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            Abstract
Early detection and treatment are critical for improving the outcome of patients with cancer1. Understanding the largely uncharted biology of carcinogenesis requires deciphering molecular processes in premalignant lesions, and revealing the determinants of the intralesional immune reaction during cancer development. The adaptive immune response within tumours has previously been shown to be strongest at the earliest stage of carcinoma2,3. Here we show that immune activation and immune escape occur before tumour invasion, and reveal the relevant immune biomarkers of the pre-invasive stages of carcinogenesis in the lung. We used gene-expression profiling and multispectral imaging to analyse a dataset of 9 morphological stages of the development of lung squamous cell carcinoma, which includes 122 well-annotated biopsies from 77 patients. We identified evolutionary trajectories of cancer and immune pathways that comprise (1) a linear increase in proliferation and DNA repair from normal to cancerous tissue; (2) a transitory increase of metabolism and early immune sensing, through the activation of resident immune cells, in low-grade pre-invasive lesions; (3) the activation of immune responses and immune escape through immune checkpoints and suppressive interleukins from high-grade pre-invasive lesions; and, ultimately, (4) the activation of the epithelial–mesenchymal transition in the invasive stage of cancer. We propose that carcinogenesis in the lung involves a dynamic co-evolution of pre-invasive bronchial cells and the immune response. These findings highlight the need to develop immune biomarkers for early detection as well as immunotherapy-based chemopreventive approaches for individuals who are at high risk of developing lung cancer.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Temporal order of cancer hallmarks during carcinogenesis.[image: ]


Fig. 2: Evolving immune response during lung carcinogenesis.[image: ]


Fig. 3: Immune evasion before tumour invasion in early lung squamous carcinogenesis.[image: ]


Fig. 4: Spatial reconfiguration of the tumour microenvironment in high-grade lesions of lung squamous carcinogenesis.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Immune evolution from preneoplasia to invasive lung adenocarcinomas and underlying molecular features
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 May 2021
                                    

                                

                                Hitoshi Dejima, Xin Hu, … Jianjun Zhang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Proteogenomics of non-small cell lung cancer reveals molecular subtypes associated with specific therapeutic targets and immune-evasion mechanisms
                                        
                                    

                                    
                                        Article
                                        
                                         22 November 2021
                                    

                                

                                Janne Lehtiö, Taner Arslan, … Lukas M. Orre

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Molecular subtyping reveals immune alterations associated with progression of bronchial premalignant lesions
                                        
                                    

                                    
                                        Article
                                         Open access
                                         23 April 2019
                                    

                                

                                Jennifer E. Beane, Sarah A. Mazzilli, … Avrum E. Spira

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              Gene expression data are available in the Gene Expression Omnibus database with accession number GSE33479.
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Extended data figures and tables

Extended Data Fig. 1 Methodology for studying tumorigenesis.
a, Across nine morphological stages of the development of lung SCC, freshly frozen samples were assayed for gene-expression profiling. The two methodological axes are visualized separately; one flow chart focuses on the detection of gene-expression patterns (left) and one flow chart focuses on the in-depth immune characterization (right) from gene expression and multispectral imaging. On the basis of gene co-expression, molecular phenotypes and gene modules were defined and functionally characterized. Immune-gene signatures and deconvolution methods were used for quantitative assessment of different immune-cell types. Relevant immune cells were investigated in more depth using multiplex immunohistochemistry and multispectral imaging. b, Bronchoscopy of in situ carcinoma tissue with white light (left) and with 400-nm wavelength illumination, under which the bronchial epithelium appears in green (right). Although it is difficult to distinguish the in situ carcinoma from normal tissue under white light, the in situ carcinoma displays a lack of green fluorescence compared to the normal epithelial tissue under fluorescence bronchoscopy.


Extended Data Fig. 2 Four molecular steps in carcinogenesis of lung SCC.
The heat map shows genes that are associated with developmental stages identified using a linear mixed-effects model. Annotation bars are included for cancer history, sex and smoking history, all of which were used as fixed factors for the linear model, along with patient information (which was used as a random effect). Gene expression discerned four molecular groups: normal, low grade, high grade and SCC, on the basis of semi-supervised hierarchical clustering. Normal tissue with normal fluorescence, hypofluorescent normal tissue and hyperplasia lesions were subsumed under the category of normal tissue (stages 0, 1 and 2); metaplasia, mild dysplasia and moderate dysplasia were grouped as low grade (stages 3, 4 and 5); severe dysplasia and carcinoma in situ comprised the high-grade category; and the invasive stage was singled out as SCC.


Extended Data Fig. 3 Hallmarks of cancer.
a, Single-sample gene-set enrichment analysis was performed on the full expression profile using cancer-hallmark gene definitions from mSigDb (v.6.2), independently of the gene modules. The heat map visualizes the enrichment scores from the single-sample gene-set enrichment analysis, in which the samples were ordered by their average enrichment scores for each molecular group individually. Only the cancer hallmarks that were significant with respect to the over-representation analysis of the gene modules in Fig. 1b are shown for validation. Three hallmark definitions associated with the ascending module at the highest adjusted P values (P > 0.003) are shown here (these are not shown in Fig. 1b): PI3K_AKT_MTOR_SIGNALING (proliferation), UV_RESPONSE_UP (DNA damage, confirmed by the UV_RESPONSE_DN in the descending module) and HYPOXIA (pathway). b, Left, randomized principal component (PC) analysis on the full expression profile shows a gradual continuum of expression changes from stage 0 to stage 8. Middle, randomized principal component analysis on enrichment scores for cancer hallmarks revealed distinct molecular steps. The cancer hallmarks explained up to 76.2% of the sample variability with the first two principal components (middle) as opposed to 24.9% variability explained by the full expression profile (left). Right, based on the principal component rotations, the hallmarks of proliferation, immune system, metabolism and the epithelial–mesenchymal transition each contribute to defining the developmental stages, as observed by their different directions of variability. c, Increase in expression of key genes and chemokines involved in the epithelial–mesenchymal transition, together with genes that overlap with the hallmark signature of the epithelial–mesenchymal transition and the ‘SCC increase’ gene module. The differential expression analysis of chemokines related to the epithelial–mesenchymal transition considered the confounding factors of smoking status, cancer history, sex, age and inter-patient variability. No differential expression across the developmental stages was found for CXCL1 and CXCL6, whereas the expression of CXCR2 was significantly increased in both the high-grade and SCC lesions. d, Only CXCR4 had a significant increase specific to SCC that was not observed in low- and high-grade lesions.


Extended Data Fig. 4 Comparison of deconvolution approaches.
a, Immune estimates derived from the CIBERSORT method, using the LM22 gene signature (all 22 cell types are presented) (top) or using on our in-house-developed immune signature (HD signature) (bottom). b, Symmetric correlation matrix of the average immune-cell abundance per developmental stage (Spearman correlation), estimated with CIBERSORT using the LM22 gene signature (left) and the HD signature (right). c, Immune co-regulation and immune-status shift derived from CIBERSORT estimates using the HD signature. d, Comparison of the mcpCounter, TIMER, EPIC and xCell methods for expression-based interrogation of the tumour immune infiltrates.


Extended Data Fig. 5 Intrapatient immune heterogeneity.
a, Stacked bars illustrate the relative cellular abundance of different immune-cell types estimated with CIBERSORT, in patients sampled for multiple grades. There are similar profiles for samples from the same grade, independent of the patient. b, Single-sample gene-set enrichment analysis was performed on the HD immune-cell signatures. The heat map represents one-dimensional clustering by immune-cell type, in which the samples of each molecular group were ordered by their average enrichment score. c, A chord diagram links the samples derived from the same patient. The order of the samples is preserved from b.


Extended Data Fig. 6 Quantitative and spatial immune characterization through immunohistochemistry and multispectral imaging.
a, Immunohistochemistry (IHC) quantification of the immune checkpoints CTLA4, IDO1, TIGIT and TIM3. Each of the tested markers was validated in SCC tissue (top). P values are derived from a non-parametric one-tailed Mann–Whitney U test used to validate increase in SCC compared to normal tissue. b, Comparison of PD-L1 densities between the stroma of normal tissue (stage 0) and SCC (stage 8), derived from multiplex immunohistochemistry. c, Clustering of normalized immunohistochemistry expression. d, A methodology for spatial analysis of multispectral imaging data. A whole slide is reconstructed from the individual images. On the basis of the tissue categorization, the images are masked to exclude the blank areas. Immune-cell densities are calculated as the number of cells per tissue area (m2). Spatial localization is analysed within the selected region of interest. e, Representative examples of CK−PD-L1+ in both SCC and severe dysplasia. Single-positive PD-L1 cells (CK−PD-L1+) were generally immune cells that were located in the stroma, with morphological similarities to infiltrating macrophages. f, We calculated the area between the theoretical and the empirical curve because deviations between the two can indicate clustering or segregation patterns (see Fig. 4b, bottom) to confirm that epithelial cells segregate from CD3 T cells in high-grade lesions, independently from the distance threshold of 25 μm.


Extended Data Fig. 7 Graphical overview of lung carcinogenesis.
Schematic illustrating the main stages of carcinogenesis for lung SCC.


Extended Data Fig. 8 Quality control of microarray data.
a, Distribution of the relative abundance of each probe; that is, the ratio between the red and green colour intensity (Cy5/Cy3) for all probes across all patients (log2-transformed). b, Gene-expression distribution for each hybridization and amplification run (left). Using randomized principal component analysis, the samples were projected on the first two principal components and highlighted with different colours on the basis of their hybridization run (top right) and amplification run (bottom right). c, Classification of the samples is based on the expression of sex-chromosome genes, along with colour annotation for the sex of the patient.


Extended Data Fig. 9 Detection of gene co-expression modules.
a, Expression of 4,734 genes that were associated with the nine developmental stages (linear mixed-C. effects model) is illustrated for each of the seven expression trajectories (that is, gene modules), detected using weighted network analysis of gene co-expression. b, Only 18 out of 4,734 genes were not assigned to a gene module and did not follow any of the seven illustrated expression patterns. c, A weighted network of genes is constructed by raising the adjacency matrix to a power. The value of the power for soft thresholding was chosen to be 12, as the lowest power term at which the network approximately fits a scale-free topology (red line R2 ≤ 0.85). The horizontal red line shows the squared correlation (R2) cut-off of 0.85 recommended by the scale-free topology criterion. d, We randomly split the full dataset into a reference and test set, and evaluated the module preservation across the respective networks (n = 50 samples). The Zsummary statistic (top) provides evidence that the observed value of the preservation statistic is significantly higher than expected by chance (strong evidence if Zsummary > 10; weak-to-moderate if Zsummary > 2 and < 10; no evidence if Zsummary < 2). The grey module is unclassified, and expectedly showed no preservation (Zsummary < 2). All of the modules were preserved between the reference and the test datasets (Zsummary > 10), except in the SCC increase module (Zsummary = 9.1) which is also the smallest module with gene expression in small number of samples after resampling (an increase only in SCC). The median rank-preservation statistic showed, independently of the module size, that there is stronger preservation for all modules compared to the grey unclassified set of genes (bottom). e, The dendrogram derived from hierarchal clustering of the topology overlap matrix dissimilarity measure of the full dataset is shown in the top panel. The modules are defined on the basis of this dendrogram using a dynamic tree cut (top panel). We applied the same parameters for weighted gene-correlation network analysis on a resampled subset of the full dataset (a randomly selected two-thirds of the full dataset). The resampling was performed without replacement, which ensured proportional representation of each developmental stage. Colour rows indicate the module assignments obtained on the full dataset (first row) and on the resampled subsets of samples (n = 50 samples). All of the seven gene modules identified in the full dataset appear in almost every resampling, which indicates that the modules are stable.


Extended Data Fig. 10 Tumour heterogeneity.
a, Single-sample gene-set enrichment analysis using pannormal tissue, and normal lung tissue from HD gene signature. b, Estimates of epithelial-cell abundance derived from the xCell method (see Supplementary Information). c, Expression of the proliferation gene-marker MKI67. d, Expression of the proliferation gene-marker in CK+ cells.
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