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Abstract

Macrophages have a key role in shaping the tumour microenvironment (TME), tumour immunity 

and response to immunotherapy, which makes them an important target for cancer treatment1,2. 

However, modulating macrophages has proved extremely difficult, as we still lack a complete 

understanding of the molecular and functional diversity of the tumour macrophage compartment. 

Macrophages arise from two distinct lineages. Tissue-resident macrophages self-renew locally, 

independent of adult haematopoiesis3–5, whereas short-lived monocyte-derived macrophages arise 

from adult haematopoietic stem cells, and accumulate mostly in inflamed lesions1. How these 

macrophage lineages contribute to the TME and cancer progression remains unclear. To explore 

the diversity of the macrophage compartment in human non-small cell lung carcinoma (NSCLC) 

lesions, here we performed single-cell RNA sequencing of tumour-associated leukocytes. We 

identified distinct populations of macrophages that were enriched in human and mouse lung 

tumours. Using lineage tracing, we discovered that these macrophage populations differ in 

origin and have a distinct temporal and spatial distribution in the TME. Tissue-resident 

macrophages accumulate close to tumour cells early during tumour formation to promote 

epithelial–mesenchymal transition and invasiveness in tumour cells, and they also induce a 

potent regulatory T cell response that protects tumour cells from adaptive immunity. Depletion 

of tissue-resident macrophages reduced the numbers and altered the phenotype of regulatory T 

cells, promoted the accumulation of CD8+ T cells and reduced tumour invasiveness and growth. 

During tumour growth, tissue-resident macrophages became redistributed at the periphery of the 

TME, which becomes dominated by monocyte-derived macrophages in both mouse and human 
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NSCLC. This study identifies the contribution of tissue-resident macrophages to early lung cancer 

and establishes them as a target for the prevention and treatment of early lung cancer lesions.

To analyse the components of macrophages that populate human NSCLC lesions, we made 

use of an existing single-cell RNA-seq (scRNA-seq) dataset that maps the CD45+ leukocyte 

compartment of early-stage, treatment-naive human NSCLC lesions6. Unbiased RNA-based 

clustering using a previously reported algorithm7 revealed multiple clusters of macrophages 

and monocytes (Fig. 1a). The clusters were broadly grouped into CD14+ monocytes (defined 

by the expression of CD14, VCAN and S100A12, and termed ‘group III’) (Supplementary 

Table 1) and CD16+ monocytes (defined by the expression of FCGR3A and the absence of 

CD14 and other macrophage genes, and termed ‘group IV’) (Supplementary Table 1). We 

also identified several macrophage clusters that expressed canonical macrophage genes such 

as MRC1, C1QA, CD68 and APOE and lacked a monocyte signature (Fig. 1a, Extended 

Data Fig. 1i, Supplementary Table 1). The macrophage clusters included a homogenous 

cluster (termed ‘group I’) expressing the transcription factor PPARG, which is known to 

control the ability of alveolar macrophages to clear surfactant protein8. This cluster also 

expressed high levels of the cell-cycle genes MKI67 and STMN1, consistent with the self-

renewal potential of tissue-resident macrophages (TRMs), as well as expressing MARCO 
and MRC1 (Extended Data Fig. 1i, Supplementary Table 1). Alveolar macrophages are the 

TRMs of the lung, and thus we tentatively termed this cluster ‘alveolar macrophages’. The 

remaining clusters were broadly classified as ‘group II’, because they lacked transcripts 

expressed by group I macrophages or monocytes (Supplementary Table 1).

Ontogeny of NSCLC-associated macrophage programs

To examine whether mice models could provide an informative setting for studying the 

myeloid clusters identified in human NSCLC, we searched for similar myeloid cellular 

compartments in a preclinical mouse model of lung adenocarcinoma. We used an orthotopic 

model in which tail vein injection of KrasG12D and p53-deficient (KP) lung epithelial cells 

genetically labelled with GFP leads to mouse lung adenocarcinoma lesions that resemble 

human NSCLC lesions9 (Fig. 1b). Similar to our findings in human lesions, scRNA-seq of 

mouse tumours revealed four groups of clusters comprising monocytes and macrophages. 

Group I expressed Pparg, Mrc1, Marco, Siglecf, Cd2 and Siglec1, whereas group II was 

defined by high expression of C1q, Mafb, Arg1, Mgl2 and Trem2. Group III was defined 

as Ly6Chi monocytes on the basis of the expression of Ccr2, Ly6c2 and F13a1, and group 

IV as Ly6Clo monocytes on the basis of the expression of Cx3cr1, Nr4a1, Pglyrp1, Eno3 
and Ace, and the absence of Ccr2 and Ly6c2 expression (Fig. 1b, Extended Data Fig. 

1h, Supplementary Table 2). These cluster annotations were reinforced by correlation with 

previously described clusters10 (Extended Data Fig. 1g).

Although previous cross-species analyses between lung macrophage subsets have shown that 

the majority of genes expressed by analogous subsets are not conserved10,11, we set out to 

identify the gene modules that are conserved despite the evident species differences (Fig. 

1c). Mouse and human group I clusters shared many genes, including high expression of 

scavenger receptors (MARCO and SIGLEC1), cell-cycle genes (STMN1 and TUBA1B)—
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suggesting self-renewal potential—and the transcription factor PPARG. Mouse and human 

group II clusters also shared many genes, including genes associated with lipid metabolism 

(APOE, TREM2, SPP1 and GPNMB) as well as monocyte-identity genes (CCR2 and 

CD14). The mouse group III cluster aligned with the human CD14+ monocytes, and the 

mouse group IV cluster aligned with human CD16+ monocytes (Fig. 1c, Extended Data Fig. 

1h, i).

The identification of homologous macrophage phenotypes in humans and mice provides 

a unique opportunity to examine the lineage origin of the tumour-associated macrophage 

clusters. To distinguish between adult monocyte-derived macrophages (MDMs), which 

are produced in the bone marrow, and self-maintained TRMs, we fate-mapped cells 

expressing MAP17, a molecule that is expressed on low-cycling adult haematopoietic 

stem cells (HSCs) but absent from embryonic HSCs (Extended Data Figs. 1a, b, 2a), 

using tamoxifen-inducible Map17-creER transgenic mice crossed with the Rosa26-LSL-
tdTomato strain (Map17creER/+R26tdTom) as described previously12. Six months after the 

injection of tamoxifen into non-tumour-bearing Map17creER/+R26tdTom mice, we observed 

the efficient labelling of adult HSC progeny, including circulating and lung monocytes, 

whereas the majority of lung TRMs (also called alveolar macrophages) remained unlabelled

—consistent with previous data showing that lung TRMs self-renew locally independent of 

adult haematopoiesis4,12 (Extended Data Fig. 2b). To determine the ontogeny of the tumour-

associated macrophage clusters, we injected KP tumour cells into Map17creER/+R26tdTom 
mice once maximal labelling of circulating monocytes was reached (that is, six months 

after tamoxifen injection). Four weeks after KP injection, mice were euthanized and 

tumour-associated myeloid cells that either expressed (Tomato+) or lacked (Tomato−) the 

genetic label were purified and analysed by scRNA-seq (Extended Data Fig. 1a). We 

found that although many labelled cells mapped to most of the scRNA-seq cluster groups, 

the group I cluster was strongly depleted of Tomato+ cells (Extended Data Fig. 2c). 

Similar results were obtained using a different model in which adult bone marrow myeloid 

progenitors were genetically fate-mapped using Tam-inducible Cx3cr1-creER transgenic 

mice crossed with Rosa26-LSL-YFP mice (Cx3cr1creER/+R26YFP)13. KP cells were 

injected into tamoxifen-treated Cx3cr1creER/+R26YFP mice and four weeks later, YFP+ and 

YFP− tumour-associated myeloid cells were isolated for scRNA-seq. Profiling of YFP+ and 

YFP− cells revealed that—similar to the results obtained in Map17creER/+R26tdTom mice—

group II, III and IV clusters contained many YFP+ labelled cells, whereas the group I cluster 

was depleted of YFP+ cells (Extended Data Figs. 1c, d, 2d–f).

These results suggest that the tumour-associated group I cluster in mice and its homologous 

cluster in humans arise from the TRM lineage, independent of adult HSCs, whereas all other 

clusters are derived from adult haematopoiesis, probably through a monocyte intermediate. 

We therefore named the group I cluster ‘TRMs’, and renamed the group II clusters to 

‘MDMs’. Our findings also reveal that blood-circulating myeloid progenitors and monocytes 

do not give rise to TRMs even in advanced tumour lesions, and that TRMs and MDMs 

cohabit the TME throughout tumour growth as observed in human lesions.

To further investigate whether the group I molecular signature that was identified 

in human NSCLC lesions refers to TRMs (alveolar macrophages), we leveraged 
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data from two previous reports: inDrop-based scRNA-seq data from seven NSCLC 

tumours10, and a list of alveolar macrophage transcripts identified by bulk RNA-seq of 

purified SSChiCD14−HLADR+CD43+ alveolar macrophages isolated from bronchoalveolar 

lavages11. Correlation analyses confirmed that group I could also be identified in a distinct 

dataset of human NSCLC lesions and resembled the signature of purified human alveolar 

macrophages (Extended Data Fig. 1e–g). Together, our fate-mapping studies, cross-species 

analysis and mining of public datasets helped us to establish the molecular signature of 

TRMs in human lung cancer lesions and distinguish them from blood-derived macrophage 

clusters.

Spatial distribution of NSCLC macrophage programs

The identification of distinguishable molecular features of ontogenically distinct tumour-

associated macrophages enabled us to differentiate TRMs in mice and human tumour lesions 

on the basis of their phenotype. Notably, we found that there was a marked reduction 

in the number of TRMs in both mouse and human tumours compared to normal lung 

tissues, whereas MDMs dominated advanced tumour lesions (Fig. 2a, Extended Data Fig. 

3c). To understand why TRMs were reduced in tumour lesions, we measured the spatial 

interactions of TRMs with tumour cells over time during tumour expansion (Fig. 2b). 

We found that tumour cells localized close to TRMs up to day 15 after tumour seeding, 

before redistributing to the periphery of tumour lesions, resembling human granuloma 

lesions14 (Fig. 2c, Extended Data Fig. 1j). A similar redistribution of TRMs was found in a 

genetically engineered mouse model of NSCLC15 (Extended Data Fig. 3a, e) in which the 

instillation of adenovirus-expressing Cre (SPC-Cre) in transgenic KP mice induces NSCLC 

formation16, and in human NSCLC lesions (Extended Data Fig. 3f, g).

Molecular changes in TRMs after NSCLC seeding

The close proximity of mouse TRMs and tumour cells that we observed in early lesions 

suggested that TRMs might have a role in shaping the early stages of tumour onset. To 

measure the response of TRMs to tumour cell seeding, we used bulk RNA-seq to profile 

TRMs isolated from early (day 15) or advanced (day 30) tumour lesions or from healthy 

control lung tissue (Extended Data Fig. 1k). We identified 1,670 differentially expressed 

genes (DEGs) between TRMs isolated from tumour-bearing lungs compared to TRMs 

from healthy control lungs (day 30, P < 0.05; Supplementary Table 3). Among them, 

1,322 DEGs were induced in early lesions (Extended Data Fig. 4a). Early tumour TRMs 

expressed genes encoding peptidases (Mmp12, Mmp14 and Adamdec1), integrin-binding 

molecules (Tspan4), major histocompatibility complex (MHC) class II molecules (H2-M2, 

H2-AA, H2-AB1 and H2-Q7) and T cell chemoattractants (Ccl17 and Cxcl9), and showed 

a significant downregulation in the expression of Il1b transcripts and genes encoding 

inflammasome mediators (Nlrp1b), negative regulators of the WNT signalling pathway 

(Amer2) and cell adhesion and migration molecules (Ripor2, Dgkg, Fmnl3, Rasgrp4, Fmn1 
and Akap5) (Extended Data Fig. 4a, b). To further explore the transcriptional responses 

of TRMs to early tumour cues, we measured TRM genome-wide chromatin accessibility 

using ATAC–seq (assay for transposase-accessible chromatin using sequencing). We found 

minimal changes in chromatin accessibility in tumour-associated TRMs compared to 
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healthy control lungs (Extended Data Fig. 4c), consistent with the fact that TRMs are 

heavily imprinted by the tissue microenvironment in which they reside. Most enhanced 

chromatin accessibility changes occurred early during tumour progression (Extended Data 

Fig. 4c, Supplementary Table 4) and included coding regions for the proteases Mmp12 
and Mmp13. Genes encoding MHC class II molecules remained open throughout tumour 

progression (Extended Data Fig. 4d), whereas reduced chromatin accessibility was seen for 

gene-coding regions of Ripor2 and Dgkg, which are known for their roles in cell migration 

and biosynthetic processes (Extended Data Figs. 2b, 4e). Together, our results suggest 

that TRMs minimally alter their transcriptional and epigenetic landscapes in response to 

early tumour seeding, and that most of the transcriptional changes are related to antigen 

presentation and tissue remodelling.

Contribution of TRMs to early tumour progression

To determine whether the interactions of tumour cells with TRMs affected their cellular 

behaviour, we cultured KP cells in a three-dimensional (3D) spheroid system alone or with 

purified TRMs (Extended Data Fig. 5c) or bone marrow monocytes, which give rise to 

MDMs in tissues (Fig. 3a). Tumour cells cultured with TRMs expressed a distinct molecular 

program associated with tumour cell migration, epithelial–mesenchymal transition (EMT) 

and lipid metabolic changes (Fig. 3b, Extended Data Fig. 5a, b, e, Supplementary Table 

5), whereas KP cells co-cultured with bone marrow monocytes mainly expressed genes that 

control cell-cycle progression and the DNA replication response (Fig. 3c, Extended Data 

Fig. 5b, Supplementary Table 5). Notably, KP cells co-cultured with TRMs also exhibited 

an increase in the dispersion of tumour cells over time, compared to KP cells cultured 

alone or with bone marrow monocytes (Fig. 3d), suggesting that TRMs contribute to tumour 

invasiveness and tissue remodelling, as observed during EMT. EMT is a physiological 

program that allows epithelial cells to acquire mesenchymal and invasiveness properties17 

during embryogenesis and wound repair18 and is known to promote tumour invasiveness and 

metastasis19–21. EMT is associated with reduced expression of E-cadherin, altered epithelial 

cell junctions and the acquisition of an invasive phenotype22, and is driven by the activation 

of β-catenin and by the transcription factor TWIST1, among others23,24. Accordingly, we 

found that after co-culture with TRMs, tumour cells showed a significant reduction in 

their protein expression of E-cadherin, compared to KP cells cultured alone or with bone 

marrow monocytes or purified tumour-associated MDMs (Fig. 3e, f, Extended Data Fig. 

5d). Using a 3D-matrigel assay to further examine the ability of macrophages to promote 

tumour cell invasiveness and expansion, we found that KP cells cultured with TRMs formed 

invasive protrusions, consistent with an EMT program (Fig. 3g, Extended Data Fig. 5h, 

i, Supplementary Video 1), whereas KP cells that were cultured with tumour-associated 

MDMs or bone marrow monocytes formed colonies with an increased frequency and size 

and did not form invasive protrusions (Extended Data Fig. 5f, g, j, k, Supplementary Video 

2). The ability of TRMs to promote invasiveness in KP cells was further established through 

a transwell migration assay using conditioned medium derived from tumour TRMs (Fig. 3h). 

In addition, tumour cells that formed in the absence of TRMs expressed reduced levels of 

the EMT-associated transcription factor TWIST1 (Fig. 3i). Together, these results establish 
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that TRMs drive a tissue remodelling program and promote tumour cell invasiveness during 

the initial stages of tumour progression.

Epigenetic and transcriptional profiling also revealed that tumour-associated TRMs 

upregulated their expression of MHC class II genes in early NSCLC lesions, suggesting that 

these TRMs might contribute to the presentation of antigens to CD4+ T cells (Extended Data 

Fig. 4a, d). We previously found that the most striking difference between the immune cell 

composition of tumour lesions in human NSCLC compared to adjacent healthy tissues was 

the increased frequency of regulatory T (Treg) cells25. Of note, molecules such as VEGFA 

and the urokinase-type plasminogen activator (uPA, encoded by Plau), which are expressed 

by KP cells in the presence of TRMs (Fig. 3b), have been linked to an immunosuppressive 

microenvironment that is related to the differentiation of Treg cells26–28.

To measure whether tumour-associated macrophages from independent hematopoietic origin 

differently contributed to the regulation of the pool of tumour-associated Treg cells, we 

measured the capacity of purified tumour-associated MDMs and TRMs to induce the 

differentiation of Treg cells ex vivo. We found that both compartments were similarly 

efficient at promoting the differentiation of naive T cells into Treg cells, but that TRMs 

were uniquely able to enhance the expression of CD73 and CTLA-4 on differentiated Treg 

cells compared to MDMs (Extended Data Fig. 6a). Imaging of cleared early KP tumours 

revealed that Treg cells established close contacts with TRMs in tumour lesions, and that the 

accumulation of Treg cells correlated with tumour growth in mice (Fig. 4b–d). We reasoned 

that TRMs might contribute to the early expansion of Treg cells, as reflected by the increased 

proliferation and frequency of Treg cells in early tumour lesions (Fig. 4a) and our findings 

that tumour-associated TRMs expressed high levels of Ccl17 and Tgfb1, which are known to 

contribute to the recruitment, differentiation and expansion of Treg cells29–31 (Extended Data 

Fig. 6c).

To directly determine whether TRMs promoted the early expansion of Treg cells, we 

tested whether the depletion of TRMs affected the accumulation of Treg cells in tumours. 

To deplete TRMs without affecting MDMs, we used a deleter mouse line in which the 

diphtheria toxin receptor (DTR) is expressed under the control of the CD169 promoter 

(CD169-DTR mice), on the basis of the results of our scRNA-seq analysis of fate-mapped 

macrophages that showed that Siglec1 (CD169) was expressed at higher levels in TRMs 

than in MDMs (Extended Data Fig. 1h, j, k). Using Ms4a3-tdTom reporter mice32 to trace 

the progeny of monocytes in KP lung tumours, we confirmed that CD169 expression was 

negligible in monocytes or MDMs that populate naive lungs and early tumour lesions 

(Extended Data Fig. 6e). Notably, intranasal instillation of diphtheria toxin into CD169-
DTR mice depleted TRMs specifically, in the lungs, without affecting other myeloid cell 

populations—establishing that CD169-DTR mice treated with diphtheria toxin could be 

used to measure the functional specialization of TRMs in early tumour lesions (Extended 

Data Fig. 6d, f).

Thus, CD169-DTR mice were injected with diphtheria toxin before tumour implantation, 

and tumour cell engraftment and the number and phenotype of Treg cells were measured at 

different times during tumour progression (Fig. 4e). We found that depletion of TRMs not 
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only resulted in a reduction in the number of Treg cells in early lesions (Extended Data Fig. 

6b), but also altered the molecular programs of Treg cells, leading to reduced expression of 

CTLA-4 and CD73 (Extended Data Fig. 6b)—consistent with our in vitro results (Extended 

Data Fig. 6a). This effect was restricted to the tumours, as no changes in Treg cells 

were observed in tumour-draining lymph nodes or in the spleen (Extended Data Fig. 6g). 

Notably, depletion of TRMs reduced the size of tumours without affecting the number of 

tumour lesions (Fig. 4f). Reduced tumour burden was not a result of impaired tumour cell 

seeding, as similar numbers of KP cells were recovered from the lungs of TRM-sufficient 

or -deficient mice 24 hours after injection (Extended Data Fig. 6h). Tumour lesions in 

TRM-depleted mice had an increased number of cleaved caspase-3-positive (CC3+) cells 

and slow-cycling p27+ cells compared with those in TRM-sufficient mice (Extended Data 

Fig. 6i), suggesting impaired survival and growth potential. We also found increases in 

the total number of CD3+ T cells (Fig. 4h), the total number of IFNγ+TNF+CD8+ T 

cells and the ratio of CD8+ T cells to Treg cells in tumour lesions in TRM-depleted mice 

compared to those of TRM-sufficient mice (Fig. 4g, h). A stronger effect on tumour growth 

was observed when TRMs were depleted in the more immunogenic B16-OVA model of 

metastatic melanoma (Fig. 4i). Of note, tumour reduction was not associated with an 

increase in OVA-antigen-specific OT-I or OT-II T cells (Extended Data Fig. 7a–d). However, 

we observed an expansion of IFNγ- and TNF-producing CD4+ and CD8+ effector T cells 

and a reduction of PD-1 expression in the total pool of CD4+ and CD8+ T cells (Fig. 4j). 

Similar to the KP model, depletion of TRMs led to a reduction in Treg cells and an increase 

in the CD8+ T cell/Treg cell ratio (Fig. 4j, k). In contrast to early-stage tumour lesions, 

depletion of TRMs in established KP lesions (days 12–15) did not affect tumour burden, the 

Treg compartment, the CD8+ T cell/Treg cell ratio or the number of CD3+ tumour-infiltrating 

T cells (Extended Data Fig. 6j–m).

TRMs and MDMs coexist in early lung cancer lesions and retain a distinct phenotypic 

and molecular program even in late-stage tumours. Using imaging of the distribution of 

tumour macrophages, RNA-seq profiling of 3D co-cultures of tumour cells with TRMs, 

and conditional deleter mice to eliminate TRMs before tumour implantation, here we have 

established that TRMs have a critical role in early tumour progression (Extended Data Fig. 

7e). We show that TRMs accumulate close to tumour cells soon after tumour cells seed 

the lung tissue, and induce an EMT program that promotes cell invasiveness, while also 

promoting a Treg cell response that protects tumour cells from killing by CD8+ T cells. 

These results demonstrate that TRMs provide an ideal niche for early cancer progression, 

and identify TRMs as a potential target for the prevention or treatment of early NSCLC 

lesions.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, 

extended data, supplementary information, acknowledgements, peer review information; 

details of author contributions and competing interests; and statements of data and code 

availability are available at https://doi.org/10.1038/s41586-021-03651-8.
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Methods

Data reporting

No statistical methods were used to predetermine sample size. The experiments were not 

randomized and unless otherwise stated the investigators were not blinded to allocation 

during experiments and outcome assessment.

Mice

C57BL/6, Ms4a3-tdTom reporter and CD169-DTR (ref. 33) male and female mice of 8–12 

weeks old were used for tumour experiments (each experiment was sex-controlled). Mice 

were maintained at specific-pathogen free (SPF) health status in individually ventilated 

cages at 21–22 °C and 39–50% humidity, under 12-h light–dark cycles. KP mice15 were 

generated by crossing LSL-K-rasG12D mice (Jackson Laboratories, Jax ID: 008179) with 

Trp53fl/fl mice (purchased from Jackson Laboratories, Jax ID: 008462). CD169cre/+ mice34 

were donated by P. Frenette and backcrossed to R26-LSL-tdTomato (Jackson Laboratories, 

Jax ID: 007914). Ethical approval for mouse experiments was obtained by the Internal 

Animal Care and Use Committee at Mount Sinai Hospital.

Fate-mapping

To induce recombination in the Pdzk1ip1-creER R26Tom/Tom mice 

(Map17creER/+R26tdTom), a single dose of 50 mg/kg tamoxifen (Sigma-Aldrich) in 

sunflower oil was intraperitoneally administered to 4-week-old mice. For continuous 

labelling experiments Cx3cr1creER/+R26YFP mice were switched onto a chemically defined 

tamoxifen diet (Envigo; TD.130858) at the appropriate time before tumour injection (4 

weeks old) and remained on that diet for the remainder of the experiment.

Diphtheria-toxin-induced depletion of TRMs

Depletion of TRMs was induced by intranasal instillation of 15 ng per mouse of diptheria 

toxin (DT, List Biological Laboratories).

Tumour implantation

KP cells were grown in complete medium (RPMI + 10% FBS + 1% P/S), and 70% confluent 

cultures were detached using trypsin 0.25% and counted. A total of 5 × 105 KP or KP-GFP 

cells were intravenously injected in 1× phosphate-buffered saline (PBS) into the tail vein 

and allowed to form tumour foci for 5 to 30 days before the lungs were collected. B16-BFP-

F10/OVA cells were grown in complete medium (RPMI + 10% FBS + 1% P/S); 5 × 105 

B16-BFP-F10/OVA cellswere injected via the tail vein and tumours were analysed 2 weeks 

after tumour cell injection.

Flow cytometry and FACS

Single-cell suspensions were obtained from lung, lymph nodes and spleen by digestion with 

collagenase IV (0.25 mg/ml) (Sigma) at 37 °C for 30 min (lung) or 15 min (lymph nodes 

and spleen) followed by passing through a 70-μm cell strainer and lysis of red blood cells 

(RBC lysis buffer, BioLegend) for 2 min at room temperature. For flow cytometry or FACS, 
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cells were stained in FACS buffer (PBS supplemented with 10% BSA and 2 mM EDTA) 

with rat monoclonal antibodies (Supplementary Table 6).

For intracellular staining, cells were fixed with either BD Fix/Perm (for intracellular 

cytokine stains) or Invitrogen Fix/Perm (for nuclear stains) according to the kit instructions. 

For T cell cytokine stains, cells were incubated with 1 μg/ml brefeldin A, 1 μg/ml ionomycin 

and 50 ng/ml PMA (all Sigma) for 4 h at 37 °C followed by staining and fixation. For 

FACS, cells were prepared and stained as described and sorted on a BD FACSAria. Absolute 

numbers were calculated using fluorescent beads (Accucheck Counting Beads PCB100, 

Molecular Probes) following the manufacturer’s instructions. Flow cytometry data were 

acquired using FACS Diva software v.7 (BD).

ATAC–seq primary data processing

Mouse assembly version mm10/NCBI m38 was used for sequence alignments with Bowtie35 

v.2.3.4.1. Sequences with MAPQ scores <30 were removed with SAMtools v.1.936 and 

duplicates were removed with picard-tools v.1.88 (http://broadinstitute.github.io/picard). 

Integrative Genome Viewer (IGV) viewer files were generated with igvtools v.2.4.1, count 

-z 5 -w 25 -e 250. ATAC–seq peaks were called with MACS37 v.2.1.0 with the parameters 

−q 0.001 –nomodel –extsize 73 –shift −37. For statistical analyses, we generated a sorted list 

of ATAC–seq peaks containing all experimental conditions and replicates, before we defined 

read counts for each peak in each condition with HTSeq, and analysed these datasets with 

DESeq238 using P < 0.05 as the significance cut-off. Each experimental condition contained 

three biological replicates. DeepTools39 was used to generate normalized bigwig files40 and 

heat maps to visualize the average enrichment of ATAC signal over the indicated conditions 

and cluster regions normalized to the effective genome size (mm10). ATAC–seq peaks were 

analysed with GREAT (Genomic Regions Enrichment of Annotations Tool)41 using default 

parameters to calculate the genes associated to ATAC–seq peaks, and AmiGO was used 

to define Gene Ontology categories enriched in each condition. IGV42 was used for track 

visualization.

ATAC–seq

ATAC–seq was performed as described previously43. A total of 50,000 FACS-sorted TRMs 

per sample were spun down at 1,500 r.p.m. for 5 min at 4 °C and washed once with 50 μl 

of cold PBS. Cells were lysed and incubated for 30 min at 37 °C with 50 μl of transposase 

reaction, which contained 25 μl of Tagment DNA buffer (Illumina), 2.5 μl of Tagment 

DNA enzyme (Illumina), 0.5 μl of NP-40 and 7 μl of nuclease-free water. The transposed 

DNA was immediately purified with the Qiagen MinElute PCR purification kit according 

to the manufacturer’s instructions and eluted in a 10-μl volume. PCR amplification of the 

transposed DNA was done with a low-cycle-number protocol and with published primers43. 

Each PCR mix contained 25 μl of NEB 2× PCR mix (New England BioLabs), 2.5 μl of 25 

μM forward primer (Primer Ad1_noMX), 2.5 μl of 25 μM reverse barcoded primer, 12 μl of 

water and 8 μl of transposed DNA. PCR was carried out with the following cycling protocol: 

72 °C for 5 min; 98 °C for 30 s; and five cycles of 98 °C for 10 s, and 72 °C for 1 min and 

39 s. The reaction was held at 4 °C after the fifth cycle.
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We set up a side quantitative PCR (qPCR) using the PCR product from these five cycles 

of amplification. Each qPCR mix contained 7.5 μl of NEB 2× PCR mix, 0.75 μl of 25 μM 

forward primer, 0.75 μl of 25 μM reverse barcoded primer, 0.1 μl of 100× SYBR Green, 0.9 

μl of nuclease-free water and 5 μl of the PCR-amplified product. qPCR was carried out with 

the following cycling protocol: 98 °C for 30 s; 25 cycles of 98 °C for 10 s, and 72 °C for 

1 min and 30 s; and plate reading. The qPCR amplification plot was then used to calculate 

the additional number of cycles needed for the PCR to achieve the maximum amount of 

product without going into saturation. Each sample was amplified for a total of 11 cycles. 

The amplified libraries were then purified with the Qiagen MinElute PCR purification kit 

according to the manufacturer’s instructions and eluted in a 10-μl volume. Libraries were 

sequenced on a Illumina NextSeq 500 for an average of 10 million paired-end reads per 

sample.

Ultra-low-input RNA-seq

RNA isolation from 20,000 FACS-sorted TRMs was done with the Qiagen RNeasy micro 

kit. One nanogram of RNA was synthesized into cDNA using the Smart-Seq v4 Ultra Low 

Input RNA Kit for Sequencing (Takara Bio). Sequencing libraries were prepared using 

the Low Input Library Prep Kit (Takara Bio). Libraries were sequenced on an Illumina 

NextSeq 550 System. FASTQ files were aligned to the mm10 reference genome, reads were 

dereplicated for PCR duplicates and gene counts were generated using STAR v.2.5 using 

quantMode GeneCounts. Differential expression analysis was performed with the limma 

package in R.

Study participants

The patients with lung cancer, specimen acquisition and processing and scRNA-seq and 

analysis of human samples are described elsewhere6. In brief, tumour and non-involved lung 

resection specimens were obtained from patients undergoing surgery at the Mount Sinai 

Medical Center in collaboration with the Biorepository and Department of Pathology and 

under the provisions of a protocol reviewed and approved by Mount Sinai’s Institutional 

Review Board (IRB HS 10–00472 and HS 00135). Informed consent was obtained from 

the participants. Tissues were rinsed in PBS, minced and incubated for 40 min at 37 °C in 

collagenase IV 0.25 mg/ml, collagenase D 200 U/ml and DNase I 0.1mg/ml (all Sigma). 

Cell suspensions were aspirated through a 18G needle 10 times and strained through 70-μm 

mesh before RBC lysis. Suspensions were enriched for immune cells by magnetic-bead 

positive selection of CD45+ cells (Miltenyi) before processing for scRNA-seq. A detailed 

unsupervised analysis of the human scRNA-seq dataset has been published elsewhere6.

scRNA-seq of KP tumours and naive lungs from mice

For each mouse scRNA-seq sample, 8,500 monocytes and macrophages were sorted 

as CD45+LIN− (CD3/CD19/NKP46) CD11B+LY6G− (Extended Data Fig. 1a, c) and 

encapsulated using the 10X Chromium 3′ v2 chemistry kit according to the manufacturer’s 

instructions. Sequencing libraries were prepared according to the manufacturer’s 

instructions. Quality control of cDNA and final libraries was performed by CyberGreen 

qPCR library quantification assay (KAPA). Samples were sequenced on an Illumina Nextseq 

550 using the 75-cycle kit to a depth of 100 million reads per library.
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scRNA-seq of tumour and naive lung from patients with NSCLC

A dataset of scRNA-seq of immune cells from 35 patients with NSCLC that was recently 

published by our laboratory6 was revisited here to identify conserved features of TRMs 

found in other human lung datasets and in mouse lung tumours. Human samples were 

collected by the Cancer Biorepository at Mount Sinai School of Medicine (MSSM).

scRNA-seq analysis

After library demultiplexing, gene-expression libraries were aligned to the mm10 reference 

transcriptomes and count matrices were generated using the default Cell Ranger 2.1 

workflow, using the “raw” matrix output. Cell clustering was performed as previously 

described7, using a method that relies on maximum likelihood for selection of an optimal 

kmeans seed, followed by an estimation-maximization-like procedure until the model 

converged. For this study, cells with a mitochondrial gene content of less than 25% and 

more than 800 gene-expression UMIs detected were retained for analysis.

Cross-species comparison

To select genes that were conserved in homologous groups of monocytes and macrophages 

between human and mouse, we first identified genes that were upregulated above a log2-

transformed fold change threshold of 1.1 between the average expression of each cell 

type compared to the average expression of all other monocyte and macrophage cells in 

each species, respectively. Genes were then filtered for those meeting this threshold in 

homologous cell types in each species. For visualization, cell-type expression levels were 

subjected to a log-transform and z-scaled within each species.

Analysis of an additional public scRNA-seq dataset

scRNA-seq data of tumours from seven patients with NSCLC and KP mouse lung tumours 

acquired using inDrop10 and accompanying cluster annotations were downloaded from the 

Gene Expression Omnibus (GEO) with accession code GSE127465. Variable genes across 

monocyte and macrophage clusters were computed as previously described7. Expression 

levels of these genes per were used to compute the Spearman correlation between clusters 

from ref. 10 and those from the present study.

Spheroids

For experimental set-up, 1 × 103 KP-GFP cells were seeded in 400 μl low-serum medium 

(RPMI + 5% FBS + 1% P/S + 2% Matrigel) in 8-well chamber slides (Falcon 354118) 

on top of 50 μl of Matrigel (Corning 356231). After 7 days, 5 × 104 TRMs and bone 

marrow monocytes were added to the chamber’s wells, and 10 ng/ml GM-CSF (Peprotech 

315–03) and 10 ng/ml M-CSF (Peprotech 315–02) were added to the TRM and bone 

marrow monocyte culture media, respectively. Three days later, cultures were fixed with 4% 

paraformaldehyde for 20 min at room temperature.

Quantification of spheroids with invasive protrusions

Images were taken using a Leica DMI8 microscope at 10×/0.25 objective. Quantifications 

of acquired images were performed using ImageJ44. After thresholding the image and 
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generating a binary mask, the plug-in functions Skeletonize (2D/3D) and Analyze Skeleton 

(2D/3D) were used. The spheroids with branches measured by the software were considered 

spheroids with invasive protrusions.

Immunofluorescence and imaging.

Three-dimensional cultures were permeabilized using 0.5% Triton X-100 in PBS for 10 

min. Blocking was done using immunofluorescence wash buffer (130 mM NaCl, 7 mM 

Na2HPO4, 3.5 mM NaH2PO4, 7.7 mM NaN3, 0.1% BSA, 0.2% Triton X-100, 0.05% 

Tween-20) with 5% normal goat serum (Gibco PCN5000) for 1 h. E-cadherin (BD 

Biosciences 610181, 1:100), TWIST1 (Millipore ABD29, 1:100) and active β-catenin 

(Millipore 05–665, 1:100) were used as primary antibodies. AlexaFluor goat-anti-mouse 

568 (Invitrogen A11004) and AlexaFluor goat anti-rabbit 647 (Invitrogen A21244) were 

used as secondary antibodies. Chambers were removed from slides and wells were fixed and 

mounted with ProLong Gold Antifade Reagent with DAPI (Invitrogen P36931). Imaging 

was performed using a Leica SPE confocal microscope (objective 40×/1.15 ACS APO) 

and ImageJ software was used for quantification. For quantification of positive cells in 

immunofluorescence, a separate threshold was set for each staining (E-cadherin, TWIST 

and β-catenin). For analysis of TWIST1-positive cells, the Analyze Particle tool was used 

and particle counts were measured on thresholded images. For quantification of E-cadherin 

and β-catenin, regions of interest (ROIs) delineating the membrane signal were counted on 

thresholded images. For the total number of cells per organoid, binary masks were generated 

for DAPI and the Analyze Particle tool was used to count the number of nuclei per spheroid.

Bulk RNA-seq of KP-GFP spheroids.

For spheroid RNA-sequencing and imaging KP-GFP cells were grown in complete medium 

in 96-well round bottom Ultra-Low Attachment microplates (Corning, 7007) to allow 

spheroid formation. A total of 2,500 KP-GFP cells were grown alone or mixed with 5,000 

TRMs or 5,000 bone marrow monocytes for 7 days. Thirty-two spheroids per condition 

(KP-GFP, KP-GFP + TRMs and KP-GFP + BMMs) were pooled and dissociated with 

TrypLE Express (Thermo Fisher Scientific) for 20 min at 37 °C and under agitation. GFP+ 

cells were FACS-sorted (BD FACSAria) for RNA extraction.

Spheroid time-lapse imaging.

Spheroids were imaged with a robotized microscope placed in an incubator (IncuCyte S3, 

Sartorius). Green fluorescence and phase contrast images were acquired every 3 h for 7 

days. A mask based on the green fluorescence intensity was created to detect the green 

objects, which are tumour spheroids. The size of the tumours spheroids was quantified using 

IncuCyte software. For spheroid protrusion imaging, spheroids grown in 8-well chamber 

slides coated with Matrigel were imaged in a Leica TCS SP8 confocal microscope using 

a HC PL APO C2 10×/0.40 DRY lens. A multiple-position experiment was set to image 

6 different spheroids (6 positions) at a 3-min interval during a lapse of 4 h. Two-channel, 

z-stack (12 steps) images were acquired for GFP and bright-field using a 488 Argon laser to 

image the whole volume of the spheroids.
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Oncospheres

KP-GFP cells were seeded in 6-well ultra-low attachment plates at a density of 500 cells 

per well in 1 ml sphere medium (DMEM/F12, 1× B27 supplement (Gibco 17504044), 

500 ng/ml hydrocortisone (Lonza CC-4031), 40 μg/ml insulin (Gibco 12585014), 20 ng/ml 

EGF (Peprotech AF-100–15-A) and 1% P/S). At time of seeding, 5 × 103 TRMs and 

bone marrow monocytes were added to the wells. GM-CSF (10 ng/ml; Peprotech 315–03) 

and 10 ng/ml M-CSF (Peprotech 315–02) were added to TRM and BMM culture media, 

respectively. After 7 days, the number and size of formed KP oncospheres were assessed by 

imaging with a Nikon Eclipse Ti-S microscope.

Conditioned medium from tTRMs and tMDMs

Sorted 105 tTRMs and tMDMs from late lesions (day 30) were plated in 300 μl of complete 

medium (RPMI + 10%FBS) overnight. Conditioned medium was prepared by centrifugation 

of macrophage culture supernatants (2,500 rpm, 5 min at 4 °C), aliquoted and kept frozen 

until running transwell assays.

Transwell assays

A total of 50,000 KP cells were seeded on serum-free medium (RPMI) on 8.0 μm permeable 

cell culture inserts (PET filters Celltreat 230639). 0.5 ml of FBS-containing conditioned 

medium was then added into 24-well plates. KP cells were allowed 18 h to transmigrate. 

Invasion filters were fixed in PFA 4% at room temperature for 20 min and then mounted and 

stained with DAPI.

Transwell image analysis

An ImageJ macro was written to count the number of nuclei. GFP-positive nuclei was first 

filtered. Nuclei detection was performed using the Stardist plug-in45. The resulting particles 

were filtered to exclude smaller particles that did not meet the nuclei size criteria.

Bronchoalveolar isolation of lung TRMs and purification of bone marrow monocytes

Bronchoalveolar TRMs were isolated by lavaging the lung of C57BL/6 wild-type mice with 

3 ml of plain RPMI. Bone marrow monocytes were isolated using a bone marrow monocyte 

isolation kit (Miltenyi 130–100-629) according to the manufacturer’s instructions.

In vitro naive CD4+ tTRM and tMDM co-cultures

CD4+ T cells were isolated from wild-type spleens using an Easy Step Naive CD4+ T cell 

Isolation Kit (19765A) following the manufacturer’s instructions.

Adoptive transfer of OT-I and OT-II T cells and detection of antigen-specific CD8+ T cells

CD8+ T cells were isolated from spleens and lymph nodes of OT-I transgenic mice (Jackson 

Laboratories, Jax ID: 003831) and purified using a MagniSort Mouse CD8 Naive T cell 

Enrichment kit (Invitrogen, 8804–6825-74) following the manufacturer’s instructions. A 

total of 2 × 105 OT-I cells were intravenously injected into wild-type and CD169-DTR 
mice one day before B16-F10-BFP/OVA tumour cell injection. CD4+ T cells were isolated 

from OT-II transgenic mice (Jackson Laboratories, Jax ID: 004194) and purified using a 
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MagniSort Mouse CD4 Naive T cell Enrichment kit (Invitrogen, 8804–6824-74). A total of 

6 × 105 OT-II cells were intravenously injected into wild-type and CD169-DTR mice one 

day before B16-F10-BFP/OVA tumour cell injection.

Immunofluorescence and imaging in lung sections

For OCT-embedded lungs, frozen sections were thawed and permeabilized with 0.2% Triton 

X-100 for 10 min. Blocking was performed using 10% BSA + 2% normal goat serum in 

PBS for 1 h. For paraffin-embedded lungs, slides were dehydrated and antigen retrieval was 

performed in 10 mM citrate buffer pH 6.0. Blocking was done using 5% BSA + 5% normal 

goat serum in PBS for 1h. Sections were incubated with primary antibodies overnight at 4 

°C and the following day with secondary antibodies for 1 h at room temperature. Mounting 

was done using ProLong Gold Antifade Reagent with DAPI (Invitrogen P36931). Ki67 

(eBioscience 14–5698-82, 1:100); cleaved caspase-3 (CST 9661S, 1:100); p27 (CST 3686S, 

1:100); ZEB1 (Sigma, HPA027524 1:300); E-cadherin (BD Biosciences 610181, 1:100); 

TWIST1 (Millipore ABD29 1:100), SIGLECF (clone 1RNM44N Invitrogen 1:200), pan-

cytokeratin (GP11, Progen 1:200) and CD45.1 (clone A20, Biolegend AlexaFluor AF488 

1:100) were used as primary or directly conjugated antibodies. AlexaFluor goat anti-rat 568 

(Invitrogen A11077), AlexaFluor goat anti-rabbit 568 (Invitrogen A11011), AlexaFluor goat 

anti-rabbit 647 (Invitrogen A21244), AlexaFluor goat anti-rabbit 405 (Invitrogen A31556), 

AlexaFluor goat anti-mouse 647 (Invitrogen A21235) and AlexaFluor goat anti-guinea pig 

488 (Invitrogen A11073) were used as secondary antibodies. Imaging was performed using a 

Leica SPE confocal microscope and quantification of fluorescence intensity was performed 

using ImageJ software and ZEN Black Imaging Software (Zeiss).

Histopathology

Tumour quantification was assessed in paraffin-embedded lung slides stained with 

haematoxylin and eosin. Slides were scanned using an Olympus Digital Scanner and 

analysed using Panoramic Viewer and QuPath 0.2.2 software.

Multiplexed immunohistochemical consecutive staining on a single slide

Tissues were fixed in 4% formaldehyde for 24 h and embedded in paraffin. Four-millimetre-

thick formalin-fixed paraffin-embedded (FFPE) tissue sections on glass slides were baked 

at 37 °C overnight, deparaffinized in xylene and rehydrated in decreasing concentrations of 

ethanol. Tissue sections were incubated in citrate buffer (pH 6) for antigen retrieval at 95 

°C for 30 min. Tissue sections were incubated in 3% hydrogen peroxide and in serum-free 

protein block solution (Dako, X0909) before adding primary antibody for 1 h at room 

temperature. After signal amplification using secondary antibody conjugated to streptavidin-

horseradish peroxidase and chromogenic revelation using 3-amino-9-ethylcarbazole (AEC) 

(Vector Laboratories, SK4200), slides were counterstained with haematoxylin, mounted with 

a glycerol-based mounting medium (Dako, C0563) and scanned for digital imaging (Leica 

Biosystems, Aperio AT2 Digital Whole Slide Scanner). B16 lung tumours were pretreated 

with Melanin Bleach kit (Polysciences, 24909) before immunohistochemistry staining. Then 

the same slides were successively destained and restained with subsequent antibodies as 

described previously46. The primary antibodies used are included in Supplementary Table 
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7. ROIs and quantification of FOXP3+ Treg cells, CD4+ and CD8+ T cells were manually 

selected using QuPath software47.

Analysis of the distribution of TRMs, CD3+ cells and FOXP3+ cells in KP tumours

TRMs and FOXP3 cells were manually and group-blinded quantified using Fiji (ImageJ). 

For CD3 and FOXP3 quantification and distribution in tumours an in-house macro was 

created using ImageJ. Tumoral area was defined manually by the user drawing an ROI 

based on the GFP signal. CD3 and FOXP3 cells were segmented and their distribution was 

quantified.

Immunostaining.—Lungs were fixed with 4% paraformaldehyde and kept in 1× PBS until 

the staining and clearing process started. For the staining, the lungs were first permeabilized 

with permeabilization buffer (1× PBS, 0.2% Triton X-100 (Sigma X100), 0.3M glycine 

(Sigma G7403) and 20% DMSO (Sigma D8418)) for 24 h at 37 °C. Lungs were blocked 

for 3 days with blocking buffer (1 PBS, 0.2% Triton X-100, 6% donkey serum and 10% 

DMSO) at 37 °C. The blocked lungs were washed twice with washing buffer (1× PBS, 0.2% 

Tween 20 (Calbiochem 655205) and 5 U/ml heparin (Akron Biotech AK3004)) at room 

temperature for 5 min each time (Ertürk A, 2012). The lungs were stained with directly 

labelled antibodies in antibody buffer (1× PBS, 0.2% Tween20, 5 U/ml heparin, 3% donkey 

serum) for 3 days at 37 °C. The lungs were washed 10 times with washing buffer (1× PBS, 

0.2% Tween 20, 5 U/ml heparin (AK3004)) at room temperature for 1 h each time. The 

antibodies were coupled with either Alexa Fluor 432, Alexa Fluor 594 or Alexa Fluor 647 

labelling kits (A20182, A20185, A20186) following the manufacturer’s instructions. Lungs 

were imaged using a 20×/0.60 ACS APO objective on a Leica SPE.

Clearing.—Previously stained and washed lungs were dehydrated by submerging them 

in 30%, 50%, 70%, 80%, 96% and 100% tert-butanol, consecutively, for 3 h each. After 

dehydration the lungs were cleared using FluoClearBABB solution for 12 h. All the buffers 

were made following previously reported uDISCO protocol (Pan C, 2016). The dehydration 

and clearing steps were performed at 30 °C, except for the 30% and 50% steps that were 

performed at room temperature.

Clearing imaging.—The whole cleared lungs have been imaged using a custom-made 

FluoClearBABB compatible 20× objective on an upright confocal SP8 Falcon microscope 

(Leica) using the Lightning module. A list of antibodies is included in Supplementary Table 

8.

Statistical analysis

Results represent mean ± s.e.m., unless otherwise indicated. Statistical significance between 

groups was determined by unpaired Student’s t-test or ANOVA plus Bonferroni or Dunnett’s 

correction for multiple comparisons. Statistical analysis was done with GraphPad Prism 

v.8.0.
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Reporting summary

Further information on research design is available in the Nature Research Reporting 

Summary linked to this paper.

Data availability

All mice sequencing data are publicly available (GEO accession code GSE147671). The 

human dataset is available at the Sequence Read Archive (SRA) with BioProject accession 

PRJNA609924. Source data are provided with this paper.

Code availability

The clustering analysis used here is described fully in its source manuscript6.
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Extended Data

Extended Data Fig. 1 |. Macrophage distribution and profile in NSCLC lesions.
a, Gating strategy for sorting of myeloid cells from naive and KP tumour-bearing lungs 

of Map17creER/+R26tdTom mice for scRNA-seq analysis. Monocytes and macrophages in 

the lung were gated as singlets, DAPI−CD45+Li n−CD11b−/+Ly6G−CD11clo-int-+SIGLECF+ 

and Tom− or Tom+. b, Confocal imaging of tdTomato+ bone-marrow-derived leukocytes 

and TRMs (CD206+, yellow). Images are representative of a single experiment and three 
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tumours imaged. c, Gating strategy for sorting of myeloid cells from naive and KP tumour-

bearing lungs of Cx3cr1creER/+R26YFP mice. Monocytes and macrophages were gated 

as in a and further separated based on YFP expression. d, Confocal imaging of YFP+ 

bone-marrow-derived leukocytes (red) and TRMs (CD206+, yellow). Scale bar, 50 μm. 

Images are representative of a single experiment and three tumours imaged. e, Spearman 

correlation of variable gene expression between the human monocyte and macrophage 

clusters detected in ref. 6 and those in ref. 10. f, The log2-transformed fold change 

(FC) between human TRM expression and the maximum cluster expression of non-TRM 

monocytes and macrophages, determined from data in ref. 6 (x axis) or ref. 10 (y axis). 

The human alveolar macrophage genes published previously11 are highlighted in red. 

g, Spearman correlation of variable gene expression between the mouse monocyte and 

macrophage clusters detected in the present study and in ref. 10. h, Average expression of 

selected mouse genes from scRNA-seq data in cluster groups I to IV (see Supplementary 

Table 2). i, Average expression of selected human genes from scRNA-seq data (see 

Supplementary Table 1). j, Confocal imaging of CD169cre/+R26tdTom KP lesions (day 30, 

KP-GFP, green) with CD206 (yellow). Scale bar, 100 μm. Images are representative of a 

single experiment and three tumours imaged. k, Gating strategy for the identification of 

TRMs and MDMs in naive lungs. TRMs were gated as live/dead−CD45+Ly6G−CD64+ME 

RTK+CD2+CD169+CD206+SIGLECF+; MDMs were gated as singlets, live/dead−CD 

45+Ly6G−CD64+Mertk+CD2−CD11bhiCD169−CD206−SIGLECF−.
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Extended Data Fig. 2 |. Fate-mapping of macrophages in KP tumours.
a, Lineage tracing experiment in Map17creER/+R26tdTom mice. b, Fraction of 

labelled (red, tdTom+) cells in the peripheral blood and lung of non-tumour-

bearing Map17creER/+R26tdTom mice 6 months after tamoxifen injection (n = 6 

blood, n = 5 lung; two independent experiments). Blood Ly6Chi monocytes were 

identified as singlets, DAPI−CD45+CD11b+CD115+Ly6Chi or Ly6Clo monocytes as 

CD45+CD11b+CD115+Ly6Clo. Lung monocytes were gated as CD45+CD11b+CX3C 

R1+Ly6Chi or Ly6Clo. Neutrophils in blood and lungs were identified as singlets, 
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DAPI−CD45+CD11b+Ly6G+. TRMs were identified as singlets, DAPI−CD45+Ly6G−C 

D11blo/−SIGLECFhiCD11chiCD206hiCD169hi. Data are mean ± s.e.m. c, Frequencies 

of labelled (red, tdTom+) or not labelled (grey, tdTom−) cells within each cluster 

groups as defined in b in tumour-bearing mice. d, Lineage tracing experiment in 

Cx3cr1creER/+R26YFP mice. e, Fraction of labelled (green, YFP+) cells in the peripheral 

blood and lung of non-tumour-bearing mice (n= 8, pool of two independent experiments). 

Data are mean ± s.e.m. f, Frequency of labelled (green, YFP+) and non-labelled (grey, YFP–) 

cells within each cluster groups as defined in b in KP tumour-bearing mice.
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Extended Data Fig. 3 |. Longitudinal analysis of TRMs in NSCLC.
a, TRMs (red, CD206+) distribution in KP-GEMMs (green) 14 weeks (wks) after injection 

of adenovirus-SPC5Cre in KP mice. White dotted lines delimit the tumour area. Unpaired 

two-tailed Student’s t-test; *P = 0.020. CD206+ macrophage distribution was analysed 

in n = 4 tumour-bearing mice from one experiment. Data are mean ± s.e.m. b, Gene 

Ontology categories for ATAC–seq significant (P < 0.05) open (day 15) and closed (day 

30) chromatin regions identified in KP-associated TRMs. c, Longitudinal analysis of CD45+ 

leukocytes, TRMs and Ly6Chi and Ly6Clo monocytes in naive (n = 5) and in day-15 (n 
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= 5) and day-30 (n = 4) KP-bearing mice. One-way ANOVA with Tukey’s test. Data 

are mean ± s.e.m. TRMs were gated as singlets, live/dead−GFP−CD45+Ly6G−CD64+M 

ERTK+CD2+CD169+CD206+Siglecf+; MDMs were gated as singlets, live/dead−GFP 
−CD45+Ly6G−CD64+MERTK+CD2−CD11bhiCD169−SIGLECF−. Lung monocytes were 

gated as CD45+CD11b+CX3CR1+Ly6Chi or Ly6Clo. d, Longitudinal imaging analysis of 

TRMs identified by the co-expression of CD206 (red) and SIGLECF (yellow) in the KP-

GFP orthotopic model. KP tumour cells, green. White asterisks indicate CD206+SIGLECF− 

macrophages. Yellow asterisks depict SIGLECF+CD206− leukocytes, which are also found 

in overt tumours and are most probably SIGLECF+ eosinophils. Scale bars, 50 μm (D5, 

D10 and D15); 100 μm (D25–30). Images are representative of one experiment; n = 

3–5 mice; 2–3 tumours analysed per time point. e, Longitudinal imaging analysis of 

TRMs in the KP-GEMM model. Tumour cells are identified by positive staining with pan-

cytokeratin in green. Images are representative of one experiment; 2–3 tumours analysed 

per mouse; 3 mice per time point. Scale bars, 50 μm. f, Immunohistochemistry converted 

to pseudofluorescence image of CD206 (red), CD10 (yellow) and cytokeratin (CK, green) 

staining in non-involved lung and NSCLC tissue. White asterisks indicate CD206+CD10+ 

TRMs. Scale bars, 250 μm (bottom images); 250 μm (top images). Images are representative 

of one experiment. g, Immunohistochemistry converted to pseudofluorescence image of 

CD206 (red), FABP4 (yellow) and cytokeratin (CK, green) staining in non-involved lung 

and NSCLC tissue. White asterisks indicate CD206+FABP4+ TRMs. Scale bars, 500 μm 

(left); 400 μm (right). Dotted lines delineate tumour border. Representative images from two 

non-involved lung and two NSCLC tumours. Images are representative of one experiment.
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Extended Data Fig. 4 |. Bulk RNA-seq and ATAC–seq of KP TRMs.
a, Heat map of DEGs of TRMs in naive lungs, day-15 and day-30 KP tumours. 

Red indicates the most significant upregulated and blue the most significant 

downregulated gene transcripts (P < 0.05, log2-transformed fold change (log2FC) > 

1 and log2FC < 1, respectively). TRMs were sorted as singlets, DAPI−CD45+Ly6G− 

CD11blo/−CD64+MERTK+CD2+CD169+SIGLECFhiCD206+. b, Gene Ontology analysis of 

upregulated DEGs between naive and early KP-TRMs (day 15) (P < 0.05 and log2FC > 1). 

c, Number of peaks and heat map representing average ATAC–seq peaks (pks) unchanged 

(cluster 1), differentially closed (cluster 2) or opened (cluster 3) in TRMs at different times 

after KP injection. d, e, Representative tracks of significant TRM DEGs (P < 0.05) showing 

increased chromatin accessibility (dotted red lines) (d) or lower chromatin accessibility 

(e) in TRMs. Tracks are representative of three pooled mice examined over one single 

experiment. Data are mean ± s.e.m.
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Extended Data Fig. 5 |. TRMs promote EMT and a pro-invasive signature in KP spheroids, 
whereas MDMs favour growth.
a, Venn diagrams for DEGs upregulated and downregulated in spheroids co-cultured with 

TRMs or bone marrow monocytes (BMMs). The number of DEGs uniquely controlled 

by TRMs or BMMs is shown in blue (TRMs) and red (BMMs). b, Gene Ontology (GO) 

analysis of significant DEGs (P < 0.05) with upregulated signature controlled by TRMs 

(blue) and by BMMs (red), respectively. c, Gating strategy for BALF (bronchoalveolar 

fluid) TRMs gated as CD45+CD11bloCD11c+SIGLECF+CD206+ CD169+ and purity 

quantification in n = 4 mice. BALF routinely showed around 85% pure TRMs among 

CD45+ leukocytes. d, Confocal representative images and quantification of E-cadherin (red), 

TWIST1 (white) and β-catenin (red) in KP spheroids cultured alone or with TRMs or 

BMMs. Scale bars, 5 μm (inset) and 25 μm. One-way ANOVA with Tukey’s test. Data 

are mean ± s.e.m. Two independent experiments. e, Bar graphs showing the expression (in 
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transcripts per million, TPM) of EMT-signature selected genes in KP-spheroids alone, with 

TRMs or BMMs. Data are mean ± s.e.m. Results are representative of one experiment. f, 
Size quantification for KP oncospheres co-cultured with TRMs or BMMs. Data are mean 

± s.e.m. Data are representative of two independent experiments. g, Quantification of the 

number of KP oncospheres in co-cultures with TRMs (blue) or BMMs (red) compared to KP 

alone in the presence of GM-CSF (light blue) or M-CSF (light red), respectively. Data are 

mean ± s.e.m. Data are representative of two independent experiments. h, Quantification of 

KP 3D-matrigel spheroids with invasive protrusions co-cultured with TRMs or BMMs and 

their respective controls. Data are mean ± s.e.m. Data are representative of two independent 

experiments. One-way ANOVA with Tukey’s test (f–h). i, Bright-field microscopy images 

of the spheroids quantified in h. Scale bars, 100 μm. j, k, Number (j) and size (k) of 

KP oncospheres cultured alone or co-cultured with tumour-associated tTRMs or tMDMs. 

Results are representative of two independent experiments analysed using one-way ANOVA. 

Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Extended Data Fig. 6 |. Immune suppression is governed by TRMs in early KP tumours.
a, Frequency, CTLA-4 and CD73 MFI levels of Treg cells induced by tTRMs and 

tMDMs with naive CD62L+CD44−CD4+ T cells (one-way ANOVA with Tukey’s test and 

two-tailed unpaired t-test). Two independent experiments. b, Frequency and phenotype 

of Treg cells in TRM-depleted mice at day 15 after KP injection. n = 5 mice per 

group. Two-tailed unpaired t-test; **P = 0.003, *P = 0.025; ***P = 0.0003 and ****P 
< 0.0001, respectively. c, Expression of Ccl17 and Tgfb1 in TRMs from naive mice 

(grey) and tumour-bearing mice (day 15 light green, day 30 dark green). Data from 
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DEGs (P < 0.05 likelihood ratio test) list in Fig. 2d (see Supplementary Table 3). One 

experiment, n = 3 naive, n = 2 KP-TRM day 15 and n = 3 KP-TRM day 30 mice. 

d, Imaging of TRM-sufficient and deficient mice after instillation of diphtheria toxin. 

SIGLECF, green; CD206, red. Quantification of Ly6Chi/lo monocytes, neutrophils, MDMs 

and TRMs in wild-type or CD169-DTR lungs one week after the last dose of diphtheria 

toxin. n = 5 mice per group. Two-tailed unpaired t-test. TRMs were gated as singlets, 

live/de ad−CD45+Ly6G−CD64+MERTK+CD2+CD169+SIGLECF+CD206+; MDMs 

as singlets, live/dead−CD45+Ly6G−CD64+MERTK+CD2−CD11bhiCD169−SIGLECF−; 

monocytes as CD45+CD11b+CX3CR1+Ly6Chi or Ly6Clo (Ly6Chi and Ly6Clo, 

respectively); and neutrophils as live/dead−CD45+CD11b+Ly6G+. e, Levels of 

CD169 in Tomato+ monocytes (CD45+CD11b+CX3CR1+) and MDMs (live/

dead−CD45+Ly6G−CD64+MERTK+CD2−CD11bhiSIGLECF−) in naive and two-week KP 

lesions from Ms4a3-tdTom reporter mice. n = 3 mice per group. Two-way ANOVA with 

Tukey’s multiple comparisons test; ns, not significant. f, Frequencies of MDMs in wild-type 

and CD169-DTR lungs after DT treatment with diphtheria toxin in naive mice and KP 

lesions (two weeks). n = 5 per genotype for naive mice and n = 3 per genotype for the KP 

tumour group. Two-way ANOVA with Tukey’s multiple comparisons test. g, Quantification 

of Treg cells in spleen and lymph nodes of tumour-bearing mice (day 15) in WT + DT 

(black) and CD169-DTR + DT mice (red). n = 6 mice per group. Unpaired two-tailed 

t-test. h, Percentage of KP cells from lungs of wild-type or CD169-DTR mice treated with 

diphtheria toxin, 24 h after KP injection. n = 6 mice per group. Two-tailed unpaired t-test. i, 
Image analysis of Ki67+ and CC3+ KP cells in day-15 lesions, and p27+ KP cells in day-5 

lesions of WT + DT and CD169-DTR + DT mice. Asterisks show positive KP cells. One-

tailed unpaired t-test. n = 3 WT + DT and n = 4 CD169-DTR + DT for Ki67 and CC3; n = 

3 WT + DT and n = 4 CD169-DTR + DT for p27. Two to three independent experiments. 

Scale bars, 25 μm (main images); 10 μm (inset). Data are mean ± s.e.m. (a–i). j, Diphtheria 

toxin treatment and KP injections in wild-type or CD169-DTR mice. k, Tumour burden 

in wild-type or CD169-DTR mice that were TRM-depleted after tumour implantation. l, 
Quantification of Treg cells, IFNγ+TNF+CD8+ effector cells and ratio of CD8/Treg cells in 

mice from k. Effector T cells were gated as singlets, DAPI−CD45+TCR+CD8+; Treg cells as 

singlets, DAPI−CD45+TCR+CD4+FOXP3+. n = 5 WT + DT and n = 7 CD169-DTR + DT 

mice. Three independent experiments. Data are mean ± s.e.m; two-tailed unpaired t-test. (k, 

l). m, Imaging and quantification of infiltrating FOXP3+ Treg cells (top) and CD3+ T cells 

(bottom) in WT + DT or CD169-DTR + DT mice at days 12 and 15 after KP injection. 

Two-tailed unpaired t-test. Data are mean ± s.e.m. Two independent experiments. Scale bar, 

100 μm.
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Extended Data Fig. 7 |. TRMs modulate T cell effector function in an antigen-independent 
manner.
a, Scheme of OT-I and OT-II adoptive transfer experiments in B16-F10/OVA wild-type 

and CD169-DTR mice. b, Relative quantification of OT-I T cells in the lungs and tumour-

draining lymph nodes (tdLN). OT-I T cells were gated as viable, CD45.1+TCR+CD8+. n 
= 4—5 mice. Data are representative of two independent experiments. c, Quantification of 

OT-I cells in the tumours of mice in b. CD45.1+ OT-I T cells were quantified in 7–8 tumours 

from mice in b. n= 7 WT + DT and N = 8 CD169-DTR + DT from one experiment. Scale 

bar, 50 μm. d, Quantification of OT-II cells in the tumours of mice in b. OT-II T cells were 

gated as viable, CD45.1+TCR+CD4+. n = 5–8 mice per group. Data are representative of 

one experiment. Data are mean ± s.e.m; unpaired two-tailed t-test (b–d). e, Scheme of the 
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contribution of the TRM compartment and MDMs to tumour progression. This scheme was 

created with BioRender.com.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. scRNA-seq of lineage-traced blood-derived macrophages reveals two ontogenically 
distinct populations of macrophages in NSCLC lesions.
a, scRNA-seq data of human macrophage and monocyte clusters from tumour samples and 

non-involved lung samples from 35 patients with early-stage NSCLC. Group I and group 

II were annotated as macrophage clusters, group III as CD14+ monocytes and group IV 

as non-classical monocytes. Heat maps show unique molecular identifier(UMI) counts of 

selected genes in myeloid clusters after evenly down-sampling to 2,000 UMIs per cell. 

b, scRNA-seq data of macrophages and monocytes in two pooled naive and two pooled 

tumour-bearing mice in an orthotopic mouse model of NSCLC in which mice were injected 

intravenously with KP cells genetically labelled with GFP. Clusters are down-sampled to 

show a maximum of 200 cells per cluster. c, Orthology signature in human (h) and mouse 

(m) for NSCLC tumour-associated macrophages and monocytes (groups I–IV).
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Fig. 2 |. TRMs localize in close proximity to tumour cells after seeding and enhance their antigen 
presentation and tissue remodelling programs in response to tumour cues.
a, Frequency of scRNA-seq groups in lungs from naive and tumour-bearing mice (left, n = 

4 experiments with two pooled naive and two pooled tumour-bearing mice per experiment) 

and in human NSCLC tumours and adjacent non-involved lung tissue (right, 19 paired non-

involved and tumour). The cell-type frequencies observed in the scRNA-seq mouse samples 

were proportionally weighted according to the labelling frequencies determined from 

fluorescence-activated cell sorting (FACS). Unpaired two-tailed t-test. NS, not significant. 

Data are mean ± s.e.m. b, Longitudinal analysis in an orthotopic mouse model of NSCLC 

(left). Graph (middle) shows tumour growth over time, and images (right) show tumour foci 

stained with haematoxylin and eosin (n = 3 day 5; n = 4 day 10; n= 4 day 15; n = 3 day 25; 

n = 8 day 30). Scale bar, 10 mm. c, Left, confocal imaging of tumour lesions (KP, green) and 

TRMs (MRC1, red) at different time points after the injection of KP cells. Scale bar, 50 μm 

(main images, day 5, 10 and 15); 100 μm (main images, days 25 and 30); 10 μm (insets). 

Right, quantification of the distribution of TRMs in advanced tumour lesions (day 30; n = 4 

mice, 10 tumours). Unpaired two-tailed t-test; *P < 0.05. Data are mean ± s.e.m.
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Fig. 3 |. TRMs induce NSCLC cells to undergo EMT and promote tumour cell invasiveness.
a, Scheme of KP spheroids co-cultured with TRMs or bone marrow monocytes (BMMs). 

b, Heat map showing z-scores of uniquely DEGs in KP spheroids with TRMs. Upregulated 

genes are shown in red (P < 0.05, log2(expression in TRMs/expression in KP spheroids) 

> 1. KP cells were sorted as singlets, DAPI−CD45−GFP+. c, Heat map showing z-scores 

of uniquely DEGs in KP spheroids with bone marrow monocytes. d, Left, live spheroid 

imaging. Right, the GFP signal was quantified over time and the area of dispersed GFP 

objects (cells) was plotted. One-way ANOVA; **P < 0.01, ****P < 0.0001. Data are mean ± 

s.e.m. Scale bar, 200 μm. Results are representative of five pooled independent experiments. 

e, Representative confocal images of E-cadherin (red) and bright-field images (for invasive 

protrusions) of KP alone or with tumour-associated TRMs (tTRMs) or tumour-associated 

MDMs (tMDMs). Scale bars, 25 μm (fluorescence images; top); 100 μm (bright-field 

images; bottom). Images are representative of two independent experiments with similar 

results. f, Frequency of E-cadherinhi cells per spheroid in KP cells alone or with tTRMs 

or tMDMs. One-way ANOVA with Tukey’s test for multiple comparisons. Data are mean 

± s.e.m. and are representative of two pooled independent experiments. g, Frequency of 

invasive spheroids in KP cells alone or with tTRMs or tMDMs. One-way ANOVA. Data 

are mean ± s.e.m. and are representative of two pooled independent experiments. h, Right, 

representative images of a transwell migration assay of KP cells (green, nuclei in blue 

(DAPI)) with control conditioned medium (CM), tTRM conditioned medium and tMDM 

conditioned medium. Scale bar, 100 μm. Left, the number of migrated GFP+DAPI+ cells 

per field of view (FOV) was quantified after 18 h. One-way ANOVA. Data are mean ± 

s.e.m. and are representative of two independent experiments. i, Left, confocal imaging 

of TWIST1 (red) and ZEB1 (red) GFP-expressing KP cells in TRM-sufficient (wild type; 

WT) and TRM-deficient (CD169-DTR) mice, five days after injection with diphtheria toxin 
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(DT). Orange indicates co-expression of TWIST1 or ZEB1 and GFP. Right, the frequency 

of TWIST1+ and ZEB1+ KP cells is quantified for WT + DT (black) and CD169-DTR + 

DT (red). Unpaired one-tailed t-test. Data are mean ± s.e.m. and are representative of two 

independent experiments.
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Fig. 4 |. Depletion of TRMs before tumour engraftment leads to reduced tumour burden and 
enhances T cell infiltration.
a, Number (left) and frequency (right) of Treg cells in naive and KP lungs (left: n = 4 naive, 

n = 9 day 15 KP, n = 4 day 30 KP; right (proliferative Treg cells): n = 4 mice per time). 

Treg cells: DAPI−CD45+TCR+CD4+FOXP3+; proliferative Treg cells: Ki67+DAPI−CD45+ 

TCR+CD4+CD25+. One-way ANOVA with Bonferroni’s test; left, NS, P = 0.472, **P = 

0.0037; right, **P = 0.0011, ***P < 0.0001. Data are mean ± s.e.m. b, Temporal location of 

TRMs (MRC1+, blue) and Treg cells (FOXP3+, magenta). KP cells are shown in green. Scale 

bar, 30 μm. Images are representative of a single longitudinal experiment. c, Quantification 

of Treg cells from b. Seven to ten FOVs per time point. One-way ANOVA with Bonferroni’s 

test; ****P < 0.0001. Data are mean ± s.e.m. d, Mean distance of Treg cells to TRMs 

(at day 15). Scale bar, 15 μm. e, Depletion of TRMs using intranasal (i.n.) instillation 

of diptheria toxin (days 0 and 3) and orthotopic intravenous (i.v.) injection of KP cells. 

f, Tumour burden in wild-type (black) or TRM-depleted (CD169-DTR; red) mice treated 

with diphtheria toxin (n = 9 WT + DT, n = 10 CD169-DTR + DT. Unpaired two-tailed 

t-test; **P = 0.0028, *P = 0.0345, NS, P = 0.46. Data are mean ± s.e.m. Scale bar, 2 

mm. g, Quantification of TCR+CD4+FOXP3+ Treg cells, TCR+ IFNγ+TNF+CD8+ cells and 

ratio of CD8+ T cells/Treg cells in tumour-bearing wild-type (black) or TRM-depleted (red) 

mice. Unpaired two-tailed t-test; *P = 0.041 (percentage TCR+CD4+FOXP3+ Treg cells), *P 
= 0.016 (TCR+IFNγ+TNF+CD8+ cells), *P = 0.022 (ratio CD8+ T cells/Treg cells). Data 

are mean ± s.e.m. from two independent experiments. h, Imaging and quantification of 

tumour-infiltrating Treg cells and CD3+ T cells in TRM-sufficient (black) and TRM-deficient 
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(red) mice (n = 9 mice). White dotted lines mark the tumour area. Unpaired two-tailed 

t-test; *P = 0.041 (FOXP3+ Treg cells), *P = 0.028 (CD3+ T cells). Data are mean ± s.e.m. 

Two independent experiments. i, Tumour burden in B16-F10/OVA mice (n = 5 WT + DT 

(black), n = 7 CD169-DTR + DT (red)). Unpaired two-tailed t-test; ***P = 0.0003. Data are 

mean ± s.e.m. from two independent experiments. Scale bar, 1 mm. j, Relative frequency 

of CD4+ cells, mean fluorescent intensity (MFI) of PD-1 in CD4+ and CD8+ T cells, 

and quantification of TNF+IFNγ+ cells in CD4+and CD8+ T cells in B16-F10-BFP/OVA 

wild-type (black) and TRM-depleted (red) mice (n = 5 and n = 7, respectively). Unpaired 

two-tailed t-test; ****P < 0.0001, **P = 0.001, *P = 0.0375. Data are mean ± s.e.m. Two 

independent experiments. k, Quantification of tumour-infiltrating Treg cells and CD4+ and 

CD8+ T cells in the B16-OVA model (n = 5 WT + DT, n = 7 CD169-DTR + DT). Unpaired 

two-tailed t-test; **P = 0.0068, *P = 0.025, NS, P = 0.2887. Data are mean ± s.e.m. Two 

independent experiments.
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