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SUMMARY

We used an embryonic stem cell line (H1) engineered for immune-evading properties to avoid rejection (‘‘AlloAccept’’) and equipped with 

a ‘‘SafeCell’’ (SC) kill-switch to eliminate aberrantly proliferating cells. Utilizing a humanized immune system mouse model, we demon-

strated the successful generation of allogeneic tissues from SafeCell-AlloAccept (SC-AlloAccept) cells in immunocompetent humanized 

mice in the immune-active subcutaneous region. These cells formed various tissue types, and their growth can be controlled with pro-

drug ganciclovir to activate the kill switch, which eliminated proliferating cells and rendered the remaining tissue dormant. Strikingly, 

SC-AlloAccept-derived grafts survived for 5 months, underscoring their potential for long-term engraftment. Importantly, neither prior 

rejection of immunogenic parental H1 cells (sensitization) nor the presence of immune-evasive H1-derived tissue (potential immuno-

compromising) affected the immune response to a subsequent second transplant. This study validated the utility of SC-AlloAccept 

human cells in transplantation and enhanced the safety and efficacy of stem cell-based regenerative therapies.

INTRODUCTION

Cell therapies using pluripotent stem cells (PSCs) and tissue 

transplantation are promising modalities to revolutionize 

the treatments of diseases enhancing patient outcomes. Re-

programing somatic cells into PSCs can generate patient-

specific autologous therapeutic cells, recognized as self by 

the immune system, the manufacturing process remains 

limited by high costs and prolonged timelines at scale. 

The broad and efficient clinical adoption of cell therapies 

requires solving two key challenges: (1) developing im-

mune-evasive allogeneic cells that can be accepted by pa-

tients and (2) ensuring the safety of these immune-evasive 

and in vitro expanded therapeutic cells (Harding et al., 

2020). Genome editing approaches have developed to 

address the first challenge (Hotta et al., 2024) by manipu-

lating the major histocompatibility complex (MHC)/hu-

man leukocyte antigen (HLA) genes. An alternative is to en-

gineer donor cells to express a set of immune-modulating 

transgenes (PD-L1, CD200, CD47, FASL, SERPINB9, 

CCL21, MFGE8, and H2-M3) without altering the MHC/ 

HLA genes, thereby ‘‘cloaking’’ them from allogeneic rejec-

tion by inhibiting innate and adaptive immune responses, 

including those mediated by DCs, T cells, NK cells, and 

monocytes/macrophages (Harding et al., 2024).

When these transgenic mouse embryonic stem cells 

(ESCs) were injected into allogeneic (MHC-mismatched)

immunocompetent mice, they were not rejected and 

formed growing tissues, unlike non-transgenic cells. This 

genomic modification in the cells is termed ‘‘AlloAccept’’ 

(Allogeneic Cell Accepted). The cells were also equipped 

with the SafeCell (SC) genome edit (Liang et al., 2018), 

providing a safety switch that enables selective elimination 

of transplanted cells with potential oncogenic proliferation. 

Due to the functional conservation of the 8 immune modu-

latory genes between mouse and human (Harding et al., 

2024), H1 human ESCs and their derivatives expressing 

the orthologous genes can effectively suppress adaptive 

and innate immune activation in vitro, and co-culture with 

human peripheral blood mononuclear cells (PBMCs) 

(Harding et al., 2024; Pavan et al., 2025). While the in vitro 

assays provide insights into immune responses to the hu-

man SC-AlloAccept cells, it is crucial to assess their behavior 

in vivo. A recent study utilizing a humanized mouse model of 

Parkinson’s disease reported successful brain engraftment of 

neurons differentiated from the SC-AlloAccept (previously 

named H1-FS-8IM; Pavan et al., 2025) cells. Compared 

with control grafts, SC-AlloAccept neural transplants 

formed larger grafts with more neurons and fewer local in-

flammatory cells. Mice receiving SC-AlloAccept cells also 

had reduced levels of T cells and proinflammatory cytokines, 

indicating minimal immune activation (Pavan et al., 2025).

While there was successful immune evasion of SC-

AlloAccept cells in the brain, the CNS is a sequestered,
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immune-privileged site that supports graft acceptance, and 

is minimally immune-active. Consequently, to prove the 

universal efficacy of SC-AlloAccept cells, we validated their 

survival in highly immune-active environments—in the 

subcutaneous space—using a humanized immune system 

model that provides a more rigorous challenge than the 

brain.

We further showed tissue growth could be regulated by 

activation of the SC kill switch with the prodrug ganciclo-

vir (GCV). In addition, we assessed whether prior sensi-

tizing of the host immune system by rejection of parental 

H1 cells influenced the acceptance of SC-AlloAccept cells, 

and vice-versa, and whether established SC-AlloAccept 

cell-derived grafts compromised the rejection of parental 

H1 cells (Figure 1). This study highlights that SC-

AlloAccept tissues can survive long-term in allogeneic hu-

manized mice, underscoring the potential for universal 

allogeneic tissue transplantation.

RESULTS

AlloAccept cells evade immune cell responses in vitro 

Due to the complexity and physiological limitations of 

studying human immune reactions in humanized mice,

we first examined how specific cell types interact with 

SC-AlloAccept ESCs in vitro, and to confirm immune-

evasive properties aligning with previous findings in retinal 

pigmented epithelium (RPE) derived from the same SC-

AlloAccept ESC line (Harding et al., 2024). First, we co-

cultured SC-AlloAccept ESCs with human Jurkat T cells 

(Abraham and Weiss, 2004) to evaluate helper T cell activa-

tion, and with NK92MI cells (Tam et al., 1999) to model the 

innate immune system response.

Co-culturing SC-AlloAccept cells with Jurkat T cells for 

one day led to upregulation of the T cell activation marker 

CD69, but its levels were lower than in T cells exposed to 

parental H1 cells or the positive control (Figure S1A), indi-

cating a dampened T cell response. Similarly, SC-AlloAccept 

cells significantly decreased NK92MI cell expression of 

proinflammatory markers IFNγ, TNFα, and GZMB 

compared with H1 cells and the positive control 

(Figure S1B), indicating that the NK92MI cells were not 

effectively activated, consistent with previous findings, 

with the expected immune-modulatory function 

(Harding et al., 2024; Pavan et al., 2025), including 

PBMC-derived NK cells.

To study the immune interactions of SC-AlloAccept cells 

within a normal human blood context, we co-cultured 

them with allogeneic human PBMCs. Assessment by flow

Figure 1. Schematic of experimental hypotheses

Top: following rejection of allogeneic H1 hESCs by a humanized immune system, subsequent transplantation of cloaked SafeCell-

AlloAccept (SC-AA) cells may lead either to rejection (due to prior sensitization) or to long-term engraftment (if immune protection is 
sufficient). Bottom: if SC-AA cells are transplanted first, a later H1 graft may either be accepted (via systemic immune modulation by 
established SC-AA tissue) or rejected (if the immune system remains unaffected).
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cytometry showed activation of DCs (HLA-DR + of CD11C + 

cells), CD4 + T cells (CD4 + CD25 + cells), and monocytes 

(HLA-DR + of CD16 + cells). The SC-AlloAccept cells signifi-

cantly reduced the activation levels of DCs (19.5% vs. 

49.7%), T cells (13.0% vs. 27.5%), and monocytes (8.9% 

vs. 62.1%) compared to uncloaked cells (Figures S1C– 

S1E). Previous CyTOF analyses of co-cultured CD8 + T cells 

and SC-AlloAccept-derived RPE reduced the numbers of 

both memory and effector CD8 + T cells (Harding et al., 

2024), and were not further analyzed in this study. In all, 

our findings support hypo-immunogenicity of the SC-

AlloAccept cells.

Further, enzyme-linked immunosorbent assay (ELISA) 

assessment of PBMC secretion of proinflammatory cyto-

kines IFNγ and TNFα, markers that correlate with T cell acti-

vation (Qudus et al., 2023; Szabo et al., 2003) were reduced 

when co-cultured with SC-AlloAccept cells compared to 

uncloaked cells (Figure S1F), again supporting hypoimmu-

nogenicity of the SC-AlloAccept cells. In all, the in vitro sug-

gests the human SC-AlloAccept cells would not be rejected 

by mice with a humanized immune system.

Source, time point status, and HLA typing of the 

humanized mice and SafeCell-AlloAccept human

ESCs

Ten humanized immune system mice were purchased from 

GemPharmatech (see ‘‘methods’’) (Figures S2A and S2B). 

Compared to typical human levels (Jentsch-Ullrich et al., 

2005), these mice had less T cells and monocytes, and 

more B cells. Humanization status was monitored by flow 

cytometry on the peripheral blood at available time points, 

and from bone marrow aspirates at the experimental 

endpoint (Figure S2C). The extent of humanization, as 

measured by the proportion of human CD45 + cells was 

decreased from the initial average of 40%–27% by the 

endpoint of the experiments. The level of B cells was signif-

icantly reduced, from 87% to 5.9%; in contrast, the propor-

tion of T cells was significantly increased from 0.23% to 

17.31%, whereas monocytes were slightly decreased from 

7.29% to 4.11% at the endpoint (Figure S2C). These 

changes in cell proportions aligned with previous studies 

using the humanized mice model (Ménoret et al., 2024; 

Yahata et al., 2002; Yu et al., 2024).

The probability of a full HLA match among the six key 

loci (HLA-A, -C, -B, -DRB1, -DQB1, and -DPB1) between 

the human hematopoietic donor cells the H1-derived SC-

AlloAccept cells is ∼1 in 100,000 (Mahdi, 2019), making 

a perfect match highly unlikely. Consistent with this, 

HLA typing and confirmed complete HLA mismatch at all 

class I and class II loci, including HLA-A, -C, -B, -DRB1, 

-DQB1, and -DPB1 (Figure S2D) ensuring that engraftment 

in humanized mice reflects SC-AlloAccept immune 

evasion.

AlloAccept cell-generated tissues are accepted in 

humanized mice, and growth is controlled by the SC 

system

Undifferentiated ESCs exhibit low immunogenicity and 

become more immunogenic upon differentiation due to 

upregulated MHC/HLA expression (Bifari et al., 2010; 

Drukker et al., 2002). To enhance the immunogenicity 

before transplantation, SC-AlloAccept and control cells 

were differentiated toward mesendoderm using our estab-

lished protocol (Figure S3A) (Warin et al., 2024). Although 

differentiation was toward the mesendoderm, populations 

of progenitors from lateral/paraxial mesoderm and axial 

progenitors, as well as minor populations resembling neu-

rectoderm, neuromesodermal progenitors, and endoderm 

were present (Warin et al., 2024).

Differentiated H1 SC-AlloAccept and control cells were 

transplanted subcutaneously into two groups of human-

ized mice, SC-AlloAccept-(1–5) and H1-(1–5) (Figure 2A). 

Mice were monitored for body weight and peripheral blood 

content by flow cytometry for indications of graft versus 

host disease (GvHD) resulting from humanization. Trans-

plants were monitored for growth by bioluminescence im-

aging (BLI), palpation, and caliper-based volume 

measurements.

One H1 recipient (H1-5) died on day 3 from anesthesia 

complications, but remaining H1 mice were followed for 

>140 days (Figure 2Bi). These mice showed a modest 

decline in body weight (Figure 2Bii). From day 46 onwards, 

graft measurements indicated no increase in H1 transplant 

volume (Figure 2Biii). BLI revealed reduced luminescence 

of injected cells after day 0, a continual decrease in lumi-

nescence or persistence with no observable tissue growth 

(Figure 2Biv, v). In two of the mice, a small and likely scar 

tissue mass was noted. These findings are consistent with 

H1 cells being rejected by the functional humanized im-

mune system. In contrast, H1 SC-AlloAccept cell trans-

plants rapidly formed enlarging palpable subcutaneous tis-

sue in all five mice (Figure 2Ci to 1Ciii), indicating 

protection from allogeneic rejection.

When the transplant reached ∼500 mm 3 , we activated 

the SC system by administering GCV to the animals for 

7–14 days, which halted further tissue growth and enabled 

assessment of long-term persistence of the allogeneic tis-

sues (Figure 2Ciii). Across the experimental period, body 

weight remained stable in four of five mice (Figure 2Cii), 

consistent with the absence of GvHD. As GCV ablates 

proliferating cells (Liang et al., 2018), a reduction and sub-

sequent stabilization of graft size at ∼100–250 mm 3 was 

anticipated (Figures 1Ciii and S3B). The BLI signals 

mirrored the tissue volume changes (Figure 2Civ, v). The 

stabilized tissues persisted with similar volumes for

5 months, demonstrating long-term acceptance of the H1 

SC-AlloAccept cells in humanized allogeneic recipient.
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Figure 2. SC-AlloAccept-derived tissues were not rejected in allogeneic humanized mice

(A) Schematic of study design. SC-AlloAccept (SC-AA) or H1 cells transfected with luciferase were injected into humanized mice and 
growth monitored over time.

(B and C) Time points harvested (Bi and Ci), body weight of mice (Bii and Cii), and tissue growth measurements (Biii and Ciii, † and † 
denote end time point for the respective mice). When grafts reached ∼500 mm 3 , mice received GCV for up to 2 weeks until tissue size 
stabilized. Day 0 was defined as start of GCV treatment to align tissue-size dynamics across animals (Ciii). Tissue growth was also monitored 
by BLI (Biv and Civ). Luminescence of tissue growth was quantified (Bv and Cv, n = 3–5 biological replicates). Significance relative to D0: 
*p < 0.05, **p < 0.01. *One H1 group mouse was injected on both sides with H1 cells.
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Tissues formed from SC-AlloAccept cells are well 

tolerated and integrate into the humanized immune 

system hosts

Two SC-AlloAccept recipients (SC-AA-3 and SC-AA-5) had 

to be euthanized due to weight loss on days 75 and 108 

post-transplantation, respectively. For mouse SC-AA-5, 

this was 34 days after GCV treatment (Figure 2Ciii). The 

tissue was excised for histological examination and sin-

gle-cell RNA sequencing (RNAseq) performed to deter-

mine the graft composition. Using 10X genomics, we 

identified distinct cell populations of mouse and human 

cell origins (Figure 3A). Host human (female) versus SC-

AlloAccept (male) cells were further resolved by XIST 

and UTY expression, respectively (Figure S4A). The eight 

immuno-cloaking transgenes were expressed in the hu-

man SC-AlloAccept cells (Figure S4B), with overall pat-

terns similar to a previous mesendoderm differentiation 

dataset (Warin et al., 2024) (Figure S4B), and previous re-

ports of low HLA-G expression (Harding et al., 2024; 

Pavan et al., 2025).

In this transplant, we identified 19 distinct clusters 

(Figure 3A), eight were of mouse origin (clusters 0, 1, 5, 7, 

12, 14, 15, and 17), eight from the human SC-AlloAccept 

cells (clusters 2, 3, 4, 6, 8, 9, 10, and 18), and three from 

the human blood cells of humanization origin (clusters 

11, 13, and 16). These included a population of mast cells 

(cluster 16), T cells predominantly expressing CD8 + with 

few CD4 + T cells (cluster 13), and monocytes/macrophages 

(cluster 11). There were no B cell or NK cell clusters in the 

tissue.

Analysis of SC-AlloAccept-derived clusters revealed 

differentiated cells along all three germ cell lineages. Based 

on top gene markers (Figures 3B, S4C, and S4D), we identi-

fied mesodermal populations including fibrogenic cells 

(cluster 2), EBF1+ pericytes (cluster 6), and extracellular ma-

trix (ECM) remodeling cells (cluster 3); endoderm lineage 

of CDH1-expressing epithelial cells, (Figures 3B and S4E); 

and ectoderm lineage cell types (PMEL+ melanocytes; 

Figure 3B). There were also cells expressing endothelial 

markers CD31 (PECAM1) and endomucin (EMCN) 

(Figures 3B and S4F), signifying that the SC-AlloAccept cells 

can contribute to potential capillary-like structures in vivo. 

Hematoxylin and eosin (H&E) staining showed cyst-like 

structures, pigmented cells, hyaline cartilage, and connec-

tive tissue (Figure 3C). Across different structures within 

the tissues, most cells were of human origin (HNA+, red 

stain) surrounded by HNA-negative mouse epithelium 

(Figure 3D).

Cells in cluster 4 of SC-AlloAccept origin expressed high 

levels of mitochondrial and ribosomal genes, indicating an 

active biosynthesis state, where subclustering identified me-

lanocytes, fibrogenic, epithelial-mesenchymal transition 

(EMT), neuronal oxidative phosphorylation (OXPHOS), 

neuronal/axon, stromal/ECM remodeling, and mouse 

myeloid cells (Figure S4Gi). Cluster 8 was a population of 

cells in the cell cycle (Figure 3A). This suggests that, while 

these cells were not actively proliferating, due to stabilized 

tissue size from prior GCV treatment, they were likely ar-

rested or paused at specific cell cycle checkpoints. Further 

subclustering showed the presence of neuronal, ECM/re-

modeling, and inflammatory fibrogenic cells within this 

cluster (Figure S4Gii).

Next, we assessed immune evasion by examining activa-

tion markers and proinflammatory cytokines in donor hu-

man immune cell clusters. In T cells, CD69 expression was 

low, with cytotoxic T lymphocytes expressing low levels of 

GZMB, but no activation marker IL2RA on CD4 + T cells 

(Figure 3E). Macrophages showed increased HLA-DRA and 

IL1B, but no IFNG, NOS2, or IL12, consistent with minimal 

monocytes/macrophage activation (Figure 3E). In contrast, 

mast cells exhibited elevated expression of tryptase medi-

ator TPSAB1, CD69, IL2RA, and low levels of IL1B, indi-

cating they were activated with a modest inflammatory 

response (Figure 3E). Overall, SC-AlloAccept cells were 

well tolerated by the monocytes, macrophages, and 

T cells, with evidence of mast cell activation, that could 

either be proinflammatory or anti-inflammatory depend-

ing on the cytokine environment (Tsai et al., 2011). 

Mouse-derived clusters corresponded to myeloid, endo-

thelial, smooth muscle, macrophages, blood, nerve, and 

vascular cell types (Figures 3A and 3B), indicating mouse 

cells were well integrated within the graft. This host vascu-

lature likely supplied oxygen and nutrients necessary for 

long-term SC-AlloAccept tissue survival and maintenance. 

Collectively, these how that SC-AlloAccept cells persisted 

post-GCV treatment with vascular support from the mouse 

cells and did not elicit an immune response leading to 

rejection in humanized allogeneic recipients.

Figure 3. Single-cell RNAseq and histology of SC-AlloAccept (SC-AA) tissues 108 days post-transplantation in humanized mice 
(SC-AA-5)

(A) UMAP plot showing dataset clustering and annotation.

(B) Dot plot showing marker expression across clusters.

(C) H&E staining showed presence cyst-like structures, hyaline cartilage, pigmented cells, and connective tissue.

(D) IHC for human nuclear antigen confirmed that the tissues are human cell-derived.

(E) Violin plots show immune cell and activation markers expression. Abbreviations: Mφ, macrophages; Mono, monocytes. Scale bars, 
200 μm; inset 60x scale bars, 10 μm.
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Prior allogeneic immune challenge does not alter the 

immunocompetence of the humanized mice

We reasoned mice which had rejected H1 cells would 

have a sensitized immune system. To test whether such 

sensitized hosts could accept SC-AlloAccept cells, we 

transplanted SC-AlloAccept cells into the contralateral 

flank of these animals. Conversely, to assess whether es-

tablished SC-AlloAccept grafts altered the immune sys-

tem’s capacity to reject wild-type H1 cells, we performed 

a reciprocal transplantation of H1 cells into the opposite 

flank (Figure 4A). In sensitized recipients that had re-

jected H1 cells, SC-AlloAccept cells were nonetheless 

accepted and rapidly formed expanding grafts 

(Figures 4B and D). GCV administration effectively acti-

vated the SC system to control graft growth 

(Figure 4B). Therefore, the SC-AlloAccept system offers 

strong protection to allogeneic cells, even in hosts sensi-

tized to the parental H1 line.

In the reverse experiment, H1 cells were transplanted 

into mice maintaining a stable subcutaneous tissue 

derived from SC-AlloAccept cells. Over the 35-day, the 

transplanted H1 cells did not form palpable tissues, indi-

cating that the presence of AlloAccept tissue does not 

affect the systemic immune system’s ability to reject 

wild-type H1 cells (Figure 4C). Importantly, sizes of exist-

ing SC-AlloAccept grafts remained stable even as the H1-

derived second challenge cells were eliminated 

(Figure 4E), suggesting that the SC-AlloAccept cells 

continued to be protected despite the active rejection 

of the new H1 cell transplant.

SC-AlloAccept cells upheld survival and graft tissue 

integrity despite a prompted adaptive immune 

response

Graft rejection can occur via cellular mechanisms, medi-

ated by CD4 + helper T cells and/or CD8 + cytotoxic T cells 

recognzing mismatched HLA, or via antibody-mediated 

rejection that drive inflammatory damage of the graft 

(Griffith et al., 2025; Harper et al., 2015). Since the SC-

AlloAccept cells grew even in mice that had rejected 

parental H1 cells (as shown in SC-AlloAccept tissue, 

Figure 4), while typically this scenario would trigger an

adaptive immune response, we next characterized immune 

infiltrates within accepted SC-AlloAccept tissues. We exam-

ined tissues in mice that were either sensitized with H1 cells 

or not (unexposed mice that have only been treated with 

SC-AlloAccept tissue) (Figure 5A).

We assess for CD4 + T cell infiltration (Figures 5B and 

5C), that were more abundant in the periphery of the tis-

sue, particularly in mouse H1-2 (Figures 5B and 5C). 

Quantification showed significantly higher CD4 + cells in 

the SC-AlloAccept tissue of H1-sensitized mice versus un-

sensitized mice (Figure 5D). In contrast, few CD8 + cells 

were in the tissues (Figure S5A), suggesting a predomi-

nantly CD4 + T cell response, or the CD8 + T cells were elim-

inated from the tissue. Few CD68 + macrophages were de-

tected (Figures 5B and 5C). We identified CD56 + cells 

(Figure S5B, left), however, scRNA-seq analysis of cluster 

10 indicated a neuronal rather than NK-cell identity 

(Figure S5B, right).

In addition to cellular immunity, humoral immune re-

sponses play a significant role in graft rejection by targeting 

donor antigens. Using anti-human IgG antibodies, we de-

tected robust human IgG deposition in SC-AlloAccept 

grafts of H1-sensitized mice (Figure 5E), but not in unsensi-

tized mice (Figure 5F). To further verify that the signal was 

specifically from human IgG, we used FcX blocker on the 

SC-AlloAccept tissue of H1-sensitized mice (Figure S5C), 

which reduced the fluorescence signal and confirmed spec-

ificity for human IgG. Quantification of IgG signal normal-

ized to DAPI, revealed higher levels in mouse H1-2 than in 

SC-AA-1 mouse (Figure 5G), indicating that H1-sensitiza-

tion induced a human antibody response not seen in 

non-sensitized hosts.

In summary, immune cell infiltrates and anti-human 

antibodies within the SC-AlloAccept tissues did not pre-

vent engraftment and growth of the AlloAccept cells, 

even in immune-active hosts. Moreover, the absence of 

significant cell death (Figure 5H) suggests a stable coexis-

tence between the humanized immune system and the 

allogeneic SC-AlloAccept cells. This highlights the robust 

protection conferred by the AlloAccept system, enabling 

long-term graft survival despite potential immune 

challenges.

Figure 4. Reciprocal transplantation into the humanized mice

(A) Schematic and BLI of subcutaneous reciprocal transplants: H1-sensitized mice received SC-AlloAccept (SC-AA) cells, and SC-AA-

sensitized mice received H1 cells.

(B) H1-sensitized SC-AA tissue volumes. When grafts reached ∼500 mm 3 , mice received GCV for up to 2 weeks until tissue size stabilized. 
Day 0 was defined as start of GCV treatment to align tissue-size dynamics across animals.

(C) Tissue volume measurements of H1 cells in SC-AA-sensitized mice showed no development of a palpable mass.

(D) Quantification in H1-sensitized mice showed significantly increased growth of SC-AA cells, but not of H1 cells from the first trans-

plantation (n = 4 biological replicates).

(E) In SC-AA-sensitized mice, H1 cell growth was unchanged, while SC-AA cells from the first transplantation showed a small but significant 
increase (n = 3 biological replicates). Statistical significance relative to D0: *p < 0.05; ns, not significant.
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DISCUSSION

Allogeneic human PSCs offer abundant functional cell 

types for replacement therapies, but successful engraft-

ment requires HLA compatibility. Otherwise, patients 

need systemic immunosuppression, which carries clinical 

risks, including nephrotoxicity and opportunistic infec-

tions, to prevent graft rejection. Several countries are estab-

lishing banks of HLA homozygous induced PSC (iPSC) lines 

to supply immune-matched tissues for allogeneic cell ther-

apies (Alowaysi et al., 2023; Kuebler et al., 2023; Nakatsuji 

et al., 2008). Even with common HLA haplotypes, large cell 

banks are needed for reasonable population coverage. 

Genome-edited immune-evasive pluripotent cells could 

offer a universal source, potentially eliminating hazardous 

immunosuppression for allogeneic transplants in many pa-

tients across diverse diseases (Harding et al., 2024; Hotta 

et al., 2024). However, transplanting immune-evasive cells 

raises safety concerns that bypass the critical immune sur-

veillance system needed eliminate potentially tumorigenic 

cells. Thus, incorporating a reliable, inducible genetic kill-

switch, specifically designed to target rogue cells, is essen-

tial (Harding et al., 2020; Liang et al., 2018).

We previously developed safety (SC; Liang et al., 2018) 

and immune-evasion (AlloAccept; Harding et al., 2024) 

genome-engineering solutions and generated correspond-

ing genome-edited mouse and human ESCs. Mouse SC-

AlloAccept cells met expectation in vivo, demonstrating 

safety and long-term allogeneic acceptance of tissue grafts 

(Harding et al., 2024; Sawula et al., 2023). Similarly, SC-

AlloAccept human ESCs were characterized through 

in vitro interaction with human immune cells (Harding 

et al., 2024), and by brain transplants in a humanized im-

mune system mouse model of Parkinson’s disease (Pavan 

et al., 2025). However, this model is constrained by the 

brain’s low immunological activity and immune-privileged 

status. Unlike brain, skin is highly immunologically active,

forming a frontline barrier via its structure and resident im-

mune cells. When subcutaneously transplanted, SC-

AlloAccept cells engrafted and formed growing tissues in 

allogeneic humanized immune system mice, unlike wild-

type parental human H1 ESCs.

The combination of eight immunomodulatory genes suc-

cessfully protected the tissue, enabling engraftment and 

growth of allogeneic human tissue, consistent with previous 

mouse model predictions (Harding et al., 2024). GCV, the 

prodrug of the SC kill switch, effectively halted tissue growth, 

as previously observed in immunocompromised mice (Liang 

et al., 2018). SafeCell limits excessive proliferation by allow-

ing selective elimination of overgrowing or tumorigenic cells 

with ganciclovir (Liang et al., 2018). Since in vitro grown ther-

apeutic cells can have unintended consequences beyond 

tumorigenicity, rigorous preclinical testing is required. If 

necessary for regulatory approval, genomic integration sites 

can be mapped with a single NGS run (Harding et al., 2024). 

Furthermore, our platform incorporates a safety switch to 

mitigate risks from integration effects, disrupted genes, and 

off-target edits by eliminating proliferating SC-AlloAccept 

cells regardless of cause. Linking HSV-TK to CDK-1 restricts 

its expression to dividing cells, avoiding immunogenicity 

in quiescent cells (Liang et al., 2018). Notably, SC-

AlloAccept tissues composed of dividing, HSV-TK-expressing 

cells were still protected across HLA barriers. GCV-stabilized, 

dormant SC-AlloAccept tissue persisted for the 5 months 

in vivo, and single-cell transcriptomics provided lineage-level 

functional insights in this humanized mouse model.

In vitro co-cultures with HLA-mismatched T cells from 

PBMC showed reduced T cell responses (Harding et al., 

2024; Pavan et al., 2025). This attenuation is likely mediated 

by PD-L1-expressing AlloAccept cells, which engage PD-1 on 

activated T cells, inducing exhaustion or apoptosis (Gibbons 

Johnson and Dong, 2017), and by FasL-expressing cells 

killing Fas (CD95) positive T cells via activation-induced 

cell death (AICD) (Dhein et al., 1995). In vivo, macrophages

Figure 5. Immunohistochemistry analysis of SC-AlloAccept tissue in humanized mice

(A) Schematic of SC-AlloAccept (SC-AA) tissue in H1-2 and SC-AA-1 mice.

(B) IHC for CD4 and CD68 in SC-AA tissue and its periphery of mouse H1-2 (red staining). Area of the high magnification images were 
indicated with solid line boxes. Scale bars, 200 μm; inset 60x scale bars, 10 μm.

(C) IHC for CD4 and CD68 in SC-AA tissue and its periphery of mouse SC-AA-1 (red staining). Area of the high magnification images were 
indicated with solid line boxes. Scale bars, 200 μm; inset 60x scale bars, 10 μm.

(D) Mean CD4 staining intensity normalized to nuclei (n = 3 biological replicates) showed higher proportions of CD4 + cells in SC-AA tissue 
of H1-sensitized mice vs. unsensitized mice. Statistical signficance: *p < 0.05.

(E) IF staining for human IgG in SC-AA tissue in H1-sensitized mouse H1-2. Scale bars, 1 mm (low magnification) and 50 μm (inset high 
magnification).

(F) IF staining for human IgG in SC-AA tissue in unsensitized mouse SC-AA-1. Scale bars, 1 mm (low magnification) and 50 μm (inset high 
magnification).

(G) Higher mean fluorescence intensity in SC-AA tissue of H1-sensitized mice indicated increased human IgG levels compared to un-

sensitized mice (n = 10 technical replicates).

(H) IHC for cleaved CASP-3 in tissues from mice H1-2 and SC-AA-1 (red staining). Scale bars, 200 μm. Yellow arrowheads show repre-

sentative cells with positive IHC signal.
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and T cells were the predominant cell types within alloge-

neic SC-AlloAccept grafts, but they showed low IL-12A and 

IFN-γ expression, and the CD8 + T cells were either inacti-

vated or only moderately activated, suggesting extravasa-

tion without activation or cell death. By contrast, mast cells 

appeared activated. Mast cells promote inflammatory and 

allograft rejection, yet also contribute to immune tolerance 

via interactions with Tregs and secreted factors (Elieh Ali 

Komi and Ribatti, 2019; Nakano et al., 2012).

In autoimmune diseases, the immune system mistakenly 

attacks self-tissues, destroying specific cell types involved in 

the disease, via antibody- and T cell-mediated mechanisms. 

For cell replacement in antibody-mediated autoimmune dis-

eases, such as systemic lupus (Suurmond and Diamond, 

2015) and myasthenia gravis (Aarli et al., 1975), preexisting 

antibodies may threaten allografts. We tested this by first al-

lowing humanized immune system mice to reject parental 

H1 human ESCs, thereby sensitizing their immune system, 

and then transplanting SC-AlloAccept cells as a ‘‘time-

shifted second’’ graft. Despite the presence of anti-human 

antibodies, SC-AlloAccept cells engrafted and grew. Lack of 

cleaved caspase-3 indicated minimal apoptosis, suggesting 

little or no effective memory response against these cells, 

or there was a very weak or ineffective memory response 

against SC-AA cells. Although dissecting the mechanism of 

memory responses is beyond the scope of this study, our 

data indicate that the AlloAccept system provides strong 

protection even in recipients previously sensitized by rejec-

tion of parental H1 cells.

The AlloAccept system was designed to act locally 

(Harding et al., 2024), so system immunosuppression was 

not expected. Experimentally, we confirmed preserved im-

munity ‘‘time-shifted secondary’’ transplants of wild-type 

H1 cells were rejected by the SC-AlloAccept tissue-bearing 

mice, demonstrating that their systemic immune function 

remained intact throughout the experimental period. Early 

B cell dominance in our humanized mice align with reports 

that B cell proportions are higher from 8 weeks post engraft-

ment of hematopoietic stem and progenitor cells in multiple 

humanized mouse models (reviewed by Chuprin et al., 

2023). B cells, which mature without thymic education, 

emerge early but remain functionally immature, with full 

humoral competence depending on subsequent T cell 

expansion (Yu et al., 2017), which typically becomes signifi-

cant 15–20 weeks after transplantation (Mian et al., 2020). 

Humoral immunity, especially donor-specific antibodies, is 

central to chronic rejection, such as in xenograft heart trans-

plantation failure (Griffith et al., 2025); though cellular im-

mune responses also contribute and cooperate in graft injury 

and failure (Thaunat, 2012). In our model, early B cell bias 

declined over time, while human T cells increased.

Our finding that AlloAccept protects human cells aligns 

with mouse studies showing that the functional ortho-

logues of the immune modulator genes used protect 

C57BL/6 and FVB cells in multiple inbred and CD1 outbred 

recipients (Harding et al., 2024). In vitro assays using 

PBMCs of different HLA types similarly showed consistent 

modulation of PBMC composition and induction of an 

anti-inflammatory environment during co-culture with 

SC-AlloAccept cells (Harding et al., 2024; Pavan et al., 

2025). Lastly, SafeCell and AlloAccept H1-derived dopami-

nergic neurons were also protected from rejection in the 

less immune-active brain of allogeneic humanized mice 

(Pavan et al., 2025).

Together, our how that the SC-AlloAccept human ESC-

derived tissue are stably accepted long-term after subcutane-

ous implantation into humanized mice bearing an alloge-

neic immune system, even while parental H1 cells are 

rejected. The SafeCell system induces dormancy in alloge-

neic tissues by removing dividing cells, preserving quiescent 

cells, allowing complex grafts to persist across HLA mis-

matches without immunosuppression. This supports the po-

tential application of off-the-shelf therapeutic cells gener-

ated in vitro from an SC-AlloAccept ‘‘universal’’ cell source.

METHODS

Ethics

Animal licences were obtained from the Department of 

Health of Hong Kong. All procedures were approved by 

the institutional Committee on the Use of Live Animals 

in Teaching and Research (CULATR; protocol 23-418) and 

complied with the institution’s guidelines. Use of anony-

mized blood from the Hong Kong Red Cross Blood Transfu-

sion Service for PBMC isolation (UW 23-551) was reviewed 

and approved by the Institutional Review Board of the Uni-

versity of Hong Kong/Hospital Authority Hong Kong West 

Cluster (HKU/HA HKW IRB).

Humanized mice

Female humanized mice (strain: huCD34+HSC-NOD/ShiLt

JGpt-Prkdc em26Cd52 Il2rg em26Cd22 Rosa26 em1Cin(hCSF2&IL3&KITLG) /

Gpt, strain number T056601) were purchased from 

GemPharmatech. Mice with ≥25% human CD45 + leuko-

cytes were considered humanized (Figures S2A and S2B, 

data and information provided by GemPharmatech). 

Further details of the mice are provided in the 

supplemental methods.

Cell lines used in the study

The SC-AlloAccept cell line (Harding et al., 2024) was devel-

oped in the laboratory of Andras Nagy from the H1 ESC line 

HA01 (Wi Cell, USA). Jurkat CD4 + (ATCC, TIB-152, USA) and 

NK92MI (ATCC, MI CRL-2408, USA) cell lines were provided 

by Dr. Rio Sugimura (The University of Hong Kong).
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HLA typing

Peripheral blood was collected from mouse tail veins into 

pediatric EDTA tubes. SC-AlloAccept cells were harvested 

from 6-well plates, washed twice with phosphate buffered 

saline (PBS), trypsinized, and pelleted. All samples were sub-

mitted to the Division of Transplantation and Immunoge-

netics at Queen Mary Hospital, Hong Kong, for HLA typing.

Transfection of H1 cell line with a luciferase plasmid 

To enable longitudinal BLI, the SC-AlloAccept cells and H1 

cells were transfected with a luciferase plasmid via the pig-

gyBac transposon system. Detailed procedures and primer 

sequences are provided in the supplemental methods and 

Table S1, respectively.

In vitro cell differentiation toward mesoderm/ 

mesendoderm lineage

SC-AlloAccept and H1 cells were differentiated toward the 

mesoderm lineage for up to 5 days (Zhang et al., 2020) or 

mesendoderm lineage for up to 7 days (Warin et al., 

2024) for in vitro experiments, or transplantation to hu-

manized mice. Expression of the 8 transgenes was verified 

by qPCR as previously described (Harding et al., 2024). De-

tails of cell culture and maintenance are provided in the 

supplemental methods.

In vitro immunogenicity assessment by co-culture of 

SC-AlloAccept cells with Jurkat T cells and NK-92 MI 

cells

SC-AlloAccept and H1 cells were differentiated toward the 

mesoderm (Zhang et al., 2020) and co-cultured with pre-

primed Jurkat T cells at a ratio of T cell:mesodermal SC-

AlloAccept/H1 cells of 1:2. The non-adherent T cells were 

collected, and the activation status assessed by measuring 

expression of the T cell activation marker CD69 (Biolegend, 

USA, cat#310906) by flow cytometry and compared to con-

trols (anti-CD3/anti-CD28 activated/untreated T cells). 

SC-AlloAccept and H1 cells were differentiated toward 

the mesoderm (adapted from Zhang et al., 2020) for

2 days and co-cultured with the human NK92MI cell line 

at a ratio of 1:3 NK cells to mesodermal SC-AlloAccept/H1 

cells. The RNA from the non-adherent NK cells was ex-

tracted and analyzed by qPCR for proinflammatory 

markers IFNG, TNF and GZMB using the primers listed in 

Table S2.

Extraction of human PBMCs and co-culture with SC-

AlloAccept cells

Anonymized whole blood was obtained from the Hong 

Kong Red Cross Blood Transfusion Service and the PBMC 

were isolated by density gradient centrifugation. Mito-

mycin C-treated PBMC that were pre-primed were then 

co-cultured with 7 day-differentiated SC-AlloAccept/H1

cells as previously described (Warin et al., 2024) for

3 days. The media was collected and analyzed for expres-

sion of IFN-γ and TNF-α by cytokine ELISA. Detailed pro-

cedures are provided in the supplemental methods.

Flow cytometry of blood cells from humanized mice 

Mouse tail vein peripheral blood or bone marrow was 

collected at a specified time points to assess the proportions 

of immune cells with the following antibodies: APC/Fire 

750 anti-mouse CD45 antibody (Biolegend, cat# 103154), 

BV605 anti-human CD45 antibody (Biolegend, cat# 

304042), APC anti-human CD3 antibody (Biolegend, 

cat#3 00312), PE anti-human CD19 antibody (Biolegend, 

cat# 302208), and PE/Cyanine 7 CD33 antibody (Bio-

legend, cat# 303434). Detailed procedures are provided in 

the supplemental methods.

Cell transplantation and monitoring in humanized 

mice

Humanized mice were subcutaneously injected down the 

dorsal flank with 1 million mesendoderm SC-AlloAccept/ 

H1 cells in Matrigel (Corning, Cat #354277) in a 100 μL vol-

ume. Transplanted cells were monitored by BLI (refer to 

supplemental methods) and later measured using a digital 

caliper on the x, y, and z axes when palpable tissues were 

formed to calculate tissue volume. When tissues reached 

500 mm 3 , the SafeCell system was activated by intraperito-

neal injections daily, or every second/third day of GCV 

(Cytovene, Hainan Poly Pharm Co Ltd, China, cat# HK-

63370) at a dose of 50 mg/kg in 100 μL PBS for up to 7– 

14 days or until tissue growth stopped.

Histology and immunohistochemistry

Tissue masses were dissected, fixed, and processed using 

standard procedures for paraffin and frozen sample embed-

ding before being cut to 5 μm thickness. Slides were rehy-

drated using standard procedures and then stained for 

H&E, or the following antibodies: human nuclear antigen 

(MyBioSource, cat# MBS4382446) to identify human cells, 

and also for CD4 (Abcam, cat# ab288724), CD8 (Abcam, 

cat# ab237709), CD56 (Cell Signaling, cat# 99746T), 

CD68 macrophages (Abcam, cat# ab213363), and cleaved 

caspase 3 (Cell Signaling Technology cat# 9661S). Detailed 

procedures are provided in the supplemental methods.

Statistics

t tests were done to determine the significance between two 

measurements. Mixed model analysis was done to compare 

three or more measurements, and Dunnett’s multiple com-

parisons test was done following a significant mixed model 

analysis result. Statistical significance was defined by a p 

value <0.05. For bar charts, bar height represented the 

mean, and the error bar represented the standard deviation.
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For a box and whiskers plot, the whiskers represented min 

to max, and the box represented 25th to 75th percentiles 

with median in the middle. Statistical analyses were done 

using GraphPad Prism 8.0.1 or the t test function in Excel.

Single-cell RNAseq of an SC-AlloAccept engrafted 

tissue

The tissue was dissected, digested, and prepared for single-

cell RNA-seq using the Chromium Next GEM Single Cell 3ʹ 
Reagent Kit v3.1 and Chromium Next GEM Chip G Single 

Cell Kit (10X Genomics) at the Center for PanorOmic Sci-

ences at The University of Hong Kong. Detailed experi-

mental methods, data processing steps and analyses are 

described in the supplemental methods.
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hku.hk).

Materials availability
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Data and code availability

The raw single-cell RNA-seq data generated in this study has been 

deposited in the NCBI BioProject database under accession num-

ber PRJNA1301068 and Gene Expression Omnibus (GEO) database 

under accession number GSE319407
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