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Hydrodynamic tail vein injection (HTV) is the “gold standard”
for delivering nakedDNA vectors tomouse liver, thereby trans-
fecting predominately perivenous hepatocytes. While HTV
corrects metabolic liver defects such as phenylketonuria or cys-
tathionine b-synthase deficiency, correction of spfash mice with
ornithine transcarbamylase (OTC) deficiency was not possible
despite overexpression in the liver, as the OTC enzyme is pri-
marily expressed in periportal hepatocytes. To target periportal
hepatocytes, we established hydrodynamic retrograde intrabili-
ary injection (HRII) in mice and optimized minicircle (MC)
vector delivery using luciferase as a marker gene. HRII resulted
in a transfection efficiency below 1%, 100-fold lower thanHTV.
While HRII induced minimal liver toxicity compared with
HTV, overexpression of luciferase by both methods, but not
of a natural liver-specific enzyme, elicited an immune response
that led to the elimination of luciferase expression. Further
testing of MC vectors delivered via HRII in spfash mice did
not result in sufficient therapeutic efficacy and needs further
optimization and/or selection of the corrected cells. This study
reveals that luciferase expression is toxic for the liver. Further-
more, physical delivery of MC vectors via the bile duct has
the potential to treat defects restricted to periportal hepato-
cytes, which opens new doors for non-viral liver-directed
gene therapy.

INTRODUCTION
The liver is a target organ for the treatment of many inherited as well
as acquired metabolic disorders, due to its essential role in the meta-
bolism and detoxification. A promising approach for future treatment
is gene therapy. At present, most liver-targeted gene therapy clinical
trials are based on gene addition using episomal viral vectors, pre-
dominately adeno-associated viral vectors (AAV).1,2 Despite the
many advantages of AAV-mediated gene delivery, concerns
regarding immunogenicity, limited DNA-packaging capacity, the
risk of insertional carcinogenesis, high cost of production, and read-
ministrations still remain.1–8 Consequently, the development of non-
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viral gene therapy is re-emerging as an alternative technology because
of the more favorable biosafety profile and low production costs.9,10

The number of approved non-viral gene therapy drugs is increasing
rapidly, predominated by RNA technology (for review see Kulkarni
et al.11). Nevertheless, non-viral based delivery of naked DNA also
has inherent hurdles to overcome such as poor gene delivery.
Although naked DNA vectors devoid of bacterial sequences, known
as minicircles (MCs),12 or vectors free from antibiotic resistance
genes,13,14 greatly improve persistent gene expression, the effective-
ness of non-viral gene transfer into the nucleus remains a major tech-
nical limitation. In the late 1990s, Liu et al.15 and Zhang et al.16 estab-
lished an experimental approach for targeting nucleic acids to
hepatocytes in rodents via so-called hydrodynamic tail vein delivery
(HTV). Since high gene expression was achieved, HTV has become
a popular delivery method, primarily in rodents, for nucleic acids
(for review see Bonamassa et al.17) and even viruses for improving
transduction efficiency.18 Stable therapeutic correction of genetic
mouse models for phenylketonuria (PKU)19,20 and cystathionine
b-synthase (CBS) deficiency21 was successfully achieved by delivery
of non-integrating MC vectors consisting of a liver-specific expres-
sion cassette via HTV.

Ornithine transcarbamylase (OTC) deficiency (OMIM #311250), an
X-linked recessive metabolic disorder, is the most prevalent inherited
defect of ureagenesis.22 OTC (EC 2.1.3.3) is a key urea cycle enzyme in
the liver, involved in the detoxification of ammonia by converting it to
ber 2022 ª 2022 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Optimization of MC vectors and assessment of OTC expression in spfash mice upon HTV infusion

(A) Schematic of the MC vectors. (B) OTC activity in liver lysate from treated spfash mice after HTV (n = 3–4 mice, n = 2 mice for saline group). The data presented are

the average of all mice which were sacrificed when signs of neurological dysfunction were observed 4–11 days after administration of rAAV2/rh10-shRNA-OTC (at the age of

6–10 weeks old). Data were analyzed by two-way ANOVA and Sidak’s multiple comparison test. ***p <0.001, ****p <0.0001.
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urea for secretion. Complete deficiency of OTC function can lead to
life-threatening episodes of hyperammonemia. Current conventional
therapies include dietary protein restriction and use of nitrogen scav-
enger medication.23,24 Orthotopic liver transplantation is the only
cure but is limited by the shortage of size-matched donor livers, mor-
tality, and morbidity.25 Proof of concept of gene therapy has been
extensively investigated in a pre-clinical model of OTC deficiency,
the spfash mouse. Most of these studies use in vivo gene addition
with AAV vector-based delivery, which results in long-term correc-
tion of OTC deficiency in adult mice.26–28 A recent clinical study us-
ing AAV8-mediated gene transfer of human OTC in late-onset adult
OTC patients has shown partial responses at high doses of 2 � 1012

to 1 � 1013 vector genome (vg)/kg.29 Nevertheless, the death of pa-
tients receiving very high doses (˃5 � 1013 vg/kg) of AAV vectors
in clinical trials because of immunotoxicity adds to emerging safety
concerns.30,31

OTC is predominantly expressed in hepatic periportal regions owing
to liver metabolic zonation, a phenomenon that separates various
metabolic pathways along the porto-central axis of the liver lobule
into the periportal zone 1 including the portal triad, a transitional
zone 2, and a pericentral zone 3.32,33 Targeting OTC-expressing
MC vectors to periportal hepatocytes is challenging, as it requires
administration through vessels connected directly to the portal triad.
Portal vein injection using hydrodynamic pressure can result in high
mortality rate in rodents34 (see also results). An alternative and poten-
tially safer intervention compared with portal vein infusion is through
the biliary system. Hydrodynamic retrograde intrabiliary injection
(HRII) provides direct access to hepatocytes in the liver parenchyma
through bile canaliculi and avoids first contact with Kupffer cells,
which might lead to reduction in gene delivery efficiency through
the portal vein.35,36 Additionally, evidence has shown that bile may
contain lower concentrations of nucleases compared with blood
serum.37 For these reasons, non-viral gene delivery of naked DNA
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vectors or vector DNA complexes with liposomes or nanoparticles
through the biliary tract has been extensively investigated in rodent
models,38–43 dogs,38 and pigs.44–47 This application has also been
applied to the administration of viral vectors for liver-targeted deliv-
ery in rodents and large animals.48–53 However, non-viral gene deliv-
ery via intrabiliary injection has so far not been shown to treat any
liver-defected murine models.

In this study, we aimed to establish a physical delivery of MC vectors
via the bile duct to potentially correct OTC deficiency, which is pri-
marily located at periportal hepatocytes. The gene delivery efficiency,
as well as toxicity and damage to the liver of MC vectors administered
through the biliary tree, were characterized in comparison with HTV.
While this approach to non-viral liver targeting has the potential to
specifically target periportal hepatocytes, further optimization is
required to correct OTC deficiency.

RESULTS
HTV delivery of naked DNA vectors results in high OTC

expression in liver but cannot correct spfash mice

HTV is an efficient delivery method to target naked DNA vectors to
hepatocytes with a transfection efficiency of up to 18% of liver cells
(see also below). Although the complete ureagenesis cycle is strictly
limited to periportal hepatocytes, we first sought to deliver therapeu-
tic vectors to treat OTC deficiency via HTV to spfashmice. As depicted
in Figure 1A, we prepared a series of MC vectors harboring the liver-
specific promoter P3 that expressed the normal murine Otc-cDNA
(MC.mOTC4) or a codon-optimized version with (MC.mOTC3) or
without (MC.mOTC2) a 50 truncated intron 1 (IVS1D). Furthermore,
vector MC.mOTC7 contains a FLAG-tagged OTC for immunohisto-
chemical localization of the expressed OTC transgene in the liver.
Note that expression and correct processing of the FLAG-tagged re-
combinant OTC was validated in a separate set of experiments with
spfash mice and included insertion of the FLAG coding sequence in
rapy: Methods & Clinical Development Vol. 27 December 2022 353
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Figure 2. Outline of HRII and evaluation of vector DNA

stability and biodistribution

(A) Schematic and (B) photograph of hepatobiliary anatomy

and preparation for intrabiliary infusion. (C) Effect of bile acid

on MC vector DNA degradation. A solution of 10% bile acid

(diluted in PBS) was incubated with 1 mg of MC.Luc3 for

various durations before separating on 0.8% agarose gel

by electrophoresis. (D) Biodistribution of MC vectors

2 days following HRII, detected by saturated PCR. GB,

gallbladder; CD, cystic duct; PV, portal vein; HA, hepatic

artery; CBD, common bile duct; IVC, inferior vena cava.
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exon 2, which is downstream of the mitochondrial import signal and
peptidase cleavage sites (Figures S1A–S1D).

Equimolar amounts (2.9� 1013 copies of the vector) of MC.mOTC4,
MC.mOTC2, or MC.mOTC3 were infused into spfash mice each by
HTV. Treatment efficacy was assessed by short hairpin RNA
(shRNA)-mediated knockdown of residual endogenous OTC expres-
sion, which leads to induction of severe hyperammonemia in un-
treated mutant mice. To this end, 1 day following infusion, rAAV2/
rh10 encoding an shRNA-OTC to specifically knock down genomic
mOtc-mRNA expression was administered intraperitoneally. All
HTV/MC vector-treated mice showed thereafter signs of severe ataxia
due to hyperammonemia (Figure S2) and had to be euthanized within
4–11 days post shRNA infusion. OTC enzyme activity in whole liver
extracts was determined in all sacrificed mice (Figure 1B). Infusion of
MC.mOTC3 gave rise to the highest liver OTC activity (298% of
normal), and mice treated with MC.mOTC4 and MC.mOTC2 had
OTC activity levels equivalent to 16% and 36% of levels in wild-
type mice, respectively.

Despite the exceedingly high enzymatic OTC activity, mice still suf-
fered from hyperammonemia following the knockdown of residual
OTC. To investigate in depth, MC.mOTC7 vectors were infused
into the mouse livers via HTV and the livers were collected for
immunohistochemical staining for FLAG-tagged OTC protein.
Here, we identified that although there were almost 10% positively
transfected hepatocytes, positive cells were clustered around the
354 Molecular Therapy: Methods & Clinical Development Vol. 27 December 2022
central vein (zone 3; Figure S1D), which ex-
plained the lack of treatment efficacy.

Open surgery for portal vein infusion results

in high mortality

To deliver MC vectors directly to hepatocytes
located in periportal areas (zone 1), we first
sought to access the liver lobules via intraportal
injection. We therefore adopted the method
described by Budker and colleagues,34 but made
the minor modification of clamping the suprahe-
patic vena cava before, instead of after, injection
to increase the intraportal hydrostatic pressure.
Following hydrodynamic portal vein injection,
approximately 63% (15/24) of the OTC-deficient spfash mice did
not survive the procedure due to excessive bleeding, while the mortal-
ity rate for wild-type C57Bl/6J mice was 20% (1/5).We did not further
analyze the cause of lethality; however, the high number of deaths
among OTC-deficient mice has been previously observed by others
and is most likely attributable to hepatopathy attributable to the
underlying metabolic disorder.54

Retrograde intrabiliary injection results in normal survival

Next, we evaluated access via the biliary tree as a potential alternative
to portal vein injection. We first established the surgical procedure,
which was termed “hydrodynamic retrograde intrabiliary injection,”
HRII (for surgical details see materials and methods and Figures 2A
and 2B). Retrograde infusion of 1 mL of saline solution within 30 s
(flow rate of 33 mL/s, see Zhang et al.38) resulted in rupture of the gall-
bladder in 45% (9/19) of the injected mice. When the volume was
reduced to 0.8 mL and the infusion time shortened to 10 s (flow
rate of 80 mL/s), no leakage was found. Using those parameters, we
subjected over 100 mice to the HRII procedure, which includes
open surgery and biliary infusion, without any further losses and,
thus, an overall survival rate close to 100%.

Degradation of MC vector in bile acid is not a critical factor, and

infusion via the bile duct results primarily in liver cell transfection

Bile acid has been reported to cause DNA strand breaks.55 As the mu-
rine biliary tree is filled with 24–48 mL (1 mL/g of an animal; total 480–
960 mL of bile in a 20-g mouse) of bile acid56,57 and the injection



Figure 3. Optimizing conditions for HRII into mice by following luciferase expression in the liver

Hepatic luciferase expression (photons per second) was analyzed in mice by in vivo bioimaging system (IVIS) following HRII using different injection parameters: (A) vector

dose; (B) additives; (C) flow rates; (D) pressure plus mannitol. Results are expressed as the mean of 5–6 mice with one exception of three mice in the group with a flow rate of

60 mL/s on days 14, 21, and 28 (C; due to unexpected deaths of two mice not related to surgical intervention and infusion). Each dot in the columns represents an individual

mouse. The data from (A)–(C) were analyzed by the Kruskal-Wallis test, followed by Dunn’s post hoc test for multiple comparisons. The data from (D) were analyzed by the

Mann-Whitney U test. *p <0.05, **p <0.01, ***p <0.001. The results were not statistically significant where no p value is shown. Note that data frommice treated with 2.5 mg/g

DNA in 15% mannitol with the flow rate of 80 mL/s are shown in (C) and (D) for a comparison. The dotted line represents the background level of luciferase expression

(1.4 � 105 photons/s) which was determined with five mice that received no MC vectors.
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volume is between 0.4 and 0.8 mL, we expected the bile acid to be
diluted down to 2.5%–5% of the original concentration upon HRII.
To test the stability of MC in bile, MC vectors were incubated with
a bile-acid-containing solution (10% bile acid in PBS [v/v]) at 37�C
for up to 120 min. Degradation of MC vector was apparent after
20 min while complete DNA degradation was observed after
120 min (Figure 2C). Since the injection time of HRII is 10 s and
the bile acid is diluted 2–4 times compared with the experiment
above, we concluded that degradation of the MC vector is likely not
a critical factor. Next, we performed endpoint PCR to detect MC vec-
tor in various tissues 2 days following HRII. We found a strong pos-
itive signal for a band indicating MC vectors within liver tissue,
weaker bands for pancreas, kidney, stomach, and duodenum, and
no signal for the other organs tested (Figure 2D).

Optimization of HRII for liver gene expression

To determine the best delivery conditions for transfection of MC
vectors into liver cells via HRII, we optimized various parameters,
Molecular The
including vector dose, additives, flow rates, and pressure (for detailed
description see materials and methods). These studies were per-
formed in wild-type mice using the MC.Luc3 vector that expresses
luciferase via the liver-specific promoter P3. We followed luciferase
activity in the liver for 28 days post injection by an in vivo bioimaging
system (IVIS). The results are presented in Figure 3 as the liver-spe-
cific expression of luciferase in vivo at each time point (Figure S3).
The default infusion condition is set to be a flow rate of 80 mL/s
(0.8 mL in 10 s in a saline solution containing 2.5 mg DNA/g per
mouse). The data from mice treated with the default infusion condi-
tion are shown in Figures 3A–3C for comparison.

First, luciferase expression was compared in mice with different doses
of MC vectors, i.e., 2.5 mg, 12.5 mg, and 25 mg DNA/g of mouse (flow
rate of 80 mL/s, Figure 3A). On days 2 and 7 post delivery, all treat-
ment groups exhibited similar luciferase activity. Thereafter, expres-
sion dropped below background level by day 28 in all treatment
groups. As higher vector concentrations did not improve persistent
rapy: Methods & Clinical Development Vol. 27 December 2022 355
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luciferase expression beyond day 28, a vector dose of 2.5 mg/g, equiv-
alent to 50 mg for a 20-g mouse, was used for all subsequent experi-
ments. Next, we optimized two additional parameters, including
different additives (15% mannitol or pre-treatment with 20 mg/kg
autophagy inducer torin 1), and a series of different flow rates
(40 mL/s, 60 mL/s or 100 mL/s in saline solution). Long-term luciferase
expression was achieved in mice that received MC vectors in 15%
mannitol injection solution, but not pre-treated with torin 1 (Fig-
ure 3B) or with the flow rate of 40 mL/s (Figure 3C). From this obser-
vation, we concluded that a hypertonic solution with 15% mannitol
and at a lower flow rate of 40 mL/s is beneficial for continuous trans-
gene expression. Finally, we tested whether luciferase expression
could be further increased or prolonged by injection of 2.5 mg/g vector
in 15% mannitol in combination with “low-pressure” (40 mL/s)
compared with “high-pressure” (80 mL/s) infusion (Figure 3D).
Here we found no significant differences between the treatment
groups. Taken together, we found that the “low-pressure” injection
of a volume of 0.4 mL 15% mannitol in 10 s, i.e., a flow rate of
40 mL/s, resulted in the best conditions for hepatic luciferase expres-
sion upon delivering MC vectors via HRII. We thus applied these
conditions in all subsequent experiments. Interestingly, a common
phenomenon was observed in all treatment groups (Figures 3A–
3D), namely that high luciferase expression was eliminated in individ-
ual mice beyond day 14. As will be shown below, we found that this
sudden loss of gene expression was due to liver cell toxicity caused by
high-level luciferase expression.

Mice from each treatment group were sacrificed at day 30 and their
livers analyzed for vector copy numbers and luciferase-positive cells.
As summarized in Table S1, we found in all samples between 0.04 and
0.70 vector copy numbers per diploid genome, concomitant with
0.07%–0.20% of luciferase-positive cells. These results do not consis-
tently reproduce what was observed in the IVIS analyses at day 28
(Figure 3) but reflect the loss of luciferase expression and/or
MC.Luc3. An example for immunohistochemical staining for lucif-
erase 30 days post HRII is illustrated in Figure 4A (flow rate of
40 mL/s) and Figure 4B (flow rate of 80 mL/s) where rare positive he-
patocytes were observed, occasionally confirmed to be located in peri-
portal areas, i.e., zone 1–2.

Histological evaluation of mouse liver following HRII

Hydrodynamic injection via the bile duct concomitant with blockage
of inflow and outflow of the liver resulted in transient swelling, pale-
ness, and firm consistency after administration (Figure 2B). To better
characterize the effects of HRII on the liver, we performed a histolog-
ical analysis 2 days following administration of saline. While control
Figure 4. Transfected hepatocytes and morphological features in livers 2 days

(A and B) Luciferase expression in hepatocytes (arrowheads) after delivery of 2.5 mg/g M

asterisk indicates focal periportal mononuclear infiltration. (C and D) Unaltered liver of unt

at 40 mL/s. Focal parenchymal coagulative necrosis (arrow and asterisk) adjacent to gal

infiltration around gallbladder (arrow). Unaltered parenchyma distant from gallbladder (F

gallbladder (arrow), mild hemorrhages in and around gallbladder wall (arrowheads). (H) U

in (A) and (B), H&E stain in (C)–(H). Scale bars, 100 mm (C, E), 50 mm (A, D, F), 20 mm (
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mice did not exhibit any histological changes (Figures 4C and 4D),
livers of mice that had undergone HRII with a flow rate of 40 mL/s
showed focal areas of coagulative necrosis in the parenchyma sur-
rounding the gallbladder (Figures 4E and 4F). These were generally
larger andmore numerous in animals that had received the larger vol-
ume of 0.8 mL (flow rate of 80 mL/s). These animals also exhibited
acute focal hemorrhage into the gallbladder, in the gallbladder wall,
and in the surrounding tissue (Figures 4G and 4H). There were occa-
sional focal areas of mononuclear infiltration around the site of liga-
tion of the cystic duct and stretching from these. Otherwise, the liver
parenchyma was unaltered, as in control mice.

Elimination of luciferase after high-level gene expression in

mouse liver

The loss of luciferase upon HRII or HTV injection of MC.Luc3 due to
the potential toxicity induced by robust expression in liver tissue was
analyzed in more detail. We have previously reported that transgenic
expression of endogenous (murine) phenylalanine hydroxylase
(mPah) for liver gene therapy of PKU mice using a comparable
MC vector infused by HTV did not elicit any immune-stimulatory
response.20 For better quantification, we performed a side-by-side
comparison in wild-type mice by infusing MC.PKU37 expressing a
FLAG-taggedmouse PAH19,20 orMC.Luc3 (expressing the luciferase)
via HTV with both vectors containing the P3 promoter. At days 2 and
7 post infusion, the number of transfected cells were not significantly
different for both vectors and transgenes (Figures 5A–5D and 5G),
i.e., between 12% and 18% (and mainly located at the perivenous
area). By day 21, expression from MC.Luc3 dropped to 0.3% but re-
mained unchanged for MC.PKU37 (Figures 5E–5G).

Next, we quantified luciferase enzyme activity for MC.Luc3-treated
mice and vector copy numbers for both vectors at all three time
points. For comparison, we included mice treated by HRII with
MC.Luc3 (2.5 mg/g plus 15% mannitol, flow rate 40 mL/s; see Fig-
ure 3D). Luciferase expression dropped post HTV from 15,557 ±

3,281 RLU/mg on day 2 post infusion to 26 ± 16 RLU/mg on day
21, a 600-fold reduction (Figure 6A). A similar dramatic loss was
observed for vector copy numbers for MC.Luc3 but not MC.PKU37
(Figure 6B). The liver damage markers aspartate transaminase
(AST) and alanine transaminase (ALT) were transiently elevated at
day 2 post infusion for HTV but not HRII, with the highest levels
in the presence of MC.Luc3 (Figures 6C and 6D). This hints toward
liver toxicity upon HTV, but not HRII, and is exacerbated with lucif-
erase expression. Production of interleukin-6 (IL-6), a pro-inflamma-
tory cytokine, was analyzed in plasma on day 2 after gene delivery.
Our data revealed that luciferase expression (MC.Luc3) upon HRII
after HRII

C.Luc3 in 15%mannitol with a flow rate of 40 mL/s (A) or 80 mL/s (B). PV, portal vein;

reated control mouse (arrow points to gallbladder). (E and F) Liver after saline infusion

lbladder. Inset: coagulative necrosis of hepatocytes (arrowhead) and mild leukocyte

). (G and H) Liver after saline infusion at 80 mL/s. (G) Fibrin and erythrocytes within

naltered parenchyma close to gallbladder (asterisk, also in G). Immunohistochemistry

B), and 10 mm (inset A).
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Figure 5. Comparison of luciferase andmurine phenylalanine hydroxylase (mPah) transgene expression inmouse liver at different time points following HTV

Mice were infused with either MC.Luc3 expressing luciferase or MC.PKU37 expressing an N-terminal FLAG-tagged PAH by HTV. Livers were harvested on day 2 (A and B),

day 7 (C and D), and day 21 (E and F) for immunohistochemistry staining. (G) Quantification of immunohistochemistry staining shown in (A)–(F) by depicting the percentage of

positively stained cells. Results are depicted as mean ± SD of five mice. Data were analyzed by two-tailed unpaired t test. *p <0.05, ****p <0.0001, n.s. not-significant.
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or HTV and in comparison with PAH expression (MC.PKU37) or sa-
line as control induced the strongest immune response in mice (Fig-
ure S4). We also analyzed the cell proliferation marker Ki-67 that was
significantly elevated (up to 5-fold) after HTV infusion, but not HRII,
and more pronounced in the presence of the luciferase-expressing
vector independent of the infusion procedure (Figure 7).

Thus, while HRII induced less toxicity and liver damage than HTV,
delivery of luciferase by either method, but not of, e.g., (endogenous)
Pah as a transgene, elicited an immune response that led to the elim-
ination of hepatic luciferase expression beyond 7 days post infusion.

RNA-sequencing transcriptome profiling in liver tissue reveals a

milder immune response upon HRII compared with HTV and

toxicity against luciferase overexpression

To further investigate the impact of HRII versus HTV treatment and
the effect of MC vectors that express luciferase in the liver, we per-
formed untargeted transcriptome profiling of mice treated by HRII
or HTV in comparison with uninjected control mice. RNA
sequencing on day 2 post infusion identified a total of 960 differen-
tially expressed genes (DEGs) with statistical significance (false dis-
covery rate ˂0.05 and log2(fold change) ˃0.5) in HRII-treated livers
where 551 genes were upregulated and 409 genes were downregu-
lated. In comparison, HTV-treated livers had 1,888 DEGs
358 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
with 1,077 genes upregulated and 811 genes downregulated
(Figures S5A–S5D). For a complete gene ontology (GO) list of biolog-
ical processes (BP), see Tables S2 and S3. Overall, the immune system,
including the innate immune response, was among the most signifi-
cantly enriched GO-BP categories. The corresponding heatmap sup-
ports also visually the more severe impact or damage of the HTV pro-
cedure compared with HRII (Figure S5E). Although we do not have
transcriptome profiling data for direct comparison with a natural liver
transgene, the strong expression of luciferase might exacerbate this ef-
fect upon HTV injection. Taken together, these results indicated the
likelihood of an immune response bringing about the loss of luciferase
expression when there was sustained or high-level expression after
hydrodynamic injection via bile duct or tail vein.

Low efficacy for correction of OTC deficiency upon delivery of

therapeutic naked DNA vectors via HRII

Next, we tested whether MC vector gene delivery via HRII (flow rate
of 40 mL/s, 0.4 mL of volume with 15% mannitol in 10 s), previously
found to preferentially target periportal hepatocytes (Figure 4A),
could correct urea cycle function. Ten adult spfash male mice were in-
jected with 420 mg of MC.mOTC3, and ureagenesis was monitored
pre-treatment and on days 10 and 84 following treatment using a sta-
ble isotope method with [15N]ammonium chloride as tracer.58 We
found that three mice from this cohort (mice #112, #114, and #130)
ber 2022



Figure 6. HRII is less efficient for gene delivery but induces less liver toxicity compared with HTV

The amount of 2.5 mg/g of MC.Luc3 or MC.PKU37 was infused into mouse liver by way of HRII or HTV. (A) Specific luciferase activity and (B) vector copy number per diploid

genome upon HTV compared with HRII. (C and D) Assessment of hepatic toxicity by determining plasma aspartate aminotransferase (AST) and alanine aminotransferase

(ALT). Dotted lines in graphs represent normal levels of AST and ALT in untreatedmice. Data were analyzed by two-way ANOVA followed by Tukey’s post hoc test for multiple

comparisons. Results are depicted as mean ± SD of five mice except for the group that received saline only via HTV (n = 3). Significance is indicated where applicable.

*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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showed sustained and significant augmentation of ureagenesis
enrichment shifted above threshold,58 i.e., in the range of wild-type
mice (Figure 8A). Next, we delivered rAAV2/rh10-shRNA-OTC to
mice #112 and #114 to knock down the expression of endogenous
mOtc-mRNA and tested for treatment efficacy by induction of hyper-
ammonemia (note that owing to the highest severity grade of this
assay, the Swiss Law of Animal Protection allowed only a limited
number of mice to be tested). Figure 8B shows the percentage of
[15N]urea enrichment upon shRNA-OTC treatment. Here, the
wild-type mouse (#85) reduced [15N]urea enrichment following
shRNA-OTC treatment, as expected,59 but did not show dramatic
weight loss (Figure 8C) nor very high plasma ammonia levels (Fig-
ure 8D). By contrast, the saline-treated spfash mouse (#67) and one
MC.mOTC3-treated spfash mouse (#112) had to be euthanized on
day 13 upon the development of dramatic weight loss and hyperam-
monemia, while the other MC.mOTC3-treated spfash mouse (#114)
retained normal body weight and ammonia levels, consistent with
their [15N]urea enrichment (Figures 8A and 8B), confirming the suc-
cessfully corrected periportal hepatocytes upon intrabiliary infusion.
Molecular The
In conclusion, while MC vectors expressing OTC delivered via HTV
were highly efficient in transducing (mainly perivenous or zone 3) he-
patocytes, correction of OTC deficiency and rescue for survival upon
HRII could only be observed with limited efficacy. This study proves
that physical delivery of MC vectors via the bile duct has the potential
to treat OTC deficiency in periportal hepatocytes, although the HRII
method still needs optimization (see discussion).

DISCUSSION
This study demonstrates that gene delivery using naked DNA vectors
(MCs) via the bile duct to target periportal hepatocytes results in low
but sustained gene expression. The optimal HRII condition was set to
a volume of 0.4 mL 15% mannitol in 10 s (flow rate of 40 mL/s, Fig-
ure 3). Although the transfection rate (<1%) and the vector copy
number were relatively low, the transfected hepatocytes were mainly
located in the periportal area (Figures 4A and 4B). We observed mild
coagulative necrosis in the parenchyma surrounding the gallbladder
and near the ligation site at the cystic duct on day 2 (Figures 4E–
4H), yet there was no elevation of serum liver enzymes (AST and
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Figure 7. Test for Ki-67 proliferation marker upon HRII or HTV infusion of

MC.Luc3 compared with saline control

Mice were treated by HRII or HTV infusion of saline or MC.Luc3 (n = 5 for each

group) and sacrificed at different time points. The different liver lobes were quantified

by immunohistochemistry staining for Ki-67 positive cells. The dotted lines mark the

range between the 10th and 90th percentile determined by two untreated wild-

type mice. The dot plot indicates mean with SD; symbols mark individual lobes

of the five mice. Statistics: two-sided unpaired t test. *p <0.05, **p <0.01,

****p <0.0001, n.s. p >0.05.
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ALT; Figures 6C and 6D) upon pressurized injections of saline or hy-
pertonic solution. In addition, all mice survived the surgical treatment
(˃100 mice). We thus concluded that the surgical procedure for the
intrabiliary injection route is a safer and a less invasive delivery
method compared with portal vein injection for targeting periportal
hepatocytes. In parallel, we have recently reported that HRII of MC
vectors applies to larger animal models such as domestic small pigs,
where we found a stable hepatocyte transfection and no acute adverse
complications.47 A further improvement toward mitigating the inva-
siveness of the procedure for infusion via the bile system could be
endoscopic retrograde cholangiopancreatography (ERCP) that was
reported for delivering plasmid DNA to adult pigs.44

Firefly luciferase is a widely used imaging reporter transgene that al-
lows visualization of luciferase expression in real-time biolumines-
cence imaging of mice.60 Infusion of MC vectors expressing luciferase
(MC.Luc3) via bile duct or tail vein yielded high initial luciferase
expression but was reduced or eliminated 7 days later. A similar phe-
nomenon was also reported by others when a threshold of luciferase
expression was reached.61 This effect was only observed with lucif-
erase as transgene but not with an endogenous hepatic (therapeutic)
transgene such as mPah (MC.PKU37), where the number of trans-
fected hepatocytes remained persistent in HTV-treated mice (Fig-
ures 5 and 6). Furthermore, we have previously reported life-long
correction in PKU and CBS deficiency inmice after targetingMC vec-
tors consisting of therapeutic transgenes to the livers upon a single
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dose of HTV.19–21 The clearance of luciferase expression was due to
innate or antigen-dependent immune responses triggered by
the foreign protein (Figures 5, 6, S4, and S5). These results
were confirmed by others showing that CD8 T cell epitopes
provoked a robust immune response in immunocompetent mice
but not in immunocompromised mice after exposure to luciferase
protein.61–64 Up to now, the immune response against luciferase in
other organs has not been reported.

Finally, our study attempted to determine whether hydrodynamic
retrograde intrabiliary-delivered MC vectors correct OTC deficiency
in spfash mice, since urea cycle function is primarily active in the peri-
portal regions of the hepatic lobules. To improve the efficacy of the
therapeutic OTC-expressing vector, we first optimized the expression
cassette in the MC constructs. MC.mOTC3 was designed, based on
our previous experience,19 to contain a codon-optimized mOtc com-
bined with a truncated IVIS1D and resulted in much higher OTC ac-
tivity in HTV-treated mouse livers compared with MC.mOTC4 or
MC.mOTC2 (Figure 1B). However, the HTV approach that targets
primarily perivenous hepatocytes could not prevent the spfash mice
from developing hyperammonemia (Figure S2) following knockdown
of residual endogenous mOtc-mRNA, despite reaching up to 300%
wild-type enzyme activity, thus highlighting the importance of target-
ing periportal hepatocytes. In contrast, partial restoration of ureagen-
esis function was achieved in the spfashmouse when MC.mOTC3 was
delivered through the bile duct (Figure 8). We speculated that the low
cell transfection efficiency at the periportal region upon HRII was an
obvious explanation for the limited efficacy to treat OTC-deficient
mice. To overcome this problem in future experiments, we propose
to take advantage of a selective growth advantage of, for instance,
the corrected hepatocytes.65–67 In this context it is important to
note that we used episomal-based naked DNA vectors for liver-tar-
geted gene therapy; hence, the vectors might be lost in gene-corrected
hepatocytes that undergo cell proliferation unless they contain ele-
ments with the potential for autonomous replication.68

In summary, we found that delivery through the biliary tree is feasible
and safe and has the potential for injection or reinjection of non-viral
naked DNA vectors in (pediatric) patients, even through less invasive
ERCP-mediated hydrodynamic delivery or percutaneous transhe-
patic cholangiography as an alternative. Moreover, by combining a
novel class of autonomously replicating non-viral naked DNA vector
and in vivo selection, the intrabiliary delivery method may have a
great impact on the treatment of genetic (metabolic) liver defects.

MATERIALS AND METHODS
Animal husbandry, genotyping, and AAV treatment

The State Veterinary Office of Zürich approved all animal experi-
ments; experiments were carried out according to the guidelines of
the Swiss Law of Animal Protection (licenses ZH130-2014 and
ZH072-2017), the Swiss Federal Act on Animal Protection (1978),
and the Swiss Animal Protection Ordinance (1981). Wild-type
C57BL/6JRccHsd female or male mice aged 6–8 weeks were obtained
from Envigo (Horst, the Netherlands). For therapeutic correction
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Figure 8. Correction of OTC deficiency and rescue for survival were observed upon HRII

Ureagenesis assay at different time points of the entire cohort (A) after HRII and (B) after administration of rAAV2/rh10-shRNA-OTC. Data were analyzed by two-way ANOVA.

Sidak’s multiple comparison test. (C) Weight of eachmouse after delivery of rAAV2/rh10-shRNA-OTC. WT, wild-type mouse; dagger indicates mice euthanized due to health

issues 13 days after administration of rAAV2/rh10-shRNA-OTC (at the age of 19–22 weeks old). (D) Blood ammonia level measurement upon sacrifice. *p <0.05, **p <0.01,

****p <0.0001, n.s. not significant.
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studies, we used hemizygous OTC-deficient spfash male mice aged
5–8 weeks that were genotyped as described previously.58 For
AAV-mediated knockdown of endogenous OTC expression,
5 � 1011 vector genomes of rAAV2/rh10-shRNA-OTC59 were in-
jected intraperitoneally. Mice were euthanized upon development
of signs of hyperammonemia, including ataxia, tremors, and lethargy,
which was also documented by the dramatic loss of body weight. All
mice were maintained under a 12:12-h dark/light cycle in a standard-
ized environment with controlled humidity and temperature. Mice
were offered ad libitum standard chow and water.

Surgical intervention in mice

For pain relief, mice received a combination of 0.1 mg/kg buprenor-
phine (Temgesic; Indivior Schweiz, Baar, Switzerland) and 5 mg/kg
carprofen (Rimadyl; Pfizer, New York, NY, USA) subcutaneously
Molecular The
30 min before surgery. Mice were anesthetized in an enclosed
container with isoflurane (5% vehicled by oxygen 1 L/min); thereafter,
the isoflurane mask was fixed over the nose with continuous treat-
ment of 2%–3% isoflurane vehicled by oxygen 1 L/min. Mice were
placed on a surgical board on top of a heating pad (37�C). Thereafter,
eyes were covered with vitamin A (retinol) for moisturization. The
surgical field was shaved with an electric clipper and disinfected
with antiseptic povidone-iodine solution (Braunol; B. Braun, Melsun-
gen, Germany). The abdomen was opened through a longitudinal
midline incision.

Hydrodynamic retrograde intrabiliary injection

For HRII, the peritoneal cavity was exposed and the liver was freed
from its ligaments, besides the falciform ligament which was con-
nected to the gallbladder. The duodenum and intestine were placed
rapy: Methods & Clinical Development Vol. 27 December 2022 361
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to the left side of the mouse body and wrapped with gauze moist-
ened with saline. The ideal infusion site was on the fundus of the
gallbladder. A short silk thread was placed under the body of the
gallbladder, and a loose ligature was made. The infusion catheter
(Insyte Autoguard, 24GA; BD, Allschwil, Switzerland) was carefully
inserted into the gallbladder, the ligature was tightened, and a sur-
gical knot was made to fix the catheter. For pressurized infusion,
portal vein, hepatic artery, and common bile duct were clamped
by a single non-traumatic microvessel clamp (Fine Science Tools,
North Vancouver, Canada). The suprahepatic vena cava was
clamped by a bulldog vessel clamp (FE021K; B. Braun) to
completely block the inflow and outflow of the liver shortly during
infusion. 0.4–1.0 mL of a saline solution (0.9% NaCl; B. Braun) con-
taining different amounts of MC vectors or plus/minus 15%
mannitol were injected in 10–30 s into the gallbladder with a pro-
grammable electronic infusion pump device (Standard Infuse/
Withdraw Pump 11 Elite Programmable Syringe Pump; Harvard
Apparatus, Holliston, MA, USA). After infusion, the bulldog vessel
clamp that closed the suprahepatic vena cava was immediately
removed followed by the removal of the microvessel clamp that
closed the hepatic hilar area. The infusion catheter was subsequently
carefully withdrawn from the gallbladder. The cystic duct was
ligated with an 8-0 suture (Prolene; Ethicon, Edinburgh, UK), and
a cholecystectomy was performed. The duodenum and intestine
were then placed back into the abdomen. The abdominal wall was
closed using a double-layer continuous running suture technique
with a 5-0 suture (Prolene; Ethicon).

Autophagy stimulation was performed by pre-treating animals with
20 mg/kg torin 1 (Sleckchem, Houston, TX, USA) by intraperitoneal
injection 2 h prior to HRII.

Hydrodynamic tail vein injection

A saline solution (0.9% NaCl; B. Braun) containing MC vectors
was injected via the tail vein, as described previously.19,20 In brief,
mice were injected with 10% body weight of a saline solution
containing MC vectors with a 27-gauge needle within 5–8 s. Mice
received 5 mg/kg carprofen (Pfizer) subcutaneously after successful
injection.

Hydrodynamic portal vein injection

For hydrodynamic intraportal vein injection, the intestines were dis-
placed to the left side of the mouse body to expose portal vein and su-
pra- and infrahepatic vena cava, and wrapped with gauze moistened
with saline. The suprahepatic vena cava was clamped by a bulldog
vessel clamp (FE021K; B. Braun) to completely block the outflow of
the liver shortly during infusion. Hypertonic solutions containing
15% mannitol (B. Braun) and 2.5 units/mL of heparin as well as
MC vectors were manually injected over approximately 30 s into
the portal vein using a 29-gauge needle into the portal vein with a vol-
ume of 0.5 mL. The clamp was removed after the injection was
completed. The abdomen wall was closed using a double-layer
continuous running suture technique with a 5-0 suture (Prolene;
Ethicon).
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HRII condition comparison

(1) Vector dose

Three different doses of MC.Luc3, i.e., 2.5 mg, 12.5 mg, and 25 mg DNA
per gram of mouse, were infused in a volume of 0.8 mL over 10 s (in
saline; flow rate 80 mL/s).

(2) Additives

A study by Budker and colleagues reported that gene expression was
10-fold higher when DNA vectors were delivered in a hypertonic
solution containing 15% mannitol.34 A different study by Hösel
and colleagues demonstrated that pharmacological inducers of auto-
phagy enhanced transduction efficiency of AAV vectors in hepato-
cytes,69 whereby pre-treatment with a single dose of the autophagy
inducer torin 1, an inhibitor of mTOR, increased AAV vector-medi-
ated transgene expression of up to 5-fold in mouse liver. We tested
both additives separately in our HRII approach, i.e., either vector
infusion in a hypotonic solution with 15% mannitol or pre-treat-
ment with 20 mg/kg of torin 1 intraperitoneally 2 h before vector
infusion (2.5 mg/g MC.Luc3, 0.8 mL saline in 10 s; flow rate of
80 mL/s).

(3) Flow rates (volume)

Mice were infused in 10 s with 2.5 mg/g MC.Luc3 in volumes of
0.4 mL, 0.6 mL, and 0.8 mL of saline, equivalent to flow rates of
40 mL/s, 60 mL/s, and 80 mL/s, respectively. To include a flow rate
of 100 mL/s without further increasing the total volume, we infused
0.5 mL in 5 s.

(4) High-pressure versus low-pressure injection in combination with
mannitol

Mice received 2.5 mg/g MC.Luc3 in 15% mannitol in combination
with “low-pressure” (40 mL/s) or “high-pressure” (80 mL/s) infusion.

Analysis of minicircle degradation in bile

Bile was collected from the gallbladder of mice, shock frozen in liquid
nitrogen, and stored at �80�C. Bile was added to 1 mg of MC.Luc3
diluted in PBS to a final bile concentration of 10% (v/v). The solution
was incubated at 37�C. At the time points of 0, 5, 20, 40, 60, 120 min,
aliquots were collected and kept on dry ice until analysis by gel elec-
trophoresis on a 0.8% agarose gel. GelRed (Biotium, Hayward, CA,
USA) was used for DNA visualization.

In vivo bioimaging system

Mice were anesthetized with 3%–4% of isoflurane in an induction
chamber and injected intraperitoneally with 150 mg/kg D-luciferin
potassium salt (Gold Biotechnology, St. Louis, MO, USA). Ten mi-
nutes after D-luciferin injection, mice were screened for biolumines-
cence with an in vivo bioimaging system (IVIS 200; PerkinElmer,
Santa Clara, CA, USA). Bioluminescence was presented in
photons/s and quantified by using Living Image 3.2 software
(PerkinElmer). The background level of luciferase expression
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(1.4 � 105 photons/s) was determined in five mice which received
no MC vectors.
Minicircle production

All minicircle (MC)-producer plasmids with the various expression
cassettes were constructed according to the description under
“MC vector construction,” including plasmids pMC.mOTC2,
pMC.mOTC3, pMC.mOTC4, pMC.mOTC7, pMC.Luc3, and
pMC.PKU37. All vectors contain a synthetic liver-specific promoter,
P3,20,70 and the bovine growth hormone poly(A) signal
(BHGpA). After transforming the MC-producer plasmids into E.
coli ZYCY10P3S2T, corresponding MC vectors were generated and
purified by using The NucleoBond Xtra Maxi EF with the
NucleoBond Finisher Maxi (Machery-Nagel, Düren, Germany) ac-
cording to the manufacturer’s instructions. MC quality was analyzed
by gel electrophoresis and Sanger sequencing.
MC vector construction

In the following, the various expression cassettes are briefly described.

For pMC.mOTC2 and pMC.mOTC3, vectors were generated by
excising mPah-cDNA from pMC.PKU2020 using NruI and BsiWI.
pMC.mOTC2 consists of a codon-optimized murine Otc (mcoOTC)
while pMC.mOTC3 contains a codon-optimized mOtc combined
with an insertion of a 670 bp truncated IVIS1D intron fragment,
which retains 300 bp from the 50 end and 370 bp from the 30 end
of mOtc IVIS1 but lacks 12 kb from the native intron, between
exon 1 and exon 2 in mOtc cDNA. Both inserts were synthesized
by GenScript (Piscataway, NJ, USA).

For pMC.mOTC4, the mouse Otc-cDNA (ENSMUSG00000031173)
containing the murine 50 Kozak consensus sequence was amplified
by PCR from plasmid pAM-LSP1-mOTC59 with primers containing
the terminal restriction sites NruI (underlined in forward primer:
50-AAT CGC GAG AAT TCG CCG CCA CCA TG-30) and PvuI
(underlined in reverse primer: 50-CCA CGA TCG ATC GAT AAG
CTT ATA TC-30). The amplified Otc-cDNA fragment replaced
mcoOTC between the P3 promoter and the bovine hormone poly(A)
(BGHpA) in vector pMC.mOTC2 to obtain pMC.mOTC4.

For pMC.mOTC7, a FLAG-tag sequence (DYKDDDDK), flanked by
additional glycine-glycine residues (as flexible spacers) at both
ends (Figure S1A), was inserted C-terminal of the OTC leader pep-
tide71–73 of pMC.mOTC3 with the Q5 Site-Directed Mutagenesis
Kit (New England BioLabs, Ipswich, MA, USA) with the primer
pair: forward primer 50-gat gac gac aag ggt ggt CAA GTA CAG
CTC AAG GGC-30 and reverse primer 50-gtc ttt gta gtc acc acc
ACT TTG GAC TGG CTT CCC-30 (uppercase = target-specific
primer; lowercase = FLAG sequence).

pMC.Luc3 was described in our previous publication as MC.P3-luc74

expressing the firefly luciferase reporter transgene. The size of
MC.Luc3 is 2,326 bp.
Molecular The
pMC.PKU37 consists of FLAG-tagged wild-type mouse phenylala-
nine hydroxylase (mPah-cDNA, ENSMUST00000020241), which
was described in our previous publications.19,20 The size of
MC.PKU37 is 2,158 bp.

Vector copy number quantification by quantitative real-time

PCR

Genomic DNA (gDNA) from powdered liver tissue was extracted us-
ing the DNeasy Blood and Tissue Kit (Qiagen, Homebrechtikon,
Switzerland) according to the manufacturer’s instructions. The vector
copy number per diploid genome was determined by quantitative
real-time PCR using primers and probes specific to the BGHpA of
the MC vector (forward primer: 50-GCC TTC TAG TTG CCA
GCC AT-30; reverse primer: 50-GGC ACC TTC CAG GGT CAA
G-30; probe: 50-FAM-TGT TTG CCC CTC CCC CGT GC-
TAMRA-30). The Gapdh Taqman assay (Mm99999915_g1; Thermo
Fischer Scientific, Basel, Switzerland) was included as loading control
and the BHGpA signal was then normalized to the Gapdh signal. One
hundred nanograms of gDNA from each sample was used as a tem-
plate. The reaction conditions were as follows: 50�C for 2 min and
95�C for 10 min, followed by 40 cycles of 95�C for 15 s and 60�C
for 1 min. Quantitative PCR reactions were performed by ABI
PRISM 7900 sequence detector, and the data were analyzed with
Sequence Detection System V2.4.1. The copy number in 100 ng of
gDNA for each sample was calculated as described previously.19,20

A standard curve plotting cycle threshold (Ct; y axis) against log vec-
tor copy number (x axis) was generated using serially diluted DNA
vector with various copy numbers (2 � 107 copies to 200 copies)
along with 100 ng of non-infused control gDNA.

Histological and immunohistochemical analysis

Formalin-fixed paraffin-embedded liver tissues were sectioned (3–
5 mm) and either routinely stained with hematoxylin and eosin
(H&E) or subjected to immunohistochemical staining for the expres-
sion of luciferase, as previously described.75 Sections were dewaxed,
dehydrated, and subjected to antigen retrieval (20 min incubation
at 98�C in EDTA buffer [pH 9] in a pressure cooker), followed by in-
cubation with the primary antibody (goat anti-firefly luciferase,
ab16466; Abcam, Cambridge, UK) overnight at 4�C. After blocking
of endogenous peroxidase (peroxidase block; Dako, Jena, Germany)
for 10 min at room temperature, sections were incubated for
30 min at room temperature with the detection system (Envision Sys-
tem HRP Goat; Agilent Technologies, Basel, Switzerland), with dia-
minobenzidine as chromogen and counterstained with hematoxylin.

Immunohistochemical staining for FLAG tag and Ki-67 was carried
out at the Immunohistochemistry (IHC) Laboratory, Department
of Visceral and Transplantation Surgery, University Hospital Zürich
(Zürich, Switzerland). Antigen retrieval was performed with Target
Retrieval Solution low (pH 6.0, for FLAG tag; Agilent Technologies)
or Target Retrieval Solution high (pH 9.0, for Ki-67; Agilent Technol-
ogies) in the PT Link autostrainer (Agilent Technologies). Sections
were incubated with primary antibodies (rabbit polyclonal anti-
DYKDDDK-tag [cat. #14793] in 1:800 dilution; Cell Signaling
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Technologies, Danvers, MA, USA) or rabbit monoclonal anti-Ki67
(#ab16667) in 1:200 dilution; Abcam) in Dako REAL antibody
diluent, followed by Envision System HRP Rabbit (Agilent
Technologies).

Sections stained for FLAG tag and Ki-67 were imaged using the Axio
Scan.Z1 slide scanner (Zeiss, Oberkochen, Germany) and analyzed
using FIJI (2.0.0-rc-43/1.50e, Java 1.6.0_24 [64-bit]) and the
ImmunoRatio plugin.20

RNA extraction, RNA sequencing, cluster generation, and

bioinformatics

The QIamp RNA Blood Mini Kit (Qiagen, Hilden, Germany) was
used for RNA extraction of homogenized mouse liver according to
the manufacturer’s instructions. The tissue protocol was used with
the optional a DNase digestion step. The quality of the isolated
RNA was determined with a Qubit (1.0) Fluorometer (Life Technol-
ogies, Carlsbad, CA, USA) and a Fragment Analyzer (Agilent, Santa
Clara CA, USA). Only those samples with a 260 nm/280 nm ratio be-
tween 1.8 and 2.1 and a 28S/18S ratio within 1.5–2 were further pro-
cessed. The TruSeq Stranded mRNA (Illumina, San Diego, CA, USA)
was used in the succeeding steps. In brief, 500 ng of total RNA sam-
ples were poly(A) enriched and then reverse transcribed into double-
stranded cDNA. The cDNA samples were fragmented, end-repaired,
and adenylated before ligation of TruSeq adapters containing unique
dual indices for multiplexing. Fragments containing TruSeq adapters
on both ends were selectively enriched with PCR. The quality and
quantity of the enriched libraries were validated using a Qubit (1.0)
Fluorometer and the Fragment Analyzer (Agilent). The product is a
smear with an average fragment size of approximately 260 bp. The li-
braries were normalized to 10 nM in 10mMTris-Cl, pH 8.5 with 0.1%
Tween 20. The Novaseq 6000 (Illumina) was used for cluster genera-
tion and sequencing according to standard protocol. The sequencing
mode was paired end at 2 � 150 bp or single end at 100 bp.

The raw reads were first cleaned by removing adapter sequences,
trimming low-quality ends, and filtering reads with low quality
(phred quality <20) using Trimmomatic (version 0.36). Sequence
pseudo-alignment of the resulting high-quality reads to the mouse
reference genome (build GRCm38.p5) and quantification of gene
level expression were carried out using Kallisto (version 0.44).76

DEGs were identified by the R package edgeR (v3.26.1) using a gener-
alized linear model (glm) regression, a quasi-likelihood differential
expression test, and the trimmed means of M-values normalization.
Genes showing altered expression with adjusted (Benjamini and
Hochberg method) p value <0.05 and log2(fold change) >0.5 were
considered differentially expressed.77

Ureagenesis assay

Quantification of ureagenesis was followed as described in our pub-
lished protocol.58 In brief, mice were fasted for 3–4 h. Duplicates of
basal blood sample (5 mL) before tracer injection were collected on
a filter card (IDBS-226; PerkinElmer, Shelton, CT, USA) by
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tail vein puncture. Thereafter, mice received [15N]H4Cl tracer
(4 mmol/kg body weight, dissolved in 1� PBS) intraperitoneally.
Following 30 min, new duplicates (5 mL) were collected. Samples
were prepared, and enrichment of [15N]H4Cl was measured accord-
ing to Allegri et al.58

AAV vector production

The vector constructs for knockdown of endogenous OTC mRNA
and rAAV2/rh10 were produced as described previously.59,78

Ornithine transcarbamylase assay

The OTC enzyme assay from liver lysate was performed as previously
described.58 In brief, an assay mixture containing triethanolamine
(270 mM), ornithine (5 mM), and carbamoyl phosphate (15 mM)
was prepared and 5 mL of liver lysate, equivalent to 0.5–15 mg of total
protein, was added. The reaction mixture was incubated at 37�C for
30 min and stopped with 3:1 phosphoric acid/sulfuric acid (v/v).
Citrulline production was determined with 3% 2,3-butanedione mon-
oxime, by incubating at 95�C–100�C in darkness for 15 min.
Absorbance was measured at 490 nm (Ultrospec 3100 Pro; Amer-
sham Biosciences, Amersham, UK).

Collection of liver and other organ samples

Animals were perfused with heparinized 1� DPBS (Heparin-Na; B.
Braun) through the left cardiac chamber using a peristaltic pump
(P-1 Peristaltic Pump; Amersham Biosciences). Outflow was ensured
by cutting the vena cava. Other organs such as brain, kidney,
pancreas, stomach, and duodenum were dissected and snap-frozen
in liquid nitrogen. One piece of each liver lobe was collected according
to Figure S6, stored in a 4% formaldehyde solution (pH 6.9) (Merck,
Darmstadt, Germany) for 24 h, and subsequently transferred to 70%
ethanol (Merck) at 4�C for 3–4 days, then trimmed and routinely
paraffin-wax embedded for the histological examination. Frozen tis-
sues were kept at �80�C.

Analysis of MC vector by saturated PCR

Liver tissue was homogenized using the Tissue-Lyser II (Qiagen,
Hombrechtikon, Switzerland). DNAwas extracted from liver homog-
enates using the DNeasy Blood and Tissue Kit (Qiagen) according to
the manufacturer’s protocol. Purity and quality of DNA were
measured with NanoDrop ND1000 (Thermo Fisher Scientific).
PCR with DNA isolated from the tissue samples was performed to
determine presence of MC vectors. Primer f2 luc 50-CAC GTT
CGT CAC ATC TCA TCT ACC-30 and reverse primer r3 luc
50-TGA GCC CAT ATC CTT GCC TGA TAC-30 were obtained to
amplify the luciferase transgene. PCR for 42 cycles using HOT
FIREPol polymerase (Solis BioDyne, Luzerne, Switzerland) was per-
formed at an annealing temperature of 58�C. The amplified fragment
had an expected length of 533 bp.

Luciferase enzyme assay

The Luciferase Assay System (Promega, Dübendorf, Switzerland) on
the microplate reader infinite F200 (Tecan, Männedorf, Switzerland)
was used to determine the luciferase activity according to the
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manufacturer’s protocol. Tecan i-control 1.10 software was used for
data analysis. The threshold hold of the luciferase enzyme activity
was defined as 0.08 RLU/mg protein, which was measured in five
mice which received no MC vectors.

Liver enzyme and blood ammonia diagnostics

Blood was collected immediately after euthanization with CO2 and
transferred into Li-heparin tubes (Microvette 200; Sarstedt, Newton,
NC, USA). Tubes were centrifuged at 2,000 � g for 10 min. Plasma
was transferred into an Eppendorf tube, snap-frozen in liquid nitro-
gen, and kept at �80�C. Plasma (minimum 50 mL) biochemical
analyses were done by the Division of Clinical Chemistry and
Biochemistry at the University Children’s Hospital Zürich (Zürich,
Switzerland) with a commercial routine method on an Alinity c
(Abbot Laboratories, Chicago, IL, USA).

Immunofluorescence

Formalin-fixed paraffin-embedded liver tissues were sectioned and
stained for FLAG tag and HSP60 at IHC Laboratory of the Center
for Surgical Research at the University Hospital Zürich. Sections
were treated as follows. Antigen retrieval was performed with Target
Retrieval Solution low (pH 6.0) in the PT Link (Dako, Glostrup,
Denmark). Autofluorescence was quenched with TrueBlack (23007;
Biotium, Hayward, CA, USA) according to the manufacturer’s in-
structions. Sections were incubated with anti-FLAG (1:800, diluted
in DAKO REAL antibody diluent, cat. #14793; Cell Signaling),
washed and incubated with Alexa Green 488 (2 mg/mL, A21206;
Thermo Fisher Scientific), or incubated with anti-HSP60 (1:100,
diluted in DAKO REAL antibody diluent, ab109873; Abcam), washed
and incubated with Alexa Red 594 (2 mg/mL, A 11058; Thermo Fisher
Scientific). Finally, slides were mounted with DAPI mounting me-
dium (1 drop, ab104139; Abcam). The images were acquired with a
Leica SP8 confocal microscope at the Center of Microscopy and Im-
age Analysis at the University of Zürich. The images were deconvo-
luted with Huygens (version 19.4), and the co-localization analysis
was performed with Imaris (version 9.3).

Western blotting

Proteins were detected by SDS-PAGE (Mini-PROTEAN precast gels,
4%–15%; Bio-Rad, Hercules, CA, USA) using antibodies diluted in
5% milk in TBST: anti-goat-DYKDDDDK tag (1:1,000, #14793;
Cell Signaling), anti-OTC (1:1,000, ab203859; Abcam), and mouse-
anti-b-actin (1:4,000, ab8227; Abcam). Secondary antibodies were
conjugated to horseradish peroxidase for visualization in 5% milk
in TBST in a 1:3,000 dilution. Chemiluminescence and total protein
were recorded with a ChemieDoc Touch Imaging System (Bio-Rad).

Cytokine IL-6 measurement

IL-6 measurement was performed according to the protocol from
the manufacturer. In brief, IL-6 was detected with a bead-based
immunoassay using fluorescence-encoded beads (LEGENDplex;
BioLegend, San Diego, CA, USA). The fluorescent signals were de-
tected by a flow cytometry FACSCanto II (BD Biosciences, Allschwil,
Switzerland).
Molecular The
Statistics

Statistical analysis was performed using Prism 8 (version 8.3.1).
Continuous variables are reported as mean ± SD unless indicated
otherwise. Two-sample comparisons were performed using the
two-tailed Student’s t test, and multiple comparisons were performed
by one-way or two-way ANOVA. The Mann-Whitney U test and
Kruskal-Wallis test were used to compare data with a non-normal
distribution. Statistical significance is indicated in figures as
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and n.s. (p > 0.05).
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