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Tissue engineering of the esophagus has been limited by stent dependance
and poor muscle regeneration. Here we report an integrated strategy to
engineer a2.5-cm esophageal segment by microinjecting autologous
pericyte-like myogenic precursors and fibroblasts in a decellularized

porcine scaffold to repair circumferential defects in 10-kg minipigs (n=8),
modeling pediatric use. Bioreactor maturationinduced a proangiogenic
phenotype, with in vivo support from biodegradable intraluminal stents
and avascularizing pleural wrap. This coordinated approachyielded

safe and effective esophageal conduits; oral feeding supported normal
growth, morbidity resembled that of clinical esophageal replacement and
was endoscopically manageable, and 63% (5/8) survived to the 6-month
endpoint. Comprehensive multimodal analyses demonstrated progressive
recapitulation of native architecture, with increasing neuromuscular
regeneration and vascularization, correlating with functional recovery,
absence of symptomatic stricture and the presence of secondary
peristalsis by 6 months. These results demonstrate that the combination
of complementary regenerative, conditioning and surgical strategies
enables a functionally integrated, contractile esophageal graft with ongoing
structural maturation without immunosuppression.

Hollow organ tissue engineering (TE) has great potential to improve
outcomes for persons with organ failure. This is now a clinical reality;
successful clinical applications of TE substitutesinclude the urethra’,
vagina’, arteries’ and trachea, with the latter engineered by our group
using decellularized donor-derived trachea seeded with the individual’s
own cells*. Pediatric and adult esophageal pathologies, congenital or
acquired, can lead to notable tissue deficits, often requiring esopha-
gealreconstruction. These conditions include esophageal carcinoma,
refractory esophageal stricture secondary to caustic, reflux or radiation
injury and esophageal atresia (EA). EAis a congenital condition affecting
1in 3,500 newborns, whereby intrathoracic esophageal continuity is
interrupted to a variable degree>°. Expedient operative neonatal cor-
rection by primary anastomosis allows for restoration of esophageal
continuity and, therefore, feeding. However, in approximately 10%
cases, a‘long gap’ of the esophagus (LGEA) makes primary anastomosis
challenging. LGEA is associated with prolonged hospital stays, substan-
tial morbidity and lower quality of life compared to simpler subtypes’.
Transplantationis notan option because of acomplexvascular supply

and lack of size-appropriate grafts. Currently, continuity is corrected
by (1) delayed primary repair after months of gastrostomy feeding;
(2) esophageal replacement by transposition of existing organs into
the esophagus (stomach, colon and jejunum); or (3) internal or exter-
nal traction techniques®. However, all these options have recognized
shortcomings; various case series report that 30-53% of infants with
LGEA have insufficient esophagus for delayed primary repair®®, witha
higher reportedrisk of anastomoticstricture, leak, gastroesophageal
reflux and reoperation rate compared to primary repair. Replacements
resultin lost or reduced function of the substitute organ and are also
associated with substantial morbidity, including graft necrosis, reflux,
dysmotility, anastomoticleak, redundancy and long-term malignancy
depending on the organ of choice. Traction techniques are known to
be associated with recurrent strictures and surgical failure’. As such,
thereis an unmet clinical need".

TE solutions for partial thickness (that is, mucosal) and focal
esophageal defects have been successfully translated clinically™.
Circumferential esophageal repair, however, remains challenging
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because of the need for sufficient muscle regeneration to coordinate
peristalsis. TE approaches have included the use of acellular or cellular-
ized, natural or synthetic scaffoldsin large-animal models with variable
success, resulting in recurrent strictures and limited tissue regenera-
tion, particularly when using acellular scaffolds" ™. Although some
studies reported prolonged animal survival, to our knowledge, none
have demonstrated graft peristalsis, stentindependence or sustained
growth. These parameters are essential for clinical translation, particu-
larly in a pediatric setting" . Patch esophagoplasty models suggest
that cell seeding of scaffolds results in better tissue regeneration with
respect to unseeded scaffolds®* . Interestingly, many studies also
describe prompt graft reepithelization in vivo, irrespective of seed-
ing strategy'>***. TE offers the possibility to provide a personalized,
size-matched, circumferential esophageal graft to ensure continuity
without sacrifice or damage to an existing organ® 2%, However, to our
knowledge, success of circumferential TE esophageal scaffolds has not
been demonstrated in growing animal models as would be required for
pediatric use or shown evidence of consistent muscle contraction or
stent independence, key features of esophageal function®. We previ-
ously demonstrated successful TE of repopulated, biocompatible, mul-
tilayered TE graftsin vitro. This was achieved by seeding decellularized
ratesophageal scaffolds with human mesoangioblasts (MABs), murine
fibroblasts (FBs) and murine neural crest cells, followed by implanta-
tion in the omentum of immunocompromised mice®. Inaddition, we
previously demonstrated feasibility of xenotransplantation of decel-
lularized porcine scaffolds in arabbit model®. Inthe present work, we
investigated an optimized approach to engineer autologous esopha-
geal constructs of a pediatric scale. We produced and transplanted
fully circumferential autologous TE esophageal grafts in minipigs,
modeled upon the anticipated requirement for pediatric use in LGEA
and produced within a clinically relevant timeframe (Fig. 1a). Grafts
were generated by microinjecting autologous MABs and FBsinto decel-
lularized porcine esophageal scaffolds, followed by bioreactor culture.
We demonstrated the feasibility, safety and efficacy of this approach
by thoracic transplantation in a growing large-animal model without
immunosuppression. We show graft integration, remodeling and reca-
pitulation of native tissue architecture over time using a multimodal
approach in conjunction with functional outcomes such as survival,
patency and contractility.

Results

Autologous tissue-engineered esophageal grafts produced
within clinically relevant timescales

Autologous porcine MABs and FBs were derived from 5 x 5-mm?biop-
sies of rectus abdominis muscle and rectus sheath (fascia) (n=8;
Extended Data Fig. 1a), characterized and expanded for up to 10 pas-
sages (6-7 weeks) (Supplementary Information and Extended Data
Figs.1and 2a-e). In parallel, sterile, decellularized 5-cm-long por-
cine esophageal scaffolds (n = 16) were produced (Supplementary

Information and Extended Data Fig. 1e-i) and microinjected (1 x 10°
cells per pul, 30 pl perinjection every 3 mm, 120 microinjections along
3.6 cmin length) with a 7:3 ratio of MABs and FBs, followed by biore-
actor maturation for 1 week (n =15) (Fig. 1b). After maturation, mac-
roscopic and microscopic analyses confirmed consistent scaffold
repopulation, withboth discrete, localized injection points and diffuse
cell distribution throughout the scaffold connective tissue (Fig. 1b,c
and Extended DataFig. 2f). Cells retained expression of MAB markers
PDGFRp, aSMA and SM22, with Ki67 expressionindicating active pro-
liferation (Fig.1d). Derivation, expansion and repopulation of scaffolds
was achieved within 8 weeks. Biomechanical testing at 8 weeks showed
asimilar strength of native and decellularized tissue, although stiffness
and strain at break were lower in decellularized tissue, with stiffness
further reduced following recellularization and bioreactor incubation.
Microinjection did not adversely affect the tissue’s biomechanical
properties when compared to noninjected sections of scaffolds, which
also underwent 1 week of bioreactor incubation (Fig. 1e).

Bioreactor maturation induces a proangiogenic cell
phenotype

To ascertain the role of the bioreactor on graft maturation before
transplantation, single-nucleus RNA sequencing (snRNAseq) analy-
siswas performed to elucidate transcriptional changesin cells. Single
nucleiwere extracted fromtwo cell populations: cells (MABs:FBs, 7:3)
beforeinjectioninto scaffolds and cells derived from animal-matched
grafts 1 week after bioreactor (n = 4 animals). Differential abundance
analysis showed that most nuclei were in a neighborhood enriched
in either a prebioreactor or postbioreactor label, suggesting large
differences in the groups’ overall transcriptomes (Fig. 1f). Moreover,
community detection, conducted with Clustree™, indicated five nuclei
clusters, each dominated by either prebioreactor or postbioreactor
nuclei (Fig.1fand Extended DataFig. 3a,b). Marker genes for cell types
expected to be found in the nuclei population identified a consistent
FB signature before and after bioreactor maturation (Fig. 1g,h and
Extended Data Fig. 3a). Conversely, a decrease in the smooth muscle
signature after bioreactor was observed. This was paired with increased
angiogenic/hypoxic and extracellular matrix (ECM) remodeling sig-
natures detected after bioreactor, as shown by cluster 2 (Fig. 1g,h and
Extended Data Fig. 3c). A concomitant increase in pericyte markers
was also observed, suggesting the presence of amore pericyte-like or
progenitor-like state in the graft after bioreactor. Subclustering was
performed to further investigate the intrinsic heterogeneity of the
clusters, which confirmed ubiquitous expression of our selected gene
sets within all five clusters (Extended Data Fig. 3a). Clusters 0, 1and
3, enriched in prebioreactor cells, exhibited similar gene expression
across their subclusters, whilst cluster 2, enriched in postbioreactor
cells, was dominated by two subclusters, one with astrong FB signature
and the other with markers for angiogenesis, hypoxia, skeletal muscle
and pericytes. Lastly, cluster 4 presented a gene signature dominated

Fig.1| Bioreactor maturation of repopulated scaffolds primes injected cells
for hypoxic conditions. a, Schematic of the tissue-engineered graft preparation.
b, Representative photographs of the recellularization process. Top: half-
repopulated esophageal scaffold (left side). Middle: bioreactor incubation of a
recellularized scaffold in PM under dynamic culture conditions. Bottom: graft
after bioreactor. Scale bars, 1 cm. ¢, Representative hematoxylin and eosin
(H&E) staining of a transverse section of a graft after bioreactor maturation.
Top: magnified injection site. Middle: ring in full. Bottom: cell distribution in
scaffold ECM. Scale bars,1 mm (ring) and 500 pm (close-up views). Inband
c,images are representative of n = 8 biological replicates (additional H&E
replicates showed in Extended Data Fig. 2f). d, Representative IF staining

for pericyte (’SMA, SM22 and PDGFR@) and proliferation (Ki67) markers in

graft after bioreactor maturation (7 days). Scale bars, 100 pm. Images are
representative of n = 6 biological replicates. e, Biomechanical properties of
rings of prebioreactor acellular scaffolds (n = 9-13) and postbioreactor acellular
(n=14) and cellularized (n = 9) scaffolds, compared with native domestic pig

(10 kg) esophagus (n = 8); dots denote biological replicates. The box plot denotes
the median, range and IQR. Statistical analysis was conducted using a one-way
ANOVA with Tukey’s multiple-comparison test. *P < 0.05 and ****P < 0.0001.

f, Uniform manifold approximation and projection (UMAP) plots of snRNAseq
profiles (n=48,981) of cells before and after bioreactor maturation (top),
differential abundance analysis (middle) and clustering (bottom). g, UMAP

plots of the average expression of sets of marker genes. h, Dot plot illustrating
average expression of sets of marker genes per cluster. Ang., angiogenesis;
hypox., hypoxia; m., muscle; remod., remodeling. i, Enriched gene sets identified
by comparison of nucleibefore and after bioreactor. j, Volcano plotillustrating
differentially expressed genes, with angiogenesis-related genes highlighted.

k, Violin plots showing expression of proangiogenic and antiangiogenic genes

in cells before and after bioreactor maturation (red and blue, respectively).
Inf-k, data were obtained from n = 4 biological replicates (cell mix before

or after bioreactor from 4 animals). Panel a created in BioRender; Pellegrini, M.
https://biorender.com/xyzlvyi (2026).
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by smooth and skeletal muscle (Fig. 1h and Extended Data Fig. 3a).
Genesetenrichment analysis (GSEA) between prebioreactor and post-
bioreactor cells corroborated these findings; bioreactor maturation
resultedinanincreasein angiogenic and hypoxic pathways (Fig. 1i) and
induced ametabolic gene switch, with upregulation of glycolysis hall-
marks, downregulation of oxidative phosphorylation and areduction
in proliferation pathway genes (that is, G2M checkpoint, E2F targets
and Myctargets V1). More detailed analysis of the angiogenic signature
showed a clear upregulation of proangiogenic genes (for example,
VEGFA, HIFIA, PTGS2 and NDRGI) with arespective slight downregu-
lation of antiangiogenic genes (for example, TIMP2, THBS1, SEMA3D
and RNHI), indicating that the bioreactor incubation promoted the
establishment of a proangiogenic environment (Fig. 1j,k).

Transplantation of autologous circumferential grafts rescues
functionin full-thickness esophageal defects

Thoracic esophageal defects (2.5 cm) were replaced with equivalent
length grafts through thoracotomy (schematics in Figs. 1a and 2a).
Biodegradable, transanastomotic stents were sutured to the esopha-
geal wall (Fig. 2b, left), before covering the graft with a pleural wrap to
promote vascularization (Fig. 2b, right). Endoscopic stent exchange
was scheduled at 3 months before endoscopic graft assessment (n = 8)
and high-resolutionimpedance manometry (HRIM; n = 7) at endpoint
(Fig.2a). Allanimals received oral waterimmediately, with aliquid diet
commencing on postoperative day (POD) 1, which became progres-
sively more textured (Supplementary Information). Supplementary
enteral feeding was not required throughout the study. Despite early
and repeated endoscopic instrumentation for foreign body removal
(bedding ingestion; n = 3), no anastomotic leak, pneumothorax or
infection were observed, with100% 30-day survival (n = 8; Fig. 2c,d and
Supplementary Table 1). Symptomatic hyperplastic epithelial polyps
were observedinallanimalsinthe early postoperative period, treated
by oral steroid administration (n = 7) and/or endoscopic resection
(n=5) (Fig.2c,e, top, and Extended DataFig. 4a, left and middle). Cor-
relation was observed between animals manifesting obstructing polyps
(‘grade 3’; n=3) and those with previous foreign body obstruction
(Fig.2cand Supplementary Table 2). Involucrin, aterminal differentia-
tion marker of squamous epithelium, and p63, an epithelial basal cell
marker, confirmed the presence of a mature, stratified, squamous
epithelium in polyps resected from central graft regions, with histo-
logical evidence of vascularization and epithelial coverage as early as
POD17 (Fig. 2c,e, bottom).

As expected, symptomatic strictures were the most frequent
morbidity observed upon stent migration or degradation, occurring
in all animals (range: 1-6 events; Fig. 2c and Supplementary Table 2).
Stricture severity ranged from mild to severe, requiring endoscopic bal-
loon dilation, followed by custom stent replacement (Fig. 2f). Crucially,
growth of transplanted animals was similar to reference growth curves
of healthy Ellégard farm minipigs (Fig. 2g). Three animals underwent

the maximum number of endoscopies allowed by the license (n = 3 for
the 1-month-old animal, later amended to n =7 for the 3-month-old
animals), mandating early humane endpoints at 1 month (n=1) and
3 months (n =2) (Fig. 2h and Supplementary Information). Five of eight
animals successfully reached the planned endpoint (63%, 6 months;
Fig.2h); all were asymptomatic and orally fed. Notably, four of five did
not require endoscopic intervention after 3 months (Fig. 2¢,h). Endo-
scopicassessment of intraluminal graft diameter by comparisonto the
distal esophagus (%) was made at endpoint (no stents present) to assess
the endoscopicdegree of stricture (Supplementary Video 1). Intralumi-
nal narrowing was more commonly found at the proximal anastomosis
atalltime points (Supplementary Table 2). HRIMwas performed at the
3-month and 6-month endpoints (n = 7). Saline boluses (60 ml) resulted
in the induction of a peristaltic wave pressure in grafts, with a mean
duration of 7.2 s across the esophageal length, validated by air bolus
delivery (five of seven animals; Fig. 2i,j and Extended Data Fig. 4b).
These results suggest the presence of secondary esophageal body
peristalsis across the graft (representative image in Fig. 2i).

Graftremodelingin vivo increasingly recapitulates anatomical
and biomechanical properties of native esophagus over time
Minimal intrathoracic adhesions were observed postmortem. Large
vessels arising from the vertebral region supplied the graft as early as
1month postoperatively with anormal vagal nerve course in all samples
(Fig.3a, topleftand top middle). At explant, the graft was distinguish-
able from native esophagus by a color discrepancy, marginal caliber
change and the sporadic presence of nonabsorbable sutures. Mild
proximal esophageal dilation was also observed (n = 4; Fig. 3a, bottom,
and Extended DataFig. 5). Afterisolation, the organ was sectioned for
multimodal analysis with histological assessment at two levels: graft
anastomosis (GA) and graft center (GC) (Fig. 3b).

Stiffness, ultimate strength, strain at break and force-displace-
ment of graft sections improved over time, with biomechanical
properties of grafts at 6 months more closely resembling the proxi-
mal and distal native esophagus than those from 3 months (Fig. 3¢).
Macroscopic and microscopic cross-sections showed recapitulation
of esophageal architecture with distinct, organized tissue layers,
namely epithelium, muscularis mucosa, submucosa and muscularis
externa (Fig. 3a,d,f and Extended Data Fig. 8a). Despite the presence
of predominantly focal recellularization in grafts before implanta-
tion (Extended Data Fig. 2f), explanted grafts demonstrated wide-
spread distribution of cells at all time points (Fig. 3d). Histological
analysis demonstrated a significant increase in wall thickness of the
implanted graft after transplantation, similar to proximal and distal
native esophageal sections from the same animal at endpoint (Fig. 3e,f
and Extended Data Fig. 8a).

Spatial transcriptomics (ST) analysis was performed on
cross-sections of 11 samples, as per Fig. 3b: I-month graft (n=1),
3-month grafts (n=2), 6-month grafts (n =3), native esophagus

Fig. 2| Clinical outcomes of thoracic transplantation of tissue-engineered
grafts. a, Schematic of the in vivo protocol from biopsy (month 0), through
transplantation (month 2) to planned endpoint (6 months after transplantation).
b, Representative photographs of graftin situ after transplantation (left) and
pleural wrap (right, arrowhead). P, proximal; D, distal. Scale bar, 2 cm. ¢, Summary
of endoscopic interventions required per animal through the postoperative
course. The black horizontal dashed line separates two batches of animals (batch
1, animals A-D; batch 2, animals E-H). The gray vertical dashed line represents
thelast intervention required before the 6-month endpoint.d, CT scan
demonstrating foreign body obstruction: proximal dilation (left), obstructed
esophagus (middle; PD, proximal dilation; OE, obstructed esophagus; WS, wound
seroma; RL, right lung; LL, left lung; RB, right bronchus; LB, left bronchus; H,
heart; St, sternum; A, aorta; VC, vertebral column) and endoscopic removal of
foreign body (right). e, Epithelial polyp formation (n =10 polyps from 2 animals):
representative pictures of 3 grades of polyps (top); H&E staining (bottom left and
bottom middle) and IF staining (bottom right) for proliferation (Ki67, cyan) and

epithelial markers (p63, magenta; involucrin, yellow) of a representative polyp
(BE, basal epithelium; DE, differentiating epithelium; V, blood vessel). Scale bars,
500 pum (H&E) and 100 pm (IF). f, Endoscopic balloon dilation for stricture: image
before dilation (left), radiograph showing contrast-filled esophageal balloon
(middle) and patency assessment after dilation (right). g, Animal growth curve
(mean + s.d.) showing animal weekly weight (n = 8 biological replicates; batch1,
animals A-D; batch 2, animals E-H) compared with the reference growth curve
for Ellégard farm minipigs. Batch 2 received grafts at 6 weeks older than batch 1
(Supplementary Information). h, Kaplan-Meier survival curve of the whole study
group (n =8 animals); 5animals reached the planned endpoint of 6 months.

i, Left: HRIM radiograph of endoscopic probe positioning. Right: representative
trace showing esophageal peristalsis at the level of the graft (red rectangle) (n =7
animals). j, Quantification of induced peristaltic wave pressure at 3 points along
the esophagus (proximal native, graft and distal native) after delivery of proximal
saline bolus (n =7 animals; mean of 2 technical replicates per animal). Panel a
created in BioRender; Pellegrini, M. https://biorender.com/dxbi8zw (2026).
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controls (n =3 domestic pigs (10 kg) and n =1 minipig (10 kg)) and
a preimplantation graft (n =1). Seven clusters were identified and
manually annotated (Fig. 3g,h and Extended Data Fig. 3d,e): FBs,
smooth muscle, skeletal muscle, epithelial cells, neural cells and peri-
cytes, with the final cluster having no predominant gene signature,
marked as ‘not annotated’. Whilst the preimplantation graft was com-
posed predominantly of pericytes and FBs, postimplantation grafts
displayed esophagus-appropriate cellular composition as early as
1 month, indicating rapid graft remodeling in vivo (Fig. 3g,h,j and
Extended Data Fig. 3d). Cell type distribution closely correlated with
histology and showed appropriate architecture of the esophageal wall
with epithelialand muscular layers (Fig. 3i and Extended Data Fig. 8b).
The proportion of cell types and their regionalization increasingly
resembled that of native tissue over time (Fig. 3j-1). At1 month, the graft
was predominantly composed of two cell types: epithelium and FBs.
The proportion of epithelium decreased to that found in native esopha-
gus by 6 months. Conversely, FBs remained substantially higher in
graftsthaninnativetissue, evenat 6 months, suggesting ongoing fibro-
sis (Fig. 3j). A smooth muscle cluster was evident as early as 1 month
and increased over time; by 6 months, proportionally more smooth
muscle was observed in grafts than in reference samples (Fig. 3j). The
skeletal muscle cluster was negligible at 1 month and, despite progres-
sively increasing from 3 to 6 months, remained much smaller than that
observed in native samples (Fig. 3j). A neural cluster was only identifi-
able in 6-month grafts. To further interrogate spatial relationships,
neighboring cell types were quantified for each sample, represented
as chord diagrams (Fig. 3k). Intersample distances calculated using
these cell type relationships quantified the increasing recapitulation
of native esophageal tissue over time (Fig. 31).

Graft mucosa and submucosaundergo maturation with
decreasing inflammation over time

Allgrafts exhibited amature, stratified, squamous epithelium at both
GAand GC (1-6 months), evidenced by histological staining and protein
expression ofinvolucrin, aterminal differentiation marker of squamous
epithelium, and p63, an epithelial basal cell marker (Fig. 4a,b). No his-
tological differences were observed in the maturity of graft epithelium
over time; expression of p63 or Ki67 was equivalent, as was the fre-
quency and depth of mucosa papillae (Fig. 4b,c). Gene expression also
provided evidence of early regeneration of acomplete epithelium. How-
ever, whilst no difference was found in expression of INV (involucrin) or
KRTS (marking thebasal layer of stratified epithelia; Fig. 4d) withrespect
tonativetissue, KRT4, astratified epithelium marker, did not reach that
of native levels by 6 months (Fig. 4d). Blinded analysis by a consultant
histopathologist assessed differences between graft maturity at dif-
ferent levels: GA versus GC. Muscularis mucosae was identified in all

animals, with hypertrophy inthe graftand surrounding native esopha-
gus (Fig. 4e,h,j k). Despite no observed difference in epithelial wall
thickness (Fig. 4c, right), focal epithelial hyperplasia was noted at the
GCinseven of eight animals (Extended Data Fig. 4d(ii)). Basal cell hyper-
plasiawasalso observedin 50% of grafts at GA and 25% at GC (Fig.4e and
Extended DataFig. 4d(i)). All grafts demonstrated dilated intercellular
spaces, more severe at the GA than GC, associated with a higher focal
inflammatory cellinfiltrate (Fig. 4e and Extended Data Fig. 4d(iii), aster-
isks). Histologically, inflammation was predominantly lymphocytic
(Extended Data Fig. 4d(i), arrowheads), with one animal displaying
eosinophilicinfiltration (Extended Data Fig. 4d(v), arrowheads). Focal
inflammation at stitch sinuses (Fig. 4e) was confirmed by CD45-positive
immune cells surrounded by SMA-positive fibrotic mesenchymal cells
(Fig.4f).Lamina propriafibrosis, anindicator of previous inflammation
and healing, was present at the graftlevel but also frequently observed
in native tissue (Fig. 4e,g and Extended Data Fig. 4d(iv), asterisks).
However, a reduction in CSTB gene expression by 6 months suggests
that epithelial inflammation may decrease toward that of the native
esophagus over time (Fig. 4d). Epithelial structures consistent with
submucosal glands were histologically identifiable by 3 months at
GC, with an architecture highlighted by aSMA-positive pericytes and
CD45-positiveimmune cells (Fig. 4h, asterisks). Allsamples showed the
presence of aSMA-positive vascular structures in the grafts’ submu-
cosaand muscularis mucosalayers, with vessels of multiple sizes upon
immunofluorescence (IF; representative image in Fig. 4h) and Masson’s
trichrome (MT) staining (Fig. 3f, magnified in Fig. 4k). Blinded analy-
sis showed that vascularization varied by region; significantly fewer
vessels were found at the GC thanin native tissue or at the GA (quanti-
fied in Fig. 4i) but remained consistent across samples from 1 month
(Extended Data Fig. 4c). Submucosal fibrosis was significantly higher
in grafts than native tissue and was also observed in native samples
(Fig. 4g and Extended Data Fig. 4c). f3-Tubulin-positive submucosal
nerves were also demonstrated (Fig. 4j, arrowheads) and confirmed
by MT (Fig. 4k, asterisk, and Extended Data Fig. 6) and observed as
early as 1 month (Fig. 4] and Extended Data Fig. 4c). No difference
in the number of nerves was noted in grafts across regions or time
(Extended Data Fig. 4c). We investigated the expression of three neu-
ronal markers in our grafts (PGP9.5, nNOS and STMN2) at the GA level
across time points (Extended Data Fig. 6). The broad expression of
PGP9.5 highlights the presence of axons, whilst the strong expression
of STMN2 suggests ongoing neuronal growth and regeneration. nNOS
manifested low expression, indicating that the regenerating nerves are
notof nitrergic phenotype. Taken together, the presence of a stratified
epithelium, sporadic glands and developing neurovascular plexiin the
submucosa suggests that TE grafts support the early formation of a
functional esophageal barrier.

Fig. 3| Macroscopic, biomechanical, histopathological and transcriptomic
assessment of esophageal grafts at1,3 and 6 months afterimplantation.

a, Representative photographs of the surgical field (top left and top middle;
IVC, inferior vena cava; RL, right lung; D, diaphragm; V, vertebrae; BV, blood
vessel indicated by arrowheads; VN, vagus nerve) and of the resected esophagus
postmortem (top right, section of the graft; bottom, whole esophagus;

dotted lines represent anastomotic levels). b, Schematic representation of
esophageal sectioning for ex vivo analysis; ST refers to spatial transcriptomic
and histology from OCT-embedded samples, and histology refers to paraffin-
embedded samples. ¢, Biomechanical analysis of native esophagus (proximal
and distal native samples; n = 7 animals) and central graft at the 3-month
(n=2)and 6-month (n =5, except stiffness, where animal C was identified as
anoutlier) endpoints. The box plot denotes the median, range and IQR. d, H&E
staining of domestic pig native esophagus (10 kg), preimplantation graft and a
representative section of graft at the 6-month endpoint (20-kg minipig).

A, adventitia; ME, muscularis externa; SM, submucosa; MM, muscularis mucosae;
E, epithelium. Scale bar, 500 um. e, Quantification of mean radial graft wall
thickness at GC compared with preimplantation graft: native proximal (nat.

prox.) and native distal esophagus (mean of 6-12 technical replicates per
condition; n = 8 biological replicates except native proximal (n = 7)). The box
plot denotes the median, range and IQR. Statistical analysis was conducted

using aone-way ANOVA with Tukey’s multiple-comparison test. ***P < 0.0001.
NS, not significant. f, MT staining of representative graft (above) and native
proximal esophagus (below) at anastomosis level, along with close-up views of
full-thickness transverse sections across esophageal wall from epithelium to
muscularis externa in representative native and graft sample (n = 8). g, UMAP plot
of ST profiles (n =30,912) of the 5 study groups. h, UMAP plot of ST profiles of the
differentannotated cell types by cluster. i, Representative H&E of the five study
groups (above) with ST cell types overlaid (below). j, Proportional distribution of
celltypes across the study groups. k, Graphical representation of quantification
of neighboring cell types (one representative picture per group) in the five study
groups. Ini-k, regions are colored according to h. 1, Similarity proportions
between study groups. Ing-1, n =11: preimplantation graft (n = 1), 1-month graft
(n=1),3-month grafts (n =2), 6-month grafts (n = 3) and native esophagus (n = 4).
Panel b created in BioRender; Pellegrini, M. https://biorender.com/vn2dpdO
(2026).
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Arepresentative trace (animal C, 6 months; Fig. 5a) demonstrated no
basal activity, with induction of graded responses to increasing elec-
trical (5,10 and 20 Hz) and carbachol (CCh; 1and 10 pM) stimulation.
The response to stimulation increased from proximal to distal along
thelength of the organ, as expected because of increasing proportions
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Fig. 4| Graft regeneration of mucosal and submucosal layers. a, H&E (left and
middle; n =8 animals) and IF (right; n = 7 animals) staining for epithelial markers
(p63, magenta; involucrin, yellow; Ki67, cyan). Scale bars, 500 um (H&E) and
100 pum (IF). b, Quantification of p63*and Ki67" cells in the basal epithelial layer,
calculated as the number of positive nuclei over total number of nuclei (tot
nuclei) in basal lamina. ¢, Quantification of basal layer length (left; expressed
aslength of basal layer divided by maximum Feret diameter per field) and
frequency (middle; expressed as the number of papillae per field) and epithelial
thickness (right) over time. Inb and ¢, native and 1-month graft, n = 1; 3-month
grafts, n =2; 6-month grafts, n = 4 animals. A single dot indicates the mean

of 4-8fields per animal. The black line indicates the mean of the group. d, ST
map of KRT4 and CSTB expression, with violin plots showing the expression of
epithelial maturation (KRTS, /VL and KRT4) and inflammation (CSTB) markers
(n=10:1-month graft, n =1; 3-month grafts, n = 2; 6-month grafts, n = 3; native
esophagus, n =4 animals). e, Heat map summary of histopathological features
of mucosa and submucosa as assessed by consultant histopathologist (n =8
biological replicates). IC, intracellular; HPF, high-power field. Anastom.,

anastomosis. f, Representative IF of submucosa at the graft level; focal fibrosis
is marked by inflammatory cells (CD45 magenta) and fibrotic mesenchymal
cells (aSMA cyan) at the level of a stitch sinus (asterisk). g, Quantification of the
histopathological assessment of percentage of circumferential submucosal
fibrosis. h, Representative IF of mucosa and submucosa at the graft level; aSMA
(cyan) marks muscularis mucosae and blood vessels (white arrowheads),

while CD45 (magenta) marks immune cells in the basal layer and surrounding
submucosal glands (asterisks). i, Quantification of submucosal blood vessel
abundance (number of vessels per high-power field). j, Representative IF

of muscularis mucosae showing smooth muscle (SM22, sepia) and nerves
(B3-tubulin, red; white arrowheads) at the graft level. k, MT staining of graft
muscularis mucosae with evidence of vascular plexi (arrowheads; magnification
ofthe MT staining showed in Fig. 3f). Scale bars, 500 pm (f,h,j k). I, Quantification
of submucosal nerve regeneration (number of nerves per high-power field). In
g,iandl, n=8atnative proximal, GA, GC and native distal levels. The box plot
denotes the median, range and IQR. Statistical analysis was conducted using a
one-way ANOVA with Tukey’s multiple-comparison test. *P < 0.05 and **P < 0.01.

of smooth muscle. Despite observed intersample variability in the
intensity of contractile response, all samples responded to increasing
electrical and chemical stimulation except one, which responded incon-
clusively to chemical stimulation. Notably, the positive control also
showed minimal contractile function (Fig. 5b and Extended DataFig. 7).
Both histology and ST confirmed the presence of amuscularis externa
in grafts, as early as 3 months after transplantation (Fig. 3f~h and
Extended Data Fig. 8). Histological assessment identified a mixed
smooth and skeletal muscle phenotype in most grafts (Fig. 5c), as con-
firmed by IF (MF20 for skeletal muscle, aSMA and SM22 for smooth
muscle; Fig.5d,h). GAregions exhibited a higher level of morphological
similarity to native esophagus than GC (Fig. 5c,d). Despite the higher
complexity of GAthan GC asindicated by the presence of bidirectional
muscle fibers at GA (Fig. 5¢) and confirmed by IF (Fig. 5d), histological
assessment found no difference in circumferential muscle continuity
andinflammation between GA and GC (Fig. 5e, top and middle). These
parameters were significantly lower and higher, respectively, compared
to their native counterparts. Fibrosis was significantly higher at GC
than GA (Fig. Se, bottom). MT staining of longitudinal sections of the
distal anastomosis highlights increasing muscle regeneration from
GA toward GC over time (Fig. 5f). IF staining demonstrated increas-
ing complexity and organization of muscle development over time,
with established smooth muscle regeneration observed (SM22 and
Desmin) before that of skeletal muscle (eMHC and MF20) (Fig. 5h).
B3-Tubulin-positive nerves were observed focally throughout the mus-
cletissueinallsamples as early as 3 months after implantation (Fig. 5h,
bottom). Smooth muscle development genes (that is, TAGLN, CSRPI1 and
DES) were expressed as early as1 month, while skeletal muscle develop-
mentgenes (thatis, MYH3, MYH8 and ACTCI) appeared from 3 months,
suggesting that smooth muscle regeneration occurred early in graft

integration, whereas skeletal muscle regeneration occurred later dur-
ing graft maturation (Fig. 5g). Of note, simultaneous expression of both
developmental and mature smooth and skeletal muscle markers was
observed (Fig. 5g). ST analysis corroborated atime-dependentincrease
inmuscle maturationin vivo with higher expression of mature smooth
(thatis, SMTN, CALDI and MYH11) and skeletal (that is, MYH7, TNNCI
and TNNC2) muscle genes at 6 months. Taken together, these reports
support the observed contractile potential of the grafts.

Discussion

In this study, we engineered and implanted autologous, cell-seeded
circumferential esophageal grafts that achieved functional integration,
regeneration and contractility in agrowinglarge-animal model, allow-
ing for enteral autonomy and survivalto the planned 6-month endpoint.
Previous approaches to circumferential esophageal replacement using
acellular or synthetic scaffolds, with or without cells, have shown lim-
ited evidence of sustained regeneration and contractility”'**>***, Qur
approach overcomes some of the limitations described by previous
groups. Building on our previous work with decellularized tracheal
grafts transplanted in a pediatric participant*, we used size-matched
porcine esophageal scaffolds that preserve organ-specific ECM and
structural features while allowing off-the-shelf availability> %, This
approach circumvents the scarcity of human pediatric donors and
takes advantage of porcine ECM as a clinically accepted xenogeneic
material® .,

Our experimental design mirrored the pediatric clinical path-
way for infants born with LGEA. Neonates with LGEA are routinely
fed through gastrostomy, facilitating enteral nutrition and growth
for months before repair*’. In this study, autologous myogenic pro-
genitor (MAB) and FB populations were derived simultaneously

Fig. 5| Functional and histological analyses of muscularis externa.

a, Isometric contractility assay on half rings of GC tissue at endpoint (3 months,
n=2; 6 months, n=>5), with respective proximal (n = 7) and distal (n = 14) native
esophagus as controls; tissue was treated with increasing electrical stimulation
(5,10 and 20 Hz) or CCh doses (1and 10 puM). A representative full trace and
magnified regions from 1animal (C; 6 months) are shown. b, Heat maps of
normalized (norm.) electrical stimulation AUC (left) and CCh amplitude (amp;
right) (n = 7 animals; mean of 2 technical replicates for distal native samples).

¢, Relative presence of smooth and skeletal muscle phenotypes present as per
histopathological analysis (n = 8 animals). d, Representative IF for markers of
smooth (dSMA or SM22, yellow) and skeletal (MF20, magenta) muscle, with
native esophagus, GA and GC levels in the same animal (B) (n = 8 animals).

Scale bars, 1 mm (full ring) and 500 pm (close-up view). e, Quantification of the
histopathological assessment of the muscularis externa layer: percentage of
circumferential muscle continuity (top), inflammation (cells per high-power
field; middle) and percentage of circumferential fibrosis (bottom) in native
(proximal and distal), GA and GC samples (n = 8 animals). The box plot denotes

the median, range and IQR. Statistical analysis was conducted using a one-

way ANOVA with Tukey’s multiple-comparison test. *P < 0.05, **P < 0.01and
***+p < 0.0001. f, MT staining of full-thickness longitudinal sections (epithelium,
left; adventitia, right) of the distal anastomosis, indicated by the dashed line:
native distal esophagus (top) and graft (bottom). Over time, there appears to be
muscle outgrowth from native tissue toward the GC (n = 8; animals D, Fand C).
Scale bar,1 mm. g, ST maps of the expression of smooth (DES and MYH11I; top) and
skeletal (MYH3and MYH7; bottom) muscle genes, with one representative picture
per group. Violin plots with developmental and mature smooth (TAGLN, CSRP1,
DES,SMTN, CALDI and MYH11; top) and skeletal (MYH3, MYH8,ACTC1, MYH?7,
TNNCI and TNNC2; bottom) muscle genes over time points (n =10:1-month

graft, n=1;3-month grafts, n = 2; 6-month grafts, n = 3; native esophagus, n = 4).
h, IF for markers of muscle development in GC samples (top; Desmin, red;

eMHC, cyan; SM22, sepia (to confirm smooth muscle localization)) and maturity
(bottom; skeletal muscle (MF20, cyan), smooth muscle (SM22, sepia) and nerves
(B3-tubulin, red) (n=7).Scale bars, 500 pm.
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from abdominal muscle biopsies mimicking the anticipated strategy
in infants with LGEA to minimize additional interventions. MABs
have bipotent myogenic ability, which may facilitate regeneration of
smooth or skeletal muscle phenotypes dependent on local environ-
mental cues upon implantation*’. MABs have also been shown to be
safe for clinical use in persons with muscular dystrophy***, stream-
lining their potential translational use. FB coseeding promotes MAB
distribution within decellularized scaffolds in a manner consistent
with their role in ECM remodeling®**. In this work, we adapted
established protocols for derivation of human MABs**** to efficiently
derive porcine MABs not previously described. Cells were coseeded
to enhance distribution and promote matrix remodeling®**°, Micro-
injection resulted in deep scaffold repopulation®**>*!, while dynamic
flow bioreactor incubation promoted maturation’*>’, maintained cell
viability and primed a proangiogenic phenotype, favorable to graft
vascularization. MABs, as pericyte-like cells, have been reported to
promote vascularizationin vivo through secretion of paracrine factors
(for example, EGF, VEGFA and prostaglandins)****, Our GSEA data
suggest a metabolic switch after bioreactor maturation, without cell
senescence or death, suggesting priming for cell survival in relative
hypoxia, with encouragement of a proangiogenic phenotype, which
may have promoted neovascularization upon transplant. Overall, graft
production was achieved in 8 weeks, well within the typical clinical
timeframe for esophageal reconstruction in infants with LGEA®*¢™8,
supporting translational feasibility.

Atwo-stage surgical procedure creates an obligate hiatal hernia.
Inaddition, some groups have shown that it leads to marked inflamma-
tory infiltrate and scaffold degradation, with no survival benefit over
control animals without wrap'*’. In conjunction with our experience
with the rabbit model®, we opted for anintraoperative thoracic vascu-
larizing wrap®®. We hypothesize that the combination of asingle-stage
thoracic transplantation procedure with pleural wrap and the proan-
giogenic graft phenotype contributed to ensuring graft survival.

Graftimplantation was safe and effective, supporting oral feeding,
maintaining structural integrity and facilitating animal growth and
survival. Postoperative morbidities observed (that s, polyp formation,
stenosis consequent to stent migration and foreign body obstruc-
tion) resemble those encountered in clinical practice®? and were
treatable endoscopically. Epithelial polyp formation, awell-described
consequence of stent use, was an early acute event after transplanta-
tion. Polyps were self-limiting, with obstructive symptoms treated by
endoscopicintervention or steroid therapy®-®>. Despite their associa-
tion with polyp formation, stents are essential to maintain patency,
protect anastomoses, prevent strictures and prolong survival after
circumferential TE esophageal replacement’®*"%*-, Regardless of fixa-
tionattransplantation, stent migration was anotableissue in our study
andiswell recognized to be troublesome in porcine models'™*16171965,
However, despite the absence of a stent at endpoint, animals reach-
ing 6 months were asymptomatic and did not require endoscopic
intervention from 4 months. This suggests a possible reduction in
stricture severity and an evolution toward stent independence not
seen in the first 3 months after transplantation, where a lack of stent
reliably resulted in stricture formation within10-14 days. The median
number of dilations performed in this study (2.5, range: 1-6) is similar
to that reported in children with repaired LGEA®**’. Furthermore, we
anticipate that this number would be lower upon clinical translation
because of the presence of a defunctioning gastrostomy and no limita-
tions of the animal model (for example, foreign body obstruction and
limited stent availability).

Multimodal assessment confirmed increasing recapitulation of
grafts toward that of native esophageal architecture over time, with
progressive epithelial maturation, balanced inflammatory remodeling
and functional regeneration of smooth and skeletal muscle within
the graft. Despite hallmarks of chronic inflammation observed in
graft mucosa, these are also critical for tissue repair, remodeling and

52,53

regeneration; cytokine and growth factor secretion modulate stem
and progenitor cell activity®*®. Although fibrosis can impact long-term
functionality, hypertrophy of the muscularis mucosae inbothgraft and
native tissue suggests an adaptive response to maintain functionality
inthe presence of fibrosis. The presence of amuscularis externacom-
posed of smooth and skeletal muscle in grafts was observed as early
as 3 months after transplantation, more organized at GA than at GC.
The sequential emergence of smooth and skeletal muscle signatures
mirrored fetal esophageal development’™, accompanied by evidence
of innervation. Functionality of the observed muscle was confirmed
by demonstration of peristalsis in vivo and contractility testing ex vivo,
with graded contractile responses from proximal to distal segments
aligning with the expected distribution of smooth muscle’. Despite
residual fibrosis, the biomechanical properties of the grafts increas-
ingly matched the native esophagus, indicating functional integration
without structural compromise.

Clinical translation of this approach to adults would require
further research. Our design, tailored to pediatric translation, was
effectively modeled for LGEA reconstruction and used shorter grafts
(2.5 cm) than would be required for adult disease”*”". Therefore, whilst
technically feasible, the generation of longer grafts for other clinical
uses (for example, caustic injury and carcinoma) may be more chal-
lenging. These would require more demanding manufacturing pro-
cesses, including isolation and expansion of human cells, automation
of scaffold microinjection, stenting and additional vascularization
strategies, as the regenerative processes would be expected to take
longer”. We speculate that seeded cells in our study likely guided
regeneration before replacement by host cells, as observed in other
tissue-engineered systems’>”>. However, as the seeded cells were
unlabeled, their persistence within the grafts could not be followed.
Moreover, commonly used cell-tracking approaches, such as fluores-
cent proteins, are limited in immunocompetent animals. Therefore,
novel nonimmunogenic tracing systems need to be implemented for
long-termin vivo studies.

In summary, we demonstrated that autologous, full-thickness,
cell-seeded esophageal grafts can be generated within 2 months and
are a feasible, safe alternative to repair thoracic esophageal defects
in a growing large-animal model. We showed increasing recapitu-
lation of native tissue architecture over time. This led to functional
integration, autonomous feeding, animal growth and survival. This
method addresses key translational barriers to circumferential
esophageal repair.

Online content
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maries, source data, extended data, supplementary information,
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Methods

In vivo study design

ARRIVE Guidelines 2.0 were followed for study planning, conduct
and writing. This was a single-arm pilot study to assess feasibility and
safety of tissue-engineered grafts to repair esophageal tissue defects.
No control arm was used as there was sufficient literature to suggest
better outcomesin cellularized grafts. Primary outcome was survival
with secondary outcomes of 30-day mortality, intervention morbidity
(anastomotic leak, infection, endoscopic intervention, stricture and
stentmigration), function (animal growth, enteral autonomy and graft
contractility) and tissue integration (histological, biomechanical and
transcriptional similarity to native tissue). The sample sizewasn=8.
The planned endpoint was 6 months, with predetermined humane end-
points, as further detailed below. Allanimals were included in analysis,
regardless of endpoint. Primary outcome and main secondary out-
comes could not be blinded. Histopathological analysis (Figs. 4e,g,i,1
and 5c,e, and Extended Data Fig. 4c,d), isometric contractility testing
(Fig.5a,b) and biomechanical analysis (Fig. 3c) were performedblinded
to postoperative survival and, where applicable, level of esophageal
section (thatis, native or graft).

Animal husbandry

Allin vivo work was undertaken at The Griffin Institute, Northwick
ParkInstitute for Medical Research (establishmentlicense XA57A4134,
PPL PP3815734). Female Gottingen minipigs (4-5 kg, 8 weeks old,
Ellégard) were transported to the facility, acclimatized for 3 weeks
before experimental start and examined for health status before study
inclusion. Unique identifiers were marked on the outer aspect of one
ear. Animals were initially group-housed, singly housed after surgery
for up to 7 days and then group-housed in concrete pens with rubber
mats, heaters and environmental enrichment with a 12-h light-dark
cycle, ambient temperature (15-24 °C) and target humidity 40-70%.
Animals received water ad libitum throughout the study, with special
minipig (SMP) pellets (220-280 g per day) and fruit treats (for example,
bananaand apple) as enrichment. Body weight was recorded on arrival,
directly preoperatively and weekly thereafter.

Cellisolation, expansion and differentiation

Autologous minipig (n =8, 3-4 months of age, 4.75-8.4 kg) MABs and
FBs were isolated from rectus abdominis muscle and fascial biopsies,
respectively, as for human MABs, with minor modifications*®. The
biopsy (5 x 5 mm) was rinsed in PBS before separation of fascia and
muscle and dissection into 2 x 2-mm? pieces. The pieces were plated on
100-mmtissue-culture-treated dishes (Corning) coated with 1% Matrigel
growth-factor-reduced basement membrane matrix (Corning) in3 ml
of proliferation medium (PM; Megacell DMEM (Sigma-Aldrich), 5% FBS
(Gibco), penicillin-streptomycin solution (P/S; Gibco), L-glutamine
(Gibco), 2-mercaptoethanol (Sigma-Aldrich), MEM nonessential amino
acid solution (Sigma-Aldrich), 10 ng mI™ bFGF (R&D Systems) and incu-
bated at 5% CO,, 5% 0,,37 °C. After attachment (2-16 h), 7 ml of PM was
gently added. After 3-5 days, first outgrowths were detached by treat-
mentwith TrypLE Express (Gibco), transferred to 0.5% Matrigel-coated
flasks and passaged every 2-3 days depending on confluence. Tissue was
replated up to seven times or until no further outgrowths formed. For
differentiation assay, cells were plated on 0.5% Matrigel-coated wells
in PM at 30,000 cells per cm? for skeletal and 15,000 cells per cm? for
smooth muscle differentiationin PM. After 24 h, PMwas replaced with
differentiation medium (DM; high-glucose DMEM (Gibco), L-glutamine
(Gibco), P/Sand 2% horse serum (Gibco)) for 4-7 days. For smooth mus-
cledifferentiation, DM was supplemented with 5 ng mI™ TGF[3 (Sigma)
andrefreshed daily up to day 10 of differentiation.

Flow cytofluorometry
Single cells were suspended in fluorescence-activated cell sorting
blocking buffer (FBB; 0.2 mM EDTA and 1% FBS in PBS). Cells were

incubated with 1 pl of antibody for every 1 x 10° cells for 30 min
at 4 °C in the dark with the following fluorochrome-conjugated anti-
bodies: CD146-FITC (BioRad), CD44-PE (Biolegend), CD90-APC
(Biolegend) and CD56-FITC (Biolegend) (Supplementary Table 3) and
rinsed in FBB. Cells were analyzed (BD LSRII flow cytometer; minimum
0f10,000 events per condition) and compared to unstained controls
using FlowJo software.

IF

Tissue samples were fixed (4% paraformaldehyde (PFA), 4 °C overnight),
washedin PBS, dehydrated and wax-embedded. Alternatively, samples
were snap-frozen, OCT-embedded (Sakura Finetek) and then stored at
-80 °C. Sections of 5-10 mm were cut (MicroM Hm 325 microtome or
Leicacryostat). Wax-embedded sections were antigenretrieved (citrate
buffer pH 6; Sigma-Aldrich). Sections were permeabilized (0.5% Triton
X-100in PBS for10 minatroom temperature) before quenching (30 min
at room temperature with 0.1 M NH,CI), washing and application of
blocking solution (10% BSA (Sigma-Aldrich) in PBST (PBS with 0.1%
Triton X-100)) for 1 h at room temperature. Samples were incubated
with primary antibodies (Supplementary Table 3) in blocking bufferin
ahumid chamber overnight at4 °C. Samples were washed three times
in 0.1% PBST and then incubated with secondary antibodies at 1:200
(donkey anti-rabbit 488, donkey anti-mouse 568, donkey anti-goat 633
and donkey anti-rat 647; Supplementary Table 3) and Hoechst 33342
(Thermo, H1399;1:1,000) for 1 h at room temperature.

Cellswere fixed at the end of experiments in 4% PFA at room tem-
perature for 5 min, washed in PBST, permeabilized for1 hin PBS + 0.3%
Triton X-100 at room temperature and blocked in PBS + 0.3% Triton
X-100 + 3% FBS for1 hat room temperature. Cells were incubated over-
night at 4 °C with primary antibodies in PBST + 1% FBS. After washing
with PBST, cells were incubated with secondary antibodies for 1 h at
room temperature. Nuclei were counterstained with Hoechst 33342
(Thermo Fisher). Stained samples were imaged using a Zeiss LSM 710
inverted confocal microscope or Hamamatsu Nanozoomer S60 digital
slide scanner.

Decellularization

Porcine esophagi were isolated from juvenile domestic pigs (n=38,
10 kg, both sexes, Royal Veterinary College). Esophagi were dissected
enbloc, with vagus nerves removed, washed intraluminally and extralu-
minally with povidoneiodine and double-distilled H,0, stored at -80 °C
and thawed overnight at4 °C the day before decellularization. Mucosa
wasremoved and esophagi divided into two 7-8-cm-long sections and
then decontaminated overnight at room temperature®: 320 mg ™
gentamycin sulfate (BioChemica, PanReac AppliChem), 600 mg 1™
clindamycin hydrochloride (Sigma-Aldrich), 500 mg I vancomycin
hydrochloride (ApexBio) and 100 mg 1™ amphotericin B from Strep-
tomyces sp. (Sigma-Aldrich). Esophageal sections were decellularized
using amodified detergent-enzymatic treatment (DET)**>*", Briefly,
esophagi were cannulated with glass connectors ateach end, secured
inaglass chamber and perfused using a peristaltic pump (i150 C1R3,
i-pumps), over a 10-day period. For the first 2 days, esophagi were
washed (Milli-Q water, 9 ml min™) renewed every 12-18 h. Esophagi
underwent three consecutive DET cycles, each lasting 48 h. For each
cycle, 4% sodium deoxycholate (Sigma-Aldrich) solution was per-
fused for 4 h at room temperature, followed by overnight rinse with
Milli-Q water. Subsequently, esophagi were perfused with 25 MU of
DNAse I (EMD Millipore) in 1x Hanks’ Balanced Salt Solution (Thermo
Fisher Scientific; 3 h, 3 ml min™, 37 °C), followed by overnight rinse
with Milli-Q water. This sequence was repeated three times (days 2-8;
Extended DataFig. 1e). After completion of three DET cycles, esophagi
underwent a final rinse with Milli-Q water for 2 days (9 ml min™), with
solutionrenewal every 12-18 h. Decellularized esophagiwere stored in
PBS supplemented with 1x antibiotic and antimycotic solution (Gibco)
and sterilized by gamma irradiation with 1.25 kGy over 12 h for three
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cyclesatroomtemperature. This processresultedin16 decellularized
scaffolds. Decellularized sterile organs were stored at 4 °C before recel-
lularization (up to 5 months). Sterility was confirmed before seeding
aftera72-hpreconditioning period (ina10-cmpetridishin PM at 37 °C,
5% CO,) by microscopy, culture and sensitivity testing.

Recellularization procedure

After preconditioning, decellularized scaffolds were mounted on a
stripette attached to astepper motor, rotating through 36°to facilitate
ten circumferential injections. Once split, cells were pooled at aratio of
7:3MABs:FBs, with 5 x 10° reserved for flow cytometry and snRNAseq
and resuspended (1 x 10° per pl) 1:1in 15% Type A porcine skin gelatin
(Sigma-Aldrich, G1890-500G) at 37 °C. Cells were drawn up into 500-pl
29G syringes (BD) mounted ina manual microsyringe pump (Neurostar)
andinjected subadventitially (30 pl perinjection) ata45°angle to the
scaffold at marked 3-mm longitudinal and transverse intervals under
alaminar flow hood. Ultimate graft length was approximately 3.6 cm
(thatis, 360 x 10° cells per graft). As animal E only had enough cells for
one 3-cm scaffold, a total of n =15 grafts were produced. Recellular-
ized grafts were placed in custom-made bioreactors and sutured (3/0
silk) to connectors to facilitate graft rotation and intraluminal flow.
Bioreactor chambers were filled with 150 ml of PM +1:100 antibiotic
and antimycotic solution (Sigma-Aldrich) and sealed. Bioreactors were
connected toamediumreservoir through Masterflex tubing andincu-
bated (37 °C, 5% CO,). Grafts were maintained under static conditions
overnight, followed by 6 days of dynamic culture using a peristaltic
pump (Masterflex; 6.25 ml min™), with simultaneousintraluminal and
extraluminal perfusion. Both reservoir and bioreactor lids were con-
nected with 0.22-um filters to allow gas exchange. Medium exchange
occurred at48-hintervals under sterile conditions, with confirmation
of sterility at intervals by microscopy and culture. Grafts were trans-
ported to the animal facility in T75 flasks with PM on ice. Sterility was
tested directly before implantation.

Surgical methods

Anesthetic protocol. Animals were made nil by mouth 6 h before
procedure, with water until1 hbefore. Tiletamine-zolazepam (Virbac;
2 mgkg™) and medetomidine (Chanelle; 0.02 mg kg™) were adminis-
tered intramuscularly (IM) as a premedication. Inhalational anesthesia
(3-4% isoflurane) was delivered through facemask for all procedures
and the larynx was sprayed with xylocaine before endotracheal intu-
bation. Intravenous (IV) cannulation was obtained in an ear vein for
thoracotomy procedure only. Anesthesia was maintained with isoflu-
rane (1.5-2.5%) with buprenorphine (Animal Care, 0.03 mg kg™) and
meloxicam (Boehringer Ingelheim, 0.4 mg kg™) administered IV or IM.
After surgery, atipamezole was administered (Chanelle, 0.02 mg kg™)
and animals were extubated at the first sign of the swallowing reflex.

Biopsy collection. The shaved surgical site was cleaned with chlorhex-
idine and povidoneiodine and a3-4-cm abdominal wall midline linear
incision was made.A 5 x 5-mm?section of rectus abdominis muscle and
aponeurosis (fascia) was removed and the defect was sutured (3/0 vic-
ryl; Ethicon, W9730). Wound closure was performed with subcutaneous
3/0vicryland subcuticular 4/0 undyed vicryl (Ethicon, W9922) before
application of skin glue (Animus).

Graft transplantation. Animals were anaesthetized as above, with
Augmentin (1000/200, Sandoz) at 30 mg kg administered IV30 min
before skin incision. A continuous IV infusion of Hartmann’s solution
(Baxter) was delivered throughout. After positioningin the left lateral
decubitus, the shaved surgical site was cleaned with chlorhexidine and
povidoneiodineand al0-cm, right-sided, muscle-cutting, transpleural
thoracotomy was performed through the fifth-sixth intercostal space.
After isolation of the esophagus and identification of vagus nerves,
a 2-cm midesophageal resection was performed with 5-mm samples

taken for mechanical testing and IF. Grafts were transported in PM at
4 °C and washed with sterile NaCl. The proximal and distal posterior
walls of graft and native tissue were anastomosed (5/0 Prolene, Ethicon,
W8710) beforeretrograde positioning of bioabsorbable polydioxanone
(PDS) stents (10 x 8 x 10 mm?, 4 cm; SX-Ella, CZ) across both anasto-
moses, with expansion in situ and securing with 5/0 PDS (Ethicon)
before anterior wall anastomoses. The graft was wrapped with a pleural
pedicle, secured with 5/0 Prolene. The intercostal space was closed with
3/0vicrylrib-wrapping sutures; no chest drain was used. Anintercostal
block was performed with 0.5% bupivicaine (5 mg ml™, 2 mg kg™) before
closure with subcutaneous 3/0, subcuticular 4/0 vicryl and skin glue.

Endoscopy. Endoscopy was undertaken using a flexible GIF-XP260N
ultraslim gastroscope (Olympus). Mucosal and polyp biopsies were
undertaken with 2-mm alligator-jaw biopsy forceps (Olympus,
FB-220K.A) down the working channel, with specimens fixed in PFA
4%.Strictures were dilated with an endoscopic balloon dilatator (Maxi
LD 0.035-inch PTA dilation catheters, Cordis; range:10-16 mm) passed
either parallelto the scope under direct laryngoscopic vision or over a
0.035-inch Amplatz stiff guide wire (Cook Medical) until it straddled
the stricture. Ballooninflation was performed under vision with mano-
metric control using an in-line pressure gauge (Alliance Il Integrated
Inflation System, Boston Scientific) for 2 minbefore repeat endoscopic
inspection. Whererequired, stents were repositioned endoscopically
using the 18 Fr, solid-olive-tip 45-cm delivery system.

Postoperative care

Postthoracotomy analgesia included oral paracetamol (30 mg kg™)
once daily for 5 PODs, meloxicam (0.4 mg kg™, injection or oral) on
PODs 2 and 4, buprenorphine (0.01 mg kg™) IV 6 h postoperatively
and as needed and methadone to animals D, Eand Gon PODs 1, 3 and
3 respectively. All animals received surgical antibiotic prophylaxis
(Synulox 100 mg, BD) for 5 days. Animal D was given an additional
IM dose of depocillin on POD 2 because of slow recovery and animal
F was given extended prophylaxis (IM Baytril, 5 mg kg™) on PODs 5-9
because of a temperature of 39.2 °C after esophageal foreign body
removal onday 3. Omeprazole (20 mgonce daily) was administeredin
feed as per ERNICA guidelines after EA repair. Oral prednisolone was
administered to animals once daily in batch 1 from POD 39 (animals A
and C) and POD 46 (animal B), after histology from polyps indicated
hyperepithelialization withedema, until 13 days after stent exchange.
Subsequently, prednisolone was administered prophylactically in
animalsEand G onPOD 12 and animals Fand Hon POD 19 until 30 days
after planned stent exchange.

Postoperatively, animals had access to water ad libitum for 24 h,
followed by liquid hypercaloric feed (wet, crushed SMP pellets sup-
plemented with Complan (Nutricia)) for 1 week and semiliquid food
(wet mash basal diet) for week 2 before recommencing normal diet.

Planned humane endpoints

As per our license, culling was mandated if the animal demonstrated
achangeinnormalbehavior and/or physiology and it was felt unlikely
to make satisfactory improvement within 72 h following an interven-
tion. Adverse effects including stent migration and stricture were
anticipated, withinitial authorization to treat these amaximumofthree
times endoscopically for example, balloon dilation (allowed twice)
and stent adjustment or replacement (allowed once). However, early
FB obstruction required endoscopy in two of the first four animals,
resulting in more endoscopies at early time points than anticipated.
Subsequently, license amendments were approved to allow for up to
seven unplanned diagnostics with or without therapeutic endosco-
pies, including the need for balloon dilation, biopsy or debridement
of polyps, foreign body removal, stent repositioning or reapplication,
mandating culling in the presence of a ‘symptomatic stricture recur-
rence notamenable to endoscopicintervention’.
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Animal culling

Premedication and general anesthetic induction were as described
above. Endoscopy and HRIM were undertaken (see below) to assess
esophageal peristalsis. On completion, sodium pentobarbitone
(140 mg kg™) was administered IV followed by exsanguination. Esoph-
agi were explanted en bloc and transported in HypoThermosol FRS
(StemCell Technologies) for processing.

HRIM

Anesthetized animals at the 3-month and 6-month endpoints (n=7)
underwent HIRM (Solar GI HIRM system, Medical Measurement Sys-
tems) and a 6-F solid-state catheter (Unisensor) with 26 1-cm-spaced
high-resolution pressure sensors and 12 impedance channels. The
catheter was inserted through the oropharynx under direct laryngo-
scopy and advanced under combined endoscopic and fluoroscopic
guidance, until at least three pressure sensors reached the stomach.
The manometric channels corresponding to the graft were identified
radiologically following endoscopic visualization of graft sutures and
the gastroesophageal junction. After baseline readings, the esophagus
was insufflated with air and water boluses (20, 40 and 60 ml) to both
proximal and distal esophagus through an additional oropharyngogas-
tric catheter, with the number of aliquots dependent on secondary
peristalsis response (minimum of two per condition). Data were ana-
lyzed using Manometry and Analysis Software version 10.0 (Medical
Measurement Systems).

Organ bath contractility

Tissue samples (circumferential rings from native proximal, graft
and two sequential distal regions) were transferred to oxygenated
Krebs solution at room temperature. Rings (2 mm wide) were opened
and individual strips (-10 x 2 mm?) isolated and mounted in organ
baths (10 ml; SI-MB4, World Precision Instruments). Samples were
connected to force transducers (SI-KG20, World Precision Instru-
ments) by 4.0 sutures (Fine Science Tools) under an initial tension
of 1g. Organ baths were maintained at 37 °C and received periodic
perfusion of oxygenated Krebs solution. After 1 h of equilibration,
contractile activity was recorded using a Lab-Trax-4 data acquisi-
tion system (World Precision Instruments). Tissue samples were
subjected to trains (40 V, 0.3-ms pulse duration) of electrical field
stimulation (EFS) for 10 s, every 1 min, through platinum electrode
loops located at both ends of the tissue sample using a MultiStim
System (D330, World Precision Instruments). Graded responses to
EFS were assessed at 5,10 and 20 Hz (five stimulations at each). After
final application of EFS, tissues were allowed to recover for 10 min
before CCh application (1 mM and 10 mM) separated by washout and
10-minrecovery.Samples were then fixed and sectioned. Contractility
data were analyzed using Labscribe version 4 software (World Preci-
sion Instruments), including response to EFS (area under the curve
(AUC) for the duration of EFS) and maximal contractile amplitude
in response to CCh. To account for tissue variability, raw responses
were normalized to wet tissue weight (g). Representative traces were
compiledin Plot2.

Histology

First, 0.5-cm-long tissue rings were sampled from native and graft
esophagus immediately after harvest, from decellularized and
gamma-irradiated esophagus and fromrecellularized scaffolds before
transplantation. Samples were fixed in 4% PFA at 4 °C, dehydrated
overnight, paraffin-wax-embedded and cut into 5-um sections or
snap-frozen in liquid nitrogen, embedded in OCT and cut into 7-um
sections. For chemical staining, slides were stained with hematoxy-
lin and eosin (H&E; Thermo Fisher/Leica), Masson’s trichrome (MT;
one-step MT) or elastic van Gieson (EVG; Atom Scientific) according
tostandard operating procedures of the Histopathology Department,
Great Ormond Street Hospital (GOSH).

Immunohistochemistry. Antibodies were optimized on 3-um
pig esophageal tissue sections. Immunohistochemistry (IHC) was
performed on a Leica Bond RX automated platform (Leica Biosys-
tems). In brief, antigen retrieval was undertaken to unmask epitopes
(heat-induced epitoperetrieval (HIER), Bond protocol F). Endogenous
activity was blocked with peroxidase using a Bond polymer refine kit
(LeicaBiosystems, DS9800). Slides were incubated with primary anti-
bodies to nNOS (Sigma, AB5380; 1:1,000 dilution, HIER1 for 20 min),
STMN2 (Thermo Fisher, 67204-1-1g; 1:500 dilution, HIER2 for 30 min)
and PGP9.5 (BioRad, 7863-2004;1:10,000 dilution, HIER1 for 20 min).
Next, a postprimary antibody was applied with horseradish peroxidase
(HRP)-labeled polymer, followed by DAB chromogen solution (all
part of the Bond polymer refine kit). Sections were counterstained
with hematoxylin, washed, dehydrated in graded alcohols, cleared
in two xylene changes and mounted. Imaging was undertaken using
a 3DHistech P480 with x40 objective. Subsequent analysis was per-
formed with QuPath (version 0.2.3; https://qupath.github.io) and/or
LeicaImageScope (Leica Biosystems) software.

Biochemical quantitative analysis
Tissue was sampled from native immediately after harvest and from
decellularized or gamma-irradiated esophagus.

Quantification of DNA. DNA was extracted from tissue (25 mg) using
aDNeasy blood and tissue kit (Qiagen) and quantified by aNanoDrop
1000 spectrophotometer (Thermo Fisher Scientific). Total DNA was
normalized to the tissue massindividually inthree technical replicates.

ECM quantification. ECM proteins were extracted from wet tissue
(5-20 mg). Total collagen was extracted with a Sircol soluble collagen
assay kit (Biocolor). Tissue was finely diced, dried and weighed. Total
elastin was extracted with the Fastin elastin assay (Biocolor). Total
sulfated glycosaminoglycan (GAG) was extracted with Blyscan sulfated
GAG assay kit (Biocolor). Total ECM protein concentration was deter-
mined using the standard curve, before being normalized to the tissue
mass and calculating the mean ands.d. from three technical replicates.

Residual galactose-a-1,3-galactose detection

IHC staining of paraffin sections of native and decellularized tissues
was performed using a primary antibody of galactose-a-1,3-galactose
(aGal) epitope (M86) monoclonal antibody (ALX-801-090-1, Enzo Life
Sciences) (1:5) and DAKO (Animal Research Kit, K3954) with Mayer’s
hematoxylinasanuclear counterstain. Optical densities of the obtained
light microscopy IHCimages were evaluated using ImageJ-IHC toolbox.
For quantitative analysis, native (n = 4) and decellularized (n = 6) sam-
ples were weighed, washed with PBS, homogenized and centrifuged;
supernatants were collected for aGal ELISA. Briefly, 100 pl of super-
natant was incubated with aGal epitope (M86) monoclonal antibody
(Enzo Life Sciences) (1:250) for 2 h. After washing nonbinding antibod-
ies, secondary antibody goat anti-mouse HRP-linked immunoglobulins
(p0447) (1:1,000)) were applied for 1 h. The secondary antibodies were
visualized using TMB substrate for 10 min and the reaction was stopped
using1 NHCI. Absorbance was measured at 450 nmusing amicroplate
reader. aGal epitopes (Ludger, CAA-ALPHAGAL-01) and PBS were used
as positive and negative controls, respectively.

Biomechanical tests

Tensile tests evaluated esophagi and grafts circumferentially.
Ring-shaped specimens were used for pretransplantation testing
(Fig. 1e), whereas rectangular specimens were used after transplan-
tation because of limited tissue availability (Fig. 3c). Samples were
stretched atauniformrate until break point. For rectangular samples,
theinitial gripper distance (D) was set at 10 mm, with tissue width (W)
of ~2 mm and thickness (t) of -4 mm. Ring samples had a length (L) of
5 mm and diameter of ~-10 mm. A preload of 0.01 N was applied to all
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samples, withastretching speed 10 mm min™. Stiffness was determined
asslope of thelinear fit of the force-displacement curve over the initial
5-mmelongation. Outliersinbothinvitroandin vivo testing wereiden-
tified by the ROUT outlier test (a = 0.05) and excluded appropriately.
Ultimate strength was calculated by dividing the maximum load (T;,,,)
by either the width (W) of the rectangular sample or twice the length
(2L) of the ring sample. Strain at break was defined as the maximum
strain in the tests. Biomechanical properties were assessed in in vitro
specimensinnative samples (n = 8), postbioreactor acellular scaffolds
(n=14) and postbioreactor cellularized samples (n =9). Because of
tissue availability limitations, prebioreactor scaffolds were analyzed
in n=13 samples for ultimate strength but n =9 samples for stiffness
and strain at break. Ex vivo, biomechanical properties were assessed
inseven of eight animals because of the timing of death of animal D.

Transcriptomic analysis

Sample processing. Samples were stored in HypoThermosol FRS at
4 °C. Within 24 h, tissue samples were removed from HypoThermo-
sol FRS and excess liquid was removed. Samples were snap-frozen
inisopentane and dry ice before being embedded in OCT on dry ice.
OCT samples were cryosectioned on a Bright OTF5000 cryostat. In
total, 15 25-um sections of recellularized esophageal scaffold were
stored at —80 °C for isolation of nuclei. Samples included ‘native’
esophagus (n=4), removed at (1) organ harvest for decellularization
in donor domestic pigs (n=3) or (2) in minipigs at time of transplan-
tation (n =1, animal C) as positive controls, a recellularized scaffold
after 1 week of bioreactor maturation (‘preimplantation graft’) as a
negative control (n =1, animal C) and grafts at 1 month (n =1, animal
D), 3 months (n=2, animals E and F) and 6 months (n =3, animals A, B
and C) after transplantation.

ST library preparation. First, 10-pum sections were loaded onto Visium
Spatial Gene Expression slides as per protocol CG000240 (1000184,
10X Genomics). In parallel, entire cross-sections of the esophagiwere
previously methanol-fixed, stained with H&E and imaged as per pro-
tocol GC000160 on a Motic EasyScan One slide scanner at x40 mag-
nification to select the most representative portion for the Visium
slide. Loaded Visium slides were subsequently fixed, H&E-stained and
imaged. Sections were permeabilized (12 min) for mRNA capture and
reverse-transcribed before undergoing second-strand synthesis to gen-
erate full-length complementary DNA, followed by library preparation
(protocol CG000239). The permeabilization time was established as
appropriate using the Visium spatial tissue optimization kit (1000193,
10X Genomics) following 10X Genomics protocols (CG000240 for
sectioning and slide loading, GC000160 for H&E staining and bright-
fieldimaging and CGO00238 for mRNA capture, reverse transcription,
second-strand synthesis and fluorescence imaging).

Single-nucleus transcriptomic library preparation. Cryopreserved
aliquots of the autologous cells used to recellularize scaffold (animal
C) were revived and checked for concentration (500,000 cells) and
viability (94.6%) using an acridine orange-propidium iodide (AO/PI)
stainonaLunaFL automated cell counter. Cells were pelleted by cen-
trifugation at 300g for 5 min at room temperature. The supernatant
was removed and the dry pellet was snap-frozen.

Nuclei were isolated from 25-um sections of recellularized
scaffold mentioned previously and snap-frozen pelleted cell mix,
using the Chromium nucleusisolation kit (1000494, 10X Genomics;
protocol CG000505), treating the cell pellet in the same manner as
the tissue.

Isolated nuclei were checked for concentration using an AQ/PI
stain on a Luna FL automated cell counter. A total of 20,000 nuclei
for each sample were used to generate single-nucleus transcrip-
tomic libraries with a 10X Genomics Chromium controller using the
Chromium next-GEM Chip K and Chromium next-GEM single-cell

5’ v2 kits (1000287 and 1000265, respectively, 10X Genomics;
protocol CGO00331).

Sequencing. Resulting single-nucleus and ST libraries were sequenced
onanllluminaNextSeq2000 sequencer, using aNextSeq 2000 P3 (100
cycles) sequencingkit.

Single-nucleus and ST computational analysis methods. Filtered
gene expression matrices produced by Cell Ranger and Space Ranger
(aligned against the ENSEMBL Sus scrofa reference genome build ver-
sion 11.1) were filtered for empty droplets by cellbender. Multiplexed
libraries were demultiplexed using vireoSNP and filtered for likely
doublets. Fastqfiles, gene expression matrices, Space Ranger outputs,
and BAM and VCF files (for demultiplexing) are available from the
Gene Expression Omnibus (GEO) under accession number GSE280737.
Subsequent analysis was performed using Seurat (version 4.4.0) inside
Docker (version 26.1.4, build 5650f9b), with the pipeline available
online (https://doi.org/10.5522/04/27303705).

Allsingle-nucleus samples were filtered using manual thresholds
for doublets (upper bounds on the number of molecules and genes per
droplet) and then normalized using NormalizeData, FindVariableFea-
tures and ScaleData. A principal component analysis reduction was
calculated and corrected for interlane batch effects using Harmony.
Sequencingtechnology and lane number were used as latent variables
in the logistic regression framework within Find(All)Markers. Cus-
tom_FindMarkers used the same methodology when comparing con-
tinuous metadata. GSEA was carried out with fgsea using the Hallmark
genesets for S. scrofa. Differential abundance analysis was carried out
using DA-seq. Clustering resolution was determined by Clustree® as
one of the largest resolutions before clusters began merging. Clustree
was also used to determine resolutions for subclustering. Expression
of sets of genes was calculated using Seurat’s AddModuleScore. Heat
maps and dot plots were generated using gene expression, scaled
across samples. For ST samples, spots disconnected from the main
tissue slice or where tissue was folded were removed computationally.
Expression was normalized with SCTransform. The dominant cell type
foreach spot was determined by correcting for intersample differences
with Harmony, then clustering results and assigning acell type identity
to each cluster using anatomical location and the expression of marker
genes. Insingle-nucleus volcano plots, Pvalues were constrained to at
least 1 x 107, Spatial similarity between samples was quantified by
counting the number of neighboring spots for each pair of cell types
and then using them to compute Euclidean distances between samples
(visualized with circlize).

Statistics and reproducibility

Samplesize nreferstothe number ofindependent experiments or bio-
logicalreplicates, as stated in the figure legends. In the in vitro portion
of the study, the two decellularized esophagi from the same animal
were treated as individual experimental replicates as they underwent
independent decellularization and recellularization (n =16 and 15,
respectively). Invivo, ‘animal’ denotes one biological replicate. If data
displayed a potential outlier, this was tested using ROUT’s outlier test
and excluded as appropriate (Source Data). Unless otherwise stated,
data are displayed as box-and-whisker plots, showing the median,
interquartile range (IQR) and minima and maxima (range), with all
replicates shown as individual points. Animal survival was plotted as
aKaplan-Meier survival plot. Statistical significance was determined
using paired or unpaired t-tests for comparison of parametric data
between two different experimental groups or an ordinary one-way
analysis of variance (ANOVA) with Tukey’s multiple-comparison test
for analysis in more than two groups. A P value of <0.05 was consid-
ered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001 and
***P < (0.0001). Statistical analysis was performed using GraphPad
Prism version10.4.0.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Foreachsample, the fastq files, gene expression matrix, Space Ranger
output directory (where applicable), and BAM and VCF files (where
needed for demultiplexing) are available from the GEO under acces-
sion number GSE280737. Source data are provided with this paper.

Code availability

The dockerimage and code used are available from UCL’s Research Data
Storage Service (https://doi.org/10.5522/04/27303705). The analysis
canbereplicated on Docker following the README in the pipeline.tar.
gz file (‘bioeng_oeso_pipeline.tar.gz’). For completeness, all figures
anddataresultsareincludedinthis tar.gz file. Code and the compiled
Rmarkdown notebook are also available on GitHub (https://github.
com/george-hall-ucl/bioengineered_pig_esophagus_paper), archived
onZenodo (https://doi.org/10.5281/zenod0.18325700)™.
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Extended Data Fig. 1| Derivation of autologous porcine MABs and FBs, and
preparation of sterile decellularized esophageal scaffolds. a, Representative
photographs of abdominal muscle biopsy collection (top panel) and separation
of muscle from fascia (bottom panel); scale bar 500 pm. b, Representative
phase contrast images of muscle- and fascia-derived cells from outgrowth

up to passage 10. a,b, n = 8 biological replicates (animals). ¢, Flow cytometric
histograms of myogenic (CD56), mesenchymal (CD44, CD90) and pericyte
(CD146) markers in representative muscle- (pink) and fascia-derived (blue) cells;
Animal A, n =4 biological replicates (ref Extended Data Fig. 2). d, Representative
IF staining of mural cell (PDGFRB, SM22), skeletal muscle (Desmin, MF20
(skeletal muscle myosin heavy chain (MHC))) and smooth muscle (aSMA, SM22)
markers expressed by MABs (top row) and FBs (bottom row); n = 4 biological
replicates (animals); scale bar =100 pm. e, Schematic of the Detergent-Enzymatic

Treatment (DET) decellularization protocol (created in BioRender; Pellegrini, M.
https://biorender.com/5winn4z (2026)). f, Quantification of residual DNA (n = 9)
and ECM proteins (collagen n = 6; elastin n = 7; GAGs n = 8) in decellularized
scaffolds: collagen left, elastin middle, glycosaminoglycan (GAGs) right; paired
two-tailed t-test; *=p = 0.0238, **=p = 0.0015, ***=p < 0.0001. g Histological
comparison of a native minipig (10Kg) esophageal section (left) witha
representative decellularized scaffold (right); H&E top row; Elastic Van Gieson
(EVG) middle row; aGal in bottom row; scale bars 1 mm (full ring), 500 pm (native
and DET, middle), 250 pm (DET, right). h, Quantification of aGal IHC;
n=12biological replicates of individual scaffolds. i, Quantification of ELISA assay
for aGal; n = 4-6 biological replicates of individual scaffolds; unpaired two-tailed
t-test; p=0.0348.f, handi: Box plots denote median, range and IQR.
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Extended Data Fig. 2 | See next page for caption.
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Extended DataFig. 2| Extended characterization of autologous cells for
recellularization and cell distribution post-bioreactor. a, Representative
pictures of muscle and fascia outgrowths from three additional animals
(additional replicates to Extended Data Fig. 1b); scale bar =100 pm.

b, Representative pictures of muscle-derived cells from three additional animals,
MABs only (additional replicates to Extended Data Fig. 1b); scale bar =100 pm.

¢, Flow cytometric histograms of myogenic (CD56), mesenchymal (CD44, CD90)
and pericyte (CD146) markers in three additional animals; of muscle-derived
(pink) and fascia-derived (blue) cells (additional replicates to Extended Data
Fig.1c).d, IF staining of differentiation assay; skeletal muscle (desmin, MF20) and

smooth muscle (aSMA, SM22) markers expressed by MABs, FBs and co-culture
(ratio 7:3) (bottom row), from three additional animals (additional replicates to
Extended Data Fig. 1d); scale bar =100 pm. e, Quantification of myotube surface
area (above) and nuclei fusion index (below); n = 4 biological replicates (animals);
box plot denotes median, range and IQR; one-way ANOVA with Tukey’s multiple
comparison*=p <0.05,*=p <0.01, **=p <0.001, ***=p < 0.0001. f, H&E of
grafts post-bioreactor maturation; ring (middle) and closeup (left and right);
scalebar 1 mm (left and middle panels) and 250 um (right panels), additional
replicates to showed Fig. 1c, Minipig G.
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Extended Data Fig. 3| Heatmaps of SN analysis, ST dot plot genes used for
clusters’ manual annotation and proportional distribution of 5 study groups
by celltype. a, UMAPs visualizing nuclei colored by pre- and post-bioreactor
status and by membership of subclusters; dot plots of module scores for sets

of marker genes in each subcluster. b, Proportions of pre- and post-bioreactor
nucleiin each subcluster. ¢, Heatmaps of the log,fold change expression of each
genein pre-and post-bioreactor samples used to generate the module scores

inFig. 1g. Dots represent significance at p < 0.05; n = 4 biological replicates (cell
mix pre- and post-bioreactor from four animals). d, Proportional distribution of
the 5 study groups by cell type. e, Spatial transcriptomic dot plot representing
the expression of markers of different cell types across 7 clusters, manually
annotated. d,e, n =11; 1month graft (n = 1), 3 months grafts (n = 2), 6 months
grafts (n =3), native esophagus (n =4), pre-implantation graft (n=1).
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Extended Data Fig. 4 | Polyp resolution, high resolutionimpedance
manometry, and extended histological assessment of the mucosa/
submucosa. a, Examples of modes of polyp resolution, defined as non-
symptomatic; post-endoscopic resection (left), oral steroid administration
(middle), stent migration (right); n = 3 animals. b, Quantification of induction
of peristaltic wave pressure at 3 points along the esophagus (proximal native,
graft, distal native) after distal saline bolus (left), proximal air bolus (middle),
distal air bolus (right); additional data to Fig. 2j; n = 7 animals. ¢, Quantification
of blinded histopathological assessment of percentage of circumferential
submucosal fibrosis (top panel), neural regeneration (middle panel) and blood

vessel abundance (bottom panel) in submucosa at proximal and distal native
esophagus, GA and GC levels; exploded data set per timepoint to Fig. 4g, iand |;
n=8animals. Dots represent individual measurement/hpf, black line represents
mean/timepoint. d, Representative H&E panels for every animal showing GC
findings of: (i) basal cell hyperplasia (arrowheads) and inflammation with
lymphocyticinfiltration (asterisks) compared to native mucosa; (ii) epithelial
hyperplasia compared to native mucosa; (iii) dilated intercellular spaces
(asterisks) compared to native mucosa; (iv) lamina propria fibrosis (asterisk);

(v) eosinophilicinfiltration (arrowheads, pink cytoplasm); N.D. =non-detected;
scalebars=100 pm.
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Extended Data Fig. 7| Isometric contractility assay traces from individual
grafted animals. The plots present the individual isometric contractility traces
from the six grafted minipigs not shownin Fig. 5a. For each animal, contractile
responses are shown for four individual tissue segments arranged from top

to bottom (native proximal esophagus, central graft region, and two distal

native esophagus samples). Tissues were subjected to increasing frequencies

of electrical field stimulation (5,10, and 20 Hz, x5 pulses at each frequency) and
carbachol concentrations (1and 10 pM), as presented in Fig. 5a (full trace) and as
described in the methods section.
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showninFig. 4d (KRT5and /VL) and Fig. 5g (smooth; TAGLN, CSRP1, SMTN, CALDI
and skeletal; MYHS8, ACTC1, TNNC1, TNNC2); n =10; 1-month graft (n =1), 3-month

grafts (n =2), 6-month grafts (n = 3), native esophagus (n = 4).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Physiological measurements: Solar GI HRIM system (manometry).
Contractility testing: Lab-Trax-4 and MultiStim System (D330).
Flow Cytometry: BD LSRII Flow Cytometer and BD FACSDiva v8.0.1.
Imaging: Zeiss Zen v3.1, NDP.view 2.8.24, Motic EasyScan One (40X), and NZConnect.




Data analysis General Statistics: GraphPad Prism v10.4.0.
Physiological Analysis: Manometry and analysis software v10.0 and Labscribe v4-software.
Flow Cytometry: FlowJo v10.15.
Histology and Digital Pathology: QuPath v0.2.3, Leica ImageScope, and Image J (IHC toolbox).
Schematics: BioRender.

Transcriptomics Pipeline (Single-nucleus and Spatial)

For transcriptomics analysis details of software versions given in Supplementary Methods. Analysis code, docker image and, outputs available
at https://doi.org/10.5522/04/27303705, mainly contained inside bioeng_oeso_pipeline.tar. Code and the compiled Rmarkdown notebook
are also available on GitHub (https://github.com/george-hall-ucl/bioengineered_pig_esophagus_paper), archived on Zenodo (https://
doi.org/10.5281/zenodo.18325700).

Alignment and Genotyping: Cellranger v7.0.1, Spaceranger v2.1.0, Cellsnp-lite v1.2.3, and Bcftools v1.20.

Background and Multiplexing: Cellbender v0.3.0 (run via Apptainer v1.2.4-1) and VireoSNP v0.5.8.

R Packages and Algorithms: Seurat v4.4.0, Harmony v1.1.0, DA-seq v1.0.0, Fgsea v1.24.0, Msigdbr v7.5.1, Clustree v0.5.1, SCTransform v0.4.1,
and Circlize v0.4.15.

Computational Environment: All analyses were processed within Docker (26.1.4, build 5650f9b) to ensure reproducibility.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Statistical source data and analysis for Figures 1, 2, 3, 4, and 5, as well as for Extended Data Figures 1, 2, and 4, are provided as accompanying source data files.
Fastq files, gene expression matrices, spaceranger outputs, and bam and vcf files (for demultiplexing) are available in the NCBI's GEO database, available at https://

www.ncbhi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE280737. Software code, both for raw data processing and processed data analysis, and the data necessary to
produce SN and ST results, and the results themselves, are available at https://doi.org/10.5522/04/27303705.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender NA - porcine material

Reporting on race, ethnicity, or NA - porcine material
other socially relevant

groupings

Population characteristics NA - porcine material
Recruitment NA - porcine material
Ethics oversight NA - porcine material

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size n = 8 animals for the in vivo study.
n = 16 decellularised scaffolds produced n= 15 recellularised scaffolds produced
snRNAseq (SN) n = 8 of which n = 4 biological replicates (animals of origin) pre-bioreactor and n = 4 post-bioreactor.
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Spatial transcriptomics (ST): n = 11 of which pre-implantation graft (n=1), 1-month graft (n=1), 3-month grafts (n = 2), 6-month grafts (n = 3),
native esophagus (n = 4).

Data exclusions  Biomechanical tests: Stiffness: 1 graft sample (animal C; Fig. 3c) was excluded as a significant outlier due to a 10-fold difference from the
other data, confirmed by a ROUT outlier test, alpha 0.05. Similarly, for Figure 1e (Ultimate Strength), two acellular scaffold replicates (one pre-
bioreactor, one post-bioreactor) were identified as outliers and removed from the final analysis.

Transcriptomics:
For SN, droplets predicted to be empty or doublets (by vireo, cellbender, or manual thresholding) were excluded.
For ST, spots located outside the main tissue area or from folded tissue regions were computationally removed.

Replication Primary MABs and FBs were derived from n=8 animals by 6 independent operators (ND MP DDB RL MS GP) and characterized on n=4 animals
(Extended Data Fig. 1 and 2) by 2 independent operators (ND MP). Decellularised scaffolds were produced by 2 operators (RL GP) in batches
of 4, n=16 Recellularisation by microinjection was performed by one operator (ND), n=15. All graft transplantation was performed by the
same primary operators (ND PDC).

All computational analysis (SN and ST) was carried out within Docker to ensure reproducibility. Reproducibility was verified by running this
docker image along with the analysis code and the necessary data files on a separate computer with a different operating system and
verifying that the same outputs were produced.

Randomization  No randomization was required for the animal experiment as there was no control arm. Cell lines used for characterization were randomly
selected from two batches of animals (A and C from batch 1; E and F from batch 2). SN: Multiplexed samples were randomized across lanes.

Blinding Primary outcome and main secondary outcomes could not be blinded. Histopathological analysis (performed by a consultant histopathologist)
(Fig. 4e,g,i,l, Fig. 5¢,e, Extended Data Fig. 4c,d, and Extended Data Fig. 6), isometric contractility testing (Fig. 5a,b) and biomechanical analysis
(Fig. 3c) were performed with investigators blinded to the identity of the animal and its survival duration, and, where applicable, the level of
esophageal sections (i.e., native or graft).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
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Dual use research of concern
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Plants

Antibodies

Antibodies used Primary antibodies (IF/IHC)
PDGFRB Rabbit Abcam ab32570 1:100
SM22 Goat Abcam ab10135 1:200
CD45 Rabbit Abcam Ab10558 1:100
aSMA Rabbit Abcam ab5694 1:200
MF20 Mouse R&D MAB4470 1:200
MYH3 (eMHC) Mouse Santa Cruz sc-53091 1:200
p63 Rabbit Abcam ab53039 1:100
involucrin Mouse Gene Tex GTX72415 1:100
Ki67 Rat Invitrogen 14-5698-82 1:100
Desmin Rabbit Abcam ab8592 1:50
B3-Tubulin Rabbit Biolegend MRB-435P 1:100
aGal epitope Mouse Enzo ALX-801-090-1 1:5
nNOS Rabbit Sigma AB5380 1:1000
PGP9.5 Mouse Biorad 7863—2004 1:10.000
STMN2 Mouse ThermoFisher 67204-1-Ig 1:500

Secondary Antibodies and molecules (IF)

Alexa donkey anti-rabbit 568 Invitrogen A10042 1:200
Alexa donkey anti-mouse 488 Invitrogen A21202 1:200
Alexa donkey anti goat 633 Invitrogen A21082 1:200
Alexa goat anti-rat 647 Invitrogen A21247 1:200
Hoescht 33342 ThermoFisher H1399 1:500
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Validation

CD56 FITC Biolegend 304604 1:1000
CD44 PE Biolegend 338808 1:1000
CD90 APC Biolegend 328131 1:1000
CD146 FITC Biorad MCA2141FT 1:1000

Antibodies were used following manufacturers guidelines. The IF and IHC antibodies were validated on native porcine esophageal
samples embedded in paraffin or OCT, with human esophageal samples embedded in paraffin used as positive controls. For 2D cell
culture, differentiation markers were validated using untreated cells as negative control.

The citofluorimetry antibodies were tested on porcine cells, using unstained controls and human primary mesoangioblasts and
fibroblasts as positive controls.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Autologous porcine MABs and FBs were derived from 5x5 mm biopsies of rectus abdominis muscle and rectus sheath (fascia)
of n=8 female Géttingen minipigs.

No authentication was performed.

Mycoplasma contamination Cells were routinely tested for Mycoplasma contamination. All cell lines were Mycoplasma negative.

Commonly misidentified lines  The cell lines used are not listed in ICLAC.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Gottingen minipigs, female, 8 weeks at arrival, 4-5Kg

not applicable.

All female pigs were used in the study, to allow for housing of 2 animals per pen for animal welfare and to reduce variability.
This did not involve animals collected from the field

All'in vivo work was undertaken at The Griffin Institute, Northwick Park Institute for Medical Research, Y Block, Watford Road,
Harrow, Middlesex, HA1 3UJ, UK under APSA Establishment License XA57A4134, PPL number PP3815734. The study design was
approved by the local Animal Welfare Ethical Review Board (AWERB).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Methodology

Sample preparation Single cells were suspended in FACS blocking buffer (FBB: EDTA 0.2mM and 1% FBS in PBS). Cells were incubated with 1?L
antibody/1x105 cells for 30 minutes at 4°C in the dark with the following fluorochrome-conjugated antibodies: CD146 FITC
(BioRad), CD44 PE (Biolegend), CD90 APC (Biolegend) and CD56 FITC (Biolegend) (see Supplementary Table 1). Cells were
rinsed in FBB prior to analysis.

Instrument BD LSRII Flow cytometer

Software BD FACSDiva v8.0.1, FlowJo v10.15

Cell population abundance A minimum of 10,000 events were collected per condition and compared to unstained controls
Gating strategy Celle were stained with Hoechst 33342 and gated (SSC/FSC) to remove debries and doublets

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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