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Abstract: Objectives: Use of off-label tissue graft materials, such as acellular dermal matrix (ADM),
for in utero repair of severe spina bifida (SB), where primary skin layer closure is not possible, is
associated with poor neurological outcomes. The cryopreserved human umbilical cord (HUC) patch
has regenerative, anti-inflammatory, and anti-scarring properties, and provides watertight SB repair.
We tested the hypothesis that the HUC is a superior skin patch to ADM for reducing inflammation at
the repair site and preserving spinal cord function. Methods: In timed-pregnant ewes with twins,
on gestational day (GD) 75, spina bifida was created without a myelotomy (functional model). On
GD 95, repair was performed using HUC vs. ADM patches (randomly assigned) by suturing them to
the skin edges. Additionally, full thickness skin closure as a primary skin closure (PSC) served as a
positive control. Delivery was performed on GD 140, followed by blinded to treatment neurological
assessments of the lambs using the Texas Spinal Cord Injury Scale (TSCIS) for gait, proprioception,
and nociception. Lambs without spina bifida were used as controls (CTL). Ex vivo magnetic reso-
nance imaging of spines at the repair site were performed, followed by quantitative pathological
assessments. Histological assessments (blinded) included Masson’s trichrome, and immunoflu-
orescence for myeloperoxidase (MPO; neutrophils) and for reactive astrocytes (inflammation) by
co-staining vimentin and GFAP. Results: The combined hind limbs’ TSCIS was significantly higher in
the HUC group than in ADM and PSC groups, p = 0.007. Both ADM and PSC groups exhibited loss
of proprioception and mild to moderate ataxia compared to controls. MRI showed increased patho-
logical findings in the PSC group when compared to the HUC group, p = 0.045. Histologically, the
meningeal layer was thickened (inflammation) by 2–3 fold in ADM and PSC groups when compared
to HUC and CTL groups, p = 0.01. There was lower MPO positive cells in the HUC group than in the
ADM group, p = 0.018. Posterior column astrocyte activation was increased in ADM and PSC lambs
compared to HUC lambs, p = 0.03. Conclusion: The HUC as a skin patch for in utero spina bifida
repair preserves spinal cord function by reducing underlying inflammation when compared to ADM.
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1. Introduction

Mid-gestation in utero spina bifida (SB) repair decreases co-morbidities, including
shunt placement and ambulation when compared to postnatal repair [1,2]. Repair protects
the spinal cord and prevents hindbrain herniation due to cerebral spinal fluid leakage [3,4].
Despite in utero repair, 58% of children were unable to ambulate independently and
27% required tethered cord surgery by school age [1,5]. Incomplete benefit is attributed
to existing neurological injury before repair [6,7], suboptimal closure and inflammatory
sequelae leading to spinal cord tethering and syringomyelia [8]. In utero repair consists of a
deeper dural-myofascial layer and skin layer closures. In 80% of cases primary skin closure
is possible, where the remainder requires tissue grafting [9]. Optimal tissue graft material
for skin closure remains unknown. Acellular dermal matrix (ADM) has been used off-label
in the pivotal management of myelomeningocele study when primary skin closure could
not be achieved [1]. It is a decellularized matrix from human cadaveric skin [1,9]. The
effects of ADM use for skin closure compared to primary skin closure remains unknown in
terms of subsequent surgeries for tethered cord and the findings of syringomelia [10].

The cryopreserved human umbilical cord (HUC) has anti-inflammatory, anti-scarring,
and regenerative properties, and is composed of a novel matrix called heavy chain
hyaluronic acid/pentraxin3 (HC-HA/PTX3), which promotes regeneration of local native
cells [11–27]. It has shown promising results for corneal and conjunctival surface recon-
struction, and for dermal and orthopedic applications [23–27]. We evaluated the HUC for
watertight in utero SB repair using a myelotomy (hindbrain herniation) sheep model and
found that the skin had healed completely healed at the repair site along with hindbrain
herniation reversal [28,29]. In a retinoic acid-induced SB rat model, the HUC patch low-
ered acute inflammation and cell death, and displayed organized cell growth compared
to ADM [30]. In two human cases where the HUC was used as a skin patch, we found
hindbrain herniation reversal, normal bladder control, and normal lower limb function [31].

Here, we compared clinical, radiological, and histological differences amongst defects
closed with HUC vs. ADM skin patches in a surgically-created functional SB pregnant
sheep model, generated without a myelotomy. This intact arachnoid layer model is well
validated to test the prevention of ongoing damage to the exposed spinal cord [3,32].

2. Methods

The study protocol was approved by the Institutional Animal Care and Use Committee
at UT Health School of Medicine in Houston (protocol #AWC-14-0177). All animal care
and experimentation were performed in compliance with the Guide for the Care and Use
of Laboratory Animals.

2.1. SB Model Creation

Ultrasound-verified timed-pregnant sheep were obtained from K-Bar Livestock, L.L.C.
(Bastrop, TX, USA) for the creation of the SB sheep model, as has been previously de-
scribed [3,33]. Briefly, surgery was performed on gestational day 75 (term: 145 days) under
general anesthesia in a supine position with a left lateral tilt. Under sterile conditions,
a laparotomy was performed using a mid-line incision followed by a hysterotomy. As
described previously [3,28,33], a SB defect was made surgically between the spinal levels
L2 and L6 to create an approximate 4 cm × 5 cm defect. The paraspinous muscles and
posterior lamina of vertebra were removed, and the subdural space entered using bone
rongers, followed by dura removal and the remaining portion of the posterior lamina. This
produced an exposed spinal cord with an intact arachnoid layer (Figure 1A–C). After the
fetus was repositioned back within the amniotic cavity, the uterine incision was sutured in
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two layers using 2-O Vicryl (Ethicon Inc. Somerville, NJ, USA). Nafcillin (1 g; AuraMedics
Pharma LLC, E. Windsor, NJ, USA) was infused into the amniotic cavity as an antibiotic
prophylaxis. Once the uterus was placed back into the abdomen, the skin and fascial layers’
incisions were closed.
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with full thickness mobilization of the skin, where subcutaneous tissue was sutured to the midline and then closed by 
primary closure. (K) The HUC patch was sutured circumferentially to the skin edges with its epithelial side facing the 
amniotic cavity and its mesenchymal surface facing the meningeal layer. (L) The ADM patch was sutured over the defect 
in a manner similar to that of the HUC patch. 
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Figure 1. Creation and repair of spina bifida defects in sheep model fetuses. Representative images are depicted from the
three SB surgical repair groups, with those being primary skin closure (PSC) and skin closure with either the cryopreserved
human umbilical cord (HUC) or acellular matrix dermal (ADM) patches. (A–C) Creation of SB defects after skin, muscle, and
posterior elements from the spinal canal and dura were removed, such that arachnoid layers were exposed. (D–F) Images of
lesion sites immediately after lambs’ hysterotomies, showing fibrous tissue covering the lesions. (G–I) Images after fibrous
tissue removal by microdissection to re-expose the meningeal layers and intact arachnoid layers. CSF can be appreciated
beneath the meningeal and arachnoid layers. (J–L) Images showing repaired defects. (J) PSC was performed with full
thickness mobilization of the skin, where subcutaneous tissue was sutured to the midline and then closed by primary
closure. (K) The HUC patch was sutured circumferentially to the skin edges with its epithelial side facing the amniotic
cavity and its mesenchymal surface facing the meningeal layer. (L) The ADM patch was sutured over the defect in a manner
similar to that of the HUC patch.

2.2. SB Defect Repair

Repair surgeries were performed on gestational day 96. The sheep underwent general
anesthesia followed by a laparotomy. Following the hysterotomy, a fibrous layer was
noted to cover the site of the defect, which was removed using microsurgical instruments
(Figure 1D–F). As a result, the arachnoid layer was re-exposed (Figure 1G–I). Fetuses
that survived to gestational day 96 were randomly assigned to be repaired by PSC, or
with a HUC (TissueTechTM Inc., Miami, FL, USA) or ADM (AlloDerm®, BioHorizons,
Birmingham, AL, USA) patch. For PSC group lambs, the full thickness of the skin edges
was mobilized to the midline using a blunt dissection. The skin was closed using a 4-O
Monocryl (Ethicon Inc. Somerville, NJ, USA) suture in a running lock manner (Figure 1J).
For HUC or ADM patch repair lambs, a patch was trimmed to the size of the skin defect and
sutured circumferentially to the skin edges using 4-O Monocryl (Ethicon Inc. Somerville,
NJ, USA) in a running locking fashion (Figure 1K–L). The fetuses were repositioned within



J. Clin. Med. 2021, 10, 4928 4 of 17

the amniotic cavity and the uterine wall closed. Four lambs without SB were considered
negative controls and managed expectantly.

2.3. Delivery and Clinical Outcome Assessment

All fetuses were delivered between gestational day 139–142 by a planned cesarean
delivery under general anesthesia. After delivery the fetuses were transitioned to room
air by stimulation and drying. The ewes were euthanized immediately after cesarean
delivery. After delivery, skin healing was assessed visually for complete, partial, or no
healing based on keratinization and hair growth. The clinical assessment of hind limb
function was performed by video recording during examination. Treatment masking
per lamb was achieved by covering the lower spine of the lamb with a 10 cm × 10 cm
bandage. Two independent examiners, blinded to the treatment assignment of lambs,
reviewed the videos to assign Texas Spinal Cord Injury Scale (TSCIS) scores. Neurological
assessments were performed two days after birth using the TSCIS as recently described
by our group [29]. Briefly, the scale allows for a combined score of gait, proprioceptive
positioning and nociception, allowing for a maximum score of 10 per limb [34–37]. Gait
ambulation was assessed by tail walking, that is by holding the lamb upright by the tail or
by using a sling near the lower spine area. For gait, scores between 0 to 6 per limb were
assigned based on the presence and clinical significance of movement. A score of 0 would
result when no voluntary movement was seen when supported. Gait would be assigned
1 if there was intact limb protraction with no ground clearance, 2 if intact limb protraction
inconsistently cleared the ground, 3 if there was consistent limb protraction clearing the
ground at least 75% of the time, 4 if ambulatory and consistently clearing the ground with
moderate paresis-ataxia (will fall occasionally), 5 if ambulatory and consistently clearing
the ground with mild paresis-ataxia (does not fall, even on a slick surface), and 6 if the
lamb had normal gait. Proprioceptive positioning, also referred to as knuckling, was
measured by a postural reaction test after placing the dorsum of the manus or pes on
a non-sticky surface while the lamb’s ventrum was supported with one hand. It was
scored as normal (score = 2) if they were able to correct the limb immediately. Lambs that
replaced the hoof, but took >2 s to do so, or had difficulty doing so, were referred to as
delayed and scored as 1. An absent response was scored as 0. Nociception was assessed by
applying a painful stimulus to the limb and observing the lamb for physiological retraction
or behavioral (orientation towards the stimulus, vocalization, licking) responses [35,36].
Superficial nociception (soft tissue pain) was tested by applying a hemostat to the inter-
digital webbing [37]. If no superficial nociception was detected, deep nociception (bone
or joint pain) was evaluated by cross-clamping a nail bed, digit or the distal limb with a
hemostat [37]. Lambs were scored as having normal nociception (score = 2), no superficial
nociception (score = 1) and no deep and superficial nociception (score = 0). The TSCISs
were scored twice independently from video recordings. Euthanasia was performed under
general anesthesia with a thoracotomy and cardioperfusion using 10% normal buffered
formalin (NBF, Fisher Scientific, Hampton, NH, USA). The defect site was excised with a
3cm margin of tissue. The tissues were then further fixed in 10% NBF.

2.4. Magnetic Resonance Imaging and Analysis

Due to the risk of Q-fever exposure from live animal imaging of lambs [38], ex vivo
of formalin fixed spines were imaged using magnetic resonance imaging (MRI), with
well-established methods [39]. The data were acquired on a 7T/30 USR MRI scanner
(Bruker BioSpin, Ettlingen, Germany) with a water-cooled shielded gradient coil system
(Model BGA 12, 11 cm i.d.) The transmission and reception for scanner control was based
on the vendor-supplied birdcage resonator with 72 mm i.d. using ParaVision software
(PV 5.1, Bruker Biospin, Ettlingen, Germany). A pilot scan facilitated the placement of
the spine in the magnet’s center. All following scans were acquired with a resolution of
0.16 × 0.16 × 0.5 mm (x,y,z) in axial orientation. In all scans, fat was suppressed. Anatomi-
cal images were acquired with T1-, T2-, and T2*-weighted protocols with the specifications
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listed in Supplemental Table S1. The spines were scanned in a container filled with nuclear
magnetic resonance neutral Fomblin, a per-fluorinated oil (Solvay, Bollate, Italy), to reduce
susceptibility artifacts and avoid the strong signal of hydrogen containing solvents [39].

MRI images were analyzed by two reviewers blinded to treatment allocation. The
lesion site was identified by the anatomically absent posterior elements of the spine. MRI
images were evaluated for anatomy and graded for lost gray and white matter differentia-
tion with or without distortion as sequela of ongoing inflammatory insult. Grade 1—clear
distinction of gray and white matter; Grade 2—moderate distortion (border between grey
and white matter is unclear, but less than 100%); and Grade 3—severe distortion (distinction
between grey and white matter is unclear 100% of cross section). The percentage of slices
per different grade of differentiation were quantified and compared. Additionally, slices
were interrogated for cystic lesions and hemorrhages, which were confirmed by histology,
followed by quantitative assessment of the lesion’s proportion for those anomalies.

2.5. Histology

Following MRI scan, the spines were sectioned at 5 intervertebral disc levels, including
above lesion (L1–L2), high-lesion (L2–3), mid-lesion (L3–4), low-lesion (L4–L5), and below
the lesion (L6–S1), for primary tissue analysis. Additional sections were obtained in 5 mm
increments for each vertebral level to confirm radiological findings histologically. Tissue
were paraffin-embedded and cut at 4 µm thicknesses. Paraffin-embedded formalin (Fisher
Scientific, Hampton, NH, USA) fixed sections were deparaffinized using 100% xylene (VWR,
Radnor, PA, USA) and rehydrated in serial dilutions of ethanol (100%, 95%, 70%, and 50%,
respectively; Decon, King of Prussia, PA, USA). Hematoxylin and Eosin (H&E; Merck
KGaA, Darmstadt, Germany) and Masson’s Trichrome (Diagnostic BioSystems, Pleasanton,
CA, USA) staining were performed to assess wound and skin healing capabilities, spinal
cord and meninges’ anatomies, and the arachnoid layer’s average thickness per level.
Arachnoid layer collagen architecture was assessed using Picrosirius red staining (Abcam,
Cambridge, MA, USA). The stained slides were viewed under circular polarized light to
assess collagen birefringence, which represents an index of the organization and orientation
of collagen fibers. Nissl staining was performed to quantify anterior horn cells using Cresyl
Violet Acetate Working Solution (Electron Microscopy Sciences, Hatfield, PA, USA). Images
were acquired using a Zeiss Axio Imager.A2 microscope (Carl Zeiss AG, Oberkochen,
Germany) equipped with X-cite 120LEDmini system and Axiocam 506 color camera (Pixel
size; 4.54 × 4.54 µm, 14 bit). Optical sections were obtained by using a 10× (N.A. = 0.3, EC
Plan Neofluar) or a 20× (N.A. = 0.5, EC Plan Neofluar) objective. Individual images were
collected and processed using ZEN (Blue edition, Carl Zeiss AG, Oberkochen, Germany).

2.6. Immunofluorescence

Following de-paraffinization, antigen retrieval was performed using a 10 mM sodium
citrate buffer (pH 6.0) at 95 ◦C for 10 m then allowed to cool in the buffer for 20 min,
or proteinase-K antigen retrieval solution of pH 8.0, as was appropriate for the primary
antibody followed by washing the slides for 5 min in phosphate-buffered saline (PBS).
To block non-specific binding after antigen retrieval, the slides were incubated with PBS
containing 5% goat serum and 0.2% Triton-X-100 for 1hr at room temperature. Slides
were washed with PBS briefly and incubated overnight with primary antibody at 4 ◦C.
Primary antibodies were used to assess skin regeneration using anti-keratin 1 (1:100;
Abcam, Cambridge, MA, USA), anti-keratin 5 [40] (1:100; Millipore, Burlington, MA,
USA), acute inflammatory response to patch using anti-myeloperoxidase (MPO; 1:100;
Thermo Scientific, Waltham, MA, USA) for neutrophils, the myofibroblast activation in the
arachnoid layer using anti-α-smooth muscle actin (α-SMA; 1:200, Agilent Technologies,
Santa Clara, CA, USA). Additionally, the spinal cord inflammation was quantified using
markers for reactive astrocytes by co-localization of anti-glial fibrillary acidic protein
(GFAP; 1:200; Abcam, Cambridge, UK), anti-vimentin (1:100; Sigma, St. Louis, MO, USA).
Immunofluorescence detection was obtained using Alexa Fluor 488 goat anti-mouse or



J. Clin. Med. 2021, 10, 4928 6 of 17

Alexa Fluor 568 goat anti-rabbit antibodies (1:1000; Invitrogen, Carlsbad, CA, USA), with
DAPI (ThermoFisher Scientific, Carlsbad, CA, USA) counterstaining nuclei. The primary
antibody omitted stains served as negative controls (data not shown). Images were acquired
using a Zeiss Axio Imager.A2 microscope (Carl Zeiss AG, Oberkochen, Germany) equipped
with X-cite 120LEDmini system and Axiocam 506 color camera (Pixel size; 4.54 × 4.54 µm,
14 bit). Optical sections were obtained by using a 40× objective (N.A. = 0.75, EC Plan
Neofluar). Fluorescence excited with 470 ± 40 nm, 546 ± 12 nm or 365 nm and emission
monitored 525 ± 50 nm, 575−640 nm, or 445 ± 50 nm, respectively. Individual images were
collected and processed using ZEN (Blue edition, Carl Zeiss AG, Oberkochen, Germany).
For each tissue section, all histological analyses were performed, and cell counts were
obtained in a blinded manner by two separate observers, with discrepancies resolved by a
third more senior reviewer.

3. Statistics

The data are presented as descriptive statistics. Inferential statistics were performed
using ANOVA for normally distributed data and Kruskal–Wallis test for non-normally
distributed data to compare differences amongst the groups. For categorical outcomes,
a chi-squared test was performed intra-observer variability of TSCIS scores for gait and
proprioception were calculated using Bland–Altman bias and agreement analysis (Supple-
mentary Figure S2). Prism 9.1 (GraphPad Software, Inc., La Jolla, CA, USA) was used for
analysis, where a p-value of <0.05 was considered significant.

4. Results

The study was performed in 17 pregnant ewes with 31 fetuses (singleton pregnancy,
n = 2; twin pregnancies n = 13; and a triplet pregnancy). Twenty-seven fetuses underwent
surgical creation of SB defects, where 6 (22%) had a fetal demise before the repair stage. A
total of 21 fetuses were randomly assigned to three treatment groups: 7 were PSC repaired
(male: 2), 8 had HUC patch repair (male: 5), and 6 had ADM patch (male: 3) repair of
their defects. Abdominal incision dehiscence occurred in a ewe with twins after having
PSC performed on one of the fetuses and a HUC patch based-repair on the other, and
were therefore euthanized. Lambs transitioned to room air at birth without any difficulties,
excepting for a lamb in the HUC repair group that demised within 1 h after delivery for
an unknown reason. Thus, the final lambs for assessment were 6 in the PSC group, 6 in
the HUC patch repair group, and 6 in the ADM patch repair group. Four lambs having no
SB defects served as negative controls. All lambs showed complete spontaneous voiding,
which was confirmed ultrasonically by post-void residual volume. Additionally, all lambs
demonstrated normal tail movement.

Preserved spinal cord function in the HUC repair group compared to the PSC and
ADM repair groups.

Forelimb assessments were normal in all lambs (data not shown). For hind limb
assessment, the normal control lambs were assigned the maximal total TSCIS score of
20 (12:Gait + 4:proprioception+ 4:nociception). Hind limb assessment showed no differ-
ences between control and HUC-repaired lambs for overall hind limb function, and in-
dividually in their gait, proprioception and nociception scores (Figure 2A–D). Lambs
repaired with PSC or with the ADM patch achieved lower total scores to the control
lambs (Figure 2A). The lambs that were repaired with PSC had lower total scores than
the HUC-repaired lambs (Figure 2A). Total TSCIS scores were higher in the HUC repair
group compared to the ADM repair group, however the data did not reach statistical
significance (Figure 2A; p = 0.11). On further analysis of components of TSCIS, hind limb
gait scores were significantly lower in the PSC and ADM compared to controls, and no
other differences were significant (Figure 2B). Proprioception was significantly lower in the
PSC group compared to CTL and HUC-repaired lambs, and no differences were found in
other groups (Figure 2C). Nociception scores were similar between all groups evaluated
(Figure 2D). The lamb with the lowest score in the HUC repair group (marked by an orange
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circle in Figure 2A–C), experienced a trauma at delivery and upon resuscitation, where the
lesion site had a blunt impact. Upon euthanasia and excision of the defect site, it was noted
that the aforementioned lamb had a fresh hemorrhage around the spinal cord, indicating
that the impact that occurred immediately after delivery resulted in the sequelae of abnor-
mal behavior and spinal cord function impairment. Upon further analysis following the
clinical exclusion of the aforementioned lamb we found that the HUC repair group had a
higher overall TSCIS and gait score than the ADM repair group (Figure 2E–G). The main
contributor to the lower scores in the PSC and ADM repair groups were attributed to loss
of proprioception and ataxia (Figure 2E–G).
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Figure 2. Texas Spinal Cord Injury Scale (TSCIS) scores of spina bifida defect repaired lambs. TSCIS
scores for control lambs and the three SB surgical repair groups are provided. Graphs (A) through (D)
include data from a lamb that was repaired with a HUC patch observed to have the lowest score, which
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was later found to have had a fresh hemorrhage on MRI and histology, whereas Graphs (E) through
(G) does not. (A) Total TSCIS scores for control (CTL), PSC, HUC, and ADM repaired groups are
given. (B) Hind limb gait TSCIS scores for CTL and repair groups are shown, with those being the
three surgically repaired groups. (C) Analysis of hind limb TSCIS proprioception scores. (D) Hind
Limb nociception for all evaluable lambs in the study are provided. (E) Post hoc analysis of total
TSCIS scores between all repair and control groups with the aforementioned HUC outlier removed.
(F) Post hoc analysis of hind limb gait TSCIS scores between all repair and control groups with
the HUC lamb having the lowest score, as described, removed. (G) Post hoc analysis of hind limb
proprioception TSCIS scores between all repair and control groups with the HUC lamb having the
lowest score, as described, removed. Data are shown as mean ± s.d. p-values were determined by
ANOVA, Kruskal–Wallis test, Two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli,
whereby p < 0.05 were considered significant and ns represents non-significant (p > 0.05) data.

4.1. Delayed Epithelialization of the ADM Together with Neutrophil Accumulation

Visual examination of the repair sites at birth showed that lambs repaired conven-
tionally had completely healed skin (Figure 3A). In the HUC repair group, we found that
the skin was completely healed in 1 lamb, 5 lambs were partially healed, and no healing
occurred in one of the lambs (Figure 3B). When ADM-repaired lambs were assessed, it
was noted that 2 lambs’ defect sites were completely healed, 3 lambs had partial healing,
and that 1 lamb’s defect did not heal (Figure 3C). Masson’s Trichrome analysis of the cross-
sectioned defect repair sites was used to investigate the degree of epithelialization at repair
sites. This revealed that the skin in the PSC group had epithelialized and healed (Figure 3D),
and that the HUC (Figure 3E) repaired lambs had a greater degree of epithelial organization
and growth than the ADM-repaired lambs at their defect repair sites (Figure 3F). Although
not all HUC-repaired lambs had completely repaired defect sites at birth, all HUC patches
promoted skin epithelialization compared to lower epithelialization associated with ADM
patch use (Figure 3G). The thickness of the repair site in midline measured no difference
between HUC group (946 µm ± 424 µm) to ADM group (956 µm ± 264 µm; p = 0.9).
However, the PSC group (1548 µm ± 348 µm) was significantly thicker than HUC (p = 0.02)
and ADM groups (p = 0.03). Epithelial cell differentiation and proliferation, evaluated by
keratin 1 and keratin 5 immunofluorescence [40], respectively, revealed normal polarization
in both HUC- and ADM-repaired lambs (Figure 3H). Furthermore, neutrophils and or
monocytes were recruited to the ADM patch and not to the HUC patch (Figure 3I–J). Taken
together, these results indicate that the HUC patch’s attributes of promoting organized
wound healing and a reduction in graft-associated inflammation is superior to that of the
ADM patch for the repair of SB defects.
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Figure 3. The ADM patch accumulates neutrophils and or monocytes with delayed and disorganized
skin epithelialization. (A) PSC lambs with SB defects results in complete wound healing. (B) Use of
the HUC patch during SB repair leads to complete, partial or unrepaired defect sites. (C) ADM patch
use to repair SB defects in utero causes lambs to be born with variable wound healing capabilities, with
those being complete, partial or remaining completely unrepaired at defect sites. (D) Representative
image of a PSC group mid-level sagittal section of the defect repair site using Masson’s trichrome
staining (1000 µM). (E) A representative mid-level sagittal section image of a HUC patch repaired
defect site by Masson’s trichrome staining (500 µM). A 50 µM magnified image of the skin at the
lesion is shown in the lower panel. (F) A representative mid-level sagittal section image of a ADM
patch repaired defect site by Masson’s trichrome staining (500 µM). A 50 µM magnified image of
the skin at the lesion is shown in the lower panel. (G) Skin epithelialization occurred in all lambs
repaired with the HUC patch. (H) Immunofluorescent anti-keratin 1 and anti-keratin 5 co-staining
of defects repaired using the HUC patch and ADM the patch. (I) MPO staining of HUC and ADM
patches at defect repair sites. (J) Quantification of the number of neutrophils and or monocytes
infiltration, that being MPO positive cells, into HUC and ADM patches at defect repair sites.

4.2. Radiological Evidence of Increased Spinal Cord Abnormalities in the PSC and ADM Repair
Groups Compared to the HUC Repair Group

Serial MRI images of the lambs’ spinal cords at defect sites were obtained according
to instrumentation settings (Supplemental Table S1). Assessments of MRI images showed
different grades of grey and white matter differentiation. Grade 1—-clear distinction of
gray and white matter; Grade 2—-moderate differentiation (border is unclear, but less than
100%); and Grade 3—-severe (distinction is unclear, 100% of cross section) (Figure 4A).
Higher grades of differentiation loss were noted in PSC, but did not reach statistical signifi-
cance (Figure 4B). The percentage of Grade 1 slices in MRIs directly correlated with TSCIS
scores (Figure 4C). Furthermore, syringomyelia (Figure 4D) and hemorrhages (Figure 4E)
were significantly higher in the PSC group compared to HUC repaired lambs, and there
were no significant differences between other groups (Figure 4F). The presence of sy-
ringomyelia and hemorrhages were confirmed histologically in H&E sections (Figure 4D,E;
Supplemental Figure S1). The percentage of syringomyelia/hemorrhage were inversely
correlated with TSCIS score (Figure 4G).
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Figure 4. Radiological findings in terms of neurological outcomes. MRI evidence of lower pathology
grades with increased TSCIS scores, and the presence of syringomyelia affecting neurological out-
comes negatively. (A) Representative images of MRIs graded as either Grade 1 (slight distortion),
Grade 2 (moderate distortion), or Grade 3 (severe distortion) by capability of distinguishing gray
from white matter. (B) Grade of the lesion for all defect repair groups are provided as a percentage.
(C) Simple linear regression of the percentage of Grade 1 per spinal cord is shown as a function of
the TSCIS score. Confidence intervals at 95% are provided. A p = 0.05 was considered significant.
(D) MRI showing fluid collection at the central canal (white arrow) and the corresponding H&E
image showing syringomyelia (black arrow) with lining extending into the central canal. (E) Dif-
fuse hemorrhage seen in a spinal cord on MRI (white arrow) was confirmed using H&E histology
(white arrow). (F) Quantitative comparison of syringomyelia/hemorrhage for the percentage of
sections per lamb on MRI noted in the spinal cords. (G) Association of the percentage of slices with
syringomyelia/hemorrhage and TSCIS score as seen on H&E sections were analyzed by simple linear
regression using 95% confidence intervals, where p = 0.05 was considered significant. p-values for
continuous data were determined by ANOVA, Kruskal–Wallis test using Dunn’s multiple compar-
isons test.
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4.3. Meningeal Layer Thickness and Myofibroblasts in Outer Arachnoid Layer Differences

Inflammatory arachnoiditis is associated with arachnoid layer thickening with fibro-
sis [41,42]. Evaluation of 3 lesion levels by H&E (Figure 5A) and Masson trichrome staining
(Figure 5B) identified blue collagen fibril deposition in arachnoid layers. At each level, the
average of the three measurements were taken; one at the midline and two poster laterally
where the posterior horn ends. Each level was further analyzed by Picrosirius red stain
to understand the density and organization of collagen fibers (Figure 5C). The arachnoid
layer was thickened in the PSC and ADM repair groups when compared with control or
HUC-repaired lambs (Figure 5A–C). On quantitative assessment, there was no difference
in arachnoid layer thickness between control and HUC lambs, and the PSC lambs had
increased arachnoid layer thickness than the HUC repaired lambs at all three lesion levels
(Figure 5D–F). There was increased thickness in the arachnoid layers in the ADM group
compared to HUC repair at high and mid-lesion levels (Figure 5D,E). We hypothesized that
thicker arachnoid layers may be a result of the contribution of fibrous tissue deposition.
Mid-lesion level staining for α-SMA, a protein found transiently in myofibroblasts during
normal tissue repair and chronic fibrotic pathologies [43], was enhanced in PSC and ADM
defect repair groups compared with the HUC repair group (Figure 5G). We found that
α-SMA positivity occurred in arachnoid layers for all lambs in the PSC (6/6) and ADM
repair (6/6) groups as opposed to α-SMA positivity being found in a single section of a
HUC repair lamb (1/7; p < 0.0001). Collectively, these data suggest that potentially fibrotic
and thickened arachnoid layers as a sequela of ongoing inflammation at repair sites may
be reduced through use of the HUC patch. In addition, in all levels of histology at the
repair site, there was cerebrospinal fluid space noted between the posterior column and
arachnoid layer suggesting no evidence of spinal cord tethering.
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Figure 5. Arachnoid layer thickness and myofibroblast infiltration is greater when lamb spinal
cord defects are repaired conventionally or with an ADM patch. Immunohistochemistry using
(A) H&E, measurements were performed at three sites for each level as marked by black line segments
(B) Masson’s trichrome showing the collagen fibers in the arachnoid layer, and (C) Picrosirius red
immunofluorescent staining of defect repair sites for control lambs, the PSC group, and the HUC
and ADM patch repair groups are shown. Arrows indicate arachnoid layers in the images. (D) Serial
sagittal sections of the spinal cord at defect sites were stained by immunohistochemistry using
Masson’s Trichrome, where (D) high-lesion values represent the arachnoid layer thickness towards
the outer skin layer, (E) mid-lesion values, and (F) low-lesion values for arachnoid layer thickness
toward the pia mater for control, PSC, HUC, and ADM groups. Data are shown as mean ± s.e.m.
p-values were determined by ANOVA, Kruskal–Wallis test, two-stage linear step-up procedure of
Benjamini, Krieger, and Yekutieli. (G) α-SMA immunofluorescent staining of mid-lesion arachnoid
layers per defect repair group for myofibroblasts.

4.4. Reactive Astrocyte Enhancement in the PSC and ADM Repair Groups versus the HUC
Repair Group

Reactive astrocyte staining of tissue sections by GFAP and vimentin co-localization [44]
indicated a generalized activity increase in spinal cord posterior columns for both PSC and
ADM repair groups when contrasted with control and HUC-repaired lambs (Figure 6A). At
the high-lesion level, prominent differences in astrocytic reactivity were identified between
the ADM repair group and all other repair groups (Figure 6B). At mid-level defect repair site
sections of spinal cords, both PSC and ADM groups had enhanced astrocyte activity than
the HUC group, and PSC lambs had greater numbers of astrocyte reactivity than control or
HUC-repaired lambs (Figure 6C). At lower-lesion site, astrocyte reactivity was greater in
ADM-repaired lambs compared to control and HUC-repaired lambs (Figure 6D–F). Taken
together, a prolonged neuroinflammatory insult may be possible with PSC and ADM patch
use to repair SB spinal cord defects, and that this phenotype is not extended to HUC patch-
based repair. No differences were found in the numbers of anterior horn cells at mid-level
sections of defect repair sites amongst evaluable groups (Supplemental Figure S2A–D).



J. Clin. Med. 2021, 10, 4928 13 of 17

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 14 of 19 
 

 

PSC and ADM repair groups when contrasted with control and HUC-repaired lambs (Fig-
ure 6A). At the high-lesion level, prominent differences in astrocytic reactivity were iden-
tified between the ADM repair group and all other repair groups (Figure 6B). At mid-level 
defect repair site sections of spinal cords, both PSC and ADM groups had enhanced as-
trocyte activity than the HUC group, and PSC lambs had greater numbers of astrocyte 
reactivity than control or HUC-repaired lambs (Figure 6C). At lower-lesion site, astrocyte 
reactivity was greater in ADM-repaired lambs compared to control and HUC-repaired 
lambs (Figure 6D–F). Taken together, a prolonged neuroinflammatory insult may be pos-
sible with PSC and ADM patch use to repair SB spinal cord defects, and that this pheno-
type is not extended to HUC patch-based repair. No differences were found in the num-
bers of anterior horn cells at mid-level sections of defect repair sites amongst evaluable 
groups (Supplemental Figure S2A–D). 

 
Figure 6. Reactive astrocytes are lower in spinal cord posterior columns of the HUC patch at defect sites than for PSC and 
HUC patch repair groups. (A) Immunofluorescent detection of reactive astrocytes in spinal cord posterior columns of 
control lambs and in PSC, HUC, and ADM patch defect repair groups by staining for vimentin and anti-glial fibrillary 
acidic protein (GFAP). (B) Quantification of the number of reactive astrocytes present in high-lesion tissue sections at 
defect repair sites. (C) Quantification of the number of reactive astrocytes present in mid-lesion tissue sections at defect 
repair sites. (D) Quantification of the number of reactive astrocytes present in low-lesion tissue sections at defect repair 
sites. All graphical data are shown as mean ± s.e.m. p-values were determined by ANOVA, Kruskal–Wallis test using the 
two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. 

5. Discussion 
We found that using the HUC patch for in utero repair of SB skin defects improves 

spinal cord function through reducing inflammation at repair sites, and by preserving 

Figure 6. Reactive astrocytes are lower in spinal cord posterior columns of the HUC patch at defect sites than for PSC
and HUC patch repair groups. (A) Immunofluorescent detection of reactive astrocytes in spinal cord posterior columns
of control lambs and in PSC, HUC, and ADM patch defect repair groups by staining for vimentin and anti-glial fibrillary
acidic protein (GFAP). (B) Quantification of the number of reactive astrocytes present in high-lesion tissue sections at defect
repair sites. (C) Quantification of the number of reactive astrocytes present in mid-lesion tissue sections at defect repair
sites. (D) Quantification of the number of reactive astrocytes present in low-lesion tissue sections at defect repair sites. All
graphical data are shown as mean ± s.e.m. p-values were determined by ANOVA, Kruskal–Wallis test using the two-stage
linear step-up procedure of Benjamini, Krieger, and Yekutieli.

5. Discussion

We found that using the HUC patch for in utero repair of SB skin defects improves
spinal cord function through reducing inflammation at repair sites, and by preserving
spinal cord anatomy when compared to ADM use in this functional sheep model. The
benefits noted in the HUC patch group are attributed to lowering inflammation at the
repair site, rapid epithelization, a decreased arachnoid layer thickness, and a reduction in
spinal cord syringomyelia and hemorrhagic events.

We show that arachnoid layer thickening with myofibroblast (scar forming cell) acti-
vation, particularly notable in the ADM and PSC groups, can been explained by chronic
inflammation and scar tissue formation. The lack of such findings in the HUC group is
probably secondary to cellular signaling components within the graft, which may have
dedifferentiated myofibroblasts into native fibroblasts by activating BMP signaling [20,27].
It has been found that umbilical cord extracts have revert myofibroblasts to their naïve phe-
notype via BMP signaling activation [20,27]. Recent data suggests that this HC-HA/PTX3
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complex can directly modulate adaptive immunity by increasing polymorphonuclear cell
apoptosis, by promoting phagocytosis of apoptotic cells by M2 macrophages, and by sup-
pressing Th1/Th17 lymphocytes [22,23]. The presence of syringomyelia in ADM-repaired
lambs and the PSC lambs are similar to what is commonly found in human in utero SB
repair cases [1,45]. The development of syringomyelia at the repair site could be related
to altered CSF traffic related to arachnoid fibrosis, and to inflammation surrounding the
spinal cord, as is noted in the ADM repair and PSC groups. Any process that increases the
spinal cord’s subarachnoid space’s pressure or compression may cause an obstruction of
CSF flow, as would inflammation or tethering, thereby producing a pressure differential
across the obstructed segment and resulting in syringomyelia [46–48].

Generalized inflammation and delayed repair, as was evident in the ADM patch, may
explain the reduction in spinal cord function preservation. The translational findings could
have a significant impact on human spina bifida repair, especially in developmental and
functional outcomes. During human in utero SB repair, the arachnoid layer is typically
disrupted or damaged, resulting in scar formation between the repair site and spinal
cord [5,6]. This scarring effect, otherwise known as spinal cord tethering, is also noted in
children undergoing postnatal SB defect repair [8]. The non-myelotomy SB model that
was used in this study does not completely reproduce the human defect, where there
is a disruption of the spinal cord. The PSC treatment arm, a well-established surgical
model [49,50], was used as a positive control for the experiments. Repair in humans
typically makes use of a myofascial flap, thereby possibly resulting in different functional
outcomes, which has not been studied in a sheep model to date. It is possible, however, that
the creation and suturing of a myofascial flap may generate additional tissue injury, and in
doing so increase scarring and tethering. The favorable effects of reducing inflammation
and scar formation overall, as was found in the HUC treatment group, should benefit the
underlying layers. The HUC patch is readily available for purchase, however regulatory
authorities are still evaluating its feasibility and efficacy in the clinical setting.

The creation of the SB defect in sheep without a myelotomy at mid-gestation was
performed similarly to methods originally described by Meuli et al. [3], which was used to
evaluate spinal cord function [32]. Additionally, fibrous tissue removal by fine dissection
to re-expose the arachnoid layer during repair surgery was used in an analogous manner
to Wang et al. [51]. The removed fibrous tissue was found to be composed of disorganized
collagen filled with myofibroblasts (Supplemental Figure S3). The direct exposure of the
arachnoid layer to the repair site provided a more comparable physiological state to that
of human defects, compared to if the fibrous tissue had been left in place, where it often
mistaken for new dura mater regeneration [52]. Unlike Mueli et al. [3], we did not perform
myofascial flap rotation from the latissimus dorsi. It remains to be determined whether the
presence of a myofascial flap that covers an intact arachnoid layer beneath the skin closure
may yield better results than without the myofascial flap. Hence, our PSC group may not
be comparable to the conventional repair method used in the Mueli et al. [3] The lack of
complete healing of the patch noted in the lambs is similar to results obtained in humans
when they are repaired with a patch [31].

The major strengths of the study included randomization and investigator blinding,
such that treatment allocation and assessment bias was reduced when evaluating histologi-
cal and functional outcomes. In addition to hypothesis testing, possible mechanisms for the
functional outcomes were evaluated. To our knowledge, there are no rigorously designed
comparative studies evaluating different allograft materials to use for severe spina bifida
defect where primary skin closure was not possible. However, the surgical model of SB,
inherently having an anatomically abnormal spinal cord with dysraphism of the neural
placode when compared to the human spinal cord with deficient neural elements in the
posterior part of the spinal cord. We were unable to evaluate the exact mechanism for lack
of function through effects on the spinal cord tracts due to preservation techniques using
formalin to reduce Q-fever exposure used in the study. Further, the meninges, including the
arachnoid and pia mater, are disrupted in human SB cases, which thereby exposes neural
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elements and ependymal layers. This contrasts with the non-myelotomy model, where
the arachnoid and pia mater are both intact, providing additional protection to the inner
elements of the spinal cord. With the intact arachnoid layer in the non-myelotomy model,
we were unable to evaluate the tethering. Thus, future studies are required to evaluate
spinal cord tethering where the arachnoid layer will need to be removed [51,53,54].

In summary, we found that the HUC patch induces less inflammation and reduces
neurological sequelae compared to ADM patch-based repair of in utero SB repair in a
functional sheep model without a myelotomy. Future studies are required to compare the
clinical outcomes in humans using different graft materials for skin closure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10214928/s1, Figure S1: Five level histology of the spine to assess for syringomyelia and
hemorrhage, Figure S2: Anterior horn cell numbers are equally distributed amongst all defect repair
sites of different repair methodologies, Figure S3: Fibrous tissue removed at defect repair sites prior
to repair during surgery is scar tissue, Table S1: MRI Settings for the acquisition of lambs’ spinal
cords at defect repair sites.
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