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SUMMARY
Tissue-resident memory T (TRM) cells provide immune defense against local infection and can inhibit cancer
progression. However, it is unclear to what extent chronic inflammation impacts TRM activation and whether
TRM cells existing in tissues before tumor onset influence cancer evolution in humans. We performed deep
profiling of healthy lungs and lung cancers in never-smokers (NSs) and ever-smokers (ESs), finding evidence
of enhanced immunosurveillance by cells with a TRM-like phenotype in ES lungs. In preclinical models, tumor-
specific or bystander TRM-like cells present prior to tumor onset boosted immune cell recruitment, causing
tumor immune evasion through loss of MHC class I protein expression and resistance to immune checkpoint
inhibitors. In humans, only tumors arising in ES patients underwent clonal immune evasion, unrelated to
tobacco-associated mutagenic signatures or oncogenic drivers. These data demonstrate that enhanced
TRM-like activity prior to tumor development shapes the evolution of tumor immunogenicity and can impact
immunotherapy outcomes.
Cancer Cell 41, 837–852, May 8, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 837
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INTRODUCTION

Carcinomas evolve from small expansions of transformed

epithelial cells into pre-invasive lesions and eventually into overt

malignancies. These cells accumulate mutations that can create

neoantigens, novel peptides that may provoke an adaptive im-

mune response.1 The adaptive immune system protects the

host from malignant growth by eliminating tumor cells, yet it

also exerts selective pressure upon nascent cancers to evade

immune predation.2 Tissue-resident memory T (TRM) cells pro-

vide rapid recall responses to tissue-specific infections and

have also been shown to promote cancer-immune equilibrium.3

How early immunosurveillance by in situ TRM cells might influ-

ence immune cell recruitment to developing tumors, and the

impact upon the evolution of tumor immunogenicity is unknown.

Lung adenocarcinoma (LUAD) represents an ideal scenario to

address these questions due to its prevalence in both never-

smoker (NS) and ever-smoker (ES, current- and ex-smoker) pa-

tients, where tobacco smoking enhances both the accumulation

of DNA alterations in lung epithelial cells4,5 and chronic inflam-

mation within the lung.6 In these two patient groups, we can

assess the impact of pre-existing chronic inflammation and tu-

mor mutational burden (TMB) upon tumor progression from

pre-invasive to invasive late-stage disease.

The genomic drivers of NS LUAD are distinct from those in

patients with a history of cigarette smoking. Alterations in

EGFR, ROS1, and ALK are more common in NS tumors, while

KRAS, TP53, KEAP1, BRAF, and JAK2/3 alterations are char-

acteristic of ES tumors.7 These differences guide distinct clin-

ical treatments with targeted kinase inhibitors deployed

according to genetic testing.8 NS patients with lung cancer

respond poorly to immune checkpoint inhibitors compared

with ES patients.9 It has been suggested that tumor cell-

intrinsic factors such as lower TMB and lower expression of

PD-L1 account for this reduced sensitivity.10–12 Yet, other

smoking-induced factors may influence checkpoint immuno-

therapy responses. We reasoned that TRM cell abundance

and activation state before tumor onset may differentially influ-

ence tumor evolution in ES and NS patients and could be

decisive in treatment response.

TRM cells reside in tissues and provide tissue-specific local

immunity.13,14 They have been extensively studied within the

murine lung in response to infections such as influenza15 and

have recently been identified as the dominant T cell population

within healthy adult human lung.16,17 Cells with a TRM phenotype

can be defined in humans by expression of the memory marker

CD45RO, the absence of lymph node homing molecules (i.e.,

CCR7), surface expression of CD69, and in some instances,

the aE integrin CD10318; however, it is not always possible to

establish whether these are truly memory cells and so are

referred to as TRM-like cells. A high abundance of tumor-infil-

trating TRM-like cells, quantified at tumor resection, has been

associated with improved prognosis in multiple solid tumors,19

including non-small cell lung cancer (NSCLC),20,21 as well as

with favorable responses to immune checkpoint blockade

(ICB).19 TRM-like cells are cytotoxic22 and secrete pro-inflamma-

tory cytokines, such as IFNg and TNF, that can recruit and influ-

ence the activation of tumor-specific T cells.23,24 TRM-like cells

can also activate dendritic cells to increase the numbers of tu-
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mor-specific CD8+ T cells, conferring protection to tumor cell re-

challenge.25 So-called ‘‘bystander’’ CD8+ TRM-like cells can

therefore support the activity of tumor neoantigen-specific

T cells.26,27 How pre-existing TRM-like cells within the healthy hu-

man lung may be impacted by cigarette smoking and whether

these cells play a role in immune evasion by nascent tumors is

unknown.

Avoiding destruction by the immune system is a hallmark of

cancers.28 ‘‘Immune evasion’’ refers to the loss of tumor immu-

nogenicity under T cell predation.29 The understanding of the

mechanisms of immune escape have focused on tumor intrinsic

factors, such as expression of ligands of immune checkpoint

receptors (e.g., PD-L1), alterations in antigen presentation

machinery, and neoantigen depletion.30,31 Loss of heterozygos-

ity (LOH) of the HLA locus and neoantigen depletion are

observed in untreated NSCLC.34,35 Neoantigen depletion is

also enhanced after treatment with immune checkpoint inhibi-

tors.31 Tumor neoantigen evolution can therefore be defined as

a system dependent on inputs (such as the degree of TMB and

immune selective pressure) influenced by immune escape

events to produce tumors with differing levels of immunoge-

nicity.32 Yet it is unclear whether the pre-cancerous immune

environment in which a tumor develops influences the onset of

immune evasion events and if this has implications for treatment

with immunotherapy.

RESULTS

TRM-like cell activity is enhanced in healthy lung tissue
of ever-smokers
We first used flow and mass cytometry (CyTOF) to examine the

proportion of CD4+ and CD8+ T cells with a TRM-like phenotype

(defined throughout as CD3+CD45RO+CD45RA�CCR7�CD69+

CD103+/�) in the adjacent normal lung tissue from lung cancer

patients undergoing surgical resection of tumors and from

normal lung tissue obtained from deceased organ donors (Fig-

ure S1A and Tables S1, S2, S3, and S4). While the proportions

of lung CD4+ or CD8+ TRM-like cells did not change with individ-

ual age (37–83 years old; median 59 years old), sex, or cancer

status, we observed a significant increase in the proportion of

CD8+ TRM-like cells in the lung tissue of ESs compared with

NSs (Figures 1A, 1B, S1B, and S1C). Within ES lungs, the in-

crease in CD8+ TRM-like cells was not associated with the degree

of smoking history (Figure S1D). Except for an increase in B cell

proportion in ES lungs, we did not observe significant differences

in any other major immune cell populations between ES and NS

lungs (Figure S2). We next assessed the expression of T cell

accessory molecules by TRM-like cells to infer T cell activation

state using validated CyTOF antibodies (Figure S3A). In the early

phase of T cell activation, expression of co-stimulatory mole-

cules such as CD28, CD27, 41BB, and OX40 predominates. At

the peak of the T cell response, both co-stimulatory and co-

inhibitory molecules are upregulated followed by a preponder-

ance of co-inhibitory receptors (CD57, PD-1, LAG3, TIM3)

toward the end of the response.33 Global analysis of the expres-

sion of accessory molecules in lung-resident T cells revealed

enhanced expression of CD27, CTLA-4, and ICOS in CD4+

TRM-like cells in ES patients, but not in resident Treg or CD8+

TRM-like cells (Figures 1C, 1D, and S3B–S3D), translating to an
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Figure 1. Lung resident memory-like T cells are less activated in never-smoker lung tissue

(A) Proportion of CD4+ TRM-like and CD8+ TRM-like cells in non-malignant lung tissue of lung cancer patients (filled circles) and healthy lungs of deceased organ

donors (open circle) analyzed by CyTOF and flow cytometry. n = 17 NSs, n = 22 ESs. Data show mean ± SEM. Unpaired t test, *p < 0.05, **p < 0.01.

(legend continued on next page)
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elevated overall abundance of co-stimulatory and co-inhibitory

molecules in TRM-like cells in the lungs of ESs (Figure 1E).

Accordingly, a higher proportion of CD8+ TRM-like cells in ES

lung tissue also expressed the effector molecule perforin

compared with NS CD8+ TRM-like cells, indicating increased

cytotoxic potential of these cells (Figures 1F and 1G). To further

evaluate the activation status of T cells in ES and NS lungs,

T cells were sort-purified from lung tissue, stimulated with anti-

CD3/CD28, and proliferation was assessed 48 and 72 h later

(Figure 1H). CD4+ and CD8+ T cells isolated from ES lung dis-

played heightened proliferation compared with NS CD4+ and

CD8+ T cells (Figures 1I, 1J, and S3E). Taken together, these

data provide evidence that TRM-like cell activation is enhanced

in ES lungs, and more generally, T cells within ES lungs are

poised for effector function.

Early TRM-like cell activation in ES tumors compared
with NS tumors
The reduced activation status of TRM-like cells from NS lungs led

us to assess their phenotype throughout tumor evolution. Due to

the difficulty of obtaining longitudinal tissue sampling of lung

cancer patients, we use the multi-step progression of epithelial

neoplasias from early-stage to late-stage cancer as a surrogate

for time. We analyzed surgically resected primary lung tumors

(stage I-IIIa, limited nodal metastases N0-2, M0) and biopsies

of advanced primary tumors (stage IIIb-IV, extensive nodal me-

tastases N2-N3, M0-1, Table S1) by CyTOF (Figure S4A and

Table S4). Resident Tregs were enriched in both ES and NS

early-stage tumors compared with matched normal tissue,

consistent with previous reports34 (Figure S4B). We also

observed a greater proportion of CD8+ TRM-like cells in NS

early-stage tumors compared with normal tissue, which was

unchanged in late-stage tumors (Figure S4B). Analysis of acces-

sory molecule expression revealed that CD4+ and CD8+ TRM-like

cells in ES patients exhibited a gradient of increased activation

from non-malignant tissue to early-stage then to late-stage can-

cers (Figure 2A). However, TRM-like cells within NS patients only

showed evidence of activation in late-stage disease (Figure 2A).

Indeed, comparing TRM-like cell phenotypes between early-

stage tumors from ES and NS patients demonstrated marked

upregulation of accessory molecules in the former (Figure 2B),
(B) Representative flow cytometry plots showing CD103 versus CD69 expression

(D35, 60-year-old female ex-smoker) and NS donor (D11; 56-year-old male).

(C) Heatmap of co-stimulatory and co-inhibitory molecule expression on CD4+

CyTOF. Each column represents the average expression of each marker in CD

expression ± standard deviation per marker (Z score). Data excluded if <50 CD4+

scale indicates the Z score scaled by column/marker.

(D) Representative CyTOF plots of accessory molecule expression upon CD4+ TR
(AH0205, 83-year-old male ex-smoker) and a NS cancer patient (AH0059, 79-ye

(E) Volcano plot depicting differential accessory molecule expression upon CD4

change between ES and NS lung for each marker per cell type. Co-stimulatory m

dotted line indicates q value = 0.05.

(F) Representative flow cytometry histogram showing the expression of perforin

(G) Quantification of the proportion of perforin+ cells within CD103+CD8+ TRM-like c

(filled circle) and healthy lung of organ donors (open circles), n = 6 NSs, n = 12 E

(H) Schematic of stimulation assay in total T cells isolated from non-malignant lu

(I) Representative flow cytometry plots of CD8 versus Ki67 expression 48 h after an

tissue. ES patient (MH0067, 47-year-old female, ex-smoker) and NS patient (MH

(J) Fold change in the proportion of Ki67+ CD4+ and CD8+ T cells at 48 h and 72 h

tissue of lung cancer patients. n = 4 ESs; n = 5 NSs; Data show mean ± SEM. Unp
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with key inhibitory molecules suggesting engagement of an ex-

hausted phenotype in TRM-like cells only in ES tumors

(Figures S4C and S4D). Yet in late-stage cancers, this smok-

ing-associated difference was abrogated (Figure 2C).

ESs may have heightened TRM-like activity due to higher rate

of respiratory infections. We therefore interrogated whether

TRM-like cells in ESs were tumor-specific by assaying the

expression of CD39, a cell surface protein that distinguishes tu-

mor-responsive from bystander T cells.26,27 While there was an

enrichment of tumor-responsive CD39+ TRM-like cells in tumors,

there was no difference in their proportion according to smoking

status in early-stage tumors (Figures 2D and 2E), suggesting

polyclonal TRM-like cell responses characterize ES and NS tu-

mors. To determine whether the increase in TRM cell activation

in early-stage ES tumors was observed in a larger cohort of sam-

ples, we developed aCD8+ TRM-like cell transcriptional signature

score from published bulk RNA-seq of CD8+ TRM-like cells iso-

lated from NSCLC.35 We then calculated the TRM-like cell score

in bulk RNA-seq data of early-stage LUAD from the TCGA

cohort7 and from the TRACERx cohort36 that sampled multiple

regions within a single tumor, including undifferentiated

NSCLC that clusters with LUAD from principal component anal-

ysis, referred to as NSCLC-not otherwise specified (NSCLC-

NOS; Figure S4E). Consistent with our CyTOF data, the CD8+

TRM-like cell score was lower in NS compared with ES early-

stage tumors in both cohorts (Figure S4F). Within ESs, neither

the CD8+ TRM-like cell score nor TMBwas associated with levels

of smoking exposure (Figure S4G). Linear regression modeling

demonstrated only TMB was significantly associated with

CD8+ TRM-like cell score in tumors (p < 0.0001), when assessing

patient age, sex, disease stage, smoking status, presence of

genomic smoking signature, mutational driver, and TMB

(Figures 2F and S4H–S4J). However, TMB is known to be lower

in NS tumors37 (Figures 2F and S4F). Therefore, we analyzed ES

samples with TMB comparable to NS samples (OTMB < 3, re-

flecting the FDA-approved cutoff of 10 mutations/megabase to

select TMBhi solid tumors for ICB35), which revealed a signifi-

cantly lower CD8+ TRM-like cell score in NSs (Figure 2G). Indeed,

within TRACERx tumors that demonstrated a variation in TMB

score between regions (differences of more than five muta-

tions/Mb between samples), we found these patients (all ES
, gated on CD8+ TEM from healthy lung tissue from an organ donor. ES donor

TRM-like cells in non-malignant lung tissue from cancer patients analyzed by

4+ TRM-like cells in each ES and NS patient, and data are scaled to mean

TRM-like cells. n = 9 ES and n = 10 NS patients. Unpaired t test, *p < 0.05. Color

M-like cells isolated from adjacent normal lung tissue from an ES cancer patient

ar-old female).
+ TRM-like cells, resident Treg, and CD8+ TRM-like cells, showing the log2 fold

olecules are indicated in blue, and co-inhibitory markers are in dark red. The

in CD8+CD103+ TRM-like cells in a NS and an ES lung.

ells by flow cytometric analysis of non-malignant lung tissue of cancer patients

Ss. Data show mean ± SEM. Unpaired t test, *p < 0.05.

ng tissue of lung cancer patients.

ti-CD3/CD28 stimulation of CD8+ T cells sort-purified from non-malignant lung

0044, 47-year-old male).

after anti-CD3/anti-CD28 stimulation of T cells sorted from non-malignant lung

aired t test, *p < 0.05. See also Figures S1, S2, S3, Tables S1, S2, S3, and S4.
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LUAD) had high TRM-like cell scores (>0.01) regardless of TMB

status (Figure S4K). These findings suggest that TRM score

may not be driven by TMB exclusively. More broadly, the collec-

tive data indicate that TRM-like cell recruitment and activation

likely occur earlier in ES lung tumorigenesis compared with NS

patients.

TRM-like cell induction prior to tumor onset enhances
host immune cell recruitment and activation in a mouse
model of lung adenocarcinoma
The increased frequency and heightened activation of TRM-like

cells within the normal lung tissue from ES individuals led us to

model how pre-existing tumor-reactive or bystander lung

TRM cells might influence tumor-immune evolution, using mice or-

thotopically transplantedwith lung cancer expressing the neoanti-

genovalbumin (OVA) peptide (Figure3A). Pre-existing, tumor-spe-

cific TRM-like cells were generated by transferring effector CD8+

OT-I TCR transgenic cells (congenically marked with CD45.1,

referred to as donor cells) into C57BL/6 CD45.2+ host mice that

were treated intranasally (i.n.) with an inflammatory stimulus con-

sisting of polyI:C and SIINFEKL-OVA peptide. This combination

of local inflammation and antigen resulted in the generation of resi-

dent donor TRM-like cells specifically in the lung as previously

described38 (Figures S5A and S5B; Table S5). The induction of

host-derived OVA-specific CD8+ TRM-like cells detected with

OVA-tetramer staining was minimal in this model (Figures S5C

and S5D). Separately, we generated mice harboring lung TRM-

like cells of an irrelevant specificity by transferring CD45.1+ CD8+

gBT-ITCR transgeniccells (specific forherpessimplexvirusglyco-

protein B) into mice treated i.n. with poly:IC and gB peptide.

Two weeks after T cell transfer and i.n. challenge, we could detect

populations of non-circulating CD45.1+OT-I TRM-like cells (tumor-

specific: t-TRM cells) and CD45.1+ gBT-I TRM-like cells (bystander:

by-TRM) (Figure3B)with negligible inductionofCD45.2+ hostCD8+

TRM-like cells (Figures S5C and S5E), demonstrating the efficacy

and specificity of the model. A smaller population of TRM-like cells

was also detected in the lungs of mice injected with CD45.1+ TCR

transgenic cells in the absence of poly:IC and antigen stimulation;

hence those groupswere termed ‘‘lo t-TRM’’ and ‘‘lo by-TRM’’ mice

(Figures 3A and 3B).
Figure 2. Tumor-associated TRM-like cells have limited activation in ea

(A) Heatmap of co-stimulatory and co-inhibitory protein expression on CD4+ T

tissue, stage I-IIIa (early-stage, surgically resected) primary tumors, and stage

column represents the average expression of each marker in ES and NS patien

(Z score). n = 10 ES non-malignant lung, n = 10 ES early-stage tumors; n = 6

tumors; n = 5 NS late-stage tumors. Paired t test between matched patient lung

stage tumors. *p < 0.05, **p < 0.01, ***p < 0.001. Statistical comparison betw

column/marker.

(B andC) Volcano plot depicting differential accessorymolecule expression uponC

log2 fold change between (B) ES and NS early-stage tumor or (C) ES and NS l

indicated in blue, and co-inhibitory markers are in dark red. The dotted line indic

(D) Representative images of ES and NS lung and corresponding tumors show

CD39+CD8+ TRM-like cells, and blue-rendered cells show CD39�CD8+ TRM-like c

represents 50 mm.

(E) Quantification of the proportion of CD39+ CD8+ TRM-like cells in NS and ES n

tumors. Welch’s t test. *p < 0.05; ****p < 0.0001.

(F) Scatterplot showing TRM cell signature score and OTMB in RNA-seq data f

samples. n = 443 ESs, n = 74 NSs.

(G) Violin plot depicting the CD8+ TRM-like cell signature score in NS and ES lung t

n = 269 ESs, n = 74 NSs. Wilcoxon rank-sum test. **p < 0.01. See also Figure S4
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We then intravenously injected syngeneicKrasG12D;p53D/D lung

cancer cells engineered to express the SIINFEKL-OVA peptide39

(Figure S6A) to generate orthotopic lung tumors. Tumors were

analyzed 8 weeks after tumor cell injection. The presence of

pre-existing TRM-like cells had no impact on tumor burden,

although somemice in the no and low TRM groups did not survive

to day 70 and were collected for histological analyses only

(Figures S6B–S6D). As expected, tumor-specific TRM-like cell

groups harbored higher proportions of donor CD8+ TRM-like cells

expressing PD-1 at endpoint (day 70) compared with bystander

TRM-like group, indicating that the OVA+ tumor cells supported

enhanced expansion or retention of cognate donor TRM-like cells

(Figures S6E and S6F). We then investigated more broadly how

TRM-like cells present before tumor onset could affect the immune

microenvironment. We found that high levels of pre-existing tu-

mor-specific or bystander TRM-like cells reshaped the host adap-

tive immune cell landscape within the tumor (Figure 3C). Greater

proportions of host CD8+ and CD4+ TRM-like cells developed in

the high TRM-like cell groups compared with low or no TRM con-

trols (Figures 3D and S6G). In turn, total host CD8+ and CD4+

Tem/eff (includes TRM) had greater PD-1 expression in the high

TRM-like cell groups (Figures 3E, 3F, and S6H), which was not

observed in the spleen (Figure S6I). These data suggest that

pre-existing tumor-reactive or bystander TRM-like cells enhanced

the activity of host T cells that were either newly recruited to the

tumormicroenvironment or primed by the initial inflammatory/an-

tigen stimulation and expanded in the tumor. Dual staining of Ki67

and CD8 cells within tumors showed higher numbers of prolifer-

ating CD8+ T cells in the high TRM-like cell groups, confirming

the flow cytometry data (green arrows, Figures 3G and 3H).

Indeed, linear regression analysis revealed a strong positive cor-

relation between the number of donor TRM-like cells at endpoint

with overall lung T cell number, whether the donor cells were tu-

mor specific or bystander (Figure 3I). The number of Treg cells

did not change between groups, although the percentage of

PD-1+ Treg cells was increased in the high TRM-like cell groups

(Figures 3C, S6J, and S6K). Overall, these data demonstrate

that pre-existing TRM-like cells in lung tissue, irrespective of TCR

specificity, enhance T cell recruitment and activation in the result-

ing tumor microenvironment.
rly-stage never-smoker lung cancer

RM-like cells, CD8+ TRM-like cells, and resident Treg cells isolated from lung

IIIb-IV (late-stage, metastatic) primary tumors as detected by CyTOF. Each

ts, and data are scaled to mean expression ± standard deviation per marker

ES late-stage tumors; n = 10 NS non-malignant lung, n = 8 NS early-stage

and early-stage tumor tissue; unpaired t test between early-stage and late-

een ESs and NSs not shown. Color scale indicates the Z score scaled by

D4+ TRM-like cells, resident Treg, andCD8+ TRM-like cells, showing the average

ate-stage tumor for each marker per cell type. Co-stimulatory molecules are

ates q value = 0.05.

ing the expression of CD39 in CD8+ TRM-like cells. Red-rendered cells show

ells. Epithelial cells are stained with pan-cytokeratin (panCK, pink). Scale bar

on-malignant lung and tumors. n = 3 NS lung, 8 NS tumors, 4 ES lungs, 12 ES

rom TRACERx and TCGA LUAD and NSCLC-not otherwise specified (NOS)

umors from TCGA and TRACERx cohorts in patients with low TMB (OTMB <3).

and Tables S1 and S4.
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Pre-existing TRM-like cells promote immune evasion
events in lung adenocarcinoma in vivo, resulting in
resistance to immune checkpoint blockade
Given the increased T cell activity observed in tumors grown in a

TRM-rich environment, we investigated whether this enhanced

‘‘immune pressure’’ could drive immune evasion by tumor cells.

Although high levels of pre-existing TRM-like cells did not affect

overall tumor burden (Figures S6B–S6D), we found that a greater

proportion of tumors in these groups had lost presentation of the

SIINFEKL-OVA neoantigen, a sign of immune escape (Figures 4A

and 4B). Likewise, we observed substantial loss of total surface

protein expression of H-2Kb, an MHC class I protein, on tumor

cells in the high TRM-like cell groups (Figures 4C and 4D, gating

strategy in S7A and S7B), another knownmechanism of immune

escape. This loss of antigen presentation capacity was not asso-

ciated with impaired IFNg signaling: IFNg expression was

increased in CD4+ and CD8+ Teff/em from the hi-TRM tumors

(a further sign of increased activation) (Figures S7C–S7E), and

phospho-STAT1 levels in tumor cells were unchanged among

the different subgroups (Figures S7C and S7D). Antigen-pre-

senting cells were rare, and the frequency of NK cells was similar

in all groups, as well as in NS and ES patient tumors

(Figures S7C, S7D, S7F, and S7G). Overall, these data indicate

that the presence of lung TRM-like cells of any specificity prior

to tumor formation enhances immune escapemechanisms in tu-

mor cells, even in an environment rich in IFNg. To determine the

therapeutic implications of these findings, we evaluated the

response to combination anti-PD-1 and anti-CTLA-4, a combi-

nation immunotherapy that was found to improve survival in

advanced NSCLC patients (>1% tumor PD-L1 expression)

compared with anti-PD-1 monotherapy in a descriptive anal-

ysis.40 The polyI:C/OVA and low TRM control groups showed par-

tial responses to combination ICB, withstanding tumor growth a

further 20 and 12 days (median survival of 64 and 56 days
Figure 3. TRM-like cells present in the lung before tumor onset increas

nomas, irrespective of their tumor specificity

(A) Schematic of the experimental design. CD45.1 donor T cells specific to OVA

without intranasal co-administration of polyI:C and OVA or gB peptides to genera

specificOT-I TRM-like cells: t-TRM cells) or gB (CD45.1+ bystander gBT-I TRM-like c

KrasG12D/+;p53flox/floxmouse were engineered to express OVA (KP-OVA) and injec

pre-existing TRM-like cells specific to the tumor OVA antigen (t-TRM) or pre-exist

tumor cell injection (n = 3/group) or 8 weeks after tumor cell injection (n = 6/gro

circulating T cells.

(B) Quantification of CD8+CD103+ TRM-like donor cells in the lungs of recipient mi

cytometry. n = 3 mice/group. Data show mean ± SEM. Unpaired t test, *p < 0.05

(C) Representative tSNE plots generated from flow cytometry data of 40,000 hos

combined data from four mice per group with comparable tumor burdens. Perc

percentages of host CD4+ ‘‘naı̈ve’’ (circulating and naive host cells), ‘‘activ’’ (effecto

T cells; percentages of ‘‘naı̈ve’’ and ‘‘activ’’ CD8+ T cells calculated as a proportio

shown allow for ease of comparison between experimental groups.

(D) Proportion of host CD8+ TRM-like cells in the lungs of mice collected at day 70 d

Unpaired t test, *p < 0.05; **p < 0.01.

(E) Representative histogram showing the expression of PD-1 in host CD8+ Teff/E
(F) Percentage of PD-1+ cells among host CD8+ Teff/EM cells in the lung of mice co

test, *p < 0.05; **p < 0.01.

(G) Representative images showing the expression of CD8 (brown) and Ki67 (pu

chemistry. Scale bar represents 100 mm. Yellow arrows: CD8+ cells, green arrow

(H) Quantification of the number of CD8+Ki67+ cells in individual lung tumors rela

Unpaired t test, *p < 0.05; ***p < 0.001, ****p < 0.0001.

(I) Linear regression analysis of the number of total host CD3+ T cells with the n

CD8+TRM-like group (yellow) and the bystander CD8+TRM-like group (blue), analy
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respectively, Figure 4E) compared with control IgG-treated

groups. However, tumors that arose in a TRM-like rich environ-

ment (hi t-TRM) were completely resistant to combination ICB

(median survival of 44 days, Figure 4E). Together these results

show that in this model, pre-existing TRM-like cells accelerate

the onset of immune escape mechanisms in tumor cells, result-

ing in reduced response to checkpoint immunotherapy.

Early immune escape events are only detected in ES
tumors
These results prompted us to evaluate whether tumor-immune

evolution might be impacted differentially in ES and NS

tumors given that they arise in microenvironments with distinct

TRM-like cell activity. Recent studies have defined a system of tu-

mor evolution as one dependent upon inputs, including TMB and

the level of immune selective pressure, that influence immune

escape events such as loss of heterozygosity of HLA-A, -B, or

-C alleles (HLA LOH) and non-synonymous mutations in genes

encoding for antigen presentation machinery elements

(APM).32 Given the substantial differences in TMB and ‘‘immune

pressure’’ identified with smoking status, lung cancer occurring

in ES and NS patients provides an opportunity to define the evo-

lution of tumor immune escape using real-world data. To infer the

timing of immune escape events such as HLA LOH and muta-

tions in APM genes (APMmut, using published gene lists32), we

used multi-site sequencing data to distinguish early escape

events detected in all sites (clonal events) from events occurring

later in evolution, detected in only one or some sites (subclonal

events). We analyzed HLA LOH and APMmut in four separate co-

horts of pre-invasive LUAD, early-stage LUAD, and late-stage

lung cancer (Figure 5A and Table S4)36,41,42,43. We first used

the well-annotated TRACERx cohort to explore both cell-

intrinsic and -extrinsic determinants of HLA LOH. Although we

observed the overall occurrence of clonal or subclonal HLA
e the recruitment and activation of host T cells in lung adenocarci-

(OT-I) or gB (gBT-I) were adoptively transferred into CD45.2 hosts with and

te high and low levels of CD8+TRM -like cells specific to OVA (CD45.1+ tumor-

ells: by-TRM) comparedwith no TRM controls. Lung tumor cells generated from a

ted 2 weeks after transfer of CD45.1 cells to generate experimental groups with

ing TRM-like cells reactive to gB (by-TRM). Lungs were collected either prior to

up). Mice were injected with anti-CD3-AF532 5 min before collection to label

ce 2 weeks after T cell transfer and prior to KP-OVA tumor cell injection by flow

, **p < 0.01.

t and donor T cells from tumor-bearing lungs collected at day 70. Plots depict

entages of donor T cell types calculated as proportion of donor CD8+ T cells;

r and resident host cells), and Treg cells calculated as a proportion of host CD4+

n of host CD8+ T cells. As donor T cells differ between groups, proportions as

etermined by flow cytometry. n = 4–6 mice per group. Data showmean ± SEM.

M cells in the lung of mice collected at day 70.

llected at day 70. n = 4–6 mice per group. Data show mean ± SEM. Unpaired t

rple) in lung tumors in the indicated groups determined by dual immunohisto-

s: Ki67+CD8+ cells.

tive to each tumor area (mm2). Data are mean ± SEM. n = 6 mice per group.

umber of donor CD8+ TRM-like cells in the lung of mice from tumor-specific

zed at day 70. See also Figures S5, S6, and Table S5.
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LOH or APMmut was associated with TMB, these immune

escape events were also observed in some tumors with low

TMB (Figure 5B). HLA LOH or APMmut was not associated with

immune infiltrate,35 clonal driver mutation status, and genomic

smoking signature (Figures S8A and S8B), suggesting immune

escape by HLA LOH is not linked to these features, which

were determined at the time of tumor collection. Critically, clonal

HLA LOH or APMmut events were never observed in NS tumors

(Figure 5C). Indeed, in all multi-site cohorts analyzed, clonal

HLA LOH or APMmut was only ever detected in ES tumors (Fig-

ure 5D, Fisher’s exact test, two-tailed p = 0.001 and p = 0.002,

respectively). Subclonal events were also more frequent in ES

tumors, indicating a higher rate of immune evasion events in

ES tumors in general. The observation that genomic smoking

signature was not associated with immune escape events

(Figures S8A and S8B), but that smoking history was (Figure 5D),

further demonstrates the influence of an inflamed immunemicro-

environment, here induced by smoking, in driving tumor immu-

nogenicity, in addition to tobacco-induced mutagenesis. Multi-

site data were not available for pre-invasive lesions to determine

the clonality of LOH, yet 2/20 ES lesions hadHLA LOH compared

with 1/62 NS lesions (Figure 5E). Combining all datasets repre-

senting multiple stages of lung cancer progression, HLA LOH

was a rare event in NS tumors (Figure S8C, Fisher’s exact test,

two-tailed p < 10�8) and occurred mostly in ES tumors, indi-

cating immune escape is a continuous event in ES tumors that

likely starts early in their evolution.

Overall, these data, combinedwith data from our LUADmouse

model, suggest that immune escape is related to the environ-

ment in which the tumors arise and imply that the timing of

‘‘immune pressure’’ is an important determinant of tumor

immunogenicity, in addition to levels of immune infiltration

and TMB.

DISCUSSION

Adaptive immunity influences multiple stages of tumor evolution.

Cancer immunosurveillance involves elimination of early malig-

nant cells following T cell recognition of neoantigens. Later,

pre-malignant cells that escape elimination can form pre-inva-

sive lesions held in check by cancer-immune equilibrium. Finally,

immune escape involves the development of tumor mechanisms

to evade immune predation, enabling invasive lesions to

form.2,44 TRM cells have been shown to be involved in cancer-im-

mune equilibrium,3 and their abundance in resected invasive

cancers correlates with better outcomes.19 Yet, it has been

unclear the extent to which pre-existing TRM-like cells influenced
Figure 4. Lung TRM-like cells existing before tumor onset initiate immu

reducing sensitivity to immune checkpoint inhibitors

(A) Representative images showing the presentation of OVA-H-2Kb complexes by

positive, tumors contoured in blue are OVA-H-2Kb negative. Scale bar top pane

(B) Percentage of OVA-H-2Kb-negative tumor nodules from immunohistochem

**p < 0.01, *p < 0.05.

(C) Representative histogram showing the surface expression of H-2Kb by tumo

(D) Percentage of H-2Kb-negative tumor cells measured by flow cytometry. n =

(E) Kaplan-Meier survival curve showing the survival of mice after injection of KP-O

OT-I donor cells i.v.), and polyI:C/OVA control (polyI:C/OVA i.n. + PBS i.v.) mice an

rank Mantel Cox test of anti-PD-1 + anti-CTLA-4-treated mice comparing hi t-TRM
See also Figure S7.
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by environmental insults may shape the immunogenic evolution

of tumors.

Our deep profiling of immune cells in healthy lung and early-

stage and late-stage primary tumors provides a surrogate

for the longitudinal analysis of resident T cells in states of pre-

malignancy, early tumor formation, and progression. We

observed that chronic cigarette smoking correlated with

enhanced TRM-like cell immunosurveillance in human lungs.

This heightened immune pressure selected for tumor clones

capable of immune evasion. In a murine model, we found that

both tumor-specific and bystander CD8+ TRM-like cells

increased the activity and recruitment of T cells to the tumor,

initiating early loss of MHC class I. These data identify a critical

additional ‘‘input’’ to the system of tumor evolution32—the timing

of immune pressure—which acts as an additional regulator of tu-

mor ‘‘visibility’’ to the immune system.

CD8+ TRM-like cells in the skin have been shown to protect

against melanoma formation, promoting cancer-immune equi-

librium.3 Patients with vitiligo, an autoimmune skin condition

characterized by high TRM-like cell infiltration, have a lower prev-

alence of malignant melanoma.45,46 Further studies in mice

demonstrated immune predation by TRM-like cells is critical in

vitiligo-associated cancer protection, indicating that resident

T cell memory is a likely key element in the prevention of tumor

onset in the skin.47 Our discovery of TRM-like cell immunosurveil-

lance in ES lungs provides insight into tumor formation in both

NS and ES patients. Oncogenic alterations and genomic insta-

bility are found in normal lung basal cells from heavy smokers,4,5

yet not all develop lung cancers.48 Pre-invasive LUSC49 possess

mutations in oncogenic drivers including KRAS, EGFR, and

KEAP1, but a number of these lesions regress to a normal-like

state.50 Infiltration of CD8+ and CD4+ T cells has been described

in pre-malignant LUSC and LUAD lesions51,52 and proposed to

support the elimination of malignant cells.50 It is tempting to

speculate greater TRM-like cell immunosurveillance associated

with tobacco smoking may protect from invasive cancers

induced by this same insult. Future studies evaluating the degree

of TRM-like cell immunosurveillance within ES and NS pre-inva-

sive LUAD would shed light on this question. A limitation of our

study is the analysis of independent cohorts that represent a sur-

rogate for longitudinal analysis of tumor evolution. Nevertheless,

our work suggests that the timing of immune recognition of tu-

mors, as influenced by the pre-existing immune landscape in

the organ of origin, is a critical regulator of tumor evolution.

Once the cancer-immune equilibrium is broken and tumors are

established, high abundance of TRM-like cells in tumors has

been associated with better patient outcome in multiple solid
ne escape mechanisms in a mouse model of lung adenocarcinoma,

lung tumors in the indicated groups. Tumors contoured in red are OVA-H-2Kb

l represents 1 mm, and bottom panel bar represents 500 mm.

istry staining. n = 6 mice/group. Data are mean ± SEM. Unpaired t test,

r cells in the lung of mice collected at day 70.

4–6 mice/group. Data are mean ± SEM. Unpaired t test, **p < 0.01, *p < 0.05.

VA cells in hi-t-TRM (polyI:C/OVA i.n + OT-I donor cells i.v.), lo t-TRM (PBS i.n +

d treatedwith anti-PD-1 + anti-CTLA-4 or rat IgG2a + hamster IgG controls. Log

mice with lo t-TRM and polyI:C/OVA control mice, **p < 0.01. n = 6 mice/group.
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Figure 5. Early immune escape events are only detected in ES tumors

(A) Schematic of the four patient cohorts in which HLA LOH was evaluated, and multi-site data allowed the detection of subclonal or clonal HLA LOH. AIS,

adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; LUAD, lung adenocarcinoma; NSCLC-NOS, non-small cell lung cancer not otherwise

specified; SCLC, small cell lung cancer; WES, whole-exome sequencing; WGS, whole-genome sequencing; R, region.

(B) Dot plot showing TMB in TRACERx LUAD and NSCLC-NOS tumors separated according to the presence of early immune escape (clonal HLA LOH or

APMmut), late immune escape (subclonal HLA LOH or APMmut), or absence of HLA LOH (gray). NSs are depicted in triangles and ESs in circles. n = 41 patients.

One way ANOVA, *p < 0.05; **p < 0.01; ***p < 0.001. Data are mean ± SEM.

(C) Proportion of patients with clonal or subclonal HLA LOH or APMmut according to smoking history in early-stage TRACERx LUAD + NSCLC-NOS tumors

(Fisher’s exact test, p = 0.06 for HLA LOH, p = 0.11 for APMmut).

(legend continued on next page)
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tumors including breast cancer,53melanoma,25 andNSCLC.18,19

Correlative studies in NSCLC, melanoma, breast, and oral can-

cer have reported an association between tumor infiltration of

CD8+ T cells with a residency phenotype and response to

ICB.35,54–56 In contrast, here we explored how TRM-like cells ex-

isting in the lung before tumor onset regulated immune escape.

In this context, the TRM-like cell infiltrate at the time of collection

may not accurately reflect the environment in which the tumor

initially arose. Instead, we find that smoking history is a better in-

dicator of the environment in which the tumor grew, with ES

lungs having a higher abundance and activation of TRM-like cells

than NS lungs. The direct comparison of tumor evolution of can-

cers that arose in lungs with a low or high TRM-like cell environ-

ment as observed in human ES and NS lungs and an experi-

mental mouse model enabled to reveal how tumor growth in a

TRM-like cell-rich milieu impacts tumor evolution.

Selective pressure applied by the immune system promotes

immune evasionmechanisms in tumor cells and has implications

for treatment of patients with ICB. One such escape mechanism

involves silencing of the APM,54 including loss of MHC class I by

genetic, epigenetic, or post-translational modifications or muta-

tions in the antigen presentation pathway. Consistent with previ-

ous work,55,56 we observed that HLA LOH occurred in tumors of

low and high mutational load. Strikingly, clonal HLA LOH and

APMmut were only detected in ES patients, suggesting they are

an early event in the evolution of ES tumors. Analysis of HLA

LOH in pre-invasive lung cancer lesions corroborates this obser-

vation whereHLA LOH occurred in 34%of squamous carcinoma

in situ in ES patients,50 10% of adenocarcinoma in situ/minimally

invasive adenocarcinoma in ES patients, and only 1% of these

lesions in NS patients.41 Our finding that elevated TRM-like cells

and T cell activation are features of the ES lung is consistent with

their capacity to exert early immune pressure in this context.

Analysis of expanded TCR clones in tumor multi-region

sequencing of ES tumors showed that CD8+CD103+ TRM-like

cells were composed of a high proportion of ubiquitous TCR

clones (present in all tumor regions), indicative of early recruit-

ment of these TRM-like cells to the tumor site. In contrast,

regional TCR clones, present only in some tumor regions, were

poorly represented in TRM-like cells.57 These results concur

with our finding that TRM-like cells are key components of the

early immune microenvironment in ES LUAD and orchestrate

immune cell recruitment. Indeed, our data from preclinical

models directly demonstrate that high TRM-like cell abundance,

irrespective of TCR specificity, is sufficient to orchestrate a

microenvironment that impels early immune escape events in

cancer. Therefore, we propose that the TRM-like rich microenvi-

ronment of ES lungs where NSCLC grows is a likely driver of this

early immune evasion mechanism.

Importantly,HLA LOH is a strong predictor of poor response to

ICB in LUAD.55 Although ESs with NSCLC are thought to be

best responders to ICB, only a small proportion of patients

respond to therapy.58 Our work provides insight into the diversity

of responses observed within this group. Our data using a
(D) Fisher’s exact test of combinedmulti-site data from the TRACERx, Nahar, and

LOH events. Fisher’s exact test comparing clonal or subclonal mutations to no m

(E) Proportion of patients with clonal or subclonal HLA LOH according to smoking

also Figure S8 and Table S4.
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KrasG12D;p53D/D mouse model of LUAD showed that the loss

of MHC class I induced by an activated TRM-like environment

abolished sensitivity to ICB. We propose that ES tumors are un-

der immune pressure from their inception, forcing early onset of

immune escape mechanisms in a subset of patients, which ulti-

mately leads to their insensitivity to ICB. In contrast, NS patients

presented as a relatively homogeneous group whose tumors

evolved in a dearth of immune selection pressure, resulting in

less immune escape of tumor clones. However, low T cell activa-

tion and the relatively small numbers of neoantigens in these NS

tumors diminish chances for T cell recognition, so generating a

de novo anti-tumor response with blockade of co-inhibitory mol-

ecules has not proved successful for NS patients.12 We propose

ES tumors that arise in an active TRM-like environment may

benefit from combination immunotherapy aiming to activate an-

tigen presentation. In contrast, tumors grown in TRM-like poor

environments, such as those occurring in NS, could paradoxi-

cally have favorable features for certain immune interventions

due to the absence of early selective pressure for tumors to

become immunologically silent. This lack of immune pressure in-

creases the potential of tumor cell populations to be targeted en

masse by T cell recognition of intact APM. Alternative immuno-

therapeutic approaches for NS patients may lie in the activation

of co-stimulatory molecules, personalized neoantigen vaccines,

or cell therapy with tumor-reactive T cells targeted to these

clonal neoantigens.59–62

Our study indicates that TRM-like cells immunosurveillance

associated with cigarette smoking before the onset of malig-

nancy exerts an early selective pressure that acts in addition to

tumor cell-intrinsic characteristics to shape tumor evolution in

lung cancer. TRM-like cells present in other solid organs, such

as the skin or the breast, might be similarly impacted by environ-

mental insults or physiological dynamics throughout an organ-

ism’s lifespan that in turn control cancer immunosurveillance

and tumor evolution.
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Montpréville, V., Validire, P., Besse, B., and Mami-Chouaib, F. (2015).

CD8+CD103+ tumor-infiltrating lymphocytes are tumor-specific tissue-

resident memory T cells and a prognostic factor for survival in lung cancer

patients. J. Immunol. 194, 3475–3486. https://doi.org/10.4049/jimmunol.

1402711.

21. Oja, A.E., Piet, B., van der Zwan, D., Blaauwgeers, H., Mensink, M., de

Kivit, S., Borst, J., Nolte, M.A., van Lier, R.A.W., Stark, R., et al. (2018).

Functional heterogeneity of CD4+ tumor-infiltrating lymphocytes with a

resident memory phenotype in NSCLC. Front. Immunol. 9, 2654. https://

doi.org/10.3389/fimmu.2018.02654.

22. Ganesan, A.-P., Clarke, J., Wood, O., Garrido-Martin, E.M., Chee, S.J.,

Mellows, T., Samaniego-Castruita, D., Singh, D., Seumois, G., Alzetani,

A., et al. (2017). Tissue-resident memory features are linked to the magni-

tude of cytotoxic T cell responses in human lung cancer. Nat. Immunol. 18,

940–950. https://doi.org/10.1038/ni.3775.

23. Ariotti, S., Hogenbirk, M.A., Dijkgraaf, F.E., Visser, L.L., Hoekstra, M.E.,

Song, J.-Y., Jacobs, H., Haanen, J.B., and Schumacher, T.N. (2014). T

cell memory. Skin-resident memory CD8⁺ T cells trigger a state of tis-

sue-wide pathogen alert. Science 346, 101–105. https://doi.org/10.

1126/science.1254803.

24. Schenkel, J.M., Fraser, K.A., Vezys, V., and Masopust, D. (2013). Sensing

and alarm function of resident memory CD8⁺ T cells. Nat. Immunol. 14,

509–513. https://doi.org/10.1038/ni.2568.

25. Menares, E., Gálvez-Cancino, F., Cáceres-Morgado, P., Ghorani, E.,
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Anti-Human OX40, clone BER-ACT35 BD Cat# 746649; RRID: AB_2743926
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Anti-Human CTLA4, clone 14D3 eBioscience Cat# 25-1529-42; RRID: AB_2573406

Anti-Human Foxp3, clone 206D Biolegend Cat# 320124; RRID: AB_2565972
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Anti-Mouse CD45.2, clone 104 BD Cat# 564616; RRID: AB_2738867

Anti-Mouse TCRaV2, clone B20.1 Biolegend Cat# 127808; RRID: AB_1134183

Anti-Mouse CD3, clone 17A2 eBioscience Cat# 58-0032-82; RRID: AB_11217479

Anti-Mouse CD4, clone GK1.5 BD Cat# 612761; RRID: AB_2870092

Anti-Mouse CD8a, clone 53–6.7 Biolegend Cat# 100742; RRID: AB_2563056

Anti-Mouse CD44, clone IM7 Biolegend Cat# 103026; RRID: AB_493713

Anti-Mouse CD62L, clone MEL-14 Biolegend Cat# 104428; RRID: AB_830799

Anti-Mouse CD25, clone PC61 Biolegend Cat# 102042; RRID: AB_2562270

Anti-Mouse ICOS, clone 7E.17G9 eBioscience Cat# 46-9942-82; RRID: AB_2744728

Anti-Mouse PD1, clone 29F1A12 Biolegend Cat# 135219; RRID: AB_11125371

Anti-Mouse CD69, clone H1.2F3 Biolegend Cat# 104537; RRID: AB_2566120

Anti-Mouse CD103, clone 2E7 Biolegend Cat# 121421; RRID: AB_10900074

Anti-Mouse Foxp3, clone FJK-16S eBioscience Cat# 48-5773-82; RRID: AB_1518812

Anti-Mouse Granzyme B, clone QA16A02 Biolegend Cat# 372214; RRID: AB_2728381

Anti-Mouse H-2Kb, clone AF6-88.5 Biolegend Cat# 116510; RRID: AB_492915

Anti-Mouse IFNg, clone XMG1.2 Biolegend Cat# 505816; RRID: AB_493315

Anti-Mouse Ki67, clone B56 BD Cat# 563756; RRID: AB_2732007

Anti-Mouse NK-p46, clone 29A1.4 eBiosciences Cat# 746875; RRID: AB_2871675

Anti-Mouse OVA-tet, clone N/A NIH tetramer core facility N/A

Anti-Human panCK, clone AE1/AE3 Abcam Cat# ab27988; RRID: AB_777047

Anti-Human CD8, clone SP16 Invitrogen Cat# MA5-14548; RRID: AB_10984334

Anti-Human CD69, clone EPR21814 Abcam Cat# ab233396; RRID: AB_2922929

Anti-Human CD103, clone EPR4166(2) Abcam Cat# ab129202; RRID: AB_11142856

Anti-Human CD39, clone EPR20627 Abcam Cat# ab223842; RRID: AB_2889212

Anti-Human PD1, clone NAT105 Abcam Cat# ab52587; RRID: AB_881954

Anti-Mouse CD8a, clone polyclonal SySy Cat# HS-361003

Anti-Mouse Ki67, clone D3B5 CST Cat# 12202; RRID: AB_2620142

Anti-Mouse OVA-H2Kb, clone 25-D1.16 eBiosciences Cat# 12-5743-82; RRID: AB_925774

Anti-Mouse NK1.1, clone PK136 WEHI monoclonal lab N/A

Anti-Mouse CD11c, clone N418 WEHI monoclonal lab N/A

Anti-Mouse Phospho-STAT1, clone 58D6 Cell signaling Cat# 9167; RRID: AB_561284

Anti-Mouse IFNg, clone XMG1.2 WEHI monoclonal lab N/A
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Bacterial and virus strains

Ad5 CMV-cre University of Iowa Gene Transfer Core Cat# VVC-U of Iowa-5

Chemicals, peptides, and recombinant proteins

Anti-mouse PD-1, clone RMP1-14 BioXCell cat# BE0146

Anti-mouse CTLA4, clone UC10-4F10-11 BioXCell cat# BP0032

Rat IgG2a isotype control, Clone 2A BioXCell cat# BE0089

Armenian Hamster IgG isotype

control, HTK888

Biolegend Cat# 400966

SIINFEKL-MHC Tetramer Alexa 568 NIH Tetramer Core Facility N/A

Recombinant mouse IFNg protein ABCAM Ab123747

Deposited data

TRACERx Jamal-Hanjani et al.36 EGAD00001003206

LxG Leong et al.42 EGAS00001003830

Chen Chen et al.41 EGAD00001005479

Nahar Nahar et al., 201843 EGAS00001001736

Experimental models: Organisms/strains

Mouse: KrasG12D/p53 fl/fl The Jackson Laboratory LSL-K-ras G12D; B6.129S4-KrastmTyj/J,

p53 floxed; B6.129P2-Trp53tm1Brn/J

Biological samples

Patient samples Victorian Cancer Biobank

Australian Donation and Transplant

Biobank

N/A

Software and algorithms

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

FlowJo FlowJo LLC https://www.flowjo.com/solutions/flowjo

QuPath Bankhead et al.66 https://qupath.github.io/
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Lead contact
Further information and requests for reagents and resources should be directed and will be fulfilled by the Contact: M-L. Asselin-

Labat: labat@wehi.edu.au.

Materials availability
This study did not generate new unique reagents.

Data and code availability
The datasets analyzed during the current study are available in the EGA repository:

TRACERx; https://ega-archive.org/datasets/EGAD00001003206.

LxG; https://ega-archive.org/studies/EGAS00001003830.

Chen; https://ega-archive.org/datasets/EGAD00001005479.

Nahar; https://ega-archive.org/studies/EGAS00001001736.

Data used in summary figures (Figures 1C, 1E, 2A–2C, 2F, 5B–5E, S1D, S4E–S4J and S8A) are contained in Table S4.

Code to quantify Ki67+CD8+ cells in immunostained sections is available at https://github.com/WEHI-labatlab/TRM-paper.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient samples
Written informed consent was obtained from all lung cancer patients by the Victorian Cancer Biobank or the Australian Donation and

Transplant Biobank prior to inclusion in the study, according to protocols approved by theWEHI Human Research Ethics Committee

(HREC, approval #10/04). Patients were classified as ever-smokers (current and ex-smokers who had quit smoking at least 1 year
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prior to sample collection) or never-smokers (lifetime smoking of less than 100 cigarettes). Matched tumor and adjacent normal lung

specimens confirmed by histology were obtained through the Victorian Cancer Biobank from surgically resected tissue of early-stage

lung cancer patients (Stage I to IIIa). Primary tumor samples from patients with unresectable, late-stage lung cancers were obtained

from endobronchial ultrasound biopsies (EBUS), as was a sample of pulmonary lymph node containing metastatic cancer cells used

as a reference control for CyTOF. Human tissues from non-cancer patients were obtained from deceased organ donors at the time of

organ acquisition for transplantation through the Australian Donation and Transplant Biobank63 (HREC/4814/Austin-2019). All donors

were free of cancer, hepatitis B, and hepatitis C, and were HIV negative. Patient and organ donor details are described in Tables S1

and S2, all cancer patients were treatment-naive. Healthy PBMC used as a reference control was collected from a patient through the

Victorian Blood Donor Registry (WEHI HREC approval # 2016.066; Melbourne Health HREC/16/MH/62). Written informed consent

was obtained.

KrasG12D/+;p53flox/flox-OVA murine lung cancer cell line
The KrasG12D/+;p53flox/flox (KP) murine tumor cell line was established from tumor arising in KrasG12D/+;p53flox/flox mice following intra-

nasal infection with Ad5-CMV-Cre64 (University of Iowa Gene Transfer Core Facility). Cells were grown in DMEM F12 + Glutamax

(Gibco) 10% FCS/FBS, Penicillin (100U/mL)/Streptomycin (100ug/mL) (Gibco), 0.04 mg/mL hydrocortisone (Sigma-Aldrich), 1x

Insulin-Transferrin-Selenium (Gibco), 5 ng/mL mouse EGF (Gibco) in normoxic, 5% CO2 incubator. KP-OVA mCherry line was

generated by transduction of KP cells with retroviral vectors MSCV-OVA-IRES Cherry sequence39 (a gift from Marian Burr

and Mark Dawson). To confirm H-2Kb and OVA- H-2KB expression in vitro, KP-OVA cells were treated 48 h with murine IFNg

(10 ng/mL). Cells were then trypsinised and stained with H-2Kb-A488 or OVA-H-2Kb-PE antibody for analysis by flow cytometry.

Mice
All animal experiments were approved by the WEHI Animal Ethics Committee (Approval #2020.001; 2020.002; 2020.026) and the

University of Melbourne Ethics Committee and conducted in accordance with the National Health and Medical Research Council

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. C57B/6 mice were bred and maintained in

WEHI animal facilities according to institutional requirements. gBT-I, gBT-I 3 B6.SJL-PtprcaPep3b/BoyJ (gBT-I.CD45.1), OT-I 3

B6.SJL-PtprcaPep3b/BoyJ (OT-I.CD45.1) were bred in the Department of Microbiology and Immunology, The University of Mel-

bourne. Male and female mice aged eight to ten weeks were used in the experiments. The investigators did not perform any exper-

iments in blind.

METHOD DETAILS

In vivo formation of TRM and lung tumors
For TRM formation, in vitro activated CD8+ T cells from transgenic gBT-I.CD45.1, or OT-I.CD45.1 T cells were activated in vitro for

4–5 days with gB498–505 (SSIEFARL) or OVA257–264 (SIINFEKL) peptide-pulsed splenocytes in the presence of recombinant hu-

man interleukin (IL)-2 (25 units per mL, Peprotech), as described.65 C57/B6mice were injected intravenously with 5.106 effector gBT-I

or OT-I cells and intranasally with poly:IC (25 mg/mouse Tocris Biosciences) and gB or OVA peptide (1 mg/mouse). Mice were injected

intravenously with 2.5.105 kP-OVA cells 14 days later and collected after 8 weeks later. To label circulating T cells, mice were injected

i.v. with 1.5 mg of anti-CD3-AF532 antibody 3 min prior to euthanasia. Left lung lobes, liver, kidney and spleen were taken for flow

cytometry analyzes and right lung lobes were inflated in 4% PFA for histological analyzes.

Quantification of tumor burden and multiplex immunostaining
Tumor burden was quantified in QuPath66 on H&E sections by training pixel classifiers using manual annotation of tumor and lung

tissues. For OPAL staining analysis, tissues were selected using Phenochart software (PerkinElmer) and spectral unmixing was per-

formed using In-Form software (PerkinElmer). Cell segmentation, cell counting, and analysis of marker positivity was performed in an

automated manner using QuPath. Color deconvolution was first performed to separate hematoxylin from different markers. Cells

were segmented with Stardist,67 an object detection tool that employs machine learning. To measure whether a cell was positive

for a certain marker, an automated method was used with a cutoff value based on the distribution of mean intensities per marker.

We assigned a cell to be positive for a marker if the mean intensity was more than 2 standard deviations above the median. Subse-

quently, we assigned each cell to be Ki67+ only, CD8+ only, CD8+ Ki67+ double-positives or unidentified. For the area measurement,

we first used a multilayer perception neural network (MLP) as a pixel classifier in order to differentiate tumor from non-tumor areas.

Ten regions per class (tumor, non-tumor) were manually annotated for the training. The tumor regions were then identified on the

whole tissue using the pixel classifier. Finally, CD8+Ki67+ double-positive cell densities were computed in tumor areas.

Treatment study
For in vivo drug study, formation of TRM-like cells was induced as described above and 5.105 kP-OVA were injected 14 days after

induction of lung TRM-like cells. Six weeks after tumor cell injection, mice were randomized into isotype controls (Rat IgG2a/

Hamster IgG) or anti-PD-1/anti-CTLA-4 (200 mg RMP1-14/150 mg UC10-4F10-11; BioXCell) treatment arms. Two cycles were per-

formed one week apart, each cycle consisting of monoclonal antibody or isotype control administered by intra-peritoneal injection

three times over 6 days (day 0, 3, 6). Mice were harvested when they reached ethical endpoint.
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Mouse organ preparation for flow cytometry analysis
Left lung lobes were minced and digested in 2 mg/mL collagenase in 0.2% D-glucose in DPBS for 45 min at 37�C. Red blood cells

were lysed (0.64% NH4Cl) and cells were filtered to obtain a single cell suspension before staining for flow cytometry. Spleens were

mashed through a sieve followed by red blood cell lysis (0.64% NH4Cl) and filtration to obtain a single-cell suspension. Livers were

mashed through a sieve and cell pellets were resuspended in 35% Percoll (Cytiva, cat # 17089101). Red blood cell lysis was per-

formed (0.64% NH4Cl) before final filtration to obtain a single-cell suspension. Kidneys were choped and digested in 2 mg/mL colla-

genase in DPBS for 45 min at 37�C and mashed through a sieve. Cell pellets were resuspended in 44% Percoll and underlayed with

70% Percoll. After centrifugation at 500g for 20min, with slow acceleration/brake, the interphase was collected for staining.

Human lung and tumor cell preparation
Lung and tumor samples were either processed immediately or held intact for a maximum of 48 h at 4�C in DMEM/F12media (Gibco)

supplemented with 1 mg/mL of penicillin and streptomycin (Invitrogen). Surgical samples were minced then digested for 1 h at 37�C
with 2 mg/mL collagenase I (Worthington, #LS004197) and 200 U/mL deoxyribonuclease (Worthington, #LS002140) in 0.2%

D-glucose (Sigma) in DPBS (Gibco), according to our previously published protocols.5 Samples obtained from EBUS biopsies

were digested in collagenase/DNase as above for 45min. The cell suspension was filtered through a 100 mmcell strainer andwashed

with 2% FCS-PBS, followed by red blood cell lysis and further washing with 2% FCS-PBS to obtain a single cell suspension. PBMCs

were isolated from whole blood using Ficoll-Paque PLUS (GE Healthcare) separation.

Mass cytometry
Single cell suspensions were pulsed for 1 min in 25 mMcisplatin (Sigma Aldrich) at room temperature to label dead cells, washed and

then fixed in 1.5% PFA (Electron Microscopy Sciences) for 40 min at RT. Cells were then cryopreserved in cell staining media (CSM,

PBS with 0.5% BSA and 0.02% sodium azide) and stored at�80�C. Thawed cells were barcoded using a 20-plex palladium isotope

barcoding kit (Fluidigm) according to the manufacturer’s directions, blocked with anti-CD16/CD32 FCg II/III (WEHI antibody facility)

and stained with extracellular antibodies for 30 min at RT. Cells were permeabilized at 4�Cwith methanol for 15 min, washed thrice in

CSM, incubated in 100U/mL heparin for 20 min at RT68 and subsequently stained with antibodies against intracellular markers. Cells

were incubated at 4�Cwith 125 nM 191Ir;193Ir DNA intercalator (Fluidigm) in 1.6%PFA overnight and washed in double-distilled water

before analysis on a Helios CyTOF (Fluidigm, maintained by Materials Characterisation and Fabrication Plat-form, University of Mel-

bourne). Antibody conjugates that could not be purchased were created from carrier-free antibody solutions conjugated to custom

isotopes (Trace Sciences, Fluidigm) using the Maxpar kit (Fluidigm). Antibodies were validated and titrated to ensure specificity and

sensitivity. Patient samples were analyzed in batches, with equal numbers of ES and NS patients per run and the inclusion of two

reference controls (PBMC and an EBUS metastatic lymph node biopsy) per run to detect batch-to-batch variability.

Analysis of mass cytometry data
All.fcs files generated were concatenated, normalized to beads and debarcoded using the R package Catalyst69 or Premessa. CD4+

and CD8+ T cells were combined across patients and subjected to viSNE70 analyzes using CytoBank software. viSNE analyzes were

conducted on all phenotyping markers and subject to equal scaling. Samples were also subject to manual gating using reference

control samples to standardize between runs (FlowJo) and the R packages limma/pheatmap71 used to analyze the resulting data.

Flow cytometry
For intracellular staining of mouse and human cells, single cell suspensions were incubated with fixable live/dead GREEN (Invitrogen)

or Zombie Aqua (Invitrogen) according to the manufacturer’s instructions to distinguish viable cells. Cells were washed with 2%FCS-

PBS, blocked with anti-CD16/CD32 FCg II/III (WEHI antibody facility) and stained with extracellular antibodies for 30min at 4�C. Cells
were fixed and permeabilised with Foxp3/Transcription Factor Staining Kit (eBiosciences) and stainedwith intracellular antibodies for

30 min at 4�C. Samples were acquired on Aurora spectral unmixing cytometers (CyTEK) and analyzed using Flowjo and Cytobank.

Human lung T cell in vitro assays
96-well round bottom plates were coated with 5mg/mL anti-CD3 for a minimum of 2 h at 37�C before rinsing and removing.

Human T cells were plated and stimulated with anti-CD3 (OKT3, WEHI monoclonal laboratory, 5 mg/m) and anti-CD28 (BD Biosci-

ences, 1mg/mL) in IMDMmedia supplemented with 10% fetal calf serum, 1% HEPES, non-essential amino acids, glutamax, sodium

pyruvate (all Gibco), 50 mM 2-mercaptoethanol (Sigma) and 100U/mL recombinant IL-2 (Peprotech). Cells were collected for flow

cytometry analysis 48 and 72 h after stimulation, Golgi Stop and Golgi Plug (BD) were added to the culture media 3 h before each

collection.

Immunohistochemistry and multiplex immunostaining
Human tissue was formalin fixed and paraffin embedded, before antigen retrieval with citrate buffer (10mM, pH 6) and blocking with

10% goat serum. Sections were incubated with antibodies against CD45 for 30 min at RT and stained with biotinylated anti-mouse

secondary antibody (Vector Lab) before counterstaining with haematoxylin. Mouse tissue was fixed in 4% paraformaldehyde

and paraffin-embedded, before low pH antigen retrieval and staining with primary antibodies and secondary antibody (EnVision+
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HRP-rabbit, Dako, catalog #K400311-2) using the EnVision DuoFlex system (Dako). For Dual immunostain, CD8a was detected with

DAB (Dako) and Ki67 was detected with Magenta Substrate Chromogen (Dako).

Multiplexed fluorescent IHCwith OPAL for CD8 TRMCD39was performed by sequential staining of a single tissue section with anti-

PD-1, anti-CD103, anti-CD69, anti-CD8, anti-panCK and anti-CD39 followed by anti-HRP-mouse and -rabbit secondary antibody

and OPAL fluorochrome fromOPAL Polaris 7-color manual IHC kit (NEL861001KT). The slides were scanned using the Vectra Polaris

microscope (PerkinElmer).

Patient datasets
Access to the TRACERx cohort of 100 NSCLC patients with 327 tumor regions and matched germlines36 was granted by a Data Ac-

cess Agreement between the Francis Crick Institute and the Walter and Eliza Hall Institute of Medical Research (DAC #2020-0132).

Whole-exome sequencing (WES) alignment files were obtained from the European Genome-phenome Archive (dataset

EGAD00001003206). Clinical data and somatic variants were extracted from Tables S2 and S3 in Supplementary Appendix 2 and

smoking signatures from Supplementary Appendix 1 of Jamal-Hanjani et al.36 Variants were converted to standard VCF files for

downstream analyzes.

Access to the LxG cohort of 20 lung cancer patients with 39 tumor regions and matched germlines42 was granted by the Garvan

Institute of Medical Research. Whole-genome sequencing (WGS) alignment files, somatic variants, cellularities, smoking signatures

and clinical data were obtained from the authors and downloaded from the National Computational Infrastructure of Australia. We

excluded 1 patient and 4 tumor regions from analysis due to low cellularity (<20%).

Access to the Chen cohort of pre-invasive (n = 98, adenocarcinoma in situ and minimally invasive adenocarcinoma) and invasive

LUAD (n = 99) was granted by the FUSCC Chen group. Whole transcriptome (RNA-seq) alignment files were obtained from the Eu-

ropean Genome-phenome Archive (dataset EGAD00001005479). Clinical data, TMB, smoking signature percentages and HLA LoH

were extracted from the publicly available Source Data of Chen et al.41

Access to the Nahar cohort43 of EGFRmut LUAD (n = 16) was granted by a Data Access Agreement beween the Genome Institute of

Singapore, the National Cancer Center of Singapore and the Walter and Eliza Hall Institute of Medical Research. Whole-exome

sequencing (WES) alignement files were obtained from the European Genome-phenome Archive (dataset EGAS00001001736).

We used publicly available data from the TCGA cohort of LUAD,7 using TMB calculated fromHoadley et al72 and neoantigens from

Rooney et al.73 Clinical data, including smoking status, was downloaded from the Genomic Data Commons website (https://portal.

gdc.cancer.gov/projects/TCGA-LUAD).

Tumor mutational burden
Tumor mutational burden (TMB) was calculated for all samples in the LxG and TRACERx by dividing the number of somatic variants

passing variant caller quality thresholds by the total capturable area (3,200Mb for LxG and 50Mb for TRACERx).

TRM-like cell signature score in RNA-seq data
Immune infiltration by TRM cells was determined for the TCGA LUAD, and TRACERx cohorts where RNA-seq data were available.

featureCounts (v1.6.3)74 was used on BAM files to obtain read counts per gene for the TRACERx and Chen cohorts. RUV-III was

used to remove unwanted variation arising from library size, purity and/or batches from gene counts in all three cohorts.75 Genes

up and down-regulated in TRM-like cells in lung tumor tissue35 were applied to the normalized gene counts using singscore

(v1.12.0)76 to produce a TRM signature score for each sample indicative of the amount of TRM cells present.

HLA typing and LOH calling
Haplotyping ofHLA-A,HLA-B andHLA-Cwas carried out on all germline and tumor samples in both cohorts using POLYSOLVER (v4)

with default parameters.77 Loss of heterozygosity (LOH) was inferred for each patient by comparing HLA types in tumor samples

against the germline type at the resolution of allotype and subtype (2 sets of digits). POLYSOLVER allowed for the analysis of

LOH in both WES and WGS datasets. The loss of at least one allele classified the sample as affected by HLA LOH. Clonal LOH

was called when an allele was lost in all samples for a patient.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyzes were run on GraphPad Prism.

Statistical details of experiments can be found in the figure legends and include the statistical tests used, how significance was

defined, exact value of n, what n represents, definition of center, and dispersion (mean ± SEM).

ForMassCytometry analysis, patient samples were analyzed in batches, with equal numbers of ES andNS patients per run and the

inclusion of two reference controls (PBMC and an EBUS metastatic lymph node biopsy) per run to detect batch-to-batch variability.

For flow cytometry and mass cytometry, data were excluded if < 50 events were counted in a cellular subset.
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