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            Abstract
The utility of autologous induced pluripotent stem cell (iPSC) therapies for tissue regeneration depends on reliable production of immunologically silent functional iPSC derivatives. However, rejection of autologous iPSC-derived cells has been reported, although the mechanism underlying rejection is largely unknown. We hypothesized that de novo mutations in mitochondrial DNA (mtDNA), which has far less reliable repair mechanisms than chromosomal DNA, might produce neoantigens capable of eliciting immune recognition and rejection. Here we present evidence in mice and humans that nonsynonymous mtDNA mutations can arise and become enriched during reprogramming to the iPSC stage, long-term culture and differentiation into target cells. These mtDNA mutations encode neoantigens that provoke an immune response that is highly specific and dependent on the host major histocompatibility complex genotype. Our results reveal that autologous iPSCs and their derivatives are not inherently immunologically inert for autologous transplantation and suggest that iPSC-derived products should be screened for mtDNA mutations.
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                    Fig. 1: Immune response to allogeneic mtDNA-derived proteins in mice.[image: ]


Fig. 2: Immune response to allogeneic mtDNA-derived proteins in human transplant recipients.[image: ]


Fig. 3: Antigenicity of low- and high-passage iPSCs and their iEC derivatives in mice.[image: ]


Fig. 4: Occurrence and antigenicity of mtDNA-derived neoantigens in human iPSCs and iECs.[image: ]
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Integrated supplementary information

Supplementary Figure 1 System-wide analysis of the immune response by mass cytometry.
a-b, B/c splenocytes from animals receiving syngeneic fibroblasts overexpressing syngeneic B/c or allogeneic B6 Co3 (a) or Cytb proteins (b) were harvested and analyzed by mass cytometry (representative pictures of 6 animals per group). Statistical scaffold analysis was performed on the resulting data to identify immune cell populations of differing frequencies. Immune cell subsets that are significantly increased or decreased in animals receiving B6-overexpressing cells are shown in red and blue, respectively. Landmark cell populations manually identified in the data are shown in black and facilitate interpretation of the map.


Supplementary Figure 2 Animals challenged with allogeneic proteins have expanded effector / memory T cell populations.
a-d, Animals were immunized with B/c or B6 Co3 proteins (a, c) or Cytb (b, d). Mass cytometry data were analyzed for the frequency of effector / memory CD4 (a, b) and CD8 (c, d) T cell subsets in the spleen (mean Â± s.d., 6 animals per group, two-tailed Studentâ€™s t-test). Frequencies of total antigen experienced (CD44+), short-lived effector (CD45+CD27âˆ’), effector memory (CD45+CD27+CD62Lâˆ’), and central memory (CD45+CD27+CD62L+) CD4 or CD8 T cells are shown.


Supplementary Figure 3 There is no cross-reactivity between fetal nuclear gene-derived antigens and the Co3 and Cytb 20mers.
B/c mice were immunized with B/c ESCs, which were suspended in saline and injected into the thigh muscle. After 5 days, ELISpot assays were performed with recipient splenocytes to test reactivity against 20mers carrying the B6-specific (blue) or B/c-specific (red) amino acid of the SNP at position 6 or 15 (mean Â± s.d., quadruplicates of 4 animals per protein, two-tailed Studentâ€™s t-test).


Supplementary Figure 4 mtDNA sequencing of human donor-recipient pairs.
a, Total DNA was extracted from donor tissue and recipient blood. mtDNA was enriched and amplified and mtDNA libraries were created. After sequencing, raw reads underwent quality control and map reads were aligned to human rCRS. After removal of duplicates and pileup of variants, either heteroplasmic or homoplasmic donor-recipient SNP variants were identified. b, Of 15 patient pairs, the number of homoplasmic nonsynonymous mtDNA SNPs is shown. c, Nonsynonymous homoplasmic SNPs were found at different frequencies in 12 mitochondrial proteins. d, The number of nonsynonymous mtDNA SNPs in donor-recipient pairs by ethnic background is shown.


Supplementary Figure 5 In vitro reactivation of PBMCs of immunosuppressed organ recipients.
Blood was drawn from three organ recipients 3 weeks after transplantation. All patients were on a regimen including tacrolimus, mycophenolate mofetil, and steroids with therapeutic tacrolimus trough levels (mean Â± s.d., n = 3 patients). PBMCs were isolated using Ficoll gradient centrifugation and one fraction was immediately tested for their immune responsiveness (0 h). Another fraction of PBMCs was washed and cultured in the presence of anti-CD3 and anti-CD28 for 24 h before being tested (24 h). PBMCs were unspecifically stimulated with PMA and ionomycin and their IL2 expression was quantified by PCR (mean Â± s.d., n = 3 patients, two-tailed Studentâ€™s t-test) and their IFNÎ³ release by ELISpot assays (mean Â± s.d., quadruplicates of n = 3 patients, two-tailed Studentâ€™s t-test).


Supplementary Figure 6 Additional patients for the human transplant study.
Five more patients are displayed from the human transplant study outlined in Figure 2 (mean Â± s.d., quadruplicates per 20mer and patient, two-tailed Studentâ€™s t-test). Blue shades correspond to donor, red shades to recipient 20mers. ** P < 0.01.


Supplementary Figure 7 Confirmatory patient study on the specificity of the immune response.
Six patients with 4-5 nonsynonymous mtDNA SNPs to their donor were chosen for this study. Blood was drawn 6 months after liver or kidney transplantation and PBMCs underwent in vitro reactivation. In Elispot assays, PBMCs were challenged with autologous (red) or two sets of allogeneic 20mers reflecting mtDNA SNPs of their donor (blue) or another unconnected donor (green; mean Â± s.d., quadruplicates per 20mer and patient, two-tailed Studentâ€™s t-test). Among the depicted SNPs, yellow asterisks mark SNPs that are identical between the patientâ€™s donor and the unconnected donor. ** P < 0.01.


Supplementary Figure 8 In silico antigenicity predictions of human and mouse SNPs.
a, Blood was drawn from two volunteers for 4-digit HLA typing. Using in silico prediction models, the top 5 peptides with the highest predicted immunogenicity and bottom 5 SNPs with the lowest predicted immunogenicity from the annotated human SNP library were identified for each volunteer. b, 20mers were generated to cover either the mutant or autologous SNP and used in extended naÃ¯ve in vitro immunization Elispot assays with volunteer PBMCs (Volunteer 1: mean Â± s.d., triplicates per 20mer, two-tailed Studentâ€™s t-test; Volunteer 2: mean Â± s.d., quadruplicates per 20mer, two-tailed Studentâ€™s t-test). Blue shades correspond to autologous, yellow shades to mutant 20mers. c, In silico predictions for B6 MHC binding was performed for the 3 neoantigenic SNP candidates identified in P37 iPSCs. d, B6 mice were immunized with autologous P7 or P37 iPSCs and after 5 days, splenocytes were incubated in Elispot assays with 20mers from the 2 neoantigen candidate SNPs or the B6 reference SNPs. e, Elispot assays from mice immunized with P7 iPSCs (mean Â± s.d., quadruplicates of 6 animals per 20mer, two-tailed Studentâ€™s t-test). f, Elispot assays from mice immunized with P37 iPSCs (mean Â± s.d., quadruplicates of 6 animals per 20mer, two-tailed Studentâ€™s t-test). g, FVB mice were immunized with autologous P13 or P38 iPSCs and after 5 days, splenocytes were incubated in Elispot assays with 20mers from the neoantigen candidate SNP or the FVB reference SNP. h, Elispot assays from mice immunized with P13 iPSCs (mean Â± s.d., quadruplicates of 6 animals per 20mer, two-tailed Studentâ€™s t-test). i, Elispot assays from mice immunized with P38 iPSCs (mean Â± s.d., quadruplicates of 6 animals per 20mer, two-tailed Studentâ€™s t-test). Blue shades correspond to the B6 reference 20mer, green to the FVB reference 20mer, and yellow shades to the neoantigenic 20mer. ** P < 0.01.


Supplementary Figure 9 Survival of low- and high-passage FVB iPSCs.
a, FVB mice received different cell amounts of autologous low-passage (P13) or high-passage (P38) iPSCs grafts injected into the thigh muscle and were followed for immune response and teratoma development. b, After 5 days, splenocytes were recovered for Elispot assays (mean Â± s.d., quadruplicates of 6 animals per group, two-tailed Studentâ€™s t-test). c, Teratoma growth is depicted for every animal and the percentage of teratoma formation for each group is shown in a separate bar graph (n = 6 per cell amount and iPSC group).


Supplementary Figure 10 Proliferative capacity of B6 iPSCs P7 and P37 in vivo and in vitro.
a, B6 iPSC grafts from P7 and P37 were injected into the thigh muscle of immunodeficient SCID-beige mice. b, Teratoma growth of iPSCs P7 and P37 was followed and the percentage of teratoma formation for each group is shown in a separate bar graph (Individual animals are shown, n = 4 per group). c, In vitro growth of P7 and P37 iPSC cultures was captured with time-laps life cell imaging and the confluency at 0 min and 24 h is shown (representative pictures of two independent experiments). d, The calculated cell proliferation after 24 h is shown (mean Â± s.d., 5 replicates per group, two-tailed Studentâ€™s t-test).


Supplementary Figure 11 The immunogenic nature of B6 iPSC P37 fate after transplantation.
a, iPSC grafts from P7 and P37 were injected below the kidney capsule of syngeneic B6 recipients. b-d, Infiltration of P7 and P37 iPSC grafts with CD3+ lymphocytes (b), CD335+ natural killer cells (c), and F4/80+ macrophages (d) by immunofluorescence staining is shown. Scale bar 25 Î¼m. e, P37 iPSC grafts at two low cell amounts, which were completely or mostly rejected in immunocompetent B6 mice in Figure 3, were injected into the thigh muscle of B6 recipients immunosuppressed with tacrolimus. f, Elispot assays with splenocytes recovered after 5 days are shown (mean Â± s.d., quadruplicates of 5 animals per group). g, Teratoma growth is depicted for every animal and the percentage of teratoma formation for each group is shown in a separate bar graph (n = 5 animals per group). h, P37 iPSC grafts at the same two low cell amounts were then transplanted into immunocompromized CD4 knockout recipients on B6 background. i, Elispot assays with splenocytes recovered after 5 days are shown (mean Â± s.d., quadruplicates of 5 animals per group). j, Teratoma growth is depicted for every animal and the percentage of teratoma formation for each group is shown in a separate bar graph (n = 5 animals per group).


Supplementary Figure 12 Presentation of mtDNA neoantigens via MHC.
a, iPSCs (P7) underwent CRISPR-Cas9 inactivation of the B2m and Ciita genes to generate double MHC knockout (dKO) iPSCs and iEC (dKO) were differentiated. b, The knockouts of B2m and Ciita in iEC (dKO) were confirmed by PCR (representative gel of two independent experiments). c, Surface expression of MHC class I and II was assessed by flow cytometry (mean Â± s.d., 4 independent experiments per group, two-tailed Studentâ€™s t-test). d, B/6 mice were immunized with either iEC (P7) or iEC (dKO) overexpressing B/c (red) or B6 (blue) Co3 and Cytb. The splenocyte response after 5 days against the same overexpressed proteins in either iEC (P7) or iEC (dKO) was assessed in Elispot assays to determine the mechanistic role of MHC. e, Elispot assays of B/6 mice immunized with iEC (P7) or iEC (dKO) overexpressing syngeneic B/6 proteins are shown (mean Â± s.d., quadruplicates of 3 animals per group, two-tailed Studentâ€™s t-test). f, Elispot assays of B/6 mice immunized with iEC (P7) or iEC (dKO) overexpressing allogeneic B/c proteins are shown. Unstimulated responder splenocytes served a control (mean Â± s.d., quadruplicates of 3 animals per group, two-tailed Studentâ€™s t-test).


Supplementary Figure 13 Longitudinal mtDNA sequencing of human PBMC SNPs in vivo.
PBMCs were repeatedly isolated from 6 volunteers over a minimum of 6 months and mtDNA sequencing was performed. SNPs in the non-coding D-loop are marked in red. SNPs with < 1% heteroplasmy in the first specimen that increased to > 1% in subsequent specimens were considered de novo mutations and are marked in green. SNPs that have been present in the first PBMC specimen and changed their heteroplasmy >1% over time are marked in black. None of the volunteers developed candidate SNPs for neoantigens in vivo.
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Supplementary Video 1: In vitro proliferation of B6 iPSCs P7 and P37
The proliferation of B6 P7 and P37 iPSCs in vitro was recorded over 24â€‰h and then quantified.
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