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Extended Data Fig. 6 | Investigation of neural markers in the grafts. highlight positive staining indicating presence of clear neural structures (Scale
Immunohistochemical staining for neural markers SMTN2, PGP9.5 and nNOS in bar 500 pum). Insets indicate the selected areas of interest presented in the
native esophagiand TE grafts at1,3 and 6 months post-implantation. Arrowheads ~ magpnification rows (Scale bar 100 pm); n =7 animals.
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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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Extended Data Fig. 8| Global overview of muscle regeneration and spatial
transcriptomic maps of the expression of additional epithelial, smooth

and skeletal muscle markers. a, MT staining shows global overview of fibrosis
and muscle regeneration. Native proximal, graft at anastomosis and center
(transversal sections), and distal native (longitudinal sections). Scale bar =5 mm.
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b, Additional representative spatial transcriptomic maps showing genes not
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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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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.
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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.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

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

n/a | Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXX X O
OO XOX KX

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

Conjugated Antibodies (citofluorimetry)
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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.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

NA - porcine material

NA - porcine material

NA - porcine material

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.
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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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