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What is known?

= Fetal spina bifida repair improves outcome as compared to postnatal repair.

= The standard clinical neurosurgical technique is a layered watertight closure using native
tissues.

=  Most fetoscopic techniques use a commercially available dural patch to cover the spinal
cord, but the experimental basis for this is limited.

What is new?

= |n the fetal spina bifida rabbit model, two-layer repair using commercially available dural
patch and skin closure, conserves motor neuron density and reduces inflammation in

the fetal spinal cord.
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Abstract (200 words)

Objective: Fetal surgery for spina bifida aperta (SBA) by open hysterotomy typically repairs
anatomical native tissue in layers. Increasingly, fetoscopic repair is performed, using a dural
patch followed by skin closure. We studied the host response to selected-commercially

available patches currently being used, in a fetal rabbit model for spina bifida repair.

Methods: SBA was surgically induced at 23-24 days of gestation (term=31d). Fetal rabbits
were assigned to unrepaired (SBA group), or immediate repair with Duragen™ or Durepair™.
Non-operated littermates served as normal controls. At term, spinal cords underwent
immunohistochemical staining including Nissl and GFAP. We hypothesized that spinal cord
coverage with a dural patch and skin closure would preserve motor neuron density within the
non-inferiority limit of 201.65 cells/mm?, and reduce inflammation compared to unrepaired

SBA fetuses.

Results: Motor neuron density assessed by Nissl staining was conserved both by Duragen
(n=6, 89.5; 95%Cl -158.3 t0-20.6) and Durepair (n=6, 37.0; 95%Cl -132.6 to-58.5), whereas
density of GFAP-positive cells to quantify inflammation was lower than in unrepaired SBA-
fetuses (SBA 2366.0+669.7 cells/mm? vs Duragen 1274.0+157.2 cells/mm?;p=0.0002,
Durepair 1069.0+270.7cells/mm?;p<0.0001).

Conclusions: Covering the rabbit spinal cord with either Duragen or Durepair followed by skin

closure, preserves motor neuron density and reduces the inflammatory response.
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Introduction

Spina bifida aperta (SBA) is a severe congenital malformation of the central nervous system
with a prevalence of 2-6 cases per 10,000 live births (1). The malformation stems from an
incomplete closure of the neural tube during the third to the fourth week of embryonic
development (2). The defect in the vertebrae and the overlying tissues allows direct
mechanical and chemical trauma from the intra-uterine environment to the non-neurulated
neural placode. This eventually leads to significant, lifelong spinal cord dysfunction including
lower limb sensorimotor impairment, bowel and bladder dysfunction, and in some cases
orthopaedic complications (3). There is overwhelming evidence in both animal models as well
as clinical studies that the injury to the uncovered placode is progressive throughout
gestation. Therefore, in-utero closure of the defect should arrest this process (4-6). Following
animal and early clinical studies, the Management of Myelomeningocele Study (MOMS) trial
provided level-l evidence that prenatal repair preserves motor function and reduces the need
of postnatal ventriculoperitoneal shunt placement. Fetuses with SBA who were operated
before birth were less likely to require a shunt at one year of age, and had better lower limb
motor function at 2.5 years, when compared to individuals who were operated after birth (7,
8). Follow-up studies in the MOMS?2 trial demonstrated that these benefits persist into the

school age (9).

Fetal surgery comes at a price of several fetal and maternal complications including, but not
limited to chorioamniotic separation, fetal membrane rupture, preterm delivery, uterine
dehiscence and/or rupture, the latter even beyond the index pregnancy (7, 10) (11). The
MOMS trial used an open fetal surgery technique with a hysterotomy scar of 6-8cm. Lesser
invasive surgical methods through mini-hysterotomy (scar <4cm) or fetoscopy are therefore
being explored (12, 13). Most fetoscopic techniques do not exactly mimic the neurosurgical
procedure done by the open hysterotomy technique. The latter is a multi-layered anatomical
closure using mostly native tissues including dura (if possible), myofascial flaps and skin (7).
In comparison, most fetoscopic techniques insert a dural patch over the spinal cord, to
simplify the techniques and to achieve a watertight repair (14). To our knowledge, there is
only one biocellulose patch which was experimentally tested for fetal SBA repair in a fetal
rabbit model (Biofill®, Fibrocel, Parana, Brazil)(15, 16). Other more widely available dural

patches used in adult neurosurgery, such as the DuraGen® Plus™ (Integra, New Jersey, USA)
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and Durepair™ Regeneration Matrix (Medtronic, Minneapolis, USA), have not been formally
tested for fetal surgery, although they are already used clinically (7, 17). Herein we aimed to
determine the local effects of these patches on the growing spinal cord of a fetal rabbit at the
time of simulated SBA repair, so that the findings from this study can be later used as a

benchmark for other dural patches.
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Material and methods

This experiment was approved by the Ethics Committee for Animal Experimentation of the
Faculty of Medicine, KU Leuven (P202/2018 and P032/2021). Experiments were treated
according to NC3R2 (National Center for the Replacement, Refinement, and Reduction of
Animals in Research) and ARRIVE (Animals in Research Reporting In Vivo Experiments)

guidelines for animal well-being (18, 19) .
Study design

The host local immune response to the patches was studied previously in an established
surgically induced SBA model in the fetal rabbit (20-22). Because of the paucity of published
information and our lack of experience with the model and the readouts, the first batch of
the animals were employed to document the effect of an unrepaired SBA defect on the spinal
cord and to compare findings with those in healthy littermates of the same pregnancy
(‘normal controls’, n=6). Based on the observations in pups with an unrepaired SBA lesion, we
performed a power calculation for the neuron density as measured by Nissl staining, in the
anterior horn compared to that of normal control pups. Our hypothesis was that immediate
fetal SBA repair i.e. coverage with dural patches and primary skin closure, should conserve
the neuronal density within the range of that observed in the normal controls. Additionally,
we calculated the sample size needed to demonstrate that the surgically patch-repaired
groups displayed a lower local inflammatory response than those with an unrepaired SBA
lesion. Inflammation was measured by the density of glial fibrillary acidic protein (GFAP)-
positive cells and their occupied area in operated SBA fetuses, compared to the unrepaired

SBA fetuses (Supplementary Information 1).

For the second batch of animals, a block-of-four randomisation was performed to allocate
pups to either one of the two immediately repaired groups; repair with DuraGen® Plus™
Adhesion Barrier Matrix (Integra, New Jersey, USA); further referred to as “DuraGen” or
Durepair™ Regeneration Matrix (Medtronic, Minneapolis, USA); further referred to as

“Durepair”.
Experimental procedure

Time-mated pregnant rabbit does (hybrid of Dendermonde and New Zealand White) were

housed in separate cages at 21°C, 42% humidity, with a 12-hour day-night cycle and free
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access to water and food. Animals were housed for approximately three day before the

surgery to allow acclimatisation.

SBA induction

Induction of an SBA defect was performed at 23-24 days gestation (term=31 d) by the
following surgical steps. Does were premedicated with ketamine (35 mg/kg IM; Nimatek® 100
mg/ml, Dechra, Northwich, UK) and Xylazine (5 mg/kg IM; Xyl-M® 20 mg/ml, V.M.D. nv/sa,
Groningen, Netherlands). After premedication, general anaesthesia was achieved with an
inhaled oxygen/isoflurane (0.8-1.5%) mixture delivered via facemask. The doe was allowed to
breath spontaneously throughout the procedure and was monitored with pulse oximetry.
Intravenous access was placed in the ear and maintained with warm fluid replacement
(Plasma-Lyte; Baxter, lllinois, USA) at a rate of 10 mL/kg/hr. Buprenorphine (0.05 mg/kg;
Vetergesic®0.3 mg/mL, CEVA, Libourne, France), Enrofloxacin (10 mg/kg, Baytril® 25 mg/mL,
Bayer, Leverkusen, Germany) and medroxyprogesterone acetate (Depo-Provera® 150 mg/mlL,

Pfizer, New York, USA) were given subcutaneously.

The doe was positioned supine on a heating pad, then the abdomen was shaved, prepped
with iodine solution, and covered with sterile drapes. A low midline laparotomy
(approximately 5 cm) was performed to partially expose the bicornuate uterus. Up to two
cornual end fetuses were operated under a 3.5X loupe magnification. Only the targeted
gestation sac involved in the surgery was exteriorized and surrounded by a gauze soaked in
warm saline. The fetus was palpated and adjusted to a suitable position for surgery. A 1.5-cm
diameter purse string suture was placed through the myometrium and membranes on the
antimesenteric side of the uterus, above the fetal back using polypropylene 6/0 (Prolene,
Ethicon, New Jersey, USA) before performing a 1-cm linear hysterotomy in the middle of the
purse string. Chorionic and amniotic membranes were sharply dissected to enter the amniotic
cavity. The lower part of the fetus from the tail was gently exteriorised up to its lower lumbar
region (Fig 1B). A 1-cm diameter circular skin defect was created over the lumbar spine
beginning at the level of the posterior iliac crest. Bilateral paraspinal muscles were removed
over the area of 3-lumbar vertebral bodies. A laminectomy and durectomy with a sharp 26G
needle (BD Microlance™ 3, BD, New Jersey, USA) were done until confirmation of CSF
leakage. In this model no myelotomy was performed, in other words the central canal was

not opened (20). In the unrepaired SBA group, there were no further fetal manipulations.

This article is protected by copyright. All rights reserved.

85U8017 SUOWILLIOD SAITe81D 3|qeo! [dde ay) Aq peusenob afe 9ol YO ‘8sN JO Sa|nJ Joj Areiq i aulUO AB|IA UO (SUONIPUOD-PUE-SULIB)AL0D" A8 | IMAle.d Ul |uo//:SdNy) SUONIPUOD pue Swie L ay) 89S *[£202/T0/y2] uo ARiqiauliu A3|IM 'seoinies Akiqi TON uopuoabe|joD AisleAlun Ag STE9'Pd/Z00T 0T/I0p/L0d Ao |im Aeidjpuljuo uABaoy/:sdny woly pepeojumoq ‘el ‘s2Z0.60T



The fetus was returned to the uterus, amniotic fluid (AF) volume was restored with warmed
saline. The purse string suture was tied closing the hysterotomy site and another imbricated
interrupted suture was placed on top with polypropylene 6/0 (Prolene, Ethicon, New Jersey,
USA) to prevent any amniotic fluid leakage. The doe’s abdominal wall fascia was closed with
continuous PDS*11 2/0 (Ethicon, New Jersey, USA). The subcutaneous layer and the skin was
approximated with Monocryl 3/0 (Ethicon, New Jersey, USA). The doe was given 4 mL of local
anaesthesia at the incision site (levobupivacaine; Chirocaine 5 mg/mL, Fresenius Kabi, Bad
Homburg, Germany) and buprenorphine for analgesia (0.03 mg/kg SC; Vetergesic® 0.3
mg/mL, CEVA, Libourne, France) upon awakening and every 12 hours for 48 hours. Rabbits

were monitored daily using the Rabbit Grimace Scale (23).
Surgical SBA repair

For the pups allocated to undergo an immediate repair with either Duragen or Durepair, the
skin around the defect was undermined to avoid any tension or tearing that may occur during
the closure. A 1-cm diameter patch was applied on the spinal cord and fixed with 4 stay
sutures (PDS*II 6/0; Ethicon, New Jersey, USA) to the paraspinal muscle and fascia. Finally,

the skin was closed over the patch by a running suture (PDS*11 6/0; Ethicon, New Jersey, USA).
Harvesting

Near term (30-31 d), the does underwent terminal caesarean delivery. Prior to euthanasia,
animals were sedated as previously described with an intravenous bolus of pentobarbital (1
mL Euthasol® vet 400 mg/mL, Dechra, Northwich, UK). The interval between euthanasia and
delivery was kept between 15-20 minutes. Fetuses were harvested, weighed and measured,
including the length and width of the defect, and in the fetuses who underwent prenatal
repair, the length of the scar was measured and CSF leakage was determined by blotting

paper (Easy V2 White, Lucart Professional, Diecimo, Italy) (15).
Pathology

The fetal lumbar spine, as well as the head and cervical spine were dissected en bloc and fixed
in 4% formaldehyde (Klinipath BV, Olen, Netherlands) in 0.1 mol/L phosphate buffer (pH 7.4)
for at least 72 hours. The head and cervical spine were sharply dissected across the sagittal
plane. To evaluate for hindbrain herniation (HH) as an indicator for adequate SBA creation, a

Basion-to-Opisthion line was arbitrarily drawn as a reference for the margin of foramen
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magnum. HH was classified if the position of cerebellar tonsil descended below the reference

line (24).

The lumbar spine tissue was dehydrated in gradient ethanol solutions (70.0-99.9%) ended
with 100% technical toluene (VWR Chemicals) before embedding in paraffin blocks. For each
pup, the central level of the defect was serially sectioned at 4 um with an interval of 100 um
(4 cross-sections/sample) on an automated microtome (Epredia™ HM 355S, Fisher Scientific,
Massachusetts, USA). Following sectioning, haematoxylin and eosin (H&E) and Nissl (cresyl
violet) staining was performed. For immunostaining with glial fibrillary acidic protein (GFAP),
paraffin sections were de-paraffinized and rehydrated in technical toluene followed by
gradient ethanol solutions before rinsing in 0.01M tris-buffered saline (TBS, pH7.6). Sections
were then blocked with 3% hydrogen peroxide (Millipore, Massachusetts, USA) in 0.01M TBS
for 30 mins at room temperature (RT) and washed with 0.01M TBS. After that, sections were
incubated in 0.01M TBS containing 0.1% Tween 80, 2% bovine serum albumin (BSA) and 1%
non-fat dry milk for 1 hour at RT. Sections were incubated with monoclonal mouse antibody
against GFAP (1 ug/ml; cat no. G6171, Sigma-Aldrich, Missouri, USA) overnight at 4 °C.
Antibodies were washed with 0.01M TBS and again blocked with 0.1% Tween 80, 2% BSA and
1% non-fat dry milk for 15 mins at room temperature before adding peroxide (PO)-conjugated
secondary goat antibody against mouse IgG and IgM (cat no. 115-035-044, Jackson
ImmunoResearch, Pennsylvania, USA) and 4% rabbit serum (DAKO, Glostrup, Denmark) for
30 mins at RT. The PO conjugation was reacted in a 0.01M TBS solution containing di-
aminobenzidine (DAB, 0.5 mg/ml) and 0.1% hydrogen peroxide for 10 mins at RT. Nuclei were
stained with Mayer’s haematoxylin solution. Following nuclear staining, sections were rinsed
with tap water and distilled water, dehydrated in gradient ethanol solutions and Neo-Mount®

(Millipore, Massachusetts, USA) and sealed with Neo-clear® (Millipore, Massachusetts, USA).

Slides were scanned with a microscope slide scanner (Axioscan Z1, Zeiss, Oberkochen,
Germany) to obtain digital images before analysing with QuPath software (25). On each slide
of H&E staining, total cross-sectional area, grey matter area (total and anterior horn) and
white matter area of the spinal cord were determined. Motor neurons defined by a Nissl
stained cell with a diameter of 30-70 um and a discernible nucleolus, GFAP-positive cells and
its fibre in the anterior horn of the grey matter, were semi-automatically counted and

guantified from the digital image (x20 magnification) (26-28). Motor neuron density, GFAP
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glial cell density and its fibre density were calculated by dividing the number of motor
neurons, GFAP glial cells or the area of GFAP-positive fibre (mm?) by mm? of grey matter,

respectively.
Statistical analysis

To declare non-inferiority for motor neuron density, the lower boundary of the 95%
confidence interval (Cl) of the pups undergoing immediate SBA repair with dural patches,
must lie above the non-inferiority margin (A) limit (29). We did not perform a non-inferiority
analysis for the inflammatory response as we expected that any surgery related to the spinal
cord would induce a local reaction. We applied superiority analysis to determine
inflammatory responses represented by GFAP cells and its fibres. In this case, we wanted to
demonstrate that the incorporation of a dural patch would reduce the inflammatory response
when compared to the unrepaired SBA lesion. Thus, this analysis compared the immediate
SBA repair groups to the unrepaired SBA group. For superiority analysis, one-way analysis of
variance (ANOVA) with Dunnett correction for post hoc analysis was used for continuous
variables and Pearson’s chi-squared test with Bonferroni correction was applied for
categorical variables. Statistical analysis was carried out by GraphPad Prism software version
9.0.0 (California, USA). A p-value of <0.05 was considered statistically significant and data is

presented as mean * SD.
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Results
Demographic data

Fourteen pups from eight does underwent surgical induction of SBA (unrepaired group).
Thirty-three pups in another 18 does underwent SBA induction followed by immediate
surgical repair, either using Duragen (n=16) or Durepair (n=17). Survival rate in the unrepaired
group was 57.1% (8/14), which was comparable to the repaired SBA groups (50% (8/16) with
Duragen and 41.2% (7/17) with Durepair) (Table 1). Birth weights of both of the repaired SBA
groups were no different to normal controls (Table 1). However, birthweight of the
unrepaired SBA fetuses were significantly less than that of the normal controls (controls;
49.2+4.2 gm vs SBA fetuses 41.444.5 gm, p=0.03). Two pups from the Duragen group and one
from the Durepair group were born with apparent wound dehiscence and persistent CSF
leakage (Duragen 25.0% (2/8) vs Durepair 12.5% (1/7), p>0.99). These pups displayed
hindbrain herniation at necropsy, similar to what was seen in nearly all of the pups in the
unrepaired SBA group (87.5% (7/8)) (Fig 1e). The repaired SBA pups with wound dehiscence
were excluded from the histological analysis. Pups with successful SBA repair (no CSF leakage)
did not display any hindbrain herniation. Macroscopic adhesion between spinal cord and
dural patch was identified in 50% (4/8) of the Duragen group. The adhesion was sparse and
easily removed without sharp dissection. On the contrary, none were noted in the Durepair
group.

Spinal cord structure analysis

Histology of the spinal cord confirmed an SBA-like lesion in the unrepaired group. The spinal
cord showed an extensive degree of damage, in particular in the posterior horn where it was
nearly or completely lost, whereas the anterior horn remained recognizable but was smaller

in size. Spinal cords of fetuses in the repaired SBA groups were well preserved (Fig 2).

Quantification of several selected areas of the spinal cord confirmed the above macroscopic
findings. Unrepaired SBA fetuses had a significantly smaller total surface area and the area of
grey matter on transection, when compared to the normal controls or fetuses with immediate
SBA repair (total spinal cord area; unrepaired SBA 0.81+0.46 mm?vs control 2.35+0.42 mm?,
Duragen 2.35+0.48 mm?, Durepair 2.25+0.19 mm?; all p<0.0001 when compared to the

unrepaired SBA group) (grey matter area; unrepaired SBA 0.46+0.22 mm? vs control
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1.55+0.25 mm?, Duragen 1.69+0.13 mm?, Durepair 1.51+0.21 mm?; all p<0.0001 when
compared to the unrepaired SBA group). Interestingly, the fetuses in the unrepaired SBA
group had a significantly smaller anterior horn, compared to the other groups (unrepaired
SBA 0.30+0.14 mm?vs control 0.59+0.12 mm?; p=0.005, Duragen 0.59+0.18 mm?; p=0.006,
Durepair 0.53+0.05 mm?; p=0.03) (Fig 2). The loss of the posterior horn in the unrepaired SBA
fetuses made the area of the anterior horn dominant, hence it occupied half of the whole
area of the grey matter. This was significantly more than in the other groups (unrepaired SBA
50.61+4.91% vs control 32.05+2.91%, Duragen 31.611£2.60%, Durepair 29.03+£3.85%; all
p<0.0001 when compared to the unrepaired SBA group) (Fig 2).

In conclusion, the creation of an SBA defect in fetal rabbits at 23-24 gestational days, resulted
in @ homogenous phenotype of SBA-like spinal cord injury by (near) term gestation.
Immediate repair of the SBA lesion with dural patches and skin approximation preserved the

structure of the spinal cord.
Motor neuron density

When examining the anterior horn of the spinal cord, pups with unrepaired SBA lesions had
a significantly lower motor neuron density when compared to the controls control pups had
significantly higher motor neuron density when compared to the unrepaired SBA group
(830.80+71.81 cells/mm? vs 383.0+42.38 cells/mm?; p<0.0001) (fig 3b). In the repaired SBA
groups, the means and SDs of motor neuron density in the Duragen and the Durepair groups
were 741.30+65.60 cells/mm? and 793.80+91.06, respectively. To determine whether the
motor neuron density in fetuses of the Duragen and Durepair groups were not inferior to that
of the normal controls, a non-inferiority analysis was performed. The analysis showed that
the 95%Cls of the difference between the patch-repaired SBA groups and the normal controls
lay within the predefined A limit (Duragen -89.5 (95%Cl -158.3 to -20.6) and Durepair 37.0
(95%Cl -132.6 to -58.5) as shown in figure 3c. This confirmed the non-inferiority for the motor

neuron density in both the patch-repaired SBA groups.
GFAP-positive cell and their area

The density of GFAP-positive cells in the anterior horn of the spinal cord was significantly
higher in the unrepaired SBA fetuses when compared to any of the other groups (unrepaired

SBA 2366.0+669.7 cells/mm? vs control 687.6+125.5 cells/mm?; p<0.0001, Duragen
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1274.0+157.2 cells/mm?; p=0.0002, Durepair 1069.0+270.7 cells/mm?; p<0.0001) (Fig 4b).
The same difference was observed with the percentage of the area of GFAP positive fibres
relative to the area of the anterior horn (unrepaired SBA 35.87+£9.52% vs control 9.8212.94%;
p<0.0001, Duragen 18.05+6.08%; p=0.0002, Durepair 19.19+4.01%; p=0.0004).
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Discussion

Herein we documented the local host response to commercially available dural patches,
DuraGen® Plus™ and Durepair™ Regeneration Matrix in the fetal rabbit SBA model. Similar
to clinical fetoscopic procedures, these patches were used to cover an SBA defect followed
by a primary skin suture. We quantified the subsequent host response at term by measuring
the densities of motor neuron, GFAP positive cells and its area, as proxies for neuroprotection
and neuroinflammation, respectively. In the repaired SBA group, the spinal cord of animals
without CSF leakage showed at birth no difference in the motor neuron density compared to
the normal controls. In other words, there were no histologic signs of motor
neurodegeneration, which in contrast, were observed in SBA animals that did not undergo
fetal repair. Also, even though fetal repair with patched augmentation induced a local
neuroinflammatory response, the inflammation was much less than that observed in the

unrepaired SBA group.

This experiment was undertaken to, first, provide experimental data on the safety of these
patches when used in the context of fetal surgery. In this model, the surgical SBA defect was
induced at 23-24 d of gestation (term=31), and immediately repaired, as previously described
(20-22). The timeframe of the simulated fetal SBA repair corresponds to the late second
trimester in human gestation. This is obviously not the time point when SBA lesion occurs, it
is however the time period when fetal surgery would be performed. In other words, this
experiment simulates the local host response following the neurosurgical repair, but not to
the pathophysiology of SBA, which occurs much earlier in gestation. Despite these differences
with the clinical situation, our findings are relevant as a benchmark for further investigation

of alternative covering techniques/devices for fetal repair (30, 31).

Our findings only apply to a specific layered anatomical closure coverage of the spinal cord.
This technique is used clinically for fetoscopic repair with the purpose of arresting CSF leakage
(14, 32, 33). The multi-layered closure included dural coverage with dural patch followed by
skin approximation, but without myofascial or paraspinal muscle closure — which is not
possible in this model. The experiment was not designed to compare different neurosurgical
techniques, but to determine the difference in local host response to of different dural
patches. We excluded animals that displayed any signs of insufficient or non-watertight

closure, as unsuccessful closure may be less neuroprotective (14). The experiment was
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neither powered to study the spectrum of effects of incomplete SBA closure. Data from
incomplete closure were not considered for analysis as experiments in large animal models
demonstrate that ongoing leakage is associated with deterioration of hindlimb motor

function, hence it is likely to be less neuroprotective (14).

Without surgical repair, fetal rabbits uniformly exhibit an apparent skin defect with
protruding spinal cord at birth, similar to what was described by Housley et al and Pedreira et
al (20, 21). Of note, the unrepaired SBA lesion at birth is substantially larger than the original
defect. We observed that fetal rabbits with evident CSF-leakage also displayed hindbrain
herniation (Figure 1E), as previously documented in another experiment by Fontecha et al by
histology of an en bloc specimen of the fetal head and cervical column (24). We further
observed histological signs of spinal cord damage, in particular in the posterior horn. This is
similar to what is observed in human fetuses with SBA as well as in other animal models (6,

34-37).

Compared to earlier experiments (20-22), we refined the readouts, to better document the
local host response in the spinal cord. We documented the densities of motor neurons and
inflammatory cells by Nissl staining and GFAP immunostaining. Preservation of motor
function is considered to be one of the primary advantages of successful fetal SBA surgery (7).
A positive correlation between clinical function and motor neuron density was previously
demonstrated in several animal studies (38-40). Inflammation is a naturally occurring process
to trauma and repair processes. In the case of SBA, excessive neuroinflammation or
astrogliosis has been well documented in both the exposed neural placode and its adjacent
transitional zone (41-43). Recent evidence shows that the reaction is progressive, resulting in
a persistent chronic inflammatory state, which is subsequently detrimental to neuronal
survival and repair (37, 42). Therefore, we included quantification of the inflammatory
reaction in our analysis of the host response and hypothesized that fetal repair would reduce

the inflammatory response, when compared to the unrepaired spinal cord of SBA fetuses.

Currently, there is only one patch, which is specifically tested for fetal SBA surgery, i.e. a
biocellulose patch (Biofill®, Fibrocel, Parana, Brazil and Bionext®, Bionest, Parana, Brazil) (15).
However, the patch was designed for external use as a wound dressing. Lapa et al tested the
patch in fetal rabbit and sheep models before applying it clinically for fetoscopic SBA surgery

(16, 22, 44-46). In her initial study in the rabbit model, the repaired defect healed completely,
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with the patch remaining in place, and “without any signs of tissue rejection” at term (22).
We documented similar effects with both Duragen and Durepair in the same model she used.
However, we could not directly compare the dural patches to the biocellulose patch as it was
not included in our study. Both the patches are dural substitutes used to cover dural defects
and prevent CSF leakage in adult cranial and spinal surgical procedures (47-49). Both are
bovine porous decellularized collagen scaffolds that promote neovascularisation and
fibroblast infiltration (50, 51). In their typical use, rapid collagen deposition takes place, and
within a few weeks, a neodural membrane is formed which should close the dural defect (50,

51).

The main strength of our study is its comprehensive set of readouts, incorporating gross and
microscopic analysis of the defect, inflammatory response, neuronal density in the spinal cord
and hindbrain herniation. The advantages of rabbits include their short gestation, a higher
number of fetuses and lower housing needs than the sheep model, making it an ideal model
for surgical experiments, such as the testing of novel dural patches. The model, unfortunately,
also has its limitations. These include the need for delicate surgical skills and the high fetal
mortality rates. The short interval between the surgery and sacrifice, the size of the animal
and our necropsy method may not be optimal for assessing adhesion formation. However,
our necropsy method was chosen for optimal preservation of the spinal cord. Other
weaknesses are the lack of mid- to long-term outcomes; for example, radiologic findings on
tethering cord and epidermal inclusion cyst formation. Lastly, the model does not mimic the
natural history of the condition, as the lesion is induced and immediately repaired, so no

damage is accumulated prior to the fetal repair.

In conclusion, we demonstrated that DuraGen® Plus™ or Durepair™ Regeneration Matrix
preserves motor neuron density in the fetal rabbit model for SBA. Both patches induce a mild
inflammatory response in the spinal cord, which is much less than what is observed in fetuses
with an unrepaired SBA lesion. Both the dural patches seem to be safe in a fetal environment.
We will use findings from this model as a benchmark and screening model for alternative
dural patches, prior to their testing in larger models to evaluate for chronic inflammation,

fibrosis and cord tethering.
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Table

Table 1. Demographic data

Repaired SBA P-value
HEE, Unr::;'ired : DGvs DPvs DGuvs

Duragen (DG) Durepair (DP) SBA SBA DP
Survival rate (%, n) 100% (6/6) 57.1% (8/14)  50% (8/16) 41.2% (7/17) ns ns ns
Birth weight (grams)® 49.214.2 41.4144.5 43.517.3 46.914.0 ns ns ns
Size of the defect (cm?)® N/A 5.3+1.4 4.310.67 3.91 N/A N/A N/A
Scar length (cm)? N/A N/A 1.8+0.3* 1.8+0.4* N/A N/A ns
CSF leakage (%, n) 0% (6/6) 100% (8/8) 25% (2/8) 12.5% (1/7) 0.02 0.004 ns
Hindbrain herniation (%, n) 0% (6/6) 87.5% (7/8) 25% (2/8) 12.5% (1/7) 0.08 0.03 ns

SBA; Spina bifida aperta, DG; Duragen, DP; Durepair, ns; not significant (p>0.05), N/A: not available, ¥data from two and one animals in Duragen and Durepair
groups that had wound dehiscence, respectively, *data from six animals from Duragen and Durepair groups that had intact wound, °data presented as

meanxSD.
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Induction of SBA defect and Terminal caesarean
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Fetal pups

) -

B Induction of SBA defect C Immediate correction
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Unrepaired SBA Repaired SBA

SBA; spina bifida aperta, BO; Basion-Opisthion reference line, HH; hindbrain herniation

Figure 1. Timeline and surgical procedure of the spina bifida aperta (SBA) model. (A) Schematic drawing of the experimental timeline. Induction of the
defect and immediate correction was performed on day 23-24 gestation. Terminal caesarean delivery was done on day 30-31 gestation and harvest of
the pups were done immediately after birth. (B) Five essential steps performed during induction of SBA defect; exteriorization of tails and lower
lumbar region, creation of a skin defect at the level of the posterior iliac crest and above, removal of bilateral paraspinal muscles, laminectomy and
durectomy. (C) Three essential steps performed during immediate correction of the defect; undermining of the skin around the defect, application of
dural patch (DuraGen® Plus™ in the picture) over the spinal cord and suture to reapproximate the skin layer. (D) At-birth images of the unrepaired SBA
lesion and repaired lesion. (E) Hindbrain herniation. Note that only the unrepaired SBA group demonstrated hindbrain herniation; the cerebral vermis
was extended beyond the Basion-Opisthion reference line). Scale bar: 0.5 cm.
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Figure 2. Spinal cord structure of rabbit pups. (A) Representative pictures of spinal cord stained with
Cresyl violet indicate posterior horn damage in the unrepaired SBA group and well-preserved spinal cord
structure in the Duragen and the Durepair groups. (B) Total spinal cord area, grey natter area, anterior
horn area and % of anterior horn area are significantly smaller in the SBA groups when compared with
the control, the Duragen and the Durepair groups. Scale bar: 200 um. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 3. Motor neuron density in the anterior horn of the rabbit pups. (A) Representative pictures of spinal cord stained
with Cresyl violet indicate a lower density of motor neuron in the anterior horn of the unrepaired SBA group when
compared to the other groups. (B) Rabbit pups in the unrepaired SBA group has a significantly lower motor neuron
density in the anterior horn when compared to the control group. (C) Regarding the non-inferiority test between the
Duragen/the Durepair and the control group, the motor neuron densities in both the repaired groups were not inferior
to those of the control group. Scale bar: 500 um. ****p<0.0001.
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Figure 4. GFAP-positive cell and their fibre densities in the anterior horn of the rabbit pups. (A)
Representative pictures of spinal cord stained with glial fibrillary acidic protein (GFAP) indicate a higher
density of the immunostaining in the anterior horn of the unrepaired SBA group when compared to the
other groups. (B) Rabbit pups in the unrepaired SBA group has a significantly higher GFAP-positive cell
density when compared to the control, Duragen and Durepair groups. (C) Rabbit pups in the unrepaired
SBA group has a significantly higher GFAP-positive fibre density when compared to the control, Duragen
and Durepair groups. Scale bar: 500 um. *** p<0.001, ****p<0.0001.
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