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Tingting Lu,4,6 Xiaodan Pan,7 Jianjun Zhang,3,8,* and Dan Su4,10,*

SUMMARY

The immunogenomic features of tumor-adjacent lungs (TALs) in stage I lung squamous cell carcinoma
(LUSC) are not clear. Multiomics analyses of tumor tissues and paired TALs from 59 stage I LUSC patients
were performed. Compared to tumors, TALs exhibited a better-preserved immune contexture indicated
by upregulation of immune pathways, increased immune infiltration, and higher expression of immune
effector molecules. Notably, TALs had no mutations in PTEN and KEAP1, a lower incidence of human
leukocyte antigen (HLA) loss and higher expression of HLA class I genes,major histocompatibility complex
(MHC) I chaperones, and interferon (IFN)-g-associated genes. Digital spatial profiling validated the gener-
ally higher immune infiltration in TALs and revealed a higher level of immune heterogeneity in LUSC tu-
mors. Importantly, patients with higher immune infiltration in TALs had significantly longer survival, while
high immune heterogeneity was associated with inferior patient survival. Our work can be considered in
the selection of patients for adjuvant therapy, especially immunotherapy.

INTRODUCTION

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related death worldwide. With the broad implementation of low-dose spi-

ral computed tomography (CT) lung cancer screening, there has been an increase in the diagnosis of early-stage NSCLC. Although early-

stage NSCLC can be potentially curable, even for the earliest stage I NSCLC, �30% of patients still recur.1 Understanding the mechanisms

underlying early carcinogenesis and postsurgical recurrence remains an unmet need to improve lung cancer patient survival.

Accumulating evidence has indicated that molecular and immune features sculpt the evolution of lung cancer. Our previous study showed

progressive genomic and epigenetic aberrations from preneoplasia atypical adenomatous hyperplasia (AAH) to invasive lung adenocarci-

noma (LUAD), which may collectively impair host immune responses and facilitate immune evasion.2–4 Compared to LUAD, our understand-

ing of early-stage lung squamous cell carcinoma (LUSC), the second most common subtype of NSCLC,5–8 remains limited.9 Furthermore,

although immune signatures have been reported to be able to stratify stage non-squamous NSCLCs into high- vs. low-risk groups for

recurrence,10,11 the prognostic signature of LUSC is less defined.

Numerous studies have failed to demonstrate the association of tumor molecular features with postsurgical recurrence of various early-

stage cancers.12–14 One feasible explanation is that molecular profiling of resected tumors cannot completely capture the complex tumor-

host interactions that eventually determine postsurgical recurrence. We herein hypothesized that the immune and molecular features of

tumor-adjacent lung (TAL) tissues may provide important information on cancer biology and anti-tumor immunity that will impact the prog-

nosis of early-stage LUSC. In this study, we performed deep panel sequencing, RNA sequencing, and digital spatial profiling (DSP) on tumors,

tumor edges, and paired TALs from a pure cohort of 59 stage I LUSC patients who were all male smokers to identify molecular and immune

features associated with prognosis of stage I LUSC patients.
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RESULTS

Patient characteristics

We retrospectively enrolled 87 stage I LUSC tumors with matched tumor edge and TAL (1–2 cm from the margin). 28 patients were excluded

because they received neoadjuvant therapy (n = 21), had R1 resection (n = 2), had hyperplasia in ‘‘normal tissues’’ (n = 1), had positive margin

(n = 1), or had cancer cells in TALs (n = 1), or tumor purity was less than 30% (n = 2). This led to a total of 59 tumors that were subjected to

multiomics analyses (Figures 1A–B and S1, see details in STAR methods). Clinicopathologic characteristics are listed in Figure 1C, Tables 1,

and S2. All patients underwent lobectomy. With a median follow up of 99 months, 29 patients had recurred. At the time of data lockup, 26

patients (40.7%) had died. The median overall survival (OS) was 115 months.

Somatic mutations are present in TALs

To understand the immunogenomic features, 57 tumor tissues and 54 TALs (within 2 cm from themalignantmargin) with sufficient tissue were

subjected to 1021-gene panel sequencing (Figure S1). A total of 720 non-silent mutations (stop gain, stop loss, frameshift, coding sequence-

insertion, coding sequence-deletion, missense, nonsense, etc.) were detected in tumor tissues (Table S3). The most commonly mutated

genes included TP53 (94.7%), LRP1B (33.3%), CDKN2A (33.3%), and FAT1 (31.6%) (Figure 2A), consistent with the CHOICE study on Chinese

LUSC patients (Figure S2).15

A total of 57 non-silent mutations were detected in 15 of 54 TALs including 36 mutations shared in paired tumors and the remaining 21

mutations exclusively detected in the TALs (Figure S3). The dominant mutant genes in TALs were TP53 (9.3%), CARD11 (7.4%), FAT1

(5.6%),MLL2 (3.7%), and CDKN2A (3.7%), among which TP53 (5 pts), FAT1 (2 pts),MLL2 (2 pts), and CDKN2A (2 pts) were shared with paired

tumors. As expected, the mutation burden in TALs was lower than that in tumor (p < 2.22e-16, Wilcoxon test) (Figure 2B). Moreover, mutation

burden increased parallel to T stage (Figure 2C). No significant association was found between clinical features and cancer gene mutations

identified either in tumors (Figure S4A) or TALs (Figure S4B).

Higher immune infiltration in TALs

As 6 tumor tissues and 17 TAL tissues had insufficient remaining tissue, 53 tumors and 42 TALs were subjected to RNA sequencing to further

understand themolecular changes in tumors and TALs. Unsupervised clustering demonstrated that tumor tissues and TALs were clearly sepa-

rated (Figure S5A). 7,792 differentially expressed genes were identified, of which 3,438 genes were up-regulated and 4,354 genes were

A

B

C

Figure 1. Study design

(A) Schematic of sampling strategy and experimental workflow. NT is for normal tissue.

(B) The tumor tissues, tumor edges (0 cm), and TALs (1–2 cm from tumor border) were resected and subjected to high-throughput sequencing and GeoMx DSP

technology. Non-synonymousmutations, transcriptomic profiling, andDSP protein expression data were analyzed to characterize the immunemicroenvironment

and the association between immune microenvironment and survival of stage I LUSC.

(C) Clinical information of every patient enrolled in this study.
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down-regulated in tumor tissues (|log2(fold change)|R1, false discovery rate [FDR]%0.05, Table S4). Genes up-regulated in tumors were

linked to oncogenic pathways (mismatch repair, DNA replication, cell cycle, etc.) and metabolic pathways (alanine, aspartate and glutamate

metabolism, biosynthesis of amino acids,metabolism of xenobiotics by cytochrome P450, and glycolysis that is instrumental for angiogenesis,

etc.), while those down-regulated in tumors were enriched in immune-associated pathways (antigen processing and presentation, tumor ne-

crosis factor [TNF] signaling pathway, natural killer [NK] cell-mediated cytotoxicity, chemokine signaling pathway, etc.) (Figure 3A) suggesting

a more active immune response in TALs than tumors.

We further applied single sample gene set enrichment analysis (ssGSEA)16 on 28 immune cell signatures to assess the immune cell compo-

sition in tumors and TALs (Tables S5 and S6). Overall, both adaptive and innate immune cell infiltrationwere higher in TALs than tumors except

memory B cells, active CD4 cells, CD56 dim NK cells, and CD56 bright NK cells (Figure 3B). Next, we assessed cytolytic activity by evaluating

the expression of granzyme A (GZMA) and perforin1 (PRF1)17 and interferon (IFN)-g score defined by hallmark gene set from MsigDB.18 All

factors were higher in TALs (Figure 3C), which was confirmed by ESTIMATE analysis19 (Figure S9A). Taken together, these results suggested a

better-preserved immune contexture in TALs compared to tumors.

Molecular basis for immunosuppression in tumors

Next, we attempted to understand themolecularmechanisms underlying immunosuppression in tumors (Figure 4A). Loss of human leukocyte

antigen (HLA) heterozygosity (HLALOH), an important immune escape mechanism commonly reported in lung cancers,20 was observed in

60% of tumor tissues compared to only 9% in TALs (p = 3.696e-08, Fisher’s exact test, Figures 4B and S6A). Furthermore, expression of

HLA class I genes (HLA-A, HLA-B, HLA-C) was higher in TALs (Figure 4C), as was expression of other major histocompatibility complex

(MHC) I chaperones and IFN-g-associated molecules such as IRF1, IFNGR1, IFNGR2, and PSMB10 (Figure S6B). Overall, these findings indi-

cate a better-preserved antigen presentationmachinery and IFN-g response in TALs. Furthermore, mutations in KEAP1 and PTENwhich have

been previously associated with immunosuppression were detected in 12.3% (7/57) and 10.5% (6/57) of tumors, respectively, but absent from

TALs (Figure 4D). Interestingly, alterations in PTEN and HLALOH appeared mutually exclusive, although statistical significance was not

Table 1. Clinicopathological characteristics of stage I LUSC patients

Variable Cases, n (%)

Age

%60 years 20 (33.9%)

>60 years 39 (66.1%)

Sex

male 59 (100%)

Histology/Grade

Well/moderate 39 (66.1%)

Poor 20 (33.9%)

Smoking

Smoker 59 (100%)

Vascular invasion

Yes 5 (8.0%)

No 54 (92.0%)

Nerve invasion

Yes 13 (17.2%)

No 46 (82.8%)

T stage

T1a 1 (1.69%)

T1b 5 (8.47%)

T1c 22 (37.3%)

T2a 31 (52.5%)

Stage

Ia 28 (47.5%)

Ib 31 (52.5%)

The AJCC (American Joint Committee on Cancer) 8th edition lung cancer staging system was used to classify tumor stage.
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reached (p = 0.073, OR = 8.13, Figure 4E). These data reinforce that although immunosuppression is universal in all LUSC tumors, the mech-

anisms underlying immune evasion may differ in line with the concept of convergent evolution.21–23

Multiplexed proteomic profiling demonstrated suppressed and heterogeneous immune repertoire in tumor tissues

compared to TALs

To orthogonally validate these intriguing findings in the context of the spatial architecture, we performed DSP, which enables multiplex pro-

teomic profiling of 18 proteins on 42 patients with enough remaining tissues available (Figure 5A). In total, 248 regions of interest (ROIs) within

tumors, tumor edges, and TALs were analyzed to infer the spatial organization of the immunemicroenvironment (Figures 1B and S1). Overall,

there was a progressive decrease in immune infiltration as determined by pan-leukocyte marker CD45 from TALs, to tumor edges into the

tumor (Figure 5B). In fact, expression of all assessed proteins followed the same trend with a progressive decrease from TALs to tumor edges

and tumors (Figures 5C–5E). These results were consistent with the findings from RNA sequencing data demonstrating immune exclusion in

stage I LUSC tumors.

Multiple ROIs from geographically separated regions within the same tumor by DSP offered the opportunity to assess immune intratumor

heterogeneity (ITH), which may impact overall anti-tumor immunity.24 As expected, ITH was observed in all immune markers and all tissue

types (tumors, tumor edges, and TALs) (Figure S7A). As shown by two representative cases (Figure S7B), each patient demonstrated distinct

ITH patterns in tumors, tumor edge, and TALs. Of note, tumors demonstrated higher heterogeneity scores than TALs and tumor edges (Fig-

ure 5F), which may further impair anti-tumor immunity in tumor tissues.

Patients with increased infiltration in TALs exhibited improved prognosis

To understand the potential impact of immune features on prognosis, transcriptomic data from TALs and tumor tissues were subjected to

unsupervised clustering using the activity score of 28 immune cells (Figures 6A and 6B). Both anti-tumor immune cells (activated CD4, acti-

vated CD8, central memory CD4, central memory CD8, effect memory CD4, effect memory CD8, Th1, Th17, activated dentritic cell (DC),

CD56briNK, NK, NKT) and pro-tumor immune cells (Treg, Th2, CD56dimNK, immature DC, Myeloid-derived suppressor cells (MDSC),

Neutrophil and pDC)25 were higher in the immune-high group. Pearson correlation analysis showed that the abundance of these two cate-

gories of cells was positively associated within the local environment both in tumor (r= 0.93, p < 0.001, Pearson correlation) and TALs (r = 0.73,

p < 0.001, Pearson correlation, Figures S8A and S8B) respectively reflecting the presence of a feedback mechanism balancing recruitment or

differentiation of activating and suppressing immune cells during anti-tumor immune response. Importantly, higher immune infiltration in

A B

C

Figure 2. Mutation landscape of tumors and TALs

(A) Mutation landscape in tumors and TALs, respectively (red triangle for TAL, green triangle for tumor). Mutation number of every tumor was on the top of the

heatmap. The ratio of every cancer-associated gene was plotted on the left of the heatmap. The clinical characteristics of every patient were plotted on the

bottom of the heatmap. And the annotation bar was listed on the right of the heatmap.

(B) The comparison of mutation number between TALs and tumors.

(C) Mutation numbers progressively increased from T1a to T2a in TALs.
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TALs but not in tumors was associated with significantly longer OS (OS: p = 0.036 for TALs and p = 0.17 for tumor; Disease-free survival (DFS):

p = 0.12 for TALs and p = 0.79 for tumor, log rank test, Figures 6C and 6D), in line with results from ESTIMATE (Figures S9B and S9C). Consis-

tently, higher expression of the pan-T cell marker CD3 by DSP analysis in TAL, but not in tumor or tumor edge, was associated with superior

survival (Figure 6E). Furthermore, higher immune ITH was associated with significantly inferior OS and a trend of shorter DFS (Figure 6F). This

remains significant after multivariate analysis adjusted for age, stage, pleural invasion, vascular invasion, nerve invasion, and tumor differen-

tiation (Table S7).

DISCUSSION

Multiple studies have demonstrated worse prognoses in patients with early-stage LUSC compared to those with LUAD of the same

stages.26–29 Unlike LUAD, very few LUSC tumors carry genomic alterations that are targetable. On the other hand, the majority of LUSC pa-

tients are smokers, which has been linked to favorable response to immune checkpoint blockade (ICB) therapy.30 Accordingly, ICB has

brought hope to improve the outcome of LUSC patients. Indeed, immune ICB has demonstrated promising efficacy for early-stage LUSC

in both neoadjuvant and adjuvant settings.31,32 However, not all patients achieve long-term clinical benefit from ICB and currently ICB is

A

C

B

Figure 3. Immune infiltration in tumors and TALs

(A) KEGG pathways were enriched by different expression genes, left for up-regulated genes in tumors and right for up-regulated genes in TALs. The light pink

was immune-related pathways in TALs. The light green was oncogenic pathways in tumors.

(B) The comparison of activity scores in 28 immune cells between tumors and TALs (* for p < 0.05, ** for p < 0.01, paired Wilcoxon test).

(C) The comparison of CYT, GZMA, IFN-g, and PRF1 between tumors and TAL.
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only indicated for LUSC of stages IB–IIIA. As such, understanding the mechanisms underlying postsurgical recurrence and establishing bio-

markers to identify high-risk early-stage LUSC patients who may benefit from neoadjuvant or adjuvant ICB-based therapy are warranted.

LUSC tumors have been scrutinized to identify immune and genomic features associated with risk of postsurgical recurrence. Unfortu-

nately, the results were inconsistent and many studies showed no clear correlation13,14,33,34 reflecting the complexity of host-tumor interac-

tions thatmay determinepostsurgical recurrence.On the other hand, TALs, whichmay provide critical information on host-tumor interactions,

have not been systemically investigated. In the current study, we characterized themolecular and immune profiles of tumors and TALs from 59

patients with stage I LUSC. Interestingly, 57 somatic mutations were identified in TALs, in line with findings from urothelial carcinoma35 sug-

gesting that epithelial cells in TALs have already undergone cancerous transformation at the molecular level, despite being pathologically

non-malignant.

Interestingly, we observed a progressive change of immune repertoire from TALs to tumor edges and LUSC tumors with an overall

decrease in anti-tumor responses and an increase in infiltration of suppressive or dysfunctional immune cells in LUSC tumors. Cancer

gene mutations associated with immunosuppression such as mutations in PTEN and KEAP1,36,37 HLA loss, and downregulation of

immune genes (GZMA, IFN-g, PRF1, etc.) may be the molecular features underlying immune evasion in LUSC tumors. Importantly,

higher immune infiltration in TALs but not in tumors was associated with superior survival. These results suggest that the immune

microenvironment in TALs may better reflect the local anti-tumor immune response than tumor tissues and thus should be taken

into account when assessing the risk of postoperative recurrence of early-stage LUSC. Furthermore, by utilizing DSP analysis, we inves-

tigated the spatial immune infiltration in tumors, tumor edges, and TALs. Although immune heterogeneity was present across all tissue

types as expected, LUSC tumors exhibited the highest level of immune heterogeneity, which may further facilitate immune evasion of

LUSC tumor cells. Importantly, higher overall immune heterogeneity was associated with inferior patient survival, consistent with prior

studies.38

A

B

C

D

E

Figure 4. Immunosuppression factors in tumors and TALs

(A) Landscape of immunosuppression factors in tumors and TALs (Patients performed by target sequencing and RNA sequencing were shown in heatmap).

(B) The occurrence of HLALOH in tumors and TALs (p < 0.05, Fisher’s exact test).

(C) By comparing the expression level of HLA class I genes (HLA-A, HLA-B, HLA-C) between tumors and TALs, higher expression level was observed in TALs.

Expression level was calculated by FPKM.

(D) Mutation ratio of KEAP1 and PTEN in tumors and TALs, respectively.

(E) The association between HLALOH and alterations of KEAP1 and PTEN.
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Our results suggest that TALsmay provide critical information for host anti-tumor immune response and prognosis. Therefore, profiling

of both tumor tissues and TALs should be considered to accurately identify early-stage LUSC patients at high risk for postsurgical recur-

rence. Since higher immune infiltration in TALs but not in tumors was associated with superior survival, we anticipate incorporating TALs

into clinical decision-making may provide additional insights in clinical practice. From a translational perspective, TAL and tumor

A

C

D

E F

B

Figure 5. Better immune cell infiltration in TALs was validated by DSP data

(A) Multiple ROIs per tissue were selected based on pan-CK and CD45 and subjected to spatial proteomic profiling of 21 tumor and immune markers.

(B) Representative images of ROIs from P02 and quantification of CD45 protein levels in tumor, tumor edge, and TAL regions.

(C) Comparison of expression level of DSP immune markers across TALs, tumor edges, and tumors.

(D) Comparison of expression level of B2M and HLA-DR across TALs, tumor edges, and tumors.

(E) Boxplot showing difference of immune checkpoint biomarker of CTLA4, PD-L1, and PD-1 in tumors, tumor edges, and TALs.

(F) The comparison of heterogeneity score across TALs, tumor edge, and tumors. Immune heterogeneity score was assessed byMax (paired-ROIs cosin similarity)

- Min(paired-ROIs cosin similarity). (p values are based on a two-sided Wilcoxon test).
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Figure 6. The association of Immune infiltration groups and survival

(A and B) Two immune subgroups were evaluated by unsupervised cluster of 28 immune cells in TALs (A) and tumors (B), respectively.

(C and D) The survival curves of immune group in TALs, and tumors (red for high immune infiltration group, green for low immune infiltration group).

(E) Kaplan-Meier graphs showing DSP CD3 protein in TALs was associated with survival, while irrelevant to outcomes in tumor edge and tumors.

(F) The association between overall immune ITH and survival. The overall immune ITH level was evaluated by average ITH score of tumor, tumor edge, and TAL in

one patient.
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infiltration can be assessed by immunohistochemistry (IHC) or gene expression profiling, which may help identify high-risk patients who

may benefit from adjuvant immunotherapy.

Conclusions

Our study provides an insight into the immune microenvironment of TALs in stage I LUSC patients and its association with patient survival,

which may contribute to identify high-risk patients who may benefit from neoadjuvant or adjuvant ICB therapy.

Limitations of the study

As a retrospective study, our work has several important limitations. First, in order to minimize confounding factors that may impact mo-

lecular/immune features as well as survival, we focused on a very uniform patient population: stage I LUSC patients with no neoadjuvant or

adjuvant treatment, who were all male and smokers. Therefore, whether these intriguing findings are broadly applicable to other patient

populations remains to be determined. Second, many stage I LUSC specimens were inadequate for multiomics profiling due to small sam-

ple size that limited our ability to reach statistical significance in many of our analyses. Additional experiments to validate the molecular

changes observed in tumors and TALs were warranted. Third, retrospectively collected frozen specimens limited our ability to perform

high-resolution assays such as single-cell profiling to pinpoint the specific subset of immune cells relevant to postsurgical recurrence.

Nevertheless, as a proof-for-principle study, our work reveals themolecular landscape of TALs and suggested that TALs can provide critical

information regarding local anti-tumor immune response that may be important for postsurgical recurrence. In light of recent approval of

ICB in the neoadjuvant setting,39 molecular and immune profiling of TALs in addition to tumors after neoadjuvant ICB treatment, ideally

with high-resolution technologies, such as single-cell sequencing, may provide valuable insights into mechanisms of resistance to ICB and

postsurgical recurrence of LUSC.
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LOH HLA N/A https://github.com/mskcc/lohhla

R v3.6.3 https://www.r-project.org/

Python v3.7.10 https://www.python.org/downloads/
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to protect patient privacy, interested researchers may need to apply via a data access committee, which will evaluate all requests made by

applicants and grant access if deemed reasonable. All other data may be found within the manuscript or supplementary information.

d Code is available from the lead contact upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and subjects

87 heavy smokers (all male) with clinical stage I LUSC treated at the Zhejiang Cancer Hospital in China between April 2008 and March 2015,

who had frozen tumor, tumor edge and TAL (1–2 cm from the margin) available were queried. 23 patients were excluded because they

received neoadjuvant therapy or had R1 resection. All tumors and TALs were subjected to extensive pathology review and 5 patients

were further excluded including one patient with atypical hyperplasia of bronchial glands in normal tissues, one patient with positive margin,

one patient with cancer cells in TALs and two patients with <30% cancer cells in their tumors (Figure 1A). All tumor samples had aminimum of

30% tumor cells. All patients were followed up until time of death or censored following surgery. Time of follow up was interrupted for this

study on January 9, 2020. Themedian follow-up timewas 99months. This study was approved by the institutional review board of the Zhejiang

cancer Hospital. Tumor tissues, tumor edges, TALs and leukocytes were subjected to targeted sequencing, RNA sequencing and DSP

(Figures 1B and S1A). Two representative cases of H&E and immunohistochemistry images in tumor tissues andTALswere listed in Figure S1B.

Clinical data, including age, sex, developmental stage, was extracted from medical records and listed in Tables 1 and S2.

Ethic statement

This study was approved by The ZhejiangCancer Hospital (IRB-2020-63). The informed consent formwas signed by every participant, allowing

analysis of blood samples, tumor tissues, TALs and clinical data. The study was designed and performed according to the principles of the

Declaration of Helsinki.

METHOD DETAILS

DNA and RNA extraction

Genomic DNA (gDNA) was extracted from tumors and tumor-adjacent tissues and leukocyte layer using the QIAamp DNA MiniKit and

QIAampDNABloodMini Kit (Qiagen, Hilden, Germany), respectively, according to themanufacturer’s instructions. DNA from leukocyte layer

was used as germline control. The Qubit fluorometer and dsDNAHS (High Sensitivity) Assay Kit (Invitrogen, Carlsbad, CA, USA) were used to

measure DNA concentration. The Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) was utilized to assess the distribu-

tion of DNA. RNA was extracted from tissues using Trizol and RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany).

Targeted capture and next-generation sequencing analysis

Sequencing libraries of gDNA were constructed with the KAPA DNA Library Preparation Kit (Kapa Biosystems, Wilmington, MA, USA), fol-

lowed the manufacturer’s protocol. Libraries were hybridized to custom-designed biotinylated oligonucleotide probes (Integrated DNA

Technologies, Iowa, IA, USA). The gDNA from tumors and tumor-adjacent tissues and leukocyte were subjected to next-generation

sequencing of 1,021 frequentlymutated cancer genes and exons 2–3 of HLAgenes (see Table S1 in the online supplement).40 Next generation

sequencing (NGS) was performedusing theHiSeq 2000 Sequencing System (Illumina, SanDiego, CA) with 23 101-bp paired-end reads. DNA

from leukocyte was used as germline control.

The quality control process was applied in FASTQ data from tumors and TALs and control sample by removing the terminal adaptor se-

quences and low-quality reads from raw data. BWA41 (version 0.7.12-r1039) was employed to align the clean reads to the reference human

genome (hg19). Picard (version 1.98) was used to mark PCR duplicates. Realignment and recalibration were performed for these redundant

reads using GATK (version 3.4–46-gbc02625).

Mutation analysis

Single nucleotide variants (SNV) were called byMuTect42 (version 1.1.4) andNChot, a software developed in-house to review hotspot variants.

Small insertions and deletions (Indels) were called by GATK.43 Somatic copy-number alterations were identified with CONTRA44 (v2.0.8). Sig-

nificant copy number variations were expressed as the ratio of adjusted depth between tumor DNA and control germline DNA. The final

candidate variants were all manually verified in the Integrative Genomics Viewer (IGV).45

The candidate somaticmutations in tumor were included by over 1% VAF. And in TALs, somatic variant calls met the following criteria were

included: (A) VAF>0.5%, (B) supported by at least 3 reads. All the candidate somatic mutations with synonymous or UTR variants were

excluded. Germline variants from the matched control samples were subtracted from each tumor variant results.

RNA sequencing data analysis

RNA purity was checked using the kaiaoK5500Spectrophotometer (Kaiao, Beijing, China). RNA integrity and concentration were assessed

using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). According to the manufacturer’s
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protocol, mRNA libraries were prepared using the NEB Next Ultra RNA Library Prep Kit for Illumina (#E7530L, NEB, USA). The constructed

RNA-seq libraries were paired-end sequenced on an Illumina NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA), and 150 bp

paired-end reads were generated. We removed the sequencing reads containing adaptor sequences and low-quality reads, which have

too many Ns (>5%) and low-quality bases (>50% bases with quality <19), and obtained high-quality paired-end reads. Then these reads

were aligned to the human genome (hg19) using HISAT246 (v2.1.0). Transcript assembly was performed using StringTie47 (v1.2.3). Read count

for each gene in each sample was counted by HTSeq48 v0.6.0, and FPKM (Fragments Per KilobaseMillionMapped Reads) was then calculated

to estimate the expression level of genes in each sample.

DESeq249 was used for differential gene expression analysis. The R package ‘‘clusterProfiler’’ was used for KEGG Pathway analysis. Single

sample gene set enrichment analysis (ssGSEA)16 was used to calculate the enrichment scores (ES) of immune cell types in the tumor micro-

environment. Gene signatures of 28 immune cell types associated with innate and adaptive immunity were desposited in the Table S8.50 We

further subclassified the patients into immunegroups using the Euclidean distancemethod and ‘ward.D2’ clusteringmethod.We constructed

the tumor-infiltrating lymphocytes (TIL) enrichment profiles by Pre-ranked GSEAmethod.51 For each patient, expression levels of genes were

Z score normalized across all patients and ranked in descending order according to the z-scores (or mean of z-scores for each group). Genes

associatedwith immune signatureswere compared to the above ranking utilizing theGSEAmethods. The normalized enrichment score (NES)

was obtained for each patient (or cohort). We identified the immune signature gene lists with false discovery rate (q-value) < 10% and NES>0

as enrichment, while false discovery rate<10% and NES<0 as depletion.

HLA typing and loss of heterozygosity

HLA typewas determined usingOptitype.52 The polymorphisms in exons 2 and 3 of Class-I genes (HLA-A, HLA-B, HLA-C) were considered for

HLA typing. Loss of heterozygosity (LOH) of HLA was assessed by LOH HLA.20

DSP data generation and analysis

In situ protein profiling was performed using GeoMx DSP Platform. Briefly, tissue slides were stained with a multiplexed panel of protein an-

tibodies that contained a photocleavable indexing oligonucleotide, enabling subsequent readouts. Released indexing oligonucleotides from

each region of interest (ROI) were collected and deposited into designated wells on a microtiter plate, allowing for well indexing of each ROI

during nCounter (nCounter MAX system version 4.1.0.1) readout (direct protein hybridization). LUSC tissues from 42 patients were fixed with

formalin and embedded with paraffin. Based on the H&E staining results, 3 separate regions (tumor-enriched region, tumor and normal cell-

mixed region and normal cell-enriched regions), were taken from each individual tissue sample to make a tissue microarray for the study. The

tissue microarray was stained with alpha-PanCK and alpha-CD45 antibody, then nuclei was counter stained with Syto13. ROIs with enriched

PanCK andCD45 expression were selected separately in tumor-enriched region cores as well as in tumor and normal cell-mixed region cores.

Meanwhile, ROIs with either CD45 high expression or CD45 low expression were selected in normal cell-enriched region cores. Spatially

resolved multiplex protein profiling of selected ROIs was performed with GeoMx DSP platform and quantitated with ncounter. For data

analysis, the raw counts were first normalized to External RNAControl Consortium (ERCC) spike-in control, followed by housekeeping normal-

ization usingHistoneH3, GAPDH and S3 as the housekeeping protein. The normalized dataset was used for downstreamdata analysis such as

differential target expression, heatmap and boxplot.

To explore the immune contexture in tumors, tumor edges and TALs, we evaluated the expression of immune-associated proteins (B2M,

CD11c, CD20, CD3, CD4, CD56, CD45, CD68, CTLA4, GZMB, PD-1, PD-L1, HLA-DR) and compared the differences in three tissues by Kruskal-

Wallis test andWilcoxon test. Immune heterogeneity across ROIs was assessed by the range of pairwise Cosin similarity. Specifically, pairwise

score in one ROI was defined as NA. If only two ROIs were included in one tissue, the ROI heterogeneity was assessed by the Cosin distance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparisons of proportions and variables between different groups were performed with the Kruskal-Wallis test, and paired or unpaired

Mann-Whitney-Wilcoxon test, as appropriate. Pearson correlation was used to analyze the correlation between univariates. All statistical

analyses were performed in the R statistical environment version 3.3.4. Statistical significance was defined as a two-sided p value of <0.05.

Survival curves were estimated with the Kaplan-Meier product-limit method and compared by log rank test.
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