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Ornithine transcarbamylase deficiency is a rare X-linked
genetic urea cycle disorder leading to episodes of acute hyper-
ammonemia, adverse cognitive and neurological effects,
hospitalizations, and in some cases death. DTX301, a non-
replicating, recombinant self-complimentary adeno-associated
virus vector serotype 8 (scAAV8)-encoding human ornithine
transcarbamylase, is a promising gene therapy for ornithine
transcarbamylase deficiency; however, the impact of sex and
prophylactic immunosuppression on ornithine transcarbamy-
lase gene therapy outcomes is not well characterized. This study
sought to describe the impact of sex and immunosuppression
in adult, sexually mature female and male cynomolgus ma-
caques through day 140 after DTX301 administration. Four
study groups (n = 3/group) were included: male non-immuno-
suppressed; male immunosuppressed; female non-immuno-
suppressed; and female immunosuppressed. DTX301 was
well tolerated with and without immunosuppression; no
notable differences were observed between female and male
groups across outcome measures. Prednisolone-treated ani-
mals exhibited a trend toward greater vector genome and trans-
gene expression, although the differences were not statistically
significant. The hepatic interferon gene signature was signifi-
cantly decreased in prednisolone-treated animals, and a signif-
icant inverse relationship was observed between interferon
gene signature levels and hepatic vector DNA and transgene
RNA. These observations were not sustained upon immuno-
suppression withdrawal. Further studies may determine
whether the observed effect can be prolonged.

INTRODUCTION
Ornithine transcarbamylase (OTC) deficiency is the most common
urea cycle disorder, accounting for roughly 50% of inborn errors of
urea synthesis, and has an incidence of 1/56,500 newborns in the
United States.1 The OTC gene, located on the short arm of the X chro-
mosome at Xp21.1, is responsible for the conversion of ornithine and
carbamoyl phosphate to citrulline in the liver as part of the urea cycle;
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a lack of OTC activity leads to the accumulation of ammonium and
glutamine, decreased or absent citrulline, and increased urinary orotic
acid.2,3 OTC deficiency can affect both males and females. Males with
complete OTC deficiency present with acute, often fatal hyperammo-
nemia in the first week of life, whereas those with partial deficiency
have a late presentation, often in adulthood,3 with the majority of
identified female patients experiencing late-onset disease. Conse-
quently, there exists a clinical spectrum of disease severity, the most
serious of which include seizures, coma, and death.3

Treatment options for OTC deficiency are generally limited to a pro-
tein-restricted diet, ammonia scavengers, and liver transplantation.2,4

Approved therapies (sodium phenylbutyrate, glycerol phenylbuty-
rate, sodium phenylacetate, and sodium benzoate), which must be
taken multiple times per day for the patient’s entire life, do not elim-
inate the risk of future metabolic crises. Currently, the only curative
approach is liver transplantation with the accompanying risk of expo-
sure to lifelong immunosuppressive drugs. While liver transplanta-
tion will not undo previously acquired neurological damage, it can
allow an unrestricted diet and decreased reliance on medication.4

Given that OTC deficiency is a monogenic disorder, it is a promising
candidate for the development of gene therapy with adeno-associated
virus (AAV)-based vectors. DTX301 (avalotcagene ontaparvovec) is
an investigational product consisting of a codon-optimized, human,
wild-type OTC gene with a liver-specific promoter and enhancer
packaged in a self-complementary AAV8 vector. DTX301 is admin-
istered as a single peripheral intravenous infusion designed to deliver
durable hepatic gene expression and prevent complications associated
with OTC deficiency.5 In preclinical studies, DTX301 normalized
levels of urinary orotic acid (a marker of ammonia metabolism),
2022 ª 2022 The Authors.
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Figure 1. Study design

Cynomolgus macaques were administered intraven-

ously (i.v.) with 1 � 1013 genome copies (GCs)/kg of

AAV8sc.TBG.hOTCco with no immunosuppression (IS) or

prednisolone (1 mg/kg/day). Prednisolone was initiated

4 days prior (day �4) to vector administration and tapered

between days 28 and 56 by approximately 25% per week.

Two consecutive liver biopsies were performed on all ani-

mals on days 28 and 84, respectively. Necropsy and ter-

minal collections were performed on day 140. Anti-AAV8

neutralizing antibodies (NAbs), vector DNA and IFN gene

signature in the blood, vector DNA, human codon-opti-

mized OTC (hOTCco) messenger RNA (mRNA), IFN gene

signature in the liver, and IFN g ELISpot were evaluated in

individual macaques at the indicated time points (triangles).

*For the IFN signature in the blood, day 0 samples were

collected both pre dose and 6 h post dose. LN, lymph

node; oqPCR, optimized quantitative polymerase chain

reaction; PBMCs, peripheral blood mononuclear cells.
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restored OTC enzyme activity, and allowed animals to survive
ammonia challenge.6 Positive safety and efficacy outcomes with
DTX301 in adults with late-onset OTC deficiency in a phase 1/2 study
allowed for progression to a pivotal trial for the evaluation of DTX301
as a potential new treatment for OTC deficiency.5,7

It is well known that the host immune response to AAV vectors can
limit therapeutic use.8–10 Indeed, the production of type I interferons
(IFNs) has been shown to play a role in the amplification of adaptive
anti-AAV responses.9,11,12 Although AAV vector systems confer
reduced immunological response as compared with other vector sys-
tems, immune suppression may provide benefit in maximizing trans-
duction efficiency.13 Commonly, treatment with corticosteroids is used
in conjunction with AAV gene therapy, either prophylactically or reac-
tively, to mitigate immune responses.14–16 Inmice, several studies have
demonstrated that hepatocyte transduction efficiency differs between
males and females.17–21 This is of particular interest when studying
DTX301, because although OTC deficiency is X-linked and predomi-
nantly affects males, approximately 20% of heterozygous females are
also symptomatic22; therefore, it is important to establish that potential
treatment methodologies are effective in both sexes.

The impact of prophylactic immunosuppression (IS) and sex is not
well characterized in non-human primate (NHP) models as a
surrogate for human response. Further testing in NHPs provides an
opportunity to elucidate the potential impact of prophylactic IS and
investigate other mechanistic factors that may impact DTX301 effi-
cacy. In the present study, we sought to characterize the impacts of
prophylactic IS and sex on the transduction and transgene expression
of DTX301 in NHPs to establish safety and efficacy profiles.

RESULTS
Study design

A single 1 � 1013 genome copies (GCs)/kg dose of DTX301 was
administered to 12 adult, sexually mature female and male cynomol-
gus macaques, with or without prophylactic IS. Four study groups
Molecular
(n = 3 per group) were examined: male non-IS; male IS; female
non-IS; and female IS. In the IS groups, prednisolone (1 mg/kg/
day) was administered 4 days before and for 28 days following
DTX301 administration and was tapered approximately 25% per
week from days 28 to 56 (Figure 1). In-life liver biopsies were collected
on day 28 and day 84, and terminal liver samples were scheduled for
assessment on day 140.

Baseline animal characteristics

Age at DTX301 dosing ranged from 4.8 to 12.8 years, and weight at
dosing ranged from 3.4 to 12.8 kg (Table 1). Male and female animals
were randomly assigned to the non-IS or IS groups and were not age
or weight matched across study groups. Mean female age at baseline
was approximately 2 years older than mean age at baseline for male
animals; however, the difference was not statistically significant,
and age was evenly distributed within the two groups of female ani-
mals (Figure S1). Of note, 1 male aged 4.8 years may have been on
the cusp of sexual maturity and was not absolutely confirmed as sexu-
ally mature.23

Longitudinal animal characteristics

Individual animal body weights were generally stable throughout the
course of the study. DTX301 was generally well tolerated by all
animals, with only one animal (BQ652) requiring an unscheduled
necropsy at day 103 due to iatrogenic surgical site dehiscence
19 days after the second liver biopsy procedure that was considered
unrelated to DTX301 or prednisolone treatment.

Alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were examined over the course of the study to assess overall
liver health following DTX301 administration (Figure S2). Mean
baseline values for ALT were slightly higher in females than males,
although this difference did not reach significance. During the course
of the study, ALT levels increased to at least double that of mean pre-
dosing levels (baseline) in the majority (9/12) of the study animals,
including all six animals in the non-IS groups and three animals in
Therapy: Methods & Clinical Development Vol. 24 March 2022 293
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Table 1. Baseline animal age and weight

Group Sex Immunosuppression ID
Age at
dosing (y)

Weight
(kg)

M (no IS) M none

BB927D 8.4 12.78

CEA029 4.8 4.94

T3800 12.6 5.72

F (no IS) F none

BC829 12.8 4.38

BG126 12.3 5.04

BA531K 8.5 3.70

M (IS) M prednisolone

BA990K 6.6 6.10

BB436F 8.9 8.95

CCC050 6.7 6.76

F (IS) F prednisolone

BG407 12.5 5.80

BQ652a 10.7 4.96

CCG015 6.3 3.40

F, female; IS, immunosuppression; M, male.
aBQ652 (group 4) was euthanized on day 103 due to complications from the incision
after the day 84 liver biopsy.
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the IS groups (Figures S2A and S2B). For the three animals in the IS
groups, ALT elevations mostly occurred on or after day 56, when IS
was withdrawn, whereas the elevations observed in animals in the
non-IS groups did not show a clear association with a particular
time point. Four animals showedALT elevations as early as day 7 after
dosing: three in the non-IS group and one in the female IS group. AST
levels were generally low throughout the study; any increases were not
associated with particular groups or time points. ALT and AST levels
resolved without intervention and remained within reported refer-
ence ranges for male and female cynomolgus macaques.24

In order to characterize the levels of vector persistence in the blood over
the course of the study, blood samples were analyzed for vector DNA
content. Vector in blood had two phases of reduction: early (within
the first week) and late (approximately 20 weeks; Figure S3A). Across
all groups, the levels of vector DNA detected in blood at 6 h post
DTX301 administration was approximately three logs higher than on
day 7; residual vector DNA in the blood decreased gradually toward
the end of the study. Overall levels of vector in whole blood (GCs/
mL) were similar between groups across all time points (Figure S3A).

Mean vector DNA levels in peripheral blood mononuclear cells
(PBMCs) were assessed for all groups on study days 70 and 140 to
compare with the whole blood measurements (Figure S3B). Mean
vector DNA levels in PBMCs at day 70 and day 140 were similar,
in contrast with the sharp decrease observed in whole blood from
day 70 to day 140, coincident with turnover of RBCs. These findings
are consistent with previously published studies in a hemophilia A
trial with an AAV5 vector, despite the difference in AAV serotype.25

All animals developed a positive response in the anti-AAV8 neutral-
izing antibody (NAb) assay by day 14, which persisted through nec-
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ropsy at day 140 (Figure S4). No notable trends were observed in any
study group with regard to the kinetics or magnitude of the response.

Transduction efficiency in the liver

The kinetics and levels of transduction in liver were evaluated by vec-
tor GC and human codon-optimized OTC (hOTCco) messenger
RNA (mRNA) levels in consecutive liver biopsies at day 28 and day
84 and post necropsy on day 140 (Figure 2). One animal, BQ652,
was euthanized on day 103 due to iatrogenic surgical site dehiscence
19 days after the second liver biopsy procedure. Vector GC and
hOTCco mRNA levels both were highest at day 28 and significantly
reduced at day 84 in all animals, while the overall changes between
day 84 and day 140 were not statistically significant (Figure 2A).
On average, IS animals exhibited greater vector genome and trans-
gene expression compared with non-IS animals at day 28, although
the differences are not statistically significant (Figures 2B and 2C).
By day 84 and day 140, similar levels of vector GC and transgene
expression were detected in the two groups (IS versus non-IS). No
notable differences were observed between male and female IS or
non-IS groups at any time point with regard to vector genome and
transgene expression (Figures 2B and 2C). On average, vector GCs
in liver on day 84 were reduced to 45.2% ± 3.5% (mean ± standard
error of the mean [SEM]; n = 12) of those on day 28, and hOTCco
mRNA on day 84 were 41.2% ± 4.7% of those on day 28 (Figures
S5A and S5B). Vector GCs and hOTCco mRNA on day 140 were
at similar levels to those on day 84 (94.5% ± 7.9% and 94.2% ±

7.2%, respectively).

Analysis of transgene expression

For analysis of transgene expression, in situ hybridization (ISH) (Fig-
ure 3) and immunohistochemistry (IHC; Figure 4) were performed.
ISH was performed with a probe specific for hOTCco, whereas an
antibody against human OTC was used for immunostaining that
also detected to some degree endogenous NHP OTC. Both ISH and
IHC showed transgene expression predominantly in hepatocytes
near portal regions, mimicking to a certain degree the natural distri-
bution of OTC expression (Figures S6 and S7).

A trend was observed toward a greater proportion of positive
hOTCco hybridization signal in the cytoplasm of IS animals
compared with non-IS animals, as measured by visual inspection
(Figure 3A); however, image analysis of proportion of hOTCco-pos-
itive cytoplasm and/or nuclei showed no apparent differences be-
tween IS and non-IS animals (Figures 3C–3E). The mean ± SEM
hOTCco expression was approximately 60% ± 5.1% at day 28 and
reduced to approximately 33% ± 3.8% and 16% ± 1.8% at day 84
and day 140, respectively (Figure 3B). Similar results were observed
for image analysis of proportion of hOTCco hybridization signal in
the cytoplasm (Figure S8); however, IS animals trended to show
greater hOTCco expression compared with non-IS animals at day
28 (Figure S8B).

OTC protein expression assessed by IHC staining was higher in all
DTX301-treated animals by visual inspection, as compared with
2022
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Figure 2. Vector DNA and hOTCco mRNA analysis

Vector DNA and hOTCco mRNA were quantified in liver biopsies of individual cynomolgus macaques at day 28, day 84, and day 140. Vector DNA was measured by

quantitative polymerase chain reaction (qPCR) and hOTCco mRNA by real-time qPCR. Vector DNA and hOTCco mRNA levels are shown by (A) day and (B and C) individual

group. Data are represented as individual values for each animal with mean ± SEM. Statistical analysis was performed using a Friedman test with Dunn’s multiple com-

parisons test for (A) and aMann-Whitney test for (B and C). ns, not significant; **p = 0.0033; ***p = 0.0001. F, female; GCs, genome copies; IS, immunosuppression; M, male.

See also Figure S5.
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untreated NHPs and an OTC-null patient control; this was evident on
day 28 and decreased on days 84 and 140 (Figures 4A and S7). Image
analysis was used to estimate the proportion of OTC-positive area
(Figures 4B–4E). The mean ± SEM OTC-positive area was approxi-
mately 40% ± 1.5% at day 28 and was reduced to approximately
21% ± 2.4% and 18% ± 1.4% at day 84 and day 140, respectively (Fig-
ure 4B). At day 84, a trend was observed for increased OTC-positive
area in IS animals compared with non-IS animals (Figure 4D). Over-
all, the ISH and IHC data corroborated the trend observed in vector
GC and mRNA levels.
Molecular
Exploratory analysis of interferon gene signature

Animals without IS treatment showed an immune response to
DTX301 characterized by a rise in the hepatic IFN gene signature
on day 28, as compared with animals with IS and control tissues (Fig-
ure 5). Inter-lobe concordance was observed between control samples
(Figure S9). At day 28, the hepatic IFN gene signature was signifi-
cantly reduced in IS animals compared with the non-IS group
(mean ± SEM, 0.11 ± 0.02 versus 0.27 ± 0.03; p = 0.0023; Figure 5B).
Hepatic IFN gene signature heatmaps with all 21 genes showed the
effect of prednisolone through independent clustering in IS and
Therapy: Methods & Clinical Development Vol. 24 March 2022 295
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Figure 3. hOTCco expression in the liver at different

time points by in situ hybridization

Transgene expression by hepatocytes was analyzed in liver

sections of individual cynomolgus macaques by performing

in situ hybridization (ISH) at day 28, day 84, and day 140. (A)

Representative ISH images (20�) are shown for one animal

from each group. Scale bar indicates 100 mm. (B–E)

hOTCco expression was analyzed using morphology

analysis software. Proportion of hepatocytes with positive

cytoplasm and/or nuclei is shown by day (B) and for indi-

vidual groups (C–E). For day 28 and day 84, data are rep-

resented as individual biopsy values for each animal with

mean ± SEM. For day 140, data are represented as the

mean of values from two lobes from each animal with

mean ± SEM. LE, left edge; ME, medial edge; MH, medial

hilus. See also Figures S6 and S8.
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non-IS groups on day 28 (while still receiving prednisolone). Clus-
tering was evident but less clearly defined at later time points (day
84 and day 140) following prednisolone taper (Figures 5A and 5C).
We investigated whether hepatocyte IFN gene signatures correlated
296 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
with transduction efficiency. A significant, in-
verse relationship was observed between levels
of hepatic vector DNA and transgene RNA
with the IFN gene signature levels at day 28 (Fig-
ure 6A). After prednisolone tapering, there was
no longer a relationship between IFN gene signa-
ture and vector DNA or hOTCco mRNA (Fig-
ures 6B and 6C).

To investigate whether the difference in IFN gene
signature levels associated with prednisolone was
due to altered transcription or cell trafficking,
liver composition was examined. Overall, similar
levels of mononuclear cell infiltration were
observed in the livers of male and female and IS
and non-IS animals on day 28 (while IS groups
were still receiving prednisolone) as well as day
84 and at necropsy (Table S1). No DTX301-
related gross findings were detected from liver bi-
opsy at day 28 or day 84 or at necropsy at day 140.
Microscopic findings showed no clear effect of
transient IS. There were no observable differ-
ences between male and female groups.

Microscopic findings in the liver included hepato-
cellular cytoplasmic glycogen and/or lipid accu-
mulation, mononuclear cell infiltrates (present in
all groups), capsular and subcapsular fibrosis,
rare individual hepatocellular necrosis, and hepa-
tocellular multinucleation in some samples.
Importantly, these findings have all been reported
as background in cynomolgus macaques.26
The blood IFN gene signature was also evaluated (Figure S10A).
Prior to dosing, on day �7, the females had a significantly elevated
blood IFN gene signature compared with the males (female mean
1.06 versus male mean 0.35; p = 0.0265), with four of six animals
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Figure 4. hOTC expression in the liver at different time points by

immunohistochemistry

hOTC transgene expression by hepatocytes was analyzed in liver

sections of individual cynomolgus macaques by performing immu-

nohistochemistry (IHC) at day 28, day 84, and day 140. (A) Repre-

sentative IHC images (20�) are shown for one animal from each group.

Non-study control and OTCD patient control samples are also shown.

Scale bar indicates 100 mm. (B–E) hOTC expression was analyzed

using Visiopharm software. Proportion of OTC-positive area is shown

by day (B) and for individual groups (C–E). For day 28 and day 84, data

are represented as individual values for each animal with mean ± SEM.

For day 140, data are represented as the mean of values from four

lobes from each animal with mean ± SEM. OTCD, ornithine trans-

carbamylase deficiency; RE, right edge. See also Figure S7.
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Figure 5. Analysis of hepatic IFN signature

The hepatic IFN gene signature was evaluated in individual cynomolgus macaques by determining the expression of 21 IFN-driven genes in liver lysates using a branched

(b)DNA assay. (A) Hepatic IFN gene signature heatmaps show all 21 genes at day 28, day 84, and day 140. (B) Hepatic IFN gene signature by group at day 28 for the study

animals alongside non-study control liver samples is shown. Data are represented as mean ± SEM of the median IFN signature bDNA signal normalized to expression of

housekeeping for each animal. (C) Hepatic IFN gene signature at the indicated time points is shown. Data are represented asmean ± SEM of the median IFN signature bDNA

signal for each group. Statistical analysis was performed using an unpaired t test. **p = 0.0023. *Animal BQ652 evaluated at day 103. See also Figure S9.
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Figure 6. Correlation analysis of hepatic IFN gene signature

(A) The hepatic IFN gene signature of individual macaques at day 28 was plotted against vector DNA (left), hOTCco mRNA (middle), and proportion of cytoplasm positive for

transgene expression by ISH (right). (B and C) The hepatic IFN gene signature of individual macaques at day 84 (B) and day 140 (C) was plotted against vector DNA (left) and

hOTCco mRNA (right). Statistical analysis was performed using a simple linear regression. ISH, in situ hybridization.
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showing elevated levels compared with control, non-study animals
(mean 0.4). At 6 h following gene therapy, the female non-IS group
had a significantly higher blood IFN gene signature level compared
with the female IS group (female non-IS mean 3.35 versus female IS
mean 0.51; p = 0.0358). The female with elevated levels prior to
prednisolone had control or normal levels following prednisolone
and prior to gene therapy on day 0 and then increased upon pred-
nisolone withdrawal. Males had low blood IFN gene signature levels
that remained generally stable throughout the study (Figure S10C).
Although two female animals with high baseline (day 0) IFN signa-
ture in the blood exhibited lower liver vector GCs/cell and hOTCco
mRNA expression at day 28 (Figure S11), overall, there was not a
significant relationship.
Molecular
IFN g cellular immune response

The cellular immune response to the AAV8 capsid and human OTC
(hOTC) protein was analyzed by IFN g enzyme-linked immunosor-
bent spot (ELISpot) using corresponding peptide libraries
(Figure S12). PBMCs collected at baseline, day 70, and day 140
were evaluated in addition to lymphocytes isolated on day 140 from
hilar, axillary, and popliteal lymph nodes as well as the liver.

Overall, there were no notable differences between groups. On day
140, most animals (9/12) had a positive IFN g response to the
AAV8 capsid, specifically peptide pool AAV8-C in liver lymphocytes,
with six of these nine animals also demonstrating significant AAV8-C
responses in PBMC populations at some point during the study yet
Therapy: Methods & Clinical Development Vol. 24 March 2022 299
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lower in magnitude compared with the response in the liver. The IFN
g response in the lymph nodes remained at baseline levels, with the
exception of one animal with a positive hilar lymph node response.
Responses to the transgene were far less prominent, with only two an-
imals showing positive responses limited to liver lymphocytes only
and characterized as low to moderate in magnitude. There was no
apparent correlation between IFN g ELISpot results and transduction
efficiency, as measured by vector GCs and hOTCco mRNA.

To further assess these responses, flow cytometry was performed on
lymphocytes isolated from the liver and blood of four animals with
elevated ELISpot counts (Figure S13). In the liver, expression of
IFN g and CD107a in CD8+ T cells was observed in two animals in
response to AAV8-C stimulation; however, no IFN g- or CD107a-ex-
pressing CD4+ T cells were found in blood or liver (Figures S13B–
S13D). Minimal expression of other cytokines, such as tumor necrosis
factor alpha (TNF-a) and interleukin-2 (IL-2) was observed within
liver CD107 + IFNg + CD8+ T cells (data not shown). For these mea-
surements, as well as for total B cells, total CD4+ T cells, total CD8+

T cells, and CD4+ T regulatory cells, there were no apparent differ-
ences between IS and non-IS animals.

DISCUSSION
The use of AAV vectors for in vivo gene transfer is extremely prom-
ising for treating genetic diseases, primarily due to the lack of patho-
genicity, the ability to establish long-term transgene expression, and
the wide range of possible tissue targets.27 Given the monogenic
origin of OTC deficiency, it is an excellent candidate for treatment
by gene therapy. In a phase 1/2 study, six patients, including all three
treated at the highest dose, demonstrated a clinically and metaboli-
cally stable response.7 Further, DTX301 was well tolerated, with no
serious adverse events, hospitalizations, or other events related to
OTC deficiency.7

However, certain aspects of gene therapy for OTC deficiency are not
well characterized, including the impact of prophylactic IS and sex
differences. Therefore, the present analysis sought to characterize
the investigational therapy DTX301 in male and female NHPs, with
and without prophylactic IS, to inform the development of a safe
and effective treatment regimen for patients with OTC deficiency.
Broadly, all 12 animals responded to gene therapy and produced
hOTCco mRNA and protein. Further, DTX301 was generally well
tolerated by all animals. One animal required an unscheduled nec-
ropsy at day 103 due to iatrogenic surgical-site dehiscence 19 days
post-operative of the day 84 liver biopsy.

IS via corticosteroids (e.g., prednisolone) is a common tactic used to
mitigate the immune response to gene therapy and thereby prevent
loss of vector transduction.16 The work presented here included study
groups who received IS via prednisolone from 4 days prior to DTX301
administration through day 28 post treatment, followed by an addi-
tional 28-day tapering period. These animals were compared with
those that did not receive prednisolone in order to characterize the
impact of IS on DTX301 transduction efficiency and transgene
300 Molecular Therapy: Methods & Clinical Development Vol. 24 March
expression. Overall, IS appeared to have no considerable effect on
blood biodistribution, with vector DNA levels in blood samples
similar between IS and non-IS groups across time points assessed.
In addition, all animals developed elevated NAb levels as early as
day 14 following DTX301 administration, with no observable trend
favoring the IS versus non-IS groups. These NAb findings were
consistent with other studies of AAV vector-based gene therapies,
in which all participants developed capsid-specific antibodies, regard-
less of whether they received prednisolone.28

At the earliest time point at which liver biopsies were performed (day
28), IS animals showed a trend of higher levels of vector DNA and
hOTCco mRNA in hepatic tissue when compared with non-IS ani-
mals, although the differences were not statistically different. These dif-
ferences waned by subsequent time points following the prednisolone
taper (day 84 and day 140), where both IS and non-IS groups showed
similar transgene expression. Of note, in a study of an AAV5 vector-
based gene therapy for the treatment of hemophilia A, IS via prednis-
olone proximal to gene therapy administration resulted in similar in-
creases in target gene (FVIII) expression in humans as in NHPs in
the present study.28 Further, a follow-up study in mice demonstrated
that there exists no direct regulation of FVIII gene expression by pred-
nisolone, suggesting that the increased transgene expression is likely
due to increased retention of AAV vector genomes.15

For gene therapy to treat genetic diseases, such as OTC deficiency,
sustained transgene expression and long-term therapeutic effects
are desirable. In the present study, we characterized the transduction
efficiency and kinetics of hOTC expression in macaque liver at three
time points (days 28, 84, and 140) from two consecutive liver biopsy
samples and necropsy liver tissues. Vector GC and hOTCco expres-
sion in liver measured by quantitative polymerase chain reaction
(qPCR) peaked at day 28, significantly reduced to an average of
45% of the peak levels on day 84, and then generally stabilized to
the end of the study (day 140). The 2-fold reduction observed in
this study was much lower compared with the significant loss of vec-
tor GC (one to two logs) and transgene expression levels (two to three
logs) in the second biopsies in some of our previous AAV gene-trans-
fer studies performed in NHP using foreign transgenes, such as
meganucleases.29

It is hypothesized that high CpG content of the codon-optimized
transgene may trigger toll-like receptor signaling in tissue-resident
immune cells, such as Kupffer cells, to produce type I IFN.30,31 It is
also possible that the cyclic guanosine monophosphate-adenosine
monophosphate synthase (cGAS)-stimulator of IFN genes (STING)
pathway (sensing cytosolic DNA) or MAVS/MDA-5/RIG-I (sensing
double-stranded RNA) in hepatocytes may lead to type I IFN produc-
tion. Early type I IFN responses lead to activation of the innate and
adaptive immune system.32 Here, we speculate that AAV-transduced
hepatocytes produce type I IFN, which signals nearby cells to prepare
antiviral mechanisms or adopt an “anti-viral state.”10 Of note, it is
presumed that the IFN signature is produced by leukocytes, as the
gene list was curated from stimulation of blood and analysis of
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systemic lupus erythematosus blood.33 In the present study, IS ani-
mals showed a reduction in IFN signature compared with non-IS an-
imals, corresponding with greater transgene expression. Therefore, it
is our hypothesis that prednisolone acts to prevent expression of IFN-
driven genes within leukocytes, thereby preventing leukocyte-medi-
ated killing of AAV-positive hepatocytes and allowing the observed
increase in vector GC and diploid cell and hOTCco RNA. Ultimately,
prednisolone treatment may preserve vector-expressing cells. In the
present study, differences in vector GC and diploid cell and hOTCco
RNA between IS and non-IS groups waned with IS tapering through
day 56, suggesting that prolonged prednisolone immunosuppression
may facilitate greater long-term vector gene expression.

In patients with OTC deficiency, steroids can increase catabolism,
thereby raising ammonia levels and increasing the risk of adverse
events.34–38 In an ongoing phase 1/2 study of DTX301, this potential
concern was raised early in the program and both reactive and pro-
phylactic corticosteroid regimens were explored; the data collected
thus far indicate that prophylactic steroids can be used safely in pa-
tients with late-onset OTC deficiency who are metabolically stable
and free from intercurrent illness.7

Several studies have demonstrated distinct sex differences in the suc-
cess of AAV-mediated gene therapy in the livers of mice, with females
showing reduced transduction efficiency compared with males.18,20,21

Given the established negative impact of the immune response on
gene therapy transduction, coupled with the fact that females typically
have a stronger immune response compared with males,39 it would be
reasonable to hypothesize that females might exhibit a stronger
immune response than males and therefore demonstrate reduced ef-
ficiency following gene therapy administration. However, in the pre-
sent study, no notable differences between males and females were
demonstrated with regard to response to DTX301 administration in
NHPs. Indeed, all outcome measures were comparable, including
ALT elevation, vector uptake, NAb production, transgene DNA and
mRNA production in the liver, and histology analyses. The lack of
apparent difference observed in this study is similar to that of previ-
ous NHP publications of AAV-mediated gene therapy40,41 and is a
promising finding because it suggests that DTX301 may have compa-
rable efficiency in both females and males with OTC deficiency.

As with any study, there are a number of limitations to consider when
appraising the results. Firstly, the investigations were performed in a
limited sample size. In addition, the animals were not age or weight
matched between treatment groups, because this would have proven
difficult due to the use of AAV8-naïve and sexually mature animals.
The use of in-life liver biopsies ensured data from the same individual
animals across the time frame of the study but may not be represen-
tative of the liver as a whole. Furthermore, one animal had an un-
scheduled necropsy on day 103, further limiting sample size in the fe-
male IS group for day 140 outcomes.

In summary, all animals treated with the AAV8-based investigational
OTC-deficiency therapeutic DTX301 responded with the production
Molecular
of hOTCco. There were no notable differences in the efficacy of
DTX301 in NHPs attributed to sex. However, animals that underwent
prophylactic IS via prednisolone demonstrated a transient increase in
transgenic efficiency that waned once IS was tapered. It is hypothe-
sized that prednisolone reduced IFN signaling in infiltrating leuko-
cytes, allowing increased transduction efficiency and transgene
expression. Further studies to investigate the timing and duration
of prednisolone IS in conjunction with gene therapy may determine
whether the observed transient effect can be prolonged.
MATERIALS AND METHODS
Animal procedures

All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committee of the University of
Pennsylvania and the Children’s Hospital of Philadelphia (CHOP).
Animals were housed in Association-for-Assessment-and-Accredita-
tion-of-Laboratory-Animal-Care-accredited and Public-Health-Ser-
vice-assured facilities at CHOP and the University of Pennsylvania.

Macaca fascicularis (cynomolgus macaques), sourced from PreLabs
(LaBelle, FL), were prescreened for AAV8 NAbs as described previ-
ously.42 Twelve adult, sexually mature female and male macaques,
ranging from 4.8 to 12.8 years old (body weight 3.4–12.8 kg), with
AAV8 NAb titers <1:5, were selected for the study; sexual maturity
was determined by animal age. Each animal was randomized accord-
ing to sex to one of the four treatment groups (n = 3/group: non-IS
male or female, prednisolone IS male or female).

In animals randomized to receive IS, oral prednisolone (1 mg/kg/day)
was initiated 4 days prior (day �4) to DTX301 administration and
continued to day 28. Prednisolone dose was tapered by approximately
25% per week from day 28 to day 56. On day 0, DTX301 (Ultragenyx
Pharmaceutical, Novato, CA) was infused to the macaques via the
saphenous vein via a Harvard infusion pump (flow rate 2 mL/min)
at a dose of 1.0 � 1013 GCs/kg, with dosing volume based on body
weight and vector titer. Blood was collected at various time points
for different analyses per the study protocol (Figure 1).

On day 28 and day 84 post vector administration, a liver biopsy was
performed via laparotomy on each macaque. Necropsy and terminal
collection were performed on day 140. Two pieces (one close to the
edge and one close to the hilus) from each of the four liver lobes
were collected for analyses described hereafter.
AAV vector

DTX301 is an scAAV8 containing a codon-optimized version of the
hOTC coding sequence. The material was made by triple transient
transfection of suspension HEK293 cells, with plasmids containing
the DTX301 expression cassette, the rep2/cap8 genes, and AdDeltaF6
helper regions. The virus was purified from cell media containing
viral particles by AAV8 affinity column chromatography, followed
by anion exchange column chromatography. The vector was buffer
exchanged into its buffer formulation through tangential flow
Therapy: Methods & Clinical Development Vol. 24 March 2022 301

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
filtration. The DTX301 vector was produced by Ultragenyx Gene
Therapy. The vector was titered by an optimized qPCR method.
Analyses of vector GCs and hOTCco mRNA in liver

Detection and quantification of vector GCs in liver were performed by
qPCR using primers and probe designed against the hOTCco trans-
gene sequence of the vector, as previously described.43 The sensitivity
of the assay is 20 GCs/mg DNA or 1.3 � 10�4 GCs/diploid genome.
Quantification of transgene mRNA levels was performed by
reverse-transcriptase (RT)-qPCR using the same primers and probe
set as the vector GC assay, as previously described.29
ISH

Formalin-fixed, paraffin-embedded liver sections were probed using a
ViewRNA In Situ Hybridization Tissue Assay kit (Life Technologies,
Carlsbad, CA) following themanufacturer’s protocol. Z-shaped probe
pairs targeting unintegrated vector DNA and hOTCco mRNA were
synthesized by the kit’s manufacturer. Hybridized probe pairs were
visualized by the deposition of Fast Red substrate, which was imaged
with a fluorescence microscope using a rhodamine filter set. Sections
were counterstained with DAPI to show nuclei. Quantification of he-
patocytes with positive cytoplasm and/or nuclear ISH staining was
performed on whole slide images obtained with an Aperio Versa slide
scanner (Leica Biosystems, Wetzlar, Germany) using a Visiopharm
application (Hoersholm, Denmark).
IHC

Paraffin sections were deparaffinized with xylene and ethanol; boiled
in a microwave for 6 min in 10 mM citrate buffer (pH 6.0); treated
sequentially with 2% H2O2 (15 min; Sigma-Aldrich, St. Louis, MO),
avidin/biotin-blocking reagents (15 min each; Vector Laboratories,
Burlingame, CA), and blocking buffer (1% donkey serum in phos-
phate-buffered saline [PBS] + 0.2% Triton for 10 min); followed by
incubation with primary (mouse anti-hOTC [clone CL4045; Novus
Biologicals NBP2-59038, Littleton, CO]) and biotinylated secondary
antibodies (donkey anti-mouse; Jackson ImmunoResearch Labora-
tories, West Grove, PA) diluted in blocking buffer. A Vectastain Elite
ABC kit (Vector Laboratories) was used with 3,3-diaminobenzidine
(DAB) as substrate to visualize bound antibodies as brown precipi-
tate. Sections were slightly counterstained with hematoxylin to
show nuclei. OTC deficiency patient control sample was sourced
from The National Disease Research Interchange (Philadelphia,
PA). Non-study control cynomolgus sample was sourced from a
male cynomolgus macaque treated with an unrelated AAV vector.
IHC slides were scanned with an Aperio AT2 slide scanner, and the
percentage of OTC-positive area on the liver sections was measured
using Visiopharm software. The liver from the control animal was
used to set a threshold that avoids detection of endogenous OTC.
Liver histology

Hematoxylin and eosin staining was performed on sections from
paraffin-embedded liver samples; processing and staining were per-
formed according to standard protocols. Liver sections were evaluated
302 Molecular Therapy: Methods & Clinical Development Vol. 24 March
by a board-certified veterinary anatomic pathologist in a blinded
manner.

IFN g ELISpot assay

Whole blood was collected in heparin tubes for isolation of PBMCs.
Lymphocytes were isolated from liver and lymph nodes (axillary,
popliteal, and hilar) harvested at terminal biopsy. Isolated lymphocytes
were evaluated for IFN g responses according to previously published
methods.44 Peptide libraries specific for AAV8 capsid and hOTC
transgene were generated (15-mer with a 10-amino-acid overlap
with the preceding peptide [Mimotopes, VIC, Australia]). More specif-
ically, the AAV8 capsid peptide library was divided into three peptide
pools (A, B, and C), and hOTC was split into two peptide pools (A and
B). The positive response criteria for the IFN g ELISpot was arbitrarily
defined as greater than 55 spot-forming units per million cells and at
least three times greater than the non-stimulated control values.

NAb assay

NAb responses against AAV8 were measured in serum using an
in vitro HEK293 cell-based assay and LacZ-expressing vectors (Vec-
tor Core Laboratory, University of Pennsylvania, Philadelphia, PA) as
previously described.44 The NAb titer values are reported as the recip-
rocal of the highest serum dilution at which AAV transduction is
reduced 50% compared with the negative control. The limit of detec-
tion of the assay was a 1:5 serum dilution.

Vector persistence in the blood

Blood for vector persistence was collected in potassium-EDTA tubes.
DNA was extracted from 0.2 mL of whole blood using the QIAamp
DNA mini kit (QIAGEN, Germantown, MD) and eluted in a final
volume of 40 mL. Detection and quantification of vector GC in ex-
tracted DNA was performed on 2 mL of eluted DNA using the
same Taqman assay (Applied Biosystems, Foster City, CA) as for liver
vector GC analysis. GCs per milliliter of blood for each sample was
extrapolated using a calibrator curve constructed by assaying DNA
isolated from naive blood spiked with a range of DTX301 from 0 to
1 � 1012 GCs/mL in 10-fold dilutions.

Gene signature analyses

Liver samples were processed to liver lysate using the QuantiGene
sample processing kit (Affymetrix, product no. QS0111, Santa Clara,
CA) following manufacturer’s instructions. Resulting liver lysate was
diluted 1:7 with homogenizing solution prior to freezing until
branched DNA analysis to assess gene signatures. Control cynomol-
gus livers were sourced from BioIVT (Westbury, NY).

RNA gene signature analysis was performed using a branched DNA
(bDNA) 30-plex panel (Thermo Fisher Scientific, Waltham, MA) de-
signed to assess 21 IFN genes (SPATS2L, EPSTI1, HERC5, IFI27,
IFI44, IFI44L, IFI6, IFIT1B, IFIT3, ISG15, LAMP3, LY6E, MX1,
OAS1, OAS2, OAS3, PLSCR1, RSAD2, RTP4, SIGLEC1, and
USP18), 5 plasma cell genes (IGHA1, IGJ, IGKC, IGKV4-1, and
TNSFR17), and 4 housekeeping genes (PPIB, HPRT1, POLR2A,
and GUSB). The GUSB signal was too low in the assay, and its data
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were not used. PAXgene blood samples were processed to blood lysate
using the QuantiGene sample processing kit following manufac-
turer’s instructions with the following augmentation. PAXgene blood
and lysis mixture were incubated at 64�C for 120 min and shaken at
350 rpm. Resulting blood lysate was diluted 1:1 with lysis mixture
prior to freezing until bDNA analysis. Control whole cynomolgus
blood was sourced from Charles River Laboratories (Reno, NV)
and Valley Biosystems (West Scramento, CA).

The 1:1 diluted blood lysate and 1:7 liver lysate were analyzed using
the bDNA kit (Affymetrix, product no. QP1014) and custom 30-
plex panel following the manufacturer’s instructions for blood lysate.
The final plate was read on a Luminex 200 (Luminex, Austin, TX)ma-
chine with the following settings (sample size = 100 mL; DD gate =
5,000–25,000; timeout = 105 s; bead region = 50). Bio-Plex manager
(Bio-Rad, Hercules, CA) software was used to export the data into an
Excel format to be processed for final gene signature results.

The limit of detection (LOD) for each gene was determined for each
plate of bDNA analysis by taking the average raw signal of six blank
wells and adding three times the standard deviation (SD).

LOD = Average of 6 blank wellsþ ð3 � SD 6 blank wellsÞ
Any sample below the LOD was assigned a value of LOD/2 so each
sample had a numerical value. Each gene’s signal was then normalized
to the geometric mean of the three housekeeping genes (PPIB,
HPRT1, and POLR2A). GUSB did not produce a robust signal in
the assay and was not used for any purpose.
Reported Gene Value =
Raw Signal

GeoMeanðRaw Signal PPIB; HPRT1; POLR2AÞ
Each individual replicate of the well was required to have a minimum
bead count of 30. A bead count less than 30 led to a repeat analysis of
that sample. Universal NHP RNA control (BioChain, product no.
R4534565, Newark, CA) was also plated on each plate at three concen-
trations (1 mg, 0.5 mg, and 0.1 mg) as an additional plate control to show
a change in raw signal in correlation with decreasing concentration.

Flow cytometry

The following antibodies were used: CD14 BV510 (clone M5E2),
CD16 BV510 (clone 3G8), and CD20 BV510 (clone 2H7) from Bio-
Legend (San Diego, CA); CD4 BUV661 (clone SK3), CD95
BUV737 (clone DX2), CD8 BUV496 (clone RPA-T8), IL-2 APC
(clone MQ1-17H12), IFN g BV750 (clone B27), and CD3 BUV805
(clone SP34-2) from BD Biosciences (San Diego, CA); and TNF-a
PE-Cy7 (clone Mab11) from Invitrogen.

Cryopreserved liver or PBMCs were thawed and rested overnight in
sterile R10media (RPMI 1640, Corning), supplemented with 10% fetal
Molecular
bovine serum (Gemini Bio-Products, West Sacramento, CA), peni-
cillin/streptomycin, and L-glutamine plus 10 U/mL DNAse I (Roche
Life Sciences, Indianapolis, IN) at 37�C, 5% CO2, and 95% humidity
incubation conditions. Cells were stimulated as previously described,45

with a final concentration of 2 mg/mL AAV8 peptide pool C, hOTC
peptide pool A or 1 mg/mL Staphylococcal enterotoxin B (SEB) (List
Biological Laboratories, Campbell, CA) as a positive control.

After stimulation, cells were washed and stained for viability exclu-
sion using Live/Dead Fixable Aqua (Invitrogen, CA) for 10 min, fol-
lowed by a 20-min incubation with a panel of directly conjugated
monoclonal antibodies diluted in equal parts of fluorescence-acti-
vated cell sorting (FACS) buffer (PBS containing 0.1% sodium azide
and 1% BSA) and Brilliant stain buffer (BD Biosciences, San Jose,
CA). Cells were washed in FACS buffer and fixed and permeabilized
using the FoxP3 Transcription Factor Buffer Kit (eBioscience, San
Diego, CA), following manufacturer’s instructions, and intracellular
staining was performed by adding the antibody cocktail prepared in
1� Perm/Wash buffer for 1 h. Stained cells were washed and fixed
in PBS containing 1% paraformaldehyde (Sigma-Aldrich). Flow cy-
tometry data were collected on BD FACSymphony A5 cytometer
(BD Biosciences). Data were analyzed using FlowJo software
(v.10.7.1, Tree Star, Ashland, OR) and GraphPad Prism (v.9.1.0,
GraphPad Software, La Jolla, CA).
Statistical analysis

GraphPad Prism v.9.1.0 was used for statistical analyses. All values are
expressed as mean ± SEM.
To generate heatmaps, values were imported into MORPHEUS
(https://software.broadinstitute.org/morpheus, Broad Institute, Cam-
bridge, MA). Hierarchical clustering was performed on both rows
and columns, without any forced groups, using the “one minus Pear-
son correlation” metric and the “average” linkage method for hepatic
IFN datapoints at days 28 and 84 and endpoint (day 140 or 103; Fig-
ure 5B). Hierarchical clustering was performed only on columns, forc-
ing groups by time (keeping days 103 and 140 together) using the same
other parameters for all the blood IFN datapoints (Figure S9A).
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