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 44 

Abstract 45 

Chimeric antigen receptor (CAR) cell therapies have transformed haematological cancer 46 

treatment but remain largely ineffective against desmoplastic solid tumours, where a fibroblast-47 

rich matrix restricts effector cell infiltration. Depleting that stroma requires repeated clearance 48 

of abundant fibroblasts, yet CAR binders are still commonly selected and optimized around 49 

equilibrium affinity. Here we show that how quickly a CAR releases antigen after killing, rather 50 

than how tightly it binds, governs repetitive stromal targeting. We identified endoglin (CD105) 51 

on the abundant fibroblasts organizing this barrier in pancreatic cancer, then screened CD105 52 

binders in matched CARs. The lead binder bound 40-fold more weakly than the reference 53 

antibody yet killed fibroblasts far more effectively, dissociating 11-fold faster. The difference 54 

lay after cytolysis: killing was equally fast, release was not, and faster release reset the synapse, 55 

reduced antigen trogocytosis and sustained serial killing. In fibroblast-rich tumours, a 56 

humanized variant opened a window for mesothelin-directed CAR-T and CAR-NK cells. 57 

Release kinetics therefore determine whether a CAR cell works as a reusable stromal-58 

remodelling effector, and tuning them may improve any CAR that must clear abundant targets. 59 

 60 

Introduction 61 

Chimeric antigen receptor (CAR)-based cell therapies, including CAR-T and CAR-natural 62 

killer (NK) cells, have transformed the treatment of haematological malignancies1, 2, but their 63 

activity in solid tumours remains constrained by physical, cellular and biochemical barriers 64 
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within the tumour microenvironment3, 4. This limitation is particularly pronounced in 65 

pancreatic ductal adenocarcinoma (PDAC), where desmoplasia, fibroblast expansion and 66 

dense extracellular matrix (ECM) deposition restrict immune-cell infiltration and impair 67 

effector function5-7. Cancer-associated fibroblasts (CAFs) form matrix-rich barriers, recruit 68 

immunosuppressive populations and release mediators such as transforming growth factor-β 69 

(TGF-β) and interleukin (IL)-6 that attenuate NK-cell activity8-15. These observations position 70 

disease-associated CAFs as actionable stromal targets, motivating a stroma-first architecture in 71 

which the microenvironment is remodelled before a tumour-directed product is deployed. 72 

CD105/endoglin (ENG) is an attractive stromal target because it is an accessory co-receptor 73 

for TGF-β superfamily members16 and is expressed in CAF subsets across solid tumours17-19. 74 

In pancreatic cancer, CD105+ fibroblasts have been linked to TGF-β responsiveness, stromal 75 

remodelling and immunomodulatory phenotypes20. Although CD105 is also expressed in 76 

endothelial compartments21, fibroblast-resolved analyses can distinguish CD105+ CAF states 77 

from vascular expression. Conventional CD105 antibody blockade, including carotuximab 78 

(TRC105), was well tolerated but did not provide substantial efficacy in later-stage trials22-25, 79 

suggesting that passive blockade is insufficient to dismantle a fibroblast-rich barrier and 80 

motivating cellular modalities capable of actively eliminating tumour-supportive CD105+ 81 

CAFs. 82 

Clearing a fibroblast barrier requires each effector to be reused. CAR activity is shaped not 83 

only by specificity and equilibrium affinity but also by cell-level avidity, antigen density, 84 

receptor internalization, trogocytosis, CAR degradation and CAR–antigen disengagement 85 

kinetics26-29. Maximal equilibrium affinity does not necessarily confer optimal cellular activity 86 

when sustained serial engagement is required. This is especially relevant to CAF targeting, 87 
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where stromal remodelling may depend on eliminating many fibroblasts rather than adhering 88 

durably to individual cells. We therefore reasoned that CD105-specific scFvs should be 89 

selected by integrated functional and kinetic profiling, and hypothesized that a binder 90 

supporting sufficient engagement followed by rapid post-killing release would preserve CAR 91 

availability and enable repetitive stromal-cell elimination. 92 

Here we establish CD105+ CAFs as functional organizers of a TGF-β-associated, fibronectin-93 

rich and immune-restrictive stromal niche in PDAC. Using plasma B-cell screening coupled 94 

with functional and kinetic CAR-NK profiling, we identify CLEN24 as a faster-off CD105 95 

binder. When incorporated into a CAR (EN24), CLEN24 retained sufficient cellular avidity for 96 

cytolysis, induced the least trogocytosis among the constructs tested and enabled the fastest 97 

immune-synapse reset after killing. Humanization retained this phenotype in primary NK cells, 98 

and we incorporate hEN24-CD105-CAR-NK cells into a two-wave strategy in which stromal 99 

priming precedes mesothelin (MSLN)-directed CAR-NK or CAR-T therapy. 100 

 101 

Results 102 

CD105 marks and sustains an abundant, matrix-organizing fibroblast state in pancreatic 103 

cancer 104 

We first asked whether CD105, encoded by ENG, is merely a marker of pancreatic fibroblasts 105 

or actively contributes to CAF-mediated tumour-promoting activity. Surface CD105 was low 106 

or undetectable in NK cells and most pancreatic cancer lines, but was readily detected in 107 

CD105-transduced controls (Extended Data Fig. 1a). In patient-derived CAFs, it was 108 

prominently expressed by both flow cytometry and immunoblotting (Fig. 1a and Extended 109 
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Data Fig. 1b,c). CD105 immunohistochemistry showed stromal-enriched staining in human 110 

PDAC tissues that was low or undetectable in non-neoplastic pancreas under the same 111 

conditions (Fig. 1b). CD105 is therefore a fibroblast-enriched surface antigen in pancreatic 112 

cancer, and its limited expression on NK cells may reduce the potential for CAR-NK fratricide. 113 

Treatment of human primary pancreatic fibroblasts (HPPFs) with TGF-β1 increased CD105 114 

together with α-SMA by immunoblotting (Fig. 1c), and immunofluorescence confirmed 115 

induction of CD105 protein (Fig. 1d). TGF-β1 is therefore sufficient to induce CD105 as part 116 

of an activated fibroblast phenotype. To test whether fibroblast-intrinsic CD105 contributes 117 

functionally, we generated ENG-knockout (KO) fibroblasts, hereafter CD105-deficient 118 

fibroblasts, from HPPFs and patient-derived CAFs and validated them by flow cytometry 119 

(Extended Data Fig. 1d). Relative to Cas9-only control fibroblasts, CD105-deficient 120 

fibroblasts showed impaired motility (Fig. 1e, Supplementary Fig. 1 and Supplementary 121 

Videos 1–4). They also supported less cancer-cell invasion through Matrigel (Fig. 1f) and less 122 

transendothelial migration across a human umbilical vein endothelial cell (HUVEC) monolayer 123 

(Fig. 1g). Conditioned media from CD105-deficient fibroblasts also maintained higher E-124 

cadherin in AsPC-1 and PANC-1 cells, consistent with reduced paracrine drive towards an 125 

epithelial-to-mesenchymal transition (EMT)-like phenotype (Supplementary Fig. 2). 126 

CD105 is therefore not simply a marker of activated fibroblasts but is functionally required for 127 

their pro-invasive behaviour. We next asked whether CD105+ CAFs also limit intratumoural 128 

NK-cell accumulation in vivo. 129 
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 130 

Fig. 1. TGF-β-induced CD105 expression defines a pro-invasive pancreatic fibroblast 131 

state that promotes tumour-cell invasion and transendothelial migration. a, Flow 132 

cytometry of surface ENG/CD105 across pancreatic cancer cell lines (grey) and patient-derived 133 

CAFs (blue). b, Representative immunohistochemical staining of CD105 in non-neoplastic 134 

pancreas (Pt.20, Pt.24, Pt.19) and PDAC tissue (Pt.20, Pt.24, Pt.22). Scale bars, 100 μm. c, 135 
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Immunoblot of CD105 and α-SMA in HPPFs treated with or without TGF-β1 (10 ng ml−1, 48 136 

h). Right, quantification of CD105 normalized to β-actin (n = 3 independent experiments). d, 137 

Representative immunofluorescence of CD105 in HPPFs treated with or without TGF-β1 (10 138 

ng ml−1, 48 h). Nuclei, β-actin and CD105 are shown in blue, red and green, respectively. Right, 139 

quantification of CD105 intensity normalized to β-actin intensity. Data are presented as the 140 

mean ± s.d. from two independent experiments, with 15 foci analysed per experiment. Scale 141 

bars, 200 μm. e, Time-lapse tracking of Cas9-only control and ENG-knockout (KO) CAF 142 

motility. Representative trajectories (left) and mean velocity (right) (n = 5 for Pt.3 and n = 10 143 

for Pt.5 at the single-cell resolution). Scale bars, 10 μm. f, Matrigel invasion assay of pancreatic 144 

cancer cells co-cultured with control or ENG-KO fibroblasts. Representative images and 145 

quantification of Hoechst+ invasive cells for AsPC-1 and PANC-1 (n = 15 or 25 fields). Scale 146 

bars, 200 μm. g, HUVEC monolayer transmigration assay of DiO-labelled cancer cells in the 147 

presence of control or ENG-KO fibroblasts. Representative images and quantification of 148 

transmigrated cells (n = 25 fields). Scale bars, 200 μm. Pt., patient-derived CAF donor. Each 149 

point in the violin plots represents an individual imaged field or cell, as indicated. Data are 150 

mean ± s.d. P values were calculated using unpaired two-tailed t-tests.  151 

 152 

 153 

CD105⁺ CAFs are abundant organizers of an NK-excluding ECM niche associated with 154 

adverse disease 155 

We next asked whether CD105+ fibroblasts shape tumour progression, matrix organization and 156 

immune access in vivo. ENG KO reduced ECM- and mesenchymal-associated transcripts (FN1, 157 

VIM, COL1A1) in HPPFs and two independent patient-derived CAFs (Fig. 2a), with 158 
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corresponding reductions in fibronectin, vimentin and collagen alpha-1(I) chain protein (Fig. 159 

2b). Co-implantation of HPPFs increased PANC-1 tumour radiant efficiency relative to PANC-160 

1 cells alone (Extended Data Fig. 2). We then co-implanted AsPC-1 cells with Cas9-only 161 

control or ENG-KO patient-derived CAFs into NOD–scid IL2Rγ-null (NSG) mice (Fig. 2c). 162 

Control CAFs accelerated tumour growth relative to AsPC-1 alone, whereas ENG-KO CAFs 163 

lost this activity. Haematoxylin and eosin staining of representative lung sections showed more 164 

extensive pulmonary lesions in control CAF-containing tumours (Fig. 2d), and 165 

immunofluorescence showed reduced fibronectin in ENG-KO CAF-containing xenografts (Fig. 166 

2e). 167 

To ask whether CD105+ CAFs limit intratumoural NK-cell accumulation, we adoptively 168 

transferred DiD-labelled primary NK cells and quantified intratumoural human CD45+DiD+ 169 

cells (Fig. 2f and Supplementary Fig. 3). ENG-KO CAF-containing tumours showed greater 170 

NK-cell accumulation than control CAF-containing tumours even after normalization to 171 

tumour weight, indicating that recovery was not explained solely by tumour burden and 172 

supporting a direct role for CD105+ CAFs in limiting intratumoural NK-cell accumulation. 173 

We then examined clinical relevance. High ENG expression within basal-like tumour spots was 174 

associated with poorer overall survival (Fig. 2g). To define the fibroblast state itself, we 175 

analysed public single-cell RNA-sequencing data from treatment-naïve (n = 20; 159,415 cells) 176 

and treated (n = 7; 71,893 cells) PDAC tumours30. Uniform manifold approximation and 177 

projection (UMAP) resolved the major compartments in both cohorts, and fibroblasts were 178 

identified by selective enrichment of COL3A1, COL1A2, COL1A1, SFRP2 and DCN 179 

(Extended Data Fig. 3). Because ENG was also detected in endothelial cells, we restricted all 180 

ENG+ versus ENG− comparisons to the fibroblast compartment. 181 
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ENG+ fibroblasts were enriched for EMT, TGF-β signalling and stromal remodelling hallmark 182 

programmes in both cohorts (Extended Data Fig. 4a,b). Because the analysis was restricted 183 

to fibroblasts, EMT enrichment reflects mesenchymal activation rather than epithelial lineage 184 

transition. Gene set enrichment analysis (GSEA) confirmed enrichment of hallmark TGF-β 185 

signalling and of ECM assembly and organization in ENG+ fibroblasts across both cohorts (Fig. 186 

2h), with concordant upregulation of ECM-associated genes (Extended Data Fig. 4c). To 187 

assess the robustness of the cell-level GSEA while accounting for inter-donor variability and 188 

potential pseudoreplication, GSEA was additionally performed using a donor-level pseudobulk 189 

approach. The direction of enrichment was generally preserved, although NES values were 190 

attenuated and FDR-adjusted significance was reduced for some gene sets (Supplementary 191 

Fig. 4). Spatially, Visium profiles from 36 tumour cores showed that ENG+ CAF-enriched 192 

regions co-localized with ECM and myofibroblastic CAF-like signatures rather than with 193 

tumour-cell signatures (Extended Data Fig. 4d). They also overlapped antigen-presenting 194 

CAF-like and T-cell signatures, marking stromal interfaces where matrix organization and 195 

immune-cell positioning converge. Ligand–receptor analysis showed enrichment of TGF-196 

β/CD105-axis and ECM–integrin interactions in the same regions (Extended Data Fig. 4e). 197 

Together, these data identify CD105+ CAFs as abundant organizers of an NK-excluding ECM 198 

niche in clinically adverse disease and provide a rationale for targeting them as stromal-priming 199 

effectors. 200 
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 201 

Fig. 2. CD105⁺ CAFs remodel the ECM and limit intratumoural NK cell accumulation in 202 

clinically adverse disease. a, Quantitative PCR of FN1, VIM and COL1A1 in Cas9-only 203 

control and ENG-KO HPPFs and patient-derived CAFs, normalized to GAPDH (n = 3 204 

independent experiments). b, Immunoblot of matrix- and mesenchymal-associated proteins in 205 
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the same cells. β-actin was the loading control. c, Schematic of the subcutaneous co-206 

implantation xenograft model and tumour growth curves. AsPC-1 cells were implanted alone 207 

or with control or ENG-KO patient-derived CAFs into NSG mice (n = 7 mice per group). d, 208 

Representative haematoxylin and eosin-stained lung sections from the indicated groups (two 209 

mice shown per group). Scale bars, 10,000 μm. e, Immunofluorescence of fibronectin in tumour 210 

tissue from the indicated groups. Fibronectin and nuclei are shown in red and blue, respectively. 211 

Each point represents an analysed region of interest from Pt.3 xenografts (16 regions analysed 212 

per tumour from three tumours per group). Scale bars, 200 μm. f, Schematic and quantification 213 

of DiD-labelled primary NK-cell adoptive transfer into mice bearing control or ENG-KO CAF-214 

containing xenografts (n = 4 mice per group). Cell numbers were normalized to tumour weight. 215 

Panels c–f are from a single experiment: of the seven tumours per group in c, four were 216 

dissociated for flow cytometry (f) and three were processed for tissue staining (e). g, Kaplan–217 

Meier analysis of overall survival according to patient-level ENG expression within the 218 

indicated ROI. Patients were stratified into ENG-high (n = 11) and ENG-low (n = 10) groups 219 

using the median patient-level ENG expression as the cut-off. P value was determined by a 220 

two-sided log-rank test. Hazard ratio (HR) and 95% confidence interval (CI) were estimated 221 

using a univariable Cox proportional hazards model. h, GSEA showing enrichment of hallmark 222 

TGF-β signalling (hallmark collection H) and of ECM assembly and positive regulation of 223 

ECM organization (GO:BP collection C5) in ENG+ versus ENG− fibroblasts from treatment-224 

naïve and treated PDAC samples. Normalized enrichment scores (NES) and false-discovery 225 

rates (FDR) are shown. Data are mean ± s.d. unless otherwise indicated. P values were 226 

calculated using unpaired two-tailed t-tests for two-group comparisons and two-way analysis 227 

of variance (ANOVA) followed by Tukey's multiple comparisons test for tumour growth curves. 228 
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 229 

 230 

Function-first screening identifies EN24 as the most productive CD105-CAR binder 231 

despite unremarkable binding potency 232 

To target CD105+ CAFs actively, we established a plasma B-cell discovery workflow. Mice 233 

were immunized with the recombinant CD105 ectodomain, and CD138+ plasma cells were 234 

screened on a Beacon optofluidic platform in three parallel assays (Fig. 3a and Extended Data 235 

Fig. 5). Antibody sequences from CD105-reactive events were cloned, grouped into clonal 236 

clusters and prioritized for recombinant scFv validation (Extended Data Figs. 6 and 7). 237 

Antibody clones are designated CLEN01–CLEN25 and their CAR counterparts ENnn. 238 

We advanced one representative from each clonal cluster, sampling distinct clonal families and 239 

Beacon profiles rather than selecting for binding strength, alongside the reference CD105 240 

antibodies TRC105 and 9H10 (Fig. 3b). Sequences falling in a cluster that was already 241 

represented were therefore not carried forward, however strongly they bound. ELISA and flow 242 

cytometry identified six scFvs (CLEN06, CLEN07, CLEN11, CLEN12, CLEN21 and 243 

CLEN24) that bound both recombinant and native cell-surface CD105, with minimal binding 244 

to CD105− cells (Fig. 3c,d, Supplementary Figs. 5 and 6 and Supplementary Tables 1 and 245 

2). Competitive epitope binning separated the prioritized binders into discrete groups (Fig. 3e) 246 

that mapped to spatially distinct regions of the CD105 ectodomain (Fig. 3f), yielding a 247 

sequence-, family- and epitope-diverse panel for matched CAR evaluation. 248 

Selected scFvs were then built into matched second-generation CD105-CAR-NK-92 constructs 249 

and screened against endogenous CD105+ CAF targets by real-time caspase-3/7 imaging (Fig. 250 



14 

 

3g). Despite shared specificity, constructs differed markedly in CAF killing (Fig. 3h,i), and 251 

quantification at 3 h and 6 h identified EN24-CAR-NK-92 cells as producing the strongest and 252 

most sustained induction of CAF apoptosis (Fig. 3j). EN24-CAR-NK-92 cells also showed 253 

antigen-dependent cytotoxicity, degranulation and interferon-γ production against CD105-254 

expressing targets (Extended Data Fig. 8). Critically, the functional ranking did not mirror the 255 

apparent recombinant or cell-surface binding ranking: CLEN24 did not exhibit the highest 256 

apparent binding potency, yet EN24 conferred the most productive anti-CAF response. The 257 

best CAR therefore came from a binder conventional metrics would have discarded, and the 258 

explanation had to lie after binding. 259 
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 260 

Fig. 3. A function-first screen identifies EN24, a binder that ranks low by binding potency 261 

yet builds the most productive CD105 CAR. a, Schematic of the plasma B-cell antibody 262 

discovery workflow using the Beacon optofluidic platform, followed by single-cell BCR 263 

sequencing, antibody cloning and recombinant scFv validation. b, Summary of CD105-specific 264 
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scFv candidate selection and prioritization. Representative candidates were selected across 265 

distinct clonal families and binding profiles and advanced together with the reference CD105 266 

antibodies TRC105 and 9H10. c, ELISA binding of recombinant anti-CD105 scFvs against 267 

purified biotinylated CD105-His (n = 3 independent experiments). d, Flow cytometric scFv 268 

binding to surface CD105 on CD105+ K562 cells, shown as FITC mean fluorescence intensity 269 

(MFI) (n = 3 independent experiments). e, Competitive epitope-binning heatmap of the 270 

prioritized scFvs (n = 3 independent experiments). f, Competition-guided structural mapping 271 

of the epitope groups onto an AlphaFold model of the CD105 ectodomain (residues 26–586). 272 

Prioritized antibodies were mapped to predicted binding regions, with CLEN24 resolved from 273 

the reference antibody 9H10. Structural regions include orphan (OR) domain 1 (residues 26–274 

46 and 200–330, pink) and OR domain 2 (residues 47–199, purple), defined according to 275 

UniProt P17813, and the zona pellucida (ZP) module (residues 338–581; corresponding to the 276 

region resolved in PDB 5HZV), shown as its ZP-N (cyan) and ZP-C (green) subdomains. The 277 

OR–ZP linker (residues 331–337) and the membrane-proximal segment (residues 582–586), 278 

which immediately precedes the transmembrane helix and belongs to neither module, are 279 

shown in grey. All residues are numbered according to the full-length ENG precursor. g, 280 

Schematic of the image-based CAR-NK-92 functional screen using CD105+ patient-derived 281 

CAFs (Pt.5) as targets and an activated caspase-3/7 dye (effector-to-target (E:T) ratio 2.5:1). h, 282 

Representative time-course images of CAF apoptosis after co-culture with NK-92 cells 283 

expressing the indicated CD105-targeted CARs. NK-92 cells and caspase-3/7+ apoptotic CAFs 284 

are shown in blue and red, respectively. Scale bars, 2,000 μm. i, Higher-magnification images 285 

of CAF apoptosis induced by selected CD105-targeted CAR-NK-92 cells. Scale bars, 1,000 286 

μm. j, Quantification of apoptotic CAFs after 3 h and 6 h of co-culture with the indicated 287 

constructs (n = 4). Data are mean ± s.d. unless otherwise indicated. P values were determined 288 
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using one-way ANOVA with Tukey’s multiple comparisons. 289 

 290 

 291 

Post-engagement handling, not binding strength, points to the post-killing phase 292 

Because static binding potency could not explain construct productivity, we profiled post-293 

engagement receptor and antigen dynamics. We first examined antibody-induced CD105 294 

endocytosis, which varied markedly among binders (Fig. 4a and Supplementary Fig. 7): 295 

CLEN11 and CLEN12 induced comparatively high internalization, CLEN24, 9H10 and several 296 

others less. 297 

We next quantified three CAR-associated processes after co-culture of CD105-CAR-pNK cells 298 

with CD105+ CAFs: loss of surface CAR through internalization, degradation of the CAR-299 

associated fluorescent reporter, and trogocytosis-mediated acquisition of CD105 by effector 300 

cells (Fig. 4b–d and Supplementary Fig. 8). Each scFv conferred a distinct profile (Fig. 4b,c). 301 

Trogocytosis was the most binder-dependent of the three: EN06 and EN07 promoted 302 

substantial CD105 transfer, whereas EN24 induced the lowest level of any construct (Fig. 4d). 303 

The antigen-binding domain therefore governs not only recognition but the subsequent 304 

handling of both CAR and antigen. 305 

Univariate regression showed that no single feature, including CD105 endocytosis, was 306 

associated with measured CAR-NK cytotoxicity (Supplementary Fig. 9a). Combinations did 307 

better. Across the six constructs profiled, models pairing CAR internalization with trogocytosis 308 

and either CD105 endocytosis or apparent binding potency showed the strongest associations 309 

with measured cytotoxicity (Fig. 4e and Supplementary Fig. 9b,c), indicating that productive 310 
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anti-CAF activity tracks coordinated post-engagement behaviour rather than any single feature. 311 

A composite Euclidean-distance score across all five standardized features, calculated relative 312 

to a reference profile comprising the most favourable observed value for each feature, ranked 313 

EN24 first, well ahead of every other construct including 9H10 (Fig. 4f). Both analyses 314 

converge on the construct that the functional screen had already singled out, and both point to 315 

the post-engagement phase rather than binding strength as the place where EN24 and 9H10 316 

diverge. 317 
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 318 

Fig. 4. Binder-dependent post-engagement CAR dynamics exclude single-feature 319 

explanations and point to the phase after target engagement. a, Schematic and 320 

quantification of antibody-induced CD105 endocytosis in CD105-positive target cells treated 321 

with the indicated CD105-specific antibodies (n = 3 independent experiments). b–d, Schematic 322 
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and quantification of surface CAR internalization (b), CAR degradation (c) and trogocytosis-323 

mediated CD105 acquisition (d) in pNK cells expressing the indicated CD105-targeted CARs 324 

after co-culture with CD105-positive CAFs (n = 6 from 2 independent experiments). e, Selected 325 

three-parameter ordinary least-squares regression models relating combinations of post-326 

engagement CAR-dynamic features and apparent binding potency (EC50) to measured 327 

cytotoxicity. Relative model-predicted cytotoxicity is plotted against relative experimental 328 

cytotoxicity (n = 6 CAR constructs: EN06, EN07, EN11, EN12, EN24 and 9H10; each point 329 

is one independent replicate). Dashed lines indicate linear regression fits, and coefficients of 330 

determination (R2) and P values are shown. f, Integrated post-engagement profile of each 331 

CD105-CAR construct. CD105 endocytosis, CAR internalization, CAR degradation, 332 

trogocytosis and apparent binding potency were Z-score standardized and directionally aligned, 333 

and each construct was scored by its mean Euclidean distance from a reference profile built 334 

from the most favourable observed value of each feature (n = 6 CAR constructs). Shorter 335 

distances indicate more favourable integrated post-engagement dynamics. Because the 336 

reference is derived from the observed data, the ranking is descriptive. Data are mean ± s.d. P 337 

values were determined by one-way ANOVA with Tukey’s multiple comparisons. 338 

 339 

 340 

EN24 kills at the same rate as 9H10 but disengages and resets far faster 341 

Surface plasmon resonance showed that CLEN24 dissociated from CD105 about 11-fold faster 342 

than 9H10 (koff 2.3 × 10−3 versus 2.1 × 10−4 s−1), which bound with 40-fold higher affinity (KD 343 

0.5 versus 20.4 nM) (Fig. 5a and Supplementary Fig. 10). Despite this, force-based 344 

detachment analysis showed that EN24-CAR-NK cells retained sufficient cell-level avidity for 345 
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CD105-positive targets, albeit with a lower binding-force distribution than 9H10-CAR-NK 346 

cells (Fig. 5b). EN24 therefore balances productive engagement against faster release rather 347 

than maximizing antigen residence time. 348 

EN24-CAR-pNK cells reduced the residual area of patient-derived CAFs more effectively than 349 

mock-pNK and 9H10-CAR-pNK cells after 24 h (Fig. 5c) and showed robust CD107a 350 

upregulation after CAF engagement (Fig. 5d). Consistent with CD105-dependent recognition, 351 

they preferentially killed CD105-expressing AsPC-1 cells while showing limited activity 352 

against parental CD105-low cells (Supplementary Fig. 11). 353 

Live-cell imaging resolved the cellular consequences. The interval from CAR engagement to 354 

killing was comparable between EN24- and 9H10-CAR-pNK cells, but EN24-CAR-pNK cells 355 

disengaged more rapidly afterwards, with shorter killing-to-CAR-off and total CAR-on-to-356 

CAR-off intervals (Fig. 5e and Supplementary Videos 5, 6). Killing and release are therefore 357 

separable phases of CAR function. EN24 does not kill faster but becomes available for the next 358 

target sooner. Live-cell confocal imaging showed efficient microtubule-organizing centre 359 

(MTOC) polarization towards the immune synapse for both constructs, but more rapid MTOC 360 

depolarization and detachment after killing for EN24-CAR-pNK cells (Fig. 5f and 361 

Supplementary Fig. 12). Together with the reduced trogocytosis observed in Fig. 4, these 362 

findings define EN24 as a reusable effector characterized by rapid post-killing disengagement 363 

and synapse reset. 364 
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 365 

Fig. 5. EN24-CAR-NK cells kill at the same rate as 9H10-CAR-NK cells but release the 366 

killed target and reset the immune synapse more rapidly. a, SPR kinetic map showing 367 

association and dissociation rate constants of CLEN24 and 9H10 for CD105 (n = 3 independent 368 

experiments). CLEN24: kon = 1.1 ± 0.1 × 105 M−1 s−1, koff = 2.3 ± 0.3 × 10−3 s−1, KD = 20.4 ± 369 

0.2 nM; 9H10: kon = 4.5 ± 0.3 × 105 M−1 s−1, koff = 2.1 ± 0.01 × 10−4 s−1, KD = 0.5 ± 0.03 nM. 370 
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b, Force-based cellular avidity analysis of 9H10- and EN24-CD105-CAR-NK cells interacting 371 

with CD105-positive target cells (n = 3 independent experiments). c, Representative 372 

fluorescence images and quantification of residual patient-derived CAFs after co-culture with 373 

mock-, 9H10-CAR- or EN24-CAR-pNK cells at an E:T ratio of 1:1 for 24 h (n = 6). CAFs are 374 

shown in green. Scale bars, 1,000 μm. d, Representative flow-cytometric plots and 375 

quantification of CD107a expression in 9H10- and EN24-CAR-pNK cells cultured alone or 376 

with patient-derived CAFs at an E:T ratio of 4:1 for 4 h (n = 3). e, Representative time-lapse 377 

images and quantification of CAR engagement dynamics during interactions with CD105-378 

positive CAFs (n = 21 for 9H10 and n = 14 for EN24, single-cell resolution; three independent 379 

replicates). Engagement intervals were defined as CAR-on to killing, killing to CAR-off and 380 

total CAR-on to CAR-off. Green and blue arrows indicate CAR-pNK cells and apoptotic CAFs, 381 

respectively. Scale bars, 10 μm. f, Schematic and representative live-cell confocal images of 382 

MTOC polarization and reset during CAR-pNK–CAF interactions. CAR-pNK cells, CAFs and 383 

tubulin are shown in blue, green and red, respectively. Red arrows indicate MTOC localization. 384 

Scale bars, 5 μm. Data are mean ± s.d. P values were determined using two-way ANOVA for 385 

panel b, one-way ANOVA for panel c and unpaired two-tailed t-test for panel e. 386 

 387 

Humanized EN24 (hEN24)-CAR-NK cells are reusable effectors that open an access 388 

window for a second therapy 389 

We next tested whether faster post-killing disengagement improved repetitive target 390 

elimination. In serial-challenge assays, EN24-CAR-pNK cells maintained higher cytotoxicity 391 

than the slower-off 9H10-CAR-pNK cells across four consecutive rounds of target exposure 392 

(Fig. 6a). Activity declined for both constructs with repeated challenge, but the advantage of 393 
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EN24 was retained throughout. 394 

We humanized CLEN24 by complementarity-determining region grafting onto human 395 

frameworks with structure-guided back-mutation (Extended Data Fig. 9a). Screening 396 

identified several variants retaining recombinant and cell-surface CD105 recognition 397 

(Extended Data Fig. 9b–e and Supplementary Tables 3 and 4). The lead framework-398 

reverted clone, CLhEN24-12 (hEN24 as a CAR), preserved CD105 binding and a rapid 399 

dissociation profile by SPR (Extended Data Fig. 9f). It also retained the parental CAR on/off 400 

phenotype in primary NK cells (Extended Data Fig. 10). hEN24-based CARs were expressed 401 

in pNK cells at levels comparable to parental EN24 and 9H10 CARs (Fig. 6b). Their 402 

cytotoxicity against CD105-expressing PANC-1 targets matched parental EN24 and exceeded 403 

9H10 (Fig. 6c). 404 

In multicellular spheroids of AsPC-1-mCherry cancer cells and HPPF-GFP left untreated or 405 

treated with mock-pNK or hEN24-CAR-pNK cells (Fig. 6d and Supplementary Videos 7–9), 406 

hEN24-CAR-pNK treatment preferentially reduced the HPPF-GFP compartment, because 407 

parental AsPC-1 cells express minimal surface CD105. The decline in fibroblast area was 408 

followed by restriction of AsPC-1 expansion, whereas both compartments continued to 409 

increase in untreated and mock-treated spheroids. This pattern is consistent with withdrawal of 410 

fibroblast-mediated support rather than direct killing of cancer cells. 411 

Finally, we tested whether stromal depletion improved a subsequently administered tumour-412 

directed product. Fibroblast-rich spheroids were generated from MSLN-expressing PANC-1-413 

mCherry cells and HPPF-GFP, treated first with CD105-CAR-pNK cells and 24 h later with 414 

MSLN-CAR-pNK cells (Fig. 6e, Supplementary Fig. 13 and Supplementary Videos 10–14). 415 

MSLN-CAR-pNK monotherapy poorly controlled the tumour compartment in the presence of 416 
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an intact fibroblast layer, whereas CD105-CAR-pNK monotherapy depleted HPPFs but only 417 

partially suppressed it. Sequential treatment reduced the fibroblast compartment comparably 418 

to CD105-CAR-pNK alone while controlling the tumour compartment substantially better than 419 

either monotherapy. First-wave CAF elimination therefore opens a transient access window, 420 

defining hEN24-CAR-pNK cells as reusable stromal effectors that prepare the tumour for a 421 

second wave. 422 
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 423 

Fig. 6. Humanized EN24-CAR-NK cells act as reusable effectors and open an access 424 

window for tumour-directed CAR therapy in fibroblast-rich spheroids. a, Serial-killing 425 

activity of 9H10- and EN24-based CD105-CAR-pNK cells over four consecutive target-426 

challenge rounds. Cytotoxicity was measured after each round (n = 4). b, Representative flow-427 

cytometric histograms of surface CAR expression in mock-pNK cells and pNK cells expressing 428 
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9H10-, mouse EN24 (mEN24)- or the indicated humanized EN24 (hEN24)-based CD105 429 

CARs, with percentages of CAR-positive cells. c, Cytotoxicity of the same effectors against 430 

CD105-expressing PANC-1-CD105-Luc cells (n = 3). d, Representative fluorescence images 431 

and quantification of HPPF and AsPC-1 tumour-cell areas in multicellular spheroids left 432 

untreated or treated with mock-pNK or hEN24-CAR-pNK cells (n = 4 spheroids per group). 433 

AsPC-1 cells, HPPFs and pNK cells are shown in red, green and blue, respectively. Dashed 434 

circles delineate spheroid boundaries. Scale bars, 2,000 μm. e, Schematic of sequential stromal 435 

priming in fibroblast-rich PANC-1-MSLN spheroids. CD105-CAR-pNK cells were 436 

administered as the first wave, followed 24 h later by MSLN-CAR-pNK cells. Representative 437 

fluorescence images and quantification of HPPF and PANC-1 tumour-cell areas are shown for 438 

untreated spheroids, MSLN-CAR-pNK monotherapy, 9H10- or hEN24-based CD105-CAR-439 

pNK monotherapy and sequential combination treatment (n = 4 spheroids per group). PANC-440 

1 cells, HPPFs and pNK cells are shown in red, green and blue, respectively. Scale bars, 2,000 441 

μm. Data are mean ± s.d. P values were determined using two-way ANOVA for panels a, d, 442 

and e, and one-way ANOVA for panel c, followed by Tukey's multiple comparisons test. 443 

 444 

hEN24-CAR-pNK priming opens an access window that admits and sustains tumour-445 

directed CAR cells in vivo 446 

We next asked whether this advantage was retained in fibroblast-rich tumours in vivo. AsPC-447 

1-MSLN cells14 and patient-derived CAFs were co-implanted subcutaneously into NSG mice. 448 

Mice then received mock-pNK, 9H10-CAR-pNK or hEN24-CAR-pNK cells intravenously 449 

(Fig. 7a). hEN24-CAR-pNK treatment delayed tumour growth relative to mock-pNK controls 450 

and to the slower-off 9H10-CAR-pNK comparator. Flow cytometry of dissociated tumours 451 
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showed a marked increase in intratumoural human CD45-positive cells after hEN24-CAR-452 

pNK treatment (Fig. 7b and Supplementary Fig. 14), which persisted after normalization to 453 

tumour weight. The limited recovery of 9H10-CAR-pNK cells, despite recognition of the same 454 

antigen, suggests that binder-dependent post-engagement behaviour influences intratumoural 455 

effector access and persistence. 456 

In a fibroblast-rich pancreatic tumour model, mice received MSLN-CAR-pNK cells alone or 457 

sequential hEN24-CD105-CAR-pNK followed by MSLN-CAR-pNK cells (Fig. 7c). MSLN-458 

CAR-pNK monotherapy produced only partial tumour control, whereas sequential treatment 459 

suppressed growth substantially more, with more consistent individual trajectories. To ask 460 

whether priming extended beyond a CAR-NK-to-CAR-NK sequence, we administered hEN24-461 

CD105-CAR-pNK cells before MSLN-directed CAR-T cells (Fig. 7d and Supplementary Fig. 462 

15a). Sequential treatment improved tumour control over CD105-CAR-pNK monotherapy, 463 

establishing that the sequence is feasible across cell-therapy platforms. Because this model 464 

carried no MSLN-CAR-T monotherapy arm, we tested the priming contribution itself in a 465 

model that did. 466 

We co-implanted MSLN-expressing AsPC-1 cells and patient-derived CAFs into the pancreas 467 

and included both single-agent controls, mock-pNK priming followed by MSLN-CAR-T and 468 

hEN24-CD105-CAR-pNK priming followed by mock T cells (Fig. 7e). Against both controls, 469 

the sequential combination improved tumour control by longitudinal bioluminescence imaging 470 

and ex vivo analysis (Fig. 7e,f and Supplementary Fig. 15b), isolating the contribution of 471 

stromal priming. Priming increased the numbers of hCD45+ cells recovered from tumours, 472 

including both hCD3+hCD56− T cells and hCD3−hCD56+ NK cells (Fig. 7g), and a higher 473 

proportion of the recovered T cells were MSLN-CAR-positive at endpoint (Fig. 7h and 474 
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Supplementary Fig. 16). 475 

Because CD105 is expressed in non-malignant stromal and vascular compartments, we 476 

assessed systemic tolerability in human ENG knock-in (hENG KI) NKG mice, in which the 477 

human-specific hEN24 CAR can engage host CD105. CAR-NK-treated mice showed a 478 

transient decrease in body weight followed by recovery towards baseline, and endpoint serum 479 

biochemistry showed no substantial treatment-related abnormalities relative to control animals 480 

(Supplementary Fig. 17). Together, these findings support a sequential mechanism in which 481 

stromal priming increases intratumoural immune-cell accumulation, sustains the MSLN-CAR-482 

T compartment and improves tumour control. (Fig. 8). 483 
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 484 

Fig. 7. hEN24-CAR-NK stromal priming opens an access window that admits tumour-485 

directed cells, sustains the CAR-T compartment and improves tumour control in vivo. a, 486 

Schematic of the fibroblast-rich subcutaneous xenograft model and treatment schedule. AsPC-487 

1-MSLN cells and patient-derived CAFs were co-implanted subcutaneously, followed by 488 
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intravenous administration of mock-, 9H10-CAR- or hEN24-CAR-pNK cells. Right, tumour-489 

growth curves for mock-pNK, 9H10-CAR-pNK and hEN24-CAR-pNK groups (n = 3 mice per 490 

group). b, Representative flow-cytometric plots and quantification of intratumoural human 491 

CD45-positive cells recovered from the indicated groups, normalized to tumour weight (n = 3 492 

mice per group; individual plots in Supplementary Fig. 14). c, Schematic and therapeutic 493 

evaluation of sequential CD105-CAR-NK stromal priming followed by MSLN-CAR-pNK 494 

therapy in PANC-1-MSLN/HPPF tumours. Tumour-growth curves are shown for tumour-only, 495 

mock-pNK, MSLN-CAR-pNK and sequential combination groups. Right panels show 496 

individual trajectories (Combination group, n = 6; all other groups, n = 5 mice). d, Schematic 497 

and therapeutic evaluation of sequential CD105-CAR-pNK priming followed by MSLN-CAR-498 

T-cell therapy. Mean and individual tumour-growth curves are shown for tumour-only, CD105-499 

CAR-pNK monotherapy and sequential combination groups (n = 4 mice per group). e, 500 

Schematic and therapeutic evaluation of an orthotopic PDAC model established by co-501 

implantation of AsPC-1-MSLN-Luc cells and patient-derived CAFs into the pancreas, 502 

followed by sequential hEN24-CD105-CAR-pNK and MSLN-CAR-T therapy. Left, model 503 

schematic and treatment schedule. Right, longitudinal bioluminescence imaging and 504 

quantification of tumour burden (n = 5 mice per group). Lower panels show individual 505 

trajectories. f, Representative ex vivo image of tumours collected at the endpoint. g, 506 

Quantification of tumour-infiltrating total human immune cells (hCD45+), T cells 507 

(hCD3+hCD56−) and NK cells (hCD3−hCD56+) in orthotopic tumours, normalized to tumour 508 

weight (n = 3 mice per group). h, Quantification of MSLN-CAR-positive tumour-infiltrating T 509 

cells and CD105-CAR-positive tumour-infiltrating NK cells (n = 3 mice per group). Arrows in 510 

a, c, d and e indicate the timing of NK- or T-cell administration. MSLN-CAR-NK cells express 511 

the SS1 anti-MSLN scFv and MSLN-CAR-T cells the anti-MSLN clone 10 (Methods). Data 512 
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are mean ± s.d. P values were determined using two-way ANOVA for panels a, c, d and e and 513 

one-way ANOVA for panels b, g and h followed by Tukey's multiple comparisons test. 514 

 515 

 516 

Fig. 8. Selecting for faster CAR–antigen disengagement enables repetitive stromal 517 

targeting and potentiates tumour-directed cellular immunotherapy. Schematic summary 518 

of the study. In ECM-rich PDAC, TGF-β-associated CD105-positive CAFs promote ECM 519 

remodelling and limit intratumoural NK-cell accumulation. Compared with the higher-affinity, 520 

slower-off 9H10 binder, EN24 supports sufficient antigen engagement but faster post-killing 521 

dissociation, reduced trogocytosis and CAR loss, accelerated immune-synapse resolution and 522 

MTOC reset, and sustained repetitive CAF killing. EN24-based CD105-CAR-NK cells 523 

consequently deplete CAFs in matrix-rich spheroids and, in fibroblast-rich tumours, increase 524 

intratumoural immune-cell accumulation and enhance the activity of a second wave of tumour-525 

directed MSLN-CAR-NK or CAR-T cells. 526 
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 527 

Discussion 528 

We developed a kinetically selected CAR-NK strategy that uses CAF depletion as a first-wave 529 

stromal-priming intervention for fibroblast-rich PDAC. Single-cell, spatial and functional 530 

analyses identified ENG as a marker and functional regulator of a TGF-β-associated, 531 

fibronectin-rich fibroblast state linked to adverse outcome, and ENG disruption reduced 532 

fibroblast motility, matrix gene expression, cancer-cell invasion and transendothelial migration, 533 

and increased intratumoural NK-cell accumulation. 534 

The principal engineering insight is that the suitability of a CAR binder for repetitive stromal 535 

targeting cannot be inferred from binding potency alone. Plasma B-cell screening generated 536 

scFvs with diverse sequence, epitope and binding profiles, but their recombinant binding rank 537 

did not predict CAR-NK activity: CLEN24 did not exhibit the highest apparent binding potency, 538 

yet EN24 conferred the most productive anti-CAF activity. Integrated profiling placed EN24 539 

in a favourable overall CAR-dynamic state, with the lowest trogocytosis among the constructs 540 

tested. SPR showed an 11-fold faster off-rate than the higher-affinity 9H10 binder. Live-cell 541 

imaging then localized the difference: EN24 did not kill faster but released the killed target far 542 

sooner, becoming available for reuse. 543 

These findings support an engagement–reset model in which the CAR–antigen interaction is 544 

stable enough to support synapse formation, MTOC polarization, degranulation and target 545 

death, yet transient enough to permit rapid synapse resolution afterwards. This refines the 546 

conventional emphasis on maximal affinity: excessively persistent engagement may increase 547 

antigen extraction, receptor internalization or degradation and retain effectors on spent targets, 548 

whereas overly transient binding may fail to establish a cytolytic synapse. The optimal binder 549 
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therefore occupies a kinetic window that balances engagement against post-killing release. This 550 

balance should matter most for stromal targeting, where few effectors must repeatedly 551 

eliminate many non-malignant targets distributed through a dense matrix. Previous work has 552 

shown that serial killing by CAR-T cells depends on efficient detachment and receptor 553 

preservation31-34, that functional avidity and antigen density set activation thresholds35-37, and 554 

that immune-synapse organization and MTOC positioning regulate cytotoxic efficiency38, 39. 555 

Our findings extend these principles to CAR-NK-mediated stromal targeting. 556 

The therapeutic consequence is a two-wave architecture. Humanization preserved the CD105 557 

recognition and faster-off properties of CLEN24, and hEN24-CD105-CAR-pNK cells depleted 558 

fibroblasts in spheroids and increased NK-cell accumulation in CAF-rich xenografts. As 559 

monotherapy these cells primarily remodelled the stromal compartment rather than targeting 560 

CD105-low cancer cells. That distinction proved useful, because first-wave CAF depletion 561 

opened an access window for subsequently administered MSLN-directed cells. This modularity 562 

separates two functions that are difficult to optimize within a single product and may extend to 563 

other desmoplastic tumours in which antigen expression is adequate but cellular 564 

immunotherapy is limited by fibroblast expansion and immune exclusion. 565 

Several limitations apply. First, the therapeutic studies used immunodeficient xenografts, 566 

which permit controlled evaluation of human CAFs and NK cells but do not reproduce adaptive 567 

immunity, myeloid suppression or patient-specific stromal heterogeneity. Second, CD105 is 568 

also expressed in endothelial and other non-malignant compartments. Administration of 569 

hEN24-CD105-CAR-pNK cells to hENG KI mice caused only a transient, reversible body-570 

weight change without substantial serum biochemical abnormalities, but defining antigen-571 

density thresholds for normal-cell recognition will require dedicated biodistribution and 572 
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vascular-integrity studies. Third, the optimal timing, dose and duration of the priming window 573 

remain to be defined, and stromal depletion after priming has not yet been measured directly 574 

in treated tumours. Finally, CLEN24 and 9H10 differ in epitope and geometry as well as in 575 

kinetics. A matched series of CLEN24 variants with systematically altered off-rates would 576 

isolate the contribution of the off-rate itself and define its optimal range, and would test whether 577 

the engagement–reset principle generalizes to other CAF antigens and platforms. 578 

In summary, we establish CD105+ CAFs as functional drivers of an ECM-rich stromal niche 579 

that limits intratumoural NK-cell accumulation and identify CAR–antigen disengagement 580 

kinetics as an engineering variable for repetitive stromal targeting. Humanized EN24-CAR-581 

NK cells exploit this property as reusable first-wave effectors that open an access window for 582 

subsequent CAR-NK or CAR-T therapy. 583 

 584 

Methods 585 

Ethical approval 586 

Mouse immunization was performed in accordance with a protocol approved by the 587 

Institutional Animal Care and Use Committee (IACUC) of Seoul National University (protocol 588 

number SNU-220224-1-1). Breeding and maintenance of human ENG knock-in (hENG KI) 589 

mice were performed under a separate protocol approved by the IACUC of Seoul National 590 

University (protocol number SNU-240806-7-5). All other in vivo experiments, including every 591 

xenograft efficacy study and the on-target/off-tumour tolerability study, were performed under 592 

a protocol approved by the IACUC of the Korea Institute of Science and Technology (protocol 593 

number KIST-2024-079). Analyses using human-derived clinical specimens and associated 594 
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research materials were performed under the approval of the Institutional Review Board of 595 

Asan Medical Center (IRB No. 2022-1493), and written informed consent was obtained from 596 

all participants. All experiments involving human-derived samples were conducted in 597 

accordance with the approved study protocol and relevant institutional and ethical guidelines. 598 

Cell culture 599 

HPPFs were obtained from Cell Biologics and cultured in DMEM supplemented with 10% 600 

fetal bovine serum (FBS), 1% antibiotic–antimycotic solution, 1% GlutaMAX and hFGF (10 601 

ng ml−1; PeproTech, 100-18B). HUVECs were obtained from Lonza and cultured in EGM 602 

Endothelial Cell Growth Medium BulletKit (Lonza, CC-3124) according to the manufacturer’s 603 

instructions. The pancreatic cancer cell lines PANC-1, AsPC-1 and Capan-2 were purchased 604 

from the Korean Cell Line Bank (Seoul, Republic of Korea). PANC-1 cells were cultured in 605 

DMEM with 10% FBS and 1% antibiotic–antimycotic solution; AsPC-1 and Capan-2 cells 606 

were maintained in RPMI-1640 with 10% FBS, 1% antibiotic–antimycotic solution and 607 

HEPES (10 mM; Gibco, 15630080). NK-92 and HEK293T cells were purchased from the 608 

American Type Culture Collection (ATCC). HEK293T cells were cultured in DMEM with 10% 609 

FBS, 1% antibiotic–antimycotic solution and HEPES (10 mM). NK-92 cells were cultured in 610 

MEMα (Gibco, 12561-056) with 20% FBS, 10× MEM vitamin solution (Gibco, 11120-052), 611 

2-mercaptoethanol (0.1 mM; Gibco, 21985023), 1% penicillin–streptomycin and rIL-2 (200 IU 612 

ml−1; R&D Systems, 202-IL). K562 cells were purchased from the ATCC and cultured in 613 

RPMI-1640 (Welgene) with 10% FBS (Gibco) and 1× penicillin–streptomycin (Gibco). All 614 

cells were maintained at 37 °C with 5% CO2 and were routinely confirmed to be free of 615 

mycoplasma using the e-Myco plus Mycoplasma PCR Detection Kit (Intron Biotechnology, 616 

25237). 617 
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 618 

Peripheral blood-derived NK cells and primary CAFs 619 

Primary NK cells were expanded from frozen peripheral blood mononuclear cells (PBMCs; 620 

Lonza) for 2 weeks as previously described13, 14. Patient-derived pancreatic CAFs were 621 

obtained from Asan Medical Center (Seoul, Republic of Korea) and maintained in RPMI-1640 622 

supplemented with 10% FBS, 1% antibiotic–antimycotic solution and hFGF (1 ng ml−1). 623 

Yeast strains and culture conditions 624 

Two Saccharomyces cerevisiae strains, JAR200 (MATa, GAL1-AGA1::KanMX4 ura3Δ45 625 

ura3-52 trp1 leu2Δ1 his3Δ200 pep4::HIS3 prb1Δ1.6R can1) and YVH10 (MATα, PDI::ADHII-626 

PDI-Leu2 ura3-52 trp1 leu2Δ1 his3Δ200 pep4::HIS3 prb1Δ1.6R can1 GAL), were used for 627 

constructing and screening the yeast surface display Fab library. These strains were kindly 628 

provided by Professor Yong-Sung Kim (Ajou University, Suwon, Republic of Korea). 629 

The haploid yeast library was cultured in SDCAA medium (6.7 g l−1 yeast nitrogen base, 5 g 630 

l−1 casamino acids, 14.7 g l−1 sodium citrate, 4.29 g l−1 citric acid monohydrate and 20 g l−1 631 

dextrose in deionized water). For JAR200 cultures, SDCAA was supplemented with 0.0002 g 632 

l−1 uracil; for YVH10 cultures, 0.0004 g l−1 tryptophan was added. The diploid Fab library was 633 

cultured in SDCAA medium without these supplements. To induce Fab expression, the library 634 

was sub-cultured in 2× SGCAA medium (13.4 g l−1 yeast nitrogen base, 10 g l−1 casamino acids, 635 

5.4 g l−1 Na2HPO4, 8.56 g l−1 NaH2PO4·H2O and 20 g l−1 galactose) at an initial OD600 of 0.5 636 

and incubated at 20 °C with shaking at 160 rpm for 48 h. 637 

 638 

Single-cell RNA-sequencing (scRNA-seq) data processing 639 
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Publicly available scRNA-seq data from patients with PDAC were obtained from Werba et al.30 640 

(PMID: 36781852). The dataset included tumour samples from 27 patients, comprising 20 641 

treatment-naïve and 7 chemotherapy-treated cases; treated patients had received 642 

FOLFIRINOX- or gemcitabine/abraxane-based chemotherapy before tissue acquisition. Raw 643 

count matrices were processed using the Seurat package (version 5.4) in R (PMID: 37231261). 644 

Quality control removed low-quality cells and potential doublets. Filtering thresholds for 645 

nCount and nFeature were determined using an interquartile range (IQR)-based approach, in 646 

which outliers were defined as values below the first quartile − 1.5 × IQR or above the third 647 

quartile + 1.5 × IQR. Cells with fewer than 200 detected genes or mitochondrial transcript 648 

proportions above 20% were excluded. Thresholds were determined separately for the 649 

treatment-naïve and chemotherapy-treated cohorts. Normalization and variance stabilization 650 

were performed per sample using SCTransform. Principal component analysis was performed 651 

on highly variable genes, followed by UMAP for dimensionality reduction. To minimize batch 652 

effects, anchor-based integration using canonical correlation analysis was performed with the 653 

IntegrateLayers function in Seurat. Clusters were identified by graph-based clustering using 654 

FindNeighbors and FindClusters. Major cell-type identities were assigned using representative 655 

marker genes reported in the original study, including T/NK cells (CCL5, GNLY, NKG7), 656 

epithelial cells (KRT19, TFF1), endothelial cells (VWF, SPARCL1), myeloid cells (SPP1, 657 

APOE), proliferating epithelial cells (UBE2C, CCNB1), proliferating lymphoid cells (MKI67, 658 

CENPF), proliferating myeloid cells (MMP9, CTSK), mast cells (TPSAB1, KIT), B/plasma 659 

cells (IGKC, IGLC2) and fibroblasts (COL1A1, COL1A2, DCN). 660 

Cell-type identification and subclustering of CAFs 661 

Cluster identities were assigned using marker genes from the original publication: epithelial 662 
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(TFF1, LCN2, KRT19, SPINK1, TFF2), myeloid (SPP1, APOE, S100A9, IFI30, HLA-DRA), 663 

fibroblast (COL3A1, COL1A2, COL1A1, SFRP2, DCN), T/NK (CCL5, GNLY, NKG7, CCL4, 664 

IL7R), endothelial (SPARCL1, ACKR1, CCL14, VWF, COL4A1), proliferating epithelial 665 

(UBE2C, AKR1C2, UBE2S, CCNB1, S100A2), proliferating lymphoid (HIST1H4C, HMGB2, 666 

STMN1, MKI67, CENPF), B/plasma (IGKC, IGLC2, IGHG1, IGLC3, IGLC1), proliferating 667 

myeloid (MMP9, CTSK, ACP5, CST3, RGS10) and mast (TPSAB1, TPSB2, CPA3, MS4A2, 668 

KIT). 669 

Gene Set Enrichment Analysis (GSEA)  670 

Fibroblasts were classified as ENG-positive (ENG⁺) or ENG-negative (ENG⁻) based on ENG 671 

transcript expression in normalized expression matrices. Cells with detectable ENG expression 672 

(expression value > 0) were defined as ENG⁺ fibroblasts, while those lacking detectable 673 

expression were defined as ENG⁻ fibroblasts. GSEA was performed separately in treatment-674 

naïve and chemotherapy-treated patients with PDAC. For the cell-level analysis, gene ranking 675 

was generated using Wilcoxon rank-sum statistics implemented in the presto package (version 676 

1.0.0). Differential gene expression between ENG⁺ and ENG⁻ fibroblasts was calculated using 677 

the wilcoxauc function, and genes were ranked using the area under the curve (AUC)-derived 678 

scores [sign(logFC) × AUC]. To account for potential donor-level pseudoreplication, GSEA 679 

was additionally performed using a donor-level pseudobulk approach [PMID: 34584091]. 680 

Within each donor, raw UMI counts were aggregated separately for ENG⁺ and ENG⁻ fibroblasts, 681 

and only donors containing both populations were included in the paired analysis. Pseudobulk 682 

count matrices were analysed using edgeR (version 4.4.2), with lowly expressed genes filtered 683 

using filterByExpr and library-size normalized using the trimmed mean of M-values (TMM) 684 

method [PMID: 19910308]. Donor identity was included as a blocking factor in the design 685 
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matrix, and the ENG⁺ vs ENG⁻ effect was estimated using a quasi-likelihood negative binomial 686 

generalized log-linear model. Genes were ranked according to the signed quasi-likelihood test 687 

statistic, and the resulting ranked gene list was used for donor-level GSEA. Gene sets were 688 

obtained from the Molecular Signatures Database (MSigDB) using the msigdbr package 689 

(version 26.1.0). Hallmark gene sets (collection H) were used as the primary reference and 690 

pathways associated with stromal activation and ECM remodelling were specifically evaluated, 691 

including GOBP_EXTRACELLULAR_MATRIX_ASSEMBLY, 692 

GOBP_POSITIVE_REGULATION_OF_EXTRACELLULAR_MATRIX_ORGANIZATIO693 

N. GSEA was performed using the fgsea package (version 1.30.0) with 1,000 permutations 694 

(nPermSimple = 1000). Results were summarized by the normalized enrichment scores (NES), 695 

nominal p-values, and false discovery rates (FDR). 696 

Analysis of differentially expressed genes 697 

Differentially expressed genes between ENG+ and ENG− fibroblasts were identified using the 698 

FindMarkers function in Seurat following SCT normalization with PrepSCTFindMarkers. 699 

Significant genes were defined as those with an adjusted P value < 0.01 and absolute log2 fold 700 

change ≥ 0.25. 701 

Spatial transcriptomics profiling and analysis 702 

Formalin-fixed paraffin-embedded tumour tissues from 36 patients were prepared as tissue 703 

microarrays. Representative tumour cores identified by pathologists (36 cores from 36 patients, 704 

one core per patient) were analysed using the Visium Spatial Gene Expression platform for 705 

FFPE samples (10x Genomics). Sequencing data were processed using Space Ranger (10x 706 

Genomics; RRID:SCR_025848) followed by a Scanpy-based pipeline40. During quality control, 707 

low-quality spots were removed based on gene counts and mitochondrial transcript ratios, and 708 
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batch effects between slides were corrected using Harmony integration41. 709 

Cell-type composition of each spatial spot was estimated using CellDART42 with a publicly 710 

available PDAC scRNA-seq reference. CAF regions were defined using the CellDART-based 711 

CAF annotation, integrating deconvolution fractions with subtype assignments (myCAF-like, 712 

iCAF-like, apCAF-like and other CAFs). As a sensitivity analysis, an alternative CAF mask 713 

was generated using a fibroblast gene signature (COL3A1, COL1A2, COL1A1, SFRP2, DCN), 714 

yielding consistent results. Within CAF regions, ENG+ CAF spots were defined as spots with 715 

ENG expression greater than or equal to the median ENG expression across CAF spots within 716 

each region. 717 

Spatial relationships between tumour, stromal and immune populations were quantified using 718 

the STopover spatial topological overlap index43. ENG+ CAF regions were used as the anchor, 719 

and co-localization with tumour subtype, CAF subtype, ECM and immune signatures was 720 

quantified using the composite Jaccard index. Pathway activity and transcriptional programmes 721 

were calculated using PROGENy44 and curated gene sets. Spatial ligand–receptor interactions 722 

were evaluated using the stLearn spot-level permutation framework45. Activity scores were 723 

averaged across ENG+ CAF spots within each tumour core and summarized across samples. 724 

For visualization, the highest-ranking ligand–receptor pairs were selected within biologically 725 

curated signalling categories, including the TGF-β axis and ECM–integrin signalling. 726 

Survival analysis 727 

Overall survival (OS) was assessed according to ENG expression in basal-like tumour spots 728 

identified by spatial transcriptomic analysis. Among the 36 patients included in the spatial 729 

transcriptomic cohort, 21 patients with basal-like tumour spots were included in the survival 730 

analysis. For each patient, mean ENG expression was calculated across the designated basal-731 
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like tumour spots, and patients were stratified into ENG-high and ENG-low groups using the 732 

median patient-level ENG expression as the cut-off. Kaplan–Meier survival curves were 733 

generated and compared using a two-sided log-rank test, and hazard ratios (HRs) with 95% 734 

confidence intervals (CIs) were estimated using a univariable Cox proportional hazards 735 

regression model with ENG expression group as the sole covariate. Statistical analyses were 736 

performed in Python 3.12.11 using the lifelines package (version 0.30.3). Kaplan–Meier 737 

estimates, log-rank tests and Cox regression were performed using KaplanMeierFitter, 738 

lifelines.statistics.logrank_test and CoxPHFitter, respectively46. The Breslow method was used 739 

for baseline hazard estimation, with Efron handling of tied event times. All statistical tests were 740 

two-sided, and P < 0.05 was considered statistically significant.  741 

Western blot analysis 742 

Cells were lysed in RIPA buffer supplemented with sodium fluoride, sodium orthovanadate, 743 

sodium pyrophosphate and a protease inhibitor cocktail (Roche). Lysates were mixed with 744 

sample buffer, separated by SDS–PAGE and transferred onto polyvinylidene difluoride 745 

membranes. Membranes were blocked with skim milk for 30 min at room temperature, then 746 

incubated overnight at 4 °C with the following primary antibodies: β-actin (Santa Cruz 747 

Biotechnology, 1:2,000), CD105 (R&D Systems, 1:1,000), α-SMA (Proteintech, 1:1,000), E-748 

cadherin (ABclonal, 1:1,000), fibronectin (Abcam, 1:2,000), vimentin (ABclonal, 1:1,000) and 749 

COL1A1 (ABclonal, 1:1,000). Membranes were then incubated with horseradish peroxidase 750 

(HRP)-conjugated secondary antibodies, and proteins were detected using a ChemiDoc system 751 

(Bio-Rad). Uncropped images of all blots are provided in Supplementary Fig. 2. 752 

Immunofluorescence staining for TGF-β1-induced CD105 expression 753 

To confirm upregulation of CD105 by TGF-β1 (10 ng ml−1; BioLegend, 781804), TGF-β1-754 
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treated HPPFs were fixed with 4% paraformaldehyde for 10 min and permeabilized with 0.1% 755 

Triton X-100 in phosphate-buffered saline (PBS) for 10 min at room temperature. Cells were 756 

blocked with 2.5% bovine serum albumin (BSA) in PBS for 30 min at room temperature and 757 

incubated with primary antibodies against CD105 (R&D Systems, 1:250) and β-actin (Santa 758 

Cruz Biotechnology, 1:1,000) overnight at 4 °C with rotation. Primary antibodies were 759 

aspirated, cells were washed twice with DPBS and stained with mouse IgG Alexa Fluor 647 760 

and goat IgG Alexa Fluor 488 secondary antibodies (Abcam) at room temperature for 1 h. 761 

Nuclei were counterstained with Hoechst 33342 (5 μg ml−1; Thermo Fisher Scientific). 762 

Fluorescence images were captured on a BioTek Lionheart FX automated live-cell imager 763 

(Agilent Technologies) and quantified using Gen5 software (Agilent Technologies). 764 

CRISPR–Cas9-mediated knockout of ENG in fibroblasts 765 

To generate ENG-knockout fibroblasts, 2 × 106 cells were electroporated with a mixture of 4 766 

μg recombinant Cas9 protein (IDT, 1081059) and 0.4 nmol synthetic single guide RNA 767 

targeting ENG (sgRNA sequence 5′-GGACTTCAAGGATGGCATTG-3′; IDT) using a Neon 768 

Transfection System 100 μl kit (Invitrogen, MPK10096) at 1,700 V (20 ms, one pulse). Control 769 

fibroblasts were electroporated using the same protocol with Cas9 protein alone and without 770 

sgRNA, and are referred to throughout as Cas9-only control fibroblasts. After electroporation, 771 

cells were transferred into pre-warmed complete medium and cultured for 48 h. Loss of CD105 772 

was assessed by flow cytometry and western blot analysis. 773 

CAF motility assay using live-cell holotomography 774 

Live-cell holotomography imaging was performed on an HT-X1 system (Tomocube). The 775 

system was equipped with a 450 nm light-emitting diode source, a 40× motorized objective 776 

(NA 0.95) and a condenser lens (NA 0.72; working distance 30 mm). Illumination patterns 777 
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were modulated using a digital micromirror device, and three-dimensional refractive index 778 

tomograms were acquired across multiple axial planes using TomoStudio X software 779 

(Tomocube). CAFs were seeded into 24-well plates at 1 × 104 cells per well and incubated 780 

overnight before imaging. During time-lapse imaging, cells were maintained at 37 °C and 5% 781 

CO2 using a stage-top incubator (Tokai Hit). Focus was maintained using a 780 nm laser-based 782 

autofocus system, and reconstructed tomograms were generated using deconvolution-based 783 

image reconstruction software. For quantitative motility analysis, time-lapse datasets were 784 

converted into maximum-intensity projection images and imported into Aivia AI Image 785 

Analysis Software v14 (Leica Biosystems). Cells were detected and tracked across sequential 786 

frames using the Cell Tracking tool in the Recipe Console, and tracking outputs were used to 787 

extract mean velocity. 788 

Invasion and transendothelial migration assays 789 

Assays were performed using 24-well Transwell inserts with 8 μm-pore polycarbonate 790 

membranes (Corning, 3422). For the invasion assay, 2 × 105 fibroblasts were seeded in the 791 

lower chamber and incubated overnight; the upper chamber was coated with Matrigel (0.5 mg 792 

ml−1; Corning, 354248) and allowed to solidify for 30 min at 37 °C. Then 5 × 104 cancer cells 793 

suspended in serum-free medium were seeded into the coated upper chambers and incubated 794 

for 24 h. For the transendothelial migration assay, 1 × 105 HUVECs were seeded in the upper 795 

chamber to form a confluent monolayer on the day of fibroblast seeding, and 5 × 104 DiO-796 

labelled (Invitrogen, V22886) cancer cells suspended in serum-free medium were added on top 797 

of the endothelial monolayer and allowed to migrate for 24 h at 37 °C. Non-migrated cells were 798 

removed from the upper membrane surface with a cotton swab, followed by two DPBS washes. 799 

Invaded or transmigrated cells on the underside of the membrane were fixed with 4% 800 
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paraformaldehyde and stained with Hoechst 33342 (Thermo Fisher Scientific) for 10 min at 801 

room temperature. Membranes were washed twice with DPBS, imaged on a BioTek Lionheart 802 

FX imager and quantified using Gen5 software. 803 

Quantitative real-time PCR 804 

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, 15596026) 805 

according to the manufacturer’s instructions. cDNA was synthesized from 5 μg of total RNA 806 

using a cDNA Reverse Transcription kit (Enzynomics, RT200), which accepts up to 5 μg of 807 

input RNA per reaction. Quantitative PCR was performed using a SYBR Green qPCR PreMIX 808 

kit (Enzynomics, RT500M) on a QuantStudio instrument (Thermo Fisher Scientific). Primer 809 

pairs were: GAPDH (forward 5′-CAGCCTCAAGATCATCAGCA-3′; reverse 5′-810 

TGTGGTCATGAGTCCTTCCA-3′), VIM (forward 5′-AGGTGGACCAGCTAACCAAC-3′; 811 

reverse 5′-CTCCTCCTGCAATTTCTCCC-3′), COL1A1 (forward 5′-812 

CCTGGATGCCATCAAAGTCT-3′; reverse 5′-CGCCATACTCGAACTGGAAT-3′) and FN1 813 

(forward 5′-AGTAAACCTGAAGCTGAAGAGACT-3′; reverse 5′-814 

GCATGATCAAAACACTTCTCAGCTA-3′). Relative mRNA levels were calculated using the 815 

ΔΔCt method and normalized to GAPDH. 816 

Preparation of recombinant proteins 817 

To express CD105-His and CD105-wtFc (residues 26–586), CD105 genes were synthesized by 818 

IDT and cloned into the pcDNA3.4 mammalian expression vector by Gibson assembly. Protein 819 

expression was performed in Expi293 cells; His-tagged CD105 proteins were purified by Ni-820 

NTA affinity chromatography and wtFc-fused CD105 proteins by protein A resin (Amicogen) 821 

affinity chromatography. After elution, buffer exchange was performed and purity was 822 

confirmed by SDS–PAGE. Recombinant CD105 was biotinylated using the EZ-Link Sulfo-823 
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NHS Biotinylation Kit (Thermo Fisher Scientific). 824 

Mouse immunization 825 

Under IACUC protocol SNU-220224-1-1, six-week-old female BALB/c mice were immunized 826 

intraperitoneally every two weeks with 50 μg CD105-His protein suspended in 50% (v/v) 827 

aluminium hydroxide adjuvant. Blood samples were collected weekly, and sera were obtained 828 

by centrifugation for determination of anti-CD105 antibody titres. For ELISA, 96-well 829 

Maxisorp microplates (Thermo Fisher Scientific) were coated with 100 ng CD105-His per well 830 

and incubated overnight at 4 °C. Wells were blocked for 1 h at room temperature with 1× PBS 831 

(pH 7.4) containing 3% BSA and washed three times with PBST (PBS with 0.05% Tween 20). 832 

Mouse sera were serially diluted ten-fold, added to the wells and incubated for 1 h at room 833 

temperature. After washing, HRP-conjugated goat anti-mouse IgG (H+L) (Invitrogen) was 834 

added at 1:8,000 and incubated for 1 h. Plates were washed, developed with 3,3′,5,5′-835 

tetramethylbenzidine (TMB) substrate and stopped with 2 M H2SO4. Absorbance at 450 nm 836 

was recorded on an Infinite 200 PRO NanoQuant microplate reader (Tecan). 837 

Selection of antigen-specific plasma B cells using an optofluidic device 838 

Mouse plasma B cells were isolated using a CD138+ Plasma Cell Isolation Kit (Miltenyi Biotec) 839 

and an Opto Plasma B Discovery Sample Prep Kit, Mouse (Bruker, formerly Berkeley Lights), 840 

and loaded onto OptoSelect 20k chips in a Beacon optofluidic system (Bruker). Single-cell 841 

penning was performed using optoelectronic positioning technology, which uses light to guide 842 

individual plasma B cells into discrete NanoPens. 843 

Three on-chip fluorescence-based assays were used to identify cells secreting anti-CD105 844 

antibodies. For the recombinant CD105 binding assay, biotinylated CD105-wtFc proteins were 845 
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incubated with assay beads (Bruker) and loaded into OptoSelect 20k chips alongside Alexa 846 

Fluor 488-conjugated AffiniPure F(ab′)2 goat anti-mouse IgG (H+L) (Jackson 847 

ImmunoResearch) at 1:500. For the cell-surface CD105 binding assay, CD105-positive K562 848 

reporter cells were used to detect binding to native CD105. To detect antibody secretion, goat 849 

anti-mouse IgG beads (Spherotech) were used to monitor overall antibody production. 850 

Anti-CD105 antibody-secreting plasma cells were lysed directly in NanoPens for cDNA 851 

synthesis using an OptoSeq Barcoded BCR kit (Bruker), then exported to individual wells of a 852 

96-well plate for cDNA amplification PCR using the same kit. Antibody heavy- and light-chain 853 

sequences were amplified using an OptoSeq Barcoded BCR NGS library prep kit (Bruker). 854 

BCR amplicons were pooled and processed with a Nextera XT library preparation kit 855 

(Illumina). Final libraries were sequenced on an Illumina MiSeq platform, and the resulting 856 

data were analysed using primeseq, which identified the closest matching V and J gene 857 

segments at the nucleotide level. 858 

Beacon image processing, bloom quantification and heatmap visualization 859 

Assay images captured on the Beacon platform were exported in PDF format, parsed using the 860 

pypdf library and converted into NumPy arrays for downstream digital image processing. 861 

Individual-well regions of interest were isolated based on predefined Cartesian coordinates to 862 

generate image tiles per well. Handwritten specimen identifiers were decoded using a k-nearest 863 

neighbours classifier (k = 3; scikit-learn) trained on a curated, manually annotated dataset, with 864 

feature vectors reduced to three principal components before classification. Target feature 865 

detection was performed by evaluating the normalized inner product between a reference 866 

template and the query image against an empirical fixed threshold. After automated grid 867 

registration, bloom intensity was determined by counting pixels exceeding a specified intensity 868 
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threshold within paired regions of interest. The compiled data matrix was rendered as a 869 

heatmap using matplotlib and seaborn with a consistent colour scale across all experimental 870 

groups. Workflows were implemented in Python (v3.11); source code availability is described 871 

under Code availability. 872 

Single-cell antibody repertoire profiling and clonal characterization 873 

Single-cell antibody repertoire sequences were annotated using IgBLAST against the IMGT 874 

mouse germline reference database. Downstream filtration retained only productive 875 

rearrangements, defined as in-frame sequences without premature stop codons and with a fully 876 

qualified complementarity-determining region 3 (CDR3). CDR boundaries were defined 877 

according to IMGT conventions. Junctional nucleotide sequences were used to calculate CDR3 878 

amino acid lengths, which were modelled for heavy (IGH) and light (IGK/IGL) chains by 879 

kernel density estimation using matplotlib and seaborn in Python (v3.11). Sequences were 880 

grouped into clonal clusters on the basis of shared IGHV and IGHJ gene usage together with 881 

IGH CDR3 length and similarity (Extended Data Fig. 6a). A single representative was then 882 

advanced from each cluster for recombinant scFv expression, so that clonally redundant 883 

sequences were excluded from downstream characterization regardless of their reactivity in the 884 

primary screen. Antibody sequences were analysed using IgBLAST (version 1.22.0) and 885 

subsequently clustered based on identical V and J gene assignments and equal CDR3 lengths. 886 

Somatic hypermutation frequencies were assessed in R (v4.5.1) using the Immcantation 887 

framework (alakazam, shazam and scoper): V-gene regions were aligned to their predicted 888 

germline ancestors, and the somatic hypermutation rate was defined as the number of 889 

nucleotide mismatches per base within the aligned V region. Distributions were displayed using 890 

ggplot2 violin plots overlaid with boxplots showing the median and interquartile range. Data 891 
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restructuring and string operations used dplyr and stringr. 892 

Preparation of recombinant anti-CD105 scFv proteins 893 

Selected antibody genes were subcloned in frame into the pMopac12 vector using Gibson 894 

assembly (NEB). The resulting scFv-pMopac12 plasmid was transformed into Escherichia coli 895 

BL21(DE3) cells, which were cultured in 500 ml Terrific Broth supplemented with 896 

chloramphenicol. Cultures were grown at 37 °C with shaking at 200 rpm to an OD600 of 0.6–897 

0.8, at which point expression was induced with 0.5 mM IPTG, and induced cultures were 898 

incubated for a further 16 h at 25 °C with shaking at 160 rpm. Cells were harvested by 899 

centrifugation at 10,000g for 20 min and resuspended in 32 ml Tris–sucrose solution (100 mM 900 

Tris, 0.75 M sucrose; pH 7.5). Lysozyme was added to a final concentration of 20 mg/mL, and 901 

the suspension was incubated at 4 °C with agitation. Cells were then treated with 1 mM EDTA 902 

(pH 8.0). The periplasmic fraction was collected by centrifugation and filtration, and His-903 

tagged scFv proteins were purified by affinity chromatography. Purity was assessed by 12% 904 

SDS–PAGE. 905 

ELISA detection of anti-CD105 scFvs 906 

Binding activities of anti-CD105 scFvs were assessed by ELISA. Each well of a 96-well 907 

Maxisorp microplate was coated with 100 ng scFv and incubated overnight at 4 °C. After 908 

blocking with 1× PBS containing 3% BSA for 1 h at room temperature, five-fold serially 909 

diluted biotinylated CD105-His or CD105-wtFc antigen was added and incubated at room 910 

temperature for 1 h, followed by washing with PBST. Streptavidin–HRP (Abcam, ab7403, 911 

1:40,000) or HRP-conjugated goat anti-human IgG Fc secondary antibody (Invitrogen, 912 

1:12,000) was then added and incubated for 1 h at room temperature. After washing, TMB 913 

substrate was added and the reaction stopped with 2 M H2SO4. Absorbance at 450 nm was 914 
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measured on a microplate reader (Tecan). EC50 values were derived from these curves. For 915 

competitive ELISA, either 200 nM biotinylated CD105-His alone or a preformed complex of 916 

200 nM biotinylated CD105-His and 400 nM anti-CD105 scFv was used. Competition was 917 

determined by normalizing the absorbance of the antigen-only sample to 100% and expressing 918 

experimental absorbance as a percentage of that baseline. 919 

Cell binding assay of anti-CD105 scFvs 920 

CD105-positive and CD105-negative K562 cells (5 × 104 per well) were resuspended in PBSF 921 

in a 96-well round-bottom plate and centrifuged at 300g for 3 min. Pellets were washed once 922 

with fresh PBSF. Recombinant anti-CD105 scFvs at various concentrations were added, and 923 

cells were incubated at 4 °C for 1 h. Cells were washed in PBSF and incubated with anti-His-924 

FITC (Abcam, ab1206, 1:400) at 4 °C for 15 min. After a final PBSF wash, cells were analysed 925 

by flow cytometry to quantify scFv binding, and EC50 values were derived from the resulting 926 

curves. 927 

Construction of lentiviral vectors 928 

To construct plasmids encoding CAR genes, all DNA fragments, including anti-CD105 scFv 929 

candidates, the CAR construct and GFP, were amplified by PCR using specific primers. Each 930 

fragment was cloned as a second-generation CAR (scFv–CD8 hinge–CD8 transmembrane–4-931 

1BB–CD3ζ) into the pCDH lentiviral vector (Addgene, 72266) using a NEBuilder HiFi DNA 932 

assembly kit (New England Biolabs, E2621L) according to the manufacturer’s protocol. 933 

MSLN-targeted CAR construct 934 

Two mesothelin (MSLN)-directed CAR constructs were used in this study. Both are second-935 

generation CARs incorporating an anti-MSLN scFv (SS1 for NK cells or Clone10 for T cells), 936 
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together with a CD3ζ signalling domain, and both were cloned into the lentiviral backbone and 937 

transduced as described below. MSLN-CAR-NK cells (Fig. 6e, Fig. 7c and Supplementary 938 

Fig. 13b) carry the SS1 anti-MSLN scFv14, whereas MSLN-CAR-T cells (Fig. 7d-h and 939 

Supplementary Fig. 15a) carry the anti-MSLN clone 1028. CAR expression was confirmed by 940 

flow cytometry before each experiment. Because the second-wave product was tested with two 941 

independent MSLN binders, the priming effect reported here is not attributable to a single 942 

tumour-directed binder. 943 

Production of lentivirus encoding CARs or expression DNA 944 

To produce lentiviruses, the expression vector encoding CARs or antigens, the psPAX2 945 

packaging vector and a baboon envelope vector (for NK cells) or VSV-G envelope vector (for 946 

cancer cells or T cells) were mixed with polyethylenimine (Polysciences, 23966-1) in Opti-947 

MEM (Gibco, 11058-021). The mixture was incubated at room temperature for 20 min and 948 

transfected into HEK293T cells. Lentivirus supernatants were collected once daily for 2 days 949 

and concentrated using a Lenti-X concentrator (Takara, 631232) according to the 950 

manufacturer’s protocol. 951 

Generation of CAR-NK and CAR-T cells 952 

CAR-NK-92 cells were transduced with lentivirus at a multiplicity of infection (MOI) of 100 953 

in the presence of polybrene (10 μg ml−1; Merck, TR-1003); CAR-pNK cells were transduced 954 

at an MOI of 10 using Vectofusin-1 (10 μg ml−1; Miltenyi Biotec, 130-111-163); and CAR-T 955 

cells were transduced at an MOI of 10 in the presence of polybrene (10 μg ml−1). CAR 956 

expression was confirmed by GFP expression or by staining with the corresponding 957 

biotinylated antigen (human CD105 or MSLN) followed by streptavidin (BD Pharmingen), 958 

and analysed by flow cytometry. 959 
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Generation of genetically engineered cell lines 960 

To establish the reporter cell lines used in this study, cancer cells were transduced with 961 

lentivirus containing an expression vector and a selection marker in the presence of polybrene 962 

(10 μg ml−1). After 48 h, puromycin (InvivoGen, ant-pr-1) or geneticin (Gibco, 10131-035) 963 

was added to eliminate untransduced cells. Transduction efficiency was assessed by flow 964 

cytometry. 965 

Flow cytometric analysis 966 

Flow cytometry was performed on a CytoFLEX flow cytometer (Beckman Coulter Life 967 

Sciences) or a FACSCanto II (BD Biosciences), and data were analysed using FlowJo v10.9 968 

(BD Biosciences). Dead cells were excluded using Fixable Viability Dye eFluor 506 or eFluor 969 

780 (Thermo Fisher Scientific). Surface CD105 was detected using a PE-conjugated anti-970 

human CD105 antibody. Antibodies and staining conditions for individual assays are described 971 

in the corresponding Methods sections and listed in the Reporting Summary. 972 

Flow-cytometric analysis of NK-cell activation markers 973 

For degranulation, 4 × 104 target cells (cancer cells or patient-derived CAFs, as indicated) were 974 

seeded per well of a 96-well plate and NK cells were added at a 4:1 effector-to-target (E:T) 975 

ratio with APC-conjugated anti-CD107a antibody (BioLegend) and GolgiStop protein 976 

transport inhibitor (BD Pharmingen) for 4 h. NK cells were then collected and stained with PE-977 

conjugated anti-CD56 antibody (BioLegend). For IFN-γ staining, 4 × 104 target cells were 978 

seeded per well, NK cells were added at a 4:1 E:T ratio with GolgiStop (BD Biosciences, 979 

554724) and incubated for 4 h. NK cells were collected, stained with PE-conjugated anti-CD56 980 

antibody (BioLegend), then fixed and permeabilized using IC Fixation Buffer (eBioscience, 981 
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00-8222-49) and Permeabilization Buffer (eBioscience, 00-8333-56) and stained with APC-982 

conjugated anti-IFN-γ antibody (BioLegend) according to the manufacturer’s instructions. 983 

Luminescence-based evaluation of cancer cell killing 984 

Briefly, 4 × 104 cancer cells expressing Nano-Luciferase were seeded into 96-well plates 985 

overnight and co-cultured with NK cells at the indicated E:T ratios for 24 h. To assess 986 

remaining cancer cells, dead cells were washed out with DPBS and adherent cells lysed with 987 

RIPA buffer (Thermo Fisher Scientific). Debris was removed by centrifugation, and 988 

supernatants were used to detect luminescence with the Nano-Glo Luciferase Assay System 989 

(Promega, N1120) according to the manufacturer’s instructions. 990 

Serial-killing (repetitive challenge) assay 991 

AsPC-1-CD105-Luc target cells were seeded at 4 × 104 cells per well in 96-well plates one day 992 

before co-culture. CD105-CAR-pNK cells were added at an effector-to-target ratio of 1:1 and 993 

co-cultured for 48 h. After each round, the effector cells were recovered and transferred with 994 

fresh culture medium onto newly seeded AsPC-1-CD105-Luc cells for the next round. 995 

Luciferase activity of the remaining target cells was measured after each round as described 996 

above, and cytotoxicity was calculated from the luminescence signal. Four sequential rounds 997 

were performed. 998 

Endocytosis assay of anti-CD105 scFvs 999 

CD105-positive K562 cells (5 × 104) were resuspended in PBS, aliquoted into a 96-well round-1000 

bottom plate and centrifuged at 300g for 3 min. Pellets were washed once with PBS before 1001 

resuspension in complete RPMI-1640. Cells were treated with 50 nM anti-CD105 scFv and 1002 

incubated at 37 °C in 5% CO2 for 0, 1, 2, 4 and 6 h. Cells were washed with PBSF and incubated 1003 
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with 50 nM anti-CD105 IgG antibody targeting a different epitope at 4 °C for 1 h. After another 1004 

PBSF wash, PE-conjugated goat anti-human IgG Fc secondary antibody (1:400) was added 1005 

and cells were incubated in the dark at 4 °C for 15 min. After a final PBSF wash, cell-surface 1006 

CD105 was analysed by flow cytometry. The extent of endocytosis was determined as: 1007 

endocytosis (%) = 100% − [(MFI of surface CD105 after endocytosis) / (MFI of total surface 1008 

CD105 at 0 h, 37 °C) × 100%]. 1009 

In silico structural analysis 1010 

To predict the three-dimensional structure of the CD105 extracellular domain, AlphaFold3 1011 

(Google DeepMind; PMID: 38718835) was used. The model with the highest predicted local 1012 

distance difference test (pLDDT) score and predicted TM-score (pTM) was selected for further 1013 

analysis. Structural comparisons were carried out in PyMOL (v3.1). 1014 

Assessment of CAR behaviour 1015 

Pt.5 cells (2 × 105) were seeded per well of a 24-well plate. CAR-pNK cells expressing a CFP-1016 

tagged intracellular domain were added at a 2:1 E:T ratio and co-cultured for 1 h. All cells were 1017 

then harvested and washed with cold DPBS. Surface staining used biotin-conjugated anti-Myc 1018 

antibody (BioLegend) and Fixable Viability Dye eFluor 780 (eBioscience), followed by 1019 

secondary staining with streptavidin–APC (BD Biosciences) and FITC-conjugated anti-CD56 1020 

antibody (BioLegend). Trogocytosis was assessed as the proportion of CD105+ cells within the 1021 

CFP+ CAR-pNK population. CAR internalization and degradation were quantified from 1022 

fluorescence intensity changes as: 1023 

CAR internalization (%) = 100% − [(MFI of surface Myc+ signal in co-cultured NK group) / 1024 

(MFI of surface Myc+ signal in NK only group) × 100%] 1025 
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CAR degradation (%) = 100% − [(MFI of CFP+ signal in co-cultured NK group) / (MFI of CFP 1026 

signal in NK only group) × 100%] 1027 

Integrated analysis of CAR-dynamic features and NK-cell cytotoxicity 1028 

Throughout this study, apparent binding potency refers to ELISA- and cell-binding EC50 values, 1029 

whereas affinity refers to SPR-derived KD. To assess the relationship between CAR-associated 1030 

features and NK-cell cytotoxicity, five quantitative parameters were measured for each CAR 1031 

construct: apparent binding potency (EC50), antibody-induced CD105 endocytosis, CAR 1032 

internalization, CAR degradation and trogocytosis. Measurements from independent replicates 1033 

were averaged for each construct before downstream analysis. Associations between individual 1034 

features and cytotoxicity were first evaluated by Pearson correlation. Ordinary least-squares 1035 

regression models were then constructed to determine whether combinations of features better 1036 

explained cytotoxicity than single parameters. Candidate models containing up to three 1037 

predictor variables were evaluated to limit model complexity given the number of constructs 1038 

analysed. Because the models and the reference profile were both derived from these six 1039 

constructs, the regression and the distance ranking are exploratory and were used to rank 1040 

constructs rather than to predict cytotoxicity. For integrated comparison, each of the five 1041 

construct-level feature values was then Z-score normalized across the six constructs. Based on 1042 

an a priori designation of CD105 endocytosis, CAR internalization, CAR degradation and 1043 

trogocytosis as cost features were directionally aligned by a factor of -1, ensuring that higher 1044 

normalized values consistently represented more favorable properties. A reference CAR profile 1045 

was constructed from the most favourable observed value of each aligned feature, and each 1046 

construct’s Euclidean distance from this reference was calculated as the square root of the sum 1047 

of squared differences across the five aligned features. Constructs were ranked based on this 1048 
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distance, with smaller values indicating more favourable integrated profiles. Analyses were 1049 

performed in R v4.6.0 using the tidyverse v2.0.0 and Hmisc v5.2-3 packages.  1050 

Live-cell imaging-based evaluation 1051 

To evaluate killing activity, 2 × 104 Pt.5 cells were seeded into 96-well plates and stained with 1052 

Vybrant DiO (Thermo Fisher Scientific). pNK cells stained with Hoechst 33342 (Thermo 1053 

Fisher Scientific) were added to the pre-seeded CAFs at a 1:1 E:T ratio. Fluorescence images 1054 

were captured at the indicated time points on a BioTek Lionheart FX imager (Agilent 1055 

Technologies) and quantified using Gen5 software. For apoptosis analysis, 2 × 104 Pt.5 cells 1056 

were seeded per well of a 96-well plate, and Hoechst-stained NK-92 cells were added at a 2.5:1 1057 

E:T ratio with CellEvent Caspase-3/7 Red Reagent (Invitrogen, 10431) at the recommended 1058 

concentration. Apoptosis signal and fluorescence images were captured at the indicated times 1059 

on the same instrument and quantified using Gen5 software. 1060 

Cell avidity assay 1061 

Pt.5 cells were seeded into poly-L-lysine-coated z-Movi chips (LUMICKS) and incubated for 1062 

30 min to allow attachment and reach 80% confluency. NK cells were labelled with Vybrant 1063 

DiD Cell-Labeling Solution (5 μl per 1 × 106 cells; Invitrogen) according to the manufacturer’s 1064 

instructions. DiD-labelled CAR-NK cells (1 × 107 cells ml−1) were injected into the chip (20 μl 1065 

per test) and allowed to interact with the adherent target cells for 7 min. An acoustic force ramp 1066 

from 0 to 1,000 pN was then applied over 2.5 min using a z-Movi Cell Avidity Analyzer 1067 

(LUMICKS). Avidity was determined from the detachment profile, and the percentage of CAR-1068 

NK cells remaining bound at increasing force levels was quantified using z-Movi software 1069 

(LUMICKS). 1070 
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CAR ON/OFF assay using live-cell holotomography 1071 

Live-cell holotomography acquisition was performed on the HT-X1 system described in the 1072 

CAF motility assay section. For CAR on/off analysis, CAFs were seeded into 24-well plates at 1073 

2 × 104 cells per well and incubated overnight before imaging, and CAR-NK cells were added 1074 

immediately before the start of time-lapse acquisition. Images were acquired at 6 min intervals 1075 

and monitored manually. CAR ON was defined as formation of an immunological synapse 1076 

between an NK cell and a Pt.5 target cell; the killing time point was defined by the appearance 1077 

of apoptotic bodies in NK-bound Pt.5 cells; and CAR OFF was defined as complete detachment 1078 

of the NK cell from the apoptotic body. 1079 

Kinetics of microtubule-organizing centre (MTOC) polarization 1080 

For live-cell imaging of MTOC polarization, CAR-NK cells were labelled with Tubulin 1081 

Tracker Deep Red (5 μM; Invitrogen, T34077) and CellTrace Violet (Invitrogen, 34571) for 30 1082 

min at 37 °C. Cells were washed with DPBS and added to Pt.5-GFP target cells seeded onto a 1083 

glass-bottom confocal dish 24 h before imaging, at a 1:1 ratio. Time-lapse imaging was 1084 

performed on a Stellaris 8 confocal microscope (Leica Microsystems) with a 100×/1.40 NA 1085 

oil-immersion objective. Fluorophores were excited using a 405 nm diode laser and a tunable 1086 

white light laser at 488 nm and 657 nm, and signals were collected using HyD detectors. Images 1087 

were acquired as five z-stacks at 6 min intervals over 4 h, exported using LAS X software 1088 

(Leica Microsystems) and analysed with Aivia software (Leica Microsystems). 1089 

Generation of three-dimensional multicellular spheroids 1090 

To generate 3D multicellular spheroids, a collagen solution was prepared to a final volume of 1091 

200 μl by mixing collagen (1.5 mg ml−1; Corning, 354236), 20 μl of 10× PBS, 7.6 μl of 0.5 N 1092 
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NaOH, 20 μl of cancer cells (2 × 106 cells ml−1) and deionized water. The mixture was gently 1093 

pipetted to ensure homogeneity, dispensed into each well of a 96-well plate and incubated in a 1094 

CO2 incubator for 30 min to solidify. HPPF-GFP cells were then seeded at 2 × 104 cells per 100 1095 

μl per well and incubated for 4 days. Hoechst-stained NK cells were added for the killing assay. 1096 

For the sequential treatment assay, CD105-CAR-pNK cells were added as the first wave and 1097 

MSLN-CAR-pNK cells 24 h later. Live-cell imaging was performed on a BioTek Lionheart FX 1098 

imager and quantified using Gen5 software (Agilent Technologies). 1099 

Construction of a humanized antibody library 1100 

Murine antibody CDRs were grafted onto a human antibody framework. Guided by 1101 

AlphaFold3 structural modelling, back-mutations were introduced into the humanized 1102 

sequence to recapitulate key structural features of the original murine antibody, and a library 1103 

incorporating both back-mutated variants and the humanized sequences was constructed for 1104 

screening. Variable heavy (VH) and variable light (VL) gene segments were first PCR-fused 1105 

to the CH1 and CL constant domains, respectively. The resulting VH-CH1 and VL-CL 1106 

constructs were individually introduced into S. cerevisiae strains JAR200 and YVH10 by 1107 

homologous recombination using linearized pYDS-H and pYDS-K vectors. Heavy- and light-1108 

chain libraries were merged by yeast mating to generate a Fab library displayed on the yeast 1109 

cell surface for high-throughput screening of CD105-specific antibodies. 1110 

Screening of the humanized Fab library 1111 

To induce Fab expression, the library was initiated at an OD600 of 0.5 in 2× SGCAA medium 1112 

and cultured at 20 °C with agitation at 160 rpm for 48 h. Surface expression was evaluated by 1113 

immunolabelling the Flag epitope appended to the light-chain C terminus using a mouse anti-1114 

Flag antibody (Invitrogen, MA1-91878). A biotinylated antigen was then co-incubated with the 1115 
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cells at room temperature for 1 h. Cells were washed with PBSA (PBS containing 0.1% BSA, 1116 

pH 7.2), and secondary staining was performed at 4 °C for 15 min using FITC-conjugated anti-1117 

mouse IgG (Sigma-Aldrich, F0257) and SA-PE (Invitrogen, S866) after an additional PBSA 1118 

wash. Cells were then analysed and sorted by flow cytometry using an SH800S cell sorter 1119 

(Sony). 1120 

Surface plasmon resonance (SPR) 1121 

Anti-CD105 scFv binding kinetics were measured on a Biacore T200 instrument (Cytiva). 1122 

Recombinant CD105 protein was immobilized onto CM5 sensor chips by amine coupling 1123 

according to the manufacturer’s instructions (Cytiva), and HBS-EP buffer (Cytiva, BR100669) 1124 

was used as running buffer. Serial dilutions of anti-CD105 scFv were injected at 50 μl min−1 1125 

for 120 s, and dissociation was monitored for 5 min. The chip surface was regenerated with 1126 

sequential 30 s injections of 50 mM glycine-HCl (pH 2.5) and 0.5 M arginine (pH 8.0). KD 1127 

values were determined using a 1:1 Langmuir binding model in Biacore T200 Evaluation 1128 

(Cytiva). Results represent the mean of three independent experiments (n = 3). 1129 

Immunohistochemistry 1130 

CD105 expression in human PDAC tissues was assessed by immunohistochemistry using 1131 

patient-derived PDAC tissue arrays provided by Asan Medical Center. Tissue sections were 1132 

incubated at 60 °C for 30 min, deparaffinized, rehydrated and subjected to antigen retrieval 1133 

using Epitope Retrieval Solution from the Bond Polymer Refine Detection Kit (Leica 1134 

Biosystems, DS9800). After blocking, sections were incubated for 30 min with anti-1135 

CD105/endoglin rabbit monoclonal antibody (ABclonal, A19008-20; 1:5,000). Signals were 1136 

developed using 3,3′-diaminobenzidine from the same kit, and slides were mounted and imaged 1137 

on an Olympus BX53 microscope (Olympus). 1138 
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Mouse xenograft studies 1139 

All xenograft experiments were conducted under IACUC protocol KIST-2024-079. Five-week-1140 

old male NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were used for all efficacy studies 1141 

described below. Mice were randomized before NK- or T-cell administration to equalize mean 1142 

baseline tumour burden across groups. 1143 

To evaluate fibroblast-driven tumour growth in vivo (Extended Data Fig. 2), mice were 1144 

subcutaneously co-inoculated with PANC-1-mCherry cells (2 × 106) and HPPFs (2 × 106). 1145 

Tumour growth was monitored on an IVIS Spectrum imaging system (PerkinElmer) using filter 1146 

settings appropriate for mCherry fluorescence. 1147 

To investigate the functional role of CD105+ CAFs in vivo (Fig. 2c–f), mice were 1148 

subcutaneously co-inoculated with AsPC-1 cells (5 × 106) and either ENG-KO or Cas9-only 1149 

control CAFs (5 × 106). Forty-eight hours before sacrifice, 1 × 107 DiD-labelled primary NK 1150 

cells were administered intravenously. Tumours and lungs were harvested for analysis of 1151 

tumour-infiltrating NK cells and lung metastasis, respectively. 1152 

To evaluate the in vivo efficacy of hEN24-CD105-CAR-pNK cells (Fig. 7a,b), NSG mice were 1153 

subcutaneously co-inoculated with AsPC-1-MSLN cells (5 × 106) and Pt.5 CAFs (5 × 106). 1154 

After tumour establishment, NK cells (1 × 107) were administered intravenously four times at 1155 

two-day intervals. At the endpoint, mice were sacrificed and tumours collected for analysis of 1156 

tumour-infiltrating NK cells. Tumour tissues were dissociated using a human Tumor 1157 

Dissociation Kit (Miltenyi Biotec, 130-095-929) on a gentleMACS Octo Dissociator (Miltenyi 1158 

Biotec). 1159 

To assess sequential stromal priming followed by tumour-directed CAR therapy (Fig. 7c,d), 1160 
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two independent xenograft models were established. For the sequential MSLN-CAR-NK 1161 

model (Fig. 7c), NSG mice were subcutaneously co-inoculated with PANC-1-MSLN cells (2 1162 

× 106) and HPPFs (2 × 106). For the sequential MSLN-CAR-T model (Fig. 7d), NSG mice 1163 

were subcutaneously co-inoculated with AsPC-1-MSLN cells (5 × 106) and Pt.5 CAFs (5 × 1164 

106). After tumour formation, mice received intravenous injections of CD105-CAR-pNK cells 1165 

followed by either MSLN-CAR-pNK cells (1 × 107 per dose) or MSLN-CAR-T cells (3 × 106 1166 

per dose) at two-day intervals. 1167 

To evaluate sequential CD105-CAR-pNK and MSLN-CAR-T therapy in an orthotopic PDAC 1168 

model (Fig. 7e–h), NSG mice were orthotopically implanted in the pancreas with AsPC-1-1169 

MSLN-Luc cells (2 × 106) together with Pt.5 CAFs (2 × 106). Tumour growth was monitored 1170 

longitudinally by bioluminescence imaging on an IVIS Spectrum system (PerkinElmer). After 1171 

tumour establishment, mice received intravenous injections of the respective NK cells (1 × 107) 1172 

followed by the corresponding T cells (3 × 106) at two-day intervals. At the endpoint, mice 1173 

were sacrificed and tumours collected for ex vivo imaging and dissociated using a human 1174 

Tumor Dissociation Kit and a gentleMACS Octo Dissociator (Miltenyi Biotec). Single-cell 1175 

suspensions were analysed by flow cytometry to quantify total human immune cells (hCD45+) 1176 

and, within the hCD45+ population, human T cells (hCD3+hCD56−) and NK cells 1177 

(hCD3−hCD56+), as well as CAR expression on tumour-infiltrating T and NK cells. 1178 

Flow-cytometric analysis of human CD105 expression in mouse lung endothelial cells 1179 

Human ENG knock-in (hENG KI) mice were generated on the severely immunodeficient NKG 1180 

background (NOD.Cg-Prkdcscid Il2rgem1Cya/Cya) by Cyagen Biosciences (Suzhou, China) by 1181 

CRISPR–Cas9-mediated replacement of part of the exon 1 coding region of mouse Eng 1182 

(chromosome 2; 15 exons; transcript MGP_NODShiLtJ_T0053872) with a Kozak–human 1183 
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ENG coding sequence–mouse Eng 3′ untranslated region–WPRE–bovine growth hormone 1184 

polyadenylation signal cassette, placing human ENG under the control of the endogenous 1185 

mouse Eng locus. Cas9 ribonucleoprotein complexes carrying two single guide RNAs (gRNA-1186 

A1, 5′-CGGGTGGACAGCATGGACCG-3′; gRNA-B1, 5′-1187 

AGACTCCCGGGTGGACAGCA-3′) were co-injected with the donor vector into fertilized 1188 

oocytes; founders were confirmed by PCR and Sanger sequencing and backcrossed to wild-1189 

type NKG mice, and F1 offspring with stable germline transmission were used to establish the 1190 

colony. 1191 

Lungs were harvested from hENG KI mice and wild-type NKG mice (n = 2 per genotype, 8 1192 

weeks of age, one male and one female per genotype), rinsed in complete DMEM (DMEM 1193 

with 10% FBS and 1% antibiotic–antimycotic solution), trimmed of residual non-pulmonary 1194 

tissue, washed in PBS and minced with scissors in a 60-mm dish. Minced tissue was digested 1195 

in 5 ml collagenase/dispase (2 mg ml−1 in serum-free DMEM) for 45 min at 37 °C with 1196 

agitation every 10 min, with DNase I (NEB, M0303L; 1:100 from a 4 mg ml−1 stock) added 1197 

for the final 15 min. The digest was dissociated by repeated pipetting, passed through a 70-μm 1198 

cell strainer and brought to 25 ml with complete DMEM and PBS. Cells were pelleted at 300g 1199 

for 3 min, incubated in 5 ml of 1× red blood cell lysis buffer (BioLegend) for 5 min at 4 °C, 1200 

quenched with complete DMEM and pelleted again. 1201 

Cells were counted and 1 × 106 cells per sample were washed in PBSF (PBS containing 0.5% 1202 

BSA and 1 mM EDTA) and stained in 100 μl for 30 min at 4 °C with FITC anti-mouse CD45 1203 

antibody (30-F11, BioLegend; 1:200), anti-mouse CD31 (2H8, Invitrogen; 1:200) and the 1204 

human CD105-specific human IgG antibody 9H10 (10 μg/mL). After washing in PBSF, cells 1205 

were incubated for a further 30 min at 4 °C with Alexa Fluor® 647 AffiniPure® Goat Anti-1206 
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Armenian Hamster IgG (H+L) (127-605-160, Jackson ImmunoResearch; 1:200) and PE-1207 

conjugated anti-human IgG Fc (12-4998-82, Invitrogen; 1:200), washed, resuspended in 250 1208 

μl PBSF and analysed by flow cytometry. 1209 

Pulmonary endothelial cells were defined as CD45−CD31+ single cells, and human CD105 was 1210 

quantified within this gate as the PE median fluorescence intensity. Because 9H10 recognizes 1211 

human but not mouse CD105, lungs from wild-type NKG mice stained in parallel defined the 1212 

background signal. 1213 

On-target/off-tumour toxicity assessment 1214 

To assess the on-target/off-tumour toxicity of CD105-CAR-NK cells, human ENG knock-in 1215 

(hENG KI) mice were used. Heterozygous hENG KI mice aged 5–12 weeks, including both 1216 

males and females, were randomly assigned to four treatment groups (n = 4 per group; two 1217 

males and two females per group): vehicle control, mock-pNK, hEN24-CD105-CAR-pNK (5 1218 

× 106 cells) and hEN24-CD105-CAR-pNK (1 × 107 cells). The indicated NK-cell products 1219 

were administered intravenously, and body weight was monitored longitudinally for 14 days. 1220 

At the endpoint, blood was collected for serum biochemical analysis, and serum aspartate 1221 

aminotransferase, alanine aminotransferase, blood urea nitrogen and creatinine were measured 1222 

to assess potential hepatic and renal toxicity. 1223 

Statistics and reproducibility 1224 

Statistical analyses were performed using GraphPad Prism v10.4.2 and R v4.6.0. Unpaired 1225 

two-tailed t-tests were used for comparisons between two groups. One-way ANOVA followed 1226 

by Tukey’s multiple comparisons test was used for comparisons among more than two groups. 1227 

Two-way ANOVA followed by Tukey’s multiple comparisons test was used for longitudinal 1228 
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analyses, including tumour-growth curves and body weight change, except for the two-group 1229 

longitudinal analysis in Extended Data Fig. 2, for which Šídák’s multiple comparisons test was 1230 

used. Overall survival was compared using a two-sided log-rank test. The test applied to each 1231 

comparison is stated in the corresponding figure legend. Sample sizes were not predetermined 1232 

by statistical methods and follow standard practice in the field: in vitro experiments used two 1233 

to three technical replicates and were performed in at least two to three independent 1234 

experiments, with the number of independent experiments specified in each figure legend, and 1235 

in vivo experiments used 3–7 mice per group. No data were excluded from analysis. Mice were 1236 

randomized to treatment groups before cell administration as described above. Investigators 1237 

were not blinded to group allocation during data collection or analysis, because data collection 1238 

and readout analysis were performed by the same personnel. For imaging-based quantification, 1239 

the experimental unit is stated in each figure legend. All data are presented as the mean ± s.d. 1240 

unless otherwise indicated. 1241 

Reporting summary 1242 

Further information on research design is available in the Nature Portfolio Reporting Summary 1243 

linked to this article. 1244 

Data availability 1245 

The processed scRNA-seq dataset from Werba et al.30 is publicly available at the Gene 1246 

Expression Omnibus under accession number GSE205013. The spatial transcriptomic dataset 1247 

analysed in this study was derived from a previously established cohort of patients with PDAC 1248 

who underwent upfront surgery or neoadjuvant chemotherapy followed by resection; the 1249 

present study is an independent secondary analysis focusing on CD105+ fibroblast biology and 1250 

spatial tumour–stroma interactions, which were not addressed in the original report. This 1251 
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Visium dataset has not yet been deposited in a public repository because the primary 1252 

description of the cohort is in preparation. Processed count matrices and spot-level annotations 1253 

sufficient to reproduce every spatial analysis reported here are available to editors and 1254 

reviewers on request, and the dataset will be deposited in the Gene Expression Omnibus at the 1255 

time of publication of the primary report. Source data are provided with this paper. All 1256 

remaining data supporting the findings of this study are available within the article and its 1257 

Supplementary Information, or from the corresponding authors upon reasonable request. 1258 

Code availability 1259 

Custom code used for Beacon assay image processing, bloom quantification and heatmap 1260 

visualization is available at Zenodo (https://doi.org/10.5281/zenodo.20805676). The R code 1261 

used for the downstream single-cell RNA-seq analyses in this study is publicly available in the 1262 

GitHub repository at the https://github.com/BI-research/pdac-eng-scrna GitHub repository and 1263 

has been archived at Zenodo (https://doi.org/10.5281/zenodo.23050787).c 1264 
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 1407 

Extended Data Fig. 1. ENG/CD105 expression across pancreatic cancer and stromal cell 1408 

types, and validation of ENG knockout (KO). a, Flow cytometry of surface ENG/CD105 in 1409 

NK-92 cells, primary NK (pNK) cells, parental pancreatic cancer cell lines and CD105-1410 

overexpressing pancreatic cancer cells (AsPC-1-CD105-Luc and PANC-1-CD105-Luc). Grey 1411 

histograms, unstained controls; blue histograms, ENG/CD105 staining. b, Flow cytometry of 1412 

surface ENG/CD105 in pancreatic cancer cell lines and patient-derived CAFs. Grey histograms, 1413 

unstained controls; blue histograms, ENG/CD105 staining. c, Immunoblot of ENG/CD105 in 1414 
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pancreatic cancer cell lines, patient-derived CAFs, HPPFs and ENG-KO HPPFs. β-actin was 1415 

the loading control. d, Flow-cytometric validation of ENG/CD105 expression in HPPFs and 1416 

patient-derived CAFs after CRISPR–Cas9 ribonucleoprotein-mediated ENG KO. Grey 1417 

histograms, unstained controls; blue histograms, CD105 staining. 1418 

 1419 

 1420 

Extended Data Fig. 2. Pancreatic fibroblasts enhance PANC-1 tumour growth in vivo. a, 1421 

Representative longitudinal fluorescence images of mice bearing PANC-1-mCherry tumours 1422 

implanted alone or co-implanted with HPPFs, acquired on the indicated days after tumour 1423 

injection. b, Quantification of total radiant efficiency in PANC-1-only and PANC-1/HPPF 1424 

mixed-tumour xenografts over time (n = 6 mice for PANC-1 only and 5 for mixed group). Data 1425 

are mean ± s.d. P value was determined using two-way ANOVA followed by Šídák’s multiple 1426 

comparisons test. 1427 
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 1428 

Extended Data Fig. 3. Annotation and validation of fibroblast populations in human 1429 

PDAC single-cell RNA-sequencing datasets. a, UMAP of treatment-naïve PDAC single-cell 1430 

RNA-sequencing data showing annotated major cell compartments. b, Heatmap of 1431 

representative marker-gene expression across annotated populations in treatment-naïve PDAC 1432 

tumours. c,d, Violin plots and UMAP feature plots showing expression of canonical fibroblast 1433 
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markers (COL3A1, COL1A2, COL1A1, SFRP2 and DCN) in treatment-naïve PDAC tumours. 1434 

e, UMAP of treated PDAC single-cell RNA-sequencing data showing annotated major cell 1435 

compartments. f, Heatmap of representative marker-gene expression across annotated 1436 

populations in treated PDAC tumours. g,h, Violin plots and UMAP feature plots showing 1437 

expression of canonical fibroblast markers in treated PDAC tumours. 1438 

 1439 
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 1440 

Extended Data Fig. 4. ENG⁺ fibroblasts are enriched for TGF-β- and ECM-remodelling 1441 

programmes and occupy matrix-rich stromal niches in PDAC. a,b, Hallmark gene set 1442 

enrichment analysis showing pathways enriched in ENG+ compared with ENG− fibroblasts 1443 

from treatment-naïve (a) and treated (b) PDAC samples. Bars indicate normalized enrichment 1444 
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scores (NES). c, Volcano plots showing differentially expressed genes between ENG+ and 1445 

ENG− fibroblasts from treatment-naïve and treated PDAC samples. Selected ECM- and 1446 

fibroblast-associated genes are labelled; significance thresholds are indicated by the red dashed 1447 

lines. d, Spatial transcriptomic analysis of ENG+ CAF regions showing co-localization with 1448 

tumour, stromal and immune cell-state signatures across PDAC spatial transcriptomic cores. 1449 

Co-localization was quantified using the composite Jaccard index (Jcomp). Box plots show the 1450 

median, interquartile range and whiskers; individual points represent tumour cores (n = 36 1451 

cores). e, Ligand–receptor interaction analysis in ENG+ CAF-enriched spots showing the top-1452 

ranked interactions in the TGF-β axis (left) and the ECM–integrin signalling axis (right). Bars 1453 

represent per-core mean ligand–receptor signalling scores ± s.d. across 36 tumour cores. 1454 
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 1455 

Extended Data Fig. 5. Recombinant CD105 antigen preparation and plasma B-cell 1456 

screening workflow. a, Recombinant CD105 antigens used for mouse immunization and 1457 

screening. Purified CD105(26–586)-His6 and CD105(26–586)-Fc proteins were analysed 1458 

under non-reducing (NR) and reducing (R) conditions. b, Immunization schedule and serum 1459 
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antibody responses in CD105-immunized mice. Serum reactivity against recombinant CD105 1460 

was measured by ELISA at the indicated time points (n = 6 mice). Each serum sample was 1461 

analysed in duplicate. c, Summary of Beacon optofluidic screening assays used to identify 1462 

CD105-reactive plasma cells. CD138+ plasma cells were screened for recombinant CD105 1463 

binding, CD105+ reporter cell binding and IgG secretion. Representative positive events for 1464 

CLEN07 and CLEN24 are shown. 1465 

 1466 

 1467 
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Extended Data Fig. 6. Clonal clustering of CD105-reactive antibody sequences recovered 1468 

from plasma B-cell screening. a, Treemap showing clonal clusters of antibody sequences 1469 

recovered from CD105-reactive plasma-cell events identified by Beacon screening. Each 1470 

rectangle represents a clonal cluster and the number in parentheses indicates the sequence count 1471 

within that cluster. Colour intensity denotes sequence abundance, with red indicating higher 1472 

and blue lower sequence counts. b, Phylogenetic trees of selected CD105-reactive antibody 1473 

clones showing sequence relationships to inferred germline sequences. Branch length 1474 

represents substitution rate. IGH CDR3 amino acid sequences are indicated for each 1475 

representative clone; red arrowheads mark the sequences selected for subsequent 1476 

characterization, one per clonal cluster. 1477 
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 1478 

Extended Data Fig. 7. Repertoire-level characterization of CD105-reactive antibody 1479 

sequences recovered by plasma B-cell screening. a, Heatmap of immunoglobulin heavy-1480 

chain V/J gene usage among CD105-reactive antibody sequences recovered from Beacon 1481 

assays 1 and 2. Colour intensity indicates log-transformed clonal abundance. b, CDR3 length 1482 

distribution of recovered heavy- and light-chain sequences. c, Somatic hypermutation rates of 1483 

heavy- and light-chain sequences. d, Rank-abundance plot showing clonal expansion patterns 1484 

among recovered antibody sequences. 1485 
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 1486 

Extended Data Fig. 8. Antigen-dependent cytotoxicity and activation of CD105-targeted 1487 

CAR-NK-92 cells. a, Cytotoxicity of NK-92 cells expressing the indicated CD105-targeted 1488 

CARs against CD105-negative AsPC-1-Luc and CD105-positive AsPC-1-CD105-Luc cells (n 1489 

= 3). b, Representative flow cytometry histograms and quantification of CD107a expression in 1490 

CAR-NK-92 cells cultured alone or co-cultured with AsPC-1-Luc or AsPC-1-CD105-Luc 1491 

target cells (n = 3). c, Representative flow cytometry histograms and quantification of IFN-γ 1492 

expression in CAR-NK-92 cells cultured alone or co-cultured with the same target cells (n = 1493 

3). Data are mean ± s.d. unless otherwise indicated. Statistical significance was determined 1494 
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using one-way ANOVA with Tukey's multiple comparisons. 1495 

 1496 

 1497 

Extended Data Fig. 9. Humanization and binding validation of the CLEN24 anti-CD105 1498 

antibody. a, Schematic of the CLEN24 humanization workflow. Parental CLEN24 was 1499 
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humanized by CDR grafting and framework back-mutation, followed by screening of a 1500 

humanized Fab library, scFv cloning and validation by ELISA and cell-surface binding assays. 1501 

The CDR-grafted precursor was designated CLhEN24, and the lead humanized clone 1502 

CLhEN24-12 is designated hEN24 when expressed as a CAR. b, Heatmap summarizing 1503 

expression and CD105-binding activity of humanized CLEN24 variants. c, ELISA binding of 1504 

selected humanized CLEN24 variants to recombinant CD105-wtFc (n = 3 independent 1505 

experiments). d,e, Flow cytometric analysis of selected humanized CLEN24 variants binding 1506 

to parental K562 cells (d) and CD105+ K562 cells (e), shown as FITC mean fluorescence 1507 

intensity (n = 3 independent experiments). TRC105 and parental CLEN24 were included as 1508 

reference antibodies. f, Representative SPR sensorgrams and SPR-derived kinetic parameters 1509 

for the CLhEN24-12 scFv binding to recombinant CD105 (n = 3 independent experiments). 1510 

Association rate constant (kon), dissociation rate constant (koff) and equilibrium dissociation 1511 

constant (KD) are shown. Data are mean ± s.d. 1512 
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 1513 

Extended Data Fig. 10. Humanized EN24-derived CARs retain anti-CD105 activity in 1514 

primary NK cells. Quantification (a) and representative time-lapse images (b) of CAR on/off 1515 

dynamics in mouse EN24 (mEN24)- and humanized EN24 (hEN24)-CAR-pNK cells during 1516 

engagement with CD105+ target cells (n = 10 for mEN24 and 11 for hEN24 effector–target 1517 

conjugates per construct). Scale bars, 10 μm. Data are mean ± s.d. Statistical significance was 1518 

determined using unpaired two-tailed t-tests. 1519 
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