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Prenatal somatic cell gene therapy (PSCGT) could potentially
treat severe, early-onset genetic disorders such as spinal
muscular atrophy (SMA) or muscular dystrophy. Given the
approval of adeno-associated virus serotype 9 (AAV9) vectors
in infants with SMA by the U.S. Food and Drug Administra-
tion, we tested the safety and biodistribution of AAV9-GFP
(clinical-grade and dose) in fetal lambs to understand safety
and efficacy after umbilical vein or intracranial injection on
embryonic day 75 (E75) . Umbilical vein injection led to wide-
spread biodistribution of vector genomes in all examined
lamb tissues and in maternal uteruses at harvest (E96 or
E140; term = E150). There was robust GFP expression in
brain, spinal cord, dorsal root ganglia (DRGs), without
DRG toxicity and excellent transduction of diaphragm and
quadriceps muscles. However, we found evidence of systemic
toxicity (fetal growth restriction) and maternal exposure to
the viral vector (transient elevation of total bilirubin and a
trend toward elevation in anti-AAV9 antibodies). There
were no antibodies against GFP in ewes or lambs. Analysis
of fetal gonads demonstrated GFP expression in female (but
not male) germ cells, with low levels of integration-specific
reads, without integration in select proto-oncogenes. These
results suggest potential therapeutic benefit of AAV9
PSCGT for neuromuscular disorders, but warrant caution
for exposure of female germ cells.

INTRODUCTION
Prenatal somatic cell gene therapy (PSCGT) could address numerous
single-gene disorders such as spinal muscular atrophy (SMA) or
muscular dystrophies before the onset of permanent organ dam-
Molecular Therapy: Methods
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age.1–3 Fetal therapy has several advantages over postnatal treatment,
such as the possibility of targeting neurons prior to the maturation of
the blood-brain barrier (BBB),4 the potential for developing immune
tolerance,5,6 and the abundance of proliferating stem cells for gene
targeting.7

The promise of a single definitive therapy given prior to the onset of
organ damage is compelling. PSCGT is becoming increasingly
feasible due to the expansion of other prenatal medical therapies
(e.g., in utero enzyme replacement therapies for lysosomal storage
disorders8) and improvements in prenatal diagnostics. The most se-
vere forms of SMA are a particularly attractive target for fetal ther-
apy, since carrier screening is recommended for all pregnant
women,9 disease pathology begins prior to birth, and neurodegener-
ation is most rapid in the neonatal period.10 Moreover, neonates
with severe SMA exhibit elevated plasma levels of the disease
biomarker (phosphorylated neurofilament heavy chain) compared
with age-matched controls, further indicating prenatal onset of
pathology.11

Adeno-associated virus (AAV) vectors such as AAV serotype 9
(AAV9) are currently used in several clinical settings. Some
of the advantages of AAV9 include the potential to cross the
BBB11 and transduce motor neurons,12,13 low immunogenicity,14
& Clinical Development Vol. 32 June 2024 ª 2024 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2024.101263
mailto:tippi.mackenzie@ucsf.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2024.101263&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Methods & Clinical Development
a predominantly non-integrating profile,15–17 and a notable
tropism for neural tissue and striated muscle.18 Onasemnogene
abeparvovec-xioi (AVXS-101, Zolgensma) utilizes an AAV9 vector
to deliver a replacement SMN cDNA and is approved for one
time, intravenous (i.v.) delivery in infants with SMA less than 2
years of age.19 Another AAV9 vector was recently approved for
i.v. delivery in children with Duchenne muscular dystrophy
(DMD) aged 4–8 years,20 and AAV vectors are also being stu-
died for intrathecal delivery to treat giant axonal neuropathy
(NCT02362438).

AAV vectors have been tested in numerous models of prenatal gene
therapy given their safety profile and likelihood of clinical translation.
These experiments demonstrated tolerance to transgene-encoded
proteins such as coagulation factors in mice21,22 and non-human pri-
mates.5,6 Disease correction was seen in mouse models of SMA,23 he-
mophilia,21,22 and neuronopathic Gaucher.24 AAVs have also been
used as a delivery vector for genome editors in fetal mouse experi-
ments.25,26 However, a thorough examination of maternal and fetal
toxicity with a clinical-grade vector to assess barriers to clinical trans-
lation has not been performed.

Large animal experiments are important for pharmaceutical drug
development, as they explore the pharmacokinetics, biodistribution,
and toxicity of the studied agent.27 In our study, we chose the fetal
lamb model given the extensive experience for developing fetal sur-
gery protocols, the similar size and physiology to human fetuses,
and the low incidence of preterm delivery.28,29 We tested a clinical-
grade AAV9-GFP, a vector comparable with AVXS-101, but with a
GFP transgene instead of SMN, at the same weight-based dose. We
chose to do an open injection technique to avoid any technical vari-
ability from ultrasound-guided injections (which are performed
routinely in humans, but are not readily translatable to this fetal
lamb model, which has multiple fetuses and a different placental ar-
chitecture). Our findings support previous reports12,30,31 of broad
biodistribution of AAV vectors across the neuraxis and in other tis-
sues, but raise important safety considerations, particularly due to
the observation of maternal exposure and germline transduction in
female fetuses. Although viral integration is low, these findings may
be particularly concerning if AAV vectors are used to deliver genome
editors.

RESULTS
Experimental design and survival

The experimental design is depicted in Figure 1A. We included 30
fetuses from 15 pregnancies (Table S1). Thirteen fetuses were in-
jected with a single dose of AAV9-GFP (2 � 1013 vg per fetus,
equivalent to 1 � 1014 vg/kg, similar to the postnatal dose of ona-
semnogene abeparvovec-xioi) through the umbilical vein. Lambs
were harvested at two time periods before birth, to enable readout
of short-term events related to vector exposure in fetuses and
dams: six lambs were harvested at E96 (3 weeks after injection)
and seven were harvested at E140 (9 weeks after injection)
(term = E150). Four additional fetuses were injected intracranially
2 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
(IC) through the cisterna magna to access the subarachnoid space
as a pilot to assess the feasibility of this approach (E96 harvest [n =
2]; E140 harvest [n = 2]). Figure 1B demonstrates the operative
approach for these injections. Thirteen fetuses served as uninjected
controls (E96 [n = 7]; E140 [n = 6]).

The overall fetal survival rate to harvest was 100% for the IC-in-
jected fetuses, 84.6% for the umbilical vein group, and 92.3% for
the non-injected controls (Figure 1C). There was no preterm labor
seen. Three fetuses were found deceased at the time of harvest in
two separate pregnancies: In one triplet pregnancy harvested at
E96 (1966), we observed the demise of one umbilical vein-injected
fetus and one uninjected control in the same uterine horn, while
a third fetus (umbilical vein injected) in the other uterine horn
survived (Figure S1A). Histological examination revealed acute
suppurative placentitis (Figure S1B), with extensive necrosis in the
placenta in both fetuses, suggesting an infectious etiology for the
demise. A second twin pregnancy with umbilical vein injection of
both fetuses (2134) demonstrated demise of one fetus at E140, while
the second fetus in the other uterine horn was alive (Figure S1C).
The histological examination of the demised fetus was limited by se-
vere tissue friability, while the live littermate demonstrated neutro-
philic chorioamnionitis with neutrophilic vasculitis, acute severe
necrotizing placentitis with intralesional fungal hyphae, and mild
extensive neutrophilic and lymphoplasmacytic endometritis (Fig-
ure S1D), again suggesting an infectious cause for fetal demise in
this pregnancy.

We detected lower fetal harvest weights in the umbilical vein-injected
animals harvested at E96 compared with uninjected controls, even
when considering natural variation for lower weights of pregnancies
with higher numbers of fetuses (Figure 1D). We observed a similar
trend at E140 (Figure 1E) (e.g., in one quadruplet pregnancy with
two injected fetuses, the injected fetuses were smaller than their unin-
jected littermates).

Vector biodistribution in CNS tissues of fetal lambs

We detected widespread vector biodistribution in the brains and
spinal cords of fetal lambs at both time points and with both
umbilical vein and IC injections (Figure 2). In umbilical vein-
injected lambs, we detected higher levels of vector genomes at
E96 compared with E140 (Figure 2A). We also confirmed
widespread GFP expression by droplet digital PCR (ddPCR) for
GFP mRNA in many CNS tissues examined from both IC-
and umbilical vein-injected fetuses (Figure 2B). GFP staining
confirmed the intense expression of the transgene in anterior
horn neurons on all levels of the spinal cord (Figure 2C) at both
time points.

We also examined dorsal root ganglia (DRGs) for GFP expression and
cellular architecture. We detected robust GFP staining in DRG neu-
rons at multiple levels in both umbilical vein- and IC-injected fetuses
(Figure 2D, L5 DRG shown). Given the previously reported DRG tox-
icities observed with AAV9 vectors,32–35 we also examined the cellular
4



Figure 1. Experimental design and survival after in utero injection of scAAV9-GFP in fetal lambs

(A) Experimental design. Fetal lambs were injected on E75 with 1� 1014 vector genomes/kg of sc-AAV9-GFP and harvested at E96 ± 1 day or E140 ± 3 days (term = E150).

Image created with www.biorender.com. (B) Representative pictures of an umbilical vein injection (left) or an ultrasound-guided IC injection (right). (C) Survival to harvest (non-

injected [NI, n = 13]; umbilical vein [UV, n = 13]; IC [n = 4]). (D and E). Harvest weights at E96 (D) or at E140 (E) based on litter size and experimental group. Each dot represents

one fetus; symbols indicate total number of fetuses in each litter. Center lines and whiskers indicate mean and SEM, respectively. *p < 0.05 by one-way ANOVA with Tukey’s

multiple comparison test (n = 6 for NI and n = 5 for umbilical vein at E96). No significant differences were seen between groups at the E140 time point by one-way ANOVAwith

Tukey’s multiple comparison test.

www.moleculartherapy.org
architecture of the DRGs for chromatolysis, axonal loss, axonal
degeneration, and regenerating clusters. Although this analysis was
partially limited by crush and traction artifacts, we did not detect
any differences between uninjected controls and injected animals
(Figures S2A and S2B). Ventral root axons were also examined
Molec
with no pathological findings. Notably, the size and myelination of
the axons is comparable with that in prenatal humans (Figure S2C),
suggesting that the fetal lamb shows promise as a preclinical model
for ventral root axons (as was also recently described for the fetal
pig model36).
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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Vector biodistribution in non-CNS tissues of fetal lambs

In addition to multiple regions of the brain and spinal cord, we de-
tected vector genomes in multiple peripheral tissues, including liver,
spleen, heart, diaphragm, lung, thymus, and gonads. Similar to the
findings in the CNS, we detected higher levels of vector genomes at
E96 compared with E140 in multiple tissues (Figure 3A). We detected
both vector sequences and GFP mRNA in the thymus, albeit at lower
levels than other tissues by E140. Importantly, we detected vector se-
quences in both female and male gonad samples. We also confirmed
GFP expression by ddPCR for GFP mRNA in all tissues examined
from umbilical vein-injected fetuses (Figure 3B) with no apparent dif-
ferences between harvest time points. Interestingly, there was sys-
temic expression of GFP even after IC injection.

Consistent with the vector biodistribution data, we found widespread
GFP expression with immunofluorescence in numerous tissues,
particularly the quadriceps, diaphragm, andmyocardium (Figure 3C).
Quantification of GFP+ myocytes in quadriceps demonstrated trans-
duction rates at or above 75% of muscle cells in examined animals
(Figure 3D). We also examined staining in the liver to identify
whether AAV9 transduced hepatocytes and/or hematopoietic cells
at this point in gestation. We found transduction of HNF-4a+ hepa-
tocytes at both time points (Figure 3E). However, while CD45+ leuko-
cytes or CD34+ hematopoietic stem cells were identified in the fetal
liver at E96, these cells did not express GFP (Figure 3E).

Given the detection of vector genomes in female and male gonads
(Figure 3A), we stained these tissues for GFP and the germ cell marker
DDX4 (Figure 4).37 We detected numerous GFP+ cells in the male
testes that did not stain with DDX4 and were located outside of the
testis cords, indicating male germ cells were not transduced (Fig-
ure 4A). However, in the female ovaries, we detected numerous
GFP+ DDX4+ cells, indicating transduction of female germ cells
(Figure 4B).

Vector biodistribution in maternal ewes and in placentas

We evaluated the biodistribution of the vector in maternal tissues
(liver, uterus, ovaries, and blood) and in the placentas (Figure S3A).
We found that all examined maternal liver and ovarian samples
had low vector genome levels, comparable with those of uninjected
fetuses. Uterine samples (which also contain a layer of fetal mem-
brane tissue from the harvest) had comparatively higher vector
genome levels (p = 0.05 at E140 when compared with uninjected
controls). Levels in the placenta were comparable with those
observed in other fetal organs. Importantly, we did not find vector
Figure 2. Biodistribution of scAAV9-GFP in the CNS after prenatal administrati

(A) Vector genome copies per diploid genome (vg/dg) in various CNS tissues after prenat

Center lines and whiskers indicate mean and SEM, respectively. *p < 0.05 and **p < 0.0

lumbar spinal cord; TSC, thoracic spinal cord. (B) GFP mRNA copies/mg RNA in variou

fetuses harvested at E96 and E140. Each dot represents one fetus. Center lines and w

between time points by parametric, unpaired, two-tailed t tests. (C) Representative imag

row), and lumbar spinal cord (bottom row) in the indicated experimental groups (origina

(red) in lumbar DRG in indicated experimental groups (original magnification �63). NI, n
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sequences in the blood of the ewes at either time point after injec-
tion (Figure S3B).

We also assessed maternal tissues for GFP mRNA expression (Fig-
ure S3C) and found that the levels in these tissues were not different
from those of non-injected controls. Notably, of the livers examined,
there was one outlier which corresponded with ewe 1966, potentially
representing the effects of resorption of the demised fetal tissues.
Antibody responses

One potential benefit of in utero therapy is the induction of tolerance
to transgene-encoded proteins and the lack of antibody formation to
viral capsid antigens when the initial exposure is during the time of
fetal immune development, as previously demonstrated after in utero
injection in fetal monkeys.5,6 We, therefore, analyzed antibodies
against AAV9 capsid antigens, as well as against GFP (Figure 5).
When we compared the maternal titers of IgM or IgG antibodies
against AAV9 capsid antigens prior to dosing and at the time of har-
vest, we did not detect any increases in IgM levels at any time point
(Figure 5A). There was a trend for higher levels of maternal IgG an-
tibodies at E140 compared with pre-dose (Figure 5B). When we
analyzed anti-AAV9 titers in the fetal lambs, we detected higher levels
of IgM antibodies at the E96 time point (Figure 5C) compared with
E140, consistent with the time frame of an IgM antibody response.38

We also detected anti-AAV9 IgG antibodies after both umbilical vein
and IC injections (Figure 5D), indicating an ability to mount an im-
mune response by the fetal lamb at this gestational age, even after IC
injection. Anti-AAV9 IgG antibody titers were higher at the E140
time point compared with E96, consistent with the predicted time
frame for IgG antibody formation.38 To understand whether the
anti-AAV9 IgG antibodies seen in the fetuses could be maternal an-
tibodies that have crossed the placenta, we evaluated ewe/lamb pairs
together (Figure 5E) and detected higher titers of IgG antibodies in
several lambs compared with their mothers, suggesting this may be
a primary fetal immune response. Importantly, we did not detect
any antibodies (IgG or IgM) against GFP protein in any of the injected
lambs or in ewes (Figure 5F), indicating that long-term exposure to
the transgene-encoded protein did not result in an immune response
in the fetuses.
Systemic effects of prenatal exposure to AAV9-GFP

To understand whether exposure to AAV9-GFP resulted in systemic
toxicities, we measured liver function tests and blood chemistries in
ewes, comparing levels before injection with those obtained at
on

al umbilical vein injection and harvest at E96 or E140. Each dot represents one fetus.

1 by parametric, unpaired, two-tailed t tests (n = 5 for E96 and n = 6 for E140). LSC,

s CNS tissues of umbilical vein-injected (filled circles) and IC-injected (open circles)

hiskers indicate mean and SEM, respectively. No significant differences were seen

es of GFP expression (green) and NeuN (pink) in cervical (top row), thoracic (middle

l magnification �63). (D) Representative images of GFP expression (green) and Tuj1

on-injected; UV, umbilical vein.
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Figure 3. Biodistribution of scAAV9-GFP in peripheral tissues after prenatal administration

(A) Vector genome copies per diploid genome (vg/dg) in various peripheral tissues after umbilical vein injection and harvest at E96 or E140. Each dot represents one fetus.

Blue dots represent male fetuses; pink dots represent female fetuses. Center lines and whiskers indicate mean and SEM, respectively. *p < 0.05, **p < 0.01, and

****p < 0.0001 by parametric, unpaired, two-tailed t tests (n = 4 for E96 and n = 6 for E140). (B) GFP mRNA copies/mg RNA in various peripheral tissues of umbilical vein-

injected (filled circles) and IC-injected (open circles) fetuses harvested at E96 and E140. Each dot represents one fetus. Blue dots represent male fetuses. Pink dots represent

(legend continued on next page)
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multiple time points after injection up to the time of harvest. These
chemistries were stable and largely within normal ranges (Figure 6A).
However, we did detect an increase in total bilirubin in several ewes
(one of which had a pregnancy with fetal demise). There was a statis-
tically significant increase in maternal alkaline phosphatase and
decreases in blood urea nitrogen (BUN) and creatinine, but levels re-
mained in the normal range.

Similarly, liver and kidney function tests were examined at the time of
harvest in all fetal lambs and were mostly within the ranges seen in
uninjected controls; the only change seen with in utero exposure to
AAV9 was an increase in the mean total bilirubin in the umbilical
vein-injected group compared with uninjected controls at the E96
harvest time point (Figure 6B), which was not seen at E140.

We performed a full autopsy on all lambs at both time points. While
most tissues did not demonstrate any pathological changes after in
utero injection, we detected renal tubular epithelial necrosis and
pigment accumulation at the E96 harvest time point in all injected
lambs (Figure 6C). Hepatic pigment accumulation and bile canalic-
ular stasis was present in treated fetuses, but also present in a subset
of controls. To determine whether the degree of pathology was linked
to in utero exposure to AAV, all kidney and liver tissues were scored
for the degree of such changes by a pathologist blinded to the exper-
imental group. There was an increase in the kidney pathology scores
after in utero AAV9-GFP exposure at E96 (Figure 6D). Interestingly,
these changes were seen in both umbilical vein- and IC-injected
fetuses, suggesting systemic exposure after IC injection at this gesta-
tional age. However, these changes were not evident at the E140 har-
vest point, suggesting resolution of the insult. There were no differ-
ences in the liver scores between in utero-injected animals and
uninjected controls at either time point (Figure 6E).

Vector integration analysis

Given the finding of vector sequences and GFP expression in go-
nads, we performed integration analysis in gonads of six umbilical
vein-injected fetuses (three male and three female) harvested at
E140 by doing standard shearing-extension primer tag selection
ligation-mediated PCR (S-EPTS/LM-PCR) (Figure 7A). Each sam-
ple was split into three technical replicates, and among an average
of 130,274 ± 7722 (SEM) sorted reads/replicate, we detected an
average of 61 ± 20 (SEM) integration-specific reads/replicate (Fig-
ure 7B). Mapping these integration-specific reads to the sheep
genome yielded 2.22 ± 0.3 (SEM) integration sites (ISs) per sample.
Importantly, none of the ISs were conserved among technical
replicates, suggesting low risk of clonal expansion after genomic
integration. ISs were distributed among most sheep chromosomes
female fetuses. Center lines and whiskers indicate mean and SEM, respectively. No signi

t tests. (C) Representative images of GFP expression in quadriceps (top row), diaphragm

indicated time points (original magnification�20). Pink, laminin. (D) Quantification of GFP

one fetus. Center lines and whiskers indicate mean and range, respectively. No signifi

sentative images of GFP expression in various cell types in fetal liver after umbilical vein i

stem cells (CD34, bottom) (original magnification �63). NI, non-injected; UV, umbilical
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(Figure 7C) and were found both upstream and downstream of
the coding regions (Figure 7D).

Figures S4A–S4F further demonstrate the relative distribution of
ISs for each sample. An in-depth analysis of the genes that had
ISs denotes a diverse profile of functions including neurotransmitter
receptors (GRID2, GABRG3, and GABRB3), gene expression
regulation (MBTD1, MYOCD, DACH1, CAMTA1, and E2F2),
cell division and differentiation regulation (CREG1, VGLL4, and
NCAPH2), and neuronal morphogenesis (ARHGEF28), among
others (Table S2).

To understand the risk of insertion into cancer-associated genes, we
extrapolated ISs from their sheep genomic positions to the human
genome (possible in 21/40 sequences). None of the ISs were located
within, or close to, proto-oncogenes that have been implicated in
adverse events such as clonal outgrowth, leukemia, or myelodysplas-
tic syndrome in clinical gene therapy studies using retroviruses (e.g.,
CCND2, HMGA2, LMO2, MECOM, and MN1).39–44 Four of the ISs
were within a window of 100 kB from transcription start sites of
certain cancer-associated genes (TPM3, MDS2, ID3, and CD79B).

DISCUSSION
The primary aim of this study was to evaluate the safety and efficacy
of a systemic injection of an AAV9-GFP vector (similar to the one
used clinically to treat patients with SMA and at the same dose) in
a fetal lamb model to determine the risks and benefits of a potential
of a clinical application in fetuses with severe SMA. Consistent with
the expected biodistribution of AAV vectors in the fetal environment,
we detected robust transgene expression in the CNS and peripheral
tissues. Notably, efficient transduction of muscle and diaphragm
and a lack of antibody formation against the transgene-encoded pro-
tein are also encouraging for applications of AAV9 gene therapy in
conditions such as muscular dystrophy. However, we noted several
findings that require further consideration, including maternal expo-
sure to the vector, apparent fetal growth restriction, transient in-
creases in total bilirubin, and transient changes in kidney pathology.
We also detected transduction of female, but not male, germ cells in
the fetus, with a low level of genomic integration events. Our results
highlight the need for more studies to determine the extent to which
some of these findings could be ameliorated by dose titration and/or a
less invasive injection technique. These results also warrant further
multidisciplinary discussions for considering prenatal use of AAV
vectors that are currently approved by the U.S. Food and Drug
Administration (FDA) for the treatment of children with severe,
early-onset genetic conditions and, critically, invite caution for the
prenatal use of AAV vectors to deliver genome editors.
ficant differences were seen between time points by parametric, unpaired, two-tailed

(middle row), and heart (bottom row) after umbilical vein injection and harvest at the
+ myocytes in quadriceps after prenatal umbilical vein injection. Each dot represents

cant differences were seen between time points by Mann-Whitney test. (E) Repre-

njection. Hepatocytes (HNF-4a, top); leukocytes (CD45, middle), and hematopoietic

vein.
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Figure 4. Detection of scAAV9-GFP in fetal gonads after prenatal administration

Representative images of GFP expression by cells in gonads after prenatal umbilical vein injection in testes (A) or ovaries (B) of fetal lambs at the indicated time points (original

magnification�20; last column, original magnification�63). Co-localization of GFP with the germ cell marker DDx4 (pink) was not seen in testes, but was detected in ovaries.

Molecular Therapy: Methods & Clinical Development
AAV gene therapy has many advantages as evidenced by several ap-
proaches that are now FDA-approved, including those for SMA,19

DMD,20 and hemophilia.45 However, this approach (particularly at
high doses) also carries the risk of various toxicities in both human
and animal studies, including thrombotic microangiopathy,46 DRG
sensory neuron degeneration,32–35 and liver damage ranging from
mild transaminase elevation and liver inflammation to patient death
secondary to fulminant hepatitis.32,47–50 Of note, in human trials,
many patients have required corticosteroids to dampen AAV-medi-
ated hepatotoxicity.47–50 In this study, we did not need to administer
prophylactic steroids and the only organ-specific changes we
observed were transient elevations in fetal bilirubin and kidney le-
sions on histology (with normal BUN and creatinine), which resolved
8 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
spontaneously by E140. Importantly, we did not observe DRG
toxicity, even with direct injection of high-dose vector into the
cisterna magna. While DRG toxicity has not been evaluated previ-
ously with prenatal large animal studies of AAV, our results align
with a recent meta-analysis that showed that earlier (postnatal) ages
at injection are correlated with decreased pathology scores on non-
human primate DRGs.33 Thus, there are important potential advan-
tages of prenatal gene therapy with AAV vectors compared with
postnatal use.

However, we detected some toxicities that have not previously been
reported in a large animal model, including an apparent growth re-
striction after umbilical vein injection. In our study, we chose to
4



Figure 5. Detection of Anti-AAV9 IgM and IgG antibodies in maternal ewes and lambs after prenatal exposure to scAAV9-GFP

(A and B) Anti-AAV9 IgM (A) and IgG (B) endpoint titers prior to prenatal injections (predose) and at the time of harvest in ewes whose fetuses underwent umbilical vein injection

(filled circles) or IC injection (open circles) of scAAV9-GFP. Each dot represents one ewe. Center lines andwhiskers indicatemean and SEM, respectively. (C andD) Anti-AAV9

IgM (C) or IgG (D) endpoint titers at the time of harvest in non-injected fetuses (open triangles) and fetuses that underwent umbilical vein injection (filled circles) and IC injection

(open circles). Each dot represents one fetus. Center lines and whiskers indicate mean and SEM, respectively. p > 0.05 between time points by Wilcoxon signed rank test in

both IgG and IgM of fetuses and ewes. (E) Paired maternal-fetal anti-AAV9 IgG endpoint titers at the time of harvest after umbilical vein injection (filled circles) or IC injection

(open circles) of scAAV9-GFP. (F) Anti-GFP IgM and IgG endpoint titers at the specified times of harvest in fetuses who underwent umbilical vein injection (filled circles) and IC

injection (open circles). E96 = 3 weeks after injection; E140 = 9 weeks after injection.
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use a dose equivalent to the clinical dose of AVXS-101, similar to our
strategy for in utero enzyme replacement therapy,8 for which we ob-
tained FDA approval to infuse a fetal enzyme dose that is equal to the
weight-adjusted clinical dose for neonates. Notably, our study dose
(umbilical vein injections) was approximately 2 times,5 7 times,5,6,51

and 70 times52 higher than those used in previous large animal studies
of prenatal AAV gene therapy that did not report fetal growth restric-
tion, so it is possible that dose titration could mitigate this toxicity. In
normal sheep pregnancies, there are several factors influencing fetal
weight,53,54 and we analyzed the data according to confounders
such as litter size and sex of the lamb to account for such differences.
It is also possible that some of the observed toxicities are not due to
the AAV itself, but rather a result of gestational age discrepancies,
fetal manipulation, transient umbilical cord spasm after injection,
and/or transgene expression (the latter has been reported for both
Molec
GFP55 and SMN32). Importantly, the cases of fetal demise in this
study were related to infection and do not seem to be a result of
the AAV.

Maternal safety is themost important consideration for any fetal ther-
apy effort. Our findings of anti-AAV9 IgG antibody development
suggest some exposure of the mother to the vector after administra-
tion into the fetus. Potential sources of exposure to the vector could
be through the maternal-fetal interface (based on our finding of
higher levels in the uterus/fetal membranes compared with non-in-
jected controls) or through the placenta. Of note, among the exam-
ined maternal liver tissues, only the ewe with two demised fetuses
had high levels of GFP mRNA; it is possible that maternal exposure
to viral transduction was increased with resorption of demised fetal
tissues. Importantly, there are differences in placental structure
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 9
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between humans and sheep,56 and maternal exposure in humans
could be different.

Immune responses to transgene-encoded proteins can also result in
significant morbidities (as recently reported in patients with DMD
receiving SRP-900157), underscoring the importance of anticipating
and preventing such immune responses in patients for whom the
transgene-encoded protein is a completely novel antigen. In this
context, our findings of lack of anti-GFP antibody response support
previous reports of using the strategy of prenatal exposure to induce
tolerance for conditions in which such immune responses limit ther-
apeutic benefit. However, we note that prenatal administration does
not tolerize to capsid antigens, likely since these antigens are transient
while there is continued expression of GFP, including in the thymus.
While our injection time point (E75) is likely after the pre-immune
developmental period defined for in utero stem cell transplantation,2

the anti-capsid antibody titers in our study are still lower than those
reported with the same vector injected into adult female macaques58

or those found in children with SMA who received onasemnogene
abeparvovec-xioi (mean titers in the range of 105 in both instances59).

The most concerning finding in our study is the transduction of fe-
male germ cells. While the intent of prenatal gene therapy is the
correction of somatic cells, this finding suggests that there may be
an inadvertent transduction of germ cells in female fetuses. Interest-
ingly, fetal male germ cells seem to not be affected. We hypothesize
that the increased susceptibility of female germ cells is that oocytes
are undergoing meiotic prophase during fetal development,60 while
male spermatogonia remain premeiotic until the later in life.61 Our
histological evaluation of germ cell transduction is consistent with
(but more detailed than) a previous report of autopsy findings in in-
fants who received onasemnogene abeparvovec-xioi,30 which demon-
strated the presence of AAV vector genomes in gonadal tissues, but
the lack of histological analysis in this study prevents a direct compar-
ison of the specific cell types that were transduced.

AAV vectors tend to remain episomal and would, therefore, not be
passed to future generations, unless there is genomic integration in
a transduced germ cell. Given previous reports of integration events
with AAV injection,5,6,25,62 we focused our analysis on gonadal tissues
and found rare AAV integration events with a low risk of clonal
expansion. While integration can result in the development of tumors
in animal models,63 we noted a random integration profile away from
Figure 6. Serum chemistries and relevant histology analysis in ewes and lamb

(A) Maternal ewe blood tests obtained serially at the indicated time points. Each circle re

lower and upper limit of normal. Center lines andwhiskers indicate mean and SEM, respe

and n = 9 for E96 for ewes with umbilical vein-injected fetuses.) (B) Fetal lamb blood test

Open circles represent IC-injected fetuses. Each dot represents one fetus. Center lin

unpaired, two-tailed t tests. (n = 6 for NI and n = 5 for injected at the E96 harvest.) (C) Rep

and liver (bottom row) in the indicated groups (original magnification �40). Kidney and

grade II lesions show tubular epithelial necrosis (asterisks); liver grade II lesions show b

injected and uninjected fetuses at E96 and E140. Each dot represents one fetus. Open

rank test (n = 4 for NI and n = 6 for injected at E96).

Molecu
genes previously involved in severe adverse events in gene therapy tri-
als.39–44 Conversely, integration in somatic cells may have long-term
therapeutic benefits, as it could potentially lead to sustained gene
expression and the correction of disease in animal models of hemo-
philia5,6,62 and Angelman syndrome.25 Based on these excellent
reports, we did not design our study to test the duration of GFP
expression.

Even without integration, transduction of germ cells would result in
germline editing if the AAV vectors were used to deliver a gene editor.
One important ethical consideration for this scenario is the probabil-
ity that such an event (occurring inadvertently in context of medical
therapy for a fetus with a severe genetic condition) would result in a
pregnancy in the next generation. Based on the number of oocytes in
the female gonad at birth (600,000) compared with those that are ovu-
lated over the course of reproductive years64 (300, or 0.005%), and
that only a fraction of these will result in a successful pregnancy,
our data suggest that this is a small, albeit not zero, possibility. For
the gene editing field, further improvements in the design of delivery
vectors to either be non-functional in germ cells (such as by adding
germ cell-specific microRNA target sequences at the 30 end of the
nuclease mRNA to limit gene expression65) or avoid transduction
altogether are feasible strategies to decrease this risk even further.
Another possibility is to focus on X-linked disorders for initial clinical
applications. Therefore, our findings of robust transduction of skel-
etal muscle are particularly interesting given the promise of AAV vec-
tors for muscular dystrophies (NCT03368742, NCT03362502).20

SMA remains a compelling target for prenatal therapy, as it is one of
the most common inherited, infantile causes of death worldwide.
The American College of Obstetrics and Gynecology currently rec-
ommends carrier screening for SMA in all pregnant women,9 and
improved screening strategies would likely yield even more prenatal
diagnoses. Moreover, a recent survey conducted on the parents
of children with SMA showed that most parents would be willing
to enroll in a clinical trial testing of a prenatal gene therapy
approach.66 Given that irreversible motor neuron damage10 and
elevated neurofilament levels11 are already present at birth in pa-
tients with SMA type 1, and that even patients treated postnatally
before symptom onset can have motor function scores below
normal and limited milestone achievement,67 we think this disease
would be amenable for prenatal therapy. The findings of transduc-
tion throughout the spinal cord and the lack of DRG toxicity are
s after prenatal exposure to scAAV9-GFP

presents one ewe; red circles denote ewes with a fetal demise. Lines represents the

ctively. *p < 0.05 by parametric, paired, two-tailed t tests. (n = 7 for E75, n = 6 for E76

s with and without in utero injection of scAAV9-GFP at indicated harvest time points.

es and whiskers indicate mean and SEM, respectively. **p < 0.01 by parametric,

resentative hematoxylin and eosin images of grades I and II lesions in kidney (top row)

liver grade I lesions show intracellular pigment accumulation (black arrows); kidney

ile canalicular stasis (red arrows). (D and E) Kidney (D) and liver (E) lesion scores for

circles represent IC-injected fetuses. *p < 0.05 by nonparametric, Wilcoxon signed
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both encouraging for the efficacy and safety of this approach for the
prenatal treatment of SMA.

We have performed a comprehensive analysis of outcomes after the in
utero delivery of a clinical-grade vector in fetal lambs. Although our
observations of widespread biodistribution into the CNS and lack
of immune responses to GFP are encouraging, the finding of female
germ cell transduction is sobering, particularly if AAVs were to be
used to deliver genome editing machinery. We highlight the need
for further studies and a balanced discussion of risks and benefits
to ensure the development of safe and effective gene therapies for
future patients.

MATERIALS AND METHODS
Vector

Thevector used in theprotocol for this project isAAV9-GFP (scAAV9-
CB-GFP), provided byNovartis (Novartis AG, Basel, Switzerland). The
manufacturing process for the vector used in this study was similar to
that of the clinical-grade vector and based on guidelines for in vivo
research use for the percentage of empty capsid and total purity, num-
ber of process-related impurities, plasmid DNA or production cells,
endotoxin concentrations (%5.0EU/mL). Each fetus (estimatedweight
of 200 g) was injected with 2� 1013 vg (1.1� 1014 vg/kg). Fetal weight
was estimated based on previous reports.68,69

Surgical technique and prenatal injections

All animal handling complied with and was approved by the Institu-
tional Animal Care and Use Committee of the University of Califor-
nia, San Francisco, and University of California, Davis. In this study,
we chose to perform an open procedure with direct umbilical vein
injection to ensure accurate delivery into the fetal circulation. After
induction of general anesthesia and confirmation of pregnancy by ul-
trasound examination, a midline laparotomy was performed, fol-
lowed by a hysterotomy of the uterine horn to expose the fetus. For
the umbilical vein injection, a 27G butterfly needle was inserted
into the umbilical vein in a free loop of cord, fetal blood was aspirated
to confirm placement, and the vector (diluted in saline to a volume of
1.5 mL) was injected. For IC injections, sterile ultrasound (Wisonic
Piloter Vet Ultrasound Diagnostic System) was used to visualize the
cisterna magna in the sagittal plane. The junction between the occip-
ital bone and the upper cervical spine was identified and marked on
the skin. Under direct ultrasound visualization, a 25G needle was
advanced through a midline entry point in the skin, usually with a
slight rostral angulation so the subarachnoid space was reached by
passing immediately inferior to the margin of the occipital bone. A
total volume of 0.4 mL was injected. The uterus was closed after am-
niotic fluid replacement with saline and antibiotics (penicillin-genta-
mycin). The abdomen was closed in layers and the ewe was recovered
per protocol. In some pregnancies, uninjected littermates served as
Figure 7. Analysis of genomic integration of scAAV9-GFP in gonadal tissues

(A) Schematic outline of shearing extension primer tag selection ligation mediated PCR (

with www.biorender.com (B) Details of total sorted reads, IS-specific reads, ISs and ge

chromosome (Chr); different color codes refer to unique samples as indicated in the le
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controls, while in others, time-dated pregnancies without in utero
manipulation served as pure controls.

Tissue harvesting

For both harvest time points (E96 and E140), the ewe was anesthe-
tized and a laparotomy and hysterotomy were performed to deliver
the fetus(es). After delivery, neonatal blood was drawn from the inter-
nal jugular vein, the lamb was euthanized with 100 mg/kg sodium
pentobarbital (i.v.) and perfused with PBS. After extraction of the fe-
tuses, maternal tissues were harvested, and ewe was euthanized with
0.5 mL/kg potassium chloride (i.v.).

ddPCR quantitation of vector genome copies

Tissues were processed for vector genome quantitation as previously
described.58 Briefly, sample tissues were collected, flash frozen in liquid
nitrogen, and stored at �80�C until analyzed. For vector genome,
collected tissues were analyzed using ddPCR quantitation with a
C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA) and specific
primers and probes. The assay allows the evaluation of the number
of scAAV9-CB-GFP vector genomes, a two-copy reference gene
(RPP30)was also quantified for normalizationpurposes.RPP30primers
and probe were added in the master mix along with scAAV9-CB-GFP
primers and probe. scAAV9-CB-GFP genomes and RPP30 genes were
quantified in the same reaction using multiplex ddPCR. The resulting
values of scAAV9-CB-GFP were presented as vg/diploid genome,
thus normalizingvector genomes to theRPP30 reference gene. The limit
of quantitation was 28 vector genome copies per 20-mL well. Of note,
this is the same limit of quantitationdetermined for onasemnogene abe-
parvovec-xioi vector genome, since scAAV9-CB-GFP shares the same
non-transgene components of the expression cassette. IC-injected ani-
mals are graphed, but the low numbers preclude statistical analysis of
this group. Non-injected fetal values are obtained from both E96 and
E140 harvest time points. For maternal tissues, non-injected values
are obtained from all uninjected fetal tissues.

RNA extraction and ddPCR quantitation of AAV-9-GFP mRNA

Biodistribution of GFP mRNA transcript was also assessed in the
collected tissues using RT-PCR as adapted from previously
described.70 In brief, total RNA was isolated using ZYMO kit or
Promega maxwell system. RNA was reverse transcribed and quanti-
fied during the one-step ddPCR with multiplex primer and probes
specific to GFP, with RNA concentration expressed as ng/mL. Non-
injected fetal values are obtained from both E96 and E140 harvest
time points. For maternal tissues, non-injected values are obtained
from all uninjected fetal tissues.

ELISA detection of anti-AAV9-antibodies

The IgG and IgM antibody responses to the AAV9 capsid before
and after vector dosing was assessed using binding ELISA as
S-EPTS/LM-PCR) to amplify AAV vector-genomic fusion sequences. Image created

nes with associated ISs in each replicate. (C) Distribution of AAV vector ISs in each

gend. (D) IS location with respect to transcription sites.
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previously described,31 but adapted for sheep plasma samples.
Briefly, a 2 � 1010 vector genome per milliliter solution of AAV9
capsids in 1 mM carbonate buffer were coated into a 96-well titer
plate and incubated overnight at 4�C. The next day, the plate was
washed and blocked with a 5% nonfat milk solution in PBST. Serum
samples were diluted on range from 1:20 to 1:20,800 and incubated
at room temperature for 2 h. Wells were then washed with PBST
and incubated at room temperature for 1 h with a horseradish
peroxidase-conjugated, donkey anti-sheep IgG (Abcam, Cambridge,
UK) or rabbit anti-sheep IgM secondary antibody (Abcam). The
wells were washed with again in PBST and then developed with
3,30,5,50-tetramethylbenzidine. The reaction was stopped by the
addition of hydrochloric acid and the absorbance (optical density
[O.D.]) was read at 450 nm on a plate reader. For both IgG and
IgM, the titer was estimated as the last dilution with an O.D. reading
4-fold over the background O.D.

ELISA detection of anti-GFP antibodies

The ELISA for detecting anti-GFP antibodies was similar to the
ELISA performed for the anti-AAV9 antibodies. The main difference
was coating the assay plate with 100 mL GFP coating solution at a con-
centration of 0.5 mg/mL using Recombinant Victoria GFP protein
(1 mg/mL) from Abcam.

Immunofluorescence

Tissues were fixed in 4% PFA at 4�C overnight, then washed in PBS
and placed in 30% sucrose at 4�C for 48 h, after which they were
embedded in OCT and frozen. We mounted 10- to 12-mm sections
onto gelatin-coated slides and kept frozen at �80�C until staining
was performed. Prior to staining, sections were dried, washed, and
permeabilized with a 0.01% Triton solution for 20 min and blocked
with 5% BSA for 1 h. The primary antibodies used were: GFP (dilu-
tion: 1:100-1:200; supplier: Thermo Fisher Scientific [Waltham,
MA, USA]; Catalog #: G10362; Clone #: N/S; Lot #:2306774), NeuN
(dilution: 1:200; supplier: Sigma-Aldrich [St. Louis, MO, USA]; Cat-
alog #: MAB377A5; Clone #: A60; Lot #: 4015615), DDX4 (dilution:
1:200; supplier: Abcam, Catalog #: AB180462; Clone #: 27591; Lot
#: GR3388842-3), HNF4a (dilution: 1:200; supplier: Invitrogen
[Waltham, MA, USA]; Catalog #: MA1199; Clone #: K9218; Lot #:
XG3618471), PAX7 (dilution: 1:100; supplier: Abcam; Catalog #:
AB218472; Clone #:1187; Lot #: GR3452548-1), CD45+ (dilution:
1:100; supplier: Bio-Rad; Catalog #: MCA2220GA; Clone #: 1.11.32;
Lot #: 161823), CD34+ (dilution: 1:100; supplier: BioLegend [San
Diego, CA, USA]; Catalog #: 343608; Clone #: 561; Lot #: n/a), and
laminin (dilution: 1:200; supplier: Thermo Fisher Scientific; Catalog
#: MA106821; Clone #: N/S; Lot #: XI3696994 and XL3788692).
The secondary antibodies used were goat anti-rabbit IgGAF488 (Sup-
plier: Thermo Fisher Scientific; Catalog #: A11034; Clone #: N/S; Lot
#: 2380031), donkey anti-mouse IgG AF555 (Supplier: Thermo Fisher
Scientific; Catalog #: A31570; Clone #: N/S; Lot #:,2387458), and goat
anti-rat IgG AF (Supplier: Abcam; Catalog #: AB150167; Clone #: n/s;
Lot GR3429465-1) at a dilution equivalent to that of the correspond-
ing primary antibody. After secondary antibody incubation, slides
were mounted with mounting solution Fluoromount-G with DAPI
14 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
(Invitrogen) and then cover-slipped. Images at 20� magnification
were obtained on an Echo Revolve RVL2-K microscope and at 63�
magnification on a Leica Microsystems (Wetzlar, Germany) Stellaris
5 microscope.

Immunohistochemical staining of DRGs

Slides were sectioned onto gelatine-coated slides at 20 mm. Slides
were washed and then permeabilized and blocked with 3% BSA
and 5% NGS in 0.03% Triton X-100 PBS for 1 h at room temperature.
Primary antibody incubation was done overnight at 4�C with: GFP
(dilution: 1:500; supplier: Thermo Fisher Scientific; Catalog #:
A-11122; Clone #: N/S; Lot #:2339829) and Tuj1 (dilution: 1:1,000;
supplier: Biolegend; Catalog #: 801202; Clone #TUJ1; Lot #:
B199846). Secondary antibody incubation was done for 1 h at 4�C
with goat anti-rabbit IgG AF488 (dilution: 1:1,000; supplier: Thermo
Fisher Scientific; Catalog #: A11034; Clone #: N/S; Lot #: 2380031 and
1885241) and goat anti-mouse IgG555 (dilution: 1:1,000; supplier:
Thermo Fisher Scientific; Catalog #: A21137; Clone #: N/S; Lot #:
2231667). Primary and secondary antibodies were diluted in the
same blocking buffer to reduce background. Slides were then
mounted with prolong-gold anti-fade reagent and cover slipped. Im-
ages at 63� were taken on a Zeiss (Jena, Germany) Axiovision
Microscope.

For quantification of immunohistochemistry, three images per ani-
mal were taken at 10� magnification and saved in a .tif format. Im-
ages were deidentified to allow for blind interpretation of results
and comparison between groups. For skeletal muscle samples, ImageJ
was used to quantify GFP+ cells, while individual muscular cells
(identified by laminin staining) were counted manually. Transduc-
tion rates were averaged from the replicates of each animal.

DRG toxicity analysis

Toxicity analysis was done on C2, T3, L1, and L5 DRGs, which were
fixed in formalin and embedded in paraffin to later be stained with
toluidine blue. Blind analysis of slides was performed by a neuropa-
thologist (C.C.) for chromatolysis, axonal loss, axonal degeneration,
crush and traction artifacts, and regenerating clusters.

Laboratory testing of maternal and fetal blood

Maternal blood was obtained before in utero injection, at 1 day,
1 week, 3 weeks, and, for term harvests, 9 weeks after injection. Fetal
blood was obtained at the time of harvest. All blood was analyzed by
the University of California Davis Comparative Pathology Laboratory
(CPL). Lab values from samples that were hemolyzed (as indicated by
CPL) were excluded from analysis (three fetal and three maternal
samples).

Pathology

Aliquots of tissues were fixed in formalin and embedded in paraffin
to later be stained with hematoxylin and eosin. Formalin-fixed
paraffin-embedded tissues were sectioned and stained with hematox-
ylin and eosin to assess histological changes and any disruption in
cellular architecture. Liver samples were graded based on the presence
24



www.moleculartherapy.org
of pigment accumulation and bile canalicular stasis with the following
scoring system: 0 (not present), 1 (pigment only), and 2 (pigment and
bile canalicular stasis). Kidney samples were graded based on the
presence of pigment accumulation and tubular epithelial necrosis
with the following scoring system: 0 (not present), 1 (pigment), and
2 (tubular epithelial necrosis). Grading was done in a blinded fashion
by an experienced veterinary pathologist (D.I.L.). Composite lesion
scores (sum of the scores for liver and kidney findings) were calcu-
lated for each group.

Integration analysis

Integration analysis was performed by ProtaGene (www.protagene.
com). Standard S-EPTS/LM-PCR and deep sequencing were per-
formed to identify adeno-associated viral vector flanking genomic se-
quences in three ovary (1967A, 1974B, and 2134B) and three testes
(1974C, 2135A, and 2135B) samples transduced with the vector.
Briefly, 1,500 ng genomic DNA per sample were sheared to a median
length of 500 bp, purified, and split equally into triplicates. Primer
extension was performed using a bovine growth hormone polyadeny-
lation signal-specific biotinylated primer (AMT1bio). The extension
product was again purified, followed by magnetic capture of the bio-
tinylated DNA. The captured DNA was ligated to linker cassettes,
including a molecular barcode. The ligation product was amplified
in a first exponential PCR using biotinylated vector and linker
cassette-specific primers. Biotinylated PCR products were magneti-
cally captured, washed, and one-half of this eluate served as template
for amplification in a second exponential PCR step allowing deep
sequencing by MiSeq technology (Illumina, San Diego, CA, USA) af-
ter purification. Preparation for deep sequencing has been previously
described.71,72

After identification of ISs through S-EPTS/LM-PCR,73 they were
analyzed using the GENE-IS tool suite.74 Raw data were filtered and
only sequences showing complete identity in molecular barcodes,
linker cassette barcode, and sequencing barcode were further pro-
cessed. The detected ISs were clustered based on their determined loca-
tion (position on genome of reference) for each replicate individually
using a ±10 bp range. Then, a second clustering was performed on
the sample level to group datasets of the corresponding replicates using
a±5 bp range.After clustering, sequencesmatching the vector sequence
with a defined coverage and identity are removed as being assay arti-
facts due to amplification of non-integrated or concatenated vector.
Then, IS position data combined from all samples were plotted to
display chromosomal distribution, integration within gene coding re-
gions and vicinity (10 kb upstream and downstream) integration rela-
tive to transcription start sties and relative positionswithin gene coding.

Common IS analysis

A systems biology approach was used to dissect biologically relevant IS
clusters, as previously described,75 to allow the identification of posi-
tional IS accumulations that are statistically unlikely to occur by
chance.76,77 Analysis of IS and proximity to cancer-associated genes
was performed by first obtaining cancer-related genes from theCatalog
of SomaticMutations in Cancer Cancer Gene Census.78 For this study,
Molecu
a lift-over from the sheep genome (oviAri4) to the human genome
(hg38) was required to perform the analysis (UCSCAssembly). Cancer
gene annotations (chromosome, gene start, gene end, strand, gene
name, transcript count, and transcription start site) were obtained
from the Ensembl human genes. While adverse events in gene therapy
trials have been attributed to integration within 40 kB,39–44 since other
studies describe deregulation of genes within 300 kB,79–81 an arbitrary
window of 100 kB was investigated by ProtaGene.

STATISTICAL ANALYSIS
Results were graphed and analyzed using statistical software
GraphPad Prism version 9.5.1 (GraphPad Software, La Jolla, CA,
USA). All measurements were taken from distinct animal samples
and no repeated measurements were taken. Parametric data were
analyzed via two-tailed paired (for maternal laboratory values only)
and unpaired t tests, and one-way ANOVA test with Tukey’s multiple
comparison test. Non-parametric data were analyzed via Wilcoxon
signed rank test (for antibody titers and histological grading of
liver and kidney), the Mann-Whitney test (for quantification of
GFP+laminin+ cells), and the Kruskal-Wallis test (for histological
grading of DRG). Statistical support was provided by the Department
of Surgery Biostatistics Core.
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