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1. Introduction

Transplantation of a bioengineered tissue patch
promotes uterine repair in the sheep+t

Edina Sehic,®® Lucia de Miguel Gomez,®® Hardis Rabe,“® Emy Thorén,®®
Ingigerdur Gudmundsdottir,*° Mihai Oltean,®® Randa Akouri,*° Mats Brannstrém?®f
and Mats Hellstrom (@ *aP<

Innovative bioengineering strategies utilizing extracellular matrix (ECM) based scaffolds derived from
decellularized tissue offer new prospects for restoring damaged uterine tissue. Despite successful fertility
restoration in small animal models, the translation to larger and more clinically relevant models have not
yet been assessed. Thus, our study investigated the feasibility to use a 6 cm? graft constructed from
decellularized sheep uterine tissue, mimicking a future application to repair a uterine defect in women.
Some grafts were also recellularized with fetal sheep bone marrow-derived mesenchymal stem cells
(SF-MSCs). The animals were followed for six weeks post-surgery during which blood samples were col-
lected to assess the systemic immune cell activation by fluorescence-activated cell sorting (FACS) analysis.
Tissue regeneration was assessed by histology, immunohistochemistry, and gene expression analyses.
There was a large intra-group variance which prompted us to implement a novel scoring system to com-
prehensively evaluate the regenerative outcomes. Based on the regenerative score each graft received,
we focused our analysis to map potential differences that may have played a role in the success or failure
of tissue repair following the transplantation therapy. Notably, three out of 15 grafts exhibited major
regeneration that resembled native uterine tissue, and an additional three grafts showed substantial regen-
erative outcomes. For the better regenerated grafts, it was observed that the systemic T-cell subgroups
were significantly different compared with the failing grafts. Hence, our data suggest that the T-cell
response play an important role for determining the uterus tissue regeneration outcomes. The remarkable
regeneration seen in the best-performing grafts after just six weeks following transplantation provides
compelling evidence that decellularized tissue for uterine bioengineering holds great promise for clinically
relevant applications.

logies can often provide treatment solutions but some con-
ditions remain challenging to overcome. Pioneering work

Infertility is an ongoing challenge and the World Health
Organization estimates that more than 186 million people of
reproductive age are affected.” Assisted reproductive techno-
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include new therapies such as ovarian cortex transplantation
that had been developed during the last decades as a method-
ology to preserve fertility following cancer treatment in young
women.”> Uterus transplantation has been established for
women with a congenital or acquired uterine malformation.?
Lately, various bioengineering strategies to treat infertility dis-
orders concerning the ovary,™” full thickness uterine tissue,
endometrium, fallopian tube, and cervix showed encouraging
preclinical results.® Bioengineered reproductive tissues may be
derived from extracellular matrix (ECM) scaffolds obtained
from respective decellularized tissue.”® Pioneering uterus
bioengineering work in a rat model indicated how such
scaffolds entail a therapeutic alternative to regenerate
damaged uterine tissue in a situation of significant defects fol-
lowing multiple cesarean sections or extensive myomectomy
that causes infertility.” ™" Extracellular matrix-derived scaffolds
provide bioactive cues, structural support, and a low immuno-
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genicity, making them suitable for transplantation."*™* A
whole ECM-derived uterus scaffold which is recellularized with
the patient’s own cells may also overcome some of the intrinsic
disadvantages related to an allogenic uterus transplantation
procedure, including the low donor organ availability, the risk
of organ rejection and the negative side effects from immuno-
suppressive therapy.'” Also, ECM exhibits tissue-specificity,
featuring a proteome with distinct proteins and molecules that
facilitate optimal behavior of the cells from the source
tissue.'® For these reasons, whole uterus ECM based scaffolds
were created through decellularization for many species,
including the mouse,'” rat,"®' rabbit,>* pig,>* sheep,>*>® and
human.*” Multiple independent labs showed fertility restor-
ation in the rat model using small-sized uterine grafts, but
these principles have not yet been evaluated in large animal
models with a uterus of similar size as the human and thereby
consisting of clinically relevant sized grafts.

We developed an ECM derived sheep uterus scaffold of
reasonable size and transplanted it to replace an equally sized
full-thickness uterine segment in the recipient sheep. Some
developed grafts were also recellularized with fetal sheep bone
marrow-derived mesenchymal stem cells (SF-MSCs) for their
known immunomodulatory properties and to stimulate tissue
regeneration after decellularized tissue transplantation in the
rat model.'® Blood samples were collected at regular intervals
and small biopsies were assessed two weeks after surgery. The
experiment was terminated six weeks following surgery to
evaluate the graft properties, tissue regeneration and the host
immune system response.

2. Materials and methods
2.1 Uterus isolation and decellularization

Sheep uteri were isolated from 8-12 months old female sheep
(Swedish fin-ull and Dutch texel mixed breed) at a local abat-
toir. Animal ethics approval for this procedure was not needed
since organs were collected from animals processed for food
production. The uteri were taken to a nearby laboratory
setting, and both uterine arteries were cannulated (20G, BD
Neoflon, Becton. Dickinson GmbH, Heidelberg, Germany) and
each uterus was perfused with ice-cold phosphate-buffered
saline (PBS; Thermo Fisher Scientific, Stockholm, Sweden)
supplemented with lidocaine (0.04 g 17'; AstraZeneca,
Gothenburg, Sweden) and heparin (5000 1U 17%; Leo Pharma,
Ballerup, Denmark), and then frozen in the same solution
(=20 ©°C). The decellularization process started once the
thawed organs had been connected to a perfusion pump that
enabled vascular perfusion through the uterine arteries with
decellularization reagents according to our previously pub-
lished protocol.> In brief, each organ was perfused overnight
at room temperature (RT) with 20 mM EDTA (Thermo Fisher
Scientific) followed by a sodium deoxycholate solution (SDC
2%; Sigma-Aldrich, Stockholm, Sweden) for 8 h. Each organ
was then perfused with deionized water (DW) for 26 h and PBS
for 12 h, respectively, and by a 37 °C perfusion with DNase I
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for 1 h (8000 UI per organ; Sigma-Aldrich), and then, another
washing step with DW for 26 h at RT. One more cycle with
SDC, DW, DNase I, and the washing step was repeated as
above. Each organ was then sterilized by the perfusion of pera-
cetic acid for 1 h (0.1% diluted in NaCl), and then washed
with sterile PBS until pH 7.0 was reached. The decellularized
uteri were then frozen at —20 °C in sterile PBS until being pre-
pared for engraftment. Segments, 2 x 3 cm in size, were
excised under sterile conditions from thawed decellularized
uterus tissue (Fig. 1A). To facilitate the subsequent recellulari-
zation step, each scaffold segment was enzymatically treated
with activated matrix metalloproteinase 2 (MMP2; 2.5 pg L™,
Sigma-Aldrich) and MMP9 (2.5 pg L™, Sigma-Aldrich) follow-
ing a previously established scaffold preconditioning
protocol.?®

2.2 Sheep fetal bone marrow stem cell culture and scaffold
recellularization

Sheep fetal bone marrow derived stem cells (SF-SCs) previously
isolated and characterized®® from passages 8-9 were expanded
and cultured in vitro under standard conditions using DMEM
Glutamax™ medium supplemented with Anti-Anti™ and 10%
fetal bovine serum (FBS; Thermo Fisher Scientific). The cell
concentration was adjusted to 20 x 10° cells in 3 mL culture

Fig. 1 After whole organ decellularization, the tissue was cut into 2 x
3 cm patches (A and B), that showed a preserved extracellular matrix, as
shown after the hematoxylin and eosin staining (C). Then, half of the
patches underwent a recellularization process by injecting fetal sheep
bone marrow-derived stem cells (D), showing colonization of cells after
14 days of incubation. The patches were transplanted by replacement of
2 x 3 cm of the native uterine tissue (E). However, a size reduction with
adhesions appeared post-transplantation (F). DC: decellularized; RC:
recellularized. Scale bars in A and B = 5 mm, scale bars in C = 250 pm
and D = 200 pm, scale bars in R and F = 8 mm.
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media which was then transferred to the scaffold by multiple
injections from all angles using a 20 G syringe (100 pl per
injection; Fig. 1B). The recellularized scaffolds were then incu-
bated for 3 h at 37 °C to allow cell attachment, and later more
cell culture media was provided that completely immersed the
recellularized scaffold. Each construct was then incubated at
37 °C for two weeks on a shaker, and culture media was
changed every 48 h.

2.3 Bioengineered uterus patch transplantation

Recipients (n = 10) were of the same mixed sheep breed and
age as the donor animals and were purchased from a local
accredited supplier. All procedures related to the transplan-
tation had been reviewed and approved by the local animal
ethics committee in Gothenburg, Sweden (document 22/586).
The animals were kept together in an indoor pen with free
outdoor access during daytime and had free access to water
and hay. The animals were also fed twice a day with concen-
trated pellets. The first five sheep received one graft per uterus
(a decellularized tissue graft, DC, n = 2; or a recellularized
tissue graft, RC, n = 3). The last five sheep received two grafts
per animal, one DC and one RC on respective uterus horn (ESI
Fig. 1B¥). For the surgery, each animal was premedicated with
analgesics and sedating medication (6-8 mg kg™, Propofol,
Orion pharma animal health, Sweden, Danderyd; 0.01 mg kg™
Dexidomitor, Orion Pharma Animal Health) and was continu-
ously medicated during the surgery (0.010 mg kg™' Antisedan,
Orion pharma animal health, 45 minutes after Dexitdomitor;
0.03 mg mg~ " Vetergesic, Orion Pharma animal health; 1 mg
kg™" Metacam, Boehringer ingelheim animal health,
Copenhagen, Denmark; 15 mg kg™ Vetrimoxin, Ceva animal
health, Lund, Sweden). The animals were intubated and
placed in a Trendelenburg position during surgery, and to
acquire necessary access to the pelvis, the rumen was emptied
by the aid of a gastric tube. The abdomen was shaved and dis-
infected with chlorohexidine, and all the following procedures
were performed under sterile conditions. A 15 cm long subum-
bilical, midline incision was made through the skin, muscle
layer and fascia. A retractor kept the abdominal incision open,
and the intestines were held back manually. The uterus was
localized with a ruler and monopolar cautery outlining the
incision area. A 2 x 3 cm full-thickness uterine tissue segment
on the antimesenteric side of the uterus was removed. To limit
tissue damage in the graft area, only major bleeding was
stopped using bipolar cautery. All bioengineered uterine grafts
were kept in a buffered L-15 cell culture medium, sup-
plemented with 10% FBS and 1% Anti-Anti™ (Thermo Fisher
Scientific) at 37 °C while the animal was prepared for surgery.
Every graft was attached to the recipient uterus by placing a
single suture in each corner of the patch (4-0 nonabsorbable
suture; VP813X; Coviden, Dublin, Ireland). The sides were then
attached with running sutures. The organs and bowels were
then rinsed with 37 °C NaCl (0.9%) and excess blood was
removed. The fascia was closed with a double Maxon™ mono-
filament 0-0 (Covidien) continuous suture. The subcutaneous
tissue was closed with interrupted sutures (2-0, VCP317H;
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Ethicon, Raritan, USA) and the final skin layer was closed by
continuous intracutaneous sutures using 4-0 SC644 (Covidien).
Local pain relief, by sc injection of xylocaine at several sites of
the incision area, was provided before the animal was allowed
to wake up. Post-operative analgesics were administered intra-
muscularly after six hours, the following morning, and
24 hours post-surgery. Additional analgesics (1 mg kg™,
Metacam, Boehringer Ingelheim, Ingelheim/Rhein, Germany)
were administered every morning for four days post-surgery.

2.4 Sample collection

The experiment was terminated six weeks after the initial
transplantation, and the uterus from every animal was har-
vested. Biopsies (0.5 cm?) from each graft were isolated and
cleaned from host tissue and preserved in RNAlater (Sigma-
Aldrich) for future gene expression analysis. The remaining
graft was placed in formalin and was later processed for histo-
logical and immunohistochemistry-related analysis. Blood
samples were taken from the jugular vein of each experimental
animal and collected in K,EDTA gel tubes (Vacuette®, Thermo
Fisher Scientific) on days 0, 3, 7, 14, and six weeks after trans-
plantation. These blood samples were further processed for
isolation of peripheral blood mononuclear cells (PBMCs) by
density gradient centrifugation using Ficoll-Paque™ PLUS
(Cytiva, Uppsala, Sweden). Briefly, peripheral blood was first
diluted with dPBS (ThermoFisher Scientific) at a ratio of 1:1
and centrifuged on Ficoll-Paque™ PLUS at 400g for 35 min at
room temperature. The cells from the interface (buffy coat)
were collected and washed twice with washing media (RPMI
1640 supplemented with 5% FBS) at 300g for 10 min at room
temperature. Finally, PBMCs were resuspended in FBS and
mixed (1:1) with freezing media (RPMI 1640, FBS, and DMSO
at a ratio 3:5:2) before freezing at —150 °C and cryopreserva-
tion until further use.

2.5 Histology and immunohistochemistry

Formalin-fixed biopsies from decellularized sheep uterus
tissue, recellularized scaffolds, and grafted tissue were de-
hydrated in ethanol/xylene baths, paraffin-embedded, and
cross-sectioned at 5pm using a microtome (HM355S; Thermo
Fisher Scientific). Sections were then mounted on slides and
rehydrated before further staining procedures.

Confirmation of DNA removal (after decellularization),
success of in vitro recellularization in the patches, and the
general morphology of the grafts post-transplantation were
investigated by light microscopy after hematoxylin & eosin
staining (H&E; Histolab, M6lndal, Sweden). In addition, stan-
dard protocols were used for Verhof-van Gieson (VVG) and
Masson’s trichrome (MT) staining to detect elastin and col-
lagen, respectively, in grafts six weeks post-transplantation.
Collagen was quantified using eight random fields at 400x.
The area of collagen fibers was measured using Image J follow-
ing a previously established method.*® Further, we established
a 4-graded scoring system using an ordinal scale for the evalu-
ation of graft quality six weeks post-transplantation, following
fundamental principles for valid scoring outlined elsewhere.>
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Briefly, clear cut-off points were first set and defined for each
grade based on tissue structure, endometrial and myometrial
development, and gland formation and distribution. Based on
H&E and MT histology of the uterine layers and structure, the
samples were scored in order of regenerative outcomes where
0 = no or very minor regeneration (degraded and non-uniform
graft structure/morphology with an indistinguishable endome-
trium, myometrium and glandular structure); 1 = partial regen-
eration (uniform graft structure/morphology with an indistin-
guishable endometrium, myometrium and glandular struc-
ture); 2 = substantial regeneration (uniform graft structure/
morphology with a distinguishable, yet incompletely organized
endometrium, myometrium and glandular structure); and 3 =
major regeneration (uniform graft structure/morphology with
well-defined tissue layers, including uniformly distributed
glands). Each graft was scored from multiple sections by two
people blinded to the study groups. For immunohistochemis-
try, an antigen retrieval step was performed with citrate buffer
(pH = 6) in a pressure cooker. Primary antibodies (from
Abcam, Cambridge, UK, unless stated otherwise) against pro-
gesterone receptor (PR, Ab101688; 1:500), CD31 (Ab182981;
1:500), CD45 (Ab10558; 1:800), and CD4 (Ab237722; 1:1000)
were used together with a MACH 3™ polymer detection kit
and the subsequent vulcan fast red detection kit, according to
the manufacturer’s instructions (Biocare Medical, Pacheco, CA,
USA). Additional primary antibodies against vimentin (Ab8978;
1:500), smooth-muscle cell actin (aSMA, ab32575; 1:500),
cytokeratin (Ab9377; 1:1000), and estrogen-alpha receptor
(ERa, Ab32063; 1:100) were used for fluorescent immunohis-
tochemistry. The primary antibody was incubated overnight in
4 °C and then further conjugated with a secondary fluorescent
antibody (Ab150088; 1: 300 or Ab150080; 1 :300). The quantifi-
cation of CD31+ endothelial cells in blood vessels and CD45+
and CD4+ infiltrating cells were performed manually on
blinded samples where positive stained cells were counted in
six random regions at 400x magnification (each region =
50 334 pm®).

2.6 Gene expression analysis

Total RNA was extracted from biopsies preserved in RNA later
(n = 37) using the RNeasy plus micro kit (Qiagen, Hilde n,
Germany) and measured in a NanoDrop One (Thermo Fisher
Scientific). Reverse transcription was performed using the
iScript ¢DNA synthesis kit (BioRad, Stockholm, Sweden) and
the C1000 Touch Thermal Cycler (BioRad). Digital droplet PCR
mixtures were converted to droplets using QX200™ droplet
generation oil for Probes (BioRad) and the QX200 droplet gen-
erator (BioRad). Finally, droplet-partitioned samples were
amplified in the C1000 Touch Thermal Cycler (BioRad) and
fluorescence was measured by the QX2000 droplet reader
(BioRad). Data was analyzed using the QuantaSoft™ software
(BioRad). Negative and positive droplets were detected, and
the number of copies per pl was normalized with the reference
gene before transforming data to fold change (FC). Data was
presented as the ratio between study groups (DC and RC) and
the paired normal uterine tissue (control group). All steps fol-
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lowed the manufacturer’s instructions and the MIQE guide-
lines for ddPCR.*°

Hydrolysis probes were designed using Beacon Designer™
software (Premier Biosoft International, San Francisco, CA,
USA), synthesized by Integrated DNA technologies (specific
sequences presented in ESI Table 1t) and in vitro validated
using serial dilutions. Target genes were progesterone receptor
(PGR), estrogen receptor 1 (ESR1), homeobox A10 (HOXA10),
vascular endothelial growth factor (VEGF), von Willebrand
factor (VWF), interferon gamma (IFNG), fibroblast growth
factor 2 (FGF2), and tumor necrosis alpha (TNFA). Peptidyl-
prolyl cis-trans isomerase H (PPIH) was used as reference gene.

2.7 FACS analysis

For cell surface staining, PBMCs were thawed and first incu-
bated with primary antibodies for anti-sheep CD16 or CD45R
(ESI Table 2%) for 20 min at 4 °C in the dark. Following two
washes, a second anti-IgG1 antibody conjugated with Bv421
was added and cells were incubated for 20 min in the dark at
4 °C. Finally, PBMC were washed and stained with anti-sheep
monoclonal antibodies (CD14, NKp46, CD68, CD25, MHC2,
CD4, and CDS; ESI Table 27) for 20 min in the dark at 4 °C.
After two washes, the cells were resuspended in FACS buffer
until the analysis. For intracytoplasmic markers, surface-
stained cells were fixed, permeabilized, and incubated with
monoclonal antibodies (FOXP3; ESI Table 2%). The samples
were analyzed on a BD FACS Melody (BD Biosciences), which
includes BD FACSChorus software. Finally, all data was ana-
lyzed with Flow]JO software (Tree Star, Ashland, OR). The
gating strategy employed the fluorochrome minus one tech-
nique, wherein the samples were stained with all antibodies
used in the assay, encompassing all fluorochromes except for
one. Two animals were excluded from the FACS analysis due to
having two grafts in the same recipient animal that scored
different from each other, making a systemic immune
response comparison between the successful and non-success-
ful grafts difficult (animals scored as minor-partial regener-
ation (0-1), n = 5; animals scored as substantial-major regener-
ation (2-3), n = 3).

2.8 Statistics

GraphPad Prism 9 (GraphPad, CA, USA) was used for the stat-
istical evaluation. To assess sample distribution within each
group, the Shapiro-Wilk test was used. For parametric data
with more than two groups, the one-way ANOVA with Tukey’s
corrections was applied and the results were presented as
mean * standard error of mean (SEM). For non-parametric
data with more than two groups, the Kruskal-Wallis test and
Dunn’s post hoc test were used and the data reported as
median + standard deviation (SD). For parametric data with
only two groups, the Welch’s t-test was used, and Mann-
Whitney U-test was used for non-parametric data when two
groups were compared. Significance was considered when p <
0.05.
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3. Results
3.1 General evaluation of the grafts

Histology analysis of the grafts before transplantation con-
firmed that the grafts were free from donor cells, had a pre-
served ECM architecture and were effectively recolonized with
SF-SCs and cultured for 14 days of in vitro (Fig. 1). After trans-
plantation, no macroscopic discrepancies were observed
between the DC and the RC grafts (Fig. 1E). None of the
grafted horns were affected by stenosis or fluid buildup. The
extent of graft adhesions to the surrounding omentum and
intestinal tissue was significant, yet, similar between the two
graft types. Furthermore, grafts maintained their physical
structure, displaying no intrauterine adhesions or collapse
throughout the study period. However, a subset of grafts
exhibited a folded structure formation due to self-adherence
on the superficial layer of the graft, and a gradual degradation
with a reduced graft size six weeks after transplantation
(Fig. 1F).

3.2 Regenerative outcomes following an acellular or a
recellularized graft

H&E staining revealed a good integration between the grafts
and the surrounding native tissue six weeks post-transplan-
tation in both study groups. Evaluation of the myometrial com-
partment using fluorescently stained aSMA and vimentin
showed no major differences between the experimental groups
(Fig. 2A-C), but there was a large intra-group variance.
Cytokeratin staining indicated a successful regeneration of the
luminal epithelial layer grafts from both groups (Fig. 2D-F),
and most grafts exhibited a well-organized glandular structure
positive for ERa and PR (Fig. 2G-L). Additional staining
methods demonstrated preserved elastin and collagen struc-
tures (ESI Fig. 2A-Ff). Collagen quantification revealed a sig-
nificant increase in the grafts compared with native tissue (ESI
Fig. 2G¥).

Assessment of angiogenesis and re-vascularization using
the CD31 marker indicated a significantly higher number of
blood vessels in the transplants compared with native tissue,
but no difference was observed between the groups (ESI
Fig. 31). Furthermore, both graft types led to an increase in
both CD45+ leukocyte, and CD4+ T-cell infiltration compared
with native tissue, and there were few differences in the ana-
lyzed gene expression between the groups (ESI Fig. 37).

No clear distinction in regenerative score was evident
between the two experimental groups (Fig. 3; DC = 1.57 vs. RC
= 1.38). Nevertheless, in the DC group, three out of seven
grafts were classified as “substantially regenerated” (3/7) and
one graft was “comparable to normal tissue” (1/7). In contrast,
five grafts (5/8) in the RC groups reached “partial regener-
ation”, while none (0/8) were classified as “substantial regener-
ation”, and two grafts (2/8) were “comparable to normal
tissue” (Fig. 3). In order to evaluate underlying potential
mechanisms that could impact the regenerative outcomes of
the grafts, we decided to divide the grafts into two categories:
minor regenerative outcome (scores 0 and 1; n = 9) and major
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regenerative outcome (scores 2 and 3; n = 6). Subsequent data
analysis was conducted based on these two new study groups.

3.3 Differences between the minor and the major
regenerated grafts

Analysis of the uterine layers revealed that grafts with a higher
regenerative score had a more uniform, well-developed and
defined muscular layer (aSMA positive staining) compared to
grafts with a lower regeneration score. Vimentin was positive and
well distributed in most grafts, regardless of the score (Fig. 4A-C).
Cytokeratin staining showed a positive and well distributed
luminal epithelial layer in all graft that was similar to native
tissue, regardless of the regenerative score (Fig. 4D-F).

Elastin and collagen staining revealed that the organization
of these structures appeared more structured in grafts with
higher levels of regeneration (Fig. 4G-L). Further quantifi-
cation of the collagen revealed higher amounts in all grafts
compared with native tissue, regardless of the regeneration
scores (Fig. 5A).

Evaluation of angiogenesis and re-vascularization using the
CD31 marker indicated no differences based on the regenera-
tive score (Fig. 5B). Gene expression values of ESR1 revealed a
significantly lower expression in the minor regeneration group,
as compared to both native tissue and the major regeneration
group and HOXA10 also followed a similar trend (Fig. 6A-C
and ESI Table 5%). For genes with pro-angiogenic functions,
vWF showed significant upregulation in the major regener-
ation, while FGF2 was significantly reduced in the minor
regeneration group, in both cases compared to the native
tissue, the VEGF levels remained unchanged (Fig. 6D-F).
Expression values of the pro-inflammatory factors TNFA and
IFNG also remained stable (Fig. 6G and H).

3.4 The immune response in correlation with the
regenerative score

The leukocyte infiltration was significantly higher in the grafts
that were classified with a minor regeneration score compared
with native tissue. The major regeneration group showed a
trend towards the same, but this was not significantly different
compared with native tissue (Fig. 7A). The infiltration of CD4+
T-cells was significantly more in both regenerative groups.

Due to the lack of other available antibodies for immuno-
histochemistry on sheep immune cells for histological
samples, we had to rely on the more accessible sheep anti-
bodies used for flow cytometry analysis and the identification
of circulating blood cells. Note here that two sheep presented
diverging regeneration scores from their respective grafts.
Hence, they were excluded from this analysis. The results
showed that the total circulating CD4+ T-cell population rep-
resented a significantly higher proportion of the total PBMC
population in the group that was scored with major regener-
ation (Fig. 7C). The total CDS8+cytotoxic T-cell population
showed no differences between the groups (Fig. 7D). However,
when analyzing subpopulations of each subtype of T-cells
(naive, activated, and effector memory re-expressing CD45RA
cells; EMRA cells), the percentage of naive CD4+ and CD8+
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Fig. 2 Co-immunolocalization of VIM and aSMA (A-C) showed and organized endometrial stroma limiting with the myometrium, while cytokeratin
(D-F) revealed a well-organized endometrial epithelium. Two hormonal receptors, ERa (G-1) and PR (J-L) were detected in the endometrial glands.
DAPI: 4',6-diamidino-2-phenylindole; ERa: estrogen receptor; PR: progesterone receptor; aSMA: alpha smooth muscle actin: VIM: vimentin. Scale

bars in A—l = 45 pm, scale bars in J-L = 60 um.

T-cells were significantly higher in the animals with success-
fully regenerated grafts compared with poorly regenerated
grafts (Fig. 7E and F) and the opposite relation for the acti-
vated T-cells and EMRA T-cells, where grafts with poor regener-
ation had higher proportions than the group with better trans-
plantation outcomes (Fig. 7G-J). The proportion of circulating
CD14+ monocytes and CD14+ CD16— classical monocytes were
stable between the groups during the first two weeks following
transplantation, but there was a trend towards the end of the
experiment that the proportion of these cell types increased in
the animals with unsuccessful grafts (ESI Fig. 4A and Bt). The
CD14+CD16+ non-classical monocytes and Foxp3+ Tieg
remained invariable among groups and across the experi-
mental time (ESI Fig. 4C and D).

This journal is © The Royal Society of Chemistry 2024

4. Discussion

In this study, we extended the translational relevance of pre-
vious uterus bioengineering research that, to date, only used
small animal models for in vivo proof-of-concept studies.®*!
Herein, the methodology was applied to the sheep model with
a uterine size similar to the human. Our primary objective was
to evaluate the feasibility of a bioengineered uterus patch for a
tissue replacement therapy in a large animal model, a strategy
that may ultimately result in a new fertility restauration treat-
ment for women with acquired uterine defects. Distinct from
earlier studies, we herein applied relatively large grafts (6 cm?)
that, despite entailing bigger challenges regarding vasculariza-
tion of the transplanted tissue,** are more clinically relevant
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o
E Scoring of tissue regeneration
Group Minor (0) Partial (1) Substantial (2) Major (3) Average score
DC 1 2 3 1 1.57
RC 1 5 0 2 1.38

(0) — Minor; Degraded and non-uniform graft structure/morphology. Tissue layers (endometrium, myometrium) not distinguishable. No uniformly distributed glands.

(1) — Partial; Uniform graft structure/morphology. Tissue layers (endometrium, myometrium) are not distinguishable. No uniformly distributed glands.

(2) — Substantial; Uniform graft structure/morphology. Tissue layers (endometrium, myometrium) are distinguishable with uniformly distributed glands. The myometrium is not completely

structured.

(3) — Major; Uniform graft structure/morphology. Tissue layers are distinguishable with uniformly distributed glands. The myometrium is completely structured. Comparable to normal

tissue.

Fig. 3 Representative morphology of grafts post-transplantation according to the regenerative score (A—D) and the results of scoring (E). Detailed
definitions of the established scoring system to evaluate tissue regeneration. The scoring of tissue regeneration was organized into four levels
(minor, partial, substantial, and major) according to the general morphology aspect. Scale bars A—-D = 1500 pm.

because of their size. Therefore, we demonstrated progress
towards application in the human while also highlighting
current bioengineering challenges.

An earlier uterus bioengineering study in the rat showed
that MSCs enhanced tissue regeneration by modulating the
immune microenvironment.'® Hence, about half the grafts in
our study included SF-SCs with a confirmed MSCs cell pheno-
type.”® Our recellularization methods resulted in a high cell
density within the large sheep scaffolds, likely due to improved
control over the cell injection methodology and cell retention
as compared with our previous studies on smaller rat and
sheep scaffolds.'®*>?%%3 However, the observed intragroup
heterogeneity after transplantation made it challenging to
directly compare study groups. Rather, other mechanisms
seem to have influenced the regenerative outcomes, possibly
concealing any favorable effects from the grafted SF-SCs.>**’
Thus, the effect of the added stem cells on the scaffolds was
not as noticeable as we previously observed in our rat model.*®

Despite being a qualitative observation, the reduction of
graft size after transplantation in most animals cannot be dis-
missed. It might indicate necrosis or scaffold degradation
within the host environment, events that must be balanced
with ongoing successful repair mechanisms.** Yet, it is impor-
tant to note that several grafts in both groups (DC and RC)
showed a remarkable recovery, with well-structured myome-
trial, endometrial, and glandular structures, including gene
expression markers for tissue-specific hormone receptors.
However, some grafts had less favorable regenerative out-
comes. To determine what may have caused these different
outcomes, we implemented a rigorous tissue scoring system by

2142 | Biomater. Sci,, 2024, 12, 2136-2148

considering established histopathologic scoring guidelines®
to evaluate uterine layer morphology and gland distribution.
This scoring system allowed us to group the grafts based on
the regenerative outcomes and search for possible underlying
mechanisms that resulted in successful regeneration (grafts
with major regeneration) or unsuccessful regeneration (grafts
with minor regeneration). It is also remarkable how none of
the grafts showed intrauterine adhesions since this is a
common complication following uterine surgery. Still, the
observed intestinal-graft adhesions to the perimetrial side of
the uterus should not be dismissed. Hence, technical surgery
improvements may improve outcomes, including the use of an
anti-adhesive =~ membrane®® or developing suture-free
approaches with bioadhesive hydrogels.*”*®

Histological analysis revealed distinct graft characteristics.
In the group showing good regeneration, aSMA staining and
vimentin showed a better structured myometrial and endo-
metrial layer compared with grafts with poor regeneration. The
luminal epithelium closely resembled the native architecture
in all grafts, suggesting that the native luminal epithelium
migrates and repopulates the grafts which correlates to earlier
observations in rodents."”*® Furthermore, endometrial glands
stained positive for ERa and PR, indicating that the machinery
for tissue hormone responsiveness which is critical for physio-
logical function is present.*’ Additional histological differ-
ences between the grafts included a more normal distribution
of elastin and collagen in successfully regenerated grafts, and
that there was an accumulation of collagen fibers in grafts
with poor regenerative outcomes, suggesting potential fibrosis
and an abnormal wound-healing response.*!

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Co-immunolocalization of VIM and aSMA (A-C) showed organized myometrium with the stroma in the major regeneration group (B), while
cytokeratin (D—F) revealed a well-organized endometrial epithelium. The myometrial and endometrial compartments were more organized and
similar to native tissue in the major regeneration group when visualized with VVG (G-I1) and MT (J-L). DAPI: 4',6-diamidino-2-phenylindole; aSMA:
alpha-smooth muscle actin, VIM: vimentin, VVG: Verhoeff-Van Gieson, MT: Masson’s trichrome. Scale bars in A—F = 45 pm, scale bars in G-L =

125 pm.

Furthermore, gene expression analysis revealed restored
ESR1 levels in the better regenerated grafts compared with the
unsuccessfully regenerated grafts. A similar trend was also
seen for the PGR gene. These findings suggest a gene
expression pattern closer to the native tissue in the success-
fully regenerated grafts. Nevertheless, variations in tissue
samples were noted, perhaps explained by the presence of
non-glandular caruncular areas (embryo implantation sites)
and glandular intercaruncular areas in the sheep uterus that
were shown to have different gene expression tissue profiles.*>

When we assessed the immune response following engraft-
ment of bioengineered tissue, it is important to note that leu-
kocyte infiltration is not inherently detrimental, as a higher

This journal is © The Royal Society of Chemistry 2024

proportion of  pro-regenerative = immune cells e.g,
M2 macrophages, is beneficial for tissue regeneration.*’> The
CD45+ leukocyte infiltration and the CD4+ T-cells infiltration
was similar between the successful and less successful grafts.
However, our analysis provided limited insights since a com-
prehensive assessment, including the leukocyte subgroups,
was not possible due to the limited availability of sheep anti-
bodies for immunohistochemistry. This limitation of pre-exist-
ing analytical tools for the sheep model also challenged the
design of ddPCR probes. Therefore, only TNFA and IFNG proin-
flammatory factors were studied. On the other hand, there was
a better availability of antibodies for FACS analysis. This

allowed us to conduct a detailed examination of the systemic
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Fig. 5 The collagen fibers stained in bright blue with Masson's tri-
chrome assay were quantified as the percentage of collagen in the total
uterine area (A), entailing a significantly higher percentage in the minor
regeneration group compared to the native tissue. Quantifying blood
vessels (positive cells for CD31 vascular marker) revealed a trend of
higher vascularization in both scored groups than in the native tissue

but without differences between them (B). *p < 0.05.
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immune cell response. Interestingly, the circulating T-cell sub-
populations differed between the successful and non-success-
ful grafts, particularly the activated CD4+ T-cells. These were of
significantly higher density in animals with less successful
grafts and might indicate an activated inflammatory
response™ that is associated with a higher risk of organ rejec-
tion.** Consistently, naive CD4+ and CD8+ T-cells were more
abundant in the successful grafts, indicating a lower T-cell
activation in this group®® and consequently a lesser graft
immunogenicity.*” Furthermore, the proportion of circulating
EMRA of both CD4+ and CDS8+ T-cell sub types were also
higher in the animals with unsuccessful grafts, presumably
relating to the higher number of activated T-cells.*® Similar
observations have previously been correlated to delayed bone
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Fig. 6 Fold change, converted to log,, of both scored groups (minor and major regeneration) are calculated in relation to the native control group.
Target genes were estrogen receptor 1 (ESR1; A), progesterone receptor (PGR; B), homeobox A10 (HOXA10; C), von Willebrand factor (vWF; D), fibro-
blast growth factor 2 (FGF2; E), vascular endothelial growth factor (VEGF; F), tumor necrosis alpha (TNFA; G), and interferon gamma (IFNG; H). *p <

0.05, **p < 0.01.
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Fig. 7 Leukocyte infiltration into the tissue was confirmed by immuno-
histochemistry of CD45 (A) and CD4 markers (B). Local immune
response evaluation was complemented with systemic immune
response FACS analysis across the entire study period. The total popu-
lation of CD4+ (C) and CD8+ (D) T cells were measured on days 0, 3, 7,
14, and 42 after transplantation, finding a significant difference among
groups only on the CD4+ phenotype. In addition, the subpopulations of
CD4+ and CD8+ T cells, referred to as naive (E and F), activated (G and
H), and EMRA (I and J), were further analyzed. Except for the activated
CD8+ T cells, all T cell subpopulations showed significant differences
between levels in the minor and the major regeneration groups.
However, only naive and activated CD4+ T cells showed differences
across time. The p-values presented in C—J represents the difference
between the groups during the study period, and significant differences
between the groups at specific time points are indicated with “#". EMRA:
effector memory RA+, FACS: fluorescence-activated cell sorting. #, sig-
nificantly different at timepoint, *p < 0.05, ** p < 0.01, **** p < 0.0001.

healing in patients*® and increased risk for rejection after
kidney transplantation.’”® The declining levels of circulating
monocytes over time in animals with unsuccessful grafts could
indicate that they leave the circulation to infiltrate the grafts
where they may recognize allogeneic antigens, increase the
proinflammatory cytokine production and accelerate graft
destruction rather than promote regeneration.>® However, to
acquire the complete overview of the immune response and
the correlation between circulating and graft-infiltrating
immune cells, more available antibodies would be needed for

This journal is © The Royal Society of Chemistry 2024
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sheep tissue, which would have provided important additional
information to our study. However, our results clearly show
that the circulating T-cell populations significantly differed in
animals with successful and non-successful grafts, and may
thus, act as an indicator for the regeneration outcomes. Other
factors that may have affected the study outcomes include
batch variations in graft production due to the complex combi-
nation of therapies, and/or the individual animal variability,
which is notably higher in the outbred sheep model compared
with the specific pathogen free in-breed rat model. This varia-
bility may also extend to our cell source which was not autolo-
gous/syngeneic but was obtained from animals processed at a
local abattoir for food production, typically from mixed
breeds.

Still, our study provides clinically relevant data on using
decellularized scaffolds for uterine repair. Previous large
animal studies have shown promising transplantation results
for less complex tissues such as veins’> and arteries.”?
However, for more complex organs, results from large animal
studies are sparse,”**®> and with no focus on the regenerative
or functional outcomes. Nevertheless, our study stands out by
demonstrating that an implementation of an unbiased regen-
erative scoring system to evaluate the histological outcomes
can enable important new observations. Futures studies
should aim to reduce potential quality variability among the
produced grafts and efforts should also be directed to validate
more immune cell-specific antibodies for the sheep model so
that the immune cell infiltration in the grafts can be better
assessed. However, the remarkable regeneration observed in
the three best-performing grafts cannot be dismissed.

5. Conclusion

This achievement, given the complexity of the uterus, provides
compelling evidence that employing decellularized scaffolds
for uterine bioengineering holds great promise for clinically
relevant applications. Moreover, we found distinct differences
in systemic T-cell subgroups between successfully regenerated
grafts and those that failed. This indicates that T-cell response
is crucial in determining the outcomes of uterine tissue
regeneration.
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