 10,12 which supports the use of CRISPR in patients.
More recently, a study used a GOTI (genome-wide off-target analysis
by two-cell embryo injection) method and identified very rare off-
target events of Cas9 (similar to spontaneous mutations).13 These
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Figure 1. Molecular Mechanism of the PS Gene

Editing Approach

First, Cas9 nuclease creates a double-strand break at the

target locus. Through homology-directed repair, the

splicing acceptor (SA) and human IDUA cDNA (IDUA), and

the poly(A) (PA) sequence, are integrated. Through non-

homologous end joining, the whole AAV sequence is in-

tegrated. Through the interaction between the splicing

donor (SD) and SA, the fusion transcript is the same,

which includes exon 1 of the albumin gene and the IDUA

sequence. Exon 1 primarily encodes a signal peptide,

which will be cleaved thereafter. The mature proteins are

only the therapeutic IDUA proteins. ITR, inverted terminal

repeat; HA, homology arm.
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facts support the safety and potential clinical application of CRISPR/
Cas9. In this study, we evaluated the safety and efficacy of the PS in
MPS I mice and human hepatocytes.

RESULTS
Study Design and Rationale

The design for the PS is similar to the ZFN system (Figure 1). Cas9
and gRNA mediate the insertion of a therapeutic transgene (promo-
terless cDNA) into the albumin intron 1 locus of hepatocytes. The
splicing acceptor, IDUA cDNA, and poly(A) sequence can be inserted
into the target locus through homology-directed repair (HDR).
Through an alternative pathway of non-homologous end joining
(NHEJ), the whole donor template, including inverted terminal re-
peats (ITRs), can be integrated at the double-strand break by end
joining. Nevertheless, through the interaction between the splicing
donor and splicing acceptor, the transcript will be the same: a hybrid
of albumin exon 1 and the IDUA sequence. Since this insertion uti-
lizes both HDR and NHEJ mechanisms, the PS can work in both
dividing and non-dividing cells. The therapeutic transgene is ex-
pressed under the control of the very highly expressed endogenous al-
bumin promoter. Systemic therapeutic benefits are achieved through
cross-correction. Cross-correction is a phenomenon whereby lyso-
somal enzyme expressed from one cell can be secreted and taken
up by another cell to degrade storage materials for metabolic
correction.

One potential challenge for the PS is to effectively treat neurological
complications of MPS I through cross-correction. Nevertheless, the
feasibility is supported by multiple preclinical studies with doses of
ERT that are relatively high compared to the usual doses of ERT
used to treat patients (Table 1). These studies showed that a high
level of enzyme in circulation could facilitate entry of enzyme into
the brain. This phenomenon was also observed in our previous
Molecular Therapy Vol. 28 No 6 June 2020 144
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ZFN studies in MPS I6 and II.7 In addition, hy-
drodynamic tail vein injection of a plasmid en-
coding the IDUA sequence into MPS I mice
was performed. To eliminate any transgene
expression in the CNS, the IDUA expression
was restricted in the liver by using a liver-spe-
cific human a1-antitrypsin promoter. Two days after the injection
the mice were perfused and euthanized, and depletion of brain capil
laries was performed. Interestingly, significant increases in IDUA ac
tivity and GAG reduction in the brain of injected mice were observe
(Table 2). These results indicated that IDUA proteins were expresse
in the liver, resulting in high blood IDUA levels and a small, but suf
ficient, amount of IDUA in the CNS. Of note, only 0.5% of wild-typ
activity is required to prevent neurological complications of MPS I.

Our previous study showed that one gRNA (50-GTATCTTTGATGA
CAATAATGGGGGAT-30) mediated cleavage at the target locu
with the highest efficiency (11% indels).24 Then, the plasmid encod
ing SaCas9 and gRNA and the plasmid encoding promoterles
IDUA cDNA donor were tested in MPS I mice through hydrody
namic injection. After 48 h, only the mice receiving both plasmid
had significantly higher IDUA enzyme activities in the liver (2.7
fold those of wild-type levels) (Figure S1). Mice receiving the plasmi
encoding promoterless cDNA donor had no increase in IDUA
activities. These results showed the feasibility of the PS in editin
hepatocytes and expressing IDUA enzyme.

Safety and Efficacy of the PS in Neonatal MPS I Mice

Neonatal MPS I mice received the test article (designated as PS822
intravenously (i.v.) at three different doses. Group assignment an
doses are listed in Table 3. Blood samples were collected monthl
for 10 months. Plasma enzyme activity increased significantly in a
treated mice (the high-dose group achieved 500-fold that of wild
type levels) and was maintained for 10 months (Figure 2A). Neonata
MPS I mice were also injected with the donor vector alone (high dose
3 � 1014 vector genomes [vg]/kg; middle dose, 3 � 1013 vg/kg; low
dose, 3� 1012 vg/kg). The enzyme activities in the donor-only group
were negligible compared to the corresponding Cas9+donor group
(Table S1). Therefore, the high transgene expression observed i
3
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Table 1. Previous Preclinical Studies Show That High Doses of ERT Can Treat Neurological Complications

Mouse Model Dose (mg/kg) Clinical Dose (mg/kg)
Brain Enzyme
Activity (% Normal)

Brain Storage
Teduced (% Affected) References

a-Mannosidosis 18.3 1 N/A 74 14

a-Mannosidosis 36.6 1 15 50 15

Metachromatic leukodystrophy 20 N/A N/A 30 16

Metachromatic leukodystrophy 50 N/A N/A 34 17

Aspartylglycosaminuria 10 N/A 10 20 18

Krabbe disease 6 N/A 7 18 19

MPS II 10 0.5 5 N/A 20

MPS IIIA 20 N/A 22 0 21

MPS VII 20 2 2.50 N/A 22

MPS I 20 0.58 97 63 23

N/A, not available.
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Cas9+donor groups should be largely attributed to the integration at
the target locus. In our previous ZFN studies, enzyme activity in the
donor-only group were also observed.6,7 Notably, the enzyme activity
observed in the donor-only groups do not necessarily come from the
episomal expression. An alternative interpretation would be integra-
tion of the cDNA donor into the target locus without nuclease.
Previous studies have shown the existence of this nuclease-free
integration mechanism.25

At 11 months post-dosing, tissues were collected from all mice. There
were significant enzyme activities (Figure 3A) in tissues, including the
brain of the high-dose and middle-dose mice in a dose-dependent
manner. Notably, perfusion and brain capillary deletion were per-
formed, largely obviating the possibility of contamination from
enzyme in capillary endothelial cells and blood. Also, there was a
significant positive correlation between plasma IDUA activity and
brain IDUA activity (Figure S2A, p < 0.0001, R2 = 0.53), as well a
significant negative correlation between plasma IDUA activity and
brain GAG level (Figure S2B, p < 0.0001, R2 = 0.48). These results
support our hypothesis that a constant high level of enzyme in the
blood facilitates the entry of a small amount of enzyme into the brain.
Furthermore, there was significantGAG storage reduction (Figure 3B)
in the brain of all treated mice in a dose-dependent manner. The
dose-dependent relationship indicates that the higher the transgene
expression, the more the therapeutic benefits achieved. Notably, the
GAG levels in the brains of mice from the middle-dose and
high-dose groups were normalized. Fear conditioning showed that
treated mice had better memory and learning ability (Figure 2C).
Furthermore, mice from all three treated groups had significantly
better survival rates (Figure 2B).

To further assess the efficacy, tissues were evaluated by light micro-
scopy for evidence of the characteristic lesions associated with MPS
I, that is, the presence of foam cells in the liver26 and of cytoplasmic
vacuolation in neurons of the brain, with emphasis on Purkinje cell
vacuolation.27,28 These lesions are a consequence of the engorgement
1444 Molecular Therapy Vol. 28 No 6 June 2020
of lysosomes with storage materials within the cytoplasm of macro-
phages and neurons, respectively. As shown in Table S2 and Figure 4
(upper panel), treatment with PS822 markedly reduced the incidence
of foam cells in the liver of all treated groups. However, the efficacy of
PS822 treatment with respect to Purkinje cell vacuolation was
observed only in the high-dose group (Figure 4, middle panel). Pur-
kinje cells, as the only output neurons of the cerebellar cortex, have
been found to drive motor learning.29 More interestingly, previous
studies have suggested the pivotal role of cerebellar Purkinje cells in
fear conditioning,30,31 which assesses memory and learning. As
mentioned earlier, the performance of untreated MPS I mice in fear
conditioning was poor compared with normal mice, but it dramati-
cally improved in treatedMPS I mice. Therefore, the excessive storage
accumulation in Purkinje cells may have led to the deficiency in
memory, learning, and motor function, manifested as poor perfor-
mances in behavior tests. To test whether the enzyme expressed
from the liver can enter the CNS, immunolabeling for IDUA was per-
formed with anti-IDUA polyclonal antibody. As shown in Figure 4
(lower panel), there appears to be a subtle but slightly increased inten-
sity of signal in the choroid plexus of treated MPS I mice, which is
suggestive of the presence of enzyme in the brain. More interestingly,
occasional individual choroid plexus epithelial cells, the primary cere-
brospinal fluid (CSF)-producing cells of the choroid plexus, were
strongly immunopositive in all three examined animals, a finding
that could be consistent with expression of IDUA proteins.

PS822 was well tolerated in mice, with no test article-related unsched-
uled deaths, and no clinical signs of toxicity. Moreover, the histopath-
ological analysis identified benign liver tumor in only one mouse
from the middle-dose group (Table 4). Previous studies showed
that normal mice at this age developed tumors at the rate of 6%–
13%.32,33 Therefore, there appears to be no significantly increased tu-
mor risk in treated mice.

Quantitative polymerase chain reaction (qPCR) was performed to
assess the biodistribution of AAV vectors (Table 5). AAV copy



Table 2. IDUA Enzyme Activities and GAG Levels in the Brain of MPS I Mice

after Hydrodynamic Injection of Plasmid Encoding IDUA cDNA under the

Control of a Liver-Specific Promoter

IDUA Enzyme Activity
(nmol/h/mg protein)

GAG Levels (mg of
GAG/mg of Protein)

Treated MPS I (n = 3) 0.33 ± 0.13 16.4 ± 0.9

Control MPS I (n = 4) 0 23.1 ± 2

The plasmids encoding IDUA cDNA under the control of a liver-specific hAAT pro-
moter were intravenously injected into MPS I mice. Two days later, treated and control
mice were perfused and tissues were collected. Enzyme activities and GAG levels in the
brain were measured. Data are shown as mean ± standard errors.

Table 3. Group Assignment for the Pharmacology and Toxicology Studies

in Mice

Group
Dose (AAV-IDUA and
AAV-Cas9 in vg/kg) Group Size

MPS I, high dose 3 � 1014 and 5 � 1013 11

MPS I, middle dose 3 � 1013 and 5 � 1012 9

MPS I, low dose 3 � 1012 and 5 � 1011 13

MPS I, untreated N/A 9

Normal heterozygotes, untreated N/A 11

N/A, not available.
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number was non-detectable in untreated MPS I and normal mice. In
the low-dose group, AAV vector was detected only in the liver and
heart, but not the brain and spleen. In the middle-dose group, AAV
vector was detected in the liver, heart, and brain, but not in the spleen.
In the high-dose group, AAV vector was detected in all tissues at a
higher level than in the low-dose and middle-dose groups. More
interestingly, AAV vector copy number in the liver of mice treated
with a high dose but euthanized at 1 month post-dosing were higher
than that in other mice from the high-dose group but euthanized at
11 months post-dosing. These results indicated the possibility of
vector dilution as mice matured. Next-generation analysis showed
that indel percentage at the target locus in the liver of mice from
the high-dose group is approximately 8.04% ± 0.23% (Figure 5A).
SaCas9 mRNA levels in tissues were also measured through qRT-
PCR. The SaCas9 mRNA level in the liver of the high-dose group
was reduced by 20-fold from 1month to 11 months post-dosing (Fig-
ure 5B). This indicates the gradual loss of expression due to AAV vec-
tor dilution and/or promoter silencing. SaCas9 mRNA was not de-
tected in the liver of the low-dose group. In addition, it was also
non-detectable in other tissues (brain, spleen). This observation is
expected because SaCas9 expression is limited to the liver through
the liver-specific thyroxine-binding globulin (TBG) promoter and
the liver tropism of the AAV8 vector. This further supports that
IDUA enzyme entered the brain, instead of being expressed from
edited brain cells. In addition, nested PCR was performed to confirm
the integration of cDNA donor at the target locus (Figure S3). Liver
samples from all three dose groups had the band at the expected
size of 1,133 bp. Liver samples from untreated MPS I and normal
mice, as well as brain samples from the high-dose group, had no
bands indicating insertion.

Transgene Expression in Adult MPS I Mice

Previous studies have shown that the immune system of neonatal
mice is naive, which makes it easier to treat neonatal MPS I mice.34

It also has been shown that Cas935 and IDUA proteins23 can elicit im-
mune responses, which may affect the therapeutic efficacy. Therefore,
it was crucial to assess PS822 in immunocompetent adult MPS I mice.
Adult MPS I mice (n = 8, 4–6 weeks old) were i.v. injected with the
middle dose of PS822 (total, 3.5 � 1013 vg/kg body weight). Plasma
IDUA enzyme activity reached 4,950 ± 75 nmol/h/mL at 7 days
post-dosing. This indicates that the transgene can be expressed in a
very short time, highlighting the potential of PS822 in treating
MPS I in a timely manner. Moreover, the plasma enzyme activities
were even higher than what was observed in neonatal mice treated
with the high dose (peaking at 3,990 ± 54 nmol/h/mL). This observa-
tion supports the high efficacy of PS822 in adult animals.

In addition, to assess the humoral immune response against IDUA
proteins, ELISA with plasma samples from treated adult and neonatal
mice was performed. As shown in Figure 5C, antibodies against
IDUA proteins were only detected in treated neonatal mice from
the low-dose and middle-dose groups at 270 days post-dosing.
Notably, the level of antibodies was relatively low (absorbance,
0.11–0.17) compared with the level observed in our previous ERT
studies in MPS I mice (0.7–3).23,36 Also, antibodies against IDUA
proteins did not significantly affect the transgene expression even
in adult mice. It also supports that while pulsatile ERT may trigger
drug-neutralizing antibodies, it might be obviated by continuous de-
livery of enzyme by the PS gene editing approach.

In addition, ELISA showed that plasma albumin level in MPS I mice
neonatally treated with the high dose decreased at 1 month post-
dosing, but returned to the normal level at 10 months post-dosing
(Figure 5D). No statistically significant reductions were observed in
the low-dose group at 1 and 10 months post-dosing, or in MPS I
mice treated as adults at 1 month post-dosing. In future studies in
large animals and human patients, serum albumin level will be an
important outcome and monitored closely.

Assessment of Human Albumin-Targeting Constructs

Since the target locus is not conserved between humans and mice,
the test article PS822 that targets the human albumin intron 1 locus
was designed. A total of 12 gRNAs were designed and transfected
into human hepatocytes together with SaCas9. Sequencing results
showed that none of these gRNAs mediated cleavage at the target
locus. The protospacer adjacent motif (PAM) sequence of SaCas9 is
50-NNGRRT-30, while the PAM sequence of Streptococcus pyogenes
Cas9 (SpCas9) is 50-NGG-3. Statistically speaking, there will be
more PAM sequence options in the target locus. Moreover, previous
studies showed the feasibility of fitting SpCas9 into AAV vectors.37,38

Therefore, three gRNAs were designed and transfected together
with SpCas9. Sequencing at the target locus showed that SpCas9
Molecular Therapy Vol. 28 No 6 June 2020 1445
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Figure 2. The Efficacy of PS822 in Neonatal MPS I Mice

(A) Blood samples were collected from treated neonatal mice and controls monthly. Plasma IDUA enzyme activity increased significantly throughout 10 months. (B) Kaplan-

Meier analysis showed the improved survival rate of treated neonatal mice. Three mice from the high-dose group were euthanized at 1 month post-dosing for early

assessment and thus were not included in the Kaplan-Meier survival analysis. p < 0.05 when comparing each treatment group to untreatedMPS Imice (log rank [Mantel-Cox]

test for survival analysis. (C) Fear conditioning showed treated neonatal mice had better memory and learning ability. Mean ± SEM. *p < 0.05 when comparing treated to

untreated MPS I mice; **p < 0.01. One-way ANOVA for multiple comparisons).
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can be recruited to albumin intron 1 by gRNA3 (50-TGTATTTGT-
GAAGTCTTACA-30) and then cutting the DNA (Figure 6A).
Then, gRNA3 was cloned into the donor plasmid encoding homology
arms and IDUA cDNA. The donor plasmid and the plasmid encoding
the TBG promoter and SpCas9 were cotransfected into HepG2 cells.
After extracting genomic DNA from pooled cells, nested PCR was
performed with two sets of primers (Figure 6B). The successful inser-
tion into the target locus was confirmed by sequencing the amplicons.
Additionally, the cell pellets and supernatants of cells cotransfected
with Cas9 and donor plasmids had significantly higher enzyme
activities (Figure 6C). These results showed that the test article
PS822 efficiently inserted the therapeutic cDNA into the target locus.

One safety concern of any CRISPR-mediated gene editing is the pos-
sibility of off-target effects. Traditional off-target analysis involves
two steps: (1) predicting potential off-target sites through in silico
tools, and (2) sequencing the predicted sites. The in silico tools predict
possible off-target sites across the genome based on the sequences of
the genome and gRNA. Since genome-wide search criteria of these al-
gorithms are not exhaustive, this method is intrinsically biased. In
contrast, genome-wide unbiased identification of double-stranded
breaks enabled by sequencing (GUIDE-seq) relies on the integration
of a double-stranded oligodeoxynucleotide tag into a double-strand
break created by Cas9, and then search the whole genome for these
tags (Figure 6D). In this way, off-target sites can be identified in an
unbiased manner.39 When tested in human hepatocytes (Huh7 cells),
no off-target cleavage of PS822 was detected through GUIDE-seq
(Figure 6E). These results laid a solid foundation for advancing
the PS from preclinical mouse studies to the clinical studies.

DISCUSSION
The Presence of Enzyme in the Brain

In this study, synthesized lysosomal enzymes were secreted and
reached multiple tissues, including the brain, through cross-correc-
tion. The feasibility is supported by the ZFN study and many high-
dose ERT studies from different groups (Table 1). These studies
together showed that when there is a high and constant level of
1446 Molecular Therapy Vol. 28 No 6 June 2020
lysosomal enzyme in the blood, a small but sufficient amount can
enter the brain. Possible mechanisms may include the following: (1)
impaired integrity of the blood-brain barrier (BBB) due to disease;
(2) fluid-phase pinocytosis; (3) extracellular pathway; and (4) residual
mannose 6-phosphate receptor (M6PR) or other uncharacterized
receptors. The correlation between plasma IDUA activity and brain
IDUA activity (Figure S2) also strongly supports that the presence
of enzyme in the brain is a result of a high and constant level of
enzyme in the blood. Admittedly, this observation may be attributed
to differences in BBB penetrability between mice and humans.
Whether this strategy will work in human patients remains to be
tested.

As shown in Figure 4, there was strong immunohistochemistry
(IHC) immunoreactivity of occasional choroid plexus cells (not epen-
dymal cells). This could be consistent with high levels of IDUA pro-
tein and a high degree of IDUA expression, but it does not prove the
latter. If these cells indeed express IDUA proteins, there are several
explanations. The first possibility is episomal expression of AAV vec-
tors from transduced cells since AAV vector copy number was de-
tected in the brain (Table 5). IDUA enzyme activity was detected in
the donor-only groups (Table S1), albeit being very low. Episomal
transgene expression could be driven by the cryptic promoter activity
of ITRs.40,41 A previous study also indicated that choroid plexus
epithelial cells might be susceptible to AAV8 vectors.42 The second
possibility is transgene expression after integration into the target lo-
cus. In this scenario, Cas9 expression would be driven by ITRs, with
insertion of the donor sequence into the albumin locus. However,
this is unlikely because the transgene expression from transduced
brain cells would still be under the control of the endogenous albumin
promoter. Moreover, the Cas9 mRNA level in the brain is non-detect-
able, which makes the possibility of gene editing in the brain even
lower. Notably, in the ZFN study, deep-sequencing analysis of the
brain samples showed no gene editing events outside of the liver.6,7

The ZFN clinical trials showed no brain toxicity in all 12 patients.8,9

The third possibility is transgene expression after integration into an
off-target locus. In this scenario, Cas9 expression would be driven by



Figure 3. Enzyme Activities and GAG Levels in Neonatal MPS I Mice after Treatment with PS822

(A and B) Enzyme activities (A) increased significantly and GAG storage levels (B) decreased significantly in tissues, including the brain of treated neonatal mice at 11 months

post-dosing. Mean ± SEM. *p < 0.05 when comparing treated to untreated MPS I mice; **p < 0.01; ***p < 0.0001. One-way ANOVA for multiple comparisons).
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ITRs, with insertion of the donor sequence into an off-target site that
is under the control of an endogenous promoter. This possibility is
even more remote because it requires the occurrence of several un-
likely events: AAV8 transduction in the brain, ITR-driven expression
of Cas9, and off-target integration at a locus that happens to have an
adjacent promoter. Further research is needed to elucidate the exact
mechanism before advancing this approach to the clinical trial.

The Advantages of the PS over Other Therapies

The major advantage of the PS over the ZFN approach is its magni-
tude higher efficacy to achieve sufficient therapeutic benefits in hu-
man patients. Unlike what was observed in the mouse experiments,
the ZFN system failed to provide sufficient therapeutic benefits due
to its relatively low transgene expression in the MPS I and II clinical
trials. As expected, it will be more challenging to achieve transgene
expression above the therapeutic threshold in human patients. The
PS is expected to overcome this issue by providing significantly higher
enzyme levels. A comparison in plasma enzyme levels between this
study and the ZFN study was performed. In neonatal mice, the middle
dose of PS822 achieved 25-fold of the peak levels in the ZFN study at
<50% of the ZFN dose (3.5 � 1013 versus 7.5 � 1013 vg/kg). In adult
mice, the middle dose of the PS achieved 125-fold of the peak levels in
the ZFN study at <50% of the ZFN dose. Notably, in the ZFN study,
the mice were injected weekly with an immunosuppressant (cyclo-
phosphamide), whereas no immunosuppressants were used in this
study. IHC for IDUA expression was also conducted with the liver
of mice treated with the high dose (Figure S4). There were many cells
with much stronger signal than other cells. These IDUA-expressing
cells constituted 24.1% of the cells observed, largely reflecting the
integration rate at the target locus. In the ZFN study, based on the ra-
tio between the albumin-transgene fusion transcript and the wild-
type albumin transcript, the integration rate at the target locus was
estimated to be less than 0.5%.43 Therefore, the higher efficiency of
the PS than the ZFN system could be attributed to the higher possi-
bility of hepatocytes being successfully edited (cDNA donor inser-
tions at the target locus). Additionally, the PS will enable the usage
of lower doses of AAV vector to treat lysosomal diseases, which
minimizes toxicity, eases vector production, and reduces cost.

Compared with weekly ERT, the PS gene editing approach can also
provide a significantly higher enzyme with a single administration.
For a 75-kg patient withMPS I, the weekly ERT dose is approximately
43.5 mg, and the ERT half-life is 1.5–3.6 h. Both the ZFN system
and the PS insert a therapeutic transgene in the albumin intron 1 lo-
cus, and then therapeutic proteins are expressed under the control of
the endogenous albumin promoter. The albumin promoter is very
highly expressed. Normal albumin levels in the blood are 40–
50 mg/mL and synthesized from the liver at a rate of 105 g/week.
Only 0.05% of albumin production needs to be co-opted to provide
the same amount of IDUA enzyme provided by ERT. The ZFN
study showed that at least 0.5% of hepatocytes had been edited for
enzyme production.6 In this study using the PS, a magnitude higher
transgene expression than that in the ZFN study was observed. There-
fore, the PS is expected to provide a significantly higher enzyme than
Molecular Therapy Vol. 28 No 6 June 2020 1447
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Figure 4. Histology and IHC Analysis of Neonatal MPS I Mice after

Treatment with PS822

(A–C) Columns show tissues from normal mice (A), untreated MPS I mice (B), and

treatedMPS Imice (C). The upper panel shows H&E staining of liver. UntreatedMPS

I mice have several foam cells (the hallmark of MPS I) present but these are absent in

the treated MPS I and normal mice. The middle panel shows H&E staining of cer-

ebellum. The Purkinje neurons in untreated MPS I mice have cytoplasmic cellular

vacuolation (arrows), which is absent in high-dose MPS I treated and normal mice.

The lower panel shows IHC for IDUA. There is a subtle but slightly increased intensity

of signal in the choroid plexus of treated MPS I mice, which is suggestive of the

presence of enzyme in the brain. Also, occasional individual choroid plexus epithelial

cells (arrows) are strongly immunopositive for IDUA.

Table 4. Tumor Rate in Each Group of Mice

Group Liver Tumor

MPS I, high dose 0/11

MPS I, middle dose 1/11

MPS I, low dose 0/13
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ERT with a single i.v. administration. Furthermore, pulsatile ERT
may trigger drug-neutralizing antibodies,44 which could be obviated
by continuous delivery of enzyme by PS gene editing. Such contin-
uous enzyme delivery has been used to create immune tolerance
from ERT and eliminate neutralizing antibodies against lysosomal
enzymes. Thus, the PS is expected to achieve better safety and
efficacy than ERT. Moreover, this study showed that the PS achieved
significant neurological benefits in animal models of lysosomal
diseases, which is another critical advantage over ERT.

The major advantage of the PS over traditional AAV gene therapy is
its ability to provide potentially life-long therapeutic benefits, over-
coming the issue of vector dilution, and will provide ongoing efficacy
after the first few years following treatment. Most patients suffering
from lysosomal diseases are children, and normal growth requires
continuous cell divisions. AAV gene therapy faces this major problem
of vector dilution, a significant issue that could become a major prob-
lem as children grow and mature. As shown in clinical trials of AAV
gene therapy for hemophilia B, the transgene expression in humans
declines over time. This could be due to the non-integrating nature
1448 Molecular Therapy Vol. 28 No 6 June 2020
of the AAV vector. It was shown that transgene expression from
episomal AAV vectors was rapidly lost after one round of cell divi-
sion,45 leading to a gradual decline of therapeutic effects. Unfortu-
nately, secondary administration of AAV vectors often fails to rescue
expression, due to the immune response to primary vector delivery.46

In addition, targeting the liver has additional advantages, including
(1) substantial clinical experience with liver-targeting gene therapy,
and (2) hepatic transgene expression known to induce immune
tolerance.47,48

Safety of the PS

During the relatively long-term monitoring (11 months), no vector-
associated adverse events or signs of severe immune responses were
observed. Only one benign hepatic tumor was found in the middle-
dose group, which was not statistically increased compared with
controls or age-matched wild-type mice in previous studies.32,33

Moreover, if the tumor was a result of off-target effects, one would
expect more cases of tumor in the high-dose group. Notably, even
if the tumor was treatment-related, it could be due to AAV vectors
instead of the CRISPR system. Previous studies have shown that
AAV gene therapy could cause AAV vector integration and thus he-
patocellular carcinoma.33,49,50 In this study, the mouse with the tumor
was found dead in the cage during a weekend, and it was not certain
how long it had been dead. In light of this, according to our standard
protocol, the whole carcass was fixed in formalin for pathological
analysis. Since it was the only benign liver tumor we observed, no
sequencing analysis with the tumor tissue could be performed.
GUIDE-seq was performed with human albumin-targeting con-
structs in human hepatocytes, and no off-target sites were identified,
indicating at least the safety of the human constructs. More in-depth
safety experiments focusing on the genotoxicity of the PS in large
animal models (e.g., non-human primates) are warranted before
advancing this technology to the clinical trial stage.

Another safety concern is the influence of the PS on normal albu-
min expression. Continuous cutting at the target locus could cause
large deletions. A previous study used AAV delivery of the CRISPR
to repair the endogenous mutation in mice with ornithine trans-
carbamylase (OTC) deficiency.51 Large deletions at the target locus
caused a complete loss of residual OTC expression and thus death.
In our study, the target locus is albumin intron 1, which does not
have significant biological functions. Even if the deletion extends to
the exon region of albumin, we would not expect losing expression
of a subset of albumin expression to be lethal. We have measured
albumin levels in plasma through ELISA at 1 and 11 months post-
dosing. Albumin levels decreased only in the high-dose group at



Table 5. AAV Copy Number in Tissues

Group Assignment

AAV Copy Number in Tissues (100 vg/ng DNA)

Brain Liver Heart Spleen

MPS I, untreated (n = 4) ND ND ND ND

Normal (n = 4) ND ND ND ND

MPS I, low dose (n = 6) ND 0.09 ± 0.01 0.29 ± 0.11 ND

MPS I, middle dose (n = 5) 0.07 ± 0.03 2.0 ± 0.78 1.0 ± 0.21 ND

MPS I, high dose (n = 5) 1.0 ± 0.27 51.2 ± 20.7 151.2 ± 53.1 0.07 ± 0.06

MPS I, high dose, 1 month after dosing (n = 3) N/A 135.1 ± 64.6 N/A N/A

Data are shown as mean ± SEM. ND, non-detectable; N/A, not available.
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1 month post-dosing, but they returned to normal at 10 months
post-dosing. The return of albumin levels could be explained by
transcriptional upregulation of albumin production. These results
indicated that the influence on the normal albumin production
was alleviated. No reduced albumin levels were observed in the
low-dose group. In addition, all mice were monitored on a regular
basis, and no signs similar to symptoms of hypoalbuminemia in
humans were observed. The high dose was originally designed as
the maximal tolerance dose, and it would not be used in the poten-
tial clinical trial. Moreover, to reduce the risk of continuous cutting
at the target locus, when designing the construct for editing the hu-
man albumin locus, we introduced mutations in the region of the
homology arms where are homologous to the target locus and the
PAM site. Therefore, after one round of gene editing, the target lo-
cus has changed and would not be recognized by Cas9 anymore.
Mutating the regions of homology arms has been shown to suc-
cessfully avoid continuous cutting.52 Nevertheless, serum albumin
levels will be an important outcome (“toxicity”) in future studies
in large animals and, potentially, human patients, and proper miti-
gation methods (e.g., albumin infusion, dietary management) will
be designed and used if necessary.

Contributions of HDR and NHEJ

The indel frequency in this study (8%) was much lower than that
observed in the ZFN study (>40%). This could be explained by
the fact that indel frequency is only a partial measure of gene editing
rates. No indels are generated through HDR. Through an alternative
pathway of NHEJ, the donor template can be integrated at the dou-
ble-strand break in an indel-free manner by end joining.53 Previous
studies have shown the integration of the AAV donor template at
the target locus through this mechanism.43,52 Notably, the AAV
integration at double-strand breaks could be a full or partial vec-
tor.54,55 Moreover, another study leveraged this mechanism and
created a homology-independent targeted integration (HITI)
method for in vivo gene editing.56 In this study, HITI could cause
indels or be indel-free, but the indel-free mechanism was the pre-
dominant pathway. Therefore, while the indel frequency is lower
in this study, the frequencies of the other two pathways might be
high, both of which could lead to transgene expression (as shown
in Figure 1).
Due to the large size of the insertion cassette (a total of 2.2–3.5 kb:
homology arms, cDNA, poly(A), and potentially ITRs), it is diffi-
cult to measure the insertion frequency through next-generation
sequencing (NGS). Two previous studies used ligation-mediated
PCR coupled with unique molecular indices to determine the
gene targeting efficiency.57,58 However, this method could not
provide information about the relative frequency of HDR- and
NHEJ-mediated insertion because all reads with the cDNA
sequence at the target locus were defined as HDR events. Those
authors also acknowledged that the real insertion frequency could
be underestimated because some insertions might be too large to
be captured by short PCR-amplicon NGS. Several studies have
also shown that NHEJ-mediated insertions were more common
than HDR-mediated insertions.52,59 In the first study, a compari-
son was performed between the donor template with or without
homologous arms.52 There was no significant difference in the
transgene expression level, indicating that NHEJ-mediated inser-
tion would be the predominant mechanism. The second study
found that the donor vector without homology arms produced
4- to 6-fold more edited cells than did the vector with homology
arms.59

MATERIALS AND METHODS
Animals and Injections

MPS I knockout mice (Idua�/�), a kind gift from Dr. Elizabeth Neu-
feld (University of California, Los Angeles [UCLA]), were generated
by insertion of neomycin resistance gene into exon 6 of the 14-exon
IDUA gene on the C57BL/6 background.60 MPS I mice (Idua�/�) and
heterozygotes (Idua�/+) were genotyped by PCR. Neonatal MPS I
mice were injected with AAV vectors (<30 mL) through the temporal
facial vein on day 1 or 2. Adult MPS I mice were injected with AAV
vectors (<100 mL) through the tail vein at the age of 4–6 weeks. Hy-
drodynamic injections of plasmids were performed in adult MPS I
mice as previously described.24 All mouse care and handling proced-
ures were in compliance with the rules of the Institutional Animal
Care and Use Committee (IACUC) of the University of Minnesota.

Construct Design and Confirmation

The gRNAs targeting the mouse albumin locus were designed and
confirmed in embryonic fibroblast cells as previously described.24
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Figure 5. Cutting Efficiency and Expression of Cas9, as well as Humoral Immune Response against IDUA Proteins

(A) Indel percentage in the liver of treated neonatal mice (high dose) was analyzed through next-generation sequencing. Untreated MPS I mice were included as controls. (B)

SaCas9mRNA level in the liver was quantified through qRT-PCR. The liver from treated neonatal MPS Imice (high, middle, or low dose) at 11months post-dosing is depicted;

RNAwas also extracted from three mice from the high-dose group at 1 month post-dosing. (C) ELISA was performed with plasma samples from treated neonatal MPS I mice

(high, middle, or low dose) at 30, 90, and 270 days post-dosing. In addition, ELISA was also performed with plasma samples from treated adult MPS I mice at 7 and 30 days

post-dosing. The dashed line indicates the antibody level in untreated control mice (n = 6). (D) Plasma albumin levels were measured by ELISA with samples from untreated

MPS I mice, neonatal MPS I mice treated with a high dose and low dose at 1 and 10 months post-dosing, as well as adult MPS I mice treated with a middle dose at 1 month

post-dosing. Mean ± SEM. *p < 0.05 when comparing treated to untreated MPS I mice; **p < 0.01. One-way ANOVA for multiple comparisons).
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Briefly, in the Cas9 vector, SaCas9 was under the control of the
human TBG promoter, and gRNA was under the control of the U6
promoter. In the donor vector, a splicing acceptor sequence
(28 bp), the codon-optimized human IDUA cDNA (1,905 bp), and
a poly(A) sequence (256 bp) were flanked by two homology arms
(319 bp each). The homology arms were located exactly at the
cleavage site (200 bp downstream of the last base pair of exon 1).
The primers used to amplify the mouse albumin locus for sequencing
were as follows and are described in Figure S3: forward prime,
50-GGAACCAATGAAATGCGAGG-30; reverse primer 1, 50-GAGT
AGTTTGCCTGTTTGCC-30; reverse primer 2, 50-CTACAACTTCA
CCCACCTGGA-30.

To target the human albumin locus, gRNAs were designed and
transfected into human hepatocytes (HepG2 or Huh7 cell line)
together with the plasmid encoding SaCas9 or SpCas9. After 24–
48 h, genomic DNA was extracted from pooled cells, and PCR
was performed with the following primers: forward primer, 50-GG
TCAGAATTGTTTAGTGACTGT-30; reverse primer, 50-CCGATG
AGCAACCTCACTCT-30. The cleavage activities at the target
locus were measured by sequencing the PCR amplicons. The
gRNA that mediates efficient cleavage at the human albumin locus
was packaged into the donor plasmid that encodes IDUA cDNA.
Then, the donor plasmid was cotransfected with the plasmid en-
coding SpCas9 into HepG2 cells. After 48 h, genome DNA was ex-
tracted from collected cells. Nested PCR was performed with two
sets of primers as follows: Nested-1 forward, 50-TATACACAAGG
GATTTAGTCAAAC-30 and Nested-1 reverse, 50-TGGGTAAGCC
ACCAAAGGAAAC-30; Nested-2 forward, 50-GGCAGCCAATGA
AATACAAAGAT-30 and Nested-2 reverse, 50-ACCAGGTCCTTC
CACTCGAACA-30. The amplicons were confirmed by sequencing.
Cell pellets and supernatants were also collected from IDUA
enzyme assays.
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GUIDE-Seq

An unbiased genome-wide off-target analysis, GUIDE-seq, was per-
formed with the candidate gRNA targeting human albumin locus
as previously described.39 Briefly, ribonucleoproteins were cotrans-
fected with double-stranded oligodeoxynucleotides into Huh7 cells.
After 48 h, genomic DNA was extracted from collected cells, and
5 mg of genomic DNA was used for library preparation and
sequencing.

AAV Vector Production

AAV-IDUA-gRNA and AAV-SaCas9 were packaged into AAV8
vectors at the Children’s Hospital of Philadelphia Research Vector
Core. The titer was verified by SDS-PAGE and silver staining. The
core follows good laboratory practice (GLP) guidelines.

Depletion of Brain Capillaries

To rule out the possibility that enzyme activities in the brain come
from capillary cells and blood, all mice were transcardially perfused
with 35 mL of phosphate-buffered saline, and depletion of brain
capillaries was performed as previously described.61

IDUA Enzyme Assay and GAG Assay

IDUA activity was determined by a fluorometric assay using 4-meth-
ylumbelliferyl a-L-iduronide (Glycosynth, #44076) as the substrate as
previously described.62 Tissue GAG assays were conducted as
described previously.63

Behavior Tests

Fear conditioning was performed according to an established proto-
col.64 Briefly, on the first day, the mice were put in an enclosed
container and given stimuli, followed by electric shock. On the second
day, the mice were only given the stimuli without electric shock, and
the percentage of time the mice froze during the test was recorded.



Figure 6. The Cutting Efficiency and Specificity of PS822 in Human Hepatocytes

(A) Plasmids encoding SpCas9 and three candidate gRNAs were transfected into human hepatocytes (Huh7 cell line), and the cleavage activity was measured through

sequencing the target locus. Only gRNA3 showed significant cleavage, and it was selected as the candidate for further analyses. (B) The plasmid encoding SpCas9 and the

donor plasmid encoding IDUA cDNA and gRNA3 were cotransfected into human hepatocytes (HepG2) cells. After 48 h, genomic DNA was extracted from collected cells,

and nested PCR was performed. Cells without transfection and cells transfected with the donor plasmid only were used as controls. The gel image of the second round PCR

is shown. Only cells transfectedwith both Cas9 and donor plasmids had the band at the expected size of 1,031 bp. (C) Cell pellets and supernatants were processed for IDUA

enzyme assays. IDUA enzyme activities in cells transfected with Cas9 and donor plasmids had significantly higher IDUA enzyme activities in cell pellets and supernatants

compared with untransfected cells and cells transfected with the donor plasmid only. (D) SpCas9 and gRNA3 ribonucleoprotein were cotransfected with double-strand

oligonucleotide tag (dsTag) into Huh7 cells. Genomic DNA was extracted and used for library preparation. Deep sequencing was performed to search for the dsTag. (E) Only

on-target cleavage was identified through GUIDE-seq.
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The percentage of time the mice froze indicated how robust the
memory was. Each mouse underwent each test three times. Behavior
tests were performed at the Mouse Behavior Core, University of
Minnesota. The group assignment was blinded to the personnel per-
forming behavior tests.

Histopathology and IHC

After fixation in 10% neutral buffered formalin, tissues from all mice
were processed into paraffin using standard histology techniques,
sectioned at a thickness of 4 mm, stained with hematoxylin and
eosin (H&E), and evaluated by an American College of Veterinary
Pathologists (ACVP)-board certified pathologist (M.G.O.) using light
microscopy. For IDUA IHC preparations, 4-mm formalin-fixed,
paraffin-embedded sections of tissue were deparaffinized, rehydrated,
and subjected to heat-induced antigen retrieval (using 10 mM citrate
buffer [pH 6.0]) in a steamer prior to performing the IHC procedure
on a Dako Autostainer. IHC for IDUA was performed using a mouse
anti-IDUA monoclonal antibody (R&D Systems, #AF4119) as pri-
mary antibody. Detection was achieved using a rabbit EnVision+
kit (Dako, #K4011), with diaminobenzidine (DAB) as the chromogen.
All work was done at the University of Minnesota Masonic Cancer
Center Comparative Pathology Laboratory.

ELISA

To detect antibodies against IDUA proteins, ELISA was conducted as
described previously.23 In a 96-well microplate, 50 mL of diluted
IDUA (4 mg/mL, R&D Systems, #4119GH) was incubated at 4�C
overnight. After washing and blocking with Tris-buffered saline con-
taining 1% bovine serum albumin at room temperature for 2 h,
100 mL of serum (1:50 dilutions) was incubated at room temperature
for 1 h. After washing, the wells were incubated with 100 mL of anti-
mouse immunoglobulin G (IgG) alkaline phosphatase conjugate (Ab-
cam, #97027) at room temperature for 1 h. After washing, the wells
were incubated with 200 mL of 1 mg/mL p-nitrophenyl phosphate
chromogenic substrate (Sigma, #P7998) at room temperature for 1
h. Then, 50 mL of EDTA (0.1 M [pH 8.0]) was added to stop the
reaction. Absorbance at 450 nm was quantified by using a BioTek
plate reader.

To detect serum albumin levels, ELISA was performed with a mouse
albumin ELISA kit (Abcam, #ab108791).

qPCR, qRT-PCR, and NGS

Total DNA from brain, heart, liver, and spleen of treated and control
mice was extracted with the QIAamp DNA mini kit. qPCR was
performed with PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific, #A25741) in MicroAmp 96-well plates (Applied Bio-
systems, #N8010560). Primers targeting the AAV ITR were as fol-
lows: forward primer, 50-GGAACCCCTAGTGATGGAGTT-30;
reverse primer, 50-CGGCCTCAGTGAGCGA-30. Plasmids encoding
the AAV ITR was used to make a standard curve. AAV copy number
was expressed as 100 vg/ng DNA. To quantify SaCas9 mRNA
levels, RNA was isolated using TRIzol (Thermo Fisher Scientific,
#15596026) and reverse transcribed using a high-capacity cDNA
reverse transcription kit (Thermo Fisher Scientific, #4368814).
qPCR to measure SaCas9 were performed using the following
Molecular Therapy Vol. 28 No 6 June 2020 1451
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primers: forward primer, 50-CCGTCGTGAAGAGAAGCTTCA
TC-30; reverse primer, 50-CCACCTCATAGTTGAAGGGGTTG-30.
DNA was quantified in parallel samples using GAPDH primers as
internal controls as follows: forward primer, 50-CATCACTGCC
ACCCAGAAGACTG-30; reverse primer, 50-ATGCCAGTGAGC
TTCCCGTTCAG-30.

To analyze the on-target cleavage activity, genomic DNA from the
liver from treated and control mice was extracted. PCR was per-
formed using primers around the target locus, and the amplicons
were purified using DNA purification solid-phase reversible immobi-
lization (SPRI) magnetic beads (ABM, #G950), processed for library
preparation using a Nextera XT library preparation kit (Illumina,
#FC-131-1024), and sequenced on the NextSeq platform. Indel
percentage analysis was performed using CRISPResso.
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Supplemental Figures 

 

Fig.S1. Hydrodynamic injection of plasmids encoding the PS system into adult MPS I mice. The 
two plasmids were administered into adult MPS I mice through hydrodynamic injection. All mice were 
euthanized 2 days post injection. The enzyme activities in mice receiving Cas9 and donor plasmids 
were significantly higher than those in untreated or mice receiving the donor plasmid only.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Fig.S2. Correlation between plasma IDUA enzyme activity and IDUA enzyme activity and GAG 
level in the brain. (A) Significant correlation between plasma IDUA enzyme activity at month 10 and 
brain IDUA enzyme activity in treated MPS I mice (all dose groups) was observed. (B) Significant 
correlation between plasma IDUA enzyme activity at month 10 and brain GAG level in treated MPS I 
mice (all dose groups) was observed. Pearson correlation analysis was performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Fig.S3. Nested PCR to confirm integration. (A) Two sets of primers were designed to detect insertion 
of the donor sequence. FP: forward primer; RP1&2: reverse primer 1&2. In the first round of PCR, FP 
and RP1 generate an amplicon of 3,137 bp if there is an integration, and generate an amplicon of 924 bp 
in untreated controls. In the second round of PCR using the amplicon from the first round as the template, 
FP and RP2 generate an amplicon of 1,133 bp if there is an integration. (B) The gel image of the first 
round PCR was shown. Liver samples from all three treated groups had the band at the expected size of 
3,137 bp, albeit the band from the low dose being faint. Liver samples from untreated MPS I and normal 
mice, as well as brain samples from the high dose group had no bands indicating insertion. (C) The gel 
image of the first round PCR was shown. Liver samples from all three treated groups had the band at the 
expected size of 1,133 bp. The amplicons are sequenced for further confirmation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Fig.S4. Immunohistochemistry for IDUA in the liver of MPS I mice. IDUA-expressing cells are 
those with very strong signal (dark color). The number of IDUA-expressing cells constitute ~24.1% of 
all hepatocytes in MPS I mice neonatally treated with the high dose. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Tables 
 

 
Plasma IDUA enzyme activity at 1 month post-
dosing (nmol/h/mL) 

MPS I, donor only, high dose (n=6) 1.5±0.4 

MPS I, donor only, middle dose (n=6) 0.03±0.02 

MPS I, donor only, low dose (n=6) 0 

 
Table S1. Plasma IDUA enzyme activity in neonatal MPS I mice treated with the donor vector only. 
High dose, 3x1014 vg/kg; middle dose, 3x1013 vg/kg; low dose, 3x1012 vg/kg.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  MPS I, 
untreated 
(n=9) 

Normal 
(n=3) 

MPS I, high 
dose (n=8) 

MPS I, 
middle 
dose (n=8) 

MPS I, 
low dose 
(n=14) 

Liver, foam 
cells 

7/9* 0/3 0/8 0/8 1/14 

Purkinje cell 
vacuolation 

7/8* 0/3 1/7 8/8 14/14 

Table S2. Incidence of characteristic lesions associated with MPS I disease. *= number of evaluable 
tissues. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental sequencing results 
1. Sequencing the amplicon at the human albumin locus 
gcagccaatgaaatacaaagatgagtctagttaataatctacaattattggttaaagaagtatattagtgctaatttccctccgtttgtcctagcttttctcttct
gtcaaccccacacgcctttggcacaatgaagtgggtaacctttatttcccttctttttctctttagctcggcttattccaggggtgtgtttcgtcgagatgcac
gtaagaaatccatttttctattgttcaacttttattctattttcccagtaaaataaagttttagtaaactctgcatctttaaagaattattttggcatttatttctaaaa
tggcatagtattttgtatttgtgaagtcttacaaggttatcttattaataaaattcaaacatcctaggtaaaaaaaaaaaaaggtcagaattgtttagtgactgt
aattttcttttgcgcactaaggaaagtgcaaagtaacttagagtgactgaaacttcacagaatagggttgaagattgaattcataactatcccaaagacct
atccattgcactatgctttatttaaaaaccacaaaacctgtgctgttgatctcataaatactaaagaattattcttttacatttcagacactagtgctccccctg
tcgcccctgccgaagccccccacctggtgcaggtggacgccgccagagccctgtggcccctgaggcggttctggcggagcaccggcttttgcccc
cctctgccccacagccaggccgaccagtacgtgctgtcctgggaccagcagctgaacctggcctacgtgggcgccgtgccccaccggggcatca
agcaggtgcggacccactggctgctggaactggtgaccacccggggcagcaccggcaggggcctgagctacaacttcacccacctggacggcta
cctggacctgctgcgggagaaccagctgctgcccggcttcgagctgatgggcagcgccagcggccacttcaccgacttcgaggacaagcagcag
gtgttcgagtggaaggacctggt 
 
2. Sequencing the amplicon at the mouse albumin locus 
caactttttggcaaagatggtatgattttgtaatggggtaggaaccaatgaaatgcgaggtaagtatggttaatgatctacagttattggttaaagaagtat
attagagcgagtctttctgcacacagatcacctttcctatcaaccccactagcctctggcaaaatgaagtgggtaacctttctcctcctcctcttcgtctcc
ggctctgctttttccaggggtgtgtttcgccgagaagcacgtaagagttttatgttttttcatctctgcttgtatttttctagtaatggaagcctggtattttaaa
atagttaaattttcctttagtgctgatttctagattattattactgttgttgttgttattattgtcattatttgcatctgagaacccttaggtggttatattattgatatat
ttttggtatctttgatgacaataactaaagaattattcttttacatttcagacactagtgctccccctgtcgcccctgccgaagccccccacctggtgcaggt
ggacgccgccagagccctgtggcccctgaggcggttctggcggagcaccggcttttgcccccctctgccccacagccaggccgaccagtacgtg
ctgtcctgggaccagcagctgaacctggcctacgtgggcgccgtgccccaccggggcatcaagcaggtgcggacccactggctgctggaactgg
tgaccacccggggcagcaccggcaggggcctgagctacaacttcacccacctggacggctacctggacctgctgcgggagaaccagctgctgcc
cggcttcgagctgatgggcagcgccagcggccacttcaccgacttcgaggacaagcagcaggtgttcgagtggaaggacctggtgtccagcctgg
ctcgccggtacatcggcagatacggcctggcccacgtgagcaagtggaacttcgagacctggaacgagcccgaccaccacgacttcgacaacgt
gagcatgaccatgcagggctttctgaactactacgacgcctgcagcgaggggctgagagccgccagccctgccctgagactgggcggacccggc
gacagcttccacaccccccccagaagccccctgagctggggcctgctgcggcactgccacgacggcaccaatttcttcaccggcgaggccggcgt
gcggctggactacatcagcctgcaccggaagggcgccagaagcagcatcagcatcctggaacaggaaaaggtcgtcgctcagcagatccggca
gctgttccccaagttcgccgacacccccatctacaacgacgaggccgaccccctggtgggctggtctctgccccagccttggagggccgacgtgac
ctacgccgccatggtggtgaaggtgatcgcccagcaccagaacctgctgctggccaacaccacctccgccttcccttacgccctgctgtccaacgac
aacgccttcctgagctaccacccccaccccttcgcccagcggaccctgaccgcccggttccaggtgaacaacaccagacccccccacgtgcagct
gctgcggaagcccgtgctgaccgccatggggctgctggccctgctggacgaggaacagctgtgggccgaggtgtcccaggccggcaccgtgct
ggacagcaaccacaccgtgggcgtgctggctagcgcccacagacctcagggccctgccgatgcctggagagccgccgtgctgatctacgccagc
gacgacaccagagcccaccccaaccggtccgtggccgtgaccctgcggctgagaggcgtgcctcccggccctggcctggtgtacgtgaccagat
acctggacaacggcctgtgcagccccgacggcgagtggcggaggctgggcaggcccgtgttccccaccgccgagcagttccggcggatgagag
ccgccgaggaccccgtggccgctgcccctagacctctgcctgccggcggacggctgaccctgagacccgccctgaggctgcccagcctgctgct
ggtgcacgtgtgcgccaggcccgagaagcccccaggccaggtgacccggctgcgcgccctgcctctgacccagggccagctggtgctggtgtg
gagcgacgagcacgtgggcagcaagtgcctgtggacctacgagatccagttcagccaggacggcaaggcctacacccccgtgagccggaagcc
cagcaccttcaacctgttcgtgttcagccccgacacaggcgccgtgagcggcagctacagagtgcgggccctggactactgggctcgccctggcc
ccttcagcgaccccgtgccctacctggaagtgcccgtgcccagaggccctcccagccccggcaacccctgaggatcctctagataactgatcataat
cagccataccacatttgtagaggttttacttgctttaaaaaacctcccacacctccccctgaacctgaaacataaaatgaatgcaattgttgttgttaacttg
tttattgcagcttataatggttacaaataaagcaatagcatcacaaatttcacaaataaagcatttttttcactgcattctagttgtggtttgtccaaactcatca
atgtatcttatttaaattgggcgcgccatgggggattttgaaagcttagctttaaatttcttttaattaaaaaaaaatgctaggcagaatgactcaaattacgt
tggatacagttgaatttattacggtctcatagggcctgcctgctcgaccatgctatactaaaaattaaaagtgtgtgttactaattttataaatggagtttcca



tttatatttacctttatttcttatttaccattgtcttagtagatatttacaaacatgacagaaacactaaatcttgagtttgaatgcacagatataaacacttaacg
ggttttaaaaataataatgttggtgaaaaaatataactttgagtgtagcagagaggaaccattgccaccttcagattttcctgtaacgatcgggaactggc
atcttcagggagtagcttaggtcagtgaagagaagaacaaaaagcagcatattacagttagttgtcttcatcaatctttaaatatgttgtgtggtttttctctc
cctgtttccacagacaagagtgagatcgcccatcggtataatgatttgggagaacaacattt 
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