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            Abstract
A central goal of regenerative medicine is to generate transplantable organs from cells derived or expanded in vitro. Although numerous studies have demonstrated the production of defined cell types in vitro1, the creation of a fully intact organ has not been reported. The transcription factor forkhead box N1 (FOXN1) is critically required for development of thymic epithelial cells2,3 (TECs), a key cell type of the thymic stroma4. Here, we show that enforced Foxn1 expression is sufficient to reprogramme fibroblasts into functional TECs, an unrelated cell type across a germ-layer boundary. These FOXN1-induced TECs (iTECs) supported efficient development of both CD4+ and CD8+ T cells in vitro. On transplantation, iTECs established a complete, fully organized and functional thymus, that contained all of the TEC subtypes required to support T-cell differentiation and populated the recipient immune system with T cells. iTECs thus demonstrate that cellular reprogramming approaches can be used to generate an entire organ, and open the possibility of widespread use of thymus transplantation to boost immune function in patients.
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                    Figure 1: Enforced FOXN1 expression induces epithelial identity in fibroblasts.[image: ]


Figure 2: iTECs can support T-cell development in vitro.[image: ]


Figure 3: iTEC form a functional thymus in vivo.[image: ]


Figure 4: Intrathymic T-cell development in iTEC-derived grafts.[image: ]


Figure 5: A diverse and functional peripheral T-cell repertoire is generated by iTEC-derived grafts.[image: ]
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Integrated supplementary information

Supplementary Figure 1 (related to Figure 1). Generation of transgenic Rosa26CAG−STOP−Foxn1−IRES−GFP mice.
(a) The CAG-STOP-Foxn1 cassette shown in Fig. 1 was introduced into the Rosa26 locus in mouse E14tg2a ES cells by homologous recombination using standard procedures, generating the Rosa26CAG−NeoR−STOP−Foxn1−IRES−GFP allele. This cassette contained a cDNA encoding Foxn1 under control of the CAG compound promoter and downstream of a LoxP-flanked CMAZ stop cassette plus an IRES–GFP component to permit monitoring of Foxn1 expression. Neomycin-resistant colonies were picked and screened for targeted insertion by Southern blotting, using the strategy shown in (a) above. The position of restriction enzyme sites and Southern blot hybridization probes are shown for the wild type and transgenic Rosa26locus. EcoRI, EcoRV and PacI restriction enzyme digests were used for 5’, 3’ and internal Southern blot analyses, respectively. (b) Correctly targeted colonies were identified and used to generate chimeric mice via blastocyst injection. Germline transmission was confirmed from two independent ES cell lines (L1 and L2). Founders from each of these Rosa26CAG−NeoR−STOP−Foxn1−IRES−GFP lines were crossed with Tg(CAG-FLPe) mice39 in order to remove the neomycin resistance cassette (NeoR). These lines were then backcrossed to C57BL/6 mice for five generations before analysis.


Supplementary Figure 2 (related to Figure 1). Absence of tamoxifen-independent Cre-recombinase activity in Rosa26CAG−STOP−Foxn1−IRES−GFP MEFs.
MEFs of the genotypes shown were isolated and treated with 1μM 4OHT or carrier solution for 48 hours, then (A) analyzed by flow cytometry for expression of GFP and EpCam after a further 4 days in culture, or (B) analyzed for Foxn1mRNA expression by RT-qPCR (without further culture). Data in (B) show Foxn1mRNA expression relative to the geometric mean of 2 housekeepers, determined for two Foxn1 primer/ UPL probe sets, Foxn1 68 and Foxn1 32. No GFP or Foxn1expression was detected in the absence of tamoxifen/4OHT, indicating that leakiness caused by ligand-independent Cre-recombinase activity did not occur in this system.


Supplementary Figure 3 (related to Figure 2). iFoxn1TEC are responsive to Fgf7 in vitro.
Plots show flow cytometric analysis of CD45+ cells following co-culture on iTEC for 12 days in the presence or absence of Fgf7. iTEC (five days after induction of Foxn1) were plated at low density (5 × 104 cells per well) or high density (2 × 105 cells per well) into a 24-well plate. Following a further 2 days each well was seeded with 3 × 103 ETP thymocytes (CD45+Lin−CD25−C-Kit+) isolated from E14.5 fetal thymi and cultured for 12 days before analysis.


Supplementary Figure 4 (related to Figure 2). Comparison of the kinetics of T cell development in vitro from ETP seeded onto iTEC or OP9-DL1 cells.
ETP were isolated from E14.5 fetal thymi and seeded at a density of 3000 cells per well onto OP9-DL1 cells (plated the previous day at a density of 2 × 104 per well) or iTEC (density 2 × 105) in 24 well plates. The OP9-DL1/ETP co-cultures were subsequently cultured in medium containing IL7 (5 ng ml−1) and Flt3L (5 ng ml−1) (Porrit et al., 2004) until day 6 of culture, then IL7 (1 ng ml−1) and Flt3L (5 ng ml−1) until the end of the experiment, while the iTEC/ETP and control MEF/ETP co-cultures were cultured in medium containing IL7 (1 ng ml−1) and Flt3L (5 ng ml−1) throughout. Cultures were analyzed by flow cytometry with the markers shown after 4, 8 or 12 days of co-culture. n = 1. Note that the iTEC used for the above experiments were made by isolating MEFs from E13.5 Rosa26CAG−STOP−Foxn1−IRES−GFP embryos; these MEFs were expanded in culture for 4 days, then treated with 1 μM 4OHT for 48 hours. The following day, GFP+ cells were isolated by flow cytometric cell sorting, then plated into 24 well plates at a density of 2 × 105 cells per well. They were seeded with ETPs 3 days later. This protocol differs slightly from the protocol used in Fig. 2.


Supplementary Figure 5 (related to Figure 5). Haplotype analysis demonstrates the presence of donor-derived T cells in iTEC-graft recipients.
Representative analysis of splenocytes from iTEC-grafted or control-grafted nu/nu mice seven weeks post-transplantation, and wild type (WT) C57BL/6xCBA F1 mice. Plots show staining for H2Kk on CD4+ and CD8+ splenocytes after gating on live cells. The donor ETP within the iTEC and control grafts were from C57BL/6xCBA F1 embryos and therefore expressed b and k haplotypes of MHC Class I and II antigens. The recipient mice were CD1nu/nu, which are of undetermined haplotype, but do not express H2Kk as shown. Most splenic T cells in the iTEC recipients are donor-derived (i.e. express H2Kk).
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