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SUMMARY

Pre-metastatic niche formation is a critical step during the metastatic spread of cancer. One way 

by which primary tumors prime host cells at future metastatic sites is through the shedding 

of tumor-derived microparticles as a consequence of vascular sheer flow. However, it remains 

unclear how the uptake of such particles by resident immune cells affects their phenotype and 

function. Here, we show that ingestion of tumor-derived microparticles by macrophages induces a 

rapid metabolic and phenotypic switch that is characterized by enhanced mitochondrial mass and 

function, increased oxidative phosphorylation, and upregulation of adhesion molecules, resulting 

in reduced motility in the early metastatic lung. This reprogramming event is dependent on 

signaling through the mTORC1, but not the mTORC2, pathway and is induced by uptake of 

tumor-derived microparticles. Together, these data support a mechanism by which uptake of 
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tumor-derived microparticles induces reprogramming of macrophages to shape their fate and 

function in the early metastatic lung.

Graphical abstract

In brief

Kersten et al. show that ingestion of tumor-derived microparticles induces a metabolic and 

phenotypic switch in non-alveolar inflammatory macrophages in the early metastatic lung. 

This mTORC1-dependent reprogramming event, characterized by increased OXPHOS, ATP 

production, and upregulation of adhesion molecules, dictates macrophage phenotype and function 

during metastasis.

INTRODUCTION

Metastatic spread is one of the main causes of cancer mortality. Yet, the mechanisms by 

which cancer cells disseminate from the primary tumor and successfully colonize distant 

organs remains largely unknown. Accumulating evidence demonstrates a pivotal role for 

immune cells in priming distant organs by creating a ‘‘pre-metastatic niche’’ that supports 

the colonization and outgrowth of future incoming cancer cells. This is partly mediated by 

classical inflammatory monocytes and macrophages promoting metastatic spread of cancer 

through their regulation of tissue remodeling, angiogenesis, and suppressing anti-tumor T 

cell responses.1–3 Conversely, a population of non-classical patrolling monocytes prevented 

the formation of lung metastasis by engulfing tumor-derived material and promoting natural 
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killer (NK) cell recruitment and activation.4 The mechanisms by which tumor-derived 

factors instruct myeloid cells at these distant (pre)metastatic sites remain undiscovered.

Monocytes and macrophages display a remarkable heterogeneity and plasticity that is highly 

dependent on spatial and temporal cues from their local microenvironment. Several studies 

have reported the shedding of microparticles, including exosomes, as a way for tumors to 

instruct resident cells, including endothelial cells, fibroblasts, and macrophages, at distant 

organs to create a niche that is then susceptible to disseminated cancer cells and supports 

metastatic growth.5–8 We have previously reported that primary B16F10 mouse melanomas 

shed microparticles that are rapidly ingested by distinct waves of myeloid populations in the 

early metastatic lung.2 The majority of these microparticles, which we termed ‘‘cytoplasts,’’ 

had a diameter significantly larger (>1 μm) than that of tumor-derived exosomes (<200 

nm) and exhibited autonomous motility.2 Unlike ‘‘karyoplasts,’’ cytoplasts did not contain 

tumor-derived nuclei but did contain mitochondria, consistent with metabolic potential 

and motility. More recent work has referred to these tumor-derived particles as ‘‘large 

extracellular vesicles’’ or ‘‘oncosomes.’’9 We demonstrated that non-alveolar inflammatory 

macrophages were the most predominant myeloid population ingesting these microparticles 

in the early metastatic lung.2

Here, we examined the early consequences of ingestion of tumor-derived material by 

macrophages, looking at their transcriptional profiles and changes in cellular metabolism 

to understand the nature of reprogramming of the myeloid compartment by early metastatic 

pioneers in the lung.

RESULTS

Ingestion of tumor-derived microparticles induces transcriptional reprogramming of 
macrophages in the early metastatic lung

To study the dynamics of antigen loading and how it affects the fate of myeloid populations 

in the early metastatic lung, we utilized an animal model for experimental metastasis by 

intravenous (i.v.) administration of a range of established cancer cell lines tagged with 

fluorescent marker ZsGreen (Figures 1A and 1B). In line with previous results,2 we found 

a diverse range of ZsGreen antigen loading among distinct myeloid populations in the 

lung 24 h post i.v. injection of cancer cells (Figures 1B, S1A, and S1B). Among them, 

non-alveolar inflammatory macrophages were the most predominant cell type ingesting 

ZsGreen+ microparticles, accounting for ~50% of all ZsGreen+ CD45+ immune cells at 

24 h post-exposure (Figures 1B and S1B). ZsGreen+ CD45+ cells displayed a lower 

mean fluorescence intensity compared with the injected B16ZsGreen cells (Figure S1B), 

suggesting that most of ingested tumor-derived material consisted of smaller microparticles 

compared with phagocytosed intact tumor cells. This loading occurred similarly following 

injection of ZsGreen-tagged Lewis lung carcinoma (LLC), the poorly metastatic B16F1, as 

well as non-cancerous ZsGreen-tagged mouse embryonic fibroblasts (MEFs) derived from 

β-actinCre;Ai6 mice (Figure 1B). In contrast, following i.v. administration of fluorescent 

latex beads, patrolling monocytes represented the majority of bead-ingesting immune cells 

(Figure 1B).
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We next sought to ascertain whether gene and cell surface protein expression are 

modulated following ingestion of tumor-derived microparticles. We administered B16F10 

cells tagged with ZsGreen (B16ZsGreen cells) i.v. and, 24 h later, performed cell surface 

proteomics on whole lung using our recently developed Infinity Flow method.10 We 

comprehensively examined the cell surface proteome of the subset of tumor-ingesting 

versus non-ingesting macrophages in direct comparison with other lung myeloid subsets 

(Figures 1C and S1C) The tumor-ingesting macrophage population was identified based 

on high ZsGreen mean fluorescence intensity (MFI) (Figure S1D). This analysis revealed 

distinct phenotypic differences between macrophages and other lung myeloid cells and 

further revealed an array of cell surface markers that differed in expression between 

ZsGreen+ and ZsGreen− macrophages (Figure 1C). We additionally utilized fluorescence-

activated cell sorting (FACS) to isolate lung macrophages that had ingested tumor-derived 

microparticles (ZsGreen+) versus those that had not (ZsGreen−) and performed RNA 

sequencing to assess differential gene expression between the two macrophage populations. 

Analysis of differentially expressed genes (DEGs) revealed that uptake of microparticles 

induced a rapid transcriptional reprogramming characterized by the upregulation of a 

range of mitochondrial genes (referred to as a ‘‘mitochondrial signature’’) as well as 

cellular adhesion markers (‘‘surface signature’’; e.g., Vcam1, Cd38, Cd63) (Figure 1D). 

Importantly, this cell surface signature aligned with that revealed by Infinity Flow (Figure 

1E). Moreover, we found that expression of stimulatory dendritic cell (DC) genes–including 

Flt3, Zbtb46, Ccr7, and Btla–was significantly downregulated in ZsGreen+ versus ZsGreen− 

macrophages (‘‘DC signature’’) (Figure 1D), suggesting that this reprogramming event is 

phenotypically distinct from DC activation, which is often correlated with improved anti-

tumor responses.11,12 Together, these data demonstrate that macrophages loaded with tumor-

derived microparticles display distinct transcriptional and phenotypic programs compared 

with non-loaded macrophages in the early metastatic lung.

Phenotypic reprogramming of lung macrophages upon antigen loading with tumor-derived 
microparticles

Based on the high concordance between protein and transcript levels, we selected cell 

surface markers CD63, VCAM1, and CD38 as a signature for further interrogation of 

the impact of tumor ingestion on lung macrophage populations using multiparameter flow 

cytometry (Figure 1E). We first validated the expression differences in independent flow 

cytometry experiments and confirmed the upregulation of VCAM1, CD38, and CD63 after 

ingestion of tumor-derived material on the surface of macrophages in the early metastatic 

lung but not on patrolling monocytes (Figures S2A and S2B). Importantly, in-vitro-cultured 

bone marrow-derived macrophages (BMDMs) similarly upregulated VCAM1, CD38, and 

CD63 on their surface in response to B16ZsGreen ingestion (Figures S2C and S2D), 

supporting the use of these proteins as a signature of ingestion-mediated modulation 

of macrophages. Antigen loading (Figure S3A) and the resulting phenotypic change in 

lung macrophages after B16ZsGreen injection occurred similarly after administration of 

MEFZsGreen cells in vivo, albeit less pronounced (Figures 2A and 2B). While VCAM1 

and CD63 surface levels were only found augmented at 24 h injection, CD38 expression 

levels were already substantially upregulated 2 h after exposure (Figure S3C). Uptake 

of fluorescein isothiocyanate (FITC)-labeled beads modestly increased the expression of 
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VCAM1 and CD63 on lung macrophages, but the levels were significantly lower following 

ingestion of B16-derived microparticles (Figures S4A–S4H).

To assess whether the upregulation of adhesion molecules in ZsGreen+ versus ZsGreen− 

macrophages affected macrophage patrolling behavior in the lung, we performed two-photon 

imaging in live lung slices obtained from MacBlue mice–in which ECFP expression is 

driven by a modified c-Fms promoter, allowing the visualization of monocytes, monocyte-

derived macrophages, and a small proportion of neutrophils.13 24 h after i.v. injection of 

B16ZsGreen cells (Figure 2C), ZsGreen+ ECFP+ cells exhibited substantially lower motility 

compared with ZsGreen− ECFP+ cells in the lung (Figures 2D and 2E). This slowing of 

macrophage patrolling behavior might be due to reduced cellintrinsic motility, a change of 

location relative to tissue, or the upregulation of expression of adhesion markers after uptake 

of microparticles.

Tumor-derived antigen loading drives mitochondrial reprogramming in lung macrophages

To further study macrophage phenotypic reprogramming in the early metastatic lung, we 

performed gene set enrichment analysis (GSEA) on our RNA sequencing (RNA-seq) dataset 

(Figure 1D). This revealed four major pathway networks closely associated with translation, 

protein processing, catabolic processes, and mitochondrial respiration that were highly 

enriched in ZsGreen+ macrophages compared with ZsGreen− macrophages (Figure 3A; 

Table S1).

Following up on the ‘‘mitochondrial signature’’ induced in antigen-loaded macrophages 

(Figure 1D), we quantified the variation in mitochondrial mass (indicated by MitoTracker 

DeepRed staining) and mitochondrial membrane potential (DJm; determined by 

fluorescence of the potential-sensitive tetramethylrhodamine methyl [TMRM] dye) after 

in vivo antigen loading upon i.v. injection with B16ZsGreen or MEFZsGreen cells (Figure 

3B). ZsGreen+ macrophages exhibited a significant increase in mitochondrial mass, DJm, 

and TMRMhi/TMRMlow ratio when compared with ZsGreen− macrophages from the same 

mice, consistent with our GSEA (Figures 3C and 3D). Notably, this was not the case for 

macrophages loaded with MEF-derived microparticles or FITC-labeled beads (Figures 3D 

and 3E), suggesting that the mitochondrial reprogramming of lung macrophages is induced 

exclusively upon antigen loading with tumor-derived material.

To extend this analysis to oxygen consumption rate (OCR), we developed an in vitro 
surrogate assay in which BMDMs are cultured with B16ZsGreen tumor cells and ZsGreen+ 

and ZsGreen− BMDMs are isolated for study after 24 h (Figure 4A). Consistent with 

the increased mitochondrial density and membrane potential observed in macrophages 

directly ex vivo (Figures 3C–3E), ZsGreen+ BMDMs from this in vitro exposure showed 

a significantly higher OCR with higher basal and maximal respiration, as well as increased 

ATP production, when compared with ZsGreen− BMDMs or non-tumor (NT) BMDMs, 

which had never encountered tumor cells (Figures 4B and 4C). Moreover, the spare 

respiratory capacity (SRC) was increased in ZsGreen+ BMDMs, suggesting an improved 

capability to respond to sudden changes in energy demand (Figure 4C). To determine 

whether this was phenocopied in cells that were programmed through exposure in vivo, we 

isolated lung macrophages from B16ZsGreen-challenged mice and compared their OCRs 
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with lung macrophages from unchallenged (NT) mice. In line with our in vitro data, lung 

macrophages that encountered tumor material showed increased OCRs compared with NT 

mice (Figure S5A and S5B). To test whether this metabolic shift in lung macrophages is 

dictated by the source of antigen, we sorted ZsGreen+ and ZsGreen− macrophages from the 

lungs of either B16ZsGreen- or MEFZsGreen-injected mice (Figure 4D) and determined 

their ATP production as a direct measurement of mitochondrial function. While antigen 

loading of macrophages with B16-derived microparticles induced a significant increase in 

ATP production in ZsGreen+ versus ZsGreen− macrophages, loading with MEF-derived 

microparticles did not (Figure 4E). Taken together, our data show that antigen loading with 

tumor-derived material specifically enhanced mitochondrial respiration and increased ATP 

production in lung macrophages.

Macrophage reprogramming upon ingestion of tumor-derived microparticles is mTORC 
dependent

To study the pathways regulating reprogramming of lung macrophages after ingestion 

of tumor-derived microparticles, we performed hallmark pathway analysis comparing the 

transcriptional profiles of ZsGreen− and ZsGreen+ macrophages. We identified several 

metabolism-associated pathways, among which ‘‘oxidative phosphorylation’’ was highly 

enriched in ZsGreen+ versus ZsGreen− macrophages (Figure 5A, indicated with green dot). 

The mammalian target of rapamycin (mTOR)–the catalytic sub-unit of the two distinct 

complexes mTORC1 and mTORC2–is a central regulator of cellular metabolism and has 

been shown to drive mitochondrial biogenesis and oxidative function.14,15 Macrophage 

activation is dependent on mTOR, and roles for both mTORC116 and mTORC217,18 have 

been implicated. Although it did not reach statistical significance in our dataset, mTORC1 

signaling was among the enriched pathways in ZsGreen+ versus ZsGreen− macrophages 

(Figure 5A, indicated with green dot). In line with this, detailed analysis of the genes that 

constitute the mTORC1 pathway revealed upregulation of genes encoding phospholipases 

D1 and 3 (Pld1 and Pld3) and protein synthesis genes Eif4ebp1, Rps23, and Ptpa (Figure 

5B). In contrast, expression of a positive regulator gene of AMP-activated protein kinase 

(AMPK), Prkab2, was downregulated in ZsGreen+ versus ZsGreen− macrophages (Figure 

5B), indicating that the AMPK pathway, as a negative upstream regulator of mTOR 

signaling,19 was repressed. In line with our transcriptional data, we detected significantly 

higher levels of phosphorylated (p)4EBP1 and pS6 protein in ZsGreen+ versus ZsGreen− 

macrophages by flow cytometry, confirming the activation of mTORC1 signaling upon 

ingestion of tumor-derived microparticles (Figure 5C).

To study whether the phenotypic switch in lung macrophages in response to ingestion 

of tumor-derived microparticles is regulated by mTOR, we treated mice intranasally with 

rapamycin to inhibit mTOR activation locally in the lungs of B16ZsGreen-injected mice. 

We found that upregulation of VCAM1, CD38, and CD63 expression on ZsGreen+ lung 

macrophages was significantly abolished upon rapamycin treatment compared with DMSO-

treated mice (Figure 5D). Through imaging, we also found that ZsGreen+ myeloid cells in 

rapamycin-treated mice failed to arrest on lung parenchyma, in contrast to DMSO-treated 

controls (Figure 5E), suggesting that macrophage phenotypic reprogramming upon the 

ingestion of tumor-derived microparticles is dependent on mTORC signaling.

Kersten et al. Page 6

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mTORC1 is required for metabolic and phenotypic reprogramming of macrophages in the 
early metastatic lung

Because intranasal administration of rapamycin does not exclusively target macrophages, 

we undertook a genetic approach to test the various contributions of the two mTORC 

signaling complexes; genetic loss of regulatory-associated protein of mTOR (Raptor) 

results in loss of the mTORC1 protein complex, while the mTORC2 complex is lost in 

mice lacking rapamycin-insensitive companion of mTOR (Rictor).19 Using mice bearing 

conditional alleles Raptorf/f and Rictorf/f together with a Cre recombinase under the control 

of the lysozyme 2 gene, we generated mice with myeloid-specific deletion of mTORC1 

(Rptrf/fLysMCre) and mTORC2 (Rctrf/fLysMCre) complexes, respectively (Figure 6A). These 

mice were bred to the C57BL/6J background for >10 generations to prevent any bias caused 

by mixed genetic backgrounds. While deficiency of mTORC1 or mTORC2 did not affect 

the proportion of lung macrophages, nor their ability to ingest ZsGreen+ tumor-derived 

microparticles (Figure S6A and S6B), we detected a significant reduction in the ability to 

increase mitochondrial mass, membrane potential, and mitochondrial function in ZsGreen+ 

versus ZsGreen− macrophages in Rptrf/fLysMCre mice compared with wild-type (WT) 

littermates or Rctrf/fLysMCre mice (Figure 6B), demonstrating that mTORC1 signaling, 

specifically, is required for the metabolic switch in macrophages upon antigen loading.

To directly test how mitochondrial metabolism in macrophages was affected after uptake 

of tumor-derived microparticles, we sorted ZsGreen+ and ZsGreen− BMDMs after 24 h of 

co-culture with B16ZsGreen cells and monitored their metabolism of isotopically labeled 

glucose (13C) for 2 h20 (Figures 6C and S6C). Ingestion of ZsGreen+ microparticles by 

WT BMDMs (WT ZsGreen+ versus WT ZsGreen−) increased mitochondrial metabolism 

of glucose indicated by increased incorporation of 13C into TCA cycle intermediates 

(Figure S6C), which corroborates our cellular respirometry data obtained with our Seahorse 

assays (Figures 4B, 4C, S5A, and S5B). This process was attenuated in mTORC1-

deficient BMDMs derived from Rptrf/fLysMCre mice (Figure S6C). Specifically, we found 

reduced isotopic labeling of succinate, malate, citrate, and alpha-ketoglutarate in ZsGreen+ 

Rptrf/fLysMCre BMDMs compared with ZsGreen+ WT BMDMs (Figure 6D).

To validate our findings from the isotopic tracing experiment in vivo, we sorted ZsGreen+ 

and ZsGreen− lung macrophages from WT, Rptrf/fLysMCre, and Rctrf/fLysMCre mice 24 

h after i.v. injection of B16ZsGreen cells (Figure 6A) and directly measured their ATP 

production. Consistently, the increased ATP production in ZsGreen+ versus ZsGreen− 

macrophages as observed in WT mice was completely abolished in Rptrf/fLysMCre mice, 

while the absence of mTORC2 in macrophages from Rctrf/fLysMCre mice displayed ATP 

production similar to controls (Figure 6E). Of note, while ZsGreen− macrophages from 

Rptrf/fLysMCre mice intrinsically showed a lower mitochondrial mass (Figure 5B) and 

isotopic labeling of succinate and alpha-ketoglutarate (Figure 5D), this did not result 

in a deficiency to produce ATP compared with Rctrf/fLysMCre mice or WT littermates 

(Figure 5E). Moreover, upregulation of VCAM1 and CD63, but not CD38, on ZsGreen+ 

macrophages was significantly lower in Rptrf/fLysMCre mice when compared with WT 

and Rctrf/fLysMCre mice (Figure 6F). We thus conclude that metabolic and phenotypic 
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reprogramming of lung macrophages after uptake of tumor material is dependent on 

mTORC1 signaling.

Finally, to test the functional significance of mTORC1-dependent macrophage 

reprogramming for the clinical outcome of metastatic disease, we i.v. injected 

Rptrf/fLysMCre mice and WT littermates with B16ZsGreen and allowed lung metastasis 

to develop. Interestingly, at 24 h post-i.v. injection with B16ZsGreen, we found a modest 

but significant increase in the proportion of ZsGreen+ CD45− cells in the lungs of 

Rptrf/fLysMCre mice compared with WT littermates (Figure 6F), suggestive of increased 

metastatic seeding. However, by 2–3 weeks of lung colonization, the total number of 

metastatic nodules (Figure S6D) or the metastatic burden (measured as the area of the lung 

affected by metastasis) (Figure S6E) was not affected by macrophage-specific mTORC1 

deficiency. This normalization may be a result of local changes in nutrient availability as a 

result of rapidly growing tumor lesions dominating the lung metastatic microenvironment.

DISCUSSION

A number of studies have implicated the important role of macrophages in the metastatic 

spread of cancer.21,22 However, it remains unclear how the early interactions between 

disseminated cancer cells and macrophages in pre-metastatic tissues dictate successful 

colonization of secondary organs. Previously, we and others have shown that tumors actively 

shed microparticles (including exosomes) into the circulation that migrate to and condition 

pre-metastatic sites such as the lungs.2,6–8,23 Shedding of extracellular particles and vesicles 

has been observed in several physiological and pathological conditions.9 Some studies 

have reported that these vesicles, released in conditions of cellular energetic stress, contain 

mitochondria or mitochondria-derived components.2,5,24 However, how ingestion of these 

particles dictates immune cell phenotype and function in the context of the metastatic spread 

of cancer remains largely unknown. In this work, we have demonstrated that ingestion of 

tumor-derived microparticles induces a metabolic and phenotypic switch in non-resident 

macrophages in the early metastatic lung that is highly dependent on mTORC1 signaling. 

We found that this reprogramming event is specific for the uptake of tumor-derived material. 

Thus, these initial changes might be an important step for shaping macrophage function 

during the metastatic spread of cancer.

A growing number of studies have highlighted the importance of metabolism in dictating 

macrophage activation and function.25–29 However, a large number of contradictory 

observations have complicated their interpretation, possibly caused by fundamental 

differences between in vitro and in vivo experimental settings and the fact that the 

binary anti-tumor or ‘‘M1-like’’ versus pro-tumor ‘‘M2-like’’ polarization model does not 

accurately reflect the heterogeneity of macrophages, especially in the context of cancer.30–32 

For example, mTORC1-driven differentiation of monocytes into M2-like tumor-associated 

macrophages (TAMs) was found to promote angiogenesis and tumor growth in a liver 

cancer model.33 In contrast, Wenes et al. reported that activation of mTORC1–through 

deletion of REDD1–in hypoxic TAMs enhanced a switch to glycolysis, normalized the 

tumor vasculature restoring oxygenation, and prevented formation of metastasis.34 Our data 

add another layer that might explain some of these seemingly conflicting results. Our 
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work shows that the initial ingestion of tumor-derived material induces rapid mTORC1 

activation in macrophages driving metabolic programs characterized by enhanced oxidative 

phosphorylation that support an anti-metastatic function in the pre-metastatic lung (Figure 

6G). However, this anti-tumor phenotype seems to be lost upon prolonged exposure to 

growing metastatic lesions (Figures S6D and S6E). It is plausible that the high metabolic 

demand of tumor cells in overt metastatic lungs enforces temporal changes in the local 

composition of oxygen and nutrients that result in spatiotemporal metabolic changes driving 

a shift in macrophage function from an anti-tumor to a pro-tumor state. Adding to the 

complexity, the metabolic changes in immune cells observed in tumor studies seem to be 

highly dependent on context, including the timing of experimental analysis and the type 

of pre-clinical cancer model used. For example, uptake of glioblastoma-derived material 

by microglia in the brain was shown to downregulate pathways involved in immune 

recognition, sensing of metabolic signals, and tumor cell killing and upregulate genetic 

programs that support tumor growth and invasion.35,36 Our observation that ZsGreen+ 

macrophages downregulate expression of a ‘‘DC signature’’ (Figure 1D) is in line with 

these findings and suggests that uptake of tumor-derived material reprograms macrophages 

to a more pro-tumorigenic phenotype. The significant enrichment of metabolism-related 

pathways in our dataset might be caused by capturing the very early stages (24 h post-i.v. 

injection) of this reprogramming event. We expect that over time, with the tumor burden 

in the lung increasing, the macrophage phenotype will change and co-evolve with the 

establishment of an immunosuppressive tumor microenvironment (TME). Thus, further 

studies are needed to understand how macrophage function is shaped by changes in 

metabolic states over time in growing tumors.

Manipulation of macrophages has been an interesting avenue for therapeutic intervention to 

prevent or slow down tumor progression and metastatic spread in a substantial proportion of 

patients with cancer. However, the success of myeloid cell-targeting compounds in clinical 

trials has been limited.37 A major caveat in developing macrophage-targeting compounds 

is most likely a lack of specificity caused by the extremely heterogeneous and plastic 

nature of these cells. Ideally, one would target pro-tumor macrophage states and leave the 

anti-tumor macrophages unaffected. Based on our study and others’, it would be interesting 

to identify ways of targeting certain metabolic states in macrophages to selectively suppress 

the pro-tumor function of macrophages and enhance their anti-tumor function to work in 

conjunction with other anti-cancer therapies.

Limitations of the study

Here, we present that macrophages ingesting tumor-derived microparticles in the early 

metastatic lung undergo a functional reprogramming event that is characterized by 

increased mitochondrial metabolism. Refined studies are needed to determine whether 

these particles contain tumor-derived (damaged) mitochondria that could result in the 

increase in mTORC1-dependent metabolic processes in macrophages. Additionally, our 

study only covered the very early phases of interaction between disseminated tumor cells 

and macrophages in the lung. To take into account other environmental stimuli that are 

present in the developing metastatic TME, more elaborate studies are required to assess 

Kersten et al. Page 9

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the functional consequences of macrophage reprogramming at different time points during 

metastatic progression.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Mark Headley 

(mheadley@fredhutch.org).

Materials availability—All unique reagents generated in this study are available from the 

lead contact without restriction.

Data and code availability

• Bulk Murine RNA-seq data are publicly available as of the date of publication 

(GEO accession code GSE230517.) Infinity Flow data are available as FCS files 

from Flow Repository (ID# FR-FCM-Z68V.) Accession numbers are also listed 

in the key resources table.

• No original code was written for analyses contained in this manuscript; all 

analyses were carried out using publicly available resources. DOIs are listed in 

the key resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mice were treated in accordance with the regulatory standards of the National 

Institutes of Health and American Association of Laboratory Animal Care and were 

approved by the UCSF Institution of Animal Care and Use Committee and were maintained 

under specific pathogen-free conditions at the University of California, San Francisco 

Animal Barrier Facility. C57BL/6J mice were purchased from The Jackson Laboratory. 

MacBlue mice were a gift from David Hume (The Roslin Institute). Rptrf/f and Rctrf/f mice 

(a gift from Xin Chen, UCSF) were bred to LysMCre mice (strain # 004781, The Jackson 

Laboratory) for >10 generations. MEFs were derived from Ai6;β-actinCre mice that were 

generated by crossing β-actinCre (strain # 033984, The Jackson Laboratory) to Ai6 mice 

(strain # 007906,The Jackson Laboratory) as previously described.2 Both male and female 

mice ranging in age from 6 to 20 weeks were used for experimentation. Food and water were 

provided ad libitum.

Cell lines—B16F10-ZsGreen cells were previously generated in our laboratory as 

described.2 B16F1-ZsGreen and Lewis Lung Carcinoma (LLC)-ZsGreen cells were 

generated through transduction of B16F1 or LLC with empty pSiren-ZsGreen (Clontech). 

All cells were cultured under standard conditions 37°C in 5% CO2 in DMEM (GIBCO), 

10% FCS (Benchmark), 1% Pen/Strep/Glut (Invitrogen) unless stated otherwise.
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METHOD DETAILS

Cell line intravenous injections—Adherent tumor cells or MEFs were grown to 

confluency and harvested using 0.05% Trypsin-EDTA (GIBCO) and washed 3x with PBS 

(GIBCO). For studies involving acute responses, 5–10x105 cells were injected intravenously 

(i.v.) via the tail vein in a final volume of 100μL PBS and mice were euthanized 24 h 

later. For uptake of beads, 1x109 FITC-labeled polystyrene beads (Sigma) were resuspended 

in 100μL PBS and injected i.v. and mice were euthanized 24 h later. For long-term 

metastasis experiments, 1.5 × 105 B16ZsGreen cells in PBS were injected i.v. and mice 

were euthanized 2–3 weeks later and lungs were harvested for analysis.

Rapamycin treatment in vivo—Rapamycin (Millipore Sigma) at 0.4 mg per kg was 

delivered intranasally into mice one day prior to and 1 h post i.v. administration of 

B16ZsGreen. Mice were euthanized 24 h later and lungs were harvested for analysis.

Mouse lung digestion—Lungs were collected from mice following euthanasia by 

overdose with 2.5% Avertin. Lungs were placed in 3 mL of DMEM (GIBCO) in C-

Tubes (Miltenyi) briefly processed with a GentleMACS Dissociator (Miltenyi). 2 mL of 

DMEM with 0.26 U ml−1 LiberaseTM (Roche) and 0.25 mg mL−1 DNase I (Roche) was 

subsequently added and samples were then incubated at 37°C in a shaker for 30 min and 

dissociated to single cell suspensions by GentleMACS. Tissue homogenate was then passed 

through a 100 μm filter. Red blood cells were lysed with 3 mL of 175 mM NH4Cl per lung 

for 5 min at room temperature. Samples were then washed with FACS buffer (2% FBS in 

PBS) and resuspended in appropriate buffer for staining for flow cytometry or FACS-sorting.

Flow cytometry and fluorescence-activated cell sorting—For flow cytometric 

analyses, cells were washed with PBS prior to staining with Zombie NIR Fixable live/dead 

dye (Biolegend) for 20 min at 4°C. Cells were washed in PBS followed by surface staining 

for 30 min at 4°C with directly conjugated antibodies diluted in FACS buffer containing 

anti-CD16/32 (clone 2.4G2; BioXCell) to block non-specific binding. Cells were washed 

again with FACS buffer. For intracellular staining, cells were fixed for 20 min at 4°C 

using the FOXP3 Fix/Perm kit (BD Biosciences), and washed in permeabilization buffer. 

Antibodies against intracellular targets were diluted in permeabilization buffer and cells 

were incubated for 30 min at 4°C followed by another wash prior to readout on a BD LSR 

Fortessa SORP cytometer.

For FACS-sorting, cells were washed in PBS followed by surface staining for 30 min at 

4°C with directly conjugated antibodies diluted in FACS buffer containing anti-CD16/32. 

Cells were washed with FACS buffer and filtered over a 70μm mesh. Immediately prior to 

sorting, DAPI was added to exclude dead cells. Cells were sorted on a BD FACSAria Fusion 

and BD FACSAria2. Sorted myeloid cells were collected in DMEM (GIBCO), 10% FCS 

(Benchmark), Pen/Strep/Glut (Invitrogen) at 4°C for further use ex vivo.

For mitochondrial analysis, Mitotracker Deep Red FM (Invitrogen) at 200nM and TMRM 

(Thermo Fisher Scientific) at 100nM were used for staining of lung cells for the detection 

of mitochondrial mass and membrane potential. Cells were stained with Mitotracker and 

TMRM in DMEM at 37°C for 30 min before staining with surface antibodies.
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RNA sequencing—ZsGreen+ and ZsGreen− macrophages were isolated from lungs of 

mice 24 h post i.v. injection with B16ZsGreen. Cells were double sorted to ensure high 

purity. 200 cells were isolated for each sample with 4 biological replicates. Cells were 

sorted directly into 100ul of Arcturus PicoPure Lysis Buffer. RNA was prepared using the 

Arcturus PicoPure RNA Isolation Kit (ThermoFisher). Libraries were prepared for each 

sample utilizing the Nugen Ovation Library Preparation Kit (Tecan). Single End 50bp 

sequencing was performed on an Illumina HiSeq 3000. Data were aligned to the Mus 
musculus Ensembl GRCm38 v.78 genome and those reads uniquely mapping to Ensembl 

IDs were tabulated using STAR_2.4.2a. The resulting sample by gene matrix was passed to 

DESeq2 for downstream normalization and differential expression testing.

Pathway enrichment analysis—For gene set enrichment analysis of samples derived 

from ZsGreen+ and ZsGreen− macrophages, log2 fold changes between groups were 

calculated for each protein coding gene that was expressed at greater than 5 counts 

per million (cpm). The resulting, ordered list was passed to the GSEApreRanked 

function, implemented in GSEA software, downloaded from the Broad Institute 

(www.gsea-msigdb.org/gsea/index.jsp). GSEApreRanked was run with default parameters 

on both Hallmark and c5 gene set collections contained in the Broad’s Molecular 

Signatures Database (MSigDB). Results from the c5 gene set were passed to Cytoscape 

(www.cytoscape.org) software (v3.71) which was run using default parameters to generate 

pathway network plots.

Infinity flow—Infinity Flow was performed as previously described.10 Briefly, single cell 

suspensions of mouse lungs were washed with PBS prior to staining with Zombie NIR 

Fixable live/dead dye (Biolegend) for 20 min at room temperature (RT). Following staining, 

a 10-fold volume of Cell Staining Buffer (BioLegend) was added to neutralize any unbound 

dye and cells were centrifuged at 300g for 5 min. Cells were resuspended at 20 × 106 

cells/ml in Cell Staining Buffer, and nonspecific staining was then blocked by addition of 

anti-CD16/32 (2 μg/mL; mouse TrueStain FcX, BioLegend), 2% rat serum (Invitrogen), 

and 2% Armenian hamster serum (Innovative Research) followed by 15 min incubation at 

4°C. Cells were then washed, resuspended in Cell Staining Buffer and a master mix of the 

indicated Backbone antibody panel10 at 20 × 106 cells/ml, and incubated for 30 min at 4°C. 

Following Backbone staining, cells were washed twice and resuspended at 20 × 106 cells/ml 

in Cell Staining Buffer and 75 μL was added to each well of the LEGENDScreen plates. 

Staining and fixation were performed exactly as per manufacturer directions. Note a portion 

of the dataset described, here in Figure 1, was published in9 alongside the Infinity Flow 

method. This data represents an expanded dataset and the analysis is non-overlapping. These 

data are available for download from FlowRepository (Repository ID: FR-FCM-Z68V).

Two photon imaging of mouse lung slices and analysis—Slice imaging was 

performed as previously described.2 Briefly, MacBlue mice were injected with 1 × 106 

B16ZsGreen cells through the tail vein. After 24 h, mice were euthanized by anesthetic 

overdose with 1 mL 2.5% Avertin and then intubated by tracheotomy with the sheath 

from an 18-gauge i.v. catheter. Lungs were subsequently inflated with 1 mL of 2% low 

melting agarose (BMA) in sterile PBS at 37°C. Agarose was then solidified by flooding 
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the chest cavity with 4°C PBS. Inflated lungs were excised, and the left lobe was cut into 

250μm sections using a vibratome. Sections were mounted on plastic coverslips and imaged 

by two-photon microscopy at 37°C in carbogen (5% CO2:95% O2)-perfused RPMI-1640 

media (GIBCO, without Phenol Red) in a heated chamber. The Maitai laser of two-photon 

microscope was set to 800nm for excitation of CFP. The Chameleon laser was set to 950nm 

for excitation of ZsGreen. Emitted light was detected using a 25x 1.2NA water lens (Zeiss) 

coupled to a 6-color detector array (custom; using Hamamatsu H9433MOD detectors). 

Emission filters used were blue 475/23, green 510/42, yellow 542/27, red 607/70, far red 

675/67. The microscope was controlled by the MicroManager software suite, and time-lapse 

z stack images were acquired every 90 s with five-fold averaging and z-step of 4μm. Data 

analysis was performed with Imaris software (Bitplane).

Bone marrow-derived macrophage (BMDM) and B16ZsGreen coculture—Bone 

marrow was obtained from femurs and tibia of C57BL6/J mice and cultured in DMEM 

(GIBCO), 10% FCS (Benchmark), Pen/Strep/Glut (Invitrogen) in the presence of 20 ng/ml 

M-CSF (Peprotech) for 5 days. BMDM were then co-cultured with B16ZsGreen cells at a 

5:1 ratio for 24 h before assays.

Extracellular flux analysis—Extracellular flux was measured using a Seahorse XFe24 

or XFe96 Analyzer (Agilent) using Mito Stress Test Kits (Aligent Technologies) per 

manufacturer instructions. Sorted CD11b+ BMDM or lung macrophages were plated in 

poly-L-lysine-coated XFe24 or XFe96 plates for 1 h before the assay. Respiration was 

measured in the basal state and in response to 1μM oligomycin, 1μM FCCP and 0.5μM 

rotenone and antimycin A.

Quantification of ATP luminescence—ATP production from FACS-sorted lung 

macrophages was measured using Luminescent ATP Detection Assay Kit (Abcam) per 

manufacturer instructions. Lung macrophages were plated in poly-L-lysine-coated 96 flat 

bottom plates 1 h prior to ATP detection. Luminescence was measured using FlexStation 3 

Multi-Mode Microplate Reader (Molecular Devices).

Metabolic tracing of isotopically labeled 13C-glucose—BMDM and B16ZsGreen 

co-culture was performed as noted above. After 24 h, cells were collected and FACS-sorted 

based on ZsGreen-positivity (ZsGreen−, ZsGreen+ and non-tumor challenged (NT)). X cells 

were cultured in xx flat bottom plates and allowed to rest for 1 h in D10. The medium 

was exchanged for DMEM medium containing 25 mM 13C-glucose (Cambridge Isotope 

Laboratories Inc., CLM-1396) and no additional 12C-glucose for 2 h. Cells were washed 

twice with PBS and extracted with mass spectrometry grade 80% methanol (ThermoFisher, 

A456–1) and 20% water (ThermoFisher, W6500) supplemented with 5 nmol DL-Norvaline 

(Sigma, N7502). Protein concentrations of the methanol extract were determined via BCA 

(Pierce, 23225) with no significant variability assessed (5 μL transferred into 45 μL RIPA 

buffer, 5 μL of the RIPA dissolved solution assayed). Insoluble material was pelleted in a 

4°C centrifuge at 16,000g, the supernatant was transferred and dried in a Speedvac. Dried 

metabolites were resuspended in 50% ACN:water and 1/10th of the volume was loaded 

onto a Luna 3 μm NH2 100A (150 × 2.0 mm) column (Phenomenex). The chromatographic 
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separation was performed on a Vanquish Flex (Thermo Scientific) with mobile phases A 

(5 mM NH4AcO pH 9.9) and B (ACN) and a flow rate of 200 μL/min. A linear gradient 

from 15% A to 95% A over 18 min was followed by 9 min isocratic flow at 95% A and 

re-equilibration to 15% A. Metabolites were detected with a Thermo Scientific Q Exactive 

mass spectrometer run with polarity switching (+3.5 kV/−3.5 kV) in full scan mode with 

an m/z range of 65–975. TraceFinder 4.1 (Thermo Scientific) was used to quantify the 

targeted metabolites by area under the curve using expected retention time and accurate 

mass measurements (<5 ppm). Values were normalized to cell number and sample protein 

concentration. Relative amounts of metabolites were calculated by summing up the values 

for all isotopologues of a given metabolite. Fractional contribution (FC) of 13C carbons 

to total carbon for each metabolite was calculated.38 Data analysis was performed using 

in-house developed R scripts.

Quantification of metastatic burden—Metastatic seeding: The proportion of 

CD45−ZsGreen+ cells was gated of total live cells from total lung single cell suspensions 24 

h after i.v. administration of 5–10 × 105 B16ZsGreen cells using flow cytometry.

Overt metastatic disease: The number of metastatic foci on the surface of all the lobes were 

counted by eye by two blinded researchers under a dissection microscope. The left lobe 

was fixed in 4% PFA and processed into formalin-fixed paraffin-embedded tissue blocks. 

One section was stained in H&E and the total area of the lung affected by metastasis was 

quantified by manually outlining metastatic nodules and total lung lobe in ImageJ. The 

metastatic burden was calculated as the percentage of area affected by metastatic nodules as 

a fraction of the total lung lobe area.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Unless specifically noted, all data are representative of ≥2 separate 

experiments. Experimental group assignment was determined by random designation. 

Statistical analyses were performed using GraphPad Prism software. Error bars represent 

±standard error of the mean (S.E.M.) calculated using Prism. Specific statistical tests used 

were paired and unpaired Student’s t-tests, Mann-Whitney U-test, and two-way ANOVA 

as specified in the figure legends. p-values <0.05 were considered statistically significant. 

Investigators were not blinded to group assignment during experimental procedures or 

analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Ingestion of tumor-derived material induces phenotypic reprogramming in 

macrophages

• Macrophage reprogramming impacts patrolling behavior in response to tumor 

cells

• ZsGreen+ macrophages show enhanced mitochondrial metabolism 

characterized by OXPHOS

• mTORC1 is required for enhanced OXPHOS and ATP production in 

ZsGreen+ macrophages
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Figure 1. Uptake of tumor-derived microparticles induces transcriptional and phenotypic 
reprogramming of macrophages in the early metastatic lung
(A) Schematic overview of experimental setup. Lungs were harvested 24 h post-i.v. 

administration of ZsGreen+ cells in the tail vein.

(B) Quantification of flow cytometric analysis of the uptake of ZsGreen+ microparticles by 

distinct CD45+ myeloid cell populations in the lung 24 h post-i.v. injection of cancer cells 

(B16F10, B16F1, or Lewis lung carcinoma [LLC]), mouse embryonic fibroblasts (MEFs), or 

FITC-labeled polystyrene beads.

(C) Heatmap displaying differential expression of surface protein markers on myeloid cell 

populations in the lung 24 h post-i.v. injection of B16ZsGreen cells using Infinity Flow 

surface proteomics.

(D) Heatmap displaying the top differentially expressed genes (DEGs) in ZsGreen+ and 

ZsGreen− macrophages isolated from lungs of mice 24 h post-i.v. injection of B16ZsGreen 

cells as described in (A). DEGs related to mitochondria (‘‘mitochondrial signature’’), 
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cellular adhesion markers (‘‘surface signature’’), and dendritic cell functions (‘‘DC 

signature’’) are color coded separately. n = 4 per group. DEGs were selected based on 

cutoff of false discovery rate (FDR) <0.05.

(E) Correlation between proteomics (ratio of ZsGreen+/ZsGreen−) and RNA expression 

(log2 fold change) data in lung macrophages.

See also Figure S1.
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Figure 2. Ingestion of tumor-derived microparticles induces phenotypic reprogramming of 
macrophages in the early metastatic lung
(A) Schematic overview of experimental setup. Lungs were harvested 24 h post-i.v. 

administration of B16ZsGreen+ cells or MEFZsGreen+ cells in the tail vein.

(B) Quantification of VCAM1, CD38, and CD63 in ZsGreen− and ZsGreen+ lung 

macrophages 24 h post-i.v. injection of B16ZsGreen (B16) or MEFZsGreen (MEF) by flow 

cytometry.

(C) Experimental layout of live precision-cut tissue slice imaging of lungs of MacBlue mice 

harvested post-i.v. injection of B16ZsGreen.

(D) Representative image and track displacement display of ZsGreen+ versus ZsGreen− 

ECFP+ cells over 1 h in live lung slices from MacBlue mice at 24 h post-i.v. injection 

of B16ZsGreen cells. White arrows indicate ZsGreen-microparticle-ingested ECFP+ cells. 

Track length ranges from 3 (cyan) to 35 μm (pink). Scale bar: 40 μm.

(E) Quantification of the instant speed of ECFP+ cells in live lung slices.

Data are pooled from three different regions of interest (ROIs) and are representative of two 

independent experiments. ****p < 0.0001, **p < 0.01 as determined by Student’s t test.

See also Figures S2–S4.
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Figure 3. Tumor-derived antigen loading drives mitochondrial reprogramming in lung 
macrophages
(A) Cytoscape network analysis of enriched pathways in ZsGreen+ versus ZsGreen− lung 

macrophages. Also see Table S1 for a list of the identity of pathways in each cluster.

(B) Schematic overview of experimental setup. Lungs were harvested 24 h post-i.v. injection 

of B16ZsGreen or MEFZsGreen in the tail vein.

(C) Representative contour plots and histograms of MitoTracker DeepRed and TMRM 

staining of ZsGreen+ and ZsGreen− lung macrophages.

(D and E) Quantification of mitochondrial mass (MitoTracker DeepRed), mitochondrial 

membrane potential (TMRM), and mitochondrial function (ratio of the percentage of 

TMRMhi to TMRMlo cells) in ZsGreen− and ZsGreen+ lung macrophages 24 h post-i.v. 

injection of B16ZsGreen (B16), MEFZsGreen (MEF), FITC-labeled polystyrene beads 

(Beads), or non-tumor-challenged (NT) mice.
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Data are representative of two or three independent experiments; ****p < 0.0001, ***p < 

0.001, **p < 0.01, *p < 0.05 as determined by the paired Student’s t test.
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Figure 4. Metabolic reprogramming of lung macrophages upon ingestion of tumor-derived 
microparticles is characterized by enhanced oxidative phosphorylation
(A) Schematic overview of experimental layout. Bone marrow-derived macrophages 

(BMDMs) and B16ZsGreen cells were co-cultured in 5:1 ratio for 24 h, after which CD11b+ 

ZsGreen−, ZsGreen+, or NT BMDMs were isolated using FACS and used for downstream 

analysis.

(B) FACS CD11b+ ZsGreen−, ZsGreen+, and NT BMDMs were plated into Seahorse XFe24 

plates, and the oxygen consumption rate (OCR) was determined using Seahorse extracellular 

flux assay with oligomycin (Oligo), FCCP, and rotenone and antimycin A (Rot/Ant) added 

sequentially.

(C) Quantification of basal respiration, ATP production, maximal respiration, and spare 

respiratory capacity (SRC) from extracellular flux assay.
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(D) Schematic overview of experimental layout of isolation of ZsGreen− and ZsGreen+ 

macrophages from lungs harvested 24 h post-i.v. injection of B16ZsGreen or MEFZsGreen 

cells by FACS.

(E) Quantification of ATP production in FACS ZsGreen− and ZsGreen+ macrophages 

described in (D) determined by luminescence detection per manufacturer instructions.

Data are representative of two independent experiments; all data are represented as mean ± 

SEM; **p < 0.01, *p < 0.05 as determined by unpaired Student’s t test (C) or two-way (E) 

ANOVA and Sidak’s multiple comparison test.

See also Figure S5.
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Figure 5. Phenotypic reprogramming of tumor microparticle-ingesting macrophages is mTORC1 
dependent
(A) Hallmark pathway analysis showing pathways upregulated (normalized enrichment 

score > 0) or downregulated (normalized enrichment score < 0) in ZsGreen+ versus 

ZsGreen− macrophages.

(B) Heatmap displaying expression of single DEGs in mTORC1 pathway in ZsGreen− 

versus ZsGreen+ macrophages.

(C) Quantification of phospho-(p)4EBP1 and pS6 expression on ZsGreen− versus ZsGreen+ 

macrophages 24 h post-i.v. injection of B16ZsGreen by intracellular flow cytometry.

(D) Quantification of VCAM1, CD38, and CD63 on ZsGreen− versus ZsGreen+ lung 

macrophages harvested 24 h post-i.v. injection of B16ZsGreen. Intranasal DMSO or 

rapamycin (0.4 mg/kg) was administered twice, once on the day before and once on the 

day of tumor injection.

(E) Quantification of the instant speed of ZsGreen− versus ZsGreen+ ECFP+ cells in live 

lung slices from the same mice depicted in (D).

Data are pooled from three different ROIs for each group. Data are representative of two 

independent experiments; ****p < 0.0001, ***p < 0.001 as determined by paired Student’s t 

Kersten et al. Page 26

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



test (C), two-way ANOVA and Sidak’s multiple comparison test (D), and unpaired Student’s 

t test (E).
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Figure 6. mTORC1 is required for metabolic and phenotypic reprogramming of macrophages in 
the early metastatic lung
(A) Experimental layout of B16ZsGreen administration in mTORC1-deficient Rptrf/f/
LysMCre, mTORC2-deficient Rctrf/f/LysMCre mice, and wild-type (WT) littermates.

(B) Quantification of mitochondrial mass (MitoTracker DeepRed), mitochondrial membrane 

potential (TMRM), and mitochondrial function (ratio of the percentage of TMRMhi to 

TMRMlo cells) in ZsGreen− and ZsGreen+ lung macrophages 24 h post-i.v. injection of 

B16ZsGreen in indicated groups of mice by flow cytometry. Statistical differences were 

determined by Student’s unpaired t test.

(C) Schematic overview of metabolomics experiment. WT or Rptrf/f/LysMCre BMDMs were 

co-cultured with B16ZsGreen at a 5:1 ratio for 24 h followed by FACS of ZsGreen−, 

ZsGreen+, and NT BMDMs. Cells were rested for 1 h, and media were substituted with 

media containing isotopically labeled glucose (13C) for 2 h,20 upon which cells were 

fixed and metabolites were extracted for liquid chromatography/mass spectrometry (LC/MS) 

analysis.
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(D) Normalized fractional contribution of incorporation of 13C-glucose in selected TCA 

cycle metabolites in FACS ZsGreen−, ZsGreen+, and NT WT or mTORC1-deficient Rptrf/f/
LysMCre BMDMs.

(E) Quantification of ATP production in ZsGreen− or ZsGreen+ macrophages isolated from 

lungs of indicated groups of mice.

(F) Fold increase of VCAM1, CD38, and CD63 expression on ZsGreen+ over ZsGreen− lung 

macrophages in indicated groups of mice. N = 3–5 per group.

(G) Quantification of CD45− ZsGreen+ tumor cells of total live cells in lungs 24 h post-i.v. 

injection of B16ZsGreen indicative of metastatic seeding by flow cytometry (n = 19–20 

mice/group; pooled data from 5 independent experiments).

All data are representative of at least two independent experiments; **p < 0.01, *p < 0.05 

as determined by unpaired Student’s t test (B, D, and F), two-way ANOVA and Sidak’s 

multiple comparison test (E), and Mann-Whitney U test (G).

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD11b - BV605 (clone M1/70) Biolegend Cat# 101237; RRID:AB_11126744

anti-mouse CD11c - BV510 (clone N418) Biolegend Cat# 117337; RRID:AB_2562010

anti-mouse CD11c - PerCp-Cy5.5 (clone N418) Biolegend Cat# 117328; RRID:AB_2129641

anti-mouse CD19 - BV785 (clone 6D5) Biolegend Cat# 115543; RRID:AB_11218994

anti-mouse CD24 - PECy7 (clone M1/69) Biolegend Cat# 101822; RRID:AB_756048

anti-mouse CD38 - BV711 (clone 90/CD38) BD BioSciences Cat# 740697; RRID:AB_2740381

anti-mouse CD38 - PE (clone 14.27) Biolegend Cat# 250505; RRID:AB_2563069

anti-mouse CD45 - PerCp-Cy5.5 (clone 30-F11) Biolegend Cat# 103132; RRID:AB_893340

anti-mouse CD45 - AF700 (clone 30-F11) Biolegend Cat# 103128; RRID:AB_493715

anti-mouse CD45R (B220) - BV785 (clone RA3-6B2) Biolegend Cat# 103245, RRID:AB_11218795

anti-mouse CD63 - PE (clone NVG-2) Biolegend Cat# 143904; RRID:AB_11204430

anti-mouse CD90.2 - BV785 (clone 30-H12) Biolegend Cat# 105331; RRID:AB_2562900

anti-mouse CD103 - APC (clone 2E7) Biolegend Cat# 121414; RRID:AB_1227502

anti-mouse CD106 - BV650 (clone 429(MVCAM.A)) BD BioSciences Cat# 740471; RRID:AB_2740196

anti-mouse CD106 - PE (clone 429 (MVCAM.A)) Biolegend Cat# 105713; RRID:AB_1134166

anti-mouse Ly6C - BV711 (clone HK1.4) Biolegend Cat# 128037; RRID:AB_2562630

anti-mouse Ly6G - BV785 (clone 1A8) Biolegend Cat# 127645; RRID:AB_2566317

anti-mouse MHCII (I-A/I-E) - AF700 (clone M5/114.15.2) Biolegend Cat# 107622; RRID:AB_493727

anti-mouse MHCII (I-A/I-E) - BV650 (clone M5/114.15.2) Biolegend Cat# 107641; RRID:AB_2565975

anti-mouse NK1.1 - BV785 (clone PK136) Biolegend Cat# 108749; RRID:AB_2564304

anti-mouse SiglecF - BV785 (clone E50-2440) BD BioSciences Cat# 740956; RRID:AB_2740581

Phospho-S6 Ribosomal Protein (ser235/236)XP - PE (clone D57.2 2E) Cell Signaling Technologies Cat# 5316S

Phospho-4E-BP1(Thr37/46)- AF647 (clone 236B4) Cell Signaling Technologies Cat# 5123S

anti-mouse CD16/32 (clone 2.4G2) BioXCell Cat# BE0307

Normal Rat Serum Thermo Fisher Cat# 10710C

Biological samples

Mouse tissue samples (lungs) UC San Francisco IACUC: AN184232

Chemicals, peptides, and recombinant proteins

Dnase I Millipore Sigma 10104159001

Liberase TM Roche 5401127001

Rapamycin Millipore Sigma 553210

Zombie NIR Fixable Viability Dye Biolegend 423106

Mitotracker Deep Red FM Thermo Fisher Scientific M22426

TMRM Thermo Fisher Scientific I34361

Low Melting Agarose Lonza 50080

Recombinant murine M-CSF Peprotech 315–02
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REAGENT or RESOURCE SOURCE IDENTIFIER

poly-L-lysine Sigma-Aldrich P8920

Critical commercial assays

Foxp3/Transcription Factor Staining Buffer Kit BD Biosciences 554655

Seahorse XFe24 Analyzer Extracellular Flux Assay Kit Agilent Technologies 102340–100

Seahorse XFe96 Analyzer Extracellular Flux Assay Kit Agilent Technologies 102416–100

Seahorse XF Cell Mito Stress Test Kit Agilent Technologies 103015-100

UltraComp eBeads Compensation Beads Fisher Scientific 01-2222-42

Luminescent ATP Detection Assay Kit Abcam ab113849

Deposited data

All bulk RNAseq data This paper GEO: GSE230517

InfinityFlow on lung immune cells Becht et al.10 FlowRepository: FR-FCM-Z68V

Experimental models: Cell lines

B16F1ZsGreen This paper N/A

B16F10 AATCC CRL-6475

B16ZsGreen This paper N/A

LLCZsGreen This paper N/A

MEFZsGreen This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Stock# 000664

Mouse: MacBlue David Hume, Roslin Institute MGI: 5587942

Mouse: Raptor F/F Xin Chen, University of 
California San Francisco

MGI: 4879103

Mouse: Rictor F/F Xin Chen, University of 
California San Francisco

MGI: 5448837

Mouse: LysM-Cre (B6.129P2-Lyz2tm1(cre) Ifo/J) The Jackson Laboratory Stock# 004781

Mouse: β-actin-Cre (B6.FVB-Tmem163Tg(ACTB-cre)2Mrt/EmsJ) The Jackson Laboratory Stock# 033984

Mouse: Ai6 (B6.Cg-Gt(ROSA) 26Sortm6(CAG-ZsGreen1)Hze/J) The Jackson Laboratory Stock# 007906

Software and algorithms

Imaris Bitplane https://imaris.exinst.com/

ImageJ NIH https://imagej.nih.gov/ij/

FlowJo Becton Dickinson https://flowjo.com/

R: The Project for Statistical Computing N/A http://r-project.org
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