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SUMMARY

Cancers rarely respond completely to immunotherapy. While tumors consist of multiple genetically distinct 
clones, whether this affects the potential for immune escape remains unclear due to an inability to isolate and 
propagate individual subclones from human cancers. Here, we leverage the multi-region TRACERx lung can- 
cer evolution study to generate a patient-derived organoid – T cell co-culture platform that allows the func- 
tional analysis of subclonal immune escape at single clone resolution. We establish organoid lines from 11 
separate tumor regions from three patients, followed by isolation of 81 individual clonal sublines. Co-culture 
with tumor infiltrating lymphocytes (TIL) or natural killer (NK) cells reveals cancer-intrinsic and subclonal im- 
mune escape in all 3 patients. Immune evading subclones represent genetically distinct lineages with a 
unique evolutionary history. This indicates that immune evading and non-evading subclones can be isolated 
from the same tumor, suggesting that subclonal tumor evolution directly affects immune escape.

INTRODUCTION

Patients with non-small cell lung cancer (NSCLC) treated with 

immune checkpoint blockade (ICB) rarely experience complete 

clinical responses, 1,2 and the development of treatment strate-

gies that achieve complete tumor remission is a major clinical 

challenge. The fact that for most patients, clinical response is 

partial at best suggests that the degree of immune pressure or 

sensitivity is not uniform within an individual tumor. Indeed, 

multi-region sampling studies reveal widespread intratumor
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Figure 1. Establishment of a multi-region organoid T cell co-culture platform

(A) Overview of clonal organoid libraries derived from different tumor regions (created with BioRender.com).

(B) Brightfield and hematoxylin and eosin (H&E) stained slides of organoids and primary tumors from different regions from patient 1. Scale bar: 100 μm.

(C) H&E stained diagnostic slide of the lung cancer from patient 1. Scale bar: 1 mm (left panel) or 250 μm (right panel).

(legend continued on next page)
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heterogeneity of anti-tumor immunity, with different tumor re- 

gions showing substantial differences in the degree of immune 

cell infiltration, expression of neoantigens, and T cell receptor 

(TCR) repertoire. 3–5 Local immune escape is likely to have pro- 

found clinical consequences, and tumors with more than one 

‘‘cold’’ region (poorly infiltrated by immune cells) have a particu- 

larly poor prognosis. 6

However, the mechanistic basis of incomplete tumor clear- 

ance remains largely unknown. Local variation in anti-tumor im- 

munity can be driven by cancer-extrinsic differences, such as 

stromal barriers impeding immune cell access, immunosuppres- 

sive microenvironments, or T cell exhaustion. 7,8 As genomic 

instability and branching tumor evolution result in genetically het- 

erogeneous tumors, 9,10 immune escape can also be driven by 

inherent differences in immune evasion capacity between can- 

cer subclones. These different mechanisms are difficult to 

resolve using descriptive data alone.

Genomic approaches, particularly those combined with 

multi-region sampling or spatial imaging, allow the assessment 

of particular subclones with specific immune contexts. 4,8,11,12 

However, it remains challenging to infer the functional immune 

evasion capacity of individual cancer subclones from 

purely descriptive data. The absence of mutations in a set of 

relevant immune genes is no guarantee that a cancer cell 

cannot evade immunosurveillance through other (perhaps un- 

studied) means. Therefore, it has so far been challenging to 

determine the extent to which individual cancer subclones 

differ in their functional capacity for immune evasion, due to 

an inability to isolate and propagate individual tumor sub- 

clones from human cancers to functionally evaluate their 

immunogenicity.

Recent advances in organoid culture have made it possible to 

establish patient-derived tumor organoid lines that capture ge- 

netic diversity at the clonal level. 13 We previously developed 

an autologous organoid – T cell co-culture system to determine 

the interaction between cancer cells and T cells at the level of 

an individual patient. 14 Here, we leverage the multi-region 

TRACERx lung cancer evolution study to generate a patient- 

derived study platform that allows the evaluation of T cell re- 

sponses to individual cancer subclones. TRACERx is a prospec- 

tive study based on multi-region sampling of primary and 

metastatic NSCLC. 10 We used this to generate parallel organoid 

sublines from spatially distinct tumor regions and from separate 

clones within individual regions, and to evaluate their capacity to 

elicit an immune response in co-cultures with autologous tumor 

infiltrating lymphocytes (TILs) or donor-derived natural killer (NK) 

cells. The integration of patient-derived functional assays with an 

in-depth characterization based on DNA, RNA and T cell recep- 

tor (TCR) sequencing allowed the direct and functional demon- 

stration of immune escape at the level of single subclones. These 

results (1) show that individual cancer subclones differ intrinsi- 

cally in their capacity for immune evasion and (2) provide an 

approach to prospectively identify and isolate immune evading 

subclones from cancer patients. This suggests that subclonal

cancer evolution continues to sculpt the immune evasive proper- 

ties of cancer cells.

RESULTS

Establishment of a multi-region organoid T cell co- 

culture platform

We hypothesized that individual tumor subclones would differ 

intrinsically in their capacity to evade immune pressure. To test 

this hypothesis, we developed a fully autologous multi-region 

organoid-T cell co-culture platform. First, organoids were estab- 

lished from multiple spatially separated tumor regions from 

NSCLC patients in the TRACERx study, followed by handpicking 

of individual organoids to capture both inter- and intraregion het- 

erogeneity. 10 We generated clonal organoid libraries from three 

different patients, consisting of a total of 81 clonal sublines and 

11 distinct regional lines (Figure 1A; Table S1). Organoids from 

the three patients differed in morphology, in agreement with 

the different histological growth patterns of the original tumors 

(Figures 1B, S1A, and S1B). Patient 1 showed histological het- 

erogeneity within the tumor, 15 which was recapitulated in the 

multi-region organoid cultures from this patient (Figures 1B 

and 1C).

We then expanded autologous patient TIL by weekly stimula- 

tion with a mixture of all regional organoids from that patient, 

mixed at equal ratios (pre-rapid expansion protocol; pre-REP) 

(Figure 1D). For patient 1, two different sources of TILs were 

available, originating from different tumor regions. After pre- 

REP for patients 1 and 2, TILs were highly reactive to a mixture 

of regional tumor organoids (Figures 1E and S1C). Limited TILs 

were available from patient 3, and their numbers further 

decreased during the pre-REP, precluding testing of tumor reac- 

tivity. We therefore focused on the two patients for which tumor- 

reactive TILs were available. We further expanded TILs to large 

numbers in two cycles of stimulation with anti-CD3 antibodies, 

irradiated feeders and high dose IL-2 (REP) (Figure 1D; 

Table S2). 16 Taken together, we established multi-region clonal 

organoid libraries for three patients, combined with a biobank 

of expanded tumor-reactive autologous TILs for two patients. 

To further characterize the expanded TIL products, we per- 

formed bulk TCR beta chain (TCRb) sequencing. Expanded 

TILs from patient 1 showed an oligoclonal TCRb repertoire, 

with 5–8 of the most expanded clones comprising 75% of the 

population (Figure S1D). The two different sources of TILs 

(derived from either region 2 (R2), or R3/4/5 combined) contained 

both clones that were unique or shared between the two TIL 

products (Figures S1E and S1F). In contrast, for patient 2 the 

TCRb repertoire consisted of a dominant clone comprising 

>90% of expanded TILs (Figure S1G). To trace this clone back 

to the original tumor, we performed single-cell RNA sequencing 

of unexpanded TILs, directly isolated from the corresponding tu- 

mor fragments. The dominant clone in our expanded TIL product 

was also the most abundant T cell clone in unexpanded TILs 

(Figure S1G). Furthermore, this clone showed high expression

(D) Workflow for expansion of tumor-reactive TIL. REP: rapid expansion phase.

(E) Flow cytometry plots of TIL reactivity (after pre-REP) upon stimulation with a mixture of dissociated regional autologous tumor organoids. Numbers indicate 

percentage of tumor-reactive CD8 + T cells expressing CD137.

See also Figure S1, Tables S1, and S2.
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Figure 2. Tumor-intrinsic T cell evasion capacity differs both between and within tumor regions

(A) Reactivity of expanded TILs upon stimulation with dissociated autologous tumor organoids.

(B) Quantification of (A). Patient 1: mixed-effects model (n = 4–7); patient 2: paired t-test (n = 3).

(legend continued on next page)
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of markers associated with CD8 + T cell exhaustion, and scored 

high on a signature associated with neoantigen-reactive T cells 

(neoTCR score) (Figures S1H and S1I). 17 This suggests that 

our protocol resulted in the expansion of a single highly abundant 

and previously exhausted tumor-reactive T cell clone from 

this patient. Of note, the subdominant (7.8%) T cell clone in 

expanded TIL mapped back to a naive CD4 + T cell population 

with low neoTCR score (Figures S1H and S1I). We did not 

observe CD4 + T cell reactivity against organoids from this pa- 

tient, suggesting this may be an expanded bystander clone. 18,19

Tumor-intrinsic T cell evasion capacity differs both 

between and within tumor regions

Having observed that expanded TILs were reactive against mix- 

tures of regional organoid lines, we next assessed whether T cell 

reactivity differed between organoids derived from different tu- 

mor regions. Recognition assays of expanded TILs with individ- 

ual organoid sublines revealed strong differences between orga- 

noids derived from separate regions in their capacity to elicit a 

T cell response (Figures 2A–2C, S2A, and S2B; Table S1). For pa- 

tient 1, organoids from R3 and R4 induced strong T cell recogni- 

tion, while organoids from R2 and R5 resulted in limited T cell 

activation above baseline (Figures 2A–2C). The two different 

TIL products for patient 1 showed broadly similar patterns of 

reactivity, with neither showing strong reactivity toward the 

‘‘cold’’ organoids R2 and R5. The two TIL products differ in their 

reactivity toward organoids from R4, which was less strongly 

recognized by TILs derived from R3/4/5 (Figures 2B, 2C, S2A, 

and S2B). Commonalities as well as differences between the 

two TIL products were also seen at the level of the tumor-reac- 

tive TCRb repertoire (of CD8 + CD137 + T cells upon organoid 

co-culture), with some tumor-reactive clonotypes shared be- 

tween both TIL products, but also several large tumor-reactive 

clones that had expanded considerably less in one of both prod- 

ucts (Figures S1E and S1F). In patient 2, TILs also differed in their 

response to regional organoids, with organoids from R4 inducing 

>2-fold more T cell activation than organoids from R7 

(Figures 2A–2C). T cell activation by organoids was MHC-I- 

dependent (Figure S2C) and not induced by matched normal 

airway organoids (available for patient 1; Figures 2D and 2E), 

indicating the T cell response is tumor-specific.

Individual NSCLC regions can differ in their clonal complexity, 

consisting of one or multiple separate subclones. 10 To determine 

whether the capacity for immune evasion not only differs be- 

tween, but also within regions, we screened our clonal organoid 

libraries for recognition by autologous TIL. For patient 1, variation 

in organoid-induced T cell activation was largely region-depen- 

dent, with limited differences between organoid sublines derived 

from the same region (Figure S2D). In contrast, for patient 2 we

observed pronounced differences in the capacity for immune 

evasion between different clonal lines from the same tumor re- 

gion. This was most obvious for parallel sublines established 

from R7 (Figure 2F). We confirmed our initial, library-wide screen 

with more focused assays for six sublines from R7 with diverging 

T cell evasion capacity, which we classified as ‘‘cold’’ (immune 

evading), ‘‘intermediate’’, or ‘‘hot’’ (Figure 2G). Reactivity toward 

mixtures of hot and cold organoids was similar to the average 

reactivity of separate hot and cold organoids, suggesting that 

(in this experimental setting) the immune evasion phenotype of 

cold clones was largely cell-autonomous and did not exert a 

dominant effect on the reactivity toward hot clones in a mixture 

(Figure S2E). Collectively, these data indicate that tumors harbor 

distinct tumor cell subpopulations with the intrinsic capacity to 

evade T cell recognition, and that this heterogeneity can be pre- 

sent both across and within tumor regions.

Immune-evading and non-evading tumor

subpopulations represent genetically distinct

subclones

To determine whether organoid sublines that differed in immune 

evasion capacity represented distinct genetic lineages, we inte- 

grated whole exome sequencing (WES) data of regional and/or 

intraregional organoid sublines and their original tumor regions 

to generate phylogenetic trees (Figures 3A–3B, S3A and S3B). 

For patient 1, organoids and corresponding tumor regions 

mapped to the same major branch of the phylogenetic tree 

(Figure 3A). Regions corresponding to immune evasive and 

non-evasive organoids (Figure 2B) mapped to different major 

branches that diverged after the most recent common ancestor 

(MRCA), suggesting that subclones with different T cell evasion 

capacities diverged early during tumor evolution. This was also 

reflected in strong divergence of hot and cold organoids at the 

single nucleotide variant (SNV) level, with more SNVs shared be- 

tween organoid lines of the same immune class (either hot or 

cold) than SNVs observed in the common trunk (both hot and 

cold) (Figure 3C).

For patient 2, the organoid phylogenetic tree consisted of two 

major branches that tracked with the two different tumor regions, 

but no additional branches that separated hot and cold organoid 

sublines (Figures 3B, S3A, and S3B). This was not entirely unex- 

pected, since for this patient hot and cold organoids were iso- 

lated by handpicking individual organoids from within one re- 

gion, rather than between spatially separated tumor regions. 

As phylogenetic trees are constructed based on the degree of 

SNV sharing between clones, the relatively low number of 

clone-specific mutations detected by WES (Figure S3C) may 

have limited our ability to identify phylogenetic relationships be- 

tween organoid sublines beyond the regional level.

(C) Quantification of secreted IFNg in supernatant of co-cultures from Figure 2B (n = 2–3, depending on supernatant availability). Patient 1: mixed-effects model. 

Patient 2: paired t-test.

(D) Reactivity of expanded TILs upon stimulation with autologous tumor or normal airway organoids.

(E) Quantification of (D). Paired t-test (n = 3). NL: normal airway organoids; P/I: PMA/Ionomycin.

(F) TIL reactivity upon stimulation of expanded TILs with regional or clonal organoid lines from patient 2 (n = 1–4).

(G) As (F), for selected clonal sublines from R7. Mixed effects model (n = 3–5).

Error bars in panels B, C, E, F, and G show mean ± S.E.M. Numbers in panels A and D indicate percentage of CD8 + T cells expressing CD137. Asterisks indicate 

significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figures S1, S2, and Table S1.
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To determine whether any genetic relationships between cold 

sublines in patient 2 may have been obscured by the stringency 

of our thresholds to define mutational clusters (≥5 SNVs per 

cluster in Figure S3C), we relaxed our thresholds to ≥2 SNVs 

per cluster, revealing four mutations that were exclusively pre- 

sent in cold clones (Figure 3C). Of these mutations, three were 

either synonymous, intronic, or present in a gene not expressed 

in organoids (Table S3). The remaining SNV was a non-synony- 

mous mutation in NOA1. We determined that NOA1 levels did 

not contribute to the immune evasion potential of these organo- 

ids using siRNA-mediated knockdown (Figures S3D and S3E). 

Therefore, these mutations are unlikely to be the driver of the im- 

mune evasion phenotype.

Unsupervised hierarchical clustering based on organoid copy 

number alterations (CNAs) showed that for both patients im- 

mune evasion capacity is associated with distinct genetic line- 

ages, with hot and cold organoid sublines forming separate clus- 

ters (Figure 3D). While cold and hot clones from patient 2 differ by 

few SNVs (Figure 3C), their distinct CNAs (Figure S3F) comple- 

ment the SNV data and show that cold clones from this patient 

form a distinct genetic lineage from the hot clones, primarily 

defined by chromosomal alterations.

Regional organoids from patient 1 differed genetically more 

from each other than regional organoids from patient 2 

(Figure S3G), in line with the more striking difference in 

T cell response to regional organoids for patient 1. Organoids 

from these patients shared most, though not all, of the muta- 

tions present in the original tumor (Figure S3H); some diver- 

gence could be because the regional biopsy was divided 

into different segments that were used for DNA sequencing 

or organoid culture and therefore were not fully identical, or 

due to selective outgrowth of subclones during model 

establishment.

We then performed RNA sequencing to determine whether hot 

and cold organoids were not only genetically distinct but also 

diverged at the transcriptional level (Figure 3E). Hot, intermediate 

and cold organoids strongly separated along the first principal 

component, mirroring the hierarchy in their ability to induce a 

T cell response, both in the absence and presence of interferon 

gamma (IFNg) (Figure 3E). This indicates that these subclonal lin- 

eages have undergone a major rewiring of their transcriptome, 

which was also apparent from the >1000 differentially expressed 

genes between cold and hot clones (Table S4; Figure S4A). Plot- 

ting organoid lines from both patients in the same principal 

component analysis (PCA) indicated that the principal compo- 

nents (PC) associated with immune evasion did not overlap be- 

tween the two patients (compare PC2 and PC3 in Figure S4B), 

suggesting that these patients use different routes toward im-

mune evasion. Pathways enriched in hot or cold clones are 

shown in Figure S4C.

Although the response to IFNg was less pronounced in hot 

compared to cold organoids from patient 1 (Figures S4D–S4F), 

the difference in T cell activation between organoid lines was 

similar regardless of whether organoids were pre-stimulated 

with IFNg or not (Figures 2B and S5A), suggesting that an altered 

response to IFNg did not underlie the differences in the ability to 

induce a T cell response in our assays.

Taken together, the association of immune evasion capacity 

with genomic and transcriptomic divergence of subclones sug- 

gests that these tumors, at some point during their evolutionary 

history, have diverged into distinct subpopulations with unique 

immune evasion phenotypes. This shows that tumor evolution 

can give rise to genetically and transcriptionally distinct clones 

that differ intrinsically in their capacity to evade T cell pressure.

Identification of subclonal immune evasion by both 

antigen-dependent and -independent mechanisms 

Cancers can use diverse immune evasion strategies, which can 

be broadly divided into antigen-dependent mechanisms (e.g., 

loss of MHC-I, other components of the antigen processing ma- 

chinery, or the target antigen itself) and antigen-independent 

mechanisms (e.g., induction of inhibitory checkpoints, secretion 

of immunosuppressive factors). 20 To determine whether the 

subclonal immune evasion mechanisms operating in the cold 

clones in our study were antigen-dependent or -independent, 

we made use of a matched TCR-antigen system (Figure 

4A). 21,22 Healthy donor T cells were transduced with a TCR spe- 

cific to the model antigens NY-ESO-1 or MART-1, which could 

be exogenously loaded onto organoids from both patients, 

which expressed the HLA-A2:01 allele (Table S5). We reasoned 

that antigen-independent mechanisms of immune evasion 

should similarly affect organoid recognition by autologous TILs 

and model antigen-specific T cells; however, antigen-dependent 

immune evasion should be rescued upon loading of the cognate 

antigen for TCR-transduced T cells.

In contrast to the almost complete lack of recognition of R2 

and R5 organoids by autologous TILs from patient 1 (Figure 

2B), recognition of peptide-loaded R2 and R5 organoids by 

NY-ESO-1 specific T cells was not reduced compared to hot 

(R3 and R4) organoids (Figure 4B). Surprisingly, organoids 

from R3 were also recognized by NY-ESO-1 T cells in the 

absence of peptide loading (Figure S5B), suggesting endoge- 

nous (and subclonal) expression of this antigen, which was 

confirmed by RNA sequencing and qPCR (Figures S5C and 

S5D). We therefore also performed recognition experiments 

with MART-1 as an alternative target antigen (which was not

Figure 3. Immune evading and non-evading tumor subpopulations represent genetically distinct subclones

(A and B) Phylogenetic tree based on primary tumor regions and corresponding regional organoid lines (patient 1, (A)), or of clonal and regional organoid lines 

(patient 2, (B)). Colors indicate immunophenotype based on co-culture data. Nodes labeled by the represented primary tumor region or organoid lines. Non- 

synonymous exonic mutations in lung cancer drivers or immune evasion genes (Methods) indicated.

(C) UpSet plots indicating the number of single nucleotide variants (SNVs) shared between regional (patient 1) or intraregional (patient 2) organoid sublines. 

Minimum number of SNVs per group is 5 (patient 1) or 2 (patient 2). SNVs unique to either hot or cold sublines are marked by red and blue outlines, respectively.

(D) Unsupervised hierarchical clustering of copy number profiles of different regional (patient 1) or intraregional clonal (patient 2) organoid lines. Hot and cold 

sublines marked by red and blue outlines, respectively. Colors in heatmap indicate total copy number for chromosomal segments across the genome.

(E) Principal component analysis (PCA) of RNA sequencing data of regional (patient 1) or intraregional clonal (patient 2) organoid lines ± IFNg for 24h (n = 4 per 

organoid line). Axes indicate percentage of variance explained by corresponding principal component. Created with BioRender.com.

See also Figures S3–S6, and Tables S3 and S4.
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Figure 4. Subclonal immune evasion is mediated by both antigen-dependent and -independent mechanisms

(A) Matched antigen-TCR system. Created with BioRender.com.

(B) Reactivity of NY-ESO-1-specific T cells against regional organoids loaded with NY-ESO-1 peptide (repeated measures ANOVA, n = 3).

(C) As in (B), using MART-1-specific T cells (mixed effects model; n = 4–5).

(D) Organoid cell surface expression of HLA-A2 or pan-MHC-I protein (± IFNg for 24h) determined by flow cytometry. MFI: median fluorescence intensity. One- 

way ANOVA (performed separately for conditions ± IFNg; n = 3–4).

(E) Reactivity of NY-ESO-1-specific T cells against NY-ESO-1-loaded clonal organoid lines. Results of mixed-effects analysis (n = 3–4) in Table S6.

(F) Pearson correlation between reactivity of autologous expanded TILs (Figure 2G; n = 3–5) and NY-ESO-1-specific T cells (Figure 4E; n = 3–4) with regression line 

and 95% confidence intervals.

(G) Flow cytometry plots of cell surface PD-L1 expression gated on live tumor cells (± IFNg for 24h). Numbers indicate percentage of PD-L1 + tumor cells upon 

IFNg stimulation.

(legend continued on next page)
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endogenously expressed by these organoids (Figure S5C)), con- 

firming that reactivity against cold organoids could be rescued in 

matched antigen-T cell systems (Figures 4C and S5B). The 

model antigens in these assays were added as peptides to the 

culture supernatant and can bind directly to MHC-I molecules, 

bypassing the antigen processing machinery (APM). To rule 

out that the limited recognition of cold organoids is due to 

APM defects, we transduced organoids with full-length NY- 

ESO-1 protein, which led to a similar recognition of NY-ESO-1 + 

hot (R3) and cold (R5) organoids (Figures S5E–S5H), suggesting 

that the APM is functional in these organoids. Cell surface 

expression of HLA-A2 proteins was comparable between hot 

and cold organoids (Figure 4D), and cold organoids did not 

show any genomic loss or transcriptional repression of HLA 

class I genes that could account for lack of recognition 

(Figures S5I and S5J). While pan-MHC-I cell surface expression 

levels were lower in cold organoids, pre-incubation of organoids 

with IFNg increased MHC-I expression to levels comparable to 

(unstimulated) hot organoids (Figure 4D) but did not restore the 

capacity of cold organoids to induce a T cell response 

(Figure S5A). This suggests that differences in MHC-I expression 

levels or APM dysfunction do not explain the lack of T cell recog- 

nition of cold organoids. Overexpression of NY-ESO-1 in cold 

clones did not result in activation of autologous TIL indicating 

that this is not the target antigen of autologous TIL (data 

not shown).

In contrast to patient 1, for patient 2, clones that were poorly 

recognized by autologous TIL also showed limited capacity to 

stimulate NY-ESO-1 T cells in a matched antigen-T cell system 

(Figures 4E, 4F, and S6A; Table S6). MHC-I and HLA-A2 expres- 

sion levels were not consistently higher for hot versus cold 

clones (Figures S6B–S6D), suggesting that immune evasion is 

due to antigen-independent mechanisms.

Collectively, we identify subclonal immune escape based on 

both antigen-dependent (patient 1) and antigen-independent 

(patient 2) mechanisms. The observation that for patient 1, 

the dominant factor driving subclonal immune evasion was an- 

tigen-dependent suggests that the transcriptional differences 

between these regions (Figure 3E) may either affect processes 

that have limited impact on T cell evasion in the context of our 

assays, or directly affect antigenicity e.g., through transcrip- 

tional repression of neoantigens. 4 Of note, the number of pre- 

dicted neoantigens that are unique to cold (R2/5) or hot (R3/4) 

organoids was more than 3x as high as the number of neoanti- 

gens shared across all regions (Figure S6E), indicating that 

these clones show highly different antigen landscapes at the 

genetic level. These data indicate that subclonal immune 

escape can be identified across different settings, involving 

both antigen-dependent or -independent mechanisms, and 

that organoid T cell co-culture platforms allow differentiating 

between these mechanisms.

Limited prediction of subclonal immune evasion by 

genomic or transcriptomic approaches

We identified immune evading subclones based on a direct func- 

tional readout, i.e., their capacity to induce an autologous T cell 

response. Analysis of most patient cohorts typically does not 

include functional assays and instead relies on computational 

approaches to identify immune evading subclones. We therefore 

determined whether the immune evading subclones from these 

patients could be identified based on their genomic or transcrip- 

tomic characterization alone.

We explored several genomic features associated with im- 

mune evasion. The number of non-synonymous SNVs or inser- 

tions/deletions (indels) was similar between hot and cold clones 

(Figure S6F). We determined whether cold clones showed any 

mutations in a curated list of genes involved in immune recogni- 

tion or evasion (Table S7) and annotated this to the phylogenetic 

trees (Figures 3A and 3B). Patient 1 showed no potentially inac- 

tivating mutations in this gene set. This patient did show subclo- 

nal mutations in KEAP1 and STK11 (Figure 3A) which have been 

associated with immune evasion, 23,24 but these mutations were 

present in hot rather than cold clones, suggesting that they did 

not impair tumor cell-intrinsic T cell recognition in our system. 

Patient 2 contained a clonal mutation in CTNNB1 (present in all 

clones) (Figure 3B), as well as a mutation in CXCL2 that was 

only present in cold clones but was unlikely to contribute to the 

immune evasion phenotype as RNA sequencing showed no 

expression of CXCL2 in these organoids (Table S3 and data 

not shown). As in patient 1 (Figures S5I and S5J), cold clones 

from patient 2 also did not show any genomic loss or transcrip- 

tional repression of HLA class I genes compared to hot clones 

(Figures S6G and S6H). Taken together, DNA sequencing did 

not reveal any alterations that pointed to the immune evasion 

phenotype of the cold subclones that were identified in a func- 

tional manner.

Since for patient 2 the mechanism of subclonal immune 

escape was antigen-independent (Figures 4E and 4F), we deter- 

mined whether phenotypic characterization of its cold organoid 

sublines could have predicted their immune evasion capacity. 

PD-L1 was not expressed under baseline conditions, and IFNg 

led to a limited induction of expression that did not correlate 

with T cell reactivity (Figures 4G, 4H, and S6I). We then per- 

formed differential gene expression analysis on RNA sequencing 

data of cold and hot clones (Table S4) and assessed whether 

cold clones could be identified based on differences in expres- 

sion of immune evasion genes (Table S7). Of this panel, three 

genes (MICA, TGFB2, and CCL2) were significantly differentially 

expressed between cold and hot clones (Figure 4I; Table S4). 

However, T cell-evading clones could not unambiguously be 

identified based on this expression pattern, as both TGFB2 

and CCL2 are best known for their immunosuppressive func- 

tions 25,26 yet were overexpressed in hot rather than cold clones.

(H) Pearson correlation between reactivity of autologous expanded TIL (Figure 2G; n = 3–5) and PD-L1 MFI (Figure S6I; n = 3–4) with regression line and 95% 

confidence intervals.

(I) Differentially expressed genes involved in immune control (Table S7) between hot and cold organoid sublines of patient 2. p values based on differential 

expression analysis using limma voom and adjusted using the Benjamini-Hochberg method.

(J) Reactivity of expanded TILs toward organoid lines ± MICA/B blocking antibodies or isotype controls (n = 4).

Error bars in panels B, C, D, E, F, H and J show mean ± S.E.M. Asterisks indicate significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figures S5, S6, Tables S3, S4, S5, S6, and S7.
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Furthermore, while MICA (upregulated in hot clones) can act as a 

co-stimulatory ligand for T cells through the NKG2D receptor, 27 

blocking MICA did not affect T cell recognition of organoids 

(Figure 4J).

Taken together, a comprehensive genetic and transcriptomic 

characterization alone would have been insufficient to identify 

the T cell evading subclones that were identified using func- 

tional approaches. This underscores the challenge in deter- 

mining subclonal immune evasion based on descriptive data 

alone and highlights the added value of functional study plat- 

forms to determine the impact of tumor heterogeneity on im- 

mune evasion.

Regional composition of the immune microenvironment 

Our finding that individual cancer subclones differed intrinsically 

in their ability to evade T cell pressure was made possible by our 

reductionist co-culture system. In an actual tumor, cancer cells 

reside in more complex microenvironments which may further 

impact their sensitivity to immune effectors. We therefore evalu- 

ated the local immune composition of the tumors from which our 

organoids were derived using multiplex immunofluorescence. In 

patient 1, tumor R2 and R5 (the source of T cell-evading organo- 

ids) showed relatively structured nests of tumor cells, in contrast 

to tumor R3 (non-T cell-evading organoids) with extensive 

necrosis, disorganized areas of tumor cells, and less uniform 

pan-cytokeratin (PanCK) staining (Figure 5). R3 showed a 

neutrophilic infiltrate, although neutrophils were also present to 

some extent in R2 and R5. T cell infiltration was present in all tu- 

mor regions without obvious differences, aside from a prominent 

CD8 infiltrate in the upper (more necrotic) tumor area of R3. Inter- 

estingly, although macrophages were present both in R3 and R5 

(less prominently in R2), in R5 these remained restricted to stro- 

mal areas and did not infiltrate the tumor nests. In contrast, in R3, 

abundant macrophages were found directly interspersed with 

tumor cells. Therefore, for this patient, different tumor regions 

were associated with distinct microenvironments.

The two regions (R4 and R7) from patient 2 were largely com- 

parable, with multiple patches of necrosis (Figure S7). Strikingly, 

a lymphoid and myeloid immune infiltrate was present in these 

tumor areas, but largely restricted to necrotic or stromal areas, 

with very little infiltration into the tumor bed. Similarly, for patient 

3, cancer cells grew in isolated nests (in line with its mucinous 

adenocarcinoma histology), with T cells, isolated NK cells and 

myeloid cells predominantly in stromal areas, with limited infiltra- 

tion into the tumor islands.

In our functional experiments, we have singled out one form of 

immune escape (the ability to impair a T cell response) to provide 

proof of concept that this inherently differs across individual can- 

cer subclones within one tumor. Characterization of the tumor 

microenvironment suggests that these subclones resided in 

highly complex microenvironments. Although these data remain 

at this point descriptive, this suggests that additional layers of 

immune escape may be present, e.g., by restricting immune 

cell entry into the tumor area.

Subclonal heterogeneity in the capacity for NK cell 

recognition

For patient 3, we could not isolate and expand sufficient TILs for 

functional studies. As an alternative, we therefore challenged

regional organoids from patient 3 with healthy donor-derived 

NK cells. We observed significant heterogeneity in the ability of 

regional organoids to induce NK cell activation, with organoids 

from R5 resulting in markedly less NK cell activation compared 

to other regions (Figures 6A and 6B; Table S1). Reconstruction 

of the tumor phylogeny shows that while R1-R4 share a common 

branch, R5 falls on a separate branch, indicating its distinct 

evolutionary history (Figure 6C). This was further supported by 

mapping of driver gene alterations on the phylogenetic tree, 

which showed that R1-4 contained a mutation in FANCM and 

B2M (a subunit of MHC-I), which was absent in R5. Given that 

MHC-I levels are an important determinant of NK cell activation, 

with high expression acting as an inhibitory signal, 28 we deter- 

mined whether MHC-I cell surface expression differed between 

regional organoids. Organoids from R5 showed significantly 

higher MHC-I cell surface expression (Figure 6D), and the poten- 

tial of organoids to stimulate NK cells was strongly negatively 

correlated with MHC-I expression (Figure 6E). Together, this 

shows that while escape from autologous T cells could not be 

assessed, in this patient, cancer subclones populating different 

tumor regions differed in their capacity for recognition by NK 

cells. This provides evidence for subclonal escape from immune 

effectors in all 3 patients investigated in this study, across three 

different settings (antigen-dependent and -independent escape 

from T cells, and escape from NK cells).

DISCUSSION

Why most lung cancers that respond to immunotherapy show a 

partial, but not complete, response is still largely unclear. Immu- 

nological heterogeneity can be driven both by cancer-extrinsic 

factors, 8 or by intrinsic differences between cancer subclones 

in their ability to withstand immune cell pressure. Here, we inves- 

tigated the latter and show that parallel organoid sublines, repre- 

senting tumor subclones from the same patient, show substan- 

tial variation in their capacity to elicit a T cell or NK cell response, 

despite being cultured under identical conditions over multiple 

passages. This suggests that the subclonal immune evasion 

identified here is cell-intrinsic, heritable and at least to some 

extent fixed. Indeed, hot and cold organoid sublines represent 

genetically and transcriptionally distinct subclones with a 

unique evolutionary history. ‘‘Fixed’’ and ‘‘plastic’’ immune 

evasion mechanisms are not necessarily mutually exclusive, 

and it will be relevant to determine whether specific environ- 

mental conditions (e.g., hypoxia) could override any intrinsic het- 

erogeneity in immune evasion capacity. In addition, technologies 

that allow associating immune microenvironments with specific 

subclones will provide a more refined view of the association be- 

tween clonal heterogeneity and local immune evasion. 12,29

The extent to which immune escape mechanisms evolve early 

(i.e., clonally, shared between all cancer cells) or late in tumor 

evolution is a matter of ongoing debate, 4,9,11 although data 

from TRACERx suggest that a substantial proportion of HLA 

LOH events in early-stage, treatment-naive NSCLC are subclo- 

nal in nature. 30 Here we show that subclonal diversification 

significantly affects the magnitude of the T cell response elicited 

by different cancer subclones. These data suggest that, at least 

in early-stage, treatment-naive, lung cancers, evolutionary 

forces acting after the last clonal sweep can still shape relevant
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interactions between cancer cells and immune cells. We find ev- 

idence of subclonal escape from immune effectors in all 3 pa- 

tients in widely divergent contexts (both antigen-dependent 

and -independent escape from T cells, and escape from 

NK cells).

Despite their comprehensive characterization, we could not 

have identified the immune evading subclones based on 

descriptive (e.g., genetic or transcriptomic) data alone. This un-

derscores the challenge in attributing functional properties, such 

as immune evasion, to specific subclones in clinical datasets. 

Immune evasion may be overestimated (e.g., alterations in im- 

mune genes that have limited functional consequence), as well 

as underestimated (as shown here by immune escape of subclo- 

nal organoid lines despite absence of any canonical immune 

evasion alterations). This warrants some degree of caution in in- 

terpreting purely descriptive datasets in the absence of further

Figure 5. Regional composition of the immune microenvironment

Composite images showing multiplex immunofluorescence staining of serial sections of different tumor regions from patient 1. Asterisks indicate necrosis. Signal 

thresholds were kept constant for individual markers across different samples, except for CD68 in R2 which showed markedly lower intensity and was adjusted to 

reach a similar signal-to-noise ratio. panCK: pan-cytokeratin (epithelial cells); MPO: myeloperoxidase (neutrophils); CD68 (macrophages); NCAM1: neural cell 

adhesion molecule 1 (NK cells); aSMA: alpha-smooth muscle actin (fibroblasts); CD3 (T cells); FOXP3: forkhead box P3 (regulatory T cells); CD8 (cytotoxic T cells). 

Scale bar: 200 μm. Lower left insets are 2× magnified corresponding to the boxed area. No FFPE slide available for R4.

See also Figure S7.
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functional evidence. While not always feasible, this also high- 

lights the added value of incorporating functional platforms 

into the design of clinical studies.

Our data suggest that subclonal tumor evolution continues to 

shape important cellular phenotypes, including the escape from 

immune effectors, and that both immune-evading and non- 

evading clones can be isolated from the same tumor. It will be 

relevant to assess the functional implications of such heteroge- 

neity, and longitudinal sampling of primary tumors and matched 

metastases, coupled to functional co-culture platforms, may 

help to determine the relationship between subclonal immune 

evasion capacity and the ability to seed metastases. 31,32 It is 

also important to note that all tumor organoids in our study are 

derived from treatment naive patients and therefore reflect sub- 

clonal immune evasion mechanisms likely selected for during the

evolution of the tumor in the absence of immune/cytotoxic or tar- 

geted therapy. Taken together, the establishment of clonal orga- 

noid libraries and their use in functional T cell co-cultures has al- 

lowed the demonstration of the existence of immune evasion in 

human cancers at single subclone resolution. Ultimately, we 

anticipate that this will allow the mapping of various routes that 

heterogeneous lung cancers have evolved toward immune 

evasion, and the design of therapeutic strategies aimed at com- 

plete tumor remission.

Limitations of the study

The reductionist nature of our co-culture platform makes it 

possible to specifically dissect the impact of intratumor hetero- 

geneity on the recognition of cancer cells by CD8 + T cells. This 

represents only one element of the cancer-immune interface,

A
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Figure 6. Subclonal heterogeneity in the capacity for NK cell recognition

(A) NK cell reactivity upon co-culture with regional tumor organoids from patient 3, with background CD137 expression (unstimulated) subtracted. Circles indicate 

individual data points from different NK cell donors (n = 4) across different replicate experiments (n = 5). Mixed-effects model (n = 8–10) with experiment and donor 

as random effects; Bonferroni corrected p-values.

(B) Quantification of secreted IFNg in supernatant of experiments in Figure 6A. Circles indicate individual data points from different NK cell donors (n = 4) across 

different replicate experiments (n = 5). Mixed-effects model (n = 10) with experiment and donor as random effects; Bonferroni corrected p-values.

(C) Phylogenetic tree of primary tumor regions. Colors indicate immunophenotype based on co-culture data. Nodes labeled with the represented primary tumor 

region. Exonic non-synonymous mutations in lung cancer drivers or immune evasion genes (STAR Methods) indicated alongside corresponding nodes.

(D) Organoid cell surface expression of pan-MHC-I protein. MFI: median fluorescence intensity. Repeated-measures ANOVA (n = 3).

(E) Pearson correlation between cell surface MHC expression (from panel D; n = 3) and CD137 induction (with background CD137 expression of unstimulated NK 

cells subtracted; from panel A; n = 8–10) with regression line and 95% confidence intervals.

Error bars in panels A, B, D, and E show mean ± S.E.M. Asterisks indicate significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Table S1.
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and co-culture systems including other immune or stromal 

cells 33,34 may be of value to determine whether the same sub- 

clones that escape CD8 + T cell pressure are also able to with- 

stand pressure from other immune effectors.

The limited number of patients studied here prevents us from 

determining to what extent cancer cell-intrinsic subclonal im- 

mune evasion is a more universal phenomenon. This limitation 

is largely driven by the challenge of generating multi-region orga- 

noid libraries from lung cancers with matched autologous TILs. 

The low establishment rate of lung cancer organoids is a known 

challenge in the field, 35–37 and our study presents the additional 

complexity of requiring subclonal organoid derivation from 

several distinct regions from the same tumor. We attempted or- 

ganoid culture from a total of 42 patients, or 166 individual tumor 

regions. For 7 patients, organoids were established from at least 

one tumor region (success rate of 17%, in line with previous 

studies), 35 but for only 4 of these 7 patients could organoids be 

established from multiple regions. Three of these patients are 

presented here; the fourth patient was not studied further as or- 

ganoids strongly decreased their proliferation rate after several 

passages, which limited the possibility to perform functional 

studies. This highlights the complexity of generating multi-region 

clonal organoid libraries for lung cancer and at the same time un- 

derscores the unique nature of this cohort. Further technological 

innovations to improve organoid derivation rates are required to 

determine the extent of cancer cell-intrinsic subclonal immune 

evasion across larger cohorts of patients.
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56. Liberzon, A., Birger, C., Thorvaldsdó ttir, H., Ghandi, M., Mesirov, J.P., and 

Tamayo, P. (2015). The Molecular Signatures Database (MSigDB) hallmark 

gene set collection. Cell Syst. 1, 417–425. https://doi.org/10.1016/j.cels. 

2015.12.004.

57. Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., 

Gillette, M.A., Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., 

and Mesirov, J.P. (2005). Gene set enrichment analysis: a knowledge- 

based approach for interpreting genome-wide expression profiles. Proc. 

Natl. Acad. Sci. USA 102, 15545–15550. https://doi.org/10.1073/pnas. 

0506580102.

58. Oakes, T., Heather, J.M., Best, K., Byng-Maddick, R., Husovsky, C., 

Ismail, M., Joshi, K., Maxwell, G., Noursadeghi, M., Riddell, N., et al. 

(2017). Quantitative Characterization of the T Cell Receptor Repertoire of 

Naive and Memory Subsets Using an Integrated Experimental and 

Computational Pipeline Which Is Robust, Economical, and Versatile. 

Front. Immunol. 8, 1267. https://doi.org/10.3389/fimmu.2017.01267.

59. Miller, B.C., Sen, D.R., Al Abosy, R., Bi, K., Virkud, Y.V., LaFleur, M.W., 

Yates, K.B., Lako, A., Felt, K., Naik, G.S., et al. (2019). Subsets of ex- 

hausted CD8(+) T cells differentially mediate tumor control and respond 

to checkpoint blockade. Nat. Immunol. 20, 326–336. https://doi.org/10. 

1038/s41590-019-0312-6.

60. Guo, X., Zhang, Y., Zheng, L., Zheng, C., Song, J., Zhang, Q., Kang, B., 

Liu, Z., Jin, L., Xing, R., et al. (2018). Global characterization of T cells in 

non-small-cell lung cancer by single-cell sequencing. Nat. Med. 24, 

978–985. https://doi.org/10.1038/s41591-018-0045-3.

61. Ng, P.C., and Henikoff, S. (2003). SIFT: Predicting amino acid changes that 

affect protein function. Nucleic Acids Res. 31, 3812–3814. https://doi.org/ 

10.1093/nar/gkg509.

62. Adzhubei, I.A., Schmidt, S., Peshkin, L., Ramensky, V.E., Gerasimova, A., 

Bork, P., Kondrashov, A.S., and Sunyaev, S.R. (2010). A method and 

server for predicting damaging missense mutations. Nat. Methods 7, 

248–249. https://doi.org/10.1038/nmeth0410-248.

ll
OPEN ACCESSArticle

Cancer Cell 43, 1–17, October 13, 2025 17

Please cite this article in press as: Dijkstra et al., Subclonal immune evasion in non-small cell lung cancer, Cancer Cell (2025), https://doi.org/10.1016/j. 
ccell.2025.06.012

https://doi.org/10.1261/rna.2192803
https://doi.org/10.1038/s41596-023-00913-9
https://doi.org/10.1038/s41596-023-00913-9
https://doi.org/10.2115/joss.03021
https://doi.org/10.1371/journal.pcbi.1011379
https://doi.org/10.1109/TVCG.2014.2346248
https://doi.org/10.1038/s41588-024-01883-8
https://doi.org/10.1038/s41588-024-01883-8
https://doi.org/10.1002/humu.23230
https://doi.org/10.1002/humu.23230
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1101/060012
https://doi.org/10.1093/bioinformatics/btt004
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1038/s41596-019-0232-9
https://doi.org/10.1038/s41467-019-11867-6
https://doi.org/10.1038/s41467-019-11867-6
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.3389/fimmu.2017.01267
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41591-018-0045-3
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1038/nmeth0410-248


STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Ultra-LEAF purified mouse anti-human CD274 BioLegend 29E.2A3; Cat# 329715; RRID:AB_11149486

Mouse anti-human CD3 eBioscience OKT-3; Cat#16-0037-85; RRID:AB_468855

Rabbit anti-human CK5 Abcam EP1601Y; Cat# ab52635; RRID:AB_869890

DISCOVERY OmniMAP anti-rabbit HRP Roche Roche Cat# 760–4311; RRID:AB_2811043

Mouse anti-human cytokeratin Agilent AE1/AE3; Cat# M3515; RRID:AB_2132885

Anti-myeloperoxidase (MPO) antibody Abcam EPR20257; Cat# ab208670, RRID:AB_2864724

Mouse anti-human CD68 Agilent KP1; Cat# GA60961-2; RRID:AB_2661840

Mouse anti-human FOXP3 Abcam 236A/E7; Cat# ab20034, RRID:AB_445284

Mouse anti-human CD8 Agilent C8/144B; Cat# GA623; RRID:AB_3073940

Rabbit anti-human CD3G Abcam EPR4517; Cat# ab134096

Mouse anti-human smooth muscle actin (SMA) Agilent 1A4; Cat# M0851; RRID:AB_2223500

Anti-NCAM1 antibody Abcam CAL53; Cat# ab237708; RRID:AB_3676336

Mouse anti-human CD3 (BB700 conjugated) Becton Dickinson 

(BD) Biosciences

SK7; Cat# 566575; RRID:AB_2860004

Mouse anti-human CD4 (FITC conjugated) BD Biosciences RPA-T4; Cat#555346; RRID:AB_395751

Mouse anti-human CD8 (BV421 conjugated) BD Biosciences RPA-T8; Cat# 562428; RRID:AB_11154035

Mouse anti-human CD137 (PE conjugated) BD Biosciences 4B4-1; Cat#550890; RRID:AB_398477

Mouse anti-human HLA-A2 (APC conjugated) Thermo Fisher Scientific 

(eBioscience)

BB7.2; Cat# 17-9876-41; RRID:AB_11151522

Mouse anti-human HLA-ABC (PE conjugated) BD Biosciences Cat# 560964; RRID:AB_10563764

Mouse anti-human PD-L1 (APC conjugated) Thermo Fisher Scientific 

(eBioscience)

MIH1; Cat# 17-5983-41; RRID:AB_10597280

Ultra-LEAF purified anti-human MICA/MICB BioLegend 6D4; Cat# 320919; RRID:AB_2814175

Ultra-LEAF purified mouse IgG2a, kappa 

isotype control

BioLegend MOPC-173; Cat# 400264; RRID:AB_11148947

MHC-I blocking antibody The Francis Crick Institute Clone W6/32 from hybridoma ATCC HB95

Mouse anti-human CD16 (AF700 conjugated) BioLegend 3G6; Cat# 302025; RRID:AB_2278418

Mouse anti-human CD56 (NCAM) (BV605 conjugated) BioLegend 5.1H11; Cat# 362537; RRID:AB_2565855

Mouse IgG1 kappa isotype control (APC conjugated) Thermo Fisher Scientific 

(eBioscience)

P3.6.2.8.1; Cat# 17-4714-42; RRID:AB_1603315

Mouse IgG1 kappa isotype control (PE conjugated) BD Biosciences MOPC-21; Cat# 556650; RRID:AB_396514

Bacterial and virus strains

pLVX-CMV-CTAG1B (NY-ESO1)-IRES-ZsGreen This paper N/A

pLVX-CMV-Stuffer-IRES-ZsGreen_empty This paper N/A

Biological samples

Non-small cell lung cancer resection specimens This study N/A

Tumor-infiltrating lymphocytes (TIL) This study N/A

Patient-derived xenograft (PDX) Hynds et al. 38 CRUK0718

Human peripheral blood buffy coat Tebu-Bio 297CTIPB.1.24-fresh

Human peripheral blood buffy coat Sanquin, the Netherlands B2825R00

Chemicals, peptides, and recombinant proteins

B27 supplement GIBCO Cat#17504-044

N-Acetylcysteine Sigma-Aldrich Cat#A9165-5G

Nicotinamide Sigma-Aldrich Cat#N0636

Human recombinant EGF Peprotech Cat#AF-100-15

(Continued on next page)

ll
OPEN ACCESS Article

e1 Cancer Cell 43, 1–17.e1–e10, October 13, 2025

Please cite this article in press as: Dijkstra et al., Subclonal immune evasion in non-small cell lung cancer, Cancer Cell (2025), https://doi.org/10.1016/j. 
ccell.2025.06.012



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

A83-01 Tocris Cat#2939

SB202190 Cayman Chemicals Cat#10010399

Y-27632 Selleckchem Cat#S1049

Human recombinant FGF-2 Peprotech Cat#100-18B

Human recombinant FGF-7 Peprotech Cat#100-19

Human recombinant FGF-10 Peprotech Cat#100-26

Geltrex LDEV-free reduced growth 

factor basement membrane

GIBCO Cat#A1413202

Cultrex reduced growth factor basement 

membrane extract, type 2, Select

BioTechne Cat#3536-001-02

Collagenase type I Gibco Cat#17-100-017

Collagenase type II Sigma-Aldrich Cat#C6885

DNAse I Roche Cat#4716728001

DMEM-F12 GIBCO Cat#31331-028

Advanced DMEM-F12 GIBCO Cat#12634-028

Opti-MEM Gibco Cat#31985-062

TexMacs medium Miltenyi Cat#130-097-196

Penicillin/streptomycin GIBCO Cat#15070063

Ultraglutamine type I Lonza Cat#BE17-605E

HEPES GIBCO Cat#15630-056

Accutase GIBCO Cat#A1110501

Recovery Cell Culture Freezing Medium GIBCO Cat#12648-010

RPMI 1640 GIBCO Cat#11875093

Human serum, from human male AB plasma Sigma-Aldrich Cat#H3667

Benzonase Merck Cat#70746-3

Human recombinant interferon gamma Peprotech Cat#300-02

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat#19-144

Ionomycin Sigma-Aldrich Cat#I9657

Dispase type II Sigma-Aldrich Cat#D4693

Interleukin-2 Slotervaart Medical Center Proleukin

Ficoll-Paque Plus GE Healthcare Cat#17-1440-02

Recombinant human IL-21 Peprotech Cat#AF-200-21

Recombinant human IL-15 Peprotec Cat#AF-200-15

Lympholyte CedarLane Cat#CL5020

UltraPlast premium embedding medium Solmedia Cat#WAX060-T

Epitope retrieval solution 1 Leica Cat#AR9961

Epitope retrieval solution 2 Leica Cat#AR9640

DAPI Thermo Fisher Scientific Cat#62248

Prolong Gold Antifade reagent Invitrogen Cat#36934

Near-IR fixable viability dye Invitrogen Cat#L34994

NY-ESO-1 peptide (SLLMWITQC) PepScan N/A

MART-1 peptide (ELAGIGILTV) ProteoGenix N/A

Lipofectamine RNAiMAX Transfection reagent ThermoFisher Cat#13778100

Polyethylenimine (PEI) Polysciences Cat#23966

Polybrene Merck Millipore Cat#TR-1003-G

Primocin Invivogen Cat#ant-pm-1

Critical commercial assays

Tumor cell dissociation kit, human Miltenyi Cat#130-095-929

CD8 + T cell isolation kit, human Miltenyi Cat#130-096-495

(Continued on next page)

ll
OPEN ACCESSArticle

Cancer Cell 43, 1–17.e1–e10, October 13, 2025 e2

Please cite this article in press as: Dijkstra et al., Subclonal immune evasion in non-small cell lung cancer, Cancer Cell (2025), https://doi.org/10.1016/j. 
ccell.2025.06.012



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NK cell isolation kit, human Miltenyi Cat#130-092-657

Discovery ChromoMap DAB kit Roche Cat#760-159

Novolink polymer detection system Leica Cat#RE7260-CE

Cytometric bead array (CBA) human 

IFNg flex set

BD Biosciences Cat#558269

AllPrep DNA/RNA isolation kit Qiagen Cat#80204

RNEasy isolation kit Qiagen Cat#74104

High-Capacity complementary DNA 

Reverse Transcription Kit

ThermoFisher Cat#4368814

Fast SYBR green master mix ThermoFisher Cat#4385610

Maxima First Strand cDNA synthesis kit ThermoFisher Cat#K1671

SensiFAST SYBR Hi-ROX kit Meridian Bioscience Cat#92005

KAPA mRNA HyperPrep kit Roche Cat#08098115702

Human Core Exome kit Twist Bioscience Cat#PN100254

NEBNext® Ultra™ II DNA Library Prep Kit for Illumina New England Biolabs Cat#E7645L/E7103L

Human core exome panel Twist Bioscience Cat#100254

Twist Universal Blockers Twist Bioscience Cat#100578

Twist Fast Hybridisation Reagents Twist Bioscience Cat#100964

Twist Fast Wash Buffers Twist Bioscience Cat#100971

Chromium Next GEM Single-cell 5 ′ kit v2 10x Genomics Cat#PN-1000263

Deposited data

Processed sequencing data This paper https://doi.org/10.5281/zenodo.11520198

Raw sequencing data This paper EGA; dataset accession code 

EGAD00001015537

Experimental models: Cell lines

R-spondin producer cell line Laboratory of Calvin Kuo, 

Stanford, USA

293T-HA-RspoI-Fc

Noggin producer cell line Laboratory of Hans Clevers, 

Utrecht, the Netherlands

HEK293-mNoggin-Fc

Human normal airway and non-small cell lung 

cancer organoids

This paper N/A

NY-ESO-1 T cells Laboratory of Martin Pule, 

London, UK

N/A

MART-1 T cells Laboratory of John Haanen, 

Amsterdam, the Netherlands

N/A

Oligonucleotides

NOA1 Silencer siRNA (ID: 147930) ThermoFisher Cat#AM16708

Silencer negative control No. 1 siRNA ThermoFisher Cat#AM4611

CTAG1B FWD primer (GCTTGAGTTCTACCTCGCCA) IDT N/A

CTAG1B REV primer (ATGTTGCCGGACACAGTGAA) IDT N/A

HPRT FWD primer (AGCCAGACTTTGTTGGATTTG) IDT N/A

HPRT REV primer (TTTACTGGCGATGTCAATAAG) IDT N/A

TBP FWD primer (CGGCTGTTTAACTTCGCTTC) IDT N/A

TBP REV primer (CACACGCCAAGAAACAGTGA) IDT N/A

UBC FWD primer (ATTTGGGTCGCGGTTCTTG) IDT N/A

UBC REV primer (TGCCTTGACATTCTCGATGGT) IDT N/A

NOA1 FWD primer (CCTGCAGGGAAATCAGTCAG) IDT N/A

NOA1 REV primer (TCCACCCATTGGAATCTGGA) IDT N/A

GADPH FWD primer (TTAAAAGCAGCCCTGGTGAC) IDT N/A

GAPDH REV primer (CTCTGCTCCTCCTGTTCGAC) IDT N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Patients were recruited in the Tracking Cancer Evolution through Therapy (TRACERx) clinical study, which was approved by an in- 

dependent research ethics committee (13/LO/1546; https://clinicaltrials.gov/ct2/show/NCT01888601). Written informed consent 

was obtained from each patient. Patient 2 is part of the recently published TRACERx 421 cohort 10 and PDX established from this 

patient’s tumor have been described recently. 38 Patients are known under study identifiers CRUK1398 (patient 1; male), 

CRUK0718 (patient 2; male), and CRUK1378 (patient 3; female).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pCMV-ΔR8.2-dvpr plasmid DNA Stewart et al. 39 Addgene, Cat#8455

pCMV VSV-G plasmid DNA Stewart et al. 39 Addgene, Cat#8454

pLVX-CMV-CTAG1B (NY-ESO1)- 

IRES-ZsGreen plasmid DNA

Laboratory of Manuel Varas, 

San Sebastian University, Chile

N/A

pLVX-CMV-Stuffer-IRES-ZsGreen_ 

empty plasmid DNA

Laboratory of Manuel Varas, 

San Sebastian University, Chile

N/A

Software and algorithms

R (v4.2.2) R Core Team www.r-project.org

Prism (v10.0.3) GraphPad www.graphpad.com

Python (v3.8) Python Software Foundation www.python.org

Exome sequencing processing pipeline Frankell et al. 10 N/A

Conpiher (v2.1.0) Grigoriadis et al. 40 https://github.com/McGranahanLab/

CONIPHER

seaborn.clustermap (v0.12.2) Waskom 41 https://seaborn.pydata.org/generated/

seaborn.clustermap.html

Refphase (v0.3.2) Watkins et al. 42 https://bitbucket.org/schwarzlab/

refphase/src/master/

Upsetplot (v0.8.0) Lex et al. 43 https://upsetplot.readthedocs.io/en/stable/

MHC Hammer Puttick et al. 44 https://github.com/McGranahanLab/

mhc-hammer

HLA-HD (v1.2.1) Kawaguchi et al. 45 https://w3.genome.med.kyoto- 

u.ac.jp/HLA-HD/

NetMCHpan4.1 Reynisson et al. 46 https://services.healthtech.dtu.dk/

services/NetMHCpan-4.1/

Limma-voom (v.3.54.1) Ritchie et al. 47 https://bioconductor.org/packages/

release/bioc/html/limma.html

DESeq2 (v.1.38.3) Love et al. 48 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

edgeR (v.3.40.2) Robinson et al. 49 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

fgsea (v1.16.0) Korotkevich et al. 50 https://bioconductor.org/packages/

release/bioc/html/fgsea.html

msigdbr (v7.5.1) Dolgalev https://igordot.github.io/msigdbr/

Decombinator Thomas et al. 51 https://github.com/innate2adaptive/

Decombinator

ImmunoSeq Analyzer Adaptive Biotechnologies https://clients.adaptivebiotech.com

Cell Ranger (v6.0) 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

pipelines/latest/what-is-cell-ranger

Scanpy (v1.9.1) Wolf et al. 52 https://scanpy.readthedocs.io/

ImageJ (v2.1.0) Rueden et al. 53 https://imagej.net/ij/
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Processing of tumor and non-malignant lung tissue

Tumor and non-malignant lung tissue was obtained from patients undergoing surgical resection of a primary NSCLC. Tissue was 

immediately transported on ice from the operation theater to a pathology laboratory, where the tumor was sampled at multiple 

different, spatially separated regions by a pathologist. In one case (patient 2), regional tissue samples were first expanded as 

PDX 38 prior to organoid establishment. In other cases, organoids were established directly from fresh tumor tissue. Tumor and 

non-malignant lung tissue was collected in Ad-DF+++ medium (Advanced DMEM/F12 (Gibco) supplemented with 2 mM Ultraglut- 

amine I (Lonza), 10 mM HEPES (Gibco), and 100 U/mL pencillin / 100 μg/mL streptomycin (Gibco)), further supplemented with 1x 

Primocin (Invivogen) and stored on ice. Samples were processed for organoid establishment within 24 h after resection.

All plasticware was first coated by rinsing with a 1% fetal calf serum (FCS)/PBS solution to prevent sticking of tumor cells or frag- 

ments to plastics. Tumor samples were washed in phosphate buffer saline (PBS), dissected into small fragments using surgical scal- 

pels and resuspended into 2.3 mL digestion buffer (Tumor Dissociation Kit, Miltenyi). Tumors were digested following manufacturer’s 

instructions for 60 min on a gentleMACS system. Digested tumor fragments were passed through a 70 μm strainer and pelleted by 

centrifugation (300 g, 4 ′ , room temperature). If the cell pellet was red, cells were incubated for 5 min in red blood cell lysis buffer 

(8.26 g/L ammonium chloride, 1 g/L sodium bicarbonate, 0.1 mM EDTA in distilled water) at room temperature. Cells were washed 

twice with PBS and pelleted by centrifugation.

Non-malignant lung tissue was dissected into small fragments and resuspended in 10 mL lung digestion buffer (1.5 mg/mL colla- 

genase type II (Sigma-Aldrich), 500 μg/mL dispase type II (Sigma-Aldrich), 10 μM Y-27632 (Selleck Chemicals) and 1:500 Primocin in 

PBS). Cells were incubated for 30–60 min at 37 ◦ C and mixed every 10–15 min by resuspension with 10 mL stripettes. Digestion was 

terminated after 60 min, or when tissue had largely dissociated into small clusters or single cells. Cells were pelleted by centrifugation 

(300 g, 4 ′ , room temperature). If the cell pellet was red, cells were incubated for 5 min in red blood cell lysis buffer at room temper- 

ature. Cells were washed three times with PBS and pelleted by centrifugation.

Tumor or normal lung cells were either seeded for organoid culture (see below) or frozen in ice-cold 10% dimethyl sulfoxide 

(DMSO)/FCS or Recovery Cell Culture Freezing medium (Gibco) in a freezing container at − 80 ◦ C and transferred to liquid nitrogen 

the next day.

Tumor organoid establishment and maintenance

Establishment of tumor and normal airway organoids was performed using previously published methods, 54 with some adapta- 

tions. Briefly, tumor cells from processed tissue were resuspended in ice-cold basement membrane extract (BME; Geltrex 

LDEV-free reduced growth factor basement membrane matrix (Gibco) or Cultrex reduced growth factor basement membrane 

extract, type 2, Select (BioTechne)), diluted 2:1 with DMEM-F12+ (DMEM-F12 supplemented with 100 U/mL pencillin / 100 μg/ 

mL streptomycin). After solidification of BME (20 ′ at 37 ◦ C), tumor organoids from patients 1 and 2 were overlaid with minimal basic 

medium (MBM) to prevent outgrowth of normal airway organoids. 55 Tumor organoids from patient 3 did not grow in MBM and were 

cultured in complete lung organoid medium instead, 37 as were normal airway organoids. MBM consists of DMEM/F12+, supple- 

mented with 1x B27 supplement (Gibco), 1x N-2 supplement (Gibco), 50 ng/mL human recombinant EGF (Peprotech), 20 ng/mL 

human recombinant FGF-2 (Peprotech) and 10 μM Y-27632 (Selleckchem). Complete lung medium consists of Advanced DMEM/ 

F12 (Gibco), supplemented with 100 U/mL pencillin / 100 μg/mL streptomycin, 2 mM Ultraglutamine I (Lonza), 10 mM HEPES 

(Gibco), 10% Noggin-conditioned medium, 10% R-spondin-1-conditioned medium, 1x B27 supplement (Gibco), 10 mM nicotin- 

amide (Sigma-Aldrich), 1.25 mM N-Acetylcysteine (Sigma-Aldrich), 500 nM A83-01 (Tocris Bioscience), 1 μM SB202190 (Cayman 

Chemicals), 25 ng/mL FGF-7 (Peprotech), 100 ng/mL FGF-10 (Peprotech), and 5 μM Y-27632 (Selleckchem). R-spondin1- 

conditioned medium was produced from 293T-HA-RspoI-Fc producer cell lines (obtained from C. Kuo, Stanford) and Noggin- 

conditioned medium from HEK293-mNoggin-Fc cell lines (obtained from J. den Hertog, Utrecht). Organoids were passaged by 

isolating organoids from BME by washing with cold PBS, followed by dissociation with accutase (Gibco) for 3–10 ′ at 37 ◦ C. Single 

cells or small cell clusters were re-seeded in BME and cultured as above. Master and working biobanks were cryopreserved as 

previously described. 54 Organoids were authenticated using short tandem repeat (STR) profiling and regularly tested for contam- 

ination with Mycoplasma.

TIL expansion

Fresh tumor and normal adjacent tissue were cut into ∼1–2 mm 3 pieces and enzymatically digested in 3 mL RPMI-1640 (Sigma) with 

34.4 μg/mL Collagenase Type I (Gibco) and 75 μg/mL DNase I (Roche), followed by mechanical disaggregation using a gentleMACS 

Octo Dissociator (Miltenyi Biotec) at 37 ◦ C for 1 h with constant slow mixing. A single cell suspension was obtained by filtering the 

digest over a 70 μm strainer with 5 mL complete RPMI-1640 supplemented with 2% fetal bovine serum (FBS; Gibco or PAN Biotech), 

1% L-glutamine (Sigma), and 100 U/mL pencillin / 100 μg/mL streptomycin. TIL were subsequently isolated by density gradient 

centrifugation (750 g, 10 min) on Ficoll-Paque Plus (GE Healthcare). The buffy coat was collected at the interface, washed twice 

in complete RPMI, resuspended in 90% FBS with 10% DMSO (Sigma) and cryopreserved prior to downstream analysis. 

Cryopreserved TIL were expanded in two phases in an adaptation to our previous protocol for expansion of peripheral blood lym- 

phocytes. 14,54 In a pre-rapid expansion protocol (pre-REP), thawed TIL were resuspended in TexMACS medium (Miltenyi) supple- 

mented with 5% human serum (Sigma-Aldrich) and 100/100 U/mL penicillin/streptomycin. TIL were combined with mixtures of all 

autologous regional organoids for that patient that were stimulated with 20 ng/mL IFNg (Peprotech) for 24 h prior to co-culture, at 

a 5:1 T cell:tumor cell ratio. Co-cultures were performed in the presence of 6000 U/mL IL-2 (Proleukin), 25 ng/mL IL-21 (Peprotech),
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10 μg/mL Ultra-LEAF purified anti-CD274 antibody (Clone 29E.2A3, Biolegend), and 1:500 Primocin. TIL were expanded for 3 weeks 

in a pre-REP with weekly restimulation with fresh organoids.

After pre-REP, TIL were further expanded in 1–2 cycles of a REP, 16 by stimulation with 30 ng/mL anti-CD3 (OKT-3, eBioscience), 

3000 U/mL IL-2, and 1:100 40 Gy irradiated feeder cells from three pooled healthy donors (Tebu-Bio). After two weeks of REP, cells 

were rested for 1 week in T cell medium (RPMI 1640 medium (Gibco) supplemented with 10% human serum and 100/100 U/mL peni- 

cillin/streptomycin) with 100 U/mL IL-2 before cryopreservation.

Model antigen T cells

NY-ESO-1 T cells were kindly provided by Angeliki Karamani, Manar Shafat, Gordon Weung-Kit Cheung and Martin Pule, purified for 

CD8 + T cells using a CD8 + T cell isolation kit (Miltenyi) and expanded in a REP as described above for TIL. MART-1 specific T cells 

were kindly provided by Ton Schumacher, John Haanen and Wouter Scheper. MART-1 and NY-ESO-1 T cells were maintained in 

T cell medium with 100 U/mL IL-2.

Natural killer cells

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats obtained from healthy anonymous donors (Sanquin, Am- 

sterdam, the Netherlands) using Lympholyte (Cedarlane) density gradient separation. Thereafter, NK cells were isolated using a hu- 

man NK cell isolation kit (Miltenyi) according to manufacturer’s instructions and cryopreserved until further use. Two days before co- 

culture with organoids, NK cells were thawed and cultured with 10 ng/mL IL15 (Peprotech) at a concentration of 1–2*10 6 cells in T cell 

medium.

METHOD DETAILS

Isolation of pure tumor organoids

Initial cultures from patient 3 contained a mixture of tumor and normal organoids (Figure S1B). 35 Tumor organoids were more cystic 

than normal airway organoids and readily dissociated upon repeated resuspension. Pure tumor organoid cultures were generated by 

passing dissociated organoids through a 100 μm strainer, which only passed through dissociated tumor organoids and retained un- 

dissociated normal airway organoids.

Generation of clonal organoid libraries

Regional organoids were passaged to single cells using accutase and re-seeded sparsely in BME. Single cells were allowed to grow 

out into large individual organoids. Single organoids were individually isolated by manual removal using a P200 pipette tip and trans- 

ferred to a pre-coated (1% FCS/PBS) Eppendorf tube. Tubes containing single organoids were centrifuged (300 g, 4 ′ ) and as much 

supernatant was removed as possible without disturbing the organoid. Single organoids were resuspended in diluted BME and 

seeded into 96-well plates and cultured as described above.

Immunohistochemistry and multiplex immunofluorescence

Organoids were isolated from BME by washing with ice-cold PBS and fixed in neutral buffer formalin (NBF) for 1 h at room temper- 

ature. For cystic organoids, to preserve their integrity, media was removed from organoid cultures and organoids were directly re- 

suspended in NBF for 24 h without centrifugation. After fixation, NBF was removed and organoids were embedded in 2–4% agarose. 

Organoids were standardly processed on a Tissue Tek VIP 6 tissue processor, embedded in UltraPlast Premium Embedding Medium 

(Solmedia Wax 060-T) and sectioned on a Leica RM microtome at 3 μm. The slides were the loaded onto a Tissue Tek Prima autos- 

tainer for staining on the routine Haematoxylin and Eosin protocol. The CK5 (Abcam AB52635) IHC was performed on the Roche 

Discovery Ultra Ventana platform, using an antibody dilution of 1:2000, antigen retrieval with CC1 for 48 min and primary antibody 

incubation for 60 min, followed by Roche Omnimap anti-rabbit HRP, before Chromomap DAB application (Roche).

For multiplex immunofluorescence (IF) of FFPE slides, tissue was fixed for 24h in 10% NBF before processing to wax using a 

Tissue-Tek VIP 6 AI processor. 3 μm FFPE sections were cut and baked for 1h at 60 ◦ C before staining was performed on the Leica 

Bond Rx platform. Hydrogen peroxide (3%) was used to block the endogenous peroxidase and 0.1% BSA solution was used for pro- 

tein blocking. Antigen retrieval stripping steps between each antibody were performed with either Epitope Retrieval Solution 1 or 

Epitope Retrieval Solution 2 (Leica) for 20 min. Three triple IF stainings were performed and antibodies were applied with Opal pair- 

ings in the following order: Panel 1 – PanCK (Agilent, M3515) 1:200 with Opal 520 1:500, MPO (abcam, ab208670) 1:2000 with Opal 

570 1:500, and CD68 (Agilent, GA60961-2) RTU with Opal 690 1:200. Panel 2 – FoxP3 (abcam, ab20034) 1:100 with Opal 570 1:500, 

CD8 (Agilent, GA623) RTU with Opal 690 1:200, and CD3 (abcam, ab134096) 1:500 with Opal 520 1:500. Panel 3: aSMA (Agilent, 

M0851) 1:250 with Opal 570 1:500, CD8 (Dako, GA623) RTU with Opal 690 1:200, and NCAM1/CD56 (abcam, ab237708) 1:2000 

with Opal 520 1:500. Bond rabbit anti-mouse and mouse HRP anti-rabbit Polymer (Leica) was used as secondary detection. Slides 

were counterstained with DAPI (Thermo Scientific) 1:2500. Slides were mounted with Prolong Gold Antifade reagent (Invitrogen, 

P36934). Stained samples were acquired using an Olympus Slideview VS220 automated slide scanner. Fluorescence images 

were taken using a 20x/0.8 UPLXAPO objective and Brightline Sedat Pentaband filterset from Semrock (DA/FI/TR/Cy5/Cy7- 

5X5M-B-000) to acquire the respective channels. Image processing, including background subtraction and visualisation, was per- 

formed with python v3.8.17 (package skimage) and ImageJ v2.1.0 (IJ2 linux64 launcher). 53
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Organoid – T cell co-culture and T cell reactivity assays

Organoids were dissociated to single cells using accutase and passed through a 40 μm strainer. Expanded TILs were thawed 

1–3 days prior to co-culture and maintained in T cell medium with 100 U/mL IL-2. TIL were combined with dissociated tumor cells 

at a 2:1 ratio in T cell medium and plated at 0.5–1*10 5 T cells/well in a U-bottom 96-well plate. Reactivity assays were performed 

in the presence (reactivity of TIL against regional and clonal organoids) or absence (assays comparing reactivity to normal and tumor 

organoids; NY-ESO-1 and MART-1 T cell assays) of 100 U/mL IL-2. Phorbol myristate acetate (PMA; 50 ng/mL) and ionomycin 

(1 μg/mL) served as positive control. After 20–24 h of co-culture, 100 μL supernatant was collected for cytokine analysis (see below), 

and cells were washed twice in flow cytometry buffer (PBS supplemented with 0.1% bovine serum albumin (BSA) and 2.5 mM ethyl- 

enediamine tetraacetic acid (EDTA)) and stained with the following antibodies (all Becton Dickinson (BD) Biosciences) in flow cytom- 

etry buffer for 30 ′ at 4 ◦ C: anti-CD3-BB700 (SK7; 1:200 dilution), anti-CD4-FITC (RPA-T4; 1:20), anti-CD8-BV421 (RPA-T8; 1:200), 

anti-CD137-PE (4B4-1; 1:30), and live/dead fixable near-IR dead cell dye (Invitrogen; 1:200). Cells were washed twice again in 

flow cytometry buffer and recorded on a Bio-Rad ZE5 Cell Analyzer, or on a BD Fortessa, X20, or LSR flow cytometer.

For reactivity assays using antigen-loaded organoids, organoids were dissociated to single cells, and incubated in RPMI medium 

(without serum) with 10 μg/mL NY-ESO-1 peptide (SLLMWITQC, PepScan) or MART-1 peptide (ELAGIGILTV, Proteogenix) for 30 ′ at 

37 ◦ C. Tumor cells were washed twice in PBS, resuspended in T cell medium and used for reactivity assays as described above. 

For MHC-I blocking assays, tumor cells were pre-incubated with 50 μg/mL W6/32 MHC-I blocking antibody (Cell Services, the 

Francis Crick Institute, London, UK) for 30 ′ at 37 ◦ C before addition of T cells. Antibody remained present throughout the co-culture. 

For MICA/B blocking assays, tumor cells were first loaded with NY-ESO-1 peptide, followed by pre-incubation for 30 ′ at 37 ◦ C with 

either 10 μg/mL MICA/B blocking antibodies (clone 6D4) or IgG2 isotype control (both BioLegend). Co-cultures were performed in the 

presence or absence of blocking or control antibodies.

NK cell reactivity assays

Two days before co-culture with organoids, NK cells were thawed and cultured with 10 ng/mL IL15 (Peprotech, #200-15) at a concen- 

tration of 1–2*10 6 cells in T cell medium. For co-cultures, NK cells were combined with dissociated tumor cells at a 2:1 ratio in T cell 

medium and plated at 2.5*10 4 NK cells/well in a U-bottom 96-well plate. After 24 h of co-culture, 100 μL supernatant was collected 

for cytokine analysis (see below), and cells were washed twice in flow cytometry buffer and stained with the following in flow cytometry 

buffer for 30 ′ at 4 ◦ C: anti-CD3-BB700 (BD Biosciences; SK7; 1:200 dilution), anti-CD16-AF700 (BioLegend; 3G8; 1:40), anti-CD56- 

BV605 (BioLegend; 5.1H11; 1:200), anti-CD137-PE (BD Biosciences; 4B4-1; 1:30), and live/dead fixable near-IR dead cell dye (Invitro- 

gen; 1:200). Cells were washed twice again in flow cytometry buffer and recorded on a BD Fortessa flow cytometer.

Cytometric bead array (CBA)

Supernatant of co-culture assays was stored at − 80 ◦ C until use. A 96-well U-bottom plate was washed once with CBA buffer (PBS 

supplemented with 0.1% BSA and 0.5 mM EDTA). 10 μL supernatant was added to each well and combined with 0.2 μL IFNg capture 

beads (CBA IFNg flex set, BD Biosciences) diluted in 10 μL CBA buffer, mixed for 5 ′ on an orbital shaker and incubated for 1 h at room 

temperature. 0.2 μL/well of IFNg detection antibody diluted in 10 μL CBA buffer was then added to each well, followed by mixing for 5 ′ 

on an orbital shaker and incubation for 2 h at room temperature. Fluorescence intensity was recorded on a BD Fortessa or LSR flow 

cytometer, with an IFNg standard curve as an internal reference. Data was interpolated to the standard curve using GraphPad Prism 

v10.0.3 and values below the interpolation range set to zero.

HLA class I and PD-L1 surface staining

Organoids were stimulated with 20 ng/mL IFNg for 48 h or left unstimulated before dissociation to single cells using accutase. Cells 

were washed twice in flow cytometry buffer and stained with the following antibodies (all 1:100 dilution) for 30 ′ at 4 ◦ C: anti-HLA-A2- 

APC (BB7.2, BD Biosciences), anti-HLA-ABC-PE (G46–2.6, BD Biosciences), PD-L1-APC (MIH-1, eBioscience), or IgG1 κ-APC 

(eBioscience) or IgG1 κ-PE isotype controls (BD Biosciences). (Invitrogen). Cells were washed twice again in flow cytometry buffer, 

stained with 1 μg/mL DAPI (Thermo Fisher) and recorded on a BD Fortessa, X20 or LSR flow cytometer.

NOA1 silencing

For siRNA-mediated knockdown of NOA1, organoids were dissociated to single cells using accutase and resuspended at 5*10 5 cells/ 

1.5 mL MBM and plated at 1.5 mL per well in 6-well plates. Two separate microcentrifuge tubes were prepared for each transfection, 

each with 250 μL Opti-MEM (Gibco). 7.5 μL Lipofectamine RNAiMAX (ThermoFisher Scientific) was added to one tube, and 2 μL 

NOA1 (ThermoFisher, siRNA ID 147930) or control siRNA (Silencer negative control No. 01 siRNA, ThermoFisher) from 50 μM stock 

to the other tube, for a final concentration of 50 nM in 2 mL. Both tubes were incubated at room temperature for 5 min, mixed and 

incubated for an additional 15 min before adding 500 μL dropwise to each well (1.5 mL) of dissociated organoids. After centrifugation 

for 1 h at 100 g, organoids were cultured for 48 h at 37 ◦ C before continuing with organoid – T cell co-culture assays as described 

above. Knockdown efficiency was confirmed by RT-qPCR (see below).

RT-qPCR

To determine CTAG1B (NY-ESO-1) RNA expression, RNA and DNA were extracted with AllPrep DNA/RNA kit (Qiagen) according to 

manufacturer’s instructions. 1 μg of RNA was reverse transcribed using the High-Capacity complementary DNA Reverse
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Transcription Kit (ThermoFisher Scientific) according to manufacturer’s instructions. CTAG1B (NY-ESO-1) (FWD: GCTTGAGTTC 

TACCTCGCCA; REV: ATGTTGCCGGACACAGTGAA) RNA expression was measured by qPCR using Fast SYBR Green Master 

Mix (ThermoFisher Scientific) on a LightCycler 480 (Roche). HPRT (FWD: AGCCAGACTTTGTTGGATTTG; REV: TTTACTGGCGATG 

TCAATAAG), TBP (FWD: CGGCTGTTTAACTTCGCTTC; REV: CACACGCCAAGAAACAGTGA) and UBC (FWD: ATTTGGGTCG 

CGGTTCTTG; REV: TGCCTTGACATTCTCGATGGT) were used as reference genes.

To determine NOA1 expression, RNA was isolated using RNeasy mini kit (Qiagen). 300 ng RNA was reverse transcribed using 

Maxima First Strand cDNA Synthesis Kit (ThermoScientific). NOA1 (FWD: CCTGCAGGGAAATCAGTCAG, REV: TCCACCCAT 

TGGAATCTGGA) RNA expression was measured by qPCR using a SensiFAST SYBR Hi-ROX kit (Meridian Bioscience) on a 

QuantStudio 3 (ThermoFisher) using GAPDH (FWD: TTAAAAGCAGCCCTGGTGAC, REV: CTCTGCTCCTCCTGTTCGAC) as refer- 

ence gene.

Lentivirus production

HEK293T cells were transfected with standard PEI method. Briefly, cells were plated in a 6 cm ∅ dish in DMEM Glutamax (Gibco, 

Invitrogen) supplemented with 10% FBS (Gibco, Invitrogen) and 100 U/mL pencillin / 100 μg/mL streptomycin. When cells reached 

90% confluency, they were transfected with the following transfection mix: 1 mL of Opti-MEM (Gibco, Invitrogen) containing 16.5 μL 

of PEI (1 mg/mL, pH 4.5, Polysciences), 1.25 μg of pCMV-ΔR8.2-dvpr (Addgene, #8455) plasmid DNA, 39 0.415 μg of pCMV VSV-G 

(Addgene, #8454) plasmid DNA, and 2.85 μg of pLVX-CMV-CTAG1B (NY-ESO1)-IRES-ZsGreen, or pLVX-CMV-Stuffer-IRES- 

ZsGreen_empty control plasmid DNA (both from Manuel Varas, San Sebastian University, Chile). 16 h post-transfection, media 

was replaced with DMEM Glutamax (Gibco, Invitrogen) supplemented with 20% FBS (Gibco, Invitrogen) and 100 U/mL pencillin / 

100 μg/mL streptomycin. Viral supernatant was collected 48 and 72 h post-transfection. Supernatant from the 48 h collection was 

kept at 4 ◦ C for 24 h and mixed with the 72 h supernatant. The mix was then centrifuged at 300 g for 5 min at room temperature, 

the supernatant was collected, avoiding contact with any visible pellet, and immediately filtered with a 0.45 μm low-adhesion filter 

(Merck Millipore) to remove any cell debris. Viral supernatant was either used fresh for lentiviral transduction or stored at − 80 ◦ C.

CTAG1B (NY-ESO-1) transduction of organoids

Organoids were dissociated to single cells with accutase and resuspended at 1*10 6 cells/mL in DMEM/F12 medium supplemented 

with 100 U/mL pencillin / 100 μg/mL streptomycin. Tumor cells were combined 1:1 with 3x diluted NY-ESO-1 lentivirus (pLVX-CMV- 

CTAG1B (NY-ESO1)-IRES-ZsGreen) or control virus (pLVX-CMV-Stuffer-IRES-ZsGreen_empty) in the presence of 8 μg/mL poly- 

brene (Merck Millipore) and 10 μM Y-27632. Cells were plated at 1*10 6 cells/well in a 12-well plate, centrifuged for 1 h at 100 g 

and incubated overnight at 37 ◦ C. Cells were washed in PBS and plated in BME for organoid formation as described above. Trans- 

duced organoids were selected based on puromycin resistance and transduction efficiency was monitored using flow cytometry 

based on co-expression of the fluorescent marker ZsGreen.

DNA sequencing

DNA and RNA was extracted from organoid samples or expanded TIL (as germline reference) with AllPrep DNA/RNA kit (Qiagen) ac- 

cording to manufacturer’s instructions. Exome capture was performed using the Twist Fast Hybridization Target enrichment protocol 

on libraries prepared with the NebNext Ultra II DNA library Prep Kit (NEB), starting from over 200 ng of genomic DNA, following the 

manufacturer’s instructions, and using the following key reagents (all Twist Bioscience): Human Core exome panel, Twist Universal 

Blockers, Twist Fast Hybridisation Reagents, and Twist Fast Wash Buffers. Samples were 100 bp paired-end sequenced on a 

NovaSeq at the Genomics Facility at the Francis Crick Institute, London, UK, with an aimed coverage of 300x for regional organoid 

lines, and 50x for clonal organoid lines and germline samples. Protocols for sequencing of primary tumor regions from TRACERx 

samples have been previously reported. 10

Genomic analysis

DNA sequencing data was processed using a core pipeline which has been previously described in detail. 38 Phylogenetic trees were 

generated using the conipher R package (v2.1.0). 40 Specifically, we first performed mutational clustering using conipher (flags: 

–min_cluster_size 3, otherwise default parameters were used), we then generated trees using conipher on the clustered mutations 

(flags: –multi_trees FALSE, otherwise default parameters were used). For patient 3, the default tree resulted in the absence of a muta- 

tional cluster from the tree which was manually added after data curation. Trees were annotated with non-synonymous exonic mu- 

tations in lung cancer driver genes 10 and a manually curated list of genes relevant for immune control (Table S7). Plots showing hi- 

erarchical clustering of total copy number profiles were generated using seaborn.clustermap (v0.12.2, https://seaborn.pydata.org/ 

generated/seaborn.clustermap.html). 41 Total copy number calls were generated using the Refphase R package (v0.3.2). 42 Upset 

plots for the visualization of mutation set overlap between regional or clonal organoids were generated with the upsetplot python 

package (v0.8.0; https://upsetplot.readthedocs.io/en/stable/). 43 MHC Hammer was run with default parameters to determine the 

presence of HLA LOH. 44 Analyses of mutational burden are based on the number of exonic non-synonymous single nucleotide var- 

iants (SNV) or insertion/deletion mutations (indel) per sample. Patient-specific HLA haplotype predictions were obtained using HLA- 

HD (version 1.2.1). 45 Computation of mutational and copy number distance have been previously described in detail. 38 In brief, the 

mutational distance between two regions is large if few mutations are shared, or those mutations occur at very different frequencies.
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Truncal mutations are included for the calculation of mutational distance. Copy number distance is large if gains/losses of segments 

relative to ploidy diverge between regions. Mutation distance (but not copy number distance) is limited between 0 and 1.

To identify neoantigens, NetMCHpan4.1 46 was run on 9–11 neopeptides derived from nonsynonymous mutations across the or- 

ganoids, taking into account patient-specific HLA types. A cutoff of 2 in the eluted ligand rank was applied to define whether a peptide 

is bound to a specific HLA type. An observed nonsynonymous mutation is deemed a neoantigen binding to a specific HLA if at least 

one of its neopeptides is considered a binder.

RNA sequencing

Organoids were stimulated with 20 ng/mL IFNg for 24 h or left unstimulated prior to isolation from BME by washing in ice-cold PBS 

and RNA extraction using an AllPrep DNA/RNA kit (Qiagen) according to manufacturer’s instructions. Library prep was performed 

with 100–500 ng RNA using a KAPA mRNA polyA HyperPrep kit (Roche). Samples were 100 bp single read sequenced on a 

NovaSeq at the Genomics Facility at the Francis Crick Institute, London, UK.

Differential gene expression analysis

Differential gene expression analysis was performed using a similar approach as described previously, 38 with the following adapta- 

tions. Limma-voom (v.3.54.1) 47 was used to determine expression differences between organoid sublines of different immune clas- 

ses: hot (R3, R4) and cold (R2, R5) for patient 1, and hot (C24, C26), intermediate (C13, C305) and cold (C304, C308) for patient 2. 

Treatment status (IFNg pre-treatment or not) was included as a term in an interaction model with immune class. Region (patient 1) or 

clone (patient 2) was taken as a blocking factor, by performing within-region or within-clone expression correlations and including 

them within the voom model estimate based on the duplicateCorrelation function. Raw p values were adjusted using the Benja- 

mini-Hochberg (FDR) method, and genes with an adjusted p value <0.05 and an >1 absolute log2 fold change in expression were 

considered significant (>2 for focused analysis of immune evasion genes).

Principal component analysis was performed on log 2 transformed count data normalized for library size using the rlog function from 

the DESeq2 package (v1.38.3) 48 and the prcomp R function. Trimmed mean of M-value normalized count data was generated using 

edgeR (v3.40.2). 49 Expression of immune evasion genes was performed by filtering differential expression data between hot and cold 

organoids against a pre-defined list of immune evasion genes (Table S7).

Gene set enrichment analyses were performed on the differentially expressed genes using the t statistic from the limma results 

table as a score to rank genes. The function fgsea from the R package fgsea (v1.16.0) 50 was run with default parameters on all 50 

hallmarks from the MSigdb database. 56 Genesets from the hallmarks were obtained using the function msigdbr from the msigdbr 

(v7.5.1) package (Dolgalev, https://igordot.github.io/msigdbr/).

The induction of interferon stimulated genes was determined for a selection of genes from the ‘‘hallmark_response_to_interferon_ 

gamma’’ gene set from the Msigdb database. 56,57 A metagene was constructed based on the scaled average expression of all genes 

from this gene set, using the scale function from R version 4.2.2.

Bulk T cell receptor beta chain (TCRb) sequencing

For unexpanded TIL from patient 2 (R7) and expanded TIL from patient 1 (R2 or R3/4/5 combined), bulk T cell receptor beta chain 

sequencing was performed as previously described. 51,58 Briefly, whole RNA was extracted from NSCLC tumor samples (patient 

2) or expanded TIL sorted for CD8 + T cells (patient 1), reverse transcribed, ligated at the 3 ′ end with a single-stranded oligonucleotide 

barcode, and amplified by qPCR prior to Illumina sequencing. The inclusion of a unique molecular identifier in each barcode enabled 

rigorous correction for PCR and sequencing errors. TCR identification, error correction and CDR3 extraction were performed on 

sequenced reads using a custom suite of analysis tools: https://github.com/innate2adaptive/Decombinator. 51 TCR clones were 

defined by the unique combination of V and J genes and CDR3 amino acid sequences.

For patient 2, genomic DNA was extracted from expanded TIL (R7) and bulk TCRb sequencing was performed by Adaptive Bio- 

technologies and analyzed using the immunoSEQ analyzer platform.

Single cell RNA and TCR sequencing

For single cell RNA sequencing on patient 2 unexpanded TIL, cryopreserved TILs were enriched for T cells based on flow cytometry 

assisted cell sorting (FACS). Library preparation was performed using the Chromium Next GEM Single-cell 5 ′ kit v2 (10x Genomics). 

Raw sequencing data were processed using Cell Ranger v6.0 with default settings (https://support.10xgenomics.com/single-cell- 

gene-expression/software/pipelines/latest/what-is-cell-ranger). Reads were aligned to the human reference genome GRCh38. Pro- 

cessed single-cell RNA data was analyzed with custom in-house scripts in python (v3.8) using scanpy (v1.9.1, https://scanpy. 

readthedocs.io/). 52 For visualization of gene expression, a uniform manifold approximation and projection embedding was calculated 

using principal components calculated using highly variable genes (excluding mitochondrial, ribosomal, haemoglobin-encoding and 

T cell receptor V and J genes). Cells were scored with gene signatures for expression of CD3 (CD3D, CD3E, CD3G) or published sig- 

natures for CD8 + neoantigen-reactive (neoTCR8), 17 stem-like exhausted, 59 or exhausted 60 T cells using ‘‘scanpy.tl.score_genes()’’. 

The Cell Ranger VDJ filtered_contig_annotations output was used to define TCR clones and connect TCR clone identities to gene 

expression in the single-cell dataset. TCR clones were matched between the bulk T cell receptor beta chain sequencing and the sin- 

gle cell TCR sequencing dataset through sharing of V and J genes and CDR3 amino acid sequences (identical matches were made 

when using the CDR3 nucleotide sequence). Each bulk TCR chain for the dominant (Clone #1) and subdominant (Clone #2) clones in
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expanded TIL (Figure S1G) matched a single single-cell TCR clone. Comparison of gene expression in single cell TCR sequencing 

data was performed using an unpaired one-sided Wilcoxon signed-rank test, as implemented in the R package ggpubr, without 

correction for multiple testing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical testing was performed using R version 4.2.2 or Prism (v10.0.3). Replicates represent biological replicates (from indepen- 

dent experiments using organoid lines of different passage or processed on different moments), unless otherwise indicated. For the 

comparison of multiple conditions, when repeated measurements were available, a repeated-measures ANOVA was used. Repeated 

measures ANOVA cannot handle missing values. When there were missing values, we analyzed the data instead by fitting a mixed 

model as implemented in GraphPad Prism. This mixed model uses a compound symmetry covariance matrix, and is fit using 

Restricted Maximum Likelihood (REML). In the absence of missing values, this method gives the same p values and multiple com- 

parisons tests as repeated measures ANOVA. In the presence of missing values, the results can be interpreted like repeated mea- 

sures ANOVA. Ordinary one-way ANOVA was used if no repeated measurements data was available. Unless otherwise indicated, all 

experimental conditions were compared in a pairwise manner, and Tukey’s multiple comparison correction was applied. Only sig- 

nificant comparisons are plotted. For comparison of two conditions, two-sided paired t-tests were used. Bar graphs show mean ± s. 

e.m. and circles indicate individual data points, unless otherwise indicated in Figure legends. Additional details for statistical tests are 

indicated in figure legends. Statistical details for organoid differential expression analysis and TCR sequencing are indicated under 

the relevant Methods subheadings. Statistical significance indicated by asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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