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ABSTRACT 

Relevant pre-clinical models are essential for driving progress in cancer therapy research. Here, we develop 

a pre-clinical study framework using an injectable orthotopic lung adenocarcinoma (LUAD) model (ORTHO) 

that replicates key features of human LUAD patients and is dissectible into tumoural and non-tumoural 

adjacent tissue, in analogy with patient samples. We also present SEPARATE-Seq, a broadly applicable 
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technique enabling the partitioning of vascular and intratissue immune cells along with scRNA-Seq. By 

applying both SEPARATE-Seq and spatial transcriptomics to our dissectible ORTHO model, we confirm 

that our model replicates key immune features of human LUAD patients. Similarly to these patients, we 

observe NK-cell dysfunction and neutrophil dichotomy, and show that these are affected by their 

vascular/intratissue or tumour/adjacent location, highlighting the need for these spatial distinctions. 

Additionally, we show that several immune populations are restricted to specialised, local niches within the 

tumour, including a ring of lipid-associated TAMs lining the tumour edge and hubs of interferon-stimulated 

cells. Overall, our resource, available through an interactive tool, provides a comprehensive multiomics 

immune characterisation of a reproducible pre-clinical LUAD mouse model.  

 

INTRODUCTION 

Worldwide, lung cancer is the most prevailing and deadliest cancer type, with almost 2.5 million newly 

diagnosed cases and over 1.8 million deaths in 20221. Non-small cell lung cancer (NSCLC) is the most 

common type of lung cancer, accounting for approximately 90% of all lung cancer cases, and is further 

classified according to histological subtypes, with lung adenocarcinoma (LUAD) and squamous cell 

carcinoma (LUSC) being the most common2. Immune cells infiltrate the tumour microenvironment (TME) 

of NSCLC in large numbers, making up more than 50% of its total cellular composition. The main tumour-

infiltrating immune fraction in NSCLC is comprised of neutrophils, T cells and B cells3,4. The presence of 

each of these has been linked to both better and worse prognoses5–9, highlighting their broad diversity and 

the need for a better understanding of specific cell subsets and states. These cell-specific analyses and 

their resulting therapeutic research have mainly been performed in pre-clinical mouse models. To enable 

the effective translation of such pre-clinical research to clinical applications, it is essential to use appropriate 

and representative (animal) models. The available pre-clinical lung cancer models range from spontaneous 

and inoculable mouse models to innovative organoid and organ-on-a-chip models10,11. The advantage of 

using inoculable (syngeneic) models lies in their relatively fast tumour growth, the presence of a fully 

functional immune system, reproducibility, and the relative ease, cost and availability compared to 

genetically engineered mouse models. Historically, syngeneic subcutaneous tumour models have played a 

crucial role in cancer research, but their drawbacks are significant, specifically when focusing on the 

immune compartment. Indeed, under homeostatic conditions, the lung harbours a vast array of immune 

cells, comprised of alveolar (AMs) and interstitial macrophages (IMs), dendritic cells (DCs), neutrophils, T 

and B cells, among others12, which all can play a part in anti-/pro-tumour immune responses13–17. Hence, 

there is a need for models that combine the advantages of subcutaneous models, while also capturing the 

immune complexity of the lung environment.  

In this paper, we introduce an LLC-Thy1.1 orthotopic murine LUAD model (ORTHO), where adjacent non-

tumoural tissue can be precisely dissected from tumour nodules, allowing the simultaneous characterisation 

of the immune cell composition in both compartments individually, similar to what is routinely done for 
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patient samples. We performed a complete multiomics immune profiling of this ORTHO model, using 

multiparameter flow cytometry, spatial transcriptomics (Vizgen MERSCOPE), and scRNA-/CITE-Seq (10X 

Genomics) coupled with our newly developed SEPARATE-Seq (Streptavidin Enabled PARtitioning And Tag 

Evaluation for RNA-Sequencing) technique. SEPARATE-Seq enables the characterisation of (post-

perfusion) vascular and intratissue (immune) cells separately and can be widely applied to (other) biological 

research fields wherein this vascular-intratissue separation exists. As such, we show that the ORTHO 

model replicates specific tumour-driven immune phenotypes and features observed in patients, such as 

NK-cell dysfunctionality, T cell exhaustion and regulatory T cell (Treg) increase in the tumour, neutrophil 

dichotomy in adjacent versus tumour tissue, and the exclusion of AMs from the tumour. Moreover, we reveal 

distinct spatial patterns within ORTHO tumours, including the formation of a ring-like structure of lipid-

associated macrophages along the tumour edge and the presence of defined hubs composed of immune 

and non-immune cell subsets with an interferon-stimulated gene (ISG) signature, an architecture that is 

recapitulated in tumours of LUAD patients. Overall, we provide a thoroughly characterised pre-clinical LUAD 

model, with the SEPARATE-Seq data made available through an interactive webtool (https://single-

cell.be/Laouimmunology/SEPARATESeq). 

 

RESULTS 

Introducing a reproducible LLC-derived orthotopic NSCLC model 

To investigate how the immune compartment of the widely used subcutaneous LLC murine model18 

diverges from human disease, we analysed scRNA-Seq data on FACS-isolated viable CD45+ cells and 

compared the immune composition to that of human LUAD tumours, using the publicly available NSCLC 

scRNA-Seq atlas generated by Salcher et al.14 (Fig. 1A-1B). Within the human NSCLC atlas, we only 

retained studies that sequenced either the whole tissue or sorted CD45+ cells (106 LUAD patients; 

Supplementary Data 1) to ensure that quantitative information could be obtained. However, it is important 

to acknowledge that certain immune cells are more challenging to capture via scRNA-Seq, exemplified by 

human neutrophils which are underrepresented in this dataset3,14. After cell cluster annotation using 

canonical markers (Supplementary Fig. 1A-1B), a large contrast in lymphoid representation was observed 

when comparing the immune composition of subcutaneous tumours with LUAD tumours of patients. B, T 

and NK cells accounted for less than 5% in subcutaneous LLC tumours, whereas these lymphoid cells 

made up over 50% of the total immune compartment in LUAD tumours (Fig. 1C)3,4.  

To counter this mouse-human discrepancy and incorporate the important role of the lung environment, we 

evaluated several injectable orthotopic models based on the following criteria: (1) high technical feasibility 

and reproducibility, (2) ease of separating tumour nodules from adjacent non-tumoural tissue, as typically 

done for patient samples (Fig. 1C, 1D), and (3) ethical considerations, including reducing the number of 

animals and minimising suffering. We used an LLC-Thy1.1 cell line, allowing Thy1.1+ cancer cell 

identification via flow cytometry, and compared retro-orbital (RO), transthoracic (TT), intratracheal with 
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intubation (ITI) and direct intratracheal (ITD) inoculations (Fig. 1E). RO and TT routes were withdrawn due 

to adverse side effects (occasional eye tumour occurrence upon RO inoculation) or technical difficulties 

(tumour growth inside the pleural cavity upon TT inoculation) (Supplementary Fig. 2A). Both ITI and ITD 

models generated easily dissectible tumour nodules, but ITD was technically easier and faster to perform 

(Supplementary Movie 1). ITD (further referred to as ORTHO) was therefore chosen as the preferred 

method and resulted in tumours that could easily be followed up via micro computed tomography (µCT) 

(Supplementary Fig. 2B). To increase tumour take rates, we passaged the original LLC-Thy1.1 cell line (P0) 

twice in vivo, yielding the LLC-Thy1.1 P2 (P2) cell line (Fig. 1F-1G), which showed significant increase in 

take rate when inoculated using the ITD/ORTHO method (Fig. 1G, Supplementary Fig. 2C). To evaluate 

the relevance of the LLC-Thy1.1 P2 ORTHO model to human LUAD, we performed histopathological 

analysis and benchmarked it against the widely used KrasLSL-G12D/+;Trp53fl/fl (KP) genetically engineered 

LUAD model. While both models recapitulated features of human LUAD tumours (Supplementary Fig. 2D), 

they represented different disease grades. The KP model resembled more differentiated tumours with 

mixed acinar (grade 2), papillary (grade 2), and solid (grade 3) components, whereas the LLC-Thy1.1 P2 

ORTHO model displayed a more aggressive, high-grade, uniformly solid and sarcomatoid (grade 3) LUAD 

phenotype. Importantly, consistent with most human LUAD cases, tumour growth in the ORTHO model was 

predominantly localised, whereas the KP model developed widely spread multifocal primary tumours, a 

pattern that can occur in patients but is less commonly observed (Supplementary Fig. 2E).  

Additionally, the ORTHO model is compatible with both male and female mice. At comparable tumour 

volumes, no significant differences were observed in the overall immune cell composition between sexes, 

although there was a trend toward increased neutrophil infiltration in male samples (Supplementary Fig. 

3A-D). 

To unravel the intrinsic differences between the P0 and P2 cell lines, we conducted a crystal violet colony 

formation assay and a limiting dilution spheroid assay. Unexpectedly, P2 cells formed fewer colonies than 

P0 in the proliferation assay (Supplementary Fig. 4A) and displayed inferior spheroid formation potential at 

lower dilutions (50 and 100 cells) (Supplementary Fig. 4B), conflictingly suggesting that P2 hold a smaller 

proportion of tumour initiating cells. Moreover, the tumour mutational burden (TMB) did not reveal a 

difference between the two cell lines (TMBP0=13.0, TMBP2=13.2) and were in line with reported LUAD 

patient TMBs (11.8-12.9, 95% confidence interval)19. Next, we performed scRNA-Seq on the P0 and P2 

cell lines (Supplementary Fig. 4C-4D). Gene set enrichment analysis (GSEA) using the MSigDB database 

highlighted a positive enrichment for "MYC_TARGETS_V1", "MYC_TARGETS_V2", "G2M_CHECKPOINT" 

and "INFLAMMATORY_RESPONSE" in P2 versus P0 cells (Supplementary Table 1). At the protein level, 

tumourigenic pTBK1, and to some extent also c-Myc oncoprotein expression were enhanced in the P2 cell 

line (Supplementary Fig. 4E).  

Interestingly, scRNA-Seq revealed that our P2 cell line was heterogeneous and subclustered in Ly6a+ and 

Ly6a- P2 cell states, which could also be distinguished by flow cytometry (Fig. 1H, Supplementary Fig. 4F-
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2H). Previously, Ly-6A/E (Sca-1) has been identified as a cancer stem cell marker in murine gastric cancer 

cells, with Sca-1high cells showing an increased tumourigenic potential20. The Ly6a+ P2 cluster also showed 

enhanced Ly6c1, Krt8 and Krt18 expression (Supplementary Fig. 4F), markers which have been associated 

with increased invasiveness21,22. Upon culture of sorted Ly-6A/E+Ly-6C+ or Ly-6A/E-Ly-6C- P2 cells 

(hereafter referred to as Ly-6A+ and Ly-6A-, respectively), the bimodal Ly-6A/E and Ly-6C expression 

reappeared in both parent populations, suggesting that these represent dynamic cell states, rather than 

intrinsic cell clones (Supplementary Fig. 4H). Additionally, we evaluated cell death and cell cycle activity 

using flow cytometry and applied the CellCycleScoring function to the scRNA-Seq data to assess cell cycle 

phases. The Ly-6A+ P2 state exhibited higher viability and a stronger tendency for proliferation compared 

to the Ly-6A- cells (Supplementary Fig. 4I-4K), suggesting that the Ly-6A+ P2 may represent the main 

tumour-initiating subset despite the contrasting in vitro growth results. This is in line with findings in a Kraslox-

stop-lox(lsl)-G12D/+; p53flox/flox (KP)-derived model, where Sca-1+ cells were identified as the population with the 

highest tumour-propagation, self-renewal and differentiation capacity in vivo23. 

Overall, we developed an LLC-derived cell line with a high and reproducible tumour take rate when 

inoculated orthotopically in the lungs.  

 

SEPARATE-Seq allows for the compartmentalisation of immune cells into vascular and intratissue 

populations 

Immune cells in the lung reside in distinct compartments, of which the major are the alveolar space, the 

interstitial/intratissue compartment and the vascular compartment. The latter harbours circulating blood 

cells, which can be cleared out via cardiac perfusion, but also intravascular marginated/adhered cells that 

persist after cardiac perfusion24,25. To unravel which immune cells reside in the distinct lung compartments, 

we present SEPARATE-Seq (Streptavidin Enabled PARtitioning And Tag Evaluation for RNA-Sequencing). 

This technique involves intravenous injection (via the retro-orbital sinus) of a biotinylated CD45-specific 

antibody simultaneously with overdose of anaesthetics, followed by ex vivo extracellular labelling with 

oligonucleotide-STREP conjugates (Fig. 2A). The STREP-tags specifically labelled the vascular cells and 

not the intratissue and alveolar cells24. Fluorescent STREP conjugates were used in parallel to also assess 

the compartmentalisation of immune cells via flow cytometry on the same samples. We performed this 

experimental procedure on three distinct mice cohorts: (1) subcutaneous LLC-Thy1.1 P2 tumour-bearing 

mice (SUBCUT); (2) ORTHO LLC-Thy1.1 P2 tumour-bearing mice, from which tumour tissue (ORTHO-

Tumour, ORTHO-T) and adjacent tissue (ORTHO-Adjacent, ORTHO-A) were dissected; and (3) ORTHO 

HBSS mock-inoculated mice (ORTHO-Mock, ORTHO-M). Additionally, for SEPARATE-Seq, antibody 

hashing with hashtag oligos (HTOs) was performed to enable deconvolution into individual murine samples 

and to match adjacent and tumour tissues from individual ORTHO-inoculated mice after sequencing.  

The HTO and STREP demultiplexing steps were optimised, whereby three different algorithms 

(HTODemux26, DeMULTIplex27 and DeMULTIplex228) with varying quantile settings (Q) were compared 
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(Supplementary Fig. 5A, Supplementary Data 2). Optimisation criteria for the algorithm choice included the 

maximisation of (1) the number of recovered demultiplexed vascular and intratissue cells and (2) the 

correlation with flow cytometry data for the proportion of vascular/intratissue immune cells. Differences in 

affinity of the HTO/biotinylated CD45 antibodies to distinct cell types could potentially lead to variability in 

the HTO/STREP counts. To test for this, we ran the demultiplexing methods either in the whole dataset or 

for each major cell type separately (respectively algorithm and algorithm_CT in Supplementary Fig. 5B), 

which did not improve the amount of HTO+ cells (Supplementary Fig. 5B, Supplementary Data 2). The 

demultiplexed cells were then assigned as intratissue (HTO+STREP-) or vascular (HTO+STREP+). 

Importantly, we enforced an additional criterium for vascular cells, whereby only matching HTO and STREP 

cells were retained (e.g. STREP1-HTO1 cells were retained, but not STREP1-HTO4). Finally, 

DeMULTIplex2 (for HTO) and DeMULTIplex Q0.9 (for STREP) were selected as the most optimal 

(Supplementary Fig. 5C-5D), as this combination provided the best cell recovery rate and correlation 

between SEPARATE-Seq and our paired flow cytometry data (Supplementary Fig. 5E, Supplementary Data 

2).  

SEPARATE-Seq was performed on FACS-isolated viable CD45+ cells for the four different sample types 

(SUBCUT, ORTHO-T, ORTHO-A, ORTHO-M) and datasets were merged for analysis, allowing the 

identification of main immune cell types based on the expression of canonical mRNA and protein markers 

(Fig. 2B, Supplementary Fig. 5F, Supplementary Table 2). The HTO labelling allowed us to visualise how 

the frequencies of immune cell types varied in individual samples and in samples originating from the same 

mice in the case of ORTHO-T/-A (Supplementary Fig. 6A-6B). Intriguingly, the SEPARATE-Seq vascular-

intratissue separation revealed that a large fraction of immune cells, mainly neutrophils and lymphoid cells, 

resided in the post-perfusion vasculature of the lung tissue, and demonstrated that the different immune 

cell types localised distinctly across the sample types (Fig. 2C, 2E). A similar separation between the 

vascular and intratissue compartment was observed via flow cytometry (Fig. 2D), where the main cell 

populations in each sample type were identified via canonical markers (Supplementary Fig. 3D, 

Supplementary Fig. 6C, 6D).  

In all, we introduced SEPARATE-Seq, an scRNA-Seq based method that enables the differentiation of 

distinct immune cell populations based on their intravascular or intratissue localisation and showcased this 

application in murine lung cancer. 

 

Spatial transcriptomics maps the cell types identified through SEPARATE-Seq  

To assess how distinct cell types identified by SEPARATE-Seq, were spatially distributed in P2 tumour-

bearing lungs, we performed targeted spatial transcriptomics using the Vizgen MERSCOPE spatial profiling 

platform (Fig. 3A, Supplementary Table 3, n=2). Individual tumours were delineated from adjacent tissue 

based on DAPI staining and the tumour core was set as the centroid of the tumour (Fig. 3A). Immune and 

non-immune cells were subclustered separately and annotated based on relevant marker genes (Fig. 3B, 
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Supplementary Fig. 7A, 7B, 8, Supplementary Table 4). We were able to identify the same main immune 

cell types by SEPARATE-Seq and spatial transcriptomics and observed similar trends in cell ratios across 

adjacent and tumour tissue with both techniques (Fig. 3B). Of note, neutrophil identification on a spatial 

level was cumbersome as Ly6g, S100a8 and S100a9 were non-targetable. Hence, neutrophils were 

identified using a combination of the non-canonical markers ll1b, Mmp9, Cxcr2 and Hdc (Supplementary 

Table 4, Supplementary Fig. 8), likely leading to their underrepresentation (Fig. 3B).  

While our 287-gene panel was mainly immune-focussed (Supplementary Table 3), we could also confidently 

identify various non-immune cells (Fig. 3A, Supplementary Fig. 7A-7B, Supplementary Table 4). We found 

that most epithelial cells (alveolar type 1 (AT1), AT2 and ciliated cells) were enriched in the adjacent tissue 

(Supplementary Fig. 7B). Among mesenchymal cells, smooth muscle cells (SMCs) predominantly localised 

in the adjacent tissue, whereas distinct fibroblast states resided in different regions within the tumour. While 

Lrrc15+ fibroblasts, previously reported to be pro-tumoural and terminally differentiated29,30, were found 

within the tumour core, Ptgs2+ fibroblasts were dispersed across the tumour (Supplementary Fig. 7B). 

Moreover, Plau (encoding uPA) expression was higher in tumour-restricted fibroblasts (Supplementary Fig. 

7B, 8, Supplementary Table 4), in line with the increased uPA secretion by cancer associated fibroblasts 

(versus normal fibroblasts) reported in oesophageal squamous cell carcinoma patients31. 

Lastly, endothelial cells (ECs) could be differentiated based on Hif1a expression, with Hif1a+ ECs localising 

within the tumour (Supplementary Fig. 7B, 8, Supplementary Table 4) and co-expressing Ndrg1, which was 

shown to be increased in ECs upon hypoxic exposure32. This points to a hypoxic and inflammatory 

remodelling of ECs and fibroblasts within the tumour. 

 

NK cells adopt an immature, dysfunctional state upon tumour entry 

To further explore the diverse cell states and their distribution in LUAD tumours and adjacent tissue, we 

subclustered the myeloid and lymphoid cells individually in the human dataset (Fig. 4A-4C, Supplementary 

Fig. 9A-9C). We confirmed that the annotated cell types in the human (tumour and adjacent tissue) and 

mouse (ORTHO-T/-A) datasets show a high degree of correlation at the average gene expression levels, 

both at the general annotation level and at the deeper cell subtype level (Supplementary Fig. 10).  

Considering that within the immune compartment, lymphoid cells were underrepresented in the 

subcutaneous LLC tumour model as compared to patient samples, we initially set out to explore these in 

the orthotopic setting.  

In our ORTHO model, we observed a maturity shift in the NK-cell compartment from ‘mature’ Itgam+ 

(encoding CD11b) CD27- NK cells (Mature NK; Klrg1/KLRG1, S1pr5, Itgb233,34) in ORTHO-A and -M, 

present in both the vascular and intratissue compartment, to ‘immature’ Itgam-CD27+ NK cells (Immature 

NK_1 and Immature NK_2) in the tumour, mostly present intratissue, with immature NK_1 significantly 

enriched in ORTHO-T versus ORTHO-A (p<0.0001) and mature NK significantly enriched in ORTHO-A 
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versus ORTHO-T (p<0.0001) (Fig. 5A-5B, Supplementary Fig. 11A-11B, Supplementary Data 3). The 

immature NK subsets displayed common features that distinguished them from Mature NK, including the 

expression of several chemokine receptors and adhesion molecules (Ccr2, Ccr5, CD29, CD31), 

chemokines (Xcl1), activation/exhaustion markers (Tigit, Tnfrsf18 (GITR), PD-L1), ribosomal proteins 

(including Rplp0, Rpl13, Rpl32) and glycolysis-related genes (Ldha, Aldoa) (Supplementary Fig. 11A).  

Interestingly, in subcutaneous MC38 colon carcinoma, a similar shift from a mature CD11b+CD49a- to a 

CD11b-CD49a+ state was reported, which was associated with a loss of effector functions35. The immature 

NK_2 cluster, displaying increased Itga1/CD49a expression, was predominantly retrieved in the 

subcutaneous model and showed an enrichment in the CD11b-CD49a+ NK gene signature compared to the 

Immature NK_1 cluster, which was more prevalent in ORTHO-T (Supplementary Fig. 11C). This could 

potentially hint to this state being dictated by the organ-specific TME. Moreover, Immature NK_2 also 

expressed several ‘orphan’ granzymes (Gzmc, Gzmd, Gzme, Gzmf, Gzmg), which were not expressed by 

lung NK cells. On the other hand, the immature NK_2 did not express Ccl5, which was restricted to lung 

NK cells (Supplementary Fig. 11A). These observations were in line with a study from Dean et al.35 showing 

an altered granzyme expression and loss of CCL5 production upon NK-cell entry into subcutaneous 

tumours. Notwithstanding their low CD11b-CD49a+ NK score, Immature NK_1 in ORTHO-T also displayed 

signs of dysfunctionality in their reduced Prf1 expression and increased expression of inhibitory receptors 

(Supplementary Fig. 11A). The tumour enrichment of such dysfunctional, immature NK cells was also 

confirmed via spatial transcriptomics (Fig. 5C, Supplementary Fig. 11D). Murine Mature NK and Immature 

NK_1 exhibited expression of phenotype-specific genes corresponding respectively to human CD56dim/NK1 

(Cma1, Ly6c2, Lgals1, Gzmb) and CD56bright/NK2 (Ctla2a, Xcl1, Cd7) NK cells, as identified by Crinier et 

al.33 (Supplementary Fig. 11A). We also observed an analogous NK-cell heterogeneity in human LUAD 

sample with NK1 (FCGR3A, FGFBP2) and NK2 (CD44, NCAM1, XCL1, reduced PRF1) clusters being 

identified along a proliferating NK-cell cluster (Fig. 4A-4C, Supplementary Fig. 9A-9B). Similar to our 

findings in mice, the NK1 population showed a reduced infiltration into the tumour (p<0.001) (Fig. 4C).  

 

T cells encompass both exhausted and effector states in orthotopic tumours 

The majority of CD4+ and CD8+ T cells in ORTHO-M and ORTHO-A encompassed a naive-like state 

(Sell+CD62L+Cd44-CD44-Lef1+Tcf7+Ccr7+) with a preferential vascular localisation (vascular vs intratissue 

ORTHO-A: p = 0.21-0.35; ORTHO-M: p<0.0001) (Fig. 5A-5B, Supplementary Fig. 11A, 11E, Supplementary 

Data 3). Other T cell states in ORTHO-M/-A were also mostly confined to the vascular space and included 

CD4+ effector memory T cells (TEM) (Sell-CD62L-Cd44+CD44+Lef1-Tcf7-Ccr7-), CD8+ TEM (Sell-CD62L-

CD44+Lef1-Tcf7-Ccr7-Ccl5+), and proliferating cells (Mki67, Top2a) (Fig. 5B, Supplementary Fig. 11A, 11E). 

Of note, the CD4+ Th1 cells (Tbx21, Ifng) observed in ORTHO-M were almost exclusively originating from 

one mouse (HTO2) (Supplementary Fig. 11F), emphasising the benefit of hashing when pooling samples. 
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Within the ORTHO-T compartment, a shift in activation state was observed, with most T cells adopting 

effector and exhausted profiles with an intratissue localisation (p<0.0001) (Fig. 5B). This increased 

infiltration of Treg cells (Foxp3) (p<0.05) and exhausted (CD4+ and CD8+; Ctla4, Pdcd1/PD-1, Tigit, 

Lag3/LAG-3, Icos/ICOS) (p<0.0001) subsets, was confirmed via spatial transcriptomics (Fig. 5C, 

Supplementary Fig. 11D) and was in line with patient samples, in which the Treg cells (p<0.001) and 

exhausted CD8+ T cells (p<0.001) were also increased in the tumour (Fig. 4A, 4C). In ORTHO-T, a cluster 

of CD8+ T cells with a central memory state (TCM; Sell/CD62L, CD44, Lef1, Tcf7, Ly6c2/Ly-6C, Ccl5, Cst7, 

Cd7, Ahnak, Ctla2a) and a smaller cluster of CD8+ TEM were identified by SEPARATE-Seq, spatial 

transcriptomics and flow cytometry (Fig. 5B-5C, Supplementary Fig. 11D-11E, 11G). In contrast, 

subcutaneous tumours showed an overall poor infiltration of T cells (Fig. 2C, 2E), which mainly 

encompassed Treg cells and exhausted subsets, with very few effector/activated T cells, such as CD8+ 

TCM and TEM, being identified (Fig. 5B). We confirmed the highly increased presence of functional, IFNγ-

producing CD8+ and CD4+ T cells in ORTHO-T compared to subcutaneous tumours via flow cytometry 

(p<0.01, Supplementary Fig. 11H). Hence, our ORTHO model better recapitulated the patient T cell 

compartment in terms of number, distribution and also activation state, as patient samples harboured an 

effector CD8+ T cluster alongside the exhausted cluster (Fig. 4A, 4C).  

 

ILC2s and unconventional T cells are lung-restricted and intratissue  

Via SEPARATE-Seq, we also identified an innate lymphoid cell type 2 (ILC2) and an unconventional T cell 

cluster, which were only present in the lung samples (Fig. 5A-5B, Supplementary Fig. 11A). ILC2s made up 

a considerable fraction of the cells in ORTHO-M lungs and were found to reside solely intratissue, consistent 

with their known tissue distribution36. In tumour-bearing lungs, ILC2s were reduced in the adjacent tissue 

compared to ORTHO-M (p<0.001) and they remained largely excluded from the tumour itself (Fig. 5B). A 

mixed ILC2-unconventional T cell population was identified via spatial transcriptomics in VIZ1, which also 

displayed some tumour infiltration similar to the unconventional T cell cluster identified via SEPARATE-Seq 

(Fig. 5B-5C). Of note, this cluster was not identified on the VIZ2 region, likely reflecting technical and/or 

biological variability. In this study, spatial transcriptomics is primarily used as a hypothesis-generating 

approach rather than for robust statistical testing, given the limited sample size. The unconventional T cell 

cluster was almost exclusively present intratissue (p<0.001) and presented markers of both mucosal-

associated invariant T (MAIT) (Cxcr6, CD44, Il18r1, Il7r, Il23r) and γδT cells (Tcrg-C1, Il7r, Il23r) with a type 

17 signature (Il18r1, Ramp1, Tmem176a)37,38 (Fig. 5A-5B, Supplementary Fig. 11A). A type 17 signature 

was also observed in patient samples in the Th17 cluster, present in both adjacent and tumour tissue (Fig. 

4A-4C, Supplementary Fig. 9A-9B). 

 

Plasma cells are enriched in the tumour compartment of mice and LUAD patients 
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Subcutaneous B cells resided intratissue (p<0.001) and were very scarce compared to the vast population 

in LUAD tumours (Fig. 4A, 4C, 6A-6C). More B cells were present in ORTHO-T (p<0.0001), where they 

divided equally over the tissue and vasculature compartments (Fig. 6A-6C). A relative increased tissue 

infiltration was observed in ORTHO-T compared to ORTHO-A and -M, where in the two latter the majority 

of naive B cells remained vascular (p<0.0001) (Fig. 6A-6C). Most B cells in subcutaneous tumours and 

ORTHO-T adopted a specific Junb+Ccr7+ phenotype, mostly absent in ORTHO-A and -M (Fig. 6A-6C, 

Supplementary Fig. 12A). Alongside Junb, these cells also showed increased Fos, Btg1, Klf2, and Ubb 

(Ubiquitin) expression, each of which have been linked to B-cell receptor (BCR) stimulation and/or negative 

regulation of B-cell proliferation39–44. Additionally, increased ICAM-1/CD54 was observed on these tumour-

infiltrating cells, which was shown to be important for B-T interactions45,46 (Supplementary Fig. 12A). A 

Lars2-expressing B-cell population (Lars2, S100a8, S100a9, Cmss1) was identified, predominantly present 

in ORTHO-A (p<0.0001) (Fig. 6A-6C, Supplementary Fig. 12A). We could also identify B1 cells (Mzb1, 

Plac8, Ass1, CD5, and absence of Fcer2a)47 in all lung-derived samples as well as vascular-restricted 

transitional B cells (Vpreb3, Iglc1) in ORTHO-A and -M (Fig. 6A-6C, Supplementary Fig. 12A).  

Patient samples showed a clear overall B-cell increase in the tumour as compared to the adjacent tissue 

(p<0.001) (Fig. 1D, 4A, 4C). Notwithstanding the larger B-cell fraction compared to the subcutaneous model, 

this tumour-specific B-cell enrichment was not observed in our ORTHO model, showing its limitations (Fig. 

2C, 2E, 4A, 4C). Plasma cells (Jchain, Sdc1/CD138) were almost absent in our SEPARATE-Seq dataset 

(generated from sorted CD45+ cells), likely due to their loss of CD45 (low Ptprc and CD45R/B220) (Fig. 6A-

6C, Supplementary Fig. 12A). However, we could clearly identify them via spatial transcriptomics. Plasma 

cells preferentially infiltrated the tumour (Fig. 6C, Supplementary Fig. 12B) and this tumour-specific 

enrichment of plasma cells was also observed in LUAD patients (p<0.001) (Fig. 1D, 4A, 4C). While the 

majority of murine models do not harbour tertiary lymphoid structures (TLS), interestingly, lymphoid 

aggregates of T and/or B cells could be observed in the tumour periphery of our ORTHO model, covering 

varying degrees of organisation (defined T- and B-cell zones) and sizes (Fig. 6D, Supplementary Fig. 12C-

12E).  

Overall, ORTHO-T harboured significantly more B cells than subcutaneous tumours (p<0.0001) and even 

showed plasma cell presence. In this aspect, our model better mirrors the patient situation, although it does 

not entirely recapitulate the human B-cell landscape. 

 

Tumour-infiltrating cDCs adopt a mature or ISG phenotype 

Within the dendritic cell (DC) compartment, our SEPARATE-Seq dataset identified plasmacytoid DCs 

(pDCs), DC3s and distinct clusters of conventional DCs (cDCs) (Fig. 7A-7B, Supplementary Fig. 12F). 

Subcutaneous tumours harboured similar DC subsets as ORTHO-T, though with lower abundance (p<0.001) 

(Fig. 7B). The majority of DCs resided intratissue irrespective of the sample origin (p<0.001), with pDCs 

and Mgl2-Cd209a+Il1r2- cDC2s being the main vascular cells in respectively ORTHO-M and -A (Fig. 7B). 
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pDCs were enriched in ORTHO-T compared to ORTHO-A (p<0.001), as confirmed via spatial 

transcriptomics, and resided intratissue (Fig. 2E, 7B-7C). No such clear increase was seen in the human 

dataset (Fig. 1D, 4B, 4C), though this has been reported in several studies4,48. 

The rather homogeneous cDC1 cluster (Xcr1/XCR1, Clec9a) appeared to give rise to an intermediate state 

of maturing Ccl17+ cDC1s (Xcr1/XCR1, Clec9a, Ccl17) and to Ccl17+ mature DCs (Ccr7, Ccl17) (Fig. 7A, 

Supplementary Fig. 12F). These all poorly infiltrated the TME and preferentially resided in ORTHO-A and -

M, which was confirmed spatially (Fig. 7B-7C). Within ORTHO-T, cDC1s displayed a high expression of 

interferon- (IFN-) stimulated genes (ISGs) (Ifitm1/2/3/6, Ifi205), IFN mediators (Stat1, Stat2, Irf9) and Plet1 

(Fig. 7B, Supplementary Fig. 12F). Plet1 has been associated with enhanced DC motility in extracellular 

matrix49, hinting to their enhanced ability to infiltrate tumours. 

In contrast to cDC1s, cDC2s (Itgam, Sirpa) were more heterogeneous (Fig. 7A, Supplementary Fig. 12F). 

Three major cDC2 subsets could be distinguished based on Mgl2 (CD301b), Cd209a (DC-SIGN) and Il1r2 

expression (Fig. 7A, Supplementary Fig. 12F). SEPARATE-Seq and spatial transcriptomics showed that 

the majority of cDC2s infiltrating tumours (ORTHO-T and SUBCUT) adopted an Mgl2+Cd209a-Il1r2+ or, to 

a lesser extent, an Mgl2-Cd209a+Il1r2- phenotype, whereas Mgl2+Cd209a+Il1r2- cDC2s were restricted to 

ORTHO-M and -A (Fig. 7B-7C, Supplementary Fig. 12F). Similar as for cDC1s, an ISG cDC2 subset was 

identified and was enriched in ORTHO-T (p<0.05), which could also be confirmed in the spatial 

transcriptomic dataset (Fig. 7B-7C). ISG cDC2s exhibited an even more pronounced ISG signature than 

cDC1s and were characterised by Rsad2, Cxcl10 and Oasl2 expression (along with Ifitm1/2/3/6, Ifi205, 

Stat1, Stat2, Irf9) (Supplementary Fig. 12F). Furthermore, we identified a cluster of maturing cDC2s (Itgam, 

Sirpa, Ccr7), which was also enriched in ORTHO-T (p<0.05), as confirmed via spatial transcriptomics (Fig. 

7A-7C, Supplementary Fig. 12F). Overall, cDC2s made up the bulk of DCs in ORTHO-T and were 

significantly enriched compared to ORTHO-A (p<0.0001), which was also the case in the human dataset 

(p<0.001) (Fig. 1D, 4B-4C, 7B). 

Interestingly, Ccl17- mature DCs, expressing the highest levels of Ccr7, were restricted to the TME 

(ORTHO-T and SUBCUT) and exhibited an upregulation of immunoregulatory and activation markers 

(Cd200/CD200, Cd274/CD274 (PD-L1), Pdcd1lg2/CD273 (PD-L2), Cd80/CD80, Cd86, Cd83, CD40) (Fig. 

7B, Supplementary Fig. 12F). Spatially, mature DCs (Ccl17 being non-targetable) were also enriched in 

tumour tissue (Fig. 7C), which was also observed in patients (Fig. 4B-4C).  

Altogether, SUBCUT and ORTHO tumours largely harboured the same DC subsets, yet the overall DC 

population was greatly expanded in ORTHO-T, better reflecting reported DC numbers in patients (Fig. 7B, 

4C). In tumours, cDCs mostly acquired a mature or ISG phenotype and differed greatly from those found 

in ORTHO-A and -M.  
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Tumour presence is accompanied by increased tissue infiltration of neutrophils, along with a 

hypoxic signature 

We investigated whether other cell types, besides cDCs, exhibited an ISG signature and observed this 

phenotype in neutrophils and macrophages as well (Fig. 2B, 7D). Upon neutrophil subclustering, we 

identified ISG neutrophils (Rsad2, Usp18, Ifit1) with an increased intratissue tumour presence (p<0.0001) 

(Fig. 7E-7F, Supplementary Fig. 12G). In the orthotopic setting, these neutrophils mainly localised in the 

outer region of the tumour (Fig. 7G). Though neutrophil numbers in the human NSCLC dataset are limited 

due to their difficult capture via scRNA-Seq, we could observe an Rsad2+Ifit1+ ISG neutrophil phenotype in 

patients in both adjacent and tumour tissue (Supplementary Fig. 13A).  

Neutrophils in NSCLC patients were previously shown to adopt either a ‘normal adjacent tissue-associated’ 

neutrophil (NAN) or a ‘tumour-associated’ neutrophil (TAN) phenotype with more aging/chronic 

activation/exhaustion features14. In LUAD patient samples, SELL+ neutrophils (NAN phenotype) and SELL- 

neutrophils (TAN phenotype) showed an enrichment in adjacent tissue (p<0.001) and tumour tissue (p=0.12) 

respectively (Fig. 4B-4C). Interestingly, we observed a similar dichotomy in murine ORTHO-A and -T 

neutrophils. As such, CD62L+ Neutro_2 formed the majority of neutrophils in ORTHO-A and expressed high 

levels of Sell/CD62L, Cxcr2/CD182, Csf3r, Rasgrp4 and Msrb1, reminiscent of the human NANs14, along 

with high expression of several granule-associated genes (Lrg1, Mmp9, Hp and Pglyrp1) (Fig. 7E-7F, 

Supplementary Fig. 12G). These ORTHO-A neutrophils adopted a phenotype similar to the ORTHO-M 

neutrophils (CD62L+ Neutro_1), yet were characterised by a higher expression of Wfdc17, Lrg1, Tspo and 

Ifitm1 (Supplementary Fig. 12G). Within the adjacent tissue, spatially identified neutrophils displayed a 

Lrg1+Cd14- phenotype, largely consistent with the CD62L+ Neutro_2 cluster, but with only a fraction 

expressing Cxcr2 (Lrg1+Cd14-Cxcr2+) (Fig. 7G, Supplementary Fig. 8, Supplementary Table 4). 

Interestingly, we observed a substantial increase in overall neutrophil numbers in ORTHO-A/-T compared 

to ORTHO-M (p<0.0001) (Fig. 7F), consistent with neutrophilia observed in various human and murine 

cancer types, often associated with cancer stage50–54. This emergency granulopoiesis hypothesis was 

further supported by the almost exclusive presence of immature neutrophils (Mmp8, Camp, Ltf, Ngp) in 

tumour-bearing mice (Fig. 5E-5F, Supplementary Fig. 9A). While more than half of the neutrophils in 

ORTHO-A and ORTHO-M resided in the vasculature, this fraction was greatly reduced in ORTHO-T, 

supporting an increased tissue infiltration in the tumour (p<0.001) (Fig. 5E-5F). In the vasculature, the 

ORTHO-T neutrophils retained a CD62L+ phenotype, whereas upon tissue entry, they adopted a distinct 

‘TAN-like’ phenotype (Tnf+Hdc+ and Tnf+Fnip2+) (Fig. 7E-7F, Supplementary Fig. 12G). This phenotype was 

characterised by a high levels of inflammation/activation-related markers (CD11b, PD-L1/CD274, CD39, 

CD73, CD14, Ier3, Basp1, Fth1) and, consistent with the phenotype seen in human TANs14, displaying a 

higher expression of ICAM-1/CD54, CD83, Ccrl2, Ccl3 and Cxcl214 (Supplementary Fig. 12G). Interestingly, 

the Tnf+ neutrophils in ORTHO-T also displayed increased expression of SiglecF/CD170 and the anti-

apoptotic Bcl2l1 and Bcl2a1b (Supplementary Fig. 12G), consistent with the pro-tumoural, long-lived 
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neutrophils observed in injectable and genetic KP mouse models55,56. Moreover, hypoxic neutrophil clusters 

were observed in both tumour models (Hypoxic Hdc+, Hypoxic Fnip2+ and subcutaneous-specific Hypoxic 

Ltb4r1+ neutrophils) and presented a similar increase in several TAN markers14 (Cxcl2, Ccl3, Vegfa, Hif1a) 

along with the aforementioned inflammation/activation-related markers and other hypoxia-related genes 

(Mif, Slc2a1, Bnip3, Hilpda, Egln3, Ndrg1) (Fig. 7E-7F, Supplementary Fig. 12G), pointing to a non-organ-

specific, tumour-driven signature. In ORTHO-T, hypoxic Cxcl2- neutrophils were found in the tumour core, 

whereas the other tumour-infiltrating clusters (Tnf+ and Hypoxic Cxcl2+) were observed along the tumour 

edge (Fig. 7G).  

Notably, subcutaneous tumours contained a CD62L-Pglyrp1+ neutrophil cluster, which could represent 

recently infiltrated neutrophils, given their resemblance with the CD62L+ Neutro_2 cluster in ORTHO-A/-T 

(Pglyrp1, Wfdc17, Lrg1, Tspo, Ifitm1) (Fig. 7E-7F, Supplementary Fig. 12G). Indeed, reduced Pglyrp1 

expression has been correlated with neutrophil maturity, hence its loss in the other tumour-specific 

intratissue clusters (Supplementary Fig. 12G) points to aged neutrophils and prolonged tissue-residency57. 

Overall, the majority of tumour-infiltrating neutrophils adopted a tumour-specific signature, regardless of the 

tissue. However, the NAN-TAN dichotomy, as observed in patients, was solely observed in the ORTHO 

setting. 

 

ORTHO-T-specific Lipid TAMs form a ring along the tumour edge 

The main resident lung macrophage population, namely the alveolar macrophages (AMs), was largely 

excluded from the tumour as shown by SEPARATE-Seq (p<0.0001) and spatial transcriptomics, in 

agreement with their significant reduction in patient tumours (p<0.001) (Fig. 1D, 2C, 2E, 8A-8B, 

Supplementary Fig. 13B-13C). Subclustering of the other monocyte and macrophage subsets, confirmed 

that, apart from AMs, interstitial macrophages (IMs) constituted a major intratissue, resident lung 

macrophage subset that was confined to ORTHO-M and -A, which was confirmed via spatial 

transcriptomics (Fig. 8B-8E). However, we identified an ORTHO-T-restricted Ltc4s+ tumour-associated 

macrophage (TAM) cluster, sharing a gene signature similar to previously reported Lyve1highMHCIIlow IMs58 

(Fcna, Prg4, Cd4b, Ednrb, Ltc4s, Ccl24, Icam2, Serpinb2/6a, Marco, Cd38/CD38, Padi4, and low MHCII-

related genes and Cx3cr1; no detected Lyve1 via scRNA-Seq consistent with Chakarov et al.58) and 

reminiscent of Ltc4shighFn1high resident macrophages in the infarcted heart (Ltc4s, Fn1, TIM-4, Msr1, Saa3, 

Arg1, Sdc3, Slpi, C4b, Ecm1, Ccl6, and low Ccr2)59 (Fig. 8D-8F, Supplementary Fig. 13E). Hence, we 

hypothesised that Ltc4s+ TAMs could arise from ‘healthy’ Lyve1highMHCIIlow IMs. Of note, at present, only a 

few studies conflictingly identified human IM-resembling cells at the transcriptomics level, without flow 

cytometric identity confirmation60–62, preventing us from confidently identifying these cells in our human 

dataset. Though IMs were shown to contribute to the pool of TAMs in intravenously injected lung tumour-

bearing mice, the majority of TAMs were of monocytic origin63. As expected, classical and non-classical 

monocytes were mainly present in the lung vasculature and were overall reduced in ORTHO-T compared 
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to ORTHO-A, in line with spatial transcriptomics and consistent with the reduced presence of CD14+ and 

CD16+ monocytes, respectively, in patient tumours (Fig. 8C-8D, 4B-4C, Supplementary Fig. 13D, 13G). In 

subcutaneous tumours, monocytes likely differentiated rapidly upon tissue/tumour entry into TAMs. 

Therefore, we further referred to them as immature TAMs (Fig. 8C-8D). However, within subcutaneous 

tumours and ORTHO-T, we did observe distinct neutrophil-like monocyte (NeuMono) clusters (Fig. 8C-8D, 

Supplementary Fig. 13D), which were recently shown to expand under various inflammatory conditions 

(emergency myelopoiesis) in mice and humans64–69.  

When subclustering the TAMs from subcutaneous tumours and ORTHO-T separately, comparable 

intratissue macrophage phenotypes were identified, including immature (Chil3, Plac8), hypoxic (Slc2a1, 

Bnip3, Hilpda, Vegfa, Egln3, Ndrg1), MHCII+ (MHC class II genes and protein), Folr2+C1q+ (Folr2, C1qa/b/c, 

Mrc1) and ISG (Isg15, Rsad2) TAM subsets (Fig. 8E-8F, Supplementary Fig. 13E-13F). Importantly, Lipid 

TAMs (Gpnmb, Syngr1, Lipa, Cstb, Ctsd, Fth1, Psap), which have previously been identified in orthotopic 

murine and human tumours60,70–76, formed the main ORTHO-T TAM population, and were entirely missing 

in subcutaneous tumours (Fig. 8C-8F, Supplementary Fig. 13D-13F). Lipid TAMs (Spp1, F7, Cd63, Cd9, 

Ctsb, Cd68, Lgals3) consisted of three subpopulations, with Lipid TAM_1 (Pf4, Plp2, Arg1, Vcan) as a more 

intermediate state, and Lipid TAM_2 (Gpnmb, Syngr1, Lipa, Pf4, Slc48a1, Hmox1, Arg1) and Lipid TAM_3 

(Gpnmb, Syngr1, Lipa, Plaur, Gpr137b, Gdf15) displaying the most pronounced lipid-associated 

phenotype72,77 (Fig. 8E, Supplementary Fig. 13E). In the human dataset, SPP1+FBP1+ and FOLR2+PLTP+ 

macrophages exhibited a clear lipid-associated signature and were also significantly enriched in the tumour 

(Fig. 4B-4C, Supplementary Fig. 9C). Of note, AMs, which naturally clear lipids under homeostasis78, also 

exhibited this signature in patients (Supplementary Fig. 9C). In mice, we identified a small, distinct Lipid AM 

population, which preferentially resided in ORTHO-T (Fig. 8A, Supplementary Fig. 13B-13C). Remarkably, 

we found that the Lipid TAMs formed a ring-like structure along the tumour edge, which was already 

apparent in smaller nodules (T4) (Fig. 8B, S13G). Deeper in the tumour core, hypoxic TAMs were 

surrounding Folr2+C1q+ TAMs (Fig. 8B, Supplementary Fig. 13G). The latter resembled the murine/human 

evolutionarily conserved FOLR2+ TAMs (Mrc1/MRC1, Maf/MAF, C1qa/C1QA) observed in breast cancer, 

apart from their lack of Lyve1 expression79 (Supplementary Fig. 13E). We identified two similar LYVE1-

FOLR2+ populations in LUAD patients, namely the lipid-associated FOLR2+PLTP+ and FOLR2+PLTP- 

macrophages (Fig. 4B-4C, Supplementary Fig. 9C). In contradiction with the breast cancer FOLR2+ 

macrophages, which were enriched in the breast adjacent tissue79, the FOLR2+PLTP+ population was 

significantly expanded in LUAD tumours (p<0.001) (Fig. 4C). No hypoxic TAM cluster could be identified in 

LUAD patients, though hypoxic markers (NDRG1, BNIP3, ERO1A, HK2, LDHA, MIF) were upregulated in 

heat-shock protein (HSP)-enriched HSP+ and lipid SPP1+FBP1+ TAMs (Supplementary Fig. 9C).  

In orthotopic samples, immature macrophages and MHCII+ TAMs were dispersed throughout the tumour, 

with the latter more densely populating smaller tumour nodules (nodule T4 in Fig. 3A) (Fig. 8B, S13G). The 

human MHCII+ counterpart was identified as the SPP1+C3+ cluster, using the ‘antigen-presenting 

macrophage’ phenotype proposed by Guimarães et al.60, and was also confined to the tumour (Fig. 4B-4C, 
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Supplementary Fig. 9C). Similar to neutrophils and DCs, an ISG signature was found in the TAMs of both 

subcutaneous tumours and ORTHO-T (Fig. 8D-8F, Supplementary Fig. 13D-13F). ISG TAMs (ISG15, 

CXCL9/10, GBP1, STAT1) were also observed in human patients (Fig. 4B-4C).  

Overall, the well-known macrophage plasticity led to the presence of different comparable intratissue TAM 

phenotypes in subcutaneous tumours and ORTHO-T; several of which had distinct human counterparts. 

Importantly, the majority of human TAMs displayed a clear lipid signature and Lipid TAMs were solely 

identified in ORTHO, where they specifically formed a ring around the tumour edge. 

 

Spatial transcriptomics reveals Lipid-TAM- and ISG-niches in lung tumours 

The distinct spatial organisation of TAM states prompted us to investigate whether specific cellular 

niches/neighbourhoods could be distinguished in our ORTHO model. To identify these niches in an 

automated, unbiased fashion, we used the Monkeybread package80, incorporating both immune and non-

immune cells in the analysis. Eleven different spatial neighbourhoods were identified, named Niche_1 to 

Niche_11 (Fig. 9A, Supplementary Data 4). Niche_1, Niche_2 and Niche_3, located in the adjacent tissue, 

primarily comprised Hif1a- endothelial cells, AT2 cells, SMCs and B cells (Fig. 9A-9C), with Niche_1 

covering the largest area, while Niche_2 and Niche_3 appeared as distinct hubs. Niche_2 and Niche_3 

were driven by the specific presence of Lrg1+Cd14-Cxcr2+ and ISG neutrophils in Niche_2 and Mgl2-

Cd209a+Il1r2- cDC2s in Niche_3. Ciliated cells, SMCs and IMs defined Niche_4, clearly lining the airways 

in the adjacent tissue. Some ciliated cells were also observed within the tumour core, in Niche_10 (Fig. 9A-

9C, Supplementary Fig. 7B), pointing to the probable entry point of the inoculated cancer cells. Niche_5 

was located close to the airways and was mainly composed of Plaulow fibroblasts (Fig. 9A-9C). Additionally, 

it was enriched in MHCII+ and Folr2+C1q+ TAMs, and Treg cells. Niche_6 and Niche_7 located at the tumour 

edge and showed the highest immune infiltration. Niche_6 lined the tumour edge at the tumour/adjacent 

tissue interface, with the Lipid-TAMs specifically defining this neighbourhood. Interestingly, Niche_7 formed 

distinct ISG-enriched hubs, most notably enriched by ISG cDC2s, but also comprising ISG CAFs and ISG 

TAMs. Niche_8 outlined the space between the tumour core and its edge and resembled the composition 

of ISG hubs, except for the absence of cDC1 and ISG cDC2 clusters and the increased presence of hypoxic 

Cxcl2- neutrophils and Ptgs2+ fibroblasts. Niche_9 and Niche_10 made up the tumour core, characterised 

by minimal immune and abundant fibroblast infiltration (Lrrc15+ and proliferating), with the presence of 

Folr2+C1q+ TAMs or ciliated cells and hypoxic Cxcl2- neutrophils driving the respective niches. Around and 

within the tumour core, immune cells were mainly concentrated in Niche_11; hubs which specifically 

harboured maturing cDC2s and mature DCs, as well as fibroblasts (Ptgs2+, proliferating and ISG), and 

immature and hypoxic TAMs (Fig. 9A-9C). The specific maturing/mature DC enrichment in these hubs 

suggests local, intratumoural DC maturation and resembles the CCR7+ DC clusters observed in several 

murine and human cancers81,82. 
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The shared ISG phenotype of the Niche_7 cell types (fibroblasts, DCs, macrophages and neutrophils) and 

the previous identification of such a signature via SEPARATE-Seq (Fig. 7D) prompted further investigation. 

Individual ISG localisation (Rsad2, Ifit3, Ifit1, Cxcl10, Oasl2 and Oas3) clearly placed these genes at the 

tumour edge, forming discrete hubs (Fig. 9D, Supplementary Fig. 14A). Wondering whether these ISG hubs 

were model-/mouse-specific, we queried publicly available spatial transcriptomics data (Xenium) and 

confirmed a similar ISG spatial distribution in a NSCLC patient sample along the tumour edge, which was 

analogously restricted to the tumour area (Fig. 9E). Moreover, we confirmed the tumour-specific enrichment 

of this ISG signature in LUAD patients (Fig. 9F). 

Overall, we identified distinct spatial niches in our ORTHO model, including an intratumoural ring-like Lipid 

TAM niche. Interestingly, we also observed specific sites of ISG cell-enrichment and confirmed the tumour-

specific enhanced ISG signature and presence of such ISG hubs in NSCLC patients. 

 

Combined chemotherapy and immune checkpoint blockade therapy elicits responses in ORTHO 

but not SUBCUT tumours 

To evaluate the translational relevance of the ORTHO model relative to the SUBCUT model, we conducted 

therapeutic experiments using a clinically inspired regimen combining immune checkpoint blockade with 

platinum-based chemotherapy, reflecting standard-of-care for NSCLC83. Mice received multiple cycles of 

anti-PD-1 (αPD-1) and cisplatin (Fig. 10A), with the first two doses of αPD-1 administered during the early 

active phase (zeitgeber time 13) to optimise therapeutic efficacy, in line with recent evidence highlighting 

the importance of dosing timing84. 

In the ORTHO model, both chemotherapy alone and combination therapy conferred a significant survival 

benefit (Fig. 10B). While the combination therapy did not reach statistical significance over chemotherapy 

alone, a clear trend toward improved response was observed (Cis vs Combo, p=0.08), mirroring clinical 

observations in advanced NSCLC patients85,86. In contrast, the SUBCUT model showed no significant 

survival benefit under the same regimen (Fig. 10C), highlighting the superior translational relevance of the 

ORTHO model for pre-clinical evaluation of novel therapeutic strategies. 

Analysis of early immune changes after a single therapy cycle in the ORTHO model revealed no major 

shifts in the overall distribution of main immune populations (Supplementary Fig. 14B), except for the 

expected cisplatin-induced decrease in AMs87. Within the T cell compartment, combination therapy induced 

a significant expansion of anti-tumour CD44⁺CD62L⁻ effector CD8⁺ T cells (p<0.0001) and granzyme B⁺ 

cytotoxic CD8⁺ T cells (p<0.05) (Supplementary Fig. 14C-D), potentially underlying the enhanced survival 

benefit. Notably, CD39⁺ CD8⁺ T cells (p<0.05), linked to tumour reactivity and therapy responsiveness88, 

and Tim3⁺ CD8⁺ T cells (p<0.05), indicative of chronic activation/exhaustion, were also increased, reflecting 

a therapy-driven immune activation. 
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Collectively, these findings demonstrate the translational relevance of the ORTHO model, with combination 

therapy significantly extending survival while producing incomplete responses, thereby mirroring the limited 

clinical benefit of current standard-of-care treatments in NSCLC and highlighting the model’s value for 

testing novel immunotherapy strategies.  
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DISCUSSION 

The cancer treatment landscape has dramatically been transformed through the incorporation of 

immunotherapy. However, recent failures in immuno-oncology trials prompt the question as to where issues 

arise in the research pipeline and how they can be addressed. Among the critical challenges identified is 

the need for preclinical models that accurately mimic human tumours89,90. Subcutaneous cancer models 

are widely used despite their limitations in replicating key aspects of the human disease, likely due to their 

ease of tumour establishment and growth monitoring. Here, we presented an injectable, orthotopic, LLC-

derived pre-clinical lung cancer model (ORTHO) that provides a plethora of advantages to the currently 

used models: (1) predictable growth and reproducibility, (2) overall high technical feasibility, allowing the 

quick implementation in any laboratory equipped with an inhalation anaesthetic setup, (3) limited hands-on 

time (approximately 1.5 minutes per mouse after anaesthetic induction), (4) Thy1.1 expression allows for 

easy cancer cell identification via flow cytometry, enabling the detection of a low number of cancer cells 

and their quantification, (5) working with an injectable model allows researchers the flexibility to modify the 

cell line or to use genetically altered mouse strain, and (6) adjacent non-tumoural tissue can be easily 

dissected from tumour nodules, enabling the immune characterisation of both compartments individually, 

similar to patient samples. The ORTHO model is compatible with both sexes, with a trend toward higher 

neutrophil infiltration in males, consistent with reported sex-biased neutrophil responses in other cancer 

models91,92. While the ORTHO model recapitulates key features of human LUAD, including the suboptimal 

response to standard NSCLC therapies, some differences in immune cell composition remain. These likely 

stem from limitations of human scRNA-seq for quantitative comparisons, interpatient variability in relatively 

small cohorts, and the presence of circulating immune cells in non-perfused patient samples93, which can 

artificially inflate the apparent abundance of T cells and other easily captured populations. 

Moreover, we established SEPARATE-Seq; a widely applicable technique that enables the 

compartmentalisation of (immune) cells into vascular and genuine intratissue cells in parallel with scRNA-

/CITE-Seq. While the intravenous injection of fluorescently labelled antibodies (CD45 or cell-specific 

markers) has proven its usefulness to distinguish vascular/marginated and extravascular/intratissue cells 

of the lung, heart, liver and other organs24,94–98, its use has not yet been integrated in scRNA-Seq-based 

studies. Previous studies employing scRNA-Seq either relied on intravenous labelling, followed by 

vascular/intratissue cell sorting96,97 or performed a full organ versus blood comparison59. SEPARATE-Seq 

avoids these cumbersome and costly experiments and reduces the number of animals needed, as it can 

simultaneously be used with flow cytometry. Moreover, building on the same biotin-STREP usage, 

SEPARATE-Seq could allow for the addition of a personalised CITE-Seq marker by combining a biotinylated 

antibody of interest with a STREP-tag. 

Putting SEPARATE-Seq into practice, we show that the majority of vascular immune cells are neutrophils 

in our ORTHO model, and that these display a distinct phenotype (NAN-like) compared to the intratissue, 

tumour-infiltrating neutrophils (TAN-like). Recently, several studies described the tumour-driven 
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reprogramming of neutrophils across different cancer types in both mice and humans14,99–101, matching the 

reprogramming we observe to a TAN-like phenotype. Moreover, Ng et al. investigated distinct neutrophil 

states in the bone marrow, blood, spleen and tumours of an orthotopic pancreatic cancer model and 

described a tumour-infiltrating, pro-tumoural hypoxic neutrophil subset, that, similar to our hypoxic subsets, 

showed an infiltration deep into the tumour core99. Ng et al. also mapped the neutrophils from the 

intravenous KP1.9 lung cancer dataset of Zilionis et al.69 to their reference UMAP and detected KP 

neutrophils across both tumour and peripheral neutrophil states99. The peripheral-matched KP neutrophils 

most likely match our adjacent-enriched CD62L+ neutrophils, suggesting that the neutrophils defined in 

Zilionis et al. contained both tumour and adjacent neutrophils. This highlights the importance of adjacent 

and tumour tissue separation prior to cell identification, as such limiting the contamination of adjacent cells 

in tumour-focussed analyses (and vice versa) and thus allowing for the robust identification of mouse-

human conserved subsets. Regrettably, intravenously established cancer models complicate such a 

separation due to the formation of numerous small tumour nodules throughout the lung tissue.  

The differentiation of monocytes into TAMs upon tumour entry has been extensively described, along with 

their inherent plasticity, as such giving rise to a wide variety of TAM subsets69,102–105. We show that our 

ORTHO model harbours distinct TAM states, several of these holding conserved counterparts in LUAD 

patients, including the lipid-associated TAMs, which are absent in subcutaneous tumours. Lipid-associated 

macrophages have only recently gained attention in different cancer types71–76,106–109. However, they have 

been well described in atherosclerosis110, where they are often referred to as foam cells. We showed that 

these cells formed a ring-like structure along the ORTHO-T edge, akin to the immunosuppressive foam-cell 

(FC) wall observed in colorectal cancer (CRC) patients74. In CRC, a higher abundance of lipid-associated 

TAMs/FCs (FChigh) was associated with worse disease outcome, reduced activated CD8+ T cells, and an 

enrichment of exhausted T cells and Treg cells compared to FClow patients. Similarly, we observe a high 

infiltration of Treg cells and exhausted T cells in ORTHO-T, alongside the presence of a functional IFNγ-

producing CD8+ T cell state. In the future, lipid TAM-specific depletion could validate similar Lipid TAMhigh 

versus Lipid TAMlow-driven remodulation of the TME in mice.  

We also observed tumour-driven rewiring of various other cell types, including T cells, NK cells and DCs. 

Whereas T cell rewiring has been extensively studied and forms the foundation of the earliest 

immunotherapies111–113, insights into tumour-driven NK-cell phenotypes have only emerged recently. In our 

ORTHO model, NK cells were primarily driven to an ‘immature’ dysfunctional state, consistent with the rapid 

loss of effector functions observed when circulating NK cells enter the TME35. The exact mechanism 

underlying this dysfunction remains unclear, though PGE2
 and TGFβ were reported to be involved35. In a 

murine lymphoma model, NK dysfunctionality was more progressive and induced by tumour recognition114. 

However, NK dysfunction was proven to be reversible, with a return to reactivity either by removal from the 

highly stimulatory environment or by IL-15/IL-15RA treatment35,114. Our ORTHO model provides a valuable 

tool to further investigate the drivers of this dysfunction and evaluate therapies targeting its reversal or 
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inhibition. Additionally, it allows to investigate whether non-marginated NK cells already display a certain 

degree of dysfunction, as observed in breast and lung cancer patients115,116. 

DCs are crucial in mounting durable anti-tumour responses, exemplified by the various DC-based/-

focussed cancer therapies currently under investigation117–119. However, tumour-driven phenotypic changes 

can hamper DC functionality on different levels, including altered antigen uptake and presentation, reduced 

tumour infiltration and, non-responsiveness to stimulation120–124. In our ORTHO model, both cDC1s and 

cDC2s underwent phenotypic shifts upon tumour entry, with intratumoural cDCs adopting a mature state, 

while subsets could adopt an ISG state. The ISG cDC2s resembled inflammatory cDC2s (inf-cDC2), 

identified under various inflammatory and infectious conditions125, and tumour-induced ISG+ DCs126. Both 

were shown to efficiently activate CD8+ T cells, potentiated in the tumour context via MHCI dressing. In 

breast and head and neck cancer, IFN signalling in cDC1s was shown to be crucial for anti-tumour 

responses127,128, suggesting that ISG cDCs are critical anti-tumour mediators and opening new avenues for 

strategies to enhance the shift of cDCs to an ISG phenotype.  

Intriguingly, we observed a similar ISG phenotype in T cells, TAMs, AMs, neutrophils, and fibroblasts, mostly 

enriched within ORTHO tumours. We identified similar ISG TAMs, T cells and neutrophils in LUAD patients. 

In a recent pancreatic cancer study, IFNα-induced BST2+ macrophages were linked to poor patient 

prognosis129. These pro-tumoural macrophages arose following ‘mitochondrial DNA damage’-induced 

cGAS-STING activation and drove CD8+ T cell exhaustion. As such, the ISG Bst2 was increased in all 

identified ISG cell types in our model, including the ISG TAMs. Contrastingly, Ly6Ehigh IFN-induced 

neutrophils were shown to be anti-tumoural, drove cytotoxic CD8+ T cell activation and accumulated 

following immunotherapy in different human and murine cancer types130,131. Additionally, the STAT3–

STING–IFN axis was recently shown to control the metastatic spread of small cell lung cancer132. Our study 

to identifies spatially distinct ISG-enriched regions, termed ISG hubs, in a tumour context. Importantly, we 

observed a similar spatial distribution of ISGs in a NSCLC patient tumour. Similar ISG hubs, termed 

interferon-induced cell (IFNIC) colonies, have recently been observed in the border zone (separating 

(non-)injured regions) of murine and human myocardial infarcted hearts133. These colonies formed as a 

result of high mechanical stress, leading to nuclear rupture and loss of DNA compartmentalisation in 

cardiomyocytes and fibroblasts. This promoted activation of the cGAS–STING–IRF3 DNA-sensing pathway 

and subsequent production of IFNs, which in turn generated IFNICs. Accumulating evidence points to the 

importance of high mechanical, compressive stress in tumours134 and could potentially explain the presence 

of ISG hubs at the border regions of tumours. The clinical relevance of the observed ISG hubs and the 

potentially contrasting pro- and anti-tumoural functions of the cells therein, warrants further research and 

could provide insights into the use of IFN-based therapies.  

Overall, we introduce the SEPARATE-Seq technique, which can be used throughout the whole 

(immuno-)biological field for the identification of cellular compartments (vascular versus intratissue). Most 

importantly, our resource provides a platform for further preclinical NSCLC research via our ORTHO model 
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and its thorough immune characterisation via SEPARATE-Seq (interactive tool: single-

cell.be/Laouimmunology/SEPARATESeq), and its demonstrated responsiveness to combination therapy, 

displaying strong similarities in terms of cell types and their location within human LUAD tumours.  
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METHODS 

Specifics regarding materials and reagents used in this study are listed in Supplementary Table 5. 

All procedures followed the guidelines of the Belgian Council for Laboratory Animal Science (BCLAS), 

based on policies of the Federation of European Laboratory Animal Science Associations (FELASA). All 

experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Vrije 

Universiteit Brussel (Ethische Commissie voor Dierproeven (ECD), LA 1210220; licenses 20-220-23, 20-

220-27, 21-220-04, 21-220-05, 22-220-10, 23-220-07, 23-220-23, 23-220-42, 25-220-24, 25-220-28, 25-

220-34 and 25-220-38) and by the IACUC of the University of Liege (license 20-2267). 

Mouse strains 

6-8 weeks old C57BL/6 mice were purchased from Janvier Labs. Unless otherwise specified, mice were 

female. All mice were group housed in the animal facility of the Brussels Center for Immunology (BCIM) 

laboratory (Vrije Universiteit Brussel, Elsene, Belgium) under standard conditions, notably 12-hour 

light/dark cycle, temperature of 20-24°C, relative humidity of 45-65%, access to environmental enrichment, 

ad libitum food and water and daily health checks. Mice were weighed every two to three days. Euthanasia 

was performed according to approved IACUC-protocols once the endpoint criteria were met. 

KrasG12D/+;Trp53lox/lox (KP) mice were obtained from Dr. Pierre Close (GIGA-Institute, University of Liège, 

BE). All mice were housed and bred in institutional specific pathogen-free facilities, maintained in a 12-hour 

light-dark cycle and had access to ad libitum food and water. Both male and female mice (10-weeks old) 

were used in similar proportions for Cre recombination. Genetic recombination was induced 

following intratracheal administration of Cre-containing Adeno-Associated Viruses (AAV6.2ff Spb-Cre). 

Mice were sacrificed at ethical endpoint (90-120 days post AAV delivery). 

 

Cell lines 

Lewis Lung Carcinoma (LLC)-Thy1.1 P0 (kind gift from Prof. Massimiliano Mazzone) and P2 cancer cell 

lines were cultured in DMEM supplemented with 10% (v/v) heat-inactivated FCS, 300 μg/mL L-glutamine, 

100 units/mL penicillin, and 100 μg/mL streptomycin (DMEM culture medium), at 37°C and 5% CO2. Cells 

were checked for mycoplasma contamination regularly using the Venor GeM Classic kit (cat. nr. 11-1025).  

In vivo passaging of cancer cells 

The LLC-Thy1.1 P2 cell line was obtained by serial in vivo passaging via intratracheal injections with 

intubation (ITI; see Fig. 1F). For the first passage, 2*106 LLC-Thy1.1 cells P0 were injected. 28 days post 

injection (dpi), the full lung was processed to a single cell suspension and Thy1.1+ cells were isolated using 

CD90.1/Thy1.1 MicroBeads according to the manufacturer’s instructions. Obtained cells were then cultured 

for 8 days, before being injected into new mice. The full lung was again processed 21 dpi and cultured. The 

supernatant was replaced after 24h to remove non-attaching cells. After 4 days of culture, tumour cells were 
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detached and separated from fibroblasts via pipetting. Stable and consistent Thy1.1 expression was 

confirmed via flow cytometry. 

Crystal violet (CV) colony formation assay  

200 cancer cells/3 mL DMEM culture medium were seeded in triplicate in a 6-well plate (n=3). After 6 days, 

wells were washed with PBS and subsequently fixed with 4% PFA in PBS for 20 min at RT. After a PBS 

wash step, wells were incubated for 15 min with 600 µL of Crystal Violet (CV) staining mixture (2.5% (w/v) 

CV in 4:1 water-methanol) at RT. After a final wash under a deionised water tap, pictures were taken of 

individual wells. Colonies were quantified using ImageJ (Manual Thresholding: default method, black and 

white, 0-80, followed by Analyse Particles: size ≥15, circularity 0-1).  

Limiting dilution assay (spheroid formation)  

Cancer cells/200 µL 3D Tumorsphere Medium XF were seeded at different cell numbers (10000, 5000, 

1000, 500, 100, 50, 10 and 1) in quadruplicate in round bottom 96-well ultra-low attachment microplates 

(Corning, # 7007) (n=3). Wells were imaged using the Incucyte S3 on day 3, 5 and 7 using the standard 

single spheroid scan settings. 

Western blot 

Cells were lysed with 150-250 µL of 2% protease inhibitor solution (cOmplete Tablets EASYpack; 1 tablet/1 

mL 1% SDS) and 98% phosphatase inhibitor solution (Pierce Phosphatase Inhibitor Mini Tablets, 1 tablet/10 

mL 1% SDS). Samples underwent 10 s sonication, followed by 5 min heating at 99°C. Protein concentration 

was determined with the Pierce BCA Protein Assay Kit (cat. nr. 23225) according to the manufacturer’s 

instructions. 20 µg of samples were run on SDS-PAGE gels and transferred to PVDF membranes. 

Membranes were washed with 0.1% Tween 20 in TBS (TBS-T), blocked for 1h using 5% milk in TBS-T and 

washed again. Next, they were incubated overnight at 4°C with primary antibodies (1:1000 in 5% BSA, 

except for PCNA 1:1000 in 5% milk). Membranes were washed three times for 10 min each, after which 

they were incubated with HRP-conjugated secondary antibodies (1:3000 in 5% milk) for 1h at RT. After 

three 10 min washes, membranes were developed using Pierce ECL Western Blotting Substrate (cat. nr. 

32106) and imaged via chemiluminescence detection using the ImageQuant LAS 4000 (GE Healthcare Life 

Sciences). 

Apoptosis staining 

Cancer cells were collected together with the supernatant (0.25-1*106 cells) and centrifuged (450g, 5 min, 

4°C). Cells were washed twice with MACS (0.5% FCS, 2 mM EDTA in HBSS) (450g, 5 min, 4°C), after 

which they were resuspended in 100 µL Annexin V Binding Buffer (BioLegend). 5 µL of APC Annexin V and 

5 µL of 7-AAD were added, the cells were vortexed gently and incubated for 15 min at RT in the dark. 400 

µL of Annexin V Binding Buffer was added and data was acquired within 4h. 

Cancer cell injections 
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For subcutaneous (SUBCUT) injections, 1*106 LLC Thy1.1 P2 cells/100 μL HBSS were injected 

subcutaneously into the right flank. Tumour volumes were determined by calliper measurements and 

calculated using the formula: 𝑉 =  𝜋 ∗
(𝑑2∗𝐷)

6
, where d is the shortest and D is the longest diameter. The 

maximal tumour volume allowed by the IACUC of the Vrije Universiteit Brussel is 2000 mm3, which was not 

exceeded in this study.  

For retro-orbital injections (RO), mice were anaesthetised via isoflurane inhalation (2-3% isoflurane at a 

flow rate of 1.0 L/min), followed by the subsequent injection of 2*105 LLC Thy1.1 P0 cells/100 μL HBSS 

and 100 µl HBSS into the RO venous sinus. The latter was done to eliminate any remaining cancer cells at 

the injection site. A 0.3 mL insulin syringe was used, and its needle was positioned at a 45° angle for 

injection.  

For transthoracic injections (TT), mice were anaesthetised with ketamine (14 mg/mL) and xylazine (1 

mg/mL) (anaesthetic dose (AD) = 7 µL per g body weight) through intraperitoneal (IP) injection. A 5-10 mm 

skin incision was made in the left chest, after which fat and muscle tissue were gently pulled away from the 

ribs and the left lobe was visualised. A 0.3 mL insulin syringe was advanced into the left lobe between the 

ribs and 1*106 cancer cells/50 μL 50%-50% HBSS-Matrigel or 100% HBSS were slowly injected 

intrapulmonary. 

For intratracheal injections with intubation (ITI), mice were anaesthetised with ketamine/xylazine (1x AD) 

through IP injection. Mice were hung by their superior incisors on an intubation stand. A blunted catheter 

was inserted into the trachea, after which the needle was removed. 1-2*106 LLC-Thy1.1 cells/50 μL HBSS 

were administered through the catheter using a pipette. To ensure all cells were injected, 300 μL of air was 

subsequently injected into the catheter using a ‘pre-filled’ syringe. 

For the direct intratracheal inoculation (ITD or ORTHO) (Supplementary Movie 1), mice were anaesthetised 

via isoflurane inhalation (3-4% isoflurane at a flow rate of 1.0 L/min). Once adequate anaesthesia was 

observed, mice were partially suspended by their superior incisors, their tongue was gently pulled out to 

one side using small tweezers and then kept in this position during the procedure using index finger and 

thumb. 1*106 LLC-Thy1.1 cells/50 µL HBSS were administered into the mouth using a pipette and 

subsequently inhaled by the mouse. Inhalation was promoted via gentle massaging of the mouse thorax. 

After inhalation of the cancer cells, an additional 20 µL of HBSS was administered in the same manner to 

ensure that all cancer cells reached the lungs and were cleared from the mouth. Mock injections with 50 µL 

HBSS, followed by 20 µL HBSS served as a control. 

Micro-CT (µCT) imaging 

Orthotopic tumour growth was followed-up via µCT scanning (MILabs) under isoflurane anaesthesia (2-3% 

isoflurane at a flow rate of 1.0 L/min), with the standard full body image settings (voltage 50 kV, current 0.39 

mA, exposure time 40 ms, voxel size 80 µm, scan angle 360°, step degree 0.75°) in a single mouse bed. 

The image was reconstructed using the MILabs Auto Rec software and 3D reconstruction and analysis 
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were done using the Imalytics Preclinical software (v3.1). Lungs were segmented by thresholding the image 

at -250 Hounsfield units (HU), selected using autofill and finally smoothened. Tumour nodules were 

delineated manually.  

Therapy 

Mice received multiple cycles of anti-PD-1 mAb (clone RMP1-14 200 µg; 10 mg/kg; three times per week 

i.p.), cisplatin (70 µg; once per week i.p.) or the combination of the two as from the presence of tumour foci 

was confirmed by µCT for ORTHO tumours or as from a tumour size round 100 mm3 for SUBCUT tumours 

(Schematic overview in Fig. 10A). Isotype mAb (anti-βGAL, clone GL117) and vehicle (0,9% saline) were 

given as control. For ORTHO, the end point was defined as a weight loss (20% of max body weight) of in 

combination with a high tumour burden observed on µCT. Of note, mice were considered dropouts if they 

exhibited chemotherapy-related weight loss (max body weight as reference point) accompanied by low 

tumour burden. For SUBCUT, the end point was defined as a tumour reaching 1400 mm3 or the occurrence 

of ulceration.  

Lung collection and dissociation 

For the SEPARATE-Seq samples, mice were sacrificed via anaesthetic overdose through RO injection of 

100 µL ketamine (14 mg/mL) and xylazine (1 mg/mL), containing 2 µg of CD45-biotin antibody. In 

experiments where no vascular/intratissue distinction had to be made, anaesthetic overdose was given 

through an IP (2x AD) or RO (100 µL) injection. The inferior vena cava was exposed and cut, after which 

lungs were perfused with 20 mL HBSS via the right heart ventricle using a 27G needle. Perfused lungs 

were harvested and collected in 500 µL RPMI+10% FCS. In the case of tumour-bearing lungs, tumour and 

adjacent tissue were separated using spring scissors, after which both tissues were processed according 

to the following protocol. Samples were cut into very small pieces and 250 µL of enzyme mix (10 U/mL 

collagenase I, 400 U/mL collagenase IV, 30 U/mL DNase I in HBSS) was added for digestion. The 

suspension was incubated in a ThermoMixer C (Eppendorf) (1500 rpm, 25 min, 37°C). After incubation, 

750 µL of RPMI+10% FCS was added. The suspension was mixed extensively through pipetting and 

transferred over a 70 µm nylon filter. The cell suspension was centrifuged (450g, 6 min, 4°C), after which 

the supernatant was discarded. The cell pellet was resuspended in 1 mL of lysis buffer (155 mM ammonium 

chloride, 10 mM potassium bicarbonate, 500 mM EDTA in Milli-Q water). Samples were incubated for 3 min 

at room temperature (RT) and then neutralised by adding 5 mL of RPMI+10% FCS. Suspensions were 

filtered and centrifuged (450g, 6 min, 4°C). The supernatant was discarded, and the pellet was resuspended 

in the desired amount of MACS or HBSS, resulting in a single-cell suspension.  

Subcutaneous tumour processing 

Animal sacrifice was performed in the same manner as for lung collection. No perfusion was performed. 

Subcutaneous tumours were collected in 1 mL of RPMI+10% FCS for processing. Tumours were 

extensively cut before the addition of 500 µL of enzyme mix. Samples were incubated with enzyme mix in 
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a ThermoMixer C (1500 rpm, 25 min, 37°C). After incubation, each sample was transferred to a well in a 6-

well plate and the tissue was further dissociated by squashing with the backside a syringe plunger. Samples 

were then transferred over a 70 µm nylon filter, followed by centrifugation (450g, 6 min, 4°C). The 

supernatant was discarded, and the cell pellet resuspended in 1 mL of lysis buffer. Samples were incubated 

for 3 min at RT and then neutralised by adding 5 mL of RPMI+10% FCS. Suspensions were filtered and 

centrifuged (450g, 6 min, 4°C). The supernatant was discarded, and the pellet was resuspended in the 

desired amount of MACS or HBSS, resulting in a single-cell suspension.  

Flow cytometry and cell sorting 

Samples for flow cytometry analysis were incubated with Fixable Viability Dye eFluor 575 (1:2000 in HBSS) 

for 30 min at 4°C. Next, cell suspensions were washed with HBSS (450g, 6 min, 4°C) and resuspended in 

MACS buffer. To prevent non-specific antibody binding to Fcγ receptors, cells were preincubated with anti-

CD16/CD32 (clone 2.4G2, in house) antibody. Cell suspensions (1-2*106 cells/tube) were then incubated 

for 30 min at 4°C with fluorescently labelled antibodies diluted in MACS buffer and 5 µL/tube BD Horizon 

Brilliant Stain Buffer, then washed with MACS buffer (450g, 6 min, 4°C). From this one on, all incubation 

steps were performed in the dark. 

For IFNγ staining, after obtention of a single cell suspension, cells were incubated for 4h in 200 µL of RPMI 

supplemented with 10% (v/v) FCS, 300 μg/mL L-glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, 

1% (v/v) MEM nonessential amino acids, 1 mmol/L sodium pyruvate, and 0.02 mmol/L 2-mercaptoethanol, 

0.1% (v/v) Brefeldin A (1:1000), ionomycin (1µg/mL) and PMA (20ng/mL). Cells were then washed with 

HBSS (450g, 6 min, 4°C) and subjected to the previous extracellular labelling steps, followed by the 

intracellular staining explained below.  

For intracellular staining, after extracellular staining was completed, samples were centrifuged (450g, 6 min, 

4°C), resuspended in 100 µL eBioscience Fixation Buffer (75% Diluent, 25% Concentrate) and incubated 

for 30 min at 4°C. Next, cells were washed with eBioscience Permeabilization Buffer (1:10 in Milli-Q water) 

(800g, 6 min, 4°C). Cells were resuspended in Permeabilization Buffer containing the intracellular 

antibodies of interest. After incubation at 4°C overnight, cells were washed with Permeabilization Buffer 

(800g, 6 min, 4°C). The supernatant was discarded and the FACS tubes were vortexed before data 

acquisition.  

Flow cytometry data were acquired using a BD FACSCanto II or a BD FACSymphony A3 and analysed 

using FlowJo. The gating strategy to identify the main immune cell populations is shown in Supplementary 

Fig. 4C. Notably, alveolar macrophages (AMs) were outgated prior to the vascular-intratissue separation, 

due to their intrinsic autofluorescence and their residence in the alveolar space.  

Human scRNA-Seq data processing and analysis 

The human single-cell atlas dataset of Salcher et al. (2022)14, which included samples from 19 studies and 

318 NSCLC patients, was downloaded from https://luca.icbi.at (LuCA extended atlas) as a Seurat v5 R 
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object. Further processing of the data was done in R using Seurat v.4.3.0. We extracted all immune cells, 

using the provided “ann_coarse” cell type labels in the Seurat object metadata. Additionally, we subsetted 

only the cells from primary tumours and non-tumoural ‘normal’ adjacent tissue (using the “origin” cell 

metadata) of patients. Of note, only the studies in which the full tissue or isolated CD45+ cells were 

sequenced, were included, and not those where enrichment for a certain cell type was done. Supplementary 

Data 1 shows included samples and patient metadata. Gene names were converted from Ensembl ID to 

gene symbol using the mapIds function of the ensembldb v2.18.4 package and the 

EnsDb.Hsapiens.v86_2.99.0 package. The immune myeloid and the lymphoid compartments were 

subclustered and processed separately. Raw gene expression counts of each compartment were 

normalised, followed by the selection of highly variable genes (HVG), scaling by gene and principal 

component analysis (PCA). Next, batch correction was performed on the PCA embeddings using harmony 

v1.2.0 with theta=1 and the originating study identity as batch parameter. The corrected PCA embeddings 

were used for downstream analysis, including Louvain clustering and Uniform Manifold Approximation and 

Projection (UMAP). The cell type identity of each cluster was determined by their expression of specific cell 

type marker genes. Clusters that were outliers due to low library size and number of expressed genes and 

lacked a distinct gene signature compared to the remaining clusters were excluded. The full immune cell 

dataset was further processed by selection of HVG, scaling, PCA, batch correction using harmony with 

theta =1 and UMAP analysis. Some cell populations, including macrophage/monocyte, proliferating 

lymphoid cells, CD4+ T cells, ISG-expressing T cells, neutrophils and NK cells, were extracted and further 

subclustered to annotate them in more detail. Signature scores were calculated using the AddModuleScore 

function from Seurat. 

scRNA-Seq of cancer cell lines: data acquisition and library preparation (10x Genomics) 

After 7 days in culture, supernatant was removed and 2*106 LLC-Thy1.1 P0 and 2*106 LLC-Thy1.1 P2 cells 

were collected using HBSS+1% FCS. Cells were centrifuged (400g, 5 min, 4°C) and resuspended in 45 µL 

PBS+1% BSA. The cells were incubated for 30 min at 4°C with a unique TotalSeq-A cell hashing antibody 

(HTO; 1:250; P0 and P2 labelled with TotalSeq-A0314 and -A0315 resp.) and TruStain FcX PLUS (1 

µL/sample). Cells were washed (400g, 5 min, 4°C) and the supernatant discarded. Next, cells were 

incubated at RT for 5 min with 100 µL cell multiplexing oligonucleotides (CMOs; P0 and P2 labelled with 

CMO-310 and -311 resp.). Samples were washed (400g, 5 min, 4°C) and resuspended in PBS+1% BSA 

for sorting. 7-AAD was added to sort out live cells using a BD FACSAria II. Sorted single-cell suspensions 

were centrifuged and the cell pellet resuspended at an estimated final concentration of 1000 cells/μL. Cells 

were loaded on a Chromium GemCode Single Cell Instrument (10X Genomics) to generate single-cell Gel 

beads-in-EMulsion (GEM). The scRNA-Seq libraries were prepared using the GemCode Single Cell 3′ Gel 

Bead and Library kit version Next GEM v3.1 (cat. nr. 1000121) according to the manufacturer's instructions 

(10X Genomics, User Guide CG000388) with the addition of the amplification primer 5’-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT*C*T-3´ (3 nM) during cDNA amplification to enrich the 

TotalSeq-A hashing protein oligos. Size selection with SPRIselect Reagent Kit (Beckman Coulter, cat. nr. 
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B23318) was used to separate amplified cDNA molecules for 3′ gene expression, hashing protein and 

hashing lipid construction. TotalSeq-A protein library construction including sample index PCR using 

Illumina’s Truseq Small RNA primer sets and SPRIselect size selection was performed according to the 

manufacturer’s instructions. The cDNA content of pre-fragmentation and post-sample index PCR samples 

was analysed using the 5200 Fragment Analyzer (Agilent). Sequencing libraries were loaded on an Illumina 

NovaSeq flow cell at VIB Nucleomics Core with sequencing settings according to the recommendations of 

10X Genomics. The Cell Ranger pipeline (10X Genomics, version 7.1.0) was used to perform sample 

demultiplexing and to generate FASTQ files for read 1, read 2, and the i5, i7 sample index for the gene 

expression, HTO and CMO libraries. Read 2 of the gene expression libraries was mapped to the reference 

genome (mouse mm10). Subsequent barcode processing, unique molecular identifiers filtering, and gene 

counting was performed using the Cell Ranger software (10X Genomics). 

scRNA-Seq of cancer cell lines: data analysis 

The multi pipeline of the Cell Ranger software (10x Genomics) v.7.1.0 was used to perform alignment of 

the RNA sequencing reads to the reference genome (Mus musculus mm10-2020-A), demultiplexing of the 

CMO-labelled samples and generation of the RNA and HTO/CMO UMI count matrices. The mean number 

of RNA reads per cell was 10,561 with a sequencing saturation metric of 31.26%. The HTO and the CMO 

libraries yielded 98 and 3,793 mean reads per cell, and 92.57% and 20.23% sequencing saturation, 

respectively. Of all cell-associated barcodes (as defined by Cell Ranger), 88.9% were assigned to a single 

CMO sample and 7.71% were assigned as CMO multiples. The gene expression matrix processing and 

analysis was performed as described below in the SEPARATE-Seq data analysis section. The HTO count 

matrix processing was performed as described below in the SEPARATE-Seq data analysis section. The 

HTO demultiplexing was performed with the ‘DeMULTIplex’ method27 using Seurat’s MULTIseqDemux 

function with default parameters. 

SEPARATE-Seq: data acquisition and library preparation (10x Genomics) 

Lungs of mock injected and tumour-bearing mice (21 dpi) and subcutaneous tumours (18 dpi with  tumour 

size (TS) and tumour weight (TW) for HTO1: TS=1086.02 mm3, TW=0.5 g; HTO2: TS=1154.32 mm3, TW= 

0.44 g; HTO3: TS=1016.18 mm3, TW= 0.56 g; HTO4: TS=972.00 mm3, TW= 0.46 g) were processed 

according to the regular tissue processing procedures, with the addition of actinomycin D (ActD) to each 

buffer to block transcription during the processing. The ActD concentration was decreased along the way: 

30 μM during initial cutting, 15 μM during the enzymatic digestion and 3 μM for all the following steps up 

until staining. Of note, we used the same murine samples to perform both flow cytometry and SEPARATE-

Seq (combined with scRNA-/CITE-Seq) in parallel to allow for the correlation between protein and 

transcriptomic data. Thus, 2*106 cells were used for CITE-Seq and leftover cells were used for flow 

cytometry analysis. For adjacent and mock samples, exact sample matching was not feasible as the entire 

adjacent tissue was used for sequencing due to the limited cell numbers. Cells were incubated in PBS+1% 

BSA with TruStain FcX PLUS (1 µL) at 4°C. The staining mix was added to obtain a final volume of 50 µL, 
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containing PBS+1% BSA with fluorescent antibodies (CD45 APC-Cy7 and Thy1.1 APC; 1:666), a unique 

mouse TotalSeq-C cell hashing antibody (HTOs;1:1000), a unique TotalSeq-C Streptavidin (STREPs; 1:833) 

and a mouse CITE-Seq antibody panel. The latter contains 193 unique oligoconjugated antibodies and 

isotype controls (Supplementary Table 2). Four replicates were tagged and pooled using HTOs specific 

against mouse CD45 and MHC class I (TotalSeq-C0301, TotalSeq-C0302, TotalSeq-C0303, TotalSeq-

C0305) and STREPs (TotalSeq-C971, TotalSeq-C972, TotalSeq-C973, TotalSeq-C974). HTOs were used 

to (i) be able to discriminate from which mouse a cell originated and to distinguish the origin of cell from 

different mice and (ii) relate adjacent- and tumour-derived cells from individual mice (in the case of ORTHO 

lungs). STREPs were used to verify whether analysed cells were present in the tissue or in the vasculature 

at the moment of sacrifice. Additionally, HTOs and STREPs were used to remove doublets in analysis steps, 

by matching STREP and HTO. After 20 min of incubation at 4°C, cells were washed (400g, 5 min, 4°C) and 

resuspended in PBS+1% BSA. 7-AAD (5 µL) staining was used to exclude dead cells. 7-AAD-CD45+Thy1.1- 

cells were sorted from single-cell suspensions using a BD FACSAria II and BD FACSAria III. 

Sorted single-cell suspensions were centrifuged and the cell pellet resuspended at an estimated final 

concentration of 1,400 cells/μL. Cells were loaded on a Chromium GemCode Single Cell Instrument (10X 

Genomics) to generate single-cell Gel beads-in-EMulsion (GEM). The DNA libraries were prepared using 

the GemCode Single Cell 5′ Gel Bead and Library kit, version Next GEM v2 (cat. nr. 1000263) according to 

the manufacturer's instructions (10X Genomics, User Guide CG000330). Size selection with SPRIselect 

Reagent Kit (Beckman Coulter, cat. nr. B23318) was used to separate amplified cDNA molecules for 5′ 

gene expression and cell surface protein construction. The cDNA content of pre-fragmentation and post-

sample index PCR samples was analysed using the 5200 Fragment Analyser (Agilent). Sequencing 

libraries were loaded on an Illumina NovaSeq flow cell at VIB Nucleomics Core with sequencing settings 

according to the recommendations of 10X Genomics, pooled in a 75:25 ratio for the combined 5′ gene 

expression and cell surface protein samples, respectively. The Cell Ranger pipeline (10X Genomics, 

version 7.1.0) was used to perform sample demultiplexing and to generate FASTQ files for read 1, read 2, 

and the i5, i7 sample index for the gene expression and cell surface protein libraries. Read 2 of the gene 

expression libraries was mapped to the reference genome (mouse mm10). Subsequent barcode 

processing, unique molecular identifiers filtering, and gene counting was performed using the Cell Ranger 

software (10X Genomics). 

SEPARATE-Seq: CITE-Seq analysis 

The Cell Ranger software v7.1.0 (10x Genomics) was used to perform alignment of the RNA sequencing 

reads to the reference genome (Mus musculus mm10-2020-A) and generation of the RNA and 

ADT/HTO/STREP UMI count matrices. The average of the mapped mean RNA reads per cell was 30,034 

± 1,046 SD, with an average sequencing saturation metric of 70.3% ± 8.2% SD. The ADT/HTO/STREP 

libraries yielded 10,346 ± 1,948 SD mean reads per cell, with 55.13% ± 5.02% SD sequencing saturation. 

Further analysis of UMI count data was performed using R v4.3.1. and the Seurat v4.3.0/5.0.3 R package, 
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developed by the Satija lab. The R packages SCRAN v1.22.1, Scater v1.22.1 and DropletUtils v1.14.2 were 

used to pre-process and filter the gene expression matrices. Cell barcodes associated with empty droplets 

were removed from the raw expression data using the EmptyDrops function of DropletUtils. The data was 

then subjected to further quality control. Outliers for total RNA UMI counts, number of genes and percent 

mitochondrial genes per cell were determined using the Scater package. Outliers were defined using as a 

threshold three median absolute deviations (MAD) away from the median for each quality control parameter, 

independently for each scRNA-seq library (above the median for the percent mitochondrial genes and 

below the median for UMI counts and number of genes). Additionally, all cells with percent mitochondrial 

genes above 20% were removed. Potential cell doublets were tagged by calculating a doublet score per 

cell, using the random approach of the scDblFinder function from the scDblFinder v1.8.0 package. 

Subsequently, the data was normalised and scaled to ensure that the mean expression of each gene across 

all cells was 0 and the standard deviation was equal to 1. Next, HVG were selected, and dimensionality 

reduction was performed using PCA. The number of principal components used for downstream analysis 

was chosen based on heatmaps of the expression of the top genes driving each principal component and 

an Elbow plot. Unsupervised clustering was performed on the top PCA embeddings using Seurat. The 

genes and surface proteins, specifically expressed in each cluster, were identified via differential expression 

(DE) analysis with the FindMarkers function of Seurat (Wilcoxon Rank Sum test). The p-values of DE were 

adjusted for multiple testing with Bonferroni correction. UMAP allowed for a two-dimensional visual 

representation of the data.  

The ADT, HTO and STREP count matrices were denoised using CellBender v0.3.0, using fpr=0.1 as 

recommended for CITE-Seq data. This package removes counts due to ambient RNA, not associated with 

intact cells, random barcode swapping, or unbound and unwashed antibodies. Then the ADT, HTO and 

STREP matrices were further processed as described previously135. In brief, the cell barcodes, associated 

with artefact cells based on the RNA expression analysis were discarded, and the remaining data was 

normalised using the ASINH_GEOM transformation (inverse hyperbolic sine transformation with a cofactor).  

For the HTO and STREP count matrices demultiplexing, three methods were tested: (i) Seurat’s 

HTODemux algorithm26, (ii) the DeMULTIplex classification algorithm27 as implemented in Seurat, using the 

MULTIseqDemux function and, (iii) the DeMULTIplex2 algorithm136 using deMULTIplex2 v1.0.1. For the 

STREP demultiplexing, we varied the quantile threshold between the default (0.99) and 0.999999, while for 

HTO the default threshold was used. When applying DeMULTIplex for the STREP matrix, we used either 

the default quantile threshold of 0.7, or 0.9. The default threshold was used for the HTO matrix. Finally, 

DeMULTIplex2. For both HTO and STREP, we ran the three demultiplexing methods either on the whole 

dataset, or for each major cell type separately (algorithm_CT; neutrophils, non-classical monocytes, 

classical monocytes, macrophages, proliferating macrophages, AMs, DC, T/ILC, NK, B cells, proliferating 

lymphocytes, doublets, artefacts). The demultiplexing results were evaluated qualitatively by UMAP 

diagnostic plots, based on the normalised and scaled HTO or STREP counts, using 100 n.neighbours. Then, 

the cells were assigned to the intratissue category, if they were classified as negative for all STREPs and 
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positive for one of the HTOs. Alternatively, the cells were assigned to the vascular category, if they were 

classified as STREP positive and HTO positive for the same corresponding sample. STREP-X-HTO-Y 

combinations, along with STREP+HTO- or STREP-HTO- were identified as technical artefacts. Different 

combinations of demultiplexing methods were used during this assignment (Supplementary Data 2). The 

results of the vascular/intratissue assignment for the different demultiplexing method combinations were 

correlated with the proportions of vascular/intratissue cells identified by flow cytometry for neutrophils, 

monocytes, macrophages, cDC1, cDC2, CD8+ T, CD4+ T, Treg, NK and B cells, using the Pearson statistic. 

Ultimately, DeMULTIplex with quantile threshold of 0.9 for the STREP matrix, and DeMULTIplex2 for the 

HTO matrix were chosen as an optimal demultiplexing strategy based on the correlation with flow cytometry 

data and the number of recovered intratissue/vascular cells. 

Multiplets and negative cells, as well as the cells assigned to non-matching HTO-STREP samples, were 

excluded from further analysis. Hence, our final dataset solely contained vascular (HTO+STREP+) and 

intratissue (HTO+STREP-) cells with matching tags. 

We excluded artefact cells, identified by the final HTO and STREP demultiplexing, as well as those cell 

populations that showed both a high doublet score and expression of markers specific for two different cell 

types. Additionally, we excluded clusters that were outliers due to low RNA counts and number of expressed 

genes and/or high percentage of mitochondrial genes, and that lacked a distinct gene signature compared 

to the other clusters. Finally, we repeated the HVG selection, scaling, PCA dimensionality reduction and 

UMAP projection on the cleaned gene expression matrix. Some of the identified compartments were 

extracted and further subclustered, following the same procedure: HVG selection, scaling, PCA, clustering 

and UMAP analysis. Despite quality control and filtering steps, several cell types (B cells, T cells, cDCs, 

neutrophils, AMs, macrophages) showed a population with a high mitochondrial gene signature (Mitohigh) 

upon subclustering, generally present in all SEPARATE-Seq sample types. Signature scores were 

calculated using the AddModuleScore function from Seurat. 

Human – mouse gene correlation 

Gene symbols were converted between human and mouse based on one-to-one orthology using biomartR 

v2.64.0. Then, 2000 shared highly variable genes (HVG) were selected using the 

“SelectIntegrationFeatures” function (Seurat), and their scaled expression was averaged per cell cluster. 

Pearson correlation coefficients were calculated between the corresponding mouse and human cell clusters, 

both for the broad immune cell types and subsets. 

Vizgen MERSCOPE spatial transcriptomics: sample preparation 

Slides from ITI inoculated LLC-Thy1.1 P2 lungs (n=2; referred to as VIZ1 and VIZ2) were analysed using 

the Vizgen MERSCOPE spatial profiling platform, based on Multiplexed Error-Robust Fluorescence in situ 

Hybridization (MERFISH). Mice were euthanised by IP anaesthetic overdose (2x AD). The lungs were 

perfused with 10 mL HBSS, followed by inflation with OCT:HBSS (1:1). The inflated lungs were transferred 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

to HBSS (4°C) to separate the lobes for freezing. The separated lobes were embedded in Tissue-Tek O.C.T. 

Compound (Sakura) and frozen in an isopentane bath chilled by liquid nitrogen. Embedded lung lobes were 

stored at -80°C until cryosectioning. The tissue blocks were transferred to -20°C for temperature adjustment 

approximately 30 min before sectioning. The functionalised, bead-coated Vizgen slides were warmed up to 

RT before use. 10 µm sections were cut (Leica CM1850 Cryostat) and the OCT surrounding of the frozen 

tissue was gently removed using a fine brush. The tissue slices were then placed on the designated area 

of the slides. The filled slides were placed in a petri dish, incubated at -20°C for 5 min and fixed with 10 mL 

of 4% PFA-PBS for 15 min at RT. The sections were washed three times with 10 mL of PBS for 5 min, 

followed by a 70% ethanol wash for 5 min. Following the fix/wash procedure, the slides were transferred 

into the provided polytube bags with 10 mL 70% ethanol after which the prepared samples were shipped 

to Vizgen (USA) to perform MERFISH imaging, decoding and cell segmentation.  

Fluorescent probes were used to visualise gene expression on tissue samples, in this case a panel of 322 

genes was designed of which 287 genes were targetable, meaning sufficient target regions exist for the 

probes and there is no overabundance of the transcripts (Supplementary Table 3). Gene expression and 

coordinates matrices were obtained from the instrument output. For cell segmentation, the Cellpose2 

algorithm was used, which leverages both the DAPI and PolyT cell boundary stain to more accurately assign 

RNA transcripts.  

Vizgen MERSCOPE spatial transcriptomics: analysis 

Data were analysed using MERSCOPE Vizualizer software v2.3 (Vizgen Technologies) and the Scanpy 

v1.10.2, Squidpy v1.5.0, and Monkeybread v1.0.0 packages in Python v3.9.13. Cells with less than 5 

detected transcripts and a volume lower than 10 were left out for further analysis (termed “not identified”). 

Analogous to scRNA-seq data, data from spatial transcriptomics were normalised to the total expression, 

scaled (log transformation), dimensionally reduced (PCA), clustered (Leiden clustering) and a UMAP was 

calculated. Clusters were subsequently annotated based on differential gene expression, known marker 

genes and gene signatures from previous scRNA-seq annotation (Supplementary Table 4). Tumour and 

adjacent regions were delineated manually via the MERSCOPE Vizualizer. The tumour core was defined 

as the centroid of the manually delineated tumour nodule, calculated by the “centroid” function of the 

Shapely v2.0.6 package. 

Niches were calculated with neighbourhood analysis using the Monkeybread package. Clustering 

parameters were set to resolution 0.45, radius 50 and 60 n_neighbours. Niches were defined as “other” 

when containing less than 150 cells.  

Transcripts of genes (ISG) were visualised on the DAPI/PolyT stain image (merged image) using the 

MERSCOPE Vizualizer software. Transcripts detected across all planes were shown. 

Analysis of ISG signature on human data 
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Human data was retrieved from TCGA and GTEx databases, using GEPIA2 software137 (Human LUAD: 

483 T, 347 N). Matched normal data (N) retrieved from TCGA normal + GTEx normal databases. ISG 

signature was defined as RSAD2, ISG15, OAS3, CXCL10, IFIT1, OASL, MX1, CXCL9. The expression 

data are first log2(TPM+1) transformed for differential analysis and the log2FC is defined as median(Tumour) 

- median(Normal). Genes with higher |log2FC| values (1) and lower q values (0.01) than pre-set thresholds 

are considered differentially expressed genes. One-way ANOVA for differential analysis, using disease state 

(Tumour or Normal) as variable for calculating differential expression. Transcripts Per Million (TPM). 

Analysis of spatial distribution of ISGs on human data 

The publicly available dataset was retrieved from the 10x Genomics website (Dataset: FFPE Human Lung 

Cancer Data with Human Immuno-Oncology Profiling Panel and Custom Add-on). Sample was FFPE-

preserved tissue purchased from Discovery Life Sciences (Lung NSCLC; Stage I-B; Grade 2). The Xenium 

Human Immuno-Oncology Profiling Panel (380 genes) was pre-designed by 10x Genomics. Transcripts 

were visualised using Xenium Explorer v3.1.1.  

Immunohistochemistry (IHC): tissue preparation and imaging  

Immunostaining with antibodies specific for CD4, CD8, CD20 and PanCK was performed according to 

conventional protocols138. Fluorescence samples are prepared independently of spatial transcriptomics 

samples. ORTHO tumour-bearing lungs (14 and 21 dpi) were collected after perfusion, split into tumour 

and adjacent tissue in pieces of ±5x5 mm and transferred to 4% PFA for 24h. Thereafter, samples were 

transferred to 70% ethanol. Tumour specimens were fixed in neutral buffered 10% formalin solution and 

embedded in paraffin as per standard procedures. In brief, 4 µm-thick tissue sections were deparaffinised 

and rehydrated in a descending alcohol series (100, 96, 70, and 50%), followed by antigen retrieval with 

Target Retrieval Solution (Leica) in pH 9. Sections were treated with normal horse serum (2.5%) for 20 min 

and incubated with primary antibodies. First, staining was performed with anti-mouse CD4 (1:150, 1h), 

followed by the revelation of enzymatic activity (ImPRESS HRP anit-rabbit IgG (peroxidase) polymer for 

detection, AEC+ substrate chromogen system for revelation). Sections were counterstained with 

hematoxylin (DAKO) for 30 seconds. Images were acquired using a Leica Aperio AT2 scanner (Leica). 

Thereafter the same sections were restained with antibodies specific for CD20 (1:100, 1h incubation; 

ImPRESS HRP anti-rabbit IgG (peroxidase) polymer for detection, AEC+ substrate chromogen system for 

revelation), PanCK (1:50, 2h incubation; ImPRESS HRP anti-rabbit IgG (peroxidase) polymer for detection, 

AEC+ substrate chromogen system for revelation) and CD8 (1:250, 1h incubation; ImPRESS EXCEL 

amplified anti-rabbit IgG for detection, DAB+ substrate chromogen system for revelation). Between every 

staining step the slides were scanned, and final image was composed by the HALO10 software (Indica 

labs) using the registration algorithm. 

H&E tissue preparation and staining  
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For H&E, lungs were perfused with HBSS and inflated with 4% PFA. Fixation was done for 24h in 4% PFA. 

Afterwards, sectioning and H&E staining was performed using standard protocols. 

Quantification and statistical analysis 

The obtained data were either analysed using GraphPad Prism v10.3.1 (GraphPad Software, La Jolla, 

California, United States of America) or R. Statistical tests that were applied to compare groups are shown 

in the legends of Figures. The (corrected) p-value for statistically relevant differences is indicated in graphs 

as follows: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 

To assess the differential abundance between experimental conditions (SEPARATE-Seq), we employed 

generalized linear mixed models with a negative binomial distribution (nbinom2: lowest AIC, best residuals, 

best fit), implemented using the glmmTMB package in R. Models were fit separately for each pairwise 

comparison of interest between conditions 1 and 2, restricting the dataset to the relevant subsets of 

observations. The following comparisons were made for general immune cell types and specific immune 

cell subsets: 

(1) ‘ORTHO-T vs SUBCUT’/‘ORTHO-T vs ORTHO-A’/‘ORTHO-A vs ORTHO-M’ within total immune 

cells 

(2) ‘ORTHO-T vs SUBCUT’/‘ORTHO-T vs ORTHO-A’/‘ORTHO-A vs ORTHO-M’ within 

vascular/intratissue immune cells 

(3) SUBCUT/ ORTHO-T/ORTHO-A/ORTHO-M: ‘intratissue vs vascular’ immune cells 

The employed model: 

glmmTMB(count ~ cond ∗ cells + offset(log (total_count) + (1|mouse), 

dispformula =  ~1 + (1|cell), 

family = nbinom2(link = log), 

data = droplevels(cell_excl)) 

with count: raw count of the cell subset of interest in a specific condition; cond: conditions (= sample type 

for comparisons (1) and (2), and location for comparison (3)); cells: cell subset; total_count, raw count of 

the total cells within a mouse for comparisons (1) and (3) or raw count of the total cells within a specific 

location (vascular/intratissue) within a mouse for comparison (2); cell_excl: cell (sub)types which were not 

present in one of both conditions and hence excluded from the analysis.  

Post hoc contrasts of conditions within each cell type were obtained using the emmeans package in R. 

Pairwise comparisons were adjusted for multiple testing via the Benjamini–Hochberg correction method. 

Quality control (QC) of residuals and model fit were quantified via the DHARMa package. All comparisons 

are listed in Supplementary Data 3. 

For the comparison between male and female the same model was used, using gender as condition and 

employing the model to each sample type separately.  

Human LUAD data was analysed in a similar manner employing the following model:  
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glmmTMB(count ~ cond ∗ cells + offset(log (total_count) + (1|study) + (1|donor_ID), 

dispformula =  ~1 + (1|cell), 

family = nbinom2(link = log), 

With count: raw count of the cell subset of interest in a specific condition; cond: conditions (= sample type); 

cells: cell subset; total_count, raw count of the total cells within a patient (donor_ID) per condition; cell_excl: 

cell (sub)types which were not present in one of both conditions and hence excluded from the analysis. 

 

DATA AVAILABILITY 

The LLC-Thy1.1 P2 mouse lung cancer cell line developed in this study will be deposited to American Type 

Culture Collection (ATCC). SEPARATE-Seq data and cell line scRNA-Seq data generated in this study have 

been deposited at GEO (NCBI) under accession number GSE304864 and are publicly available as of the 

date of publication (https://single-cell.be/Laouimmunology/SEPARATESeq). Spatial transcriptomics data 

(Vizgen Merscope) generated in this study have been deposited at GEO under accession number 

GSE325769.  This paper analyses existing, publicly available data, including the single-cell lung cancer 

atlas (LuCA) (extended atlas)14 and the subcutaneous LLC dataset18. Supplementary Data 1 lists the 

included patient samples and patient metadata from LuCA. Accession numbers are listed in Supplementary 

Table 5. Any additional information required to reanalyse the data reported in this paper is available from 

the corresponding author upon request. Source data are provided with this paper.   
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FIGURE LEGENDS/CAPTIONS 

Fig. 1: Introducing a dissectible LLC-derived orthotopic mouse model. (A) UMAP of immune cells 

(479,493 cells from 106 patients) from primary LUAD tumours and adjacent tissue. Data subsetted and 

reanalysed from Salcher et al., 202214. Human icon created in BioRender. Laoui, D. (2026) 

https://BioRender.com/61mtp59. (B) UMAP of immune cells (15,544 cells) from murine subcutaneous LLC 

tumours. Data subsetted and reanalysed from Murgaski et al., 202218. Mouse icon created in BioRender. 

Laoui, D. (2026) https://BioRender.com/vsy9o7g. (C) Percentages of main immune subsets in primary 

LUAD tumour and adjacent tissue (left) and in murine subcutaneous LLC tumours (right). (D) Blobbogram 

showing the differential abundance of general immune cell types in primary LUAD tumour (n=104) and 

paired adjacent (n=59) samples, irrespective of their location. P-values and confidence intervals were 

estimated using a generalized linear mixed-effects model (GLMM) as described in the Methods. Human 

icon created in BioRender. Laoui, D. (2026) https://BioRender.com/61mtp59. (E) Different investigated lung 

cancer inoculation methods. Created in BioRender. Laoui, D. (2026) https://BioRender.com/lsuihxr. (F) 

Schematic overview of the generation of the P2 cell line through in vivo passaging. Created in BioRender. 

Laoui, D. (2026) https://BioRender.com/8mdwntc. (G) ORTHO lungs inoculated with P0 (left) or P2 (right) 

at 21 dpi. (H) UMAP of P0 (2,469 cells) and P2 cell lines, with P2 displaying Ly6a+ (983 cells) and Ly6a- 

(2,490 cells) states. (C-D) Source data are provided as a Source Data file. 

Fig. 2: Characterisation of the immune compartment of orthotopic and subcutaneous tumours via 

SEPARATE-Seq and flow cytometry. (A) Schematic overview of SEPARATE-Seq combined with flow 

cytometry (FLOW) on P2 SUBCUT and ORTHO-T/-A/-M. Created in BioRender. Laoui, D. (2026) 

https://BioRender.com/d09c7zk. (B) UMAP of all immune cells (49,826 cells) from SUBCUT and ORTHO-

T/-A/-M (n=4 for each sample type). (C) General immune cell composition of each sample type split based 

on intratissue/vascular origin. Data based on SEPARATE-Seq analysis of P2 SUBCUT and ORTHO-T/-A/-

M (n=4 for each sample type). Bar charts illustrate the cell composition as percentage within total sample 

type. Data averaged over n=4 and rescaled to a total of 100% per sample type. Corresponding UMAPs 

shown above/below the bar charts. (D) Percentage of intratissue or vascular immune cells as determined 

by SEPARATE-Seq (left, data derived from 2B) or flow cytometry (right). AMs were analysed separately 

due to their intrinsic autofluorescence. (E) Blobbograms showing the differential abundance of general 

immune cell types in ORTHO-T (n=4) vs SUBCUT (n=4), ORTHO-T (n=4) vs ORTHO-A (n=4), ORTHO-A 

(n=4) vs ORTHO-M (n=4), irrespective of their location. Data shown as log of rate ratio with 95% confidence 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

interval. P-values (< 0.05 in bold) are reported for each individual cell type in the blobbogram. P-values and 

confidence intervals were estimated using a generalized linear mixed-effects model (GLMM) as described 

in the Methods. (C-E) Source data are provided as a Source Data file. 

Fig. 3: Comparing the immune composition of lung cancer using SEPARATE-Seq and spatial 

transcriptomics. (A) Overview of our spatial transcriptomics analysis pipeline. All detected transcripts on 

a DAPI-stained tissue section (Vizgen slide 1 (VIZ1) and Vizgen slide 2 (VIZ2)) of tumour-bearing lungs 

(left) and delineation of tumour nodules (T) and adjacent (A) tissue (right). Bar charts showing the 

percentage of immune, non-immune and unidentified cells from VIZ1 (top) and VIZ2 (bottom). UMAP of all 

immune cells (15,580 cells) in tumour-bearing lungs identified in VIZ1. Spatial lay-out of main cell clusters 

in VIZ1 and VIZ2. VIZ1 and VIZ2 are derived from 2 different murine tumour-bearing lungs (n=2). Mouse 

and lung icons created in BioRender. Laoui, D. (2026) https://BioRender.com/whcotzr. (B) Percentage of 

each general immune cell type in tumour and adjacent tissue determined via spatial transcriptomics (left, 

VIZ1) or SEPARATE-Seq (right, data from Fig. 2B). (A-B) Source data are provided as a Source Data file. 

Fig. 4: Comparing the detailed immune composition of LUAD patient tumour and adjacent samples 

using scRNA-Seq. (A) Percentages of the different human lymphoid subsets (subclustered from Fig. 1A). 

Shown within total lymphoid cells in primary LUAD tumour or adjacent tissue. Percentages normalised per 

patient. (B) Percentages of the different human myeloid subsets (subclustered from Fig. 1A). Shown within 

total myeloid cells in primary LUAD tumour or adjacent tissue. Percentages normalised per patient. (C) 

Blobbogram showing the differential abundance of immune cell subtypes across paired tumour and 

adjacent tissue (n=4). Data shown as log of rate ratio with 95% confidence interval. Adjusted p-values (< 

0.05 in bold) are reported for each individual cell type in the blobbogram (Bonferroni correction). P-values 

and confidence intervals were estimated using a generalized linear mixed-effects model (GLMM) as 

described in the Methods. (A-C) Source data are provided as a Source Data file. (A-C) Human icon created 

in BioRender. Laoui, D. (2026) https://BioRender.com/61mtp59. 

Fig. 5: In tumours, T and NK cells adopt distinct phenotypes versus adjacent tissue. (A) UMAP of T 

cell, NK-cell and ILC subsets (subclustered from Fig. 2B) from SUBCUT and ORTHO-T/-A/-M. (B) UMAP 

of T cell, NK-cell and ILC subsets split across different sample types and their intratissue/vascular origin. 

Bar charts illustrate the cell composition as percentage within T/NK/ILC subset per sample type. Data 

averaged over n=4 and rescaled to a total of 100% per sample type. Corresponding UMAPs shown 

above/below the bar charts. (C) Spatial distribution of T cell, NK-cell and ILC subsets in VIZ1 (left). Density 

plot of each subset in function of distance to the tumour core. Bar chart showing the percentage of each 

subset within total T-, NK and ILC cells split across tumour or adjacent tissue (2,122 and 1,129 cells resp.; 

right). (B-C) Source data are provided as a Source Data file. 

Fig. 6: Plasma cells are preferentially enriched in tumour tissue. (A) UMAP of B-cell subsets 

(subclustered from Fig. 2B) from SUBCUT and ORTHO-T/-A/-M. (B) UMAP of B-cell subsets split across 

different sample types and their intratissue/vascular origin. Bar charts illustrate the cell composition as 
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percentage within B-cell subset per sample type. Data averaged over n=4 and rescaled to a total of 100% 

per sample type. (C) Spatial distribution of B-cell subsets in VIZ1 (top). Density plot of each subset in 

function of distance to the tumour core (bottom). Bar chart showing the percentage of each subset within 

total B cells split across tumour or adjacent tissue (872 and 1,452 cells resp.; right). (D) 

Immunofluorescence of CD4, CD8, CD20, and PanCK staining on ORTHO lung (21 dpi). Scale bars 50, 

100 and 500 µm. Representative for n=2. (B-C) Source data are provided as a Source Data file. 

Fig. 7: In tumours, cDCs adopt a mature or ISG phenotype and neutrophils show an increased 

hypoxic signature. (A) UMAP of DC subsets (subclustered from Fig. 2B) from SUBCUT and ORTHO-T/-

A/-M. (B) UMAP of DC subsets split across different sample types and their intratissue/vascular origin. Bar 

charts illustrate the cell composition as percentage within DC subset per sample type. Data averaged over 

n=4 and rescaled to a total of 100% per sample type. (C) Spatial distribution of DC subsets in VIZ1 (left). 

Density plot of each subset in function of distance to the tumour core. Bar chart showing the percentage of 

each subset within total DCs split across tumour or adjacent tissue (783 and 446 cells resp.; right). (D) ISG 

signature score (Rsad2, Ifit1, Ifit3, Cxcl10, Isg15, Oasl2, Oas3) on the full immune UMAP from Fig. 2B. (E) 

UMAP of neutrophil subsets (subclustered from Fig. 2B) from SUBCUT and ORTHO-T/-A/-M. (F) UMAP of 

neutrophil subsets split across different sample types and their intratissue/vascular origin. Bar charts 

illustrate the cell composition as percentage within neutrophil subset per sample type. Data averaged over 

n=4 and rescaled to a total of 100% per sample type. (G) Spatial distribution of neutrophil subsets in VIZ1 

(left). Density plot of each subset in function of distance to the tumour core. Bar chart showing the 

percentage of each subset within total neutrophils split across tumour or adjacent tissue (674 and 276 cells 

resp.; right). (B-C, F-G) Source data are provided as a Source Data file. 

Fig. 8: Monocyte/macrophage analysis reveals heterogeneity across models, with Lipid TAMs as 

the main TAM subset in ORTHO-T. (A) UMAP of AM subsets (subclustered from Fig. 2B) from ORTHO-

T/-A/-M. (B) Spatial distribution of monocyte/macrophage subsets in VIZ1 (left). Density plot of each subset 

in function of distance to the tumour core. Bar chart showing the percentage of each subset within total 

macrophages split across tumour or adjacent tissue (6,093 and 1,633 cells resp.; right). (C) UMAP of 

monocyte/macrophage subsets (subclustered from Fig. 2B, excluding AMs) from SUBCUT and ORTHO-

T/-A/-M. (D) UMAP of monocyte/macrophage subsets split across different sample types and their 

intratissue/vascular origin. Bar charts illustrate the cell composition as percentage within T/NK/ILC subset 

per sample type. Data averaged over n=4 and rescaled to a total of 100% per sample type. (E) UMAP of 

TAM subsets (subclustered from Fig. 8D) from ORTHO-T. Mouse icon created in BioRender. Laoui, D. 

(2026) https://BioRender.com/whcotzr. (F) UMAP of TAM subsets (subclustered from Fig. 6D) from 

SUBCUT. Mouse icon created in BioRender. Laoui, D. (2026) https://BioRender.com/vsy9o7g. (B, D-F) 

Source data are provided as a Source Data file. 

Fig. 9: Spatial transcriptomics reveals Lipid-TAM- and ISG-niches in lung tumours. (A) Spatial 

distribution of cellular niches (Niche_1 to Niche_11) in VIZ1. “Other” designates non-assigned cells. (B) 
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Neighbourhood plot showing the enrichment of specific immune and non-immune cell subsets across the 

different niches. Normalised within a cell subset (row). (C) Neighbourhood plot showing the distribution of 

specific immune and non-immune cell subsets across the different niches. Normalised within a niche 

(column). Values represent the percentage of specific cell subsets within the niche. ‘%’ column represents 

the percentage of a cell subset within the total number of cells (15,580 cells). Sum (∑) rows represent the 

fraction of total immune (I) or non-immune (NI) cells within a niche. (D) Spatial expression of different ISGs 

in VIZ1 (n=1). (E) Spatial expression of different ISGs in a NSCLC patient sample (Xenium, n=1). Dotted 

line delineates adjacent (A) from tumour (T) tissue. (F) Expression of the ISG signature (RSAD2, ISG15, 

OAS3, CXCL10, IFIT1, OASL, MX1, CXCL9) in LUAD tumours (T; n=483) and non-tumoural (NT; n=347) 

lung samples. Boxplot showing the distribution of log2FC(TPM+1) expression per tissue type. Centre of the 

boxplot is the median, lower and upper boundaries are Q1 and Q3 respectively. Whiskers represent the 1.5 

interquartile range. TPM, transcripts per million. (B-C) Source data are provided as a Source Data file. 

Fig. 10: Therapy responsiveness of ORTHO and SUBCUT tumour models. (A) Schematic overview of 

the injection regimen. Created in BioRender. Laoui, D. (2026) https://BioRender.com/lsuihxr. (B) Kaplan-

Meier plot of survival of ORTHO tumour-bearing mice treated with isotype and vehicle (0.9% saline) (control 

group), cisplatin (cis) and isotype, anti-PD-1 (αPD-1) and vehicle or combination therapy (n=12 per group). 

Therapy started upon confirming tumour foci presence by µCT. (C) Kaplan-Meier plot of survival of SUBCUT 

tumour-bearing mice treated with isotype and vehicle (control group), cisplatin and isotype, αPD-1 and 

vehicle or combination therapy (n=7 per group). Therapy started at 11 days post-inoculation (dpi) (average 

tumour size ±100 mm3). Dpt, days post treatment. (B-C) Log-rank (Mantel-Cox) tests were performed. 

*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. Source data are provided as a Source Data file. 
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Editor’s Summary 

Single-cell transcriptomics has improved the characterisation of pre-clinical tumour models. 

Here, the authors present a method to distinguish vascular from intratissue cells for single-cell 

transcriptomics, apply it to an orthotopic lung adenocarcinoma (LUAD) mouse model and use 

spatial transcriptomics to map these populations and identify distinct immune niches within the 

tumours. 

 

 

Peer Review Information: Nature Communications thanks Leng Han, who co-reviewed with 

Yamei Chen; and the other, anonymous, reviewer(s) for their contribution to the peer review of 

this work. A peer review file is available. 
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