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HLAmatchingorCRISPReditingofHLAclass
I/II enables engraftment and effective
function of allogeneic human regulatory T
cell therapy in a humanized mouse
transplantation model
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Sarah Short 1, Merve Bilici1, Amy Cross1, Helen Stark 1, Clemens Franke 2,3,
Jonas Kath 2,3,5, Mikhail Valkov2,4, Mingxing Yang3, Leila Amini 2,3,
Annette Künkele 2,6,7, Julia K. Polansky 3,Michael Schmueck-Henneresse 2,3,
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Regulatory T cells (Tregs) hold promise for treating autoimmune disease and
transplant rejection, yet generation of autologous products for adoptive transfer
can suffer donor variability and slow turnaround, limiting their use in urgent
indications. We therefore examine whether allogeneic, pre-manufactured
(‘off-the-shelf’) Tregs could overcome these barriers. In a human skin-xenograft
model, HLA-mismatched Tregs are swiftly eliminated by recipient CD8+ T cells
and fail to protect grafts. Stringent matching of HLA class I and II restores
efficacy but is clinically impractical. Using non-viral CRISPR editing we disrupt
B2M and CIITA while inserting an HLA-E-B2M fusion, generating hypo-
immunogenic Tregs that evade both T andNK cell attack. Engineered cells retain
FOXP3 stability and potent in vitro suppression, and after a single low-dose
infusion, prolong human skin graft survival in a humanized mouse model
comparably to autologous Tregs. Histology and spatial transcriptomics reveal
minimal cytotoxic infiltration and enrichment of immunoregulatory and tissue-
repair programmes. Multiplex HLA engineering thus enables ready-to-use allo-
geneic Tregs that withstand host immune attack for adoptive transfer.

Regulatory T cells (Tregs) are potent immunosuppressive lympho-
cytes defined by expression of the FOXP3 transcription factor. Sig-
nificant progress towards harnessing the therapeutic potential of
Tregs to dampen pathological immune activity has been achievedwith
several recent successes in autoimmunity, graft-versus-host disease
(GvHD), and transplant rejection1–9.

To date, clinical trials have predominantly investigated adoptive
cell transfer approaches. Here, cell therapy recipients donate blood
or tissue from which Tregs are isolated, purified, and expanded
ex vivo to create a bespoke infusion that is returned to the patient10.
There are several challenges to this autologous approach. Firstly,
individuals harbor variable numbers of Tregs, particularly at the
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extremes of age, which potentially limits pre-expansion starting
numbers andmay restrict patients for whom autologous cell therapy
is possible. Equally, the underlying pathology for which Treg therapy
is requiredmay be associatedwith impaired Treg function11–14. On the
manufacturing side, Treg expansion takes several weeks to complete
and may fail from biological or technical complications, including
poor Treg expansion or contamination with non-Treg cells15. These
manufacturing constraints preclude the acute use of autologous
regulatory cell therapies, for example, in transplant recipients of
deceased donor organs or during rejection episodes or autoimmune
disease flare-ups. Finally, named-patient cell products require sig-
nificant time, resources, and expertise to produce, reflected in sig-
nificant manufacturing cost, which will likely limit their broad
availability for patients16.

For these reasons, the prospect of producing pre-manufactured
cell therapy products from healthy human donors or a universal cell
source, such as induced pluripotent stem cells (iPSCs), is
appealing17,18. An “off-the-shelf” solution would facilitate selection
and scaled production of maximally suppressive Tregs and would
equally offer increased flexibility through providing a product
available for acute, unscheduled administration, potentially enabling
investigation of regulatory cell therapy for a broader range of
pathologies17. Furthermore, the scaled manufacture of a cell product
provides the ideal platform for engineering and banking of next-
generation therapeutic products. However, as with any allogeneic
cell therapy, it is likely that the recipient's immune system will reject
infused cells, as already shown for allogeneic effector and CAR T cell
therapies19–21. It is not fully understood yet whether this is also the
case for unmatched Treg because of their inherent immunosup-
pressive capacity22,23.

In this study, we develop methodologies that permit the in vivo
survival and function of allogeneic Tregs. In vitro, allogeneic Tregs
demonstrate similar suppressive capabilities to autologous Tregs,
highlighting the difficulties interpreting in vitro functional assays. In
vivo, killing by host CD8+ T cells dramatically reduces the efficacy of
allogeneic Tregs, even when infused at relatively high numbers. This
killing is circumvented by either HLA-matching of Tregs to the host or
through the CRISPR-Cas9 silencing of HLA class I and II in the infused
Treg cell therapy product. To further refine this approach, the repla-
cementof polymorphicHLAclass Iwith a non-polymorphicHLA-E-B2M
fusion gene24,25 restricts Treg elimination by natural killer (NK) cells.
Together, these techniques define a set of successful strategies for
effective “off-the-shelf” Treg cellular therapy.

Results
Allogeneic Tregs retain in vitro potency but lose in vivo efficacy
To compare the ability of Tregs to suppress either autologous or
allogeneic responders, we assessed their function using standard
in vitro suppression assays26 in which suppression of proliferation
of responder PBMCs is assessed in the presence or absence of Tregs.
Autologous and allogeneic Tregs suppressed responder cell pro-
liferation equally (Fig. 1A, B and Supplementary Fig. S1A–F). There
were no significant differences in expression of the activation
marker CD25 between responder cells suppressed by autologous
compared to allogeneic Tregs (Fig. 1C, D). These results demon-
strate that Treg suppress allogeneic and autologous effector cells
equally well in vitro.

To determine the capacity for allogeneic Tregs to suppress the in
vivo alloresponse, we utilized amousemodel of human skin transplant
rejection26 (Fig. 1E). Transplant survival was significantly prolonged by
Treg treatment, although allogeneic Tregs demonstrated reduced
efficacy in comparison to autologous cells (median graft survival time,
MST, 81.5 vs >100 days) (Fig. 1F, G). This contrasted with in vitro sup-
pression data, in which no differences were identified between the two
Treg populations.

CD8+ T cells eliminate allogeneic Tregs in vivo
To investigate the mechanisms underlying this reduced in vivo effi-
cacy, we subjected Tregs to both in vitro and in vivo cell survival
assays. First, autologous or allogeneic Tregs were culturedwith freshly
isolated PBMCs. Treg survival was calculated as a proportion of the
initial seedingdensity. In this in vitroassay, no significant differences in
Treg survival were identified (Fig. 2A). For the in vivo assay, unstained
human PBMCs with or without CFSE-labeled Tregs were injected intra-
peritoneally into immunodeficient mice and recovered after 7 days by
peritoneal lavage (Fig. 2B). Here, there was a significantly higher
recovery of autologous compared with allogeneic Tregs (Fig. 2C),
suggesting reduced in vivo survival of Tregs in an allogeneic host. To
determine the host cells responsible for allogeneic Treg loss, we
compared Treg survival in mice receiving total PBMCs or PBMCs
depleted of either CD8+ or CD56+ cells (Supplementary Fig. S2B).
Depletion of CD8+ T cells effectively restored the number and pro-
liferative capacity of allogeneic Tregs recovered to a level comparable
to autologous Tregs (Fig. 2D–F). Depletion of CD56+ cells did not have
a similar impact, suggesting that the impaired survival and function of
allogeneic unmodified Tregs in this model is predominantly driven by
CD8+ cells.

To confirm the role of host alloimmunity on Treg survival, we
investigated the effect of HLA-matching of Tregs with the host. We
screened >150 Treg/PBMC pairs to identify matches between class I
HLA (-A, -B, -C) and class II HLA (-DR). Three donor pairs were eval-
uated: B218-B209, B150-B208, and B130-B209with HLAmismatches of
(0,1,1,2), (0,0,0,1), and (1,2,1,2), respectively, across the 8 examined
loci. This provided a range of partially matched Treg-recipient pairs
(Supplementary Data 1). Skin allograft experiments were performed as
before, but mice were treated with a reduced Treg dose to create a
more challenging model26. Mice were treated with either partially
matched or partially/completely mismatched allogeneic Tregs
(Fig. 3A). While mice receiving completely and partially mismatched
allogeneic Treg promptly rejected their grafts with an MST of 24 days
and 27 days, respectively (Fig. 3B, C), most mice receiving partially
matched allogeneic Treg developed long-term graft survival
(>100days). Twoanimals in thepartiallymismatched groupdeveloped
xenoGvHD and were censored from the analysis from day 33, further
illustrating the reduced efficacy of partially mismatched Tregs to
control combined allo- and xeno- responses.

CRISPR multiplex editing of HLA classes I and II creates
hypoimmunogenic Tregs
Identification of HLA-matched donors for patients requires complex
logistics, and complete matching remains a challenge27,28. Therefore,
we explored whether targeted genetic modification of HLA may alle-
viate the need for stringent HLA-matching (Fig. 4). CRISPR-Cas9-
mediated genetic disruption of beta-2-microglobulin (B2M) alone (II,
B2M KO) and combined with deletion of class II, major histocompat-
ibility complex, transactivator (CIITA) (III, double KO) eliminated the
expression of HLA class I and class II, respectively (Fig. 4A–D). As B2M-
edited T cells were shown to be targeted by NK cells via missing-self
activation29, we established a gene editing strategy to introduce the
NK-cell inhibitory receptor HLA-E into Tregs. By integrating the coding
sequence of the non-polymorphic HLA-E gene with a short linker
sequence into the B2M exon 2, we installed an HLA-E-B2M fusion gene
in HLA class I-negative Tregs (IV, HLA-E KI) (Fig. 4B–E). To further
eliminate HLA class II in B2M-edited HLA-E knock-in (KI) Tregs, we
silenced CIITA using a CRISPR-Cas9-derived adenine base editor
(ABE)30 in a second manipulation step (V, HLA-E KI/CIITA KO, H/C)
(Fig. 4B–E). HLA-engineered Tregs displayed the canonical features of
Treg identity, including a CD4+CD25+FOXP3+ phenotype (Fig. 4F), and
no elevated Th1 cytokine production after polyclonal stimulation
(Fig. 4G). All gene-edited Treg products suppressed the proliferation
of allogeneic conventional T cells in a dose-dependent manner and
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were comparable to autologous control Tregs in an in vitro suppres-
sion assay (Fig. 4H, I). Gene editing did not alter the low methylation
state at the Treg-specific demethylation region (TSDR, Fig. 4J)
in FOXP3.

HLA-engineered Tregs evade NK-cell lysis
Fusing the non-polymorphic HLA-E cDNA with the endogenous B2M
gene prevented surface expression of polymorphic HLA class I com-
plexes in Tregs (Fig. 4B), but it should also reduce missing-self acti-
vation and cytolysis by endogenous NK cells31. To test this hypothesis,

we generated primary NK cell lines from healthy human donors and
expanded them in vitro using cytokine-containing medium (Supple-
mentary Fig. S3A, B).When co-culturing the pre-activatedNK cellswith
Tregs, we observed an NK cell significant dose-dependent cytolysis of
Tregs with deleterious edits at the B2M locus (Supplementary
Fig. S3C). Analysis of the remaining Tregs confirmed dose-dependent
lysis of HLA class I-negative Tregs (Supplementary Fig. S3D–F), but a
preferential survival of HLA class I-positive and HLA class I-negative,
HLA-E-B2M KI Tregs (Supplementary Fig. S3E–G). The relative fold-
increase of HLA class I-positive Tregs was slightly higher than the
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relative enrichment observed for HLA-E, indicating only partial pro-
tection from NK cell killing.

HLA-edited Tregs promote graft survival in vivo
To test whether our HLA-engineered Treg cells are protected from
allospecific T cell rejection, we established allospecific T cell lines by
stimulating allogeneic CD56-depleted PBMCs with irradiated T cell-
depleted PBMCs from our Treg donors as targets (Supplementary
Fig. S4A). Prior to re-stimulation with allogeneic target cells, the
alloreactive T cells were enriched for CD3+ cells to remove con-
taminating NK cells and other CD3- cells (Supplementary Fig. S4B). The
allospecific T cells comprised >90% TCRα/β+ T cells with CD4+ and
CD8+ T cell subsets and no NK cells (Supplementary Fig. S4B, C).
Allospecific T cells induced dose-dependent lysis of the unmodified
allogeneic Tregs (Supplementary Fig. S4G–H). In 3/5 allospecific T cell
lines, we observed similar lysis of unmodified as well as allogeneic
Tregs, which were only edited in the B2M locus (II-B2M KO, IV-HLA-E-
B2MKI only) (Supplementary Fig. S4H). Tregs with silenced HLA class I
and II were significantly better protected from allospecific T cell lysis
than Treg edited at B2M alone (Supplementary Fig. S4I). Expanded
Treg remained predominantly CD27hiCD70low (Supplementary
Fig. S4J). These data suggest that allospecific CD4+ T cells can con-
tribute to the rejection of unmatched allogeneic Tregs in an HLA class
II-dependent manner.

We tested HLA-engineered Tregs in vivo under challenging con-
ditions (Fig. 5A) with a complete mismatch (0/10 HLA-match) between
donors for humanization and the Treg donor as well as the lower 1:5
Treg:PBMC ratio to better reflect clinical cell-dose constraints. To
mimic a true “off-the-shelf” scenario, the Treg products were cryo-
preserved after manufacturing and thawed immediately prior to
injection as previously described32. The phenotype of adoptively
transferred cells is included in Fig. 4. As expected, allogeneic Tregs
were unable to prevent the rapid rejection of transplanted human skin
grafts (Fig. 5B). Fully edited allogeneic Tregs with HLA-E-B2M KI and
CIITA KO (H/C Tregs) were detectable within peripheral circulation
21 days following adoptive transfer and promoted graft survival
comparably to autologous control Tregs (Fig. 5B and Supplementary
Fig. 5A–C).

Lastly, the skin transplantation model (Fig. 5A) was repeated to
assess the effect of fully edited allogeneicH/CTregswithin the graft. In
this experiment, skin grafts were harvested at day 15 following adop-
tive cell transfer. No graft rejection was observed following treatment
with HLA-engineered allogeneic Treg (Fig. 5C). Spatial transcriptomic
profiling demonstrated a strong rejection signature following treat-
ment with either PBMC alone or with PBMC and allogeneic Treg,
characterized by expression of transcripts involved in acute inflam-
matory responses, including inflammatory chemokine ligands and
mediators of vasodilation andmyeloid recruitment. This signaturewas

absent in grafts treated with either autologous or HLA-engineered
Tregs, which instead exhibited transcripts associated with immune
regulation (CD5L), lipid presentation (CD1A, CD1E), and graft home-
ostasis (OGN, ARFGEF3, and PPP1R1B) (Fig. 5D). Grafts treated with
autologous or HLA-engineered Tregs exhibited restricted immune
infiltration, including of cytotoxic T lymphocytes (Fig. 5E–G and Sup-
plementary Fig. 5E), alongside preservation of cellular heterogeneity
within the grafts (Supplementary Fig. 5F, G). Our results emphasize the
necessity to silence or match both HLA class I and II to protect allo-
geneic Treg products from T cell immunity of mismatched donors.

Discussion
Mounting evidence demonstrates the therapeutic efficacy of auto-
logous Treg therapy in a variety of pathologies, mandating con-
sideration of how this cell therapy approach may be scaled to deliver
maximal benefit to all patient populations. To date, most clinical trials
have been conducted with small numbers of patients in academic-
sponsored efforts with manufacture of cell products by small GMP-
compliant in-house units4. For example, manufacture of the auto-
logousTregproduct for our on-goingphase2b trial involves numerous
manual steps undertaken by highly trained scientists10,33; simply put, to
increase the number of products produced in this facility would
require a linear increase in scientists, facilities, and equipment. From
an economic perspective, therefore, there is currently limited poten-
tial to reduce costs by scaling up production. This may significantly
hamper transition of the technology into the pharmaceutical industry
and increase the risk of traditional funding institutions rejecting the
approach in its entirety. Beyond the technical elements, the unpre-
dictability inherent in producing a biological “living” product intro-
duces significant variability in both the input and output of what is
otherwise a standardized manufacturing process. Moreover, Treg cell
therapy production is carried out over several weeks, making rapid
treatmentwith an autologous product impossible for newly diagnosed
conditions (e.g., new onset diabetes) or where the timing of treatment
cannot be planned (e.g., deceased donor organ transplantation). Sev-
eral clinical trials of regulatory cell therapy have been prematurely
terminated due to manufacturing difficulties with the cellular
product34.

Here, we have demonstrated that Tregs suppress in an HLA-
agnostic fashion, with equal potency towards autologous and allo-
geneic effector cells in vitro. Unlike conventional effector T cells,
allogeneic Tregs do not result in the development of GvHD in vivo35,36.
As expected, allogeneic Tregs were subject to CD8+-mediated deple-
tion in vivo, which effectively reduced the number of cells available to
exert an immunosuppressive effect. Depletion of CD8+ T cells but not
CD56+NKcells restored survival and the immunoregulatory potencyof
unmatched allogeneic Tregs in vivo by restoring both total and undi-
vided allogenic Treg counts to autologous levels, although PBMC

Fig. 1 | Allogeneic Tregs match autologous cells in vitro yet protect skin grafts
less effectively in vivo. CFSE-stained human PBMCs (1 × 105) were stimulated with
αCD3/αCD28-coated beads (2 × 104) with and without either autologous or allo-
geneic Tregs (at 1:2, 1:4, and 1:8 Treg:PBMC ratios) permuted from three donors
mismatched at HLA-A, -B, and -DR loci (Suppl. Figure 1A). CFSE dilution after 72 h
incubation was measured by flow cytometry, and a division index was calculated.
A The percentage suppression of CD4+ proliferation F(1,6) = 0.32, p =0.59,
n2p =0.015, 95% CI = [−10.23, 16.44], (p >0.05 for all pairs). B The percentage sup-
pression of CD8+ proliferation F(1,6) = 1.03, p =0.35, n2p =0.04, 95% CI = [−8.29,
20.24], (p >0.05 for all pairs). Both are calculated relative to stimulated PBMCs
cultured in the absence of Tregs.CMedian fluorescence intensity of CD25 amongst
CD4+ responder cells F(1, 6) = 0.19, p =0.68, n2p =0.017, 95% CI = [−1482, 2120],
(p >0.05 for all pairs). D Median fluorescence intensity of CD25 amongst CD8+

responder cells F(1,6) = 0.56, p =0.48, n2p =0.023, 95% CI = [−2131, 1131], (p >0.05
for all pairs).A–D Data are plotted asmean± SEM of 3 autologous and 6 allogeneic
responder:Treg donor combinations. All assays were performed in triplicate.

Statistical significance for autologous versus allogeneic Tregs, across all Tre-
g:responder ratios, was assessed using two-way repeated measures ANOVA with
two-tailed adjusted Bonferroni tests for pairwise comparisons. E Immunodeficient
BALB/c Rag2−/− cγc−/− mice grafted with human skin received intraperitoneal human
PBMCs (5 × 106) alone (n = 17), with Tregs autologous to the PBMC donor (5 × 106,
n = 7) or Tregs allogeneic to the PBMC donor (5 × 106, n = 6). Grafts weremonitored
for macroscopic signs of rejection over the following 100 days. Data are pooled
from two independent experiments with each employing separate skin donors and
distinct PBMC/Treg donor pairs. F Percentage of grafts surviving is plotted over
time post-adoptive transfer of cells. G Sample size and median survival time for
each treatment group is tabulated. Statistical significance was assessed using
Mantel-Cox log rank tests: *χ2(1) = 4.28, p =0.0387; **χ2(1) = 11.69, p =0.0006,
HR= 5.22, 95% CI = [2.17, 12.56]; ***χ2(1) = 18.00, p <0.0001. Panel E created in
BioRender. McCallion, O. (2025) https://BioRender.com/ynhfgt9. Source data are
provided as a Source data file.
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division was unable to be quantified as Treg alone were labeled, and
subtle NK contributions to Treg survival may not be detectable. A
discrepant response between in vitro and in vivo CD8+ T cell depletion
is notable in our data and may reflect differential co-stimulation or
cytokine signaling present in vivo. Additionalmechanistic work to fully
evaluate this observationmaybevaluable. Nevertheless, by creating an
immunologically inert environment at the timeof Treg administration,

either by stringent HLA-matching (7/8) or gene editing of HLA class I
and II, we demonstrate that Tregs survive for long enough to establish
a regulatory environment, conferring a similar degree of allograft
tolerance to autologous cells. These findings provide proof-of-concept
that HLAmatching and/or gene editing can restore the in vivo efficacy
of allogeneic Tregs to levels comparable with autologous cells under
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an off-the-shelf manufacturing workflow, with further work necessary
to establish a scalable production strategy.

Allogeneic Tregs may exert their immunomodulatory function
through TCR-dependent and independent pathways. TCR/HLA-inde-
pendent suppression likely includes expression of co-inhibitory
molecules such as cytotoxic T lymphocyte antigen (CTLA-4), produc-
tion of immunomodulatory cytokines such as TGF-β, IL-10, IL-35, pre-
ferential utilization of IL-2 through expression of the high-affinity IL-2
receptor, and induction of apoptosis in effector populations through
granzyme expression2. Both upstream expression of inhibitory ligands
or the production of inhibitory cytokines, and their respective down-
stream receptors, are HLA-independent and therefore ex vivo Treg
activation alone would be expected to promote an immunosup-
pressed milieu. Further, the Treg population contains cells with allor-
eactive T cell receptors37, which could boost immunomodulatory
function, given that such alloreactive Tregs were shown to be pre-
ferentially activated in the allograft and draining lymph nodes in mice

models38,39. As the frequency of alloreactive Tregs is typically low
(<10%), future studies should evaluate the inclusion of chimeric anti-
gen receptors to increase the frequency of (allo-)antigen-specific Tregs
in the cell product to enhance their efficacy40,41. The development of
hypoimmunogenic, gene-edited ‘off-the-shelf’ cellular therapies has
been proposed for tissue replacement24,42, anti-tumor cell therapywith
conventional T cells25,43–45, and now, allogeneic Treg applications.
Silencing of HLA on allogeneic cells may avoid product-specific sen-
sitization and allow redosing of allogeneic cell products in case of
relapse or for consolidating treatment46. Introduction of NK-cell inhi-
bitory receptors will be required to improve the persistence of allo-
geneic Treg with disrupted HLA class I expression46. We demonstrate
that an HLA-E-B2M fusion gene allows partial protection against NK
cells. HLA-E is a non-classical HLA class Ib molecule with only two
alleles present in diverse populations (HLA-E*01:01 andHLA-E*01:03)47.
HLA-E primarily presents signal peptides from other HLA-I molecules;
however, some reports alsodemonstrate thatHLA-E*01:03 can present

Fig. 2 | AllogeneicTreg survival is impaired in vivo and reversedbydepletionof
host CD8+ cells. AHuman ex vivo-expanded Tregs were cultured with VPD-stained
autologous or allogeneic PBMCs (1 × 105) in the presence of αCD3/αCD28-coated
beads atTreg:PBMC ratios of 1:2, 1:4, and 1:8. After 3 days, live Tregswerequantified
by flowcytometry andplotted as a fraction of the input number. Data are presented
as mean± SEM. Six Treg donors were used across conditions. Statistical analyses
used a two-way repeated measures ANOVA with Bonferroni post-tests:
F(1,15) = 2.00, p =0.18; all pairwise comparisons p >0.05.B Immunodeficient BALB/
c Rag2−/−cγc−/− mice received intraperitoneal CFSE-labeled human Tregs (5 × 106)
with 5 × 106 autologous (n = 5) or allogeneic (n = 4) unstained PBMCs from one
(autologous) or two (allogeneic) donors. After 7 days, peritoneal cells were
recovered by lavage, and CD4+CFSE+ Tregs enumerated by flow cytometry. C Treg
numbers/mouse plotted withmean± SD for each treatment group. Mann–Whitney
U =0, p =0.0159 (two-tailed). D–F Immunodeficient BALB/c Rag2−/−cγc−/− mice
received intraperitoneal CFSE-labeled humanTregs (5 × 106) with 5 × 106autologous
(n = 3) or allogeneic (n = 11) PBMCs from one (autologous) or two (allogeneic)
donors (Supplementary Fig. 2A). Allogeneic PBMCs were either whole (n = 4),
depleted of CD8+cells (n = 3), or depleted of CD56+ cells (n = 4). Depletions were

performed using magnetic beads. Cells were analysed on day 7. Treg numbers are
shown/mouse with group mean± SD. D Absolute Treg numbers. Statistical sig-
nificance was calculated using two-tailed t-tests: autologous versus allogeneic
PBMCs t(5) = 10.50, p =0.0001, n2 = 0.96, 95% CI = [−67700, −41000]; whole versus
CD8+-depleted PBMCs t(5) = 7.20, p =0.0008, n2 = 0.91, 95% CI = [43000, 91000];
and whole versus CD56+-depleted allogeneic PBMCs t(6) = 0.2393, p =0.8188,
n2 = 0.009, 95% CI = [−3674, 4470]. E Absolute number of undivided Tregs. Statis-
tical significance was calculated using two-tailed t-tests: autologous versus allo-
geneic PBMCs t(5) = 9.60, p =0.0002, n2 = 0.95, 95% CI = [−13000, −7000]; whole
versus CD8+-depleted PBMCs t(5) = 7.20, p =0.0008, n2 = 0.91, 95%CI = [4700,
10000]; and whole versus CD56+-depleted allogeneic PBMCs t(6) = 1.38, p =0.22,
n2 = 0.24, 95% CI = [−550, 2000]. F Percentage of CFSEhi (representing undivided)
Tregs. Statistical significance was calculated using two-tailed t-tests: autologous
versus allogeneic PBMCs t(5) = 2.89, p =0.034, n2 = 0.63, 95% CI = [−17, −1]; whole
versus CD8+-depleted PBMCs t(6) = 5.9, p =0.0011, n2 = 0.85, 95% CI = [9.21, 22.4];
and whole versus CD56+-depleted allogeneic PBMCs t(6) = 2, p =0.0983, n2 = 0.39,
95% CI = [−13.5, 1.51]. Panel B created in BioRender. McCallion, O. (2025) https://
BioRender.com/35ntrd5. Source data are provided.

Fig. 3 | Near-complete HLA matching restores long-term graft protection by
allogeneic Tregs. A Immunodeficient BALB/c Rag2−/− cγc−/− mice grafted with
human skin received intraperitoneal human PBMCs (5 × 106) and either completely
mismatched (1,2,1,2, n = 8), partially mismatched (0,1,1,2, n = 5), or partially mat-
ched (0,0,0,1, n = 5) Tregs (1 × 106) at HLA-A,-B,-C,-DR loci identified through
screening over 150 distinctdonors. Graftsweremonitored formacroscopic signs of
rejection over the subsequent 100 days. B Percentage of grafts surviving is plotted
over time post-adoptive transfer of cells. The mice receiving partially mismatched
Tregs developed signs of xenogeneic graft-versus-host-disease necessitating

removal of these animals from the experiment at day 33. C Tabulated median
survival time (defined as the time at which half of the grafts were rejected). Groups
were analyzed using the two-tailed Mantel-Cox log-rank test with multiple testing
correction using the Benjamini–Hochberg method (χ2(2) = 7.84, p =0.0198); com-
plete mismatch versus partial mismatch χ2(1) = 6.021, p =0.0141; complete mis-
match versus partialmatch χ2(1) = 4.376, p =0.0364; partialmismatch versus partial
match χ2(1) = 0.3254, p =0.5684). Panel A created in BioRender. McCallion, O.
(2025) https://BioRender.com/re81qq1. Source data are provided as a Source
data file.
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viral peptides from CMV or EBV48,49. Binding of HLA-E to CD94/NKG2A
or CD94/NKG2B on NK cells or CD8 T cells inhibits said cells,
explaining the protective effect observed in vitro50. In contrast, HLA-E
can also present viral peptides to activate NK cells by binding the
conserved NKG2C51 or EBV-specific and HLA-E-restricted CD8+

T cells48,52. Previous strategies to create hypoimmunogenic cells

implemented HLA-E fusion proteins that lack antigen-presentation by
covalently linking B2M, HLA-E, and a non-polymorphic signal peptide
of HLA-G into a single molecule24,25. Our HLA-E-B2M fusion gene is
based on HLA-E*01:03 without a blocking peptide and therefore may
retain some ability to present pathogenic peptides. The severely
compromised antigen presentation in HLA-edited Treg could provide

Fig. 4 | Multiplex CRISPR editing generates Tregs that retain canonical phe-
notype and function. A Gene editing strategy using CRISPR/Cas9 to disrupt HLA
class I and class II by targeting B2M and/or CIITA, respectively. HLA-E was inserted
with a short linker sequence into B2M exon 2, generating an HLA-E-B2M fusion
protein. For H/C Tregs the additional CIITA KO was performed by splice site dis-
ruption using the adenine base editor ABE-8.20-m. B Timeline of cell isolation,
gene-editing, and surface protein expression measurement. C Representative
contour plots of editing outcome by HLA-A,B,C (PE-Cy7), HLA-DR,DP,DQ (FITC),
and HLA-E (APC) staining. D Summary of editing outcome for two biological
replicates showing frequency of HLA class-I and class-II negative cells and E of HLA-
E positive and HLA-A,B,C negative knock-in cells among live lymphocytes. F Treg
identity was confirmed by staining of CD25 and intracellular staining of FoxP3, as

well as G intracellular cytokine (TNFα, IFNγ, IL-2) expression after PMA/Ionomycin
stimulation with conventional T cells as controls. H Timeline of suppression assay:
CFSE-stainedhumanCD3+ cells (2.5 × 104)with andwithout either autologous or the
different allogeneic Treg conditions (at 1:1, 1:4, and 1:8 Treg:Tresp ratios) were
stimulated with αCD3αCD28-coated beads at a 1:1 ratio of beads to total cells (Treg
+Tresp). I CFSE dilution after 5 days incubation was measured by flow cytometry,
and a division index was calculated. Data are presented as mean values ± SD.
J Targeted DNA-methylation analysis of the 15 CpGs within the FOXP3-TSDR using
bisulfite amplicon sequencing. Data were normalized by subtracting the methyla-
tion frequency of the WT Treg sample. Mean of two biological replicates is shown.
Panel A Created in BioRender. Wagner, D. (2025) https://BioRender.com/ydoiabq.
Source data are provided as a Source data file.
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a reservoir for intracellular pathogens or malignant transformation,
which may not be readily detected by T cell mediated immuno-
surveillance. Therefore, the first clinical application of HLA-engineered
hypoimmunogenic Treg cell product may warrant inclusion of a
genetic safety switch.

Allogeneic Treg therapy requires installation of multiple edits to
reduce immunogenicity of HLA class I and II in ex vivo expanded Tregs

from healthy human donors. The latter requires effective gene editing
at multiple sites. Targeting multiple genes with conventional CRISPR-
Cas9 provokes high rates of translocations with unknown biological
function53,54. To overcome this, we separated the editing step between
KI of HLA-E and silencing of CIITA to eliminate HLA-II with an ABE
enzyme. Base editors, such as the employed ABE30, introduce targeted
base changes without inducing DNA breaks and thereby reduce the
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risk of gross genetic rearrangements in the gene edited cell product. In
future, our editing strategy may be adapted to enable multiplex-
editing in a single manipulation to reduce manufacturing using dif-
ferent nucleases55 or novel gene editing tools for DSB-free KI56,57 when
requiring integration of additional transgenes, such as a CAR40,41.
Regardless of the editing strategy employed, there is a high likelihood
for residual expression of HLA on the alloTreg surface or incomplete
HLA-E expression. Sensitization against the Treg donor’s alloantigens
represents a potential limitation for redosing as well as potential
clinical side-effects (e.g., for later transplantation of an organ/tissue
expressing the Treg donor’s HLA haplotype). Therefore, an optimized
manufacturing approach should include a purification step to remove
residual HLA class I/II whenever warranted. Further work should also
examine whether lymphokine-activated unspecific killing is a barrier.
Lastly, the experimental conditions presented here may be more
challenging than the environment ultimately faced by HLA-engineered
allogeneic Treg in clinical practice, given that recipients may not be
completely immunocompetent. As such, evaluating the combination
of HLA-engineered Treg and low-dose conventional immunosuppres-
sion is an important area of future study.

Allogeneic Tregs offer a promising therapeutic approach, but
their immunosuppressive capacity is hindered by the anticipated
alloresponse. Here, we pave the way for two viable strategies to enable
their effective use. The first approach involves the use of HLA-matched
allogeneic Tregs, while the second strategy incorporates unmatched
Tregs with HLA class I and class II KO, alongside the introduction of
HLA-E. Our results demonstrate that both of these approaches
improve the therapeutic efficacy of allogeneic Tregs, presumably by
extending their survival under alloantigen-specific immune pressure,
although long-term persistence beyond 3 weeks is challenging to
determine in our in vivo models. The advanced HLA-matching (>6/8
HLA matched) required for improved allogeneic Treg performance
represents a significant logistical challenge and is impractical for a true
‘off-the-shelf’ approach. Consequently, HLA-editing provides a more
tenable solution for clinical translation in the immediate future. Future
workmay includemore in-depth studies to enhance the persistence of
the HLA-edited Tregs and compare the HLA-E-transgene with other
strategies to prevent NK-cell rejection58–60.

This study, therefore, presents a significant advancement towards
the clinical application of “off-the-shelf”Treg cell therapy derived from
allogeneic donor cells. While this study focuses on allogeneic settings,
the mechanisms by which HLA-edited Tregs resist rejection may also
be beneficial in other immune-mediated diseases. Future work will
determine their applicability beyond transplantation.

Methods
All relevant ethical regulations have been adhered to in the production
of thiswork. Ethical approvalwas providedby theOxfordshireResearch
Ethics Committee (REC B), study number 07/H0605/130, and Charité
(Berlin, Germany) ethics committee, study number EA4/091/19.

Cell isolation and cell culture
Human peripheral blood mononuclear cells (PBMC) were isolated
from the blood of healthy donors (provided by the National Blood
Service, Oxford, UK) or was obtained after informed and written
consent (Charité ethics committee approval EA4/091/19) using Lym-
phosep (Biowest, Nuaillé, France) for density gradient centrifugation.
Erythrocytes were lysed using PharmLyse buffer (BD biosciences,
Franklin Lakes, NJ, USA). Pre-enrichment of CD25+ cells from PBMCs
was performed using CD25 microbeads (Miltenyi Biotech, Bergisch
Gladbach, Germany) according to the manufacturer’s protocol.
Depletion of CD8+ cells or CD56+ cells from PBMCs was performed
using αCD8 or αCD56 microbeads (Miltenyi Biotech) according to the
manufacturer’s protocol. Treg (CD4+CD25+CD127lo) were FACS-sorted
from CD25-enriched PBMCs using BD FACSAria (BD Biosciences) after
staining with αCD4—ECD (Beckmann Colter, Brea, CA, USA), αCD25—
PE-Cy7 (BD Biosciences), and αCD127—PE (BD Biosciences). CD4+

effector T cells (Teffs) were isolated fromCD25-depleted PBMCs using
αCD4 microbeads (Miltenyi) according to the manufacturer’s proto-
col. Cells were cryopreserved in freezing medium comprising 50%
heat-inactivated FCS and 50%RPMI1640with 10%DMSO. Prior to assay
cells were thawed in a 37 °C water bath before dilution of DMSO with
RPMI1640 warmed to 37 °C.

For experiments intended for geneediting, pre-enrichmentofCD4+

cells from PBMCs was performed using CD4 microbeads (Miltenyi Bio-
tech) according to the manufacturer´s protocol. Due to their higher
stability61, CCR7+ Tregs (CD4+CD25+CD127lowCCR7+) were sorted using a
Tyto sorter (Miltenyi Biotech) after staining with αCD4 VioBlue (Milte-
nyi, REAL103), αCD25 APC (Miltenyi, REAL128), αCD127 PE-vio770 (Mil-
tenyi, REAL102), αCD45RA FITC (Miltenyi, REAL164) and CCR7 PE
(BioLegend, G043H7). Sorted Tregs were cultured in a 96 U well plate
with 100,000 cells in 200 µl Treg medium per well. Treg medium con-
sists of X-Vivo 50 (Lonza) medium supplemented with 10% heat-
inactivated FCS, 500IU/mL of recombinant human interleukin-2 (IL-2)
(Miltenyi, BergischGladbach, Germany) and 100nMRapamycin (Pfizer).
T cells were cultured in T cell medium (RPMI1640 supplemented with
10% FCS, 10 ng/mL IL-7, and 5 ng/mL IL-15). NK cells were enriched from
PBMCs using the NK isolation Kit (Miltenyi) and cultured in NK MACS
Medium (Miltenyi) supplementedwith 10% FCS, IL-2 (500IU /mL) and IL-
15 (5 ng/mL). TheK562 cell linewas cultured inRPMI1640 supplemented
with 10% FCS.

For in vitro cell cultures and assays, leukocytes were cultured in
RPMI1640supplementedwith L-glutamine (Sigma-Aldrich, St. Louis,MO,
USA), 100U/mL penicillin and 10mg/mL streptomycin (Sigma-Aldrich),
and 10% heat-inactivated human serum (Seralab, Haywards Heath, U.K).

Treg expansion
After isolation, Tregs were cultured for 16 days in complete medium
supplemented with 1000IU/mL of recombinant human IL-2 (Novartis
Pharmaceuticals UK Ltd, Surrey, UK). Treg were stimulated with
αCD3αCD28 T cell activator beads (ThermoFisher Scientific, Waltham,

Fig. 5 | HLA-engineered Tregs promote long-term protection of human skin
transplants to a degree comparable to autologous Tregs. A Immunodeficient
BALB/c Rag2−/− cγc−/− mice grafted with human skin received intraperitoneal human
PBMCs (5 × 106,n = 5) alone,with Tregs autologous to the PBMCdonor (1 × 106 Treg,
n = 5), with Treg allogeneic to the PBMC donor (1 × 106 Treg, n = 5), or with allo-
geneic HLA class 2 KO and HLA-E KI Treg (1 × 106, n = 6). Grafts were monitored for
macroscopic signs of rejection over the following 100 days. B Percentage of grafts
without large active lesions is plotted over time post-adoptive transfer of cells.
Statistical significance was assessed using log rank test for trend (χ2(1) = 4.089,
p =0.0432). C–E Immunodeficient BALB/c Rag2−/− cγc−/− mice grafted with human
skin received intraperitoneal human PBMCs (5 × 106) either alone (n = 4) or with
autologous (n = 4), allogeneic (n = 4), or H/C edited (n = 4) Tregs (1 × 106). Grafts
were monitored for macroscopic signs of rejection and were harvested at 15 days
following adoptive transfer. C Macroscopic graft rejection score at study end.

Individual data pointswithmedian group values are plotted. Groupwise differences
assessed with the Kruskal-Wallis test against the reference group of PBMC
(H(3) = 13.28, p = <0.0001, ϵ2 = 0.86). Post-hoc groupwise two-tailed Dunn’s tests:
(allo) Z = 1.3, p =0.195, r =0.32; (auto) Z = 2.40, p =0.016, r =0.60; (H/C): Z = 3.47,
p =0.0005, r =0.87).D–G Spatial mapping of 427 transcripts across five skin grafts
(one each from experimental groups treated with PBMC alone, autologous Treg, or
allogeneic Treg, and two from the experimental group treated with H/C Treg)
D Heatmap of z values for the top 25 differentially expressed genes within skin
grafts at study end. ENumber of cells expressing PTPRC in skin grafts. FNumber of
cells expressing CD8A in skin grafts. G CD8 and PTPRC expression across grafts by
experimental group. Scale bars represent pixel values, where 1px represents
0.2125μm. Panel A Created in BioRender. McCallion, O. (2025) https://BioRender.
com/a0dop2t. Source data are provided as a Source data file.
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Massachusetts, USA) onday 0 (at a ratio of three beads to one cell) and
day 7 (at a ratio of one bead to one cell). Cultures were passaged and
medium changed as required. Cells were rested without beads in
medium supplemented with 200U/mL of IL-2 for 48 h prior to assay.

For experiments intended for gene-editing, isolated Tregs were
initially stimulated with MACS® GMP ExpAct™ Treg Kit at a bead:cell
ratio of 4:1 (Miltenyi Biotech, Bergisch Gladbach, Germany) 1 day after
isolation. Five days following isolation, cells were re-stimulated at a 1:1
bead:cell ratio. Beads were removed prior to non-viral gene editing
using a strong magnet stand. Electroporated cells were rested over-
night without beads before re-stimulation at a 1:1 bead:cell ratio. For
further expansion rounds, Tregs were split and re-stimulated on
alternate days at a 1:1 bead:cell ratio. All gene edited and unedited
Tregs were cryopreserved on day 23 following cell isolation and were
thawed as required.

Generation of HLA-E knock-in construct
A dsDNA homology directed repair template (HDRT) was used for the
targeted insertion of HLA-E into the B2M locus, creating a B2M-HLA-E
fusion protein and disrupting the endogenous B2M gene. Homology
arms mediating the insertion into B2M exon 2 flanked the HDRT. The
construct contained the remaining part of B2Mexon 2 aswell as exon 3
followed by a flexible (G4S)4 linker and the HLA-E transgene (Suppl.
Data 2). HDRTs were generated as previously described62. In brief,
multiple fragment InFusion cloning was performed according to the
manufacturer’s protocol (Clontech, Takara) with purified PCR frag-
ments (Kapa Hotstart HiFi Polymerase Readymix, Roche) and using
synthesized DNA (gBlocks, IDT). In-Fusion cloning strategies were
planned with SnapGene (Insightful Science; snapgene.com). Sequence
validation of HDR-donor-template-containing plasmids was per-
formedby Sanger Sequencing (LGCGenomics, Berlin). TheB2M-HLA-E
template was amplified from the plasmid by PCR using the primers
(B2M_F: 5´ aagctcatttggccagagtgg 3´ and B2M_R: 5´ agcta-
gaggaagccagtaggtaag 3´). PCR products were purified and con-
centrated using paramagnetic beads (AMPure XP, Beckman Colter
Genomics). HDRT concentrations were quantified using the Qubit 4
fluorometer (Thermo Fisher Scientific) and a Qubit™ dsDNA BR-Assay-
Kit according to the manufacturer’s protocol and adjusted to 1μg/mL
in nuclease-free water.

Gene editing to modulate HLA surface expression on primary
human Treg
Gene editing in Treg was performed as previously described40,41. After
7 days of culture MACS® GMP ExpAct™ Treg Kit beads were depleted
using a MACSiMAG™ Separator (Miltenyi). Cells were removed from
the magnet, counted, and then washed twice in sterile PBS by cen-
trifugation at 100 × g for 10min at room temperature (RT). In parallel,
Cas9 RNP was prepared. For the electroporation of 106 primary Tregs,
0.5μL of poly(L-Glutamic acid) (PGA) (molecular weight 15,000-
50,000, Sigma-Aldrich, 100μg/μL), 0.48μL of synthetic modified
sgRNA (Suppl. Data 3; 100μM in TE buffer; IDT), and 0.4μL recombi-
nant SpCas9 protein (Alt-R S.p. Cas9 Nuclease V3; IDT; 61μM) were
mixed by thorough pipetting. Themixture was incubated for 15min at
RT and placed on ice. For HLA-E KI conditions, 0.5μL of HDRT (stock
concentration: 1μg/μL) was added prior to electroporation. 106 har-
vested Tregs were resuspended in 20μL ice-cold P3 electroporation
buffer (Lonza) just before electroporation to keep the exposure time
to the electroporation buffers to a minimum. 20μL of resuspended
cells were transferred to the RNP/HDRT suspension, mixed thor-
oughly, and transferred into a 16-well electroporation strip (Lonza)
without any air bubbles. The cellswere electroporated using the EH-115
program on the 4D-Nucleofector (Lonza). Immediately after electro-
poration, 90μL of pre-warmed Tregmediumwas added per well. After
10min, the cellswere carefully resuspended and transferred to two96-
well round-bottom plates (50 μL/well) containing 150μL pre-warmed

Treg medium per well. The gene editing of HLA-E KI into B2M plus KO
of CIITA Tregs (H/C Tregs) was performed in two subsequent editing
steps. Sevendays afterHLA-EKI intoB2Ma second electroporationwas
performed using adenine base editor ABE8.20-m30 mRNA produced in
house by in vitro transcription as described previously55. Tregs were
harvested, beads were magnetically removed, and cells were washed
twice in PBS. 5 × 106 cells were resuspended in 100 µl P3 electropora-
tion buffer (Lonza) and mixed with 2 µg of ABE8.20-m mRNA and
0.48μL of synthetic modified sgRNA (100μM in TE buffer; IDT). The
suspension was electroporated in 100μl Nucleocuvette Vessels
(Lonza) using a Lonza 4D nucleofector device (program EH-115).
900μL of pre-warmed Treg medium was added per cuvette. After
10min, the cells were carefully resuspended and transferred to a 24
well cell culture plate.

Flow cytometry
7-AAD viability staining solution (Affymetrix, Santa Clara, CA, U.S.),
fixable blue dead cell stain kit (Thermo Fisher, U.S.), or Zombie NIR
fixable viability kit (BioLegend) were used to eliminate dead cells from
analysis. For phenotyping the following antibodies (supplier, clone)
were used: mouse anti-human CD127 PE (BD, hIL-7R-M21), mouse anti-
human CD25 PE-Cy7 (BD, M-A251), mouse anti-human CD3 eFluor450
(Affymetrix, OKT3), mouse anti-human CD4 ECD (Beckmann Colter,
SFCI12T4D11), mouse anti-human CD45 APC (BD, RPA-T4), mouse anti-
human CD45 APC (Affymetrix, H130), mouse anti-human CD8 FITC
(Affymetrix, SK1), mouse anti-human CD8 PE (BD, HIT8a), mouse anti-
human CD8 APC-Cy7 (BD, SK1), rat anti-human FOXP3 FITC (Affyme-
trix, PCH101), rat anti-human FOXP3 PE (Affymetrix, PCH101), rat anti-
human FOXP3 eFluor450 (Affymetrix, PCH101), rat anti-mouse CD45
PE (Affymetrix, 30F11), mouse anti-human HLA-A,B,C PE-Cy7 (BioLe-
gend, W6/32), mouse anti-human HLA-E APC (BioLegend, 3D12),
mouse anti-human HLA-DR,DP,DQ FITC (BioLegend, Tü39), mouse
anti-human FOXP3 FITC (BD Pharmingen, 259D/C7), mouse anti-
human CD25 PC7 (Beckman, B1.49.9), mouse anti-human TNFα A700
(BioLegend, Mab11), mouse anti-human IFNγ APC-eF780 (Invitrogen,
4S.B3), rat IL-2 PE-Cy7 (BioLegend, MQ1-17H12), mouse anti-human
CD4 PE (Beckman, 13B8.2), mouse anti-human CD8 PE-Cy7 (BD Phar-
mingen, RPA-T8), mouse anti-human CD3 PB (BioLegend, UCHT1),
mouse anti-human CD56 A647 (BioLegend, 5.1H11), recombinant
human anti-human NKG2A FITC (Miltenyi, REA110), recombinant
human anti-human NKG2C PE (Miltenyi, REA205), mouse anti-human
CD4 PE-eF610 (Invitrogen, RPA-T4), rat anti-mouse CD45 eF450 (Invi-
trogen 30-F11), mouse anti-human CD3 BV605 (BioLegend, OKT3),
mouse anti-human HLA-DR BV650 (BioLegend, L243), mouse anti-
humanCD8 BV711 (BioLegend, SK1). Fluorescencewasmeasured using
BD FACSCanto, Beckman Colter CytoFLEX, or ThermoFisher Attune
NxT flow cytometers.

In vitro suppression assay
Responder PBMCs were stained with 10μM CFSE (Thermo Fisher Sci-
entific, Waltham, MA, USA) according to the manufacturer’s protocol
and cultured (1 × 105 per well) for 72 h with autologous or allogeneic in
vitro-expanded Treg, at ratios ranging from 1:1 to 1:8 Treg:responders.
αCD3αCD28 T cell activator beads (Thermo Fisher Scientific) were
added at a 1:5 bead:cell ratio. All assays were performed in triplicate.
For analysis of responder proliferation from CFSE dilution profiles,
division indices were calculated. The number of Treg
(7AAD-CFSE-CD3+CD4+ cells) surviving following assay was expressed
as a proportion of the initially plated cells. Treg enumeration was
performed for 6 assays each using Treg from separate donorswith 2–3
replicates per condition.

Mice
BALB/cRag2−/−cγc−/− mice (Jackson Laboratory, Bar Harbor, ME, USA)
were housed in individually ventilated cages in the John Radcliffe
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Hospital Biomedical Services Unit under specific pathogen-free
conditions. All protocols were conducted in accordance
with the UK Animals (Scientific Procedures) Act (1986) and
approved by Oxford University’s Committee on Animal Care and
Ethical Review.

Humanized mouse model of skin allograft rejection
Human skin was procured with full informed written consent and with
ethical approval from the Oxfordshire Research Ethics Committee
(REC B), study number 07/H0605/130. Surgical grafting of a 1 cm2

human split-thickness skin graft onto the flank of BALB/cRag2−/−cγc−/−

female recipients was performed as previously described26. Five weeks
following skin grafting, mice received 5 × 106 cryopreserved PBMC in
pure RPMI via intra-peritoneal injection, with or without 1 × 106 or
5 × 106 in vitro-expanded Treg. Treg were either autologous or allo-
geneic to the PBMC donor. Both PBMCs and Treg were allogeneic to
the skin graft. Grafts were observed for macroscopic markers of
rejection by an assessor blinded to treatment group. To assess for
long-term graft survival, mice were sacrificed following either graft
rejection or at day 100 post-transplantation (whichever came sooner)
by cervical dislocation. To evaluate tissue responses to adoptive
transfer, mice were sacrificed by cervical dislocation at day 15. Blood
was harvested from the inferior vena cava following schedule one for
flow cytometric analysis. Grafts were dissected and fixed for 1 h in 10%
neutral buffered formalin (CellStor). Treatments were allocated evenly
between cages and litters. Raw data processing was performed by a
researcher blinded to treatment group.

In vivo mixed leukocyte assay
Treg were stained with 10μM CFSE (Thermo Fisher Scientific). BALB/
cRag2−/−cγc−/−mice received 5 × 106 cryopreserved PBMCs in pureRPMI
via intraperitoneal injection with or without 5 × 106 in vitro-expanded
CFSE-labeled Treg. For each experiment, Treg were isolated from a
single donor with allogeneic PBMC isolated from a second. Flow
cytometric counting beads (Thermo Fisher Scientific)were co-injected
with cells (5 × 105 per mouse) to enable normalization of absolute cell
counts between lavage samples. Seven days after injection of cells,
peritoneal lavages were performed by flushing the peritoneal cavity
with 10mL saline following midline laparotomy and collecting the
effluent. Cells extracted by lavage were analyzed by flow cytometry.
For enumeration and phenotypic analyses, Treg were identified in
lavage fluid by flow cytometry and CFSE staining. A total of 44 mice
were used for mixed leukocyte assays, all of whom were female and
aged between 8-12 weeks.

HLA-matching
Peripheral blood underwent full tissue typing (HLA-A, -B, -C, -DR, and
-DQ) by theOxford Transplant CentreHistocompatibility andGenetics
Laboratory.

TSDR analysis
FOXP3-TSDR methylation analysis was performed by bisulfite amplicon
sequencing as previously described63. Briefly, genomicDNAwas isolated
using theQuick-DNAMicroprepKit (ZymoResearchD3020, Irvine,USA)
according to the manufacturer´s protocol. Up to 200ng genomic DNA
was bisulfite-converted using EZ-DNA methylation Gold kit (Zymo
Research D5005, Irvine, USA). Subsequently, PCRs were performed
(10 µl of bisulfite-treated DNA, 2xKAPA HiFi Hotstart Uracil+ ReadyMix
(Kapa Biosystems, USA, KK2802), 0.25mM of each dNTP, using
0.3 pmol of primers (F1: 5′ACACTCTTTCCCTACACGACGCTCTTCCGAT
CTTTTGGGGGTAGAGGATTTAGAGGG-3′ and R3: 5′GACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCACATCCACCAACACCCAT -3′). Ampli-
conswere purifiedwithQIAquick PCRPurification Kit (QiagenGermany,
28106), normalized to 20ng/μl, and sequenced (2 × 300bp paired-end).
Reads were aligned and evaluated using the Bismark package64.

Generation of alloreactive T cell lines
PBMCs were isolated from three healthy donors. CD56+ cells were
depleted from whole PBMCs using CD56 microbeads (Miltenyi)
according to the manufacturer’s protocol. As feeder cells, CD3-
depleted PBMCs from two Treg donors were irradiated (30Gy). Fee-
der cells were cultured with CD56-depleted PBMCs at a ratio of 1:1 for
9 days inT cellmedium (RPMI1640 supplementedwith 10% FCS, 10 ng/
mL IL-7, and 5 ng/mL IL-15). CD3 enrichment was performed on day 9
prior to a second round of stimulation with irradiated feeder cells at a
ratio of 1:1 until day 20. T cells were split every other day. Lineage
phenotyping was performed using αCD3 Pacific Blue, αCD56 AF647,
αβTCR PE, γδTCR FITC, αCD4 APC-Fire750, and αCD8 BV510 (see
above for details). Alloreactive T cells were cultured in cytokine-free
medium overnight prior to the cytotoxic assay.

In vitro alloreactive T cell cytotoxic assay
Expanded alloreactive T cells were co-cultured with wild type or gene-
edited allogeneic Tregs. Alloreactive T (alloT) cells were stained with
CFSE (Thermo Fisher Scientific) prior to co-culture. AlloT cells were
added to 25,000 target T cells in 96-well, round-bottom cell culture
plates at various alloT:Treg ratios (2:1, 4:1, 8:1) with control wells con-
taining only the target cells. Plates were centrifuged at 100× g for 1min
at RT and incubated at 37 °C and 5% CO2. A 96 well cell culture plate
containing 50μL of PBS with DAPI (final dilution 1:100,000, stock
concentration: 1mg/mL, ThermoScientific)wasprepared and cooled to
4 °C for 30min prior to stopping the assay. 22 h after setting up the co-
culture, 50μLof resuspendedcellswereadded to the 50μLof PBS/DAPI
solution, followed by a minimum of 10min incubation at 4 °C. 30μL of
the cell suspension was analyzed by flow cytometry to evaluate the
number of viable cells. Alloreactive T cell-mediated cytotoxicity was
calculated as the reduction in cell number of CFSE-negative target cells
in the co-culture normalized to the target only control.

In vitro primary NK cell cytolytic assay
NK cells were freshly isolated from the PBMCs of four healthy donors
using the NK isolation kit (Miltenyi, Germany) according to the man-
ufacturer’s instructions. Isolated NK cells were cultured in NKmedium
and were expanded prior to phenotypic characterization by flow
cytometry (see above for info). Six days following isolation, expanded
NK cells were used in the in vitro cytotoxicity assay. In brief, 100,000
target cells (gene edited Treg, unedited Treg, or K562 controls) were
co-cultured at various NK:target cell ratios (0.25:1, 0.5:1, 1:1) for 20 h
before flow cytometry. Of the 200μL cell suspension, 50μL was used
to establish the number of viable target cells, whilst 150μL was used to
establish target HLA-A,B,C (PE-Cy7) and HLA-E (APC) expression.

Spatial transcriptomics and immunohistochemistry
FFPE sample blocks were sectioned at 5 µm onto Xenium slides (10X
Genomics) that had been equilibrated to RT for 30min under RNAse
free conditions. Sections were baked at 42 °C for 3 h then stored in a
desiccator overnight until processing. The Xenium assay was per-
formed according to the manufacturer’s recommended protocol
(CG000580). Briefly, slides were cleared, rehydrated, and incubated
overnight with the 377 gene Human Multi-Tissue and Cancer Xenium
Pre-DesignedGene Expression Panel (10xGenomics, 1000626) and 50-
gene custom-designed probe set. Slides subsequently underwent
rolling circle amplification, chemical autofluorescence quenching, and
DAPI and cell segmentation staining prior to imaging on the Xenium
Analyzer. Count matrices were merged in Seurat (version 5.1.0), and
quality control performed to remove cells with no unique features and
genes with zero expression65. Counts were normalized to 10,000
counts per cell and then natural log (log1p) transformed. Label transfer
from reference single cell RNA sequencing data was performed after
identification of transfer anchors66. Differential gene expression was
performed with DESeq2 (version 1.46.0) on pseudobulks of grafts
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stratified by damage and visualized with pheatmap (version 1.0.12)67.
Visualization was performed with SpatialData and NapariViewer with
co-ordinate harmonization for orientation68.

Sequential 5 µm sections were taken to standard SuperFrost his-
tology slides andwere dried overnight at 37 °C before baking for 4 h at
60 °C. Paraffinwasclearedwith xylenewashes before slide rehydration
across an ethanol gradient. Heat-induced epitope retrieval was per-
formed at pH 9 with Tris-EDTA for 20min. Tissues were blocked with
10%normal goat serum for 1 h at room temperature, then 3%hydrogen
peroxide for 15min, before incubation with anti-human CD8 (clone:
CAL66) at 1:500 dilution overnight at 4 °C. Goat anti-rabbit IgG sec-
ondary antibodies were incubated for 1 h at room temperature and
incubated with 3, 3′-diaminobenzidine for 5min before washing and
hematoxylin counterstaining for 15 s. Slides were scanned using a Zeiss
AxioScan7, and positive cells were quantified with QuPath (ver-
sion 0.5.1).

Statistics and reproducibility
All data were analyzed, and graphs produced, using GraphPad Prism
version 9.0 or version 10.3.1 for MacOS (GraphPad Software, La Jolla,
California, USA). For in vitro Treg suppression assays, repeated mea-
sures two-way ANOVAs were used to assess statistical significance, with
the Bonferroni post hoc correction applied for pairwise comparisons
between treatments. Student’s T-test or Mann–Whitney U test was
applied to comparisons of cell frequencies between autologous and
allogenic PBMC/Treg combinations. Graft survival kinetics were asses-
sed using Mantel–Cox log-rank tests for each pairwise comparison
between groups. All plotted error bars representmean ± standard error
of the mean (SEM) unless otherwise stated. No statistical method was
used to predetermine sample size, and no data were excluded from
analyses. Experimental conditions were randomized across cages and
litters, and the investigators were blinded during outcome assessment.
Investigatorswere not blinded to experimental group for in vitro assays.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are presented in themain text or the supplementarymaterials.
The spatial transcriptomic datasets (Fig. 5 and Supplementary Fig. 5)
generated in this study have been deposited in the FigShare database
(https://doi.org/10.6084/m9.figshare.28988606). Source data are
provided with this paper.

Code availability
Analyses in this study used pre-existing tools and did not generate
original code.
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