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Abstract 26 

 27 

Limbal stem cell deƱciency (LSCD), a highly morbid and uncomfortable condition, 28 

causes progressive corneal opaciƱcation and vision loss through irreversible loss of the 29 

limbal epithelial stem cell pool. Current transplantation strategies are limited by 30 

signiƱcant challenges across both autologous and allogeneic approaches: allogeneic 31 

grafts require long-term systemic immunosuppression and carry poor long-term survival, 32 

while even autologous transplants, free from rejection, suƯer approximately one-third 33 

graft failure, partially attributable to donor variability. Here, we report the generation of 34 

hypoimmune limbal stem cells (LSCs) engineered to evade allogeneic immune 35 

recognition while retaining full stem cell identity and diƯerentiation competence. Using 36 

ROCK inhibitor-supported long-term culture, we demonstrate stable LSC expansion 37 

exceeding 202 population doublings, with preserved transcriptomic identity and 38 

diƯerentiation capacity. Simultaneous CRISPR-Cas9-mediated knockout of B2M and 39 

CIITA, combined with lentiviral CD47 overexpression, conferred complete in vitro evasion 40 

of CD4⁺ and CD8⁺ T cell responses and abrogated macrophage-mediated phagocytosis. 41 

These Ʊndings establish an in vitro proof-of-concept framework towards a universal, oƯ-42 

the-shelf allogeneic LSC product that eliminates the need for systemic 43 

immunosuppression and reduces donor-dependent variability, with broad implications 44 

for the scalable treatment of both unilateral and bilateral LSCD. 45 

 46 

 47 
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 48 

Introduction 49 

 50 

Corneal clarity and function rely on the perpetual renewal of its epithelium. This self-51 

renewing ability is maintained throughout life by limbal stem cells (LSCs), which reside in 52 

the limbal niche at the corneoscleral junction [1,2]. In addition to providing new corneal 53 

epithelial cells, LSCs also act as a barrier that prevents the encroachment of conjunctival 54 

epithelium and associated stromal vasculature into the normally avascular and 55 

transparent cornea [3]. 56 

 57 

Loss or damage to LSCs and/or interference with their supportive LSC niche results in 58 

limbal stem cell deƱciency (LSCD). LSCD is characterised by conjunctivalisation of the 59 

corneal surface and hallmark signs of epithelial instability, including neovascularisation, 60 

inƲammation, scarring, and opacity. These changes lead to visual impairment and 61 

distressing symptoms such as pain, photophobia, and excessive tearing [4]. 62 

Management of LSCD focuses on restoring a healthy ocular surface and reconstructing 63 

the limbal niche to support the existing or transplanted LSCs [5]. 64 

 65 

Over the past three decades, several autologous and allogenic cell-based and surgical 66 

approaches have been applied to restore severely damaged or diseased ocular surface 67 

epithelium, including direct grafting of harvested tissue (simple limbal epithelial 68 

transplantation (SLET) [6], conjunctival limbal autograft/allograft (CLAU/CLAL) [7,8], 69 

cadaveric keratolimbal allograft (KLAL)) [8-10] and cultivated limbal epithelial 70 

transplantation (CLET) [11-14]. In unilateral LSCD, autologous transplantation represents 71 
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the gold-standard approach [15]. Limbus-derived tissue from the contralateral healthy 72 

eye is either directly transplanted using SLET or CLAU techniques or expanded ex vivo to 73 

produce an LSC sheet subsequently grafted onto the aƯected cornea (CLET). In contrast, 74 

patients with bilateral LSCD must rely on allogeneic tissue sources or ex vivo expansion 75 

of autologous oral mucosa epithelial stem cells [16], which do not fully transdiƯerentiate 76 

into corneal epithelium. 77 

 78 

Compared with allogeneic grafting, autologous grafting oƯers greater eƯicacy, reduced 79 

complications, and eliminates the risk of immune rejection [1,17]. Long-term outcomes 80 

of cadaveric allogeneic CLET remain poor (<25% survival beyond three years) despite 81 

systemic immunosuppression, whereas autologous grafts achieve up to 76.6% success 82 

at ten years [14,18]. The failure of autologous grafts is not attributed to rejection, but 83 

rather to factors such as donor variability, permanent destruction of the LSC niche and 84 

the inƲamed host graft bed [19-21].  85 

 86 

Both autologous and allogeneic limbal transplants involve harvesting of healthy limbal 87 

tissue; however, variability in cell sources and personalised manufacturing protocols can 88 

result in inconsistent therapeutic outcomes. Notably, there is often a delay between 89 

tissue retrieval and transplantation, meaning that immediate availability of transplant-90 

ready tissue is not possible [15]. Hence, there is a clear and signiƱcant unmet need for a 91 

cost-eƯective, clinically applicable, and above all, “oƯ-the-shelf” source of LSCs for the 92 

treatment of both uni- and bilateral LSCD [22].  93 

 94 
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To achieve this goal, several teams have pioneered the concept of genetically engineering 95 

allogeneic cells, enabling them to evade recognition by the host's innate and adaptive 96 

immune system [23-28]. Remarkably, these studies have demonstrated that just three 97 

targeted modiƱcations, namely the depletion of HLA class I and class II molecules 98 

through knockout of B2M and CIITA, respectively, combined with overexpression of 99 

CD47, were suƯicient to achieve complete immune invisibility, as conƱrmed by extensive 100 

in vitro analyses[24-26]. This strategy has demonstrated preclinical success in allogeneic 101 

iPSC derivatives and shown safety and tolerability in phase I clinical trials using primary 102 

β-islets for the treatment of type 1 diabetes [29], as well as in CAR-T cell therapies [30] 103 

for refractory B-cell malignancies.  104 

 105 

Importantly, the concept of hypoimmunogenicity could be applied to any transplantable 106 

human stem cell type, including LSCs, provided that appropriate culture conditions exist 107 

for prolonged ex vivo expansion to facilitate gene editing. Currently, ex vivo protocols for 108 

LSC culture do not fully replicate the native limbal niche, resulting in suboptimal long-109 

term maintenance of these cells. Combining a Rho-associated kinase (ROCK) inhibitor 110 

(Y-27632) with the classical 3T3-J2 mouse embryonic Ʊbroblast feeder layer has been 111 

shown to support extended LSC growth in vitro[31-34]. Several studies have reported that 112 

this culture system enables the long-term maintenance of LSCs ex vivo; however, it 113 

remains uncertain whether these cells fully retain their native phenotype and functional 114 

identity.  115 

 116 

Herein, we present a comprehensive comparative analysis of human LSCs cultured with 117 

or without ROCK inhibitor Y-27632 (Ri). Our results demonstrate that LSCs maintained 118 
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under R+ conditions preserve their transcriptional proƱle, proliferative potential 119 

exceeding 202 population doublings (PD), and diƯerentiation capacity across extended 120 

passages. Subsequently, we employed CRISPR-Cas9 genome editing combined with 121 

lentiviral vector delivery to generate clonal hypoimmunogenic LSCs (LSC B2M-/-CIITA-/-122 

CD47OE). These engineered cells exhibited eƯective immune evasion in vitro, as 123 

evidenced by signiƱcantly diminished activation of allogeneic immune cells in co-culture 124 

assays and resistance to macrophage-mediated phagocytosis. 125 

 126 

 127 

Results 128 

 129 

Rock Inhibitor enables scalable human LSC expansion and promotes stemness 130 

while preserving transcriptional identity and diƯerentiation potential throughout 131 

serial passages 132 

 133 

LSCs were isolated from three adult human eyes using enzymatic digestion as described 134 

in the methods section. The isolated LSCs were expanded in culture for two passages to 135 

generate suƯicient cell stocks. Early-passage LSCs were thawed and used as the 136 

experimental starting material, then passaged at semi-conƲuency in the presence (R+) 137 

or absence (R-) of Ri. Throughout the passages, R- and R+ cultures were evaluated for cell 138 

morphology, colony-forming eƯiciency (CFE), PD, diƯerentiation capacity, proliferative 139 

capacity, and wound-healing ability. Additionally, samples were collected for bulk RNA-140 

seq transcriptomic proƱling. 141 

 142 
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While untreated LSCs became senescent and ceased proliferation after 6-8 passages, R+ 143 

LSCs maintained their characteristic epithelial cobblestone morphology (Fig. S1A) and 144 

proliferative capacity beyond passage 35 (Fig. S1B), corresponding to more than 202 145 

(±6.8) PDs. R+ cells exhibited a higher proliferation rate, reaching semi-conƲuency in an 146 

average of 7.4 (±0.93) days per passage, compared to approximately 10.5 (±2.08) days for 147 

R- cells (Fig. S1B). This increased proliferative capacity was supported by colony-forming 148 

CFE assays (Fig. S1C) and Ʋow cytometric quantiƱcation of Ki67⁺ proliferative cells (Fig. 149 

S1D), both of which declined in R- but were preserved in R+ LSCs. Given the critical role 150 

of LSC migration and proliferation in corneal epithelial wound healing, we assessed 151 

scratch assay wound closure dynamics. R+ cultures achieved complete closure by 27 152 

hours (±6.4 h), whereas R- cultures healed only ~51.1% (±15.6%) at the same time point 153 

(Fig. S1E). 154 

 155 

Bulk RNA-seq was performed on R- (P3-P7) and R+ (P4-P14) LSCs and their air-liquid 156 

interface diƯerentiated (ALI) derivatives (R-: ALI-P3, ALI-P4, ALI-P6, R+: ALI-P4, ALI-P6, 157 

ALI-P12) (Fig. 1A). The PCA plot clusters the samples according to their similarity and 158 

shows little variability among triplicates. 75.7% of the variability is explained by PC1 and 159 

only 10.11% by PC2. The plot separates into two distinct halves, with LSCs from all 160 

samples located on the left and ALI-diƯerentiated samples on the right, indicating that 161 

PC1 (75.7%) captures the variability associated with the transition from the stem cell to 162 

the diƯerentiated state. The initial P3 (iP3) sample is located in proximity to both early 163 

passage R+ LSCs (P4-P6) and early passage R- LSCs (P4-P7) groups. Within the early 164 

passage (R-) group of LSCs, as the passage number increases, a trend toward 165 

diƯerentiation is observed. iP3, early passage R+ LSCs, transitory R+ LSCs and late 166 
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passage R+ LSCs seem to be similar in PC1 but variable in PC2. With increasing passage 167 

number in R+ cells, both LSCs and ALI-diƯerentiated cells progressively shift upward 168 

toward higher PC2 values in the PCA plot (Fig. 1A). ReƲective of the PCA plot, the Pearson 169 

correlation coeƯicient (r) between the clusters shows that when R+ and R- clusters are 170 

compared to the iP3, all three R+ clusters (early p. R+, transitory & late p. R+) show a 171 

higher correlation (r= 0.87-0.89) to iP3 than the R- LSCs (r=0.79). A strong correlation is 172 

observed between all R+ treated samples (r= 0.97-0.98), indicating high similarity and 173 

stability in gene expression throughout passages. Moreover, R- LSCs were more strongly 174 

correlated with the ALI-diƯerentiated cluster (r = 0.75), whereas R+ samples and iP3 175 

displayed only moderate correlations (r = 0.51–0.55) (Fig. 1B) (Fig. 1B). 176 

 177 

To ascertain whether LSCs maintain their identity when exposed to Ri over successive 178 

passages, we constructed a heatmap using candidate markers selected from relevant 179 

literature, particularly those employed in characterising LSCs in single-cell 180 

transcriptomics investigations [35,36]. Inspection of the heatmap indicates that most 181 

stem cell/progenitor markers maintain a stable expression pattern across LSC samples. 182 

R+ LSCs maintain expression levels akin to iP3 throughout the passages, whereas 183 

expression of these markers in R- LSC samples tends to gradually decrease while the 184 

passage number increases (Fig. 1C). At passage 7, the expression of the stem cell 185 

markers in R- LSCs is low and comparable to that observed in ALI diƯerentiated samples. 186 

The low levels of these markers in the ALI diƯerentiated samples align with prior literature 187 

[35,36] and suggest that proliferation and stem cell phenotypes are arrested in these 188 

diƯerentiated states. Expression of the LSC/progenitor markers is absent in both R+ and 189 

R- ALI diƯerentiated samples (Fig. 1C).  190 
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 191 

Late R+ LSCs (P11, P12, P13, P14) show increased expression of markers enriched in 192 

basal epithelial cells, such as GJB1, GJB2, GJB6 and BMP7, a secreted ligand of the TGF-193 

beta receptor family. Moreover, putative limbal markers such as the transcription factor 194 

TP63, calcium binding protein S100A2, chemokine ligand CXCL14, ATPase Na+/K+ 195 

Transporting protein ATP1A1, basal limbal epithelial marker KRT14, and basal limbal and 196 

corneal epithelial marker KRT5 show the same pattern of increased expression with time 197 

in culture (Fig. 1C). As one of the best-characterised putative markers of LSCs, whose 198 

high expression is associated with improved graft success (Rama et al., 2010), TP63 199 

expression levels were validated by qPCR. TP63 expression was signiƱcantly higher in R+ 200 

LSCs compared with R- LSCs. Moreover, TP63 expression was further increased in late-201 

passage R+ LSCs (Fig. 1D). To validate these transcriptomic Ʊndings, we performed 202 

immunoƲuorescence analysis using KRT15 and p63 antibodies. These markers were Ʊrst 203 

validated in human limbal and central corneal sections, where they localised to the basal 204 

limbal layer but were absent from the central cornea. In contrast, diƯerentiated epithelial 205 

markers KRT3 and KRT12 were expressed in the suprabasal layers of the central cornea 206 

(Fig. S2A), but were absent from the limbus (data not shown). ImmunoƲuorescence 207 

analysis using these validated antibodies showed that p63 expression patterns in R+ and 208 

R- limbal stem cells closely mirrored results from bulk RNA sequencing and qPCR across 209 

successive passages (Fig. S2B). 210 

 211 

The ALI diƯerentiation method did not induce KRT12 expression, and KRT3 expression 212 

remained minimal in cultures derived from both R- and R+ conditions. Additionally, 213 

markers reported to be expressed in corneal suprabasal and superƱcial cells, such as 214 
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KRT24, HES5, HES1, and AREG, were not detected in diƯerentiated samples from either 215 

culture condition (Fig. 1C). Although ALI diƯerentiated cells express the previously 216 

mentioned markers at low levels, they robustly express markers characteristic of 217 

superƱcial corneal and conjunctival epithelium, including MUC1, MUC16, and MUC4. 218 

Additionally, markers typically found in wing cells of the central cornea, such as CXCL17, 219 

and the limbal superƱcial epithelium marker LYPD2, are present. Notably, these markers 220 

exhibit higher expression in both ALI diƯerentiated cells and R- limbal stem cell cultures 221 

compared to R+ LSCs. The same trend was observed for RHOV and CLDN7, both markers 222 

of post-mitotic and terminally diƯerentiated migratory epithelial cells. Nevertheless, no 223 

signiƱcant diƯerences were observed in the expression patterns of ALI diƯerentiated 224 

cultures derived from R+ and R- treated cells demonstrating that long term expansion of 225 

LSCs in the presence of R+ does not aƯect their diƯerentiation potential (Fig. 1C). The 226 

above-mentioned markers are expressed in iP3 and persist in early R-; some are also 227 

present in early R+ cultures, only to result in a decrease of expression in Late R+ LSCs. 228 

This decrease of diƯerentiation markers from iP3 to later passages of R+ LSCs, 229 

accompanied by the increase in the stem/progenitor cell marker expression, reveals a 230 

heterogeneous population of cells in the early passages and an enrichment in the LSC 231 

population throughout the passages in R+ LSCs (Fig. 1C). 232 

 233 

Taken together, these Ʊndings suggest that Ri enables scalable ex vivo LSC expansion 234 

while preserving stem cell identity and diƯerentiation capacity.  235 

 236 

Immunomodulatory Surface Ligand Characterisation in LSCs and ALI-derivatives 237 

 238 
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To gain insight into the immunological properties of LSCs and their ALI diƯerentiated 239 

derivatives under normal and inƲammatory (IFN-γ treated) conditions, we characterised 240 

the surface expression of a panel of ligands with established roles in immune recognition 241 

and modulation using Ʋow cytometry. These included classical antigen-presentation 242 

molecules (HLA-I A/B/C, HLA-II DP/DR/DQ), non-classical immunomodulatory HLA 243 

molecules (HLA-G, HLA-E), innate immune checkpoint ligands (CD47, PD-L1), and co-244 

stimulatory or adhesion molecules (CD40, ICAM, CD80, CD86). Characterising the 245 

expression proƱles between LSCs and their ALI-derivatives in normal and inƲammatory 246 

conditions provides critical insight into their immunogenicity and interactions with host 247 

immune cells.  248 

 249 

These markers play pivotal roles in cellular recognition. HLA-I (A, B, C) presents 250 

endogenous peptides to cytotoxic CD8+ T cells for direct alloreactive recognition [37], 251 

while non-classical HLA-G and HLA-E engage inhibitory KIRs on NK cells [38,39] and 252 

ILT2/ILT4 receptors on macrophages [40]. HLA-II (DP, DR, DQ) presents antigens to CD4+ 253 

T cells; its upregulation drives direct alloresponses that promote alloantibody production 254 

and accelerate rejection [41-43]. CD47 delivers a "don't-eat-me" signal via SIRPα on 255 

macrophages and dendritic cells, suppressing phagocytosis, antigen uptake, and the 256 

downstream T-cell activation cascade [44]. It also inhibits NK cell-mediated lysis [26]. 257 

PD-L1 engages PD-1 on activated T cells to induce exhaustion[45]; it further reduces 258 

phagocytosis by PD-1+ macrophages [46] and cytotoxicity by PD-1+ NK cells [25]. 259 

CD80/CD86 provide CD28-mediated costimulation to T cells or, with higher aƯinity, 260 

suppress them via CTLA-4 engagement [47]. CD40 delivers activation/maturation signals 261 

to antigen-presenting cells (APCs) via the CD40-CD40L axis, enabling full functionality 262 
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and antigen cross-presentation. CD40 expression on epithelial cells has been linked to 263 

the development of inƲammatory conditions, induction of self-tolerance, and allograft 264 

rejection [48]. ICAM-1 mediates adhesion of leukocytes, facilitating immune synapse 265 

formation [49]. 266 

 267 

At baseline, both LSCs and ALI-derived cells uniformly expressed HLA-I, which was 268 

further upregulated by IFN-γ (MFI) to a similar extent in both populations (Fig. S3A). In 269 

contrast, HLA-II was more prevalent in ALI cells at baseline (24.6% vs 2.3% in LSCs), but 270 

IFN-γ induced near-universal expression in both populations (LSCs 98.8%, ALI 86.6%) 271 

with comparable expression levels (Fig. S3B). HLA-G was detected in only small fractions 272 

of cells (LSCs 3.2%, ALI 7.5%) and remained unchanged following stimulation, with 273 

similar expression levels in both groups (Fig. S3C). HLA-E was absent at baseline but 274 

induced by IFN-γ, more prominently in LSCs (93.1%) than ALI cells (46.1%), although 275 

expression levels per positive cell were comparable (Fig. S3D). 276 

 277 

CD47 was uniformly expressed at baseline and signiƱcantly upregulated following IFN-γ 278 

without signiƱcant diƯerences between populations (Fig. S3E). PD-L1 expression 279 

increased markedly after stimulation in both LSCs (61.1% to 99.4%) and ALI cells (67.7% 280 

to 95.8%), with similar expression levels across conditions (Fig. S3F). ICAM-1 and CD40 281 

were both induced by IFN-γ in LSCs and ALI cells; however, LSCs showed higher 282 

proportions of positive cells (ICAM-1: 94.4% vs 51.9%; CD40: 85.9% vs 43.3%), whereas 283 

ALI-derived cells exhibited higher expression levels per positive cell (Fig. S3G–H). CD86 284 

was absent in LSCs but present in a subset of ALI cells (17.7%) and was not modulated 285 

by IFN-γ (Fig. S3I), while CD80 was not detected under any condition (Fig. S3J). 286 
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 287 

We also characterised the expression pattern of T and NK cells activating and inhibitory 288 

ligands, which demonstrated that LSCs and ALI-derived cells exhibit distinct immuno-289 

ligand expression proƱles (Fig. S4A, B). LSCs showed passage-dependent expression of 290 

T cell inhibitory ligands, with PVR, PD-L2, CD276, and NECTIN3 predominating in early 291 

passages and VISTA increasing at later passages (Fig. S4A). They exhibited a restrained T 292 

cell activating repertoire limited to HLA-G, CD30L, and GITRL, and NK inhibitory ligand 293 

expression dominated by adhesion molecules (NECTIN1, CDH2, CDH4, COL1A1) 294 

alongside passage-dependent HLA-G and NECTIN3. ALI-diƯerentiated cells displayed 295 

upregulated T cell co-stimulatory ligand expression, including HLA class I and II, 4-1BB-296 

L, CD27L, CD40, TNFSF14, HVEM, and butyrophilins, alongside NK inhibitory ligands 297 

centred on HLA class I molecules and CD47, and T cell checkpoint ligands including PD-298 

L1, LGALS9, NECTIN2, and VSIG3. Notably, NKG2D ligands (RAET1L, ULBP1, RAET1E, 299 

RAET1G, CADM1) were more highly expressed in LSCs (Fig. S4A, B). 300 

 301 

Taken together, these data reveal distinct immunomodulatory proƱles between LSCs and 302 

their ALI-diƯerentiated derivatives, shaped by diƯerentiation state and ampliƱed under 303 

inƲammatory conditions. LSCs exhibit a stem-like immune signature characterised by 304 

higher baseline CD40, inducible HLA-E, and restrained HLA-II and ICAM-1 expression. In 305 

contrast, ALI-derived cells display more mature epithelial characteristics, with elevated 306 

baseline HLA-II, CD86, and ICAM-1 potentially conferring increased adaptive immune 307 

interaction and retention. These Ʊndings suggest that diƯerentiation state critically 308 

shapes how limbal epithelial stem cell grafts are perceived and engaged by host immune 309 

eƯectors in both steady-state and inƲammatory environments. 310 
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 311 

Engineering HLA-I and HLA-II ablated LSCs  312 

 313 

Developing successful hypoimmune cell therapies requires the ablation or 314 

downregulation of cell-surface HLA Class I and II molecules. We achieved this by 315 

inactivating B2M and CIITA, the primary genetic regulators of HLA-I and HLA-II 316 

expression. Utilising the CRISPR/Cas9 system, we introduced targeted indels within exon 317 

2 of B2M and exon 3 of CIITA (Fig. 2A, B). This dual-knockout strategy was implemented 318 

in early-passage LSCs via the simultaneous delivery of ribonucleoprotein (RNP) 319 

complexes, facilitating the eƯicient disruption of antigen presentation pathways. 320 

Following nucleofection, LSCs were expanded to semi-conƲuence on feeder-coated 321 

plates. To validate the double knockouts, the cell pool was stimulated with IFN-γ to 322 

induce HLA-I and II expression. The resulting HLA-I⁻/HLA-II⁻ double-negative fraction was 323 

then isolated via single-cell sorting into 96-well plates containing LSC conditioned 324 

medium and Ri for clonal expansion (Fig. 2A). 325 

 326 

Flow cytometric analysis of the nucleofected LSC pool identiƱed four distinct 327 

populations based on HLA surface expression (Fig. 2C). The double-negative fraction 328 

(HLA-I⁻/HLA-II⁻, Population 4) accounted for 32.1% of the pool, indicating successful 329 

simultaneous disruption of both B2M and CIITA. We also identiƱed a double-positive 330 

population (HLA-I⁺/HLA-II⁺, 16.3%) representing either wild-type or partially edited cells, 331 

and two intermediate populations exhibiting single-locus loss: HLA-I⁻/HLA-II⁺ 332 

(Population 7, 10.4%) and HLA-I⁺/HLA-II⁻ (Population 6, 19.3%). 333 

 334 
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Following clonal expansion of the double-negative fraction, genomic DNA was extracted 335 

to verify indel formation. We employed a PCR-based screening strategy where primers 336 

were designed to anneal directly across the sgRNA cleavage sites; consequently, 337 

successful indel formation prevented primer binding and abolished ampliƱcation (Fig. 338 

2D). All selected clones (12, 13, 16, and 18) were conƱrmed to harbour biallelic 339 

disruptions in both B2M and CIITA. ConƱrmatory Ʋow cytometry further demonstrated 340 

the complete ablation of HLA-I and HLA-II surface expression (Fig. 2E). 341 

 342 

Among the validated B2M-/-CIITA-/- clones, Clone 13 (c13) was selected for further study 343 

as it exhibited superior LSC-characteristic morphology (Fig. 2F) and a signiƱcantly higher 344 

CFE (Fig. 2G). Sanger sequencing of the target regions in c13 conƱrmed the presence of 345 

frameshift mutations, ensuring stable functional knockouts (Fig. 2H). To ensure genomic 346 

integrity, c13 was screened for predicted CRISPR/Cas9 oƯ-target eƯects. Analysis of loci 347 

containing up to three mismatches revealed no detectable modiƱcations, conƱrming the 348 

high speciƱcity of the dual-editing approach (Fig. S5). 349 

 350 

 351 

Overexpression of the CD47 immune checkpoint inhibitor in HLA-I and HLA-II 352 

ablated LSCs  353 

 354 

CD47 acts as a critical inhibitory "self-signalling" molecule by engaging the immune 355 

receptor SIRPα, which eƯectively suppresses phagocytosis [50]. SIRPα is predominantly 356 

expressed on myeloid lineage cells with phagocytic capacity, including macrophages, 357 

dendritic cells, granulocytes, and monocytes, and is also present on Natural Killer (NK) 358 
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cells [51]. Recent evidence suggests that the overexpression of CD47 in HLA-I/II-deƱcient 359 

K-562 cells provides a dual layer of protection, shielding them from both macrophage-360 

mediated phagocytosis and NK cell-mediated "missing-self" cytotoxicity [25]. Notably, 361 

data from HLA-I/II-ablated primary human islets and iPSCs suggest that CD47-mediated 362 

NK cell inhibition is threshold-dependent, with quantitative Ʋow cytometry 363 

demonstrating that a minimum of approximately 184,773–203,853 antibody binding 364 

capacity units per cell (ABC) is required to confer eƯective protection [25].  365 

   366 

To mitigate "missing-self" triggered cytotoxicity in HLA-I/II ablated LSCs, a lentiviral 367 

vector (LV-CD47) was utilised to enforce CD47 expression under the control of the EF-1α 368 

promoter (Fig. 3A). We established an optimal multiplicity of infection (MOI) of 4 using a 369 

control mCherry lentiviral vector (Fig. S6A-C). LSC B2M-/-CIITA-/- (c13) LSCs were 370 

transduced in suspension and subsequently plated on blasticidin-resistant feeder 371 

layers. At 72 hours post-transduction, we initiated selection with 6 ug/ml blasticidin, 372 

followed by the isolation of the CD47Bright population via single-cell sorting into 96-well 373 

plates (Fig. 3B). 374 

 375 

To conƱrm sorting eƯiciency, we analysed pooled CD47DIM, CD47MID and CD47Bright 376 

populations. The CD47Bright pool exhibited the highest levels of both transcript and protein 377 

expression (Fig. 3C). Following clonal expansion, we prioritised the ten clones with the 378 

highest CD47 mRNA expression for further characterisation (Fig. 3D). Surface CD47 379 

levels were precisely quantiƱed via quantitative Ʋow cytometry by measuring the ABC per 380 

cell (Fig. 3E; Fig. S6D). Intriguingly, both WT and B2M-/-CIITA-/- LSCs exhibited high 381 

physiological baseline CD47 expression (219,568 and 197,568 ABC, respectively), which 382 
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falls within the proposed threshold for NK-cell resistance in islets and iPSCs. Despite 383 

these high baseline levels, the engineered CD47-overexpressing LSC clones (LSCs B2M-384 

/-CIITA-/-CD47OE) demonstrated a substantial 12- to 28.5-fold increase in surface CD47 385 

expression compared to wild-type controls (Fig. 3E). 386 

 387 

From the generated LSC B2M-/-CIITA-/-CD47OE candidates, six clones were identiƱed as 388 

harbouring three or fewer lentiviral vector copies per genome (Fig. 3F; Fig. S6E). These 389 

clones underwent further functional screening for CFE. The two top-performing clones, 390 

sc17 and sc35, exhibited the highest CFE and were prioritised for downstream 391 

characterisation (Fig. 3G). To conƱrm that the extensive genetic engineering (triple 392 

knockout/overexpression) did not compromise cellular potency, these lead clones were 393 

subjected to ALI diƯerentiation alongside LSC B2M-/-CIITA-/-. Histological analysis of 394 

transwell cross-sections demonstrated the maintenance of the epithelial phenotype. 395 

Staining conƱrmed the robust expression of LSC stem/progenitor cell markers (KRT15, 396 

p63) and the successful transition to diƯerentiation markers, including KRT3 and MUC4 397 

(Fig. 3H). 398 

 399 

These Ʊndings demonstrate that simultaneous HLA ablation and CD47 overexpression 400 

can be achieved without altering the fundamental biological properties of LSCs.  401 

 402 

 403 

B2M-/-CIITA-/-CD47OE LSCs and ALI derivatives avoid T cell recognition and 404 

proliferation 405 

 406 
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Given the diƯerential immunoregulatory ligand expression between LSCs and their ALI-407 

diƯerentiated progeny (Fig. S3; S4A, B), and the highly inƲammatory microenvironment 408 

that characterises LSCD in vivo, we next evaluated the immune evasive properties of 409 

generated LSCs (WT, B2M-/-CIITA-/- & B2M-/-CIITA-/-CD47OE clones) and their ALI progeny 410 

under inƲammatory conditions using a 3-week allogeneic T cell co-culture model. To 411 

more faithfully mimic the transplantation setting, co-cultures were performed in the 412 

absence of Ri, thereby precluding its potential inƲuence on both target cell immune 413 

ligand expression (Fig. S4C) and T cell activation [52].  414 

 415 

Pan T cells (CD3⁺) were isolated from PBMCs of four allogeneic human donors by 416 

negative MACS, and the corresponding T cell-deprived fraction of PBMCs was retained 417 

for use as autologous APCs. LSCs and ALI target cells were preconditioned with IFNγ for 418 

48 hours before co-culture. 8 × 10⁵ CellTrace Violette (CTV) - stained Pan T cells and 2 × 419 

10⁵ of CD3- PBMC fraction were added onto the target cells. To sustain antigen exposure, 420 

the cultures were maintained for three weeks through weekly serial passage of the 421 

eƯector cells onto freshly prepared target and CD3- PBMC cells (Fig. S7A). T cell 422 

activation and proliferation were monitored by Ʋow cytometry at weekly intervals to track 423 

the allogeneic response over the 3-week period (Fig. 4A). Non-stimulated CD3⁺ and CD3⁻ 424 

PBMC cells were used as a baseline, while CD3/CD28 Dynabeads served as a positive 425 

control for eƯector cell activation. The T cell activation and proliferation was assessed by 426 

the panel presented in the methods section (Table S9), and the gating strategy is 427 

described in Fig.S8. Pan T cells were characterised for helper T cell (CD4+) and cytotoxic 428 

T cell (CD8+) subsets and within each subset proliferation and activation (CD25+) were 429 

assessed. Memory subsets within CD4⁺ and CD8⁺ T cells were deƱned by CD62L and 430 
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CD45RO expression, identifying central memory (TCM/CD45RO⁺CD62L⁺) and eƯector 431 

memory (TEM/CD45RO⁺CD62L⁻) populations. Proliferation was subsequently analysed 432 

within the TCM and TEM fractions of both CD4⁺ and CD8⁺ compartments (Fig.S8).  433 

 434 

At week 1 in both LSC (Fig. 4A) and ALI (Fig. 5A) co-cultures, we observed no activation 435 

or proliferation of CD3⁺ Pan T cells, CD4⁺ T helper cells, or CD8⁺ cytotoxic T cells. And by 436 

week 3, the non-speciƱc baseline proliferation masked diƯerences attributable to the 437 

target cells, making week 2 the most informative timepoint for comparing the 438 

immunogenicity of LSCs and ALI-derived cells. Therefore, the subsequent analysis is 439 

focused on this time point. 440 

 441 

In LSC co-cultures, more than 88% of live leukocytes (CD45⁺) were T cells (CD3⁺). No 442 

signiƱcant diƯerences were observed between LSC conditions in the proportion of pan T 443 

cells (Fig. 4B); however, a signiƱcantly higher proportion of proliferating pan T cells was 444 

detected in co-cultures with WT LSC (Fig. 4b). T cells co-cultured with 445 

B2M⁻/⁻CIITA⁻/⁻CD47OE LSCs exhibited proliferation comparable to baseline, whereas 446 

B2M⁻/⁻CIITA⁻/⁻ LSCs showed a non-signiƱcant trend toward increased T cell proliferation 447 

(Fig. 4b). 448 

 449 

In contrast to the positive control, the proportions of CD4⁺ (Fig. 4C) and CD8⁺ (Fig. 4G) T 450 

cells were similar to baseline across all LSC co-cultures, including WT. Although a trend 451 

toward higher CD4⁺ T cell proliferation was observed in WT LSC co-cultures, this did not 452 

reach signiƱcance (Fig. 4c). Conversely, CD8⁺ T cell proliferation was signiƱcantly 453 

elevated in WT LSC co-cultures, whilst co-cultures with B2M⁻/⁻CIITA⁻/⁻ and 454 
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B2M⁻/⁻CIITA⁻/⁻CD47OE LSCs maintained proliferation levels comparable to baseline (Fig. 455 

4g). 456 

 457 

A signiƱcantly higher proportion of activated CD4⁺CD25⁺ cells was observed in WT LSC 458 

co-cultures, whereas B2M⁻/⁻CIITA⁻/⁻CD47OE LSCs yielded CD4⁺CD25⁺ levels 459 

comparable to baseline. B2M⁻/⁻CIITA⁻/⁻ co-cultures showed an intermediate trend, with 460 

activation higher than both CD47OE clones and baseline (Fig. 4D). This pattern was 461 

mirrored in CD4⁺CD25⁺ proliferation, where B2M⁻/⁻CIITA⁻/⁻CD47OE co-cultures exhibited 462 

signiƱcantly lower proliferation than B2M⁻/⁻CIITA⁻/⁻, and WT co-cultures showed 463 

signiƱcantly greater proliferation than B2M⁻/⁻CIITA⁻/⁻co-cultures (Fig. 4d).  464 

 465 

Activated CD8⁺CD25⁺ cells mirrored the activation pattern observed for CD4⁺CD25⁺ 466 

cells across LSC conditions (Fig. 4H), however, no proliferation of CD8⁺CD25⁺ cells were 467 

detected in B2M⁻/⁻CIITA⁻/⁻ co-cultures (Fig. 4h). This distinction suggests an initial CD4⁺ T 468 

helper cell engagement in B2M-/-CIITA-/- LSC co-cultures that occurs predominantly 469 

through indirect allorecognition mediated by the APCs present in the CD3⁻ fraction. 470 

 471 

The proportions of TCM (Fig. 4F) and TEM (Fig. 4E) populations within CD4⁺ T cells 472 

remained unchanged across all LSC co-culture conditions. However, proliferation of 473 

CD4⁺ TEM (Fig. 4e) cells was elevated in co-cultures with WT compared to B2M-/-CIITA-/-474 

CD47OE LSCs, which displayed proliferation levels identical to the baseline. Proliferation 475 

of CD4+ TCM was signiƱcantly increased in co-cultures with WT and B2M-/-CIITA-/- LSCs 476 

compared to B2M-/-CIITA-/-CD47OE LSCs, which displayed proliferation levels identical to 477 

the baseline (Fig. 4f). 478 
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 479 

Within the CD8⁺ cytotoxic T cell compartment, the TCM (Fig. 4J) population was 480 

comparable across all LSC co-culture conditions; however, a higher proportion of TEM 481 

cells was observed in co-cultures with WT LSCs (Fig. 4I). Proliferation of both CD8⁺ TCM 482 

(Fig. 4j) and TEM (Fig. 4i) cells was signiƱcantly elevated in LSCWT co-cultures, whilst B2M-483 

/-CIITA-/- and B2M-/-CIITA-/-CD47OE co-cultures exhibited proliferation levels comparable 484 

to baseline. 485 

 486 

In ALI co-cultures, proliferating pan T cells followed a pattern consistent with that 487 

observed in LSC co-cultures, with signiƱcantly higher proliferation detected in co-488 

cultures with WT ALI-derived cells compared to B2M⁻/⁻CIITA⁻/⁻ and 489 

B2M⁻/⁻CIITA⁻/⁻CD47OE ALI clones (Fig. 5b). Similarly, no signiƱcant diƯerences in CD4⁺ 490 

helper T cell proportions were observed between any of the ALI co-culture conditions 491 

(Fig. 5C). The pattern of CD4⁺CD25⁺ activated T cell proportions mirrored that seen in 492 

LSC co-cultures (Fig. 5D); however, proliferation of activated CD4⁺ cells diƯered between 493 

conditions when comparing ALI and LSC co-cultures. Proliferation was higher in WT ALI 494 

co-cultures (35%) (Fig. 5d) compared to WT LSC co-cultures (24.4%) (Fig. 4d), whilst the 495 

opposite was observed for B2M⁻/⁻CIITA⁻/⁻ cells, where ALI co-cultures exhibited notably 496 

lower proliferation (5.5%) compared to their LSC counterparts (12.4%). In contrast to LSC 497 

co-cultures (Fig. 4d), proliferation of activated CD4⁺CD25⁺ cells in B2M⁻/⁻CIITA⁻/⁻ did 498 

not diƯer from B2M⁻/⁻CIITA⁻/⁻CD47OE ALI co-cultures or from baseline (Fig. 5d). CD4⁺ 499 

TEM proportions and proliferation in ALI co-cultures (Fig. 5E, e) were comparable to 500 

those observed in LSC co-cultures. In contrast, CD4⁺ TCM proliferation diƯered between 501 

ALI and LSC conditions: WT ALI co-cultures (Fig. 5f) showed markedly higher TCM 502 
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proliferation than WT LSC (Fig. 4f) co-cultures (53.5% vs 39.1%), whereas the opposite 503 

trend was observed for B2M⁻/⁻CIITA⁻/⁻ cells, in which ALI co-cultures exhibited 504 

substantially lower proliferation than their LSC counterparts (8.3% vs 21.7%). Unlike in 505 

LSC co-cultures, CD4⁺ TCM proliferation in B2M⁻/⁻CIITA⁻/⁻ did not diƯer from 506 

B2M⁻/⁻CIITA⁻/⁻CD47OE ALI co-cultures or from baseline (Fig. 5f), both remaining 507 

signiƱcantly lower than the WT group. 508 

 509 

CD8⁺ cytotoxic T cell proportions in ALI co-cultures (Fig. 5G) were comparable to those 510 

observed in LSC co-cultures (Fig. 4G). However, unlike in LSC co-cultures, CD8⁺ T cell 511 

proliferation in WT ALI co-cultures (15.6%) was markedly lower than in WT LSC co-512 

cultures (30.7%) and comparable to both B2M⁻/⁻CIITA⁻/⁻ and B2M⁻/⁻CIITA⁻/⁻CD47OE ALI 513 

co-cultures (Fig. 5g). The proportion of activated CD8⁺CD25⁺ cells was higher in WT ALI 514 

co-cultures (22%) relative to B2M⁻/⁻CIITA⁻/⁻ (8.6%) and B2M⁻/⁻CIITA⁻/⁻CD47OE ALI 515 

clones (8.47%-10.3%) (Fig. 5H) yet remained signiƱcantly lower than that observed in WT 516 

LSC co-cultures (43.5%) (Fig. 4H). Similarly, proliferation of activated CD8⁺CD25⁺ cells 517 

in WT ALI co-cultures (3%) was substantially lower than in WT LSC co-cultures (18%), 518 

though still signiƱcantly higher than in B2M⁻/⁻CIITA⁻/⁻ and B2M⁻/⁻CIITA⁻/⁻CD47OE ALI 519 

co-cultures (Fig. 5h). 520 

 521 

No signiƱcant diƯerences in CD8⁺ TEM or TCM proportions or their proliferation were 522 

observed between any ALI co-culture conditions (Fig. 5I, J). However, when comparing 523 

WT ALI to WT LSC co-cultures, a consistent reduction was evident across TEM proportion 524 

(20.2% vs 30.9%) (Fig. 5I), TEM proliferation (23.5% vs 53.6%) (Fig. 5i), and TCM 525 
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proliferation (13.1% vs 30.5%) (Fig. 5j), collectively indicating an attenuated CD8⁺ 526 

memory T cell response in ALI-diƯerentiated cells. 527 

 528 

Together, these Ʊndings demonstrate a clear hierarchy of immunogenicity among the 529 

generated LSC lines. WT LSCs triggered an alloresponse characterised by signiƱcant 530 

proliferation across pan, CD8⁺, CD4+, and memory T cell compartments, alongside 531 

robust activation of both CD4⁺ and CD8⁺ T cells, consistent with direct and indirect 532 

allorecognition. B2M-/-CIITA-/- LSCs provoked a reduced response, predominantly 533 

reƲected in CD4⁺ T cell activation and memory proliferation, suggestive of indirect 534 

allorecognition mediated by the APCs present in the CD3- PBMC compartment. In 535 

contrast, B2M-/-CIITA-/-CD47OE LSCs evaded the immunorecognition, with T cell 536 

activation and proliferation across all subsets remaining similar to the baseline. ALI-537 

diƯerentiated derivatives broadly recapitulated this immunogenic hierarchy; however, 538 

especially in the cytotoxic CD8+ T cell compartment, the alloresponse was globally 539 

attenuated compared to LSCs. Although WT ALI cells retained the capacity to induce 540 

higher CD4⁺CD25⁺ proportions and proliferation than their HLA-ablated counterparts 541 

and CD47-overexpressing ALI clones, the latter two were largely indistinguishable from 542 

baseline, suggesting that, unlike in LSC co-cultures, ALI diƯerentiation in B2M⁻/⁻CIITA⁻/⁻ 543 

cells confers additional protection against APC-mediated indirect allorecognition. 544 

 545 

Overexpression of CD47 protects LSC B2M-/-CIITA-/- cells from macrophage 546 

phagocytosis 547 

 548 
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Given that CD4⁺ T cell activation in HLA-I/II-ablated LSC co-cultures implicates APC-549 

mediated indirect allorecognition, we next investigated whether CD47 overexpression 550 

protects LSCs and their ALI derivatives from macrophage phagocytosis. To examine 551 

macrophage phagocytic activity, target cells were labelled with pHrodo Red, a pH-552 

sensitive Ʋuorescent dye that emits signal upon phagocytic engulfment. Labelled target 553 

cells (LSC / ALI diƯerentiated - WT, B2M-/-CIITA-/- & B2M-/-CIITA-/-CD47OE clones) were 554 

subsequently treated with or without an anti-CD47 blocking antibody prior to addition 555 

onto macrophage-seeded wells at an EƯector: Target (E: T) ratio of 1.2:1 (Fig. S7B).  556 

 557 

Macrophage phagocytosis was monitored by live cell imaging every 30 minutes over a 6-558 

hour period across four donors for LSCs and three donors for ALI diƯerentiated cells. 559 

Representative Ʋuorescence images at the 3.5-hour timepoint shown in Figure 6E and J. 560 

Anti-CD47 antibody blocking treatment signiƱcantly increased macrophage 561 

phagocytosis of both LSC (Fig. 6A, D) and ALI (Fig. 6F, I) target cells across all lines, 562 

including WT and the generated clones. In untreated LSC conditions, B2M-/-CIITA-/-563 

CD47OE clones displayed macrophage engulfment comparable to that of WT LSCs, 564 

whilst B2M-/-CIITA-/- LSCs exhibited greater phagocytic uptake relative to both WT and 565 

B2M-/-CIITA-/-CD47OE clones (Fig. 6B, D). Following anti-CD47 antibody blockade, the 566 

phagocytic index increased in all of the conditions (Fig. 6D) with B2M⁻/⁻CIITA⁻/⁻ LSCs 567 

exhibiting the highest phagocytic activity, while CD47-overexpressing clones displayed 568 

engulfment levels comparable to WT (Fig. 6C). 569 

 570 

Overall, the phagocytic uptake was lower in ALI diƯerentiated cells compared to their LSC 571 

counterparts. ALI B2M-/-CIITA-/- cells recapitulated the pattern observed in LSCs, 572 
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exhibiting higher phagocytic activity relative to both WT and CD47-overexpressing clones 573 

(Fig. 6G, I). Following anti-CD47 blockage, B2M-/-CIITA-/- exhibited the highest phagocytic 574 

ability relative to WT and B2M-/-CIITA-/-CD47OE LSCs (Fig. 6H, I). 575 

 576 

Taken together, these results demonstrate that LSCs exhibit a greater susceptibility to 577 

macrophage phagocytosis than their ALI-diƯerentiated counterparts. Nonetheless in 578 

both cell types, CD47 overexpression reduced phagocytic uptake to levels comparable 579 

to HLA-I-expressing WT LSCs, suggesting that CD47 can compensate for the loss of HLA-580 

I-mediated "don't eat me" signalling.  581 

 582 

  583 

LSC B2M-/-CIITA-/- and LSC B2M-/-CIITA-/-C47OE clones are resistant to NK cell 584 

cytotoxicity 585 

 586 

To investigate whether the CD47 overexpression in LSC B2M-/- CIITA-/- cells inhibits the NK 587 

cell-mediated killing response triggered by HLA class I deƱciency, we performed 588 

coculture experiments. Primary allogenic NK cells were isolated (Fig. S7C) from PBMCs 589 

using negative MACS separation and were stimulated with IL-2 for 48 hours before and 590 

during coculture. K562 cells, naturally lacking HLA class I and II and highly sensitive to 591 

NK cell activity, were used as a positive control (Fig. 7A). LSC WT, LSC B2M-/-CIITA-/- and 592 

LSC B2M-/-CIITA-/-C47OE clones were cocultured with allogenic NK cells at EƯector: 593 

Target (E: T) ratios of 1:1 (n=5) and 2:1 (n=3) for 56 and 48 hours respectively (Fig. 7B, C).  594 

 595 
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Target cells were grown on xCELLigence RTCA E-Plates for real-time monitoring of NK cell 596 

cytolytic activity. A drop of the cell index indicates target cell death, as shown in the 2% 597 

Triton-X (Tx2%) lysis control (Fig. 7C). As expected, increasing NK cell ratios result in 598 

enhanced cytotoxicity against K562 cells (Fig. 7A), whereas WT LSCs were completely 599 

protected from NK cell-mediated killing at both 1:1(Fig. 7B) and 2:1(Fig. 7C) E:T ratios. To 600 

our surprise B2M-/-CIITA-/- LSCs also evaded NK cell-mediated killing despite the 601 

complete absence of HLA-I. Consistent with these Ʊndings, both clones overexpressing 602 

CD47 similarly evaded NK cell cytotoxicity, indicating that CD47 overexpression does not 603 

confer additional protection against NK cell-mediated lysis in HLA-I and HLA-II deƱcient 604 

LSCs (Fig. 7B, C).  605 

 606 

Surface expression of the degranulation marker CD107a was analysed by Ʋow cytometry 607 

as a readout of NK cell activation in response to both LSC-generated cells and 608 

corresponding ALI-diƯerentiated derivatives (Fig. 7D). NK cells cultured alone were used 609 

to establish baseline degranulation, while NK cells co-cultured with K562 cells served as 610 

a positive control. Across the three NK donors used for LSC co-culture, baseline 611 

degranulation averaged 6.11%. Upon co-culture with K562 cells, CD107a expression 612 

increased signiƱcantly to 41%. NK cell degranulation remained signiƱcantly lower across 613 

all LSC variants compared to the K562 positive control. SpeciƱcally, CD107a expression 614 

was 2.31% for WT LSC and ranged from 3.9% to 7.95% for the LSC B2M-/-CIITA-/- and B2M-615 

/-CIITA-/-C47OE clones, all of which represent a marked contrast to the high degranulation 616 

triggered by K562 cells (Fig. 7D). Furthermore, degranulation across these groups did not 617 

diƯer signiƱcantly from the baseline observed in NK-only cultures. A notable exception 618 
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was LSC WT, which exhibited signiƱcantly fewer CD107a-positive cells (2.31%) than the 619 

LSC B2M-/-CIITA-/-C47OE clone 35 (7.95%). 620 

 621 

For the three NK cell donors evaluated in co-culture with ALI-diƯerentiated cells, 622 

baseline CD107a expression was 4.54%, which increased signiƱcantly to 37.96% upon 623 

co-culture with K562 cells (Fig. 7D). In contrast, degranulation levels remained at 624 

baseline levels when NK cells were co-cultured with ALI-diƯerentiated cultures, 625 

including WT (4.06%), B2M-/-CIITA-/- (3.9%), and the B2M-/-CIITA-/-C47OE clones 17 and 35 626 

(2.68% & 2.67%). No signiƱcant diƯerences were observed between these groups and the 627 

baseline. 628 

 629 

To test whether NK cell resistance in HLA-I-ablated B2M⁻/⁻CIITA⁻/⁻ LSCs was attributable 630 

to physiologically elevated CD47 and/or PD-L1 expression, we pretreated WT and 631 

B2M⁻/⁻CIITA⁻/⁻ LSCs with anti-CD47 and/or anti-PD-L1 blocking antibodies before and 632 

during co-culture. To minimise antibody-dependent cellular cytotoxicity (ADCC), we 633 

blocked NK cell Fc receptors 4 hours before co-culture initiation. Real-time xCELLigence 634 

monitoring revealed that B2M⁻/⁻CIITA⁻/⁻ LSCs evaded NK cell-mediated killing across all 635 

blocking conditions, with impedance proƱles similar to the target-only control. This was 636 

further corroborated by NK cell degranulation and granzyme B release, neither of which 637 

diƯered signiƱcantly from WT LSC co-cultures or baseline levels in contrast to the 638 

response elicited by the K562 positive control. 639 

 640 
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Collectively, these Ʊndings indicate that the NK cell resistance exhibited by B2M⁻/⁻CIITA⁻/⁻ 641 

LSCs is independent of CD47 and PD-L1 signalling, suggesting that alternative 642 

mechanisms may underlie their evasion of missing-self cytotoxicity. 643 

        644 

 645 

Discussion 646 

 647 

Hypoimmune engineering of human LSCs represents a promising strategy to establish a 648 

universal, well-characterised allogeneic cell source for the treatment of both unilateral 649 

and bilateral LSCD, circumventing the need for systemic immunosuppression in 650 

recipients, reducing donor variability, and avoiding rejection. To achieve this, LSCs need 651 

to be genetically engineered to evade recognition by both innate and adaptive immune 652 

responses. However, the development of a clinically relevant, clonally selected cell bank 653 

capable of serving a broad patient population necessitates prolonged in vitro expansion 654 

while preserving stem cell identity and function. In this context, inhibition of the ROCK 655 

pathway, commonly employed in stem cell culture, has been shown to support long-term 656 

maintenance and expansion of human limbal epithelial stem cells in vitro [53]. Moreover, 657 

ROCK inhibitors have demonstrated clinical utility in promoting corneal epithelial 658 

regeneration and resolving partial LSCD [54].  659 

 660 

In this study, we demonstrate that LSCs can be maintained in culture for over 35 passages 661 

in the presence of the Ri Y-27632, while preserving their transcriptomic identity and 662 

maintaining characteristic limbal stem/progenitor features. SpeciƱcally, Ri-treated 663 

cultures retained characteristic cobblestone epithelial morphology, sustained 664 



29 

 

proliferative capacity, maintained their CFE and stable expression of key stem cell 665 

markers, including p63 and KRT15. Furthermore, wound healing capacity was enhanced 666 

in Ri-treated cultures. Transcriptomic analysis comparing LSCs and ALI-diƯerentiated 667 

cells across passages demonstrated that Ri-treated LSCs retained sustained expression 668 

of limbal stem/progenitor markers, accompanied by low levels of diƯerentiation-669 

associated genes. In contrast, untreated LSC cultures exhibited a progressive decline in 670 

stem cell marker expression, alongside an increase in diƯerentiation markers over time. 671 

ALI-diƯerentiated cultures from both Ri-treated and untreated conditions exhibited 672 

comparable transcriptional signatures, indicating that ROCK inhibition did not impair 673 

diƯerentiation potential across passages. 674 

 675 

 Interestingly, early-passage LSC cultures exhibited relatively high expression of 676 

diƯerentiation markers, including KRT3, KRT12, and the suprabasal corneal marker HES1. 677 

This likely reƲects the heterogeneous nature of the initial cell population following 678 

enzymatic digestion of human limbal tissue, which may include limbal stem/progenitor 679 

cells and more diƯerentiated epithelial cells from the peripheral cornea. Over 680 

subsequent passages, a progressive reduction in these diƯerentiation markers was 681 

observed. In Ri-treated cultures, this shift was more pronounced, suggesting a selective 682 

loss of post-mitotic keratinocytes and enrichment of the LSC population over time. This 683 

interpretation is supported by the U-shaped curve of CFE in R+ cultures, and the 684 

progressive enrichment of p63 expression in Ri-treated LSCs across passages. Although 685 

Ri-treated LSCs remain transcriptionally comparable to early-passage cells, retain 686 

equivalent in vitro diƯerentiation potential and stratify under ALI conditions, exhibiting 687 

polarity like the native epithelium, further functional validation is required. In particular, 688 
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transplantation studies in LSCD animal models comparing early- and late-passage Ri-689 

treated cells for their ability to restore the corneal epithelium, would be essential to 690 

conƱrm their regenerative capacity in vivo. 691 

 692 

From a translational perspective, the integration of ROCK inhibitor Y-27632 into a GMP-693 

compliant manufacturing workƲow is an important consideration for the clinical 694 

applicability of this approach. Y-27632 is commercially available as a GMP-grade reagent 695 

and has already been incorporated into several clinical-grade stem cell culture protocols, 696 

supporting its compatibility with regulatory manufacturing standards [55-57] . Although 697 

this would require careful validation of downstream product safety. In addition, for a 698 

hypoimmune LSC bank to be clinically scalable, batch-to-batch consistency, 699 

cryopreservation resilience, and post-thaw functional stability will be essential 700 

parameters to deƱne. With respect to scalability, the prolonged expansion capacity 701 

conferred by Ri treatment is particularly advantageous, as it supports the generation of 702 

large cell numbers from a limited donor source. However, extensive passaging inherently 703 

raises concerns regarding genomic stability, and for clinical applications it is necessary 704 

to screen for a genetically stable donor-derived LSC line. 705 

 706 

After conƱrming that LSCs maintained their identity in long-term cultures with R+ we 707 

simultaneously delivered Cas9 RNPs containing sgRNAs targeting both B2M and CIITA 708 

loci. We speciƱcally deleted HLA-I, to protect the target cells from CD8+ cytotoxic T cell 709 

recognition and HLA-II to protect them from CD4+ helper recognition. Additionally, we 710 

overexpressed CD47 to inhibit the innate immune system activation triggered by HLA-I 711 

deƱciency. Allogeneic T cell co-culture assays revealed distinct modes of immune 712 
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recognition across the generated LSC lines. WT LSCs elicited robust activation and 713 

proliferation of both CD4⁺ and CD8⁺ T cells, consistent with classical direct 714 

allorecognition mediated by donor HLA class I and II molecules. In contrast, B2M⁻/⁻CIITA⁻/⁻ 715 

LSCs, lacking surface HLA, avoided direct recognition but induced a response dominated 716 

by CD4⁺ T cell activation and proliferation, with limited CD8⁺ activation but no 717 

proliferation. This proƱle is consistent with indirect allorecognition, whereby phagocytic 718 

uptake by antigen-presenting cells enables presentation of processed alloantigens to 719 

CD4⁺ T cells, with delayed, helper-dependent CD8⁺ response. 720 

 721 

Enhanced susceptibility of B2M⁻/⁻CIITA⁻/⁻ LSCs to macrophage phagocytosis supports 722 

this mechanism, reƲecting loss of HLA class I-mediated inhibitory signalling. Increased 723 

phagocytic uptake would augment antigen availability and drive indirect alloresponses. 724 

CD47 overexpression eƯectively mitigated this vulnerability, suppressing phagocytosis 725 

via SIRPα engagement and limiting antigen transfer to APCs. Accordingly, 726 

B2M⁻/⁻CIITA⁻/⁻CD47OE LSCs exhibited complete immune evasion, with T cell responses 727 

reduced to baseline and macrophage phagocytic activity equal to that of WT. In ALI-728 

diƯerentiated cultures, this hierarchy was preserved but attenuated. Notably, 729 

B2M⁻/⁻CIITA⁻/⁻ ALI cells failed to elicit detectable CD4⁺ responses, consistent with 730 

reduced phagocytic susceptibility, thus limiting antigen availability for indirect 731 

presentation via host APC HLA-II. CD8⁺ responses were also globally diminished, 732 

particularly in WT conditions. This attenuation likely reƲects both reduced antigen 733 

transfer and diƯerentiation-associated immunomodulation, including increased PD-L1 734 

expression, which may suppress cytotoxic T cell activity via PD-1 engagement. 735 

 736 
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Surprisingly, dual knockout of B2M and CIITA in LSCs did not elicit a “missing self” NK 737 

cell-mediated cytotoxic response, nor did CD47 overexpression confer additional 738 

protection. Missing-self theory predicts that HLA class I loss should sensitise a target to 739 

NK-mediated lysis by removing inhibitory KIR and NKG2A ligands [38,39], and this 740 

prediction has held in numerous other HLA-ablated cell systems, where B2M⁻/⁻ products 741 

have repeatedly been shown to be susceptible to NK killing [299]. Vulnerability that has, 742 

in fact, been the central rationale for pairing HLA ablation with CD47 overexpression  [26], 743 

HLA-E [58] or HLA-G [59,60] knock-in, or other inhibitory ligands in hypoimmune 744 

engineering. B2M⁻/⁻CIITA⁻/⁻ LSCs did not follow this pattern. They were fully resistant to 745 

NK-mediated killing, indistinguishable from WT and from the CD47-overexpressing 746 

clones across both E:T ratios. We initially hypothesised that this could be attributed to 747 

the intrinsically high expression of CD47 and PD-L1 in LSCs; however, blockade of 748 

endogenous CD47 and PD-L1 in B2M⁻/⁻CIITA⁻/⁻ LSCs still failed to induce an NK cell 749 

response. This rules out the two most obvious candidate checkpoints and indicates two 750 

potential explanations equally important and non-mutually exclusive. The missing self-751 

recognition is either not eƯectively engaged in B2M⁻/⁻CIITA⁻/⁻ LSCs due to other inhibitory 752 

axes not tested here or there is that primary LSCs simply present a low baseline density 753 

of NK-activating ligands, keeping the net activating signal below the threshold required 754 

for lysis regardless of HLA-I inhibitory ligand loss. Both scenarios are consistent with the 755 

general principle that HLA-I loss alone is necessary but not suƯicient to trigger NK killing 756 

[61]. 757 

 758 

Together, these data deƱne a dual-layered strategy for immune evasion: genetic ablation 759 

of HLA class I and II combined with CD47 overexpression suppresses both direct and 760 



33 

 

indirect allorecognition, while epithelial diƯerentiation further reinforces immune 761 

privilege through reduced phagocytosis and checkpoint-mediated inhibition. Whether 762 

hypoimmune engineering or prolonged ex vivo expansion alters the capacity of LSCs to 763 

integrate into and respond to limbal niche signals remains an important open question. 764 

In vivo transplantation studies in LSCD animal models will be essential to determine 765 

whether engineered cells can reconstitute a functional, self-renewing corneal epithelium 766 

rather than merely engraft transiently. 767 

 768 

However, it is important to acknowledge that HLA class I and II molecules, whilst the 769 

predominant drivers of allorecognition, do not represent the complete landscape of 770 

transplant rejection antigens. Corneal epithelial cells express ABO blood group 771 

antigens[62,63], and in the event of donor-recipient ABO incompatibility, graft-expressed 772 

antigens may become targets of pre-existing recipient AB antibodies, leading to antibody-773 

dependent cellular cytotoxicity (ADCC) and complement-dependent toxicity (CDC) [64]. 774 

Additionally, the H-Y antigen system, encoded by Y chromosome-linked genes 775 

constitutes a clinically relevant barrier in male-to-female transplantation, where 776 

recipient immune responses against H-Y peptides have been associated with graft 777 

rejection [65]. Hence, to minimise residual allorecognition and rejection, careful donor 778 

selection should therefore complement the hypoimmune engineering strategy: 779 

speciƱcally, the use of LSCs derived from donors of blood group O and XX genotype 780 

individuals. However, given the residual uncertainty regarding the extent to which ABO 781 

antigens contribute to corneal immune recognition in vivo, donor selection based on 782 

blood group O may be viewed as a conservative strategy to reduce potential antibody-783 

mediated risk rather than a deƱnitive requirement. 784 
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 785 

The corneal epithelium serves as a critical barrier continuously exposed to 786 

environmental insults and pathogens. Although the depletion of HLA class I and II 787 

molecules warrants further investigation in this context, the ocular surface is supported 788 

by a multilayered innate defence system, including the antimicrobial and 789 

immunomodulatory properties of the tear Ʊlm, as well as resident immune cell 790 

populations within the limbal niche and central cornea, which may partially compensate 791 

for reduced antigen-presenting capacity in HLA-ablated limbal/corneal epithelial cells 792 

[66], remains an important question for future preclinical studies. 793 

 794 

Beyond immunological rejection, the immune-evasive properties of hypoimmune LSCs 795 

introduce distinct biosafety considerations that must be carefully weighed against their 796 

therapeutic promise. The very mechanisms that protect transplanted cells from immune 797 

clearance could, in a malignant or genomically unstable state, impair 798 

immunosurveillance and thereby increase the risk of unchecked persistence, expansion 799 

or migration. One potential mitigation strategy is the incorporation of inducible suicide 800 

switches into the engineering cassette, enabling selective ablation of transplanted cells 801 

should adverse events arise. An additional concern, which warrants evaluation, is the 802 

potential transfer of CD47-enriched extracellular vesicles to bystander tissues, where 803 

they could theoretically confer a transient “don’t eat me” signal to otherwise 804 

immunologically normal cells. 805 

 806 

These risks must, however, be considered in the context of the substantial burden 807 

imposed by current standard-of-care therapy. Conventional allogeneic LSC 808 
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transplantation requires long-term systemic immunosuppression, with well-recognised 809 

risks of opportunistic infection, secondary malignancy, and reduced quality of life, and is 810 

also limited by poor long-term graft survival due to rejection. In contrast, a successful 811 

hypoimmune allogeneic therapy could eliminate this pharmacological burden while 812 

supporting durable engraftment. By comparison, autologous therapies have a stronger 813 

track record of long-term survival; however, 1/3 of grafts still fail for reasons unrelated to 814 

rejection, including donor-related variability and niche damage. A well-characterised and 815 

easily available LSC product could help overcome this source of variability. At the 816 

healthcare system level, an oƯ-the-shelf product derived from a single engineered cell 817 

line would also reduce the logistical and Ʊnancial costs associated with autologous cell 818 

harvesting, donor matching, and post-transplant immunosuppression monitoring. 819 

Ultimately, advancement of hypoimmune LSC platforms should rest on a transparent 820 

risk-beneƱt framework that acknowledges biosafety uncertainties while recognising the 821 

therapeutic advantages of immune-tolerant allogeneic therapies. 822 

 823 

 824 

Materials and Methods  825 

 826 

Human tissue donation 827 

 828 

Adult human eyes from three donors were donated for research following informed 829 

consent. All tissue was provided by NHS Blood and Transplant Tissue and Eye Services 830 

or the Newcastle NHS Trust following ethical approval (18/YH/04/20). Whole eyes were 831 
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delivered covered in PBS and processed within 24h after enucleation. Details of the three 832 

donors are provided in Table S1. 833 

 834 

LSC cell isolation and ex vivo expansion 835 

 836 

Preparation of 3T3-J2 feeder cells 837 

 838 

Twenty-four hours before seeding LSCs, 3T3-J2 mouse Ʊbroblasts (Cat. EF3003, Karafast, 839 

USA) were mitotically inactivated using Faxitron x-ray, with a current of 4mA, and a 840 

voltage of 120kv for 7 minutes. Mitotically inactivated 3T3-J2 cells were suspended in 841 

feeder cell media containing high-glucose DMEM (Cat. 31966-02, Gibco) supplemented 842 

with bovine calf serum (10%) (HyClone Cat. SH30072.03, USA) and 843 

penicillin/streptomycin (1%) (Gibco, Cat. 15140122) and plated at the Ʊnal density of 4 844 

×104 cells per cm2 in 9.6 cm2 tissue culture dishes. The cells were incubated on a 845 

humidiƱed tissue culture incubator overnight at 37°C, containing 5% CO2 to allow the 846 

establishment of a feeder layer. 847 

 848 

LSCs isolation from eye tissue using enzymatic digestion 849 

 850 

LSCs were harvested from cadaveric donor cornea-scleral rims (CSR) using serial 851 

enzymatic digestion of the tissue. BrieƲy described, the CSR was isolated from the whole 852 

eye, and the excessive tissue was dissected, leaving a ring containing approximately 2 853 

mm of peripheral cornea and 2 mm of adjacent sclera. The remaining ring containing the 854 

limbus was further chopped in 1mm2 pieces. LSCs were isolated from these pieces using 855 
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0.5% trypsin-EDTA (Gibco, Cat. 25300062) solution for 20 minutes at 37°C. After the 856 

incubation, the supernatant containing the resulting dissociated LSCs was collected and 857 

FBS containing epithelial media was added to neutralise the trypsin. The LSCs were 858 

pelleted by spinning at 1000rpm for 5 minutes. After removing the supernatant, the cells 859 

were re-suspended in epithelial medium containing, 65% Low Glucose Dulbecco's 860 

ModiƱed Eagle Medium (DMEM) (Cat. 21885-025, Gibco), 25% Ham's F12 medium (Cat. 861 

31765-027, Gibco), FBS 10% (Cat.10270-106, Gibco), hydrocortisone 0.4 μg/ml (Cat. 862 

H2270, Sigma Aldrich), insulin 5 μg/ml (Cat. I9278, Sigma Aldrich), triiodothyronine 1.4 863 

ng/ml (Cat. T5516, Sigma Aldrich), adenine 24 μg/ml (Cat. A9795, Sigma Aldrich), cholera 864 

toxin 8.4 ng/ml (Cat. C8052, Sigma Aldrich), EGF 10 ng/ml (Cat. E9644 Sigma Aldrich) and 865 

1% of penicillin/streptomycin (Gibco, Cat. 15140122). This procedure was repeated three 866 

more times using the same limbal tissue. The isolated cells were pooled together, and 867 

30,000 viable LSCs (density of 3.125 × 103/cm2) in epithelium media were added to a 9.6 868 

cm2 tissue culture well coated with 3T3-J2 feeder cells.    869 

 870 

Serial LSC expansion on 3T3-J2 feeder layer  871 

 872 

Human limbal epithelial stem cell expansion on mitotically inactivated J2-3T3 feeder 873 

cells was performed using the described above epithelial media. The epithelial medium 874 

was supplemented with 10 μM ROCK inhibitor (Ri, Y27632, Tocris) when indicated. Cell 875 

colonies with typical epithelial morphology started to appear after 2–5 days and were 876 

cultured until they became subconƲuent. Following this, the remaining 3T3-J2 feeder 877 

cells were detached and removed from the coculture using 1x Versene (Gibco, Cat. 878 

15040066), and subconƲuent LSCs were dissociated with 0.5% trypsin-EDTA (Gibco, Cat. 879 
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25300062) to single-cell suspension and plated at a density of 3.125 × 103 cells/cm2 onto 880 

fresh wells preplated with mitotically inactivated J2-3T3 feeder cells. 881 

 882 

 Colony forming eƯiciency (CFE)  883 

 884 

500 LSCs were seeded with or without Ri, in feeder coated 6 well plates. After 8-12 days 885 

in culture, the cells were Ʊxed in 4% PFA and stained with 2% Rhodamine B (in H2O). The 886 

colonies were counted, and the CFE was calculated using the following equation: 887 

ܧܨܥ = 500݀݁ݐ݊ݑ݋ܿ ݏ݁݅݊݋݈݋ܥ) )  888 100ݔ

 889 

Air-Liquid Interface (ALI) DiƯerentiation of LSCs 890 

 891 

For ALI diƯerentiation, 2.5 × 105 LSCs were seeded onto feeder-coated 24-well 892 

ThinCert® Cell Culture Inserts (Greiner Bio-One), with feeder cells present both on the 893 

insert membrane and in the basal compartment. Cells were maintained in epithelial 894 

medium with or without 10 µM Y-27632 (Ri), with 500 µL added to the basal compartment 895 

and 250 µL to the apical compartment. Cells were allowed to adhere overnight, after 896 

which the medium was transitioned to a 1:1 mixture of epithelial and diƯerentiation 897 

medium (65% low-glucose DMEM (Cat. 21885-025, Gibco), 25% Ham's F-12 (Cat. 31765-898 

027, Gibco), 10% FBS (Cat. 10270-106, Gibco), hydrocortisone 0.4 µg/mL (Cat. H2270, 899 

Sigma-Aldrich), insulin 5 µg/mL (Cat. I9278, Sigma-Aldrich), triiodothyronine 1.4 ng/mL 900 

(Cat. T5516, Sigma-Aldrich), cholera toxin 8.4 ng/ml (Cat. C8052, Sigma Aldrich), adenine 901 

24 µg/mL (Cat. A9795, Sigma-Aldrich), KGF 10 ng/mL (Cat. 100-19-50UG, PeproTech®), 902 
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and 1% penicillin-streptomycin (Cat. 15140122, Gibco)), with or without Ri, applied to 903 

both compartments. The following day, the medium was replaced entirely with 904 

diƯerentiation medium and replenished every other day. At the end of week 1, the apical 905 

medium was removed to establish the ALI, and cells were maintained for a further two 906 

weeks. To promote epidermal stratiƱcation, partial basal feeding was performed daily 907 

throughout the ALI phase. 908 

  909 

Wound healing assay 910 

 911 

LSCs from three independent donors were seeded at 50,000 cells/well in 96-well 912 

ImageLock® plates (Sartorius, Cat. No. BA-04856) and incubated for 6 hours at 37°C in a 913 

humidiƱed 5% CO₂ incubator to establish a conƲuent monolayer. Uniform scratch 914 

wounds were introduced simultaneously across all wells using the IncuCyte® 915 

WoundMaker tool (Sartorius) according to the manufacturer's instructions. Wells were 916 

subsequently washed twice with PBS to remove cellular debris. Immediately after 917 

wounding, cells were treated with the Rho kinase inhibitor Y-27632 (Ri; 10 μM) or left 918 

untreated. Plates were transferred to the IncuCyte® S3 Live-Cell Analysis System 919 

(Sartorius) housed within a humidiƱed incubator (37°C, 5% CO₂), and phase-contrast 920 

images were acquired automatically at 3-hour intervals over 48 hours using a 10× 921 

objective. Wound closure dynamics were quantiƱed using the IncuCyte® Scratch Wound 922 

Cell Migration Software Module. The wound conƲuence (%) and relative wound density 923 

(RWD, %), deƱned as the density of cells in the wound area relative to the density outside 924 

the wound area, were calculated over time. 925 

 926 
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DNA extraction and PCR 927 

 928 

Genomic DNA (gDNA) was extracted using QIAamp DNA Mini Kit (Cat. 56304, Qiagen) and 929 

quantiƱed with NanoDrop™ 2000/2000c Spectrophotometers (Thermo ScientiƱc™). 930 

1.25U of GoTaq® G2 DNA Polymerase (Cat. M7841, Promega) was used in a 50ul PCR 931 

reaction, composed of 10ul GoTaq® Reaction BuƯer(5X) (Cat. M7921, Promega), 1ul of 932 

PCR Nucleotide Mix (Ʊnal concentration 0.2mM) (Cat. U1511, Promega), 1ul of each 933 

10mM, F and R primer, 2ul of gDNA and Nuclease-Free Water to 50ul. The primer 934 

sequences are shown in Table S4. 935 

 936 

RT-qPCR 937 

 938 

ReliaPrep™ RNA Cell Miniprep Kit was used to extract RNA from cell pellets following 939 

manufacturer’s instructions. RNA quantiƱcation was performed with Qubit™ RNA Broad 940 

Range (BR). RNA to cDNA conversion was performed using Promega GoScript™ Reverse 941 

Transcription Kit with 200ng of RNA input. Experiments were conducted using a 942 

QuantStudio™ 7 Flex Real‐Time PCR machine (Applied Biosystems, UK), using SYBR 943 

green reaction technology (Promega, UK). The cDNA was ampliƱed by heating to 95 °C for 944 

10 minutes followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute (using 945 

ramp rate of 1.6 °C s−1), with a Ʊnal heating step of 95 °C for 15 seconds. GAPDH was 946 

used as housekeeping gene, and when indicated, cornea from donor tissue or early 947 

passage LSCs were used as controls. The relative gene expression was assessed using 948 

the primers in Table S5. 949 

 950 
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Bulk RNA-Seq 951 

 952 

Following cell isolation from limbal tissue LSCs were cultured with (+) or without (-) Ri. 953 

Throughout the passages LSCs or ALI derived cultures were collected, and RNA was 954 

extracted from the samples using ReliaPrep™ RNA Cell Miniprep Kit. Samples were 955 

processed for sequencing using the Illumina Stranded mRNA Library Prep Kit (Illumina) 956 

following manufacturer’s instructions. Libraries were sequenced (101 bp paired end 957 

reads) on an Illumina NovaSeq 6000. Reads were quality checked using FastQC and 958 

MultiQC. Reads were quantiƱed by Salmon software (version 1.9.0) using the Human 959 

(GRCh38) transcriptome from Gencode (release version 42). The resulting count tables 960 

were imported into R (version 4.2.2) with tximport (version 1.26.1), and normalization and 961 

diƯerential expression analysis was carried out with DESeq2 (version 1.38.2). Data are 962 

publicly available through the NCBI Gene Expression Omnibus (GEO) under accession 963 

number: GSE329486. SigniƱcant DEGs were identiƱed by absolute value of 964 

log2(FoldChange) >= log (2) = 1 & adjusted p-value <= 0.05. 965 

 966 

 967 

 968 

ImmunoƲuorescence analyses 969 

 970 

Membranes of hanging inserts where the diƯerentiated limbal epithelial cells adhered, 971 

were cut, and Ʊxed with 4% paraformaldehyde (PFA) at RT for 20 min. The cells were 972 

blocked and permeabilised using 10% donkey serum + 0,3% Triton X100 in PBS solution. 973 

DiƯerentiated limbal epithelial cells were incubated with primary antibodies (Table S7) 974 
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overnight at 4°C and for 1 hour at room temperature with the secondary antibody. 975 

Following each antibody incubation, samples were washed three times for 10 minutes 976 

each. Images were acquired as z-stacs with an Axio Imager 4 with Apotome structured 977 

illumination Ʋuorescence. Maximum intensity projections were generated in ZEN 978 

software, with image brightness and contrast uniformly adjusted based on a secondary 979 

antibody control. 980 

 981 

Enrichment of cultured LSCs (Collagen IV quick adhesion assay)  982 

 983 

To enrich LSCs and eliminate the residual feeder cells, 6 well culture dishes, were coated 984 

with human collagen IV (20 μg/mL) for 2 hours at room temperature (RT) and then 985 

incubated with 0.5 mg mL−1 heat-denatured BSA in PBS at 37°C for 1 hour and rinsed 986 

with medium before use. The cell suspension (containing 3T3s and LSCs) was allowed to 987 

attach to col-IV for 30 minutes at 37 °C. The wells were washed twice delicately with PBS 988 

to eliminate the residual 3T3s. The attached LSCs were then lifted using 0.5% trypsin-989 

EDTA (Gibco, Cat. 25300062).  990 

 991 

Flow cytometry in LSCs 992 

 993 

Enriched LSCs or ALI diƯerentiated derivatives were Ʊrst incubated on ice with human Fc 994 

receptor (FcR) Blocking Reagent (Cat. 130-059-901, Miltenyi Biotec) for 5 minutes to 995 

prevent non-speciƱc antibody binding. Following blocking, cells were stained with 996 

Ʋuorochrome-conjugated antibodies or their respective isotype controls for 30 minutes 997 
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at 4 °C (Table S8). After staining, cells were washed three times with FACS buƯer (2% FBS 998 

in PBS), resuspended in 500 µL of FACS buƯer, and kept on ice until analysis. 999 

For intracellular staining, cells were Ʊxed and permeabilised by the gradual addition of 1000 

70% chilled ethanol to the cell pellet while vortexing for 30 seconds. The samples were 1001 

then incubated at -20 °C for 1 hour. After Ʊxation, cells were washed twice with FACS 1002 

buƯer and resuspended in 100 µL of appropriately diluted Ʋuorochrome-conjugated 1003 

antibodies for 30 minutes at room temperature (RT). Following three additional washes 1004 

with FACS buƯer, cells were resuspended in 500 µL of buƯer. Flow cytometry analysis 1005 

was performed using a BD LSRFortessa™ Cell Analyser. Data were analysed using FSC 1006 

express 7 software. 1007 

 1008 

HLA-I and HLA-II ablation in LSCs 1009 

 1010 

Simultaneous ablation of HLA class I and class II surface expression was achieved by co-1011 

delivery of B2M- and CIITA-targeting Cas9 ribonucleoproteins (RNPs) into LSCs via 1012 

nucleofection. BrieƲy, 200 pmol of each sgRNA (B2M and CIITA, (Table S3) were 1013 

individually pre-complexed with 100 pmol of TrueCut™ Cas9 Protein v2 (Thermo Fisher 1014 

ScientiƱc) for 10 minutes at room temperature to form RNPs prior to pooling. A total of 1 1015 

× 10⁶ LSCs were resuspended in 100 µL of Human Keratinocyte Nucleofector® Solution 1016 

(Lonza; Nucleofector® Solution: Supplement ratio of 4.5:1) containing both RNP 1017 

complexes, transferred to an Amaxa® nucleofection cuvette, and nucleofected using 1018 

programme T-025. Immediately following nucleofection, 500 µL of epithelial medium 1019 

supplemented with 10 µM ROCK inhibitor (Y-27632; Tocris) was added, and cells were 1020 

gently resuspended using a Pasteur pipette. Cells were subsequently plated at a 1:6 ratio 1021 
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onto feeder-coated 6-well plates and expanded until semi-conƲuent. The pooled edited 1022 

population was then treated with 100ng/ml of IFN-γ to upregulate HLA surface 1023 

expression, detached, and FACS sorted for clonal isolation of HLA-I/HLA-II double-1024 

negative cells into individual wells of 96-well plates pre-coated with feeder cells and 1025 

supplemented with 10 µM Y-27632. 1026 

 1027 

 1028 

Lentiviral transduction of HLA-I and HLA-II ablated cells 1029 

 1030 

To determine the optimal multiplicity of infection (MOI) for B2M⁻/⁻ CIITA⁻/⁻ LSCs, control 1031 

lentivirus expressing mCherry reporter under EF1α promoter was used to transduce cells 1032 

across a range of MOIs (0–6) via a centrifugation-based spinfection method in the 1033 

presence of 5 µg/mL polybrene. Transduction eƯiciency and median Ʋuorescence 1034 

intensity (MFI) of mCherry⁺ cells were assessed by Ʋow cytometry 48 hours post-1035 

transduction to identify the MOI yielding optimal transgene expression with minimal 1036 

cytotoxicity. 1037 

 1038 

For stable CD47 overexpression, B2M⁻/⁻ CIITA⁻/⁻ LSCs were transduced with an EF1α-1039 

human CD47 lentiviral construct harbouring a blasticidin resistance cassette at the 1040 

above determined MOI of 4. BrieƲy, 1 × 10⁵ LSCs were resuspended in 100 µL of epithelial 1041 

medium supplemented with 10 µM Y-27632, 5 µg/mL polybrene, and the CD47 lentiviral 1042 

vector, and centrifuged at 1,000 × g for 1 hour. The supernatant was aspirated, and 1043 

transduced cells were plated onto blasticidin-resistant 3T3-J2 feeder cells in media 1044 

supplemented with 10 µM Y-27632 for 72 hours before initiation of antibiotic selection 1045 
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with blasticidin (6 ug/ml) for one week. Stably transduced cells were subsequently 1046 

subjected to FACS-based clonal isolation, gating for the highest CD47-expressing 1047 

population. 1048 

 1049 

QuantiƱcation of CD47 Surface Expression 1050 

 1051 

Absolute CD47 molecule counts per cell were quantiƱed using the BD Quantibrite™ PE 1052 

Quantitation Kit (BD Biosciences) according to the manufacturer's instructions. BrieƲy, 1053 

cells were lifted, counted, and washed twice in FACS buƯer (PBS supplemented with 2% 1054 

FBS), after which an equal number of cells per condition were incubated with a PE-1055 

conjugated anti-human CD47 antibody (Cat. No. 323108; BioLegend) for 30 minutes at 1056 

4°C in the dark. Following two washes, cells were resuspended in FACS buƯer and 1057 

acquired alongside BD Quantibrite™ PE beads on a BD LSRFortessa™ Ʋow cytometer. 1058 

Quantibrite™ PE beads consist of four discrete populations carrying deƱned, lot-speciƱc 1059 

numbers of PE molecules per bead, enabling construction of a standard curve relating 1060 

PE Ʋuorescence intensity to absolute molecule number. The number of CD47 molecules 1061 

per cell was interpolated from this standard curve using the mean PE Ʋuorescence 1062 

intensity of the stained cell population (Fig. S6D). Data were analysed using FSC Express 1063 

7 software. 1064 

 1065 

Viral copy number (VCN) quantiƱcation via ddPCR 1066 

 1067 

gDNA was extracted using QIAamp DNA Mini Kit (Qiagen) according to the manufacturers 1068 

recommendations and quantiƱed using Qubit™ dsDNA QuantiƱcation Assay. The gDNA 1069 
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stock was brought to 10ng/ul then diluted at 10-fold dilutions using ultra-pure nuclease-1070 

free water, and 5 μl of each dilution was used per reaction in duplicates. VCN was 1071 

measured by digital droplet PCR (ddPCR) using a FAM-conjugated primer probe targeting 1072 

the DelU3 region and a HEX-conjugated primer probe targeting RPP30, used as a 1073 

reference gene. The ddPCR reaction was set up in a 96-well plate format according to the 1074 

manufacturer’s recommendations using the Bio-Rad ddPCR Multiplex Supermix, 1075 

primers, probes (primer to prob ratio 3.6) (Table S6) and gDNA in a Ʊnal reaction volume 1076 

of 22 μl. The reaction plate was sealed with adhesive foil seals (Bio-Rad), vortexed 1077 

vigorously and then shortly spun down. The ddPCR reaction plate was then transferred to 1078 

the Automated Droplet Generator, and the manufacturerʼs protocol was followed to 1079 

generate droplets. The sample droplet plate was then sealed using the recommended foil 1080 

and sealer and then transferred onto a C1000 Touch thermal cycler (Bio-Rad) where 1081 

droplets were ampliƱed to endpoint by heating to 95 °C for 10 minutes, followed by 39 1082 

cycles of 94 °C for 30 seconds, 60 °C for 1 minute (using ramp rate of 2 °C/s), and 72 °C 1083 

for 1 minute extension step with a Ʊnal heating step of 98 °C for 10 minutes. The reacted 1084 

products were cooled oƯ for 15 minutes at 12 °C before hold. The plate was then placed 1085 

into the QX200 droplet reader. Using Bio-Rad’s QX Manager Software (Standard Edition, 1086 

version 1.2), the concentration of the target amplicon per microliter for each sample was 1087 

estimated for both DelU3 and RPP30 reference genes. Estimated VCN values were Ʊnally 1088 

calculated by dividing the concentration of the target copies per microliter by the 1089 

concentration of the reference copies per microliter and multiplied by copy number of 1090 

reference (VCN = copies DelU3 per µl / copies RPP30 per µl × 1). 1091 

 1092 

 1093 
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 1094 

Immune coculture assays 1095 

Whole blood from healthy adult donors was collected following informed consent 1096 

(Table S2). Peripheral blood mononuclear cells (PBMCs) were isolated collected by 1097 

density gradient centrifugation, and immune subsets were further isolated (Pan T cells, 1098 

Monocytes and NK cells) for immune assays (Table S2). Target and eƯector cells were 1099 

HLA-haplotyped, and HLA-A, HLA-B, and HLA-DRB1 loci were assessed for mismatches 1100 

(Table S12). 1101 

  1102 

PBMC isolation from whole blood 1103 

 1104 

PBMCs were removed from whole blood by density gradient centrifugation on 1105 

Lymphoprep. The isolation procedure was carried out at RT. Whole blood was diluted 1:1 1106 

in HBSS (Ca2+, Mg2+ free) supplemented with 2mM EDTA. 25 ml of diluted blood was 1107 

slowly layered onto 15ml of Lymphoprep and spun at 900g, RT for 30 minutes (Acc 6, 1108 

brake 6). The buffy coat containing the PBMCs was collected using a sterile Pasteur 1109 

pipette. The collected PBMCs were transferred into a new tube and washed from 1110 

Lymphoprep with cold HBSS supplemented with 1% FBS up to 50ml and centrifuged at 1111 

600g, 4°C for 8minutes. Two other washes with 300g, 4°C centrifugation for 8 minutes, 1112 

were performed for removing contaminating platelets. 1113 

 1114 

Pan T cell negative selection by MACS 1115 

 1116 
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Pan T cells were negatively selected from PBMCs using magnetic-activated cell sorting 1117 

(MACS). Briefly, up to 10⁷ PBMCs were resuspended in 40 µL of MACS buffer (PBS 1118 

supplemented with 0.5% BSA and 2 mM EDTA (Cat. E7889, Sigma Aldrich)) and labelled 1119 

with 10 µL of Pan T Cell Biotin-Antibody Cocktail (Cat. 130-096-535, Miltenyi Biotec) for 1120 

5 minutes at 4°C. Following incubation, 30 µL of MACS buffer and 20 µL of Pan T Cell 1121 

MicroBead Cocktail (Miltenyi Biotec) were added, and the suspension was incubated for 1122 

a further 10 minutes at 4°C. The magnetically labelled cells were applied onto an LS 1123 

column (Miltenyi Biotec) placed in a MidiMACS™ Separator, and the flow-through 1124 

containing unlabelled Pan T cells was collected. The column was subsequently washed 1125 

with 3 mL of MACS buffer, and the unlabelled fraction was combined with the initial flow-1126 

through to maximise T cell yield. The column was then removed from the magnetic field 1127 

and placed into a suitable collection tube, and the magnetically retained non-T cell 1128 

fraction was eluted by applying 5 mL of MACS buffer and firmly flushing the plunger into 1129 

the column; this positive fraction was collected separately as the CD3⁻ population 1130 

(CD3+ depleted population). The purity of the negatively selected Pan T cell fraction was 1131 

assessed by flow cytometry (Table S2, Table S11, Fig. S7a). 1132 

 1133 

Monocyte positive selection by MACS 1134 

 1135 

CD14⁺ monocytes were positively selected from PBMCs using MACS. Briefly, up to 10⁷ 1136 

PBMCs were resuspended in 80 µL of MACS buffer (PBS supplemented with 0.5% BSA 1137 

and 2 mM EDTA) and labelled with 20 µL of CD14 MicroBeads Human (Cat. 130-097-052, 1138 

Miltenyi Biotec) for 15 minutes at 4°C. Following incubation, cells were washed by adding 1139 

1 mL of MACS buffer and centrifuged at 300 × g for 10 minutes, after which the 1140 
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supernatant was completely aspirated. The cell pellet was resuspended in 500 µL of 1141 

MACS buffer and applied onto an LS column (Miltenyi Biotec) placed in a MidiMACS™ 1142 

Separator. The column was washed three times with 3 mL of MACS buffer, and the flow-1143 

through containing unlabelled cells was discarded. The column was then removed from 1144 

the magnetic field, and magnetically labelled CD14⁺ cells were eluted by applying 5 mL 1145 

of MACS buffer and firmly flushing the plunger into the column. The purity of the positively 1146 

selected CD14⁺ monocyte fraction was assessed by flow cytometry (Table S2, Table 1147 

S11, Fig. S7b). 1148 

 1149 

NK negative selection by MACS  1150 

 1151 

NK cells were negatively selected from PBMCs using MACS. Briefly described, using the 1152 

NK Cell Isolation Kit human (Cat. 130-092-657, Miltenyi Biotec) a maximum amount of 1153 

10⁷ PBMCs were labelled for 5 minutes at 4°C with the NK Cell Biotin-Antibody Cocktail 1154 

1:5 diluted in MACS buffer (PBS, 0.5% BSA and 2mM EDTA) at a final volume of 50 µl. 1155 

Following the incubation, a total volume of 50 µl of NK Cell MicroBead Cocktail 1:2.5 1156 

diluted in MACS buƯer was added for 10 minutes at 4°C. The resulting magnetic labelled 1157 

cells were added onto an LS column (Miltenyi Biotec) placed in a MidiMACS™ Separator. 1158 

The flow through containing the unlabelled NK cells was collected and the column was 1159 

further washed with a maximum of 5 ml of MACS buffer to maximise the harvest. The 1160 

purified NK cells were then analysed by flow cytometry, and only the samples with >80% 1161 

purity (CD56+ cells) were used for the immune assay applications (Table S2, Table S11, 1162 

Fig. S7c).     1163 

 1164 
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Cell culture of NK cells 1165 

 1166 

Isolated primary NK cells were cultured in RPMI 1640 with 10% heat inactivated FBS and 1167 

1% penicillin/streptomycin. NK cells were stimulated with 500 IU human IL-2 (PeproTech) 1168 

for 48 hours prior and during the assays. 1169 

 1170 

K562 cell culture 1171 

 1172 

K562 cell line was purchased from Merck and cultured in RPMI 1640 with 10% heat 1173 

inactivated FBS and 1% penicillin/streptomycin.  1174 

 1175 

Macrophage differentiation 1176 

 1177 

CD14⁺ PBMCs were isolated by MACS as described above. Cells were seeded at 1 × 10⁶ 1178 

cells/mL in RPMI 1640 supplemented with 10% heat-inactivated FBS and 1% P/S (all 1179 

Gibco) and incubated overnight in 5% CO2 incubator at 37°C, to allow monocyte 1180 

adherence. Human M-CSF (Gibco™/PeproTech®, 17852253) was then added at 50 ng/mL. 1181 

The M-CSF containing medium was replenished every other day until day 6. 1182 

DiƯerentiated macrophages were detached by incubation with 10 mM EDTA in PBS 1183 

followed by mechanical scraping, reseeded into 96-well plates at 6 × 10⁵ cells/well, and 1184 

primed overnight with recombinant human IL-2 (100 IU/mL; PeproTech) before 1185 

phagocytosis assays. 1186 

 1187 

Allogeneic T Cell Activation and Proliferation Assay 1188 
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 1189 

Pan T cells (CD3⁺) were isolated from PBMCs of four independent allogeneic donors by 1190 

negative MACS selection as described above, and the corresponding CD3⁻ PBMC 1191 

fraction was retained as a source of autologous antigen-presenting cells (APCs). Prior to 1192 

co-culture, LSC and ALI target cells were seeded and pre-conditioned with IFN-γ (100 1193 

ng/mL) for 48 hours. Pan T cells were labelled with CellTrace™ Violet (CTV; 0.2 µM per 1 × 1194 

10⁶ cells in PBS) for 30 minutes at 37°C in the dark, washed, and resuspended in co-1195 

culture medium before use. Co-cultures were established by seeding CTV-labelled Pan T 1196 

cells (8 × 10⁵) together with the CD3⁻ PBMC fraction (2 × 10⁵) onto IFN-γ pre-conditioned 1197 

target cells in co-culture medium consisting of a 1:1 mixture of complete epithelial 1198 

medium and X-VIVO™ 15 Media (Lonza) supplemented with 2% human AB serum (MP 1199 

Biomedicals™ Human Serum, Type AB Cat. 11465055), 1% penicillin-streptomycin, and 1200 

a Ʊnal concentration of 20 IU/mL recombinant human IL-2. Partial media changes were 1201 

performed every three days. To sustain continuous antigen exposure and model a 1202 

prolonged allogeneic response, co-cultures were maintained for three weeks via weekly 1203 

serial passage, whereby eƯector cells were transferred onto freshly seeded, IFN-γ pre-1204 

conditioned target cells and CD3⁻ APCs at each interval. T cell activation and 1205 

proliferation were assessed by Ʋow cytometry at weekly time points using the following 1206 

panel: CellTrace™ Violet Cell Proliferation Kit (Cat. C34557); anti-CD4 BUV395 (Cat. 363-1207 

0047-42, eBioscience); anti-CD3 BV510 (Cat. 300448, BioLegend); LIVE/DEAD™ Fixable 1208 

Near-IR viability dye (Cat. L10119; Thermo Fisher ScientiƱc); anti-CD25 PE (Cat. 12-0257-1209 

42, eBioscience); anti-CD62L PE/Cy7 (Cat. 304822, Biolegend); anti-CD45RO BV650 1210 

(Cat. No. 416-0457-42, eBioscience); anti-CD45 BUV737 (Cat. 367-0459-42, 1211 

eBioscience); and anti-CD8 APC (Cat. 980904, BioLegend). Unstimulated CD3⁺ and 1212 
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CD3⁻ PBMC fractions served as negative baseline controls, while CD3/CD28 1213 

Dynabeads™-stimulated T cells were included as a positive control for eƯector cell 1214 

activation and proliferation. Flow cytometry analysis was performed using a BD 1215 

LSRFortessa™ Cell Analyser. Data were analysed using FSC Express 7 software following 1216 

gating strategy described in Figure S8.  1217 

 1218 

 Macrophage phagocytosis assay 1219 

 1220 

Macrophage phagocytic activity was assessed using pHrodo™ Red (250 ng/mL; 1 hour, 1221 

37°C), a pH-sensitive dye that Ʋuoresces upon internalisation into acidic 1222 

phagolysosomes. Target cells (LSCs and ALI-diƯerentiated cells) were treated with or 1223 

without anti-CD47 blocking antibody (10 µg/ml, clone MIAP410, mouse IgG1κ: Cat. 1224 

BE0283, BioXCell) for 30 minutes prior to and during co-culture; in CD47 blocked 1225 

conditions, macrophage Fc receptors were pre-blocked for 30 minutes at 37°C. Labelled 1226 

target cells were seeded onto M-CSF-derived macrophages (generated from CD14⁺ 1227 

monocytes as described above) at an E:T ratio of 1.2:1 and imaged using the IncuCyte® 1228 

Live-Cell Analysis System (10×, phase and orange channels, four images/well, two 1229 

technical replicates) at 30-minute intervals over 6 hours across four donors (LSCs) and 1230 

three donors (ALI-diƯerentiated cells). Cytochalasin D (5 µM) and pHrodo™ Red-labelled 1231 

target cells resuspended in 50 mM acetic acid buƯer (pH 4.0) served as negative and 1232 

positive controls, respectively. Total orange object area (µm²/image) was quantiƱed per 1233 

time point and normalised to the maximum positive control Ʋuorescence at T = 0 to yield 1234 

a normalised phagocytic index, correcting for inter-target variability in cell number and 1235 

dye incorporation. 1236 
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 1237 

NK cell cytotoxicity experiments – XCELLigence 1238 

 1239 

NK cell killing assays were performed on the xCELLigence S16 platform (Agilent 1240 

Technologies). Specialised 16-well E-plates were coated with collagen-IV (when seeded 1241 

with LSCs) or CD71 tethering antibody (when seeded with K562s). 5 x 104 target cells 1242 

(LSCs or K562) were plated on the E-plates and attachment, and growth was recorded 1243 

every 10 minutes for 24 hours. At 24 hours post target cell seeding, IL-2 stimulated 1244 

eƯector cells were added at a 1:1 or 1:2 eƯector to target cell ratio (E: T). 2% Triton-x in 1245 

media was used as a full lysis control. The cytotoxicity was recorded for a total of 56 hours 1246 

in 1:1 cultures and 48 hours in 1:2 cultures.  1247 

In selected experimental conditions, target cells were pre-treated for 2 hours before co-1248 

culture with an anti-human CD47 blocking antibody (10 µg/ml, clone MIAP410, mouse 1249 

IgG1κ: Cat. BE0283, BioXCell) and/or an anti-PD-L1 blocking antibody (Avelumab, 1250 

Human IgG1, λ, Cat. SIM0021 BioXCell), which were maintained throughout the duration 1251 

of the co-culture. To prevent antibody-dependent cytotoxicity, NK cells were pre-1252 

incubated with human FcR Block (Cat. No. 130-092-575, 1:5 dilution; Miltenyi Biotec) for 1253 

2 hours at 37°C prior to their addition to target cells. Cell index was measured every 2 1254 

minutes for the Ʊrst 6 hours and every 15 minutes for the remaining time. Media used 1255 

during the coculture was 1:1 epithelial and NK cell media. Data were analysed and 1256 

normalised using RTCA software PRO 2.9.0 (Agilent Technologies). Supernatants were 1257 

collected for granzyme B ELISA after 48 hours of co-culture. 1258 

 1259 

Degranulation assay 1260 
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 1261 

LSCs and ALI derivatives were cultured at a 1:2 ratio for 6 hours with IL-2 stimulated NK 1262 

cells. Co culture with K562 cells was used as a positive control for degranulation. After 1263 

incubation time, NK cells were collected stained with Zombie NIR Fixable Viability Kit 1264 

(Cat. 423105, Biolegend), anti-CD56-APC (Cat. 981204, Biolegend) and anti-CD107a-PE 1265 

(Cat. 328608, Biolegend) In selected experimental conditions, target cells were pre-1266 

treated for 2 hours before co-culture with an anti-human CD47 blocking antibody (10 1267 

µg/ml, clone MIAP410, mouse IgG1, κ; Cat. BE0283, BioXCell) and/or an anti-PD-L1 1268 

blocking antibody (Avelumab, Human IgG1, λ, Cat. SIM0021 BioXCell), which were 1269 

maintained throughout the duration of the co-culture. To prevent antibody dependent 1270 

cytotoxicity, NK cells were pre-incubated with human FcR Block (Cat. No. 130-092-575, 1271 

1:5 dilution; Miltenyi Biotec) for 2 hours at 37°C before their addition to target cells. NK 1272 

cell activation was evaluated by measuring CD107a expression in CD56+ cells as a 1273 

marker of degranulation. Flow cytometry analysis was performed using a BD 1274 

LSRFortessa™ Cell Analyzer. Data were analysed using FSC express 7 software.  1275 

      1276 

 1277 

Statistical Analyses 1278 

Statistical analyses were performed using Prism 11 (Graphpad). Detailed statistical 1279 

analyses have been provided in the legend of each Ʊgure.  1280 

 1281 

Clinical trial number: not applicable. 1282 

 1283 

Human Ethics 1284 
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Newcastle NHS Trust following ethical approval from the NHS Research Ethics 1286 

Committee (Title: Understanding the molecular and cellular complexity of adult human 1287 

eye, 18/YH/04/20, approval date 29.10.2018). Whole blood was collected from healthy 1288 

donors following informed consent, under approval no. 3031/56684 from the Newcastle 1289 

University Ethics Committee (Title: OƯ-the-shelf hypoimmunogenic LSCs for treatment 1290 
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Figure 1: Transcriptional landscape of LSCs and ALI-diƯerentiated derivatives across 1498 

serial passage. 1499 

(A) Principal component analysis (PCA) of bulk RNA-seq gene expression data from initial 1500 

LSCs (iP3), R- LSCs (P4-P7), R+ LSCs (P4-P14), and ALI-diƯerentiated derivatives (P4 R-, 1501 

P4 R+, P6 R-, P6 R+, P12 R+). Samples were grouped into Ʊve clusters based on PCA 1502 

distribution: initial, early-passage, transitory, late-passage, and ALI-diƯerentiated 1503 

(demarcated by blue dashed lines). The square denotes iP3; small circles, R- LSCs; small 1504 

triangles, R+ LSCs; large, Ʊlled symbols, ALI-diƯerentiated samples. Large circles 1505 

represent R- derived ALI samples; large triangles, R+ derived ALI samples. Numbers 1506 

indicate passages. R+ and R- correspond to cultures with or without ROCK inhibitor (Ri), 1507 

respectively. (B) Pairwise correlation analysis of the deƱned transcriptional clusters. (C) 1508 

Heatmap of Z-scored expression of established LSC and corneal diƯerentiation markers 1509 

across all samples, with passage numbers indicated. (D) Validation of the key LSC marker 1510 

TP63 by qPCR. 1511 

All panels: Data are from three replicates. Panel (D): Statistical analysis was performed 1512 

using one-way ANOVA with multiple comparisons followed by Tukey’s multiple 1513 

comparison test. in. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 1514 
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Figure 2: Generation of HLA-I and HLA-II ablated LSCs. 1518 

(A) Schematic overview of the dual-knockout strategy targeting B2M & CIITA. (B) Genomic 1519 

region targeted by B2M and CIITA sgRNAs. (C) Flow cytometric isolation of HLA-I⁻ and 1520 

HLA-II⁻ cells from the nucleofected LSC pool by single-cell sorting. (D) PCR-based 1521 

screening for indel introduction at the B2M and CIITA cut sites across individual clones. 1522 

(E) Flow cytometric validation of HLA-I and HLA-II surface expression in PCR-conƱrmed 1523 

indel-bearing clones (c12, c13, c16, c18). (F) Representative brightƱeld images of 1524 

B2M⁻/⁻CIITA⁻/⁻ LSC clones illustrating colony morphology and whole well CFE. Scale bar, 1525 

400 μm. (G) CFE of B2M⁻/⁻CIITA⁻/⁻ LSC clones, with clone 13 displaying higher 1526 

clonogenic capacity. (H) Sanger sequencing conƱrming biallelic indels at the B2M and 1527 

CIITA cut sites in clone 13. 1528 
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Figure 3: Overexpression of the CD47 immune checkpoint inhibitor in HLA-I and HLA-1532 

II ablated LSCs. 1533 

(A) Schematic representation of the lentiviral construct harbouring the CD47 transgene 1534 

under the transcriptional control of the constitutive EF1α promoter. The vector 1535 

incorporates a blasticidin resistance marker to facilitate the selection and enrichment of 1536 

stably transduced LSCs. (B) Flow Cytometric ProƱling and Sorting of CD47-Transduced 1537 

LSCs. Representative histograms showing CD47 surface expression in transduced versus 1538 

non-transduced LSC clones following blasticidin selection. The gating strategy illustrates 1539 

the demarcation of three distinct sub-populations based on Ʋuorescence intensity: 1540 

CD47-DIM (P6), CD47-MID (P5), and CD47-BRIGHT (P4), which were subsequently 1541 

isolated via Ʋuorescence-activated cell sorting (FACS). (C) Validation of CD47 1542 

overexpression in sorted cell populations by CD47 mRNA quantiƱcation and Ʋow 1543 

cytometry. (D) Screening of single-cell clones isolated from the CD47 BRIGHT population 1544 

for CD47 mRNA expression, identifying the top ten candidates (sc3, sc9, sc11, sc17, 1545 

sc19, sc20, sc27, sc30, sc34, sc35). (E) Quantitative Ʋow cytometry using antibody-1546 

binding capacity (ABC) to determine CD47 protein expression levels across the top ten 1547 

clones. (F) Droplet ddPCR quantiƱcation of viral copy number (VCN) per clone. (G) 1548 

Colony-forming eƯiciency (CFE) assessment of clones with the lowest viral copy number 1549 

(sc9, sc17, sc20, sc30, sc34, sc35), identifying clones 17 and 35 as having superior 1550 

clonogenic capacity. (H) ImmunoƲuorescence characterisation of stratiƱcation and ALI 1551 

diƯerentiation capacity in selected clones, assessed by expression of stem cell markers 1552 

(p63, KRT15) and diƯerentiation markers (KRT3, KRT12, MUC4). Scale bar, 50 μm. 1553 

 1554 

 1555 



67 

 

 1556 



68 

 

Figure 4: CD47 overexpressing B2M-/-CIITA-/- LSCs evade T cell allorecognition. 1557 

WT, B2M⁻/⁻CIITA⁻/⁻, and B2M⁻/⁻CIITA⁻/⁻CD47OE LSC clones were co-cultured with T 1558 

cells isolated from four independent donors, and allogeneic T cell activation and 1559 

proliferation were monitored by Ʋow cytometry at weekly intervals over a three-week 1560 

period. (A) Longitudinal assessment of pan (CD3+), helper (CD4+), and cytotoxic (CD8+) 1561 

T cell proliferation across three weeks of co-culture. Week 2, which represented the 1562 

optimal experimental time point for discriminating diƯerential allogeneic responses 1563 

across conditions, was selected for detailed phenotypic analysis of T cell 1564 

subpopulations. Percentage of population and proliferation index are shown for (B, b) pan 1565 

T cells, (C, c) helper T cells (CD4+), (D, d) activated helper T cells (Cd4+CD25+), (E, e) 1566 

eƯector memory helper T cells (CD4+ TEM), and (F, f) central memory helper T cells 1567 

(CD4+ TCM). Corresponding analyses for the cytotoxic T cell compartment are shown for 1568 

(G, g) cytotoxic T cells (CD8+), (H, h) activated cytotoxic T cells (CD8+CD25+), (I, i) 1569 

eƯector memory cytotoxic T cells (CD8+ TEM), and (J, j) central memory cytotoxic T cells 1570 

(CD8+ TCM).  1571 

All panels: Data shown as mean ± SD, (n=4). Statistical analysis was performed using 1572 

one-way ANOVA with multiple comparisons followed by Tukey’s multiple comparison 1573 

test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 1574 
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Figure 5: T cell response in cocultures with ALI- derived cells. WT, B2M⁻/⁻CIITA⁻/⁻, and 1578 

B2M⁻/⁻CIITA⁻/⁻CD47OE ALI-derived cells were co-cultured with T cells isolated from four 1579 

independent donors, and allogeneic T cell activation and proliferation were monitored by 1580 

Ʋow cytometry at weekly intervals over three weeks. (A) Longitudinal assessment of pan 1581 

(CD3+), helper (CD4+), and cytotoxic (CD8+) T cell proliferation across three weeks of co-1582 

culture. Data are mean ± SD. Week 2, which represented the optimal experimental time 1583 

point for discriminating diƯerential allogeneic responses across conditions, was 1584 

selected for detailed phenotypic analysis of T cell subpopulations. Percentage of 1585 

population and proliferation index are shown for (B, b) pan T cells, (C, c) helper T cells 1586 

(CD4+), (D, d) activated helper T cells (CD4+CD25+), (E, e) eƯector memory helper T cells 1587 

(CD4+ TEM), and (F, f) central memory helper T cells (CD4+ TCM). Corresponding 1588 

analyses for the cytotoxic T cell compartment are shown for (G, g) cytotoxic T cells 1589 

(CD8+), (H, h) activated cytotoxic T cells (CD8+CD25+), (I, i) eƯector memory cytotoxic T 1590 

cells (CD8+ TEM), and (J, j) central memory cytotoxic T cells (CD8+ TCM).  1591 

All panels: Data shown as mean ± SD, (n=4). Statistical analysis was performed using 1592 

one-way ANOVA with multiple comparisons followed by Tukey’s multiple comparison 1593 

test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 1594 
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Figure 6: CD47 overexpression protects B2M⁻/⁻CIITA⁻/⁻ LSCs and their ALI-1598 

diƯerentiated derivatives from macrophage-mediated phagocytosis. (A) Time-lapse 1599 

quantiƱcation of macrophage phagocytosis of pHrodo-Red-labelled LSCs. LSCs 1600 

pretreated (C; n=3) or not pretreated (B; n=4) with anti-CD47 blocking antibody were co-1601 

incubated with monocyte-derived macrophages for 6 hours. (D) Area under the curve 1602 

(AUC) of phagocytic activity from (A), comparing pHrodo-Red+ signal between anti-1603 

CD47-treated and untreated LSCs over 6 hours. (E) Representative Incucyte snapshots 1604 

of LSC phagocytosis at t = 3.5 hours. (F) Time-lapse quantiƱcation of macrophage 1605 

phagocytosis of pHrodo-Red-labelled ALI-diƯerentiated cells. DiƯerentiated cells 1606 

pretreated (H; n=3) or not pretreated (G; n=3) with anti-CD47 blocking antibody were co-1607 

incubated with monocyte-derived macrophages for 6 hours. (I) AUC of phagocytic activity 1608 

from (F), comparing pHrodo-Red+ signal between anti-CD47-treated and untreated LSCs 1609 

over 6 hours. (J) Representative Incucyte snapshots of ALI-diƯerentiated cell 1610 

phagocytosis at t = 3.5 hours. For all snapshot panels, the Ʊrst column represents the 1611 

untreated condition, the second column the anti-CD47 antibody blocking condition, and 1612 

the third column the phagocytosis-negative control in which macrophage activity was 1613 

inhibited by cytochalasin D (5 μM). Images were acquired at 30-minute intervals using the 1614 

Incucyte live-cell imaging system. Total orange object area of pHrodo-Red+ 1615 

phagolysosomes per image was quantiƱed as a measure of phagocytic activity. Data 1616 

shown as mean ± SD.  1617 

Panels (D) & (I): Data shown as mean ± SD. Statistical analysis was performed using one-1618 

way ANOVA with multiple comparisons followed by Tukey’s multiple comparison test. * 1619 

p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 1620 
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Figure 7: B2M⁻/⁻CIITA⁻/⁻ and B2M⁻/⁻CIITA⁻/⁻CD47OE LSCs resist NK cell-mediated 1623 

cytotoxicity independently of CD47 and PD-L1. (A) xCELLigence real-time cell analysis 1624 

(RTCA) of NK cell cytotoxicity against K562 cells used as HLA-I-deƱcient positive control 1625 

(B). xCELLigence monitoring of NK cell cytolytic activity against WT, B2M⁻/⁻CIITA⁻/⁻, and 1626 

B2M⁻/⁻CIITA⁻/⁻ CD47OE LSC clones co-cultured with allogeneic NK cells at an eƯector-1627 

to-target (E: T) ratio of 1:1 for 56 hours (n=5). (C) As in (B) at an E:T ratio of 2:1 for 48 hours 1628 

(n=3). Data shown as mean ± SEM. (D) Flow cytometric quantiƱcation of NK cell 1629 

degranulation, measured by CD107a surface expression, following co-culture with K562 1630 

cells, LSCs, and their ALI-diƯerentiated derivatives across three independent NK cell 1631 

donors. NK cells cultured alone served as baseline control (n=3). (E) Real-time 1632 

xCELLigence monitoring of NK cell cytotoxicity against B2M⁻/⁻CIITA⁻/⁻ LSCs following 1633 

pre-treatment with anti-CD47 and/or anti-PD-L1 blocking antibodies, with NK cell Fc 1634 

receptors blocked before co-culture to minimise antibody-dependent cellular 1635 

cytotoxicity (ADCC). Data shown as mean ± SEM. NK cell degranulation (CD107a) and 1636 

granzyme B release were assessed in parallel for WT and B2M⁻/⁻CIITA⁻/⁻ LSC co-cultures 1637 

(n=3). Data shown as mean ± SD. 1638 

Panel (D): Statistical analysis was performed using one-way ANOVA with multiple 1639 

comparisons, followed by Tukey’s multiple comparison test for. Panel (E): Statistical 1640 

analysis was performed using multiple paired T test. * p < 0.05; ** p < 0.01; *** p < 0.001; 1641 

**** p < 0.0001. 1642 
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