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SUMMARY
Tumor vessel co-option is poorly understood, yet it is a resistance mechanism against anti-angiogenic ther-
apy (AAT). The heterogeneity of co-opted endothelial cells (ECs) and pericytes, co-opting cancer andmyeloid
cells in tumors growing via vessel co-option, has not been investigated at the single-cell level. Here, we use a
murine AAT-resistant lung tumor model, in which VEGF-targeting induces vessel co-option for continued
growth. Single-cell RNA sequencing (scRNA-seq) of 31,964 cells reveals, unexpectedly, a largely similar tran-
scriptome of co-opted tumor ECs (TECs) and pericytes as their healthy counterparts. Notably, we identify cell
types that might contribute to vessel co-option, i.e., an invasive cancer-cell subtype, possibly assisted by a
matrix-remodeling macrophage population, and another M1-like macrophage subtype, possibly involved in
keeping or rendering vascular cells quiescent.
INTRODUCTION

Many tumors establish a vascular supply via vessel sprouting

(commonly referred to as angiogenesis), which has been widely

studied and has become a target for anti-angiogenic therapy

(AAT) (Carmeliet and Jain, 2011). However, tumors can also
This is an open access article under the CC BY-N
grow and invade the surrounding parenchymal tissue via alterna-

tive vascularizationmechanisms, including vessel co-option (Car-

meliet and Jain, 2011). In this process, cancer cells ‘‘hijack’’ pre-

existing blood vessels to grow and invade healthy tissue (Donnem

et al., 2018; Kuczynski et al., 2019). Vessel co-option occurs

frequently in primary and metastatic tumors and is often
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associated with a worse prognosis (Kuczynski et al., 2019). How-

ever, thisphenomenonhasbeenpoorly studied,andonlyahandful

of molecular mechanisms have been proposed (Donnem et al.,

2018; Lucio-Eterovic et al., 2009; Valiente et al., 2014), explaining-

why there are currently no tangible therapeutic strategies to target

vessel co-option.

The cellular heterogeneity in tumors growing via vessel

co-option has been minimally studied and only through

bulk RNA sequencing (RNA-seq) analysis (Lucio-Eterovic

et al., 2009) but not at the single-cell level. However,

because vessel co-option often co-exists with vessel sprout-

ing in tumors (Bridgeman et al., 2017; Pezzella et al., 1997)

and insufficient marker genes of co-opted tumor endothelial

cells (ECs) (TECs) are available to reliably distinguish co-

opted from angiogenic ECs, we performed single-cell RNA-

seq (scRNA-seq) to distinguish both EC types in silico.

Furthermore, it is unknown whether (1) co-opted TECs tran-

scriptionally differ from healthy, normal ECs (NECs); (2) co-

opted pericytes adopt a distinct phenotype; and (3) co-opt-

ing cancer and immune cells in tumors growing via vessel

co-option express different transcriptomic signatures. To

address these questions, we performed an exploratory study

to characterize the transcriptional phenotypes of the

different cell types in tumors growing via vessel co-option

at the single-cell level.

Vessel co-option can be induced by VEGF (receptor)-

blockade AAT in human colorectal liver metastases and in

mouse models of hepatic cell carcinoma, glioma, brain metas-

tases, and renal cancer lung metastases (Kuczynski et al.,

2019). In fact, vessel co-option has been proposed to be a

mechanism of resistance against VEGF-targeted AAT (Bridge-

man et al., 2017; Frentzas et al., 2016; Kuczynski et al.,

2016). However, there are <100 publications on vessel co-op-

tion, in contrast to the >100,000 publications on vessel sprout-

ing. Because of the clinical importance to unravel the molecular

basis of tumor vessel co-option when contributing to the resis-

tance against VEGF-blockade AAT, we focused this study pri-

marily on that process. The primary goal, however, was not

to provide a comprehensive single-cell taxonomy of each cell

type in tumors growing via vessel co-option; rather, we aimed

at identifying cellular phenotypes putatively contributing to tu-

mor vessel co-option.
Figure 1. scRNA-seq of ECs from a renal cancer experimental lung me

(A) Scheme of study design of EC-enriched cohort.

(B) t-SNE plot color-coded for the 10 identified EC subtypes.

(C) t-SNE plots color-coded for ECs from a healthy condition (NEC) and tumor con

(D) Gene expression levels of top-10 marker genes of TEC subtypes. In this and a

high expression; blue, low expression.

(E) Left, relative composition of EC subtypes in indicated conditions, weighted by t

indicated conditions.

(F) Representative images of renal cancer lung metastases, stained for EdU, CD3

areas. Arrowheads, proliferating ECs.

(G) Quantification of the percentage of proliferating ECs in (F).

(H) Representative images of renal cancer lung metastases stained for ESM-1, C

boxed areas. Arrowheads, tip ECs.

(I) Quantification of ESM-1+ ECs per CD34+ area in (H).

Data are means ± SEM; n = 3–6 (G); n = 3 (I); *p < 0.05 by one-way ANOVA with

See Figure S1 and Tables S1, S2, S3, and S4.
RESULTS

Renal cancer lung metastasis model of vessel co-option
To model vessel co-option induced by VEGF-targeted AAT and

to compare vessel co-option with vessel sprouting in a single

model, we used a renal cancer lung metastasis mouse model

by injecting renal adenocarcinoma (RENCA) cells into the tail

vein of syngeneic BALB/c mice (Figure 1A) (Bridgeman et al.,

2017). Confirming previous findings (Bridgeman et al., 2017), at

day (d) 21 after injection, most metastases (70%) grew via vessel

sprouting, characterized by globular, metastatic nodules that

excluded healthy alveolar cells, whereas the remaining metasta-

ses (30%) grew via vessel co-option, characterized by cancer

cells co-opting healthy lung structures in an irregular/infiltrative

manner, as quantified by hematoxylin and eosin (H&E) staining

and double staining for the EC marker CD31 and the pneumo-

cyte marker PDPN (Figures S1A and S1B). In contrast, at d21 af-

ter a 10-day sunitinib treatment, 70% of the metastases grew via

vessel co-option, whereas the remaining 30% grew via angio-

genesis (Figures 1A and S1B).

Although sunitinib treatment is initially effective in suppressing

tumor growth (Figure S1C, three left bars) (Bridgeman et al.,

2017), we explored whether prolonged sunitinib treatment

(beyond the periods previously tested in this model) would

induce resistance and whether continued tumor growth would

rely on vessel co-option to obtain a VEGF-blockade-induced tu-

mor-vessel co-option model. Indeed, upon prolonged treatment

until d36, metastatic burden increased again, as quantified by

H&E staining (Figure S1C, right bar) and bioluminescence imag-

ing (Figure S1D). Untreated tumor-bearing mice could not be fol-

lowed over this long period because of tumor overload. Under

long-term sunitinib treatment, vessel co-option persisted as

the predominant vascularization pattern in 75%of themetastatic

nodules (Figures S1A and S1B, right bar), revealing that vessel

co-option primarily fueled continued metastatic growth under

prolonged VEGF-blockade AAT. Because sunitinib inhibits

vessel sprouting (Faivre et al., 2007), it also caused hypoxia in

metastatic nodules upon long-term treatment (Figures S1E and

S1F).

We first explored whether we could distinguish the transcrip-

tome signatures of angiogenic versus co-opted TECs at the sin-

gle-cell level. Because sufficiently large numbers of sequenced
tastasis model

ditions (TEC) (top) or for ECs from each indicated treatment condition (bottom).

ll further heatmaps depicting marker genes, colors represent the following: red,

he number of cells per condition. Right, absolute composition of EC subtypes in

4, and Hoechst (nuclei). Middle images are magnifications of respective boxed

D34, and Hoechst (nuclei). Middle images are magnifications of the respective

Tukey’s multiple comparisons test. Scale bar, 50 mm (F and H).
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ECs are required to optimally identify EC phenotypes (Goveia

et al., 2020; Kalucka et al., 2020; Rohlenova et al., 2020), we en-

riched TECs using establishedmethods (magnetic-activated cell

sorting of CD45�/CD326�(EPCAM)/CD31+ ECs [Kalucka et al.,

2020]) (Figure 1A). We analyzed the following conditions (Fig-

ure 1A): mice that did not receive sunitinib treatment at d21 after

cancer-cell injection (termed d21 untreated); mice before the

onset of sunitinib treatment (d10 untreated; at this time point,

metastases were very small [Figures S1C, left bar, and S1G],

with an indistinguishable type of vascularization as compared

with d21 untreated mice [not shown]); and mice that were

treated with sunitinib for a short-term (d21 sunitinib) or long-

term (d36 sunitinib) period. For this EC-enriched cohort, we mi-

cro-dissected and pooled 60 lung metastases from five mice

per study group, used lungs from healthy mice as controls,

and generated single-cell suspensions.

Co-opted ECs
NECs from lungs of healthy mice and lung TECs were subjected

to scRNA-seq using the 103 Genomics-based single-tube pro-

tocol to prepare the libraries. After quality control (Table S1), we

in silico selected ECs (Figures S1H andS1I; Table S1), performed

batch-correction, and used graph-based clustering to group

22,416 high-quality cells into distinct clusters, which we visual-

ized using t-distributed stochastic neighbor embedding (t-SNE)

(Figures 1B and 1C; Table S1). Based on the top-50 marker

genes (Table S2), known canonical marker genes (Table S3),

and previously established gene signatures from in-house-

generated lung EC scRNA-seq studies (Goveia et al., 2020; Ka-

lucka et al., 2020), we identified 10 EC phenotypes, of which, five

(capillary types 1 and 2, artery, vein, and lymphatic) were repre-

sented in both NECs and TECs (though at varying fractions),

whereas the remaining five EC phenotypes (tip, proliferating,

immature, postcapillary vein, and TEC capillaries) were predom-

inantly detected in TECs (Figures 1B–1E), confirming previous

scRNA-seq findings (Goveia et al., 2020).

We recently reported that lung tumors contain heterogeneous

TEC phenotypes, including angiogenic TECs (proliferating, tip,

and immature TECs) and tumor-specific capillary TECs (Goveia

et al., 2020). Comparable to NECs, untreated d10 metastases

exhibited few angiogenic EC phenotypes (only some prolifer-

ating TECs) (Figure 1E; Table S4), likely because the metastases
Figure 2. scRNA-seq of cells from a renal cancer experimental lung m

(A) Scheme of study design of non-EC-enriched cohort (all cell types in the tumo

(B) t-SNE plot color-coded for metastatic-cell phenotypes.

(C) t-SNE plot color-coded for cells from indicated treatment conditions.

(D) Gene expression levels of top-10 marker genes of metastatic-cell phenotype

(E) Scheme of 4T1 model.

(F) Quantification of vascular type in 4T1 model in indicated conditions.

(G) Representative micrographs of H&E staining of lung metastases in 4T1 model

manner. Yellow dashed line, border between metastatic and normal area; TN, tu

(H) Representative micrograph of vessel co-option 4T1 breast cancer lung meta

Image on the right is a magnification of the boxed area. Note how the metasta

preservation of the epithelial structure.

(I) Quantification of the percentage of proliferating ECs in the 4T1 model.

(J) Quantification of ESM-1+ ECs per CD34+ area in the 4T1 model.

Data are means ± SEM; n = 3–5 (F); n = 4 (I); n = 3 (J); n.s., p > 0.05 by two-taile

See Figure S2 and Tables S1, S2, and S3.
were still small and did not require additional vessel sprouting

(Figures S1C and S1G). In untreated d21metastases, substantial

numbers of angiogenic (proliferating, tip, and immature) TECs

and capillary TECs were detected (Figure 1E; Table S4). Upon

prolonged sunitinib treatment, the most angiogenic TECs (tip

and proliferating TECs) progressively disappeared (Figure 1E;

Table S4). Staining for EdU (proliferation) and ESM-1 (tip cell

marker) (Rocha et al., 2014) confirmed these findings (Figures

1F–1I and S1J).

Similar findings were obtained in a repeat cohort, in which we

focused on the critical d21 untreated and d21 and d36 suniti-

nib-treated groups only. In that experiment, we isolated all

cell types from the tumor (Figure 2A). Using graph-based clus-

tering, we grouped 9,548 high-quality cells into distinct clus-

ters, which we visualized using t-SNE (Figures 2B and 2C; Table

S1). Based on the top 50 marker genes (Table S2) and known

canonical marker genes (Table S3), we identified six major

cell types: ECs (see above), cancer cells, lymphocytes (T cells,

natural killer [NK] cells, and B cells), myeloid cells (monocytes,

macrophages, dendritic cells, and neutrophils), mesenchymal

cells, and pneumocytes (Figures 2B, 2D, S2A, and S2B). As in

the first cohort, we observed that tip and proliferating ECs

were detected in d21 untreated tumors and largely disap-

peared upon sunitinib treatment (Figures S2C–S2E). Largely

similar EC subtypes were identified in both experimental co-

horts, although not every EC subtype was detected in the sec-

ond cohort because it contained fewer EC numbers (Figures

S2F–S2H).

To explore whether TECs co-opted by cancer cells expressed

a different gene signature than did ECs from healthy lungs, we

compared the transcriptomes of ECs from untreated and suniti-

nib-treated tumors to publicly available signatures of healthy

lung EC phenotypes (Kalucka et al., 2020) by gene set variation

analysis (GSVA). Unexpectedly, however, the transcriptome sig-

natures of ECs from arteries, veins, and capillaries in tumors

growing via vessel co-option highly resembled those of ECs

from healthy tissues (Figure S2I), suggesting that these co-opted

TEC phenotypes transcriptionally resembled NECs. In contrast,

the transcriptomes of angiogenic (tip, proliferating, and imma-

ture) ECs (detected in d21 untreated tumors but not in healthy,

quiescent tissues) were distinct from those of the healthy lung

EC phenotypes (Figure S2I).
etastasis model

r).

s.

. Note how cancer cells invade the surrounding tissue in an irregular/infiltrative

mor nodule; HT, healthy tissue.

stasis section, immunostained for PDPN (pneumocytes) and Hoechst (nuclei).

sis invades the surrounding lung tissue in an irregular/infiltrative manner with

d unpaired t test (F, I, and J). Scale bar, 150 mm (G); 50 mm (H).
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Figure 3. Single-cell analysis of pericytes from vessel co-option metastases

(A) t-SNE plot color-coded for mesenchymal cell subtypes.

(B) Left, relative composition of mesenchymal cell subtypes in indicated conditions, weighted by number of cells per condition. Right, absolute composition of

mesenchymal cell subtypes in the indicated conditions.

(C) Relative composition of angiogenic and quiescent pericytes in the indicated conditions, weighted by the number of cells per condition.

(D) Bar graph representation of significantly enriched gene ontology terms (p < 0.001).

(E) Gene set variation analysis with curated angiogenic pericyte gene set. Box height represents interquartile range (IQR); dotted line mean, normal line median;

and whiskers, lowest and highest value within respective 1.5 IQR.

(F) Volcano plot of differentially expressed genes in angiogenic versus quiescent pericytes.

(legend continued on next page)
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To confirm that angiogenic tip and proliferating TECs are negli-

gibly present during vessel co-option in a metastasis model that

grows spontaneously (without sunitinib treatment) via vessel co-

option (Bridgeman et al., 2017), we injected 4T1 breast cancer

cells into the tail vein of syngeneic BALB/c mice to generate

lung metastases characterized by vessel co-option, typified

by cancer cells that infiltrated the surrounding tissue in an irreg-

ular/infiltrative manner (Figures 2E–2H). Notably, also after suni-

tinib treatment, these tumors grew by relying on vessel co-option

(Figures 2E–2G). Using that model, we confirmed by EdU stain-

ing (proliferation) and immunostaining for the tip cell marker

ESM-1 a low number of angiogenic ECs (Figures 2I and 2J).

Thus, the near absence of tip and proliferating ECs in this model

of spontaneous (e.g., not induced by sunitinib) tumor-vessel co-

option illustrates that the low numbers of angiogenic TECs are

not the result of suppression of these TEC phenotypes by suni-

tinib but, rather, represent genuine characteristics of tumor-

vessel co-option. Although earlier studies suggested that there

were fewer proliferating TECs in co-opted tumor vessels (Col-

paert et al., 2003; di Tomaso et al., 2011; Lazaris et al., 2018; Sar-

dari Nia et al., 2007; Vermeulen et al., 2001), the near absence of

tip TECswas not documented previously. Overall, TECs from su-

nitinib-treated lung tumors, growing primarily via vessel co-op-

tion, seem to exhibit transcriptomic similarities with ECs from

healthy lung.

Co-opted pericytes
Using the repeat cohort, in which we sequenced all lung-cell

types, we next analyzed co-opted pericytes to explore whether

perivascular cells in close contact with co-opting cancer cells

might be involved in vessel co-option. We selected 394 mesen-

chymal cells (Mgp+) (Bjørklund et al., 2020; Xie et al., 2018), sub-

clustered those cells, and annotated each subcluster by assign-

ing an identity with putative biological features (Figures 3A, S3A,

and S3B; Tables S1, S2, and S3). Interestingly, within the peri-

cyte cluster (expressing Pdgfrb [CD140b] and Mcam [CD146]

[Armulik et al., 2011; Ferland-McCollough et al., 2017; Yamazaki

and Mukouyama, 2018]), we identified two populations (Figures

3A and S3A): (1) one population (pericytes 1) was highly enriched

in (almost restricted to) untreated metastases, which grow pri-

marily via vessel sprouting; and (2) a second population (peri-

cytes 2) was nearly absent in angiogenic metastases and,

instead, mostly present in sunitinib-treated metastases, growing

primarily via vessel co-option (Figures 3B and 3C; Table S4).

To characterize their distinct transcriptome signature, we used

a three-step approach. First, we performed a differential gene-

expression analysis (Table S5) and selected the top-100 differ-
(G) Rgs5 mRNA transcripts per pericyte in metastatic tissue sections in indicated

(H) Representative RNAscope images of metastatic tissue in the indicated condit

CD34 (ECs), and Hoechst (nuclei). Dotted lines denote pericytes; boxed area is m

(I) Number of Actg2 mRNA transcripts per pericyte in metastatic tissue sections

(J) Number of Rgs5 mRNA transcripts per pericyte in metastatic tissue sections o

tailed unpaired t test.

(K) Number of Actg2 mRNA transcripts per pericyte in metastatic tissue sections

Data are means ± SEM; n = 3 (G and I–K); n.s., p > 0.05 by two-tailed unpaired t te

test (G and I).

See Figure S3 and Tables S2, S3, S4, and S5
entially expressed genes for gene ontology (GO) enrichment

analysis. In the pericyte population from the untreated (mostly

angiogenic) metastases, we detected an expression signature

of genes, involved in processes of cellular migration, motility,

and extracellular matrix organization (Figure 3D; Table S5). Sec-

ond, we used GSVA, with a manually curated gene set for acti-

vated pericytes involved in vessel sprouting (from the published

literature) (Table S5), to score its enrichment in the two pericyte

populations. This analysis showed an enrichment of the angio-

genic/activated pericyte signature in pericytes from untreated

metastases (Figure 3E). Third, when analyzing the top-50 differ-

entially expressed genes in each population, we discovered that

pericytes from untreated metastases expressed genes involved

in vessel sprouting (Rgs5, Cd248, and Fn1) (Stapor et al., 2014;

Teicher, 2019), matrix deposition/remodeling (multiple colla-

gens, Mmp14) (Kofler et al., 2015), and motility (Acta2 and

Actg2) (Armulik et al., 2011), whereas pericytes from sunitinib-

treatedmetastases expressed subunits of the nitric oxide recep-

tor-soluble guanylate cyclase, involved in vasodilation (Gucy1a3

and Gucy1b3) (Chasseigneaux et al., 2018) and genes related to

quiescence (Cdkn1c andRgcc) (Figure 3F; Table S5). Altogether,

we identified two types of pericytes, one termed an ‘‘angiogenic

pericyte’’ phenotype, nearly restricted to the untreated metasta-

ses, and another termed ‘‘quiescent co-opted pericyte’’ pheno-

type, highly enriched in the sunitinib-treated metastases.

We then explored, in two ways, how quiescent, co-opted peri-

cytes were transcriptionally related to healthy lung pericytes.

First, after clustering and visualizing the 733 mesenchymal cells

that were present in our EC-enriched cohort (Figure S1H), we

selected pericytes based on Pdgfrb andMcam expression, per-

formed graph-based clustering, and, based on the top-50

marker genes, identified two populations: one with a signature

of angiogenic and one of quiescent pericytes (Figure S3C; Ta-

bles S1 and S2), confirming the results of the repeat cohort. To

track the sample origin of each pericyte within these two clus-

ters, we color-coded the clusters for the sample origin, which re-

vealed that quiescent, co-opted pericytes from sunitinib-treated

samples clustered together with pericytes from healthy lung (Fig-

ures S3C and S3D). Angiogenic pericytes were enriched (93%) in

d21 untreated metastases, whereas quiescent, co-opted peri-

cytes were enriched in healthy lung (96%) and in sunitinib-

treated samples (100%) (especially after long-term sunitinib

treatment) (Figure S3E; Table S4). Jaccard similarity analysis,

correlation heatmap with hierarchical clustering and bootstrap

analysis, and differential expression analysis of angiogenic

versus healthy pericytes (visualized by heatmap) confirmed a

high level of similarity between quiescent, co-opted and healthy
conditions; RNAscope see (H).

ions probed for Rgs5 (red) mRNA and immunostained for PDGFRB (pericytes),

agnified on the right. Scale bar, 10 mm.

in indicated conditions (RNAscope).

f the 4T1 model in the indicated conditions (RNAscope). n.s., p > 0.05 by two-

of the 4T1 model in the indicated conditions (RNAscope).

st (J and K); *p < 0.05 by one-way ANOVA, with Tukey’s multiple comparisons
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pericytes and a clear, distinct transcriptome signature from

angiogenic pericytes (Figures S3F–S3H; pericytes in d10 un-

treated tumors were still quiescent, likely because tumors were

small and required more-advanced tumor growth at d21 before

adopting an angiogenic phenotype).

Second, we performed an integrated analysis of pericytes

from published studies. We used publicly available and previ-

ously in-house generated scRNA-seq datasets from murine

healthy lung and an untreated angiogenic Lewis lung cancer

(LLC) tumor model (Cohen et al., 2018; Goveia et al., 2020; He

et al., 2018b; Tabula Muris Consortium et al., 2018; Vanlande-

wijck et al., 2018) and selected pericytes based on the expres-

sion of Pdgfrb and Mcam (Armulik et al., 2011; Yamazaki and

Mukouyama, 2018). We pooled these pericytes with the peri-

cytes from our non-enriched, as well as our EC-enriched, co-

horts; applied batch correction (Haghverdi et al., 2018); per-

formed graph-based clustering; and visualized a total of 842

pericytes via t-SNE (Figure S3I; Table S1). This analysis showed

that our quiescent, co-opted pericytes clustered together with

pericytes from healthy lung, whereas angiogenic pericytes clus-

tered together with pericytes from the angiogenic LLC tumor

model (Figures S3J and S3K). GSVA with a gene set containing

the top-50 differentially expressed genes of the quiescent, co-

opted and angiogenic pericyte population confirmed an enrich-

ment of the quiescent signature in healthy lung pericytes and

an enriched angiogenic signature in pericytes from the angio-

genic LLC model, as visualized on a t-SNE plot and dotplot (Fig-

ures S3L–S3N; Table S5).

To validate our transcriptomics data, we combined immuno-

staining for pericytes (PDGF-Rß) and ECs (CD34) (Brown et al.,

2019) with quantitative RNAscope of the selected angiogenic

markersRgs5 (known) and Actg2 (not previously described in tu-

mors). By counting transcript numbers, we confirmed that Rgs5

and Actg2 transcript levels were lower in pericytes from co-

opted, than angiogenic, metastases (Figures 3G–3I). Together,

the transcriptome signature of quiescent co-opted pericytes

largely resembled that of healthy lung pericytes.

Using the spontaneous vessel co-option 4T1 metastasis

model (Figure 2E), we confirmed by combined immunostaining

for pericytes (PDGF-Rß) and ECs (CD34) with RNAscope for

angiogenic markers (Rgs5 and Actg2) low transcript levels of

angiogenic pericytes (Figures 3J and 3K). Thus, in analogy with

TECs, the low number of angiogenic pericytes in co-opted me-

tastases does not only occur upon sunitinib-treatment but also
Figure 4. Annotation of myeloid cells

(A) t-SNE plot color-coded for myeloid cells from metastatic tissue of the indicat

(B) t-SNE plot color-coded for myeloid cell subtypes.

(C) Gene expression levels of the top-10 marker genes of myeloid cells subtypes

(D) Left, relative composition of myeloid cell subtypes in indicated conditions, w

myeloid cell subtypes in the indicated conditions.

(E) Representative images of renal cancer lung metastases stained for F4/80 (mac

right are magnifications of the respective boxed area of image on the left. Arrow

(F) Representative images of renal cancer lung metastases stained for F4/80 (mac

(nuclei) showing matrix-remodeling macrophages at the invasive front of d36

respective boxed area of the image on the left. GPNMB+ F4/80� cells might repr

matrix-remodeling macrophages; asterisks, invasive front; yellow dashed line, b

Scale bar, 50 mm (E and F).

See Figure S4 and Tables S1, S2, S3, and S4.
as an intrinsic characteristic of spontaneously co-opted lung tu-

mor vessels.

Immune cells
Myeloid cells can influence the structure and function of the tu-

mor vasculature and assist cancer-cell invasion and migration

(Mazzone and Bergers, 2019); however, a role for myeloid cells

in VEGF-blockade-induced vessel co-option has not been

explored. We, therefore, characterized the myeloid cell popula-

tion of 2,975macrophages, monocytes, dendritic cells, and neu-

trophils. First, we performed graph-based clustering and anno-

tated a putative biological role for the clusters based on their

gene-expression signature (Figures 4A–4D; Tables S1, S2, and

S3). We detected a total of 16 myeloid cell subpopulations, pu-

tatively identified as four types of dendritic cells (classical 1, clas-

sical 2, migratory, and plasmacytoid), three types of neutrophils

(neutrophils 1, neutrophils 2, and neutrophils hypoxia-regulated),

seven types of macrophages (immunosuppressive/anti-inflam-

matory, antigen-presenting/inflammatory, matrix-remodeling,

hypoxia-regulated, alveolar, interferon-stimulated, and cyto-

kine-responsive), as well as proliferating myeloid cells and

monocytes (Figures 4B–4D; Tables S2 and S3).

Antigen-presenting/inflammatory macrophages were charac-

terized by high expression of genes encoding M1-like markers

(such as the antigen-presentation machinery), pro-inflammatory

markers (such as interleukin [IL]-1b and IL-6) (Hardbower et al.,

2017; Pyonteck et al., 2013; Song et al., 2019), as well as inter-

feron gamma (IFNg) response genes, presumably in response

to chronic cell injury because of the sunitinib-induced hypoxia

(Figure S4A; Table S2). Immunostaining for a typical marker of

M1-like macrophages (CD80 [Bertani et al., 2017], upregulated

in this macrophage subtype [Figure S4A]), revealed that anti-

gen-presenting/inflammatory macrophages were especially de-

tected in sunitinib-treated tumors relying on vessel co-option

(Figure 4E). GSVA and receptor-ligand interaction analysis-

revealed upregulation of genes and gene sets involved in leuko-

cyte-EC interactions in this macrophage subtype (Figures S4B

and S4C), as well as an interaction between macrophage-

derived transforming growth factor b1 (TGF-b1) and the TGF-

b1 receptor on quiescent pericytes (Figure S4C), known to pro-

mote pericyte differentiation and adhesion (Armulik et al., 2005;

Bergers and Song, 2005; Winkler et al., 2011).

Immunosuppressive/anti-inflammatory macrophages, en-

riched in untreated angiogenic metastases (Figure 4D; Table
ed treatment conditions.

.

eighted by the number of cells per condition. Right, absolute composition of

rophages), CD80 (M1-like macrophages), and Hoechst (nuclei). Images on the

heads, M1-like macrophages.

rophages), GPNMB (marker of matrix-remodeling macrophages), and Hoechst

sunitinib-treated metastases. Images on the right are magnifications of the

esent pneumocytes, ECs, or other lung cells (Uhlén et al., 2015). Arrowheads,

order between metastatic and normal area.
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Figure 5. Spatial localization of macrophage subtypes in relation to blood vessels

(A–C) Representative images of renal cancer lung metastases, immunostained for F4/80 (macrophage marker) and CD80 (A), arginase 1 (B), and AHNAK2 (C)

(markers of antigen-presenting inflammatory, hypoxia-regulated macrophages, and matrix-remodeling macrophages, respectively), as well as for F4/80 and

(legend continued on next page)
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S4), were distinguished by expression of canonical (e.g., Mrc1,

Lyve1, and Cx3cr1) and non-canonical (e.g., C1qa, C1qb,

C1qc, and Cxcl16) M2-like markers, which have been related

to immunosuppression but also to angiogenesis (Bohlson

et al., 2014; Kim et al., 2019) (Figure S4A; Tables S2 and S3).

Hypoxia-regulated macrophages, enriched in sunitinib-treated

tumors (Figure 4D; Table S4), expressed Arg1 (marker of M2-

like macrophages [Biswas and Mantovani, 2010; van Dalen

et al., 2018]) as one of the first top-ranking marker genes (Table

S2), as well as other canonical M2-like markers (Msr1, Il1rn, and

Ccl24 [Azizi et al., 2018; Qian et al., 2020]), likely resulting from

the hypoxia (induced by the anti-angiogenic effect of sunitinib)

(Figure S1E), known to promote immunosuppressive features

(Figure S4A) (Ke et al., 2019). As previously described (Doedens

et al., 2010; Takeda et al., 2010), hypoxia-regulated macro-

phages also increased the expression of inducible nitric oxide

synthase (iNOS; Nos2; Figure S4A), known to induce T cell sup-

pression directly via nitric oxide production by tumor-associated

macrophages (TAMs) and, indirectly, via L-arginine depletion

(Doedens et al., 2010).

It is well appreciated that cancer cells become more invasive

during vessel co-option (Döme et al., 2007; Frentzas et al.,

2016; Griveau et al., 2018; Vasudev and Reynolds, 2014) and

that macrophages assist cancer-cell invasion (Bieniasz-Krzy-

wiec et al., 2019; Harney et al., 2015; Nielsen and Schmid,

2017; Wyckoff et al., 2004). Sunitinib treatment also promoted

thedifferentiation ofmatrix-remodelingmacrophages (Figure 4D;

Table S4), characterized by high expression of genes involved in

extracellular matrix remodeling (Ctsd, Ctss, Ctsb, Ctsz, Ctsa,

Mmp19, Anpep, and Gpnmb) as well as genes known to be ex-

pressed in macrophages that support cancer-cell invasion and

migration (Spp1 [encoding osteopontin], Cd63, Pdpn, and

Anxa1) (Figure S4A; Tables S2 and S3) (Bieniasz-Krzywiec

et al., 2019; Chou et al., 2016; Krishnan et al., 2018; Lan et al.,

2019; Moraes et al., 2018; Saiki et al., 1993; Solinas et al.,

2010; Szulzewsky et al., 2015; Vizovi�sek et al., 2019), raising

the question as to whether these matrix-remodeling macro-

phages might assist cancer cells to invade the surrounding

healthy lung tissue. Similarly, GSVA with gene sets involved in

collagen and matrix components showed enrichment for

collagen catabolism, degradation, formation, and binding as

well as regulation of the extracellular matrix (ECM) in matrix-re-

modeling macrophages (Figure S4D; these gene sets were en-

riched in hypoxia-regulated macrophages as well, in line with

their known function to contribute to ECM turnover (Gilkes

et al., 2014; Henze and Mazzone, 2016; Rahat et al., 2011)). In

addition, consistent with the TGF-b1-dependent, pro-fibrotic

role of macrophages in the lung (Murray et al., 2011), receptor-

ligand-interaction analyses detected interactions between

macrophage-derived TGF-b1 and the TGF-b1 receptor on peri-

cytes (Figure S4C). Immunostaining for one of the top-ranking
VE-cadherin (EC marker), on consecutive slides for (A) and (C); in (B), F4/80/VE

hypoxia-regulated macrophages. Note the localization of CD80+ macrophages,

become co-opted), and the proximity to the necrotic regions of hypoxia-regula

phages, white asterisk in (C), lie at the invasive forefront of the tumor nodules. The

are counterstained with Hoechst. Images to the right and below aremagnification

cells might represent T or B cells; scale bar, 100 mm; V, vessels; TN, tumor nodu
markers of matrix-remodeling macrophages (GPNMB [Table

S2]), indeed, revealed that these macrophages were located

amid cancer cells at the invasive forefront of sunitinib-treated

metastases, whereas they were nearly absent in untreated

angiogenic metastases (Figure 4F).

To better understand the spatial location of macrophage sub-

types, whose gene signatures suggested a possible role in

vascular morphogenesis, in relation to the co-opted vessels,

we performed immunostaining for the EC marker vascular endo-

thelial (VE)-cadherin and the pan-macrophage marker F4/80, in

combination with prototype markers of antigen-presenting/in-

flammatory (CD80), matrix-remodeling (AHNAK2, a member of

the AHNAK family, involved in cell structure, migration, and inva-

sion [Wang et al., 2020; Zhang et al., 2020]), and hypoxia-regu-

lated (arginase 1) macrophages (Figures 5A–5C and S4A). This

analysis indeed revealed that antigen-presenting/inflammatory

macrophages were positioned in the peripheral rim of the tumor

nodules, the tumor region that contains co-opted vessels (Fig-

ure 5A). Hypoxia-related macrophages were located in the hyp-

oxic rim surrounding the necrotic core in d36-treatedmetastases

(Figures 5B and S1E). Matrix-remodeling macrophages were

located near co-opted vessels at the invasive forefront of metas-

tases (Figure 5C), in line with their increased expression of gene

sets involved in leukocyte-EC interactions (Figure S4B). Sunitinib

treatment did not seem to affect the subpopulations of the

lymphoid lineage (Figures S4E and S4F; Tables S1, S2, S3,

and S4). Overall, these transcriptomic results may suggest a pu-

tative involvement of macrophage subtypes in tumor-vessel co-

option.

Cancer cells
We characterized the cancer-cell population to explore

whether cancer-cell subpopulations expressed different tran-

scriptome signatures in tumors growing primarily via vessel

co-option. We subclustered 2,613 cancer cells and identified

seven populations; of which, two contained actively cycling

cancer cells (Figures S5A–S5C; Tables S1, S2, and S4). To miti-

gate the confounding effect of the cell cycle on the analysis of

the non-cycling cancer cells (Luecken and Theis, 2019), we

subclustered the non-cycling cancer cells independently (Fig-

ures 6A and 6B; Table S1). This analysis showed that cancer

cells from untreated and sunitinib-treated metastases largely

grouped separately (Figure 6A) and clustered in five different

populations (Figures 6B and 6C). We annotated a putative bio-

logical role for those clusters by analyzing their gene-expres-

sion signatures (Tables S2 and S3). We detected (1) ‘‘generic’’

cancer cells (so-called because they only expressed markers

detected in all other cancer-cell clusters, without expressing

a distinctive transcriptome signature); (2) stressed cancer cells

(as previously identified and characterized [Puram et al., 2017]),

likely because sunitinib blocks multiple molecular targets
-cadherin staining is not shown because of the peri-necrotic location of the

white asterisk in (A), in the peripheral rim of the tumor noduli (where vessels

ted macrophages, white asterisk in (B). Matrix-remodeling AHNAK2+ macro-

tumor nodules contain blood vessels with lower VE-cadherin expression. Nuclei

s of the respective boxed areas of images on the left and above. F4/80�, CD80+

le; N, necrotic center.
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Figure 6. Non-cycling cancer cell subtypes and clinical correlation

(A) t-SNE plot, color-coded for non-cycling cancer cells from metastatic tissue of the indicated treatment conditions.

(B) t-SNE plot color-coded for non-cycling cancer-cell subtypes.

(C) Gene expression levels of top-10 marker genes of non-cycling cancer-cell subtypes.

(D) Left, relative composition of non-cycling cancer-cell subtypes in the indicated conditions, weighted by the number of cells per condition. Right, absolute

composition of non-cycling cancer-cell subtypes in the indicated conditions.

(E) Expression levels of genes involved in the endoplasmic reticulum (ER) and unfolded protein response (UPR).

(F) Representative images of renal cancer lung metastases, stained for FXYD2 (marker of cancer cells) and SPARC (marker of invasive cancer cells) on adjacent

sections. Nuclei are counterstained with Hoechst. Images in themiddle are magnifications of the respective boxed area. Arrowheads, invasive cancer cells; scale

bar, 50 mm.

See Figure S5 and Tables S1, S2, S3, and S4.
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(Figures 6B–6D); (3) hypoxic cancer cells (Figures 6B–6D, S5D,

and S5E), likely because of the hypoxia caused by the anti-

angiogenic activity of sunitinib (Figure S1E) (Faivre et al.,
12 Cell Reports 35, 109253, June 15, 2021
2007); and (4) transitioning cancer cells (with increased RNA

translation machinery), possibly transitioning to and adopting

another phenotype (Figures 6B–6D).
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Previous work has proven the importance of cancer-cell

migration and invasion during vessel co-option (Döme

et al., 2007; Frentzas et al., 2016; Griveau et al., 2018; Va-

sudev and Reynolds, 2014). In agreement, in our model, we

also detected a fraction of invasive cancer cells in sunitinib-

treated tumors. These cells (typified by Serping1 and Sparc

expression [Chen et al., 2012; Guweidhi et al., 2005; Va-

liente et al., 2014]) expressed genes involved in the epithe-

lial-to-mesenchymal transition (EMT) (Spp1, Lcn2, and

Aebp1) (Kothari et al., 2016; Liu et al., 2018; Madden

et al., 2019; Rodvold et al., 2012), endoplasmic reticulum

stress, and the unfolded protein response (Dnajc3, Hspa5,

and Calr) (Petrova et al., 2008; Wang et al., 2017; Xu

et al., 2005), known to promote EMT (Madden et al., 2019)

(Figure 6E; Table S2). Immunostaining for SPARC (one of

the top markers of invasive cancer cells [Table S2]) and

FXYD2 (one of the top general markers of the cancer-cell

population) on consecutive slides revealed that invasive can-

cer cells were enriched in long-term sunitinib-treated vessel-

co-option metastases (Figure 6F).
DISCUSSION

Weconducted this tumor-vessel co-option single-cell analysis to

identify cellular phenotypes exhibiting transcriptome signature

changes that might suggest a possible contribution to vessel

co-option and obtained the following insights.
Co-opted endothelial cell phenotypes
We observed that co-opted vessels are nearly devoid of angio-

genic tip and proliferating ECs, both in an AAT-induced and

spontaneous model of tumor-vessel co-option, thereby extend-

ing earlier staining reports of a lower proliferation rate of co-

opted ECs than that of angiogenic ECs in human tumors

(Colpaert et al., 2003; di Tomaso et al., 2011; Lazaris et al.,

2018; Sardari Nia et al., 2007; Vermeulen et al., 2001).

A clinically relevant question is whether co-opted ECs up-

regulate the expression of specific and potentially targetable

markers. Earlier studies documented maintained or altered

expression of EC markers (GLUT-1, PGP, CD71 [Bernsen

et al., 2005; di Tomaso et al., 2011; Leenders et al.,

2004], LYVE-1, CD34 [Stessels et al., 2004; Vermeulen

et al., 2001], and CD276 [Seaman et al., 2017]) in co-opted

tumor vessels, although several of these markers are also

upregulated in other types of tumor vascularization (Kraan

et al., 2014; Moore et al., 2018; Qian et al., 2020). Using

an unbiased approach, we observed that co-opted ECs in

tumor vessels exhibit many transcriptomic similarities with

quiescent ECs in healthy vessels. This was unexpected,

given that cancer cells can activate ECs in co-culture

in vitro and in the tumor setting in vivo (Folkman and Hau-

denschild, 1980; Khodarev et al., 2003; Lopes-Bastos

et al., 2016). Even though it could be argued that sunitinib

treatment rendered TECs quiescent and prevented angio-

genic activation, co-opted TECs in the untreated 4T1 tumor

model with spontaneous vessel co-option (without sunitinib

treatment) were also quiescent.
Co-opted pericyte phenotypes
Like co-opted TECs, co-opted tumor pericytes expressed a

gene signature of quiescence, in contrast to pericytes in tumors

growing via vessel sprouting, which expressed a gene signature

of cellular activation and migration. For vessels to grow, peri-

cytes need to detach so that sprouting ECs can form new ves-

sels. The activation signature of pericytes during vessel sprout-

ing is, thus, to be expected, but the quiescence signature of

pericytes during vessel cooption is surprising, given that cancer

cells can activate pericytes (Abramsson et al., 2003; Andrae

et al., 2008; Furuhashi et al., 2004). This raises the question of

whether, and/or to what extent, pericyte quiescence is a cause

or a consequence of vessel co-option. It is well established

that pericytes, when covering nascent EC channels, render

ECs quiescent and help to mature the newly formed vessel,

whereas quiescent ECs, in turn, can promote pericyte coverage

(Benjamin et al., 1998; Cantelmo et al., 2016; Carmeliet and Jain,

2011; Hellström et al., 1999, 2001; Herbert and Stainier, 2011).

Conversely, activated angiogenic ECs can also induce pericyte

activation and migration (Gaengel et al., 2009; Potente

et al., 2011; Ribatti et al., 2011). Pericytes were also quiescent

in the 4T1 tumor model, in which vessel co-option occurs

spontaneously.

Only a few markers of angiogenic pericytes (Rgs5, Cd248,

Cspg4, and Acta2) (Armulik et al., 2011; Bondjers et al., 2003;

Simonavicius et al., 2008; Teicher, 2019) have been reported

to date. An integrated, unbiased analysis of pericytes from our,

and other publicly available, datasets identified previously un-

recognized markers (Col18a1, Actg2, and Serpina1b), which

might facilitate future identification of angiogenic pericytes in

other studies.

Blockade of platelet-derived growth factor receptor beta

(PDGFRb) signaling by sunitinib or other agents promotes the

detachment and depletion of tumor-associated pericytes

(Abramsson et al., 2003; Bergers et al., 2003; Shaheen et al.,

2001; Song et al., 2005; Yokoi et al., 2005), precisely the oppo-

site of what we observed. Because pericytes are quiescent in

co-opted vessels, it is unlikely that PDGFRb inhibition by suniti-

nib was responsible for the co-opted pericyte phenotype. This

raises the question of whether co-opting cancer cells or macro-

phagesmight signal to pericytes (and ECs) to render them quies-

cent. Indeed, support for this hypothesis stems from data in an

in vitro pericyte-glioblastoma co-culture model (not treated

with AAT), in which co-opting cancer cells impaired the contrac-

tility of pericytes (Caspani et al., 2014). Moreover, invasive co-

opting cancer cells highly expressed Serpinf1, encoding the

anti-angiogenic and pericyte-protective factor pigment-epithe-

lium-derived factor (PEDF) (Dawson et al., 1999; Doll et al.,

2003), whereas quiescent pericytes upregulated its receptor

Pdxcl1 (Figures S5F and S5G), possibly suggesting a quies-

cence-inducing interaction.

Macrophages could be involved in a similar intercellular cross-

talk. Interaction between TGF-b1 derived from macrophages

and TGF-b1 receptor on quiescent pericytes can promote peri-

cyte adhesion, differentiation, and coverage of ECs (Armulik

et al., 2005; Bergers and Song, 2005; Winkler et al., 2011), sug-

gesting a potential involvement of these macrophages in the

quiescent pericyte phenotype in co-opted metastases. In
Cell Reports 35, 109253, June 15, 2021 13
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addition, M1-like polarization of macrophages in murine tumors

promotes tumor vessel normalization with increased pericyte

coverage (Jarosz-Biej et al., 2018; Rolny et al., 2011; Van de

Veire et al., 2010), raising the question whether M1-like macro-

phages might be involved in maintaining a normal quiescent

vascular phenotype, despite vessel co-option, preventing co-

opted vessel disorganization and/or promoting normalization of

disorganized co-opted vessels. Indeed, M1-like antigen-pre-

senting/inflammatory macrophages did localize in the invasive

front of tumor areas, in which vessels are being co-opted in su-

nitinib-treated metastases, and expressed markers involved in

leukocyte-EC interactions. Furthermore, M1-like macrophages

express cytokines (IL-12, IFNg, and TNFa) that promote vessel

normalization and quiescence (Gerber et al., 2003; He et al.,

2018a; Liu et al., 2011; Lu et al., 2015; Porcellini et al., 2015).

Immune cell phenotypes
A role for immune cells in tumor-vessel co-option has not been

considered to date. However, TAMs can affect tumor vasculari-

zation, modulate the refractoriness to AAT (Chung et al., 2013;

Shojaei et al., 2007, 2009; Tazzyman et al., 2013; Yang et al.,

2004), and assist cancer-cell invasion and migration (Condeelis

and Pollard, 2006; Nielsen and Schmid, 2017; Wyckoff et al.,

2004), a hallmark of vessel co-option (Donnem et al., 2018; Kuc-

zynski et al., 2019). Interestingly, sunitinib-treated metastases,

growing primarily via vessel co-option, were enriched in anti-

gen-presenting/inflammatory macrophages, the phenotype of

which might be partly due to blockade of the CSF-1 receptor

and VEGFR family members (especially VEGFR1) on macro-

phages by sunitinib, known to promote M1-like macrophage po-

larization (Pyonteck et al., 2013; Rolny et al., 2011; Zhu et al.,

2014). Sunitinib-treated metastases also showed a predominant

enrichment in matrix-remodeling macrophages. Based on their

expression signature of genes involved in matrix degradation

and deposition, we speculate that this macrophage subtype

might be able to assist invasive cancer cells to co-opt healthy

lung vessels. For co-opting cancer cells to travel alongside

pre-existing blood vessels, they must make their way through

the interstitial stroma, which is dense in ECM. Matrix-remodeling

macrophages might assist co-opting cancer cells by paving the

way through matrix reorganization, involving degradation of the

existing matrix (facilitating invasion by cancer cells) and deposi-

tion of the new matrix (anchor points for invading cancer cells).

This hypothesis is further supported by our findings that these

macrophages were located at the invasive forefront of co-opting

metastases, where blood vessels become co-opted by cancer

cells. Further, matrix-remodeling macrophages are known to

facilitate cancer-cell extravasation and dissemination (Bien-

iasz-Krzywiec et al., 2019; Szulzewsky et al., 2015).

Co-opting cancer cell phenotypes
To date, co-opting cancer cells have been largely investigated by

immunostaining/morphological analyses (Auf et al., 2010; Gri-

veau et al., 2018; Hu et al., 2005; Kuczynski et al., 2016; Sakar-

iassen et al., 2006). In general, cancer cells from sunitinib-treated

mice (predominantly co-opting cancer cells) exhibited a greater

phenotypic heterogeneity than did cancer cells from untreated

mice (mainly angiogenic cancer cells). In line with earlier studies
14 Cell Reports 35, 109253, June 15, 2021
documenting an increased motility and invasiveness of co-opt-

ing cancer cells (Döme et al., 2007; Frentzas et al., 2016; Griveau

et al., 2018; Kuczynski et al., 2016; Vasudev and Reynolds,

2014), we identified an invasive cancer-cell subtype that is en-

riched in metastases growing via vessel co-option. Whether

the invasiveness of this cancer-cell subpopulation is fueled by

hypoxia (caused by vessel regression from sunitinib treatment),

as has been documented previously (Ebos et al., 2009; Pàez-

Ribes et al., 2009), remains to be studied. Of note, when assess-

ing the expression of previously studied markers of co-opting

cancer cells, we observed that invasive cancer cells highly ex-

pressed Wnt7b (Figure S5H), documented to promote cancer-

cell invasion and vessel co-option in a glioma model (Griveau

et al., 2018).

Tumors relying on vessel sprouting often outgrow their

vascular supply, causing central hypoxia. Additional AAT aggra-

vates intra-tumoral hypoxia. Although hypoxia is a strong stim-

ulus of vessel sprouting (Pugh and Ratcliffe, 2003; Rey et al.,

2017), AAT by sunitinib inhibits this rescue process, forcing can-

cer cells to seek an alternative tumor-vascularization mecha-

nism. Hence, they become invasive to co-opt pre-existing tissue

vessels, taking advantage of the normal oxygenation of healthy

tissues.

Possible translational implications
Our study raises questions on how to design clinical strategies to

overcome tumor-vessel co-option as a resistance mechanism

against VEGF-targeted AAT or even for tumors that rely sponta-

neously on vessel co-option. First, the finding that co-opted ECs

were transcriptionally largely similar to their healthy counterparts

raises concerns about whether a strategy targeting co-opted

TECs can be a safe treatment option for vessel co-option

because such treatment strategy will unavoidably also affect

healthy NECs across the body. A similar argument applies to

the vascular pericytes. Second, these findings raise the question

about whether therapeutic anti-tumor vessel co-option strate-

gies should be targeted to non-vascular cell types, such as pro-

motingM1-like macrophage polarization and/or suppressing the

matrix-remodeling macrophages and the invasive cancer-cell

phenotypes. In addition, given that AAT aims at targeting angio-

genic ECs, the near absence of angiogenic tip and proliferating

TECs may provide an explanation for the lack of effectiveness

of AAT in patients with tumors growing via vessel co-option (de

Groot et al., 2010; Frentzas et al., 2016).

Another translational option might be to take advantage of the

altered macrophage features in tumors relying on vessel co-op-

tion after AAT. Some of these macrophage populations highly

expressed genes, encoding immune checkpoint molecules.

For instance, hypoxia-related macrophages expressed PD-L1

(Cd274), in line with their reported T cell suppressive function

(Doedens et al., 2010; Noman et al., 2014; Wen et al., 2020),

whereas antigen-presenting inflammatory macrophages ex-

pressed PD-L2 (Pdcd1lg2), in line with the late-interferon

response of those macrophages (Garcia-Diaz et al., 2017) (Fig-

ure S4A). These findings raise the question if immune check-

point-inhibitor treatment might evoke an improved immune

response against the co-opting cancer cells and whether that

treatment might synergize with AAT, considering the increasing
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evidence of successful combination therapies of AAT and PD-(L)

1 inhibition (Allen et al., 2017; Lee et al., 2020; Schmittnaegel

et al., 2017; Wallin et al., 2016).

Limitations of the study
First, we acknowledge that the inferred biological phenotypes

are putative, based on bioinformatics analysis combined with

literature surveys, and require validation at the protein level. Sec-

ond, our study is limited by the use of only two mouse models.

scRNA-seq analysis of additional spontaneous tumor-vessel

co-option models and clinical tumor samples relying on vessel

co-option will increase the effect of this study. Third, the role of

the identified macrophages and cancer cells in tumor-vessel

co-option requires further functional validation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-mouse CD34 BD Biosciences Cat# BD553731; RRID: AB_395015

Goat anti-mouse ESM1 R&D Cat# AF 1999; RRID: AB_2101810

Rat anti-mouse CD31 BD Biosciences Cat# 550274; RRID: AB_393571

Hamster anti-mouse PDPN DSHB Cat# 8.1.1; RRID: AB_531893

Rabbit anti-mouse PDGFRB Abcam Cat# ab32570; RRID: AB_777165

Rat anti-mouse F4/80 Serotec Cat# MCA497; RRID: AB_2098196

Rabbit anti-mouse CD80 Abcam Cat# ab64116; RRID: AB_1640342

Rabbit anti-mouse GPNMB Bioss Cat# bs-2684R; RRID:AB_10855152

Rabbit anti-mouse FXYD2 Proteintech Cat# 11198-1-AP; RRID: AB_2108309

Goat anti-mouse SPARC R&D Cat# AF942; RRID: AB_2286625

Prolong Gold Antifade Mountant Thermo Fisher Scientific Cat# P36934; RRID: AB_2315602

Biological samples

RENCA lung metastasis samples (study approved by the

Animal Ethics Committee of the KU Leuven under

protocol number P084/2016)

This paper N/A

Chemicals, peptides, and recombinant proteins

Antibiotic/antimycotic Thermo Fisher Scientific 15240062

Benzyl alcohol Sigma-Aldrich 402834

Bovine serum albumin (BSA) Sigma-Aldrich A2058

Bovine serum albumin (UltraPure BSA) Thermo Fisher Scientific AM2616

Carboxymethylcellulose sodium Sigma-Aldrich C9481

Click-iTTM Plus EdU Cell Proliferation Kit for Imaging Thermo Fisher Scientific A20187

Collagenase II Thermo Fisher Scientific GIBCOTM17101015

Collagenase IV Worthington Biochemical LS004188

DMEM Thermo Fisher Scientific 11965-084

DNase I Sigma-Aldrich D4527

ECGS/H (endothelial cell growth supplement/heparin) Bio-Connect PromoCell C-39216

EDTA VWR Chemicals 20302.293

EdU (5-ethynyl-20-deoxyuridine) Thermo Fisher Scientific A10044

Fetal bovine serum (FBS) Merck - Biochrom S 0415

Glutamine Thermo Fisher Scientific 25030149

Hoechst 33258 Sigma-Aldrich B2261

HypoxyprobeTM kit Chemicon-Millipore HP1-XXX

MEM NEAAs Thermo Fisher Scientific 11140035

Nimatek (100mg/mL); Ketamine Dechra N/A

Penicillin/Streptomycin Thermo Fisher Scientific 15140122

Phosphate buffered saline (PBS) Thermo Fisher Scientific 14190094

ROTI� Histofix 4% Carl Roth P087.1

RPMI 1640 Thermo Fisher Scientific 21875-034

Sodium pyruvate Thermo Fisher Scientific 11360070

Sunitinib, Malate Salt LC laboratories S-8803

Tween 80 Sigma-Aldrich P1754

VivoGloTM Luciferin, In Vivo Grade Promega P1041

Xylazine VMD XYL-M 2%

(Continued on next page)

Cell Reports 35, 109253, June 15, 2021 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

CD31 MicroBeads, mouse Miltenyi Biotec 130-097-418

CD45 MicroBeads, mouse Miltenyi Biotec 130-052-301

CD326 MicroBeads, mouse Miltenyi Biotec 130-105-958

Chromium Single Cell 30 Library, Gel Bead & Multiplex

Kit and Chip Kit, v2

10x Genomics PN-120237

Chromium Single Cell A Chip Kit 10x Genomics PN-120236

Chromium i7 Multiplex Kit 10x Genomics PN-120262

RNAscope Multiplex Fluorescent v2 Assay ACDBio 323110

TSA Cyanine 3 (Cy3) System Perkin Elmer NEL704A001KT

TSA Cyanine 5 (Cy5) System Perkin Elmer NEL705A001KT

TSA Fluorescein System Perkin Elmer NEL701A001KT

Deposited data

RNA-sequencing raw data mouse EC This paper ArrayExpress: E-MTAB-9227

LLC scRNA-seq dataset Goveia et al., 2020 ArrayExpress: E-MTAB-7458

Mouse lung development scRNA-seq dataset Cohen et al., 2018 NCBI Gene Expression Omnibus:

GSE119228

Tabula muris scRNA-seq dataset Tabula Muris Consortium

et al., 2018

NCBI Gene Expression Omnibus:

GSE109774

Mouse lung vascular scRNA-seq dataset He et al., 2018b NCBI Gene Expression Omnibus:

GSE99235

Experimental models: Cell lines

Luciferase-tagged 4T1 cells A. Reynolds N/A

Luciferase-tagged RENCA cells A. Reynolds N/A

Experimental models: Organisms/strains

BALB/c mice KU Leuven animal facility N/A

BALB/c mice Charles Rivers N/A

Oligonucleotides

RNAscope probe Mm-Actg2 ACDBio 483811

RNAscope probe Mm-Rgs5 ACDBio 430181

RNAscope Probe 3-plex Positive Control Probe_Mm ACDBio 320881

RNAscope Probe 3-plex Negative Control Probe ACDBio 320871

Software and algorithms

R version 3.4.4 (2018-03-15) system: x86_64, mingw32,

ui: RStudio (1.1.456), language: (EN), collate: English

United States.1252

CRAN (R 3.4.4) N/A

Cell Ranger 10x Genomics (tenx, RRID: SCR_01695)

clusterProfiler; version 3.6.0 Bioconductor (clusterProfiler, RRID: SCR_016884

flashPCA; version 2 https://github.com/

gabraham/flashpca

N/A

Gorilla, version February 7, 2020 http://cbl-gorilla.cs.

technion.ac.il

(Gorilla, RRID: SCR_006848)

GSVA; version 1.26.0 Bioconductor N/A

heatmaply; version 0.16.0 CRAN (R 3.4.4) N/A

limma; version 0.16.0 Bioconductor (LIMMMA, RRID: SCR_010943)

org.Mm.eg.db; version 3.5.0 Bioconductor N/A

plotly; version 4.8.0.9000 Github

(ropensci/plotly@f43699e)

(plotly, RRID: SCR_013991)

pvclust; version 2.0.0 CRAN (R 3.4.4) N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

qvalue; version 2.10.0 Bioconductor (Qvalue, RRID: SCR_001073)

Rtsne; version 0.15 CRAN (R 3.4.4) N/A

scran; version 1.6.9 Bioconductor (scran, RRID: SCR_016944)

Seurat; version 2.3.4 CRAN (R 3.4.4) (Seurat, RRID: SCR_016341)

GraphPad Prism8, version 8.1.1 (GraphPad Prism, RRID: SCR_002798)

Fiji/ImageJ, 1.52n https://fiji.sc RRID: SCR_002285

Living Image software (version 4.4.17504) PerkinElmer (Living Image software, RRID:

SCR_014247)

Other

40 mm cell strainer Sigma-Aldrich CLS431750

GentleMACS C tubes Miltenyi Biotec 130-093-237

LS columns Miltenyi Biotec 130-042-401

MS columns Miltenyi Biotec 130-042-201
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Lead contact
Correspondence and requests for materials should be addressed to the lead contact, Peter Carmeliet (peter.carmeliet@kuleuven.be).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All raw sequencing data generated during this study are available at ArrayExpress. The accession number for the data reported in this

paper is ArrayExpress: E-MTAB-9227. Publicly available single cell transcriptome data were derived from ArrayExpress (accession

number E-MTAB-7458) and from Gene Expression Omnibus (accession numbers GSE109774, GSE119228 and GSE99235). The

published article includes all data generated or analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Experiments were performed in 8 to 10 week-old female immunocompetent BALB/c mice (obtained from KU Leuven animal facility or

purchased from Charles River Laboratories) that had not been involved in previous procedures. Animals were housed in individually

ventilated cages in a room with controlled temperature and humidity under a 12 h light / 12 h dark cycle with access to food and water

ad libitum. Animals were closely followed-up by the experimenters and animal caretakers, with regular inspection by a veterinarian, as

per standard health and animal welfare procedures of the local animal facility. No statistical method was used to predetermine sample

size. Animals were randomly allocated to experimental groups, balanced for bodyweight. Animal housing and all experimental proced-

ures were approved by the Institutional Animal Ethics Committee of the KU Leuven (Belgium) under protocol number P084/2016.

Cell Lines
RENCA and 4T1 Cells

The Luciferase-tagged ‘RENCA’ renal cancer cell line and ‘4T1’ breast cancer cell line were a gift from Andrew R. Reynolds, Cam-

bridge. Cells were cultured at 37�C, 5% CO2 in RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum

(Merck - Biochrom), 2 mM L-glutamine (Thermo Fisher Scientific), 100 IU/mL penicillin and 100 mg/mL streptomycin (Thermo Fisher

Scientific). Cell lines were checked for mycoplasma and were contamination free.

METHOD DETAILS

Mouse model of renal cancer experimental lung metastasis
RENCA cells were cultured for at least 2 passages and injected into the tail vein of themice using a 29G needle (23 105 cells in 0.1mL

phosphate buffered saline (PBS)) (Bridgeman et al., 2017). The animals were sacrificed on day 10, day 21 or day 36 of the experiment

and lungs were immediately processed for metastatic cell or EC isolation.
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Mouse model of breast cancer experimental lung metastasis
4T1 cells were cultured for at least 2 passages and injected into the tail vein of the mice using a 29G needle (2 3 105 cells in 0.1 mL

PBS) (Bridgeman et al., 2017). The animals were sacrificed on day 13 of the experiment and lungs were immediately processed for

histology.

Sunitinib treatment
Mice were treated with Sunitinib (LC laboratories) (40 mg/kg dissolved in control vehicle, every day), or with a control vehicle (0.5%

carboxymethylcellulose sodium, 1.8% w/v NaCl, 0.4% w/v Tween 80, 0.9% w/v benzyl alcohol dissolved in reverse osmosis deion-

ized water adjusted to pH 6) by daily gavage of 0.2 mL (Bridgeman et al., 2017). For the RENCAmodel, treatment started from day 10

after injection of RENCA cells and continued until day 20 (Bridgeman et al., 2017) or day 35. For the 4T1model, treatment started from

day 3 after injection of 4T1 cells and continued for 10 days (Bridgeman et al., 2017). Mice were randomly allocated to the treatment

condition, balanced for body weight.

Metastatic cell isolation & tumor and normal endothelial cell isolation
For metastatic cells and TECs, mice were anesthetized and killed via cervical dislocation, lungs were dissected and per mouse, at

least 60 metastases were micro-dissected under a dissection microscope. For NECs, control (non-tumor bearing) mice were

anesthetized with an intraperitoneal injection of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight), lungs

were perfused with 5 mL PBS at 120 mL/h and both lungs were dissected. The dissected tissue was placed into a GentleMACS

C Tube (Miltenyi Biotec) containing 5 mL of digestion buffer on ice (0.1% collagenase II (Thermo Fisher Scientific), 0.25% colla-

genase IV (Worthington Biochemical) and DNase I (15 mM) in DMEM supplemented with 1x sodium pyruvate, 1x MEM NEAAs,

ECGF/Heparin, antibiotic/antimycotic (2x) and 1% penicillin/streptomycin (Thermo Fisher Scientific)). The dissected tissues

were dissociated using the gentleMACSTM Dissociator (Miltenyi Biotec; on m_lung_01 protocol) and incubated in a water bath

at 37�C for 30 min with manual shaking every 5 min. At the end of the tissue digestion process, the samples were again placed

in the gentleMACSTM Dissociator (Miltenyi Biotec; on m_lung_02 protocol) and the reaction was stopped by adding 10 mL of

an isolation buffer containing PBS, 0.5% BSA and 40 mM EDTA. Subsequently, the cell suspension was filtered through a

40 mm cell strainer (Sigma-Aldrich) and cells were rinsed with isolation buffer. Next, for TECs and NECs, ECs were enriched by

magnetic bead sorting using the MACS system (Miltenyi Biotec) at room temperature. First, immune cells and epithelial cells

were depleted using selection with CD45 and CD326 MicroBeads (Miltenyi Biotec), followed by positive selection of ECs with

CD31 MicroBeads (Miltenyi Biotec), using LS and MS columns (Miltenyi Biotec), according to the manufacturer’s instructions.

For further processing for scRNA-seq, the samples were resuspended in PBS containing 0.4%UltraPure BSA (50 mg/mL; Thermo

Fisher Scientific) and filtered over 40 mm cell strainers on ice. Overall, it took between 3 to 4 h from obtaining metastases collection

to obtaining single-cell EC suspensions. For metastatic cells, no selection procedure was applied and it took between 1 to 2 h from

collecting metastases to generating single-cell metastatic cell suspensions. Viability was between 85%–94% and cells were kept

on ice whenever possible.

Histology, immunohistochemistry and morphometric analysis
Histology and immunohistochemistry

All methods for histology and immunostainings have been described (Bridgeman et al., 2017; Cantelmo et al., 2016). Briefly, mice

were perfused via the right heart ventricle with 10 mL PBS and 10 mL PFA 4% (Histofix, Carl Roth) and lungs were inflated with

0.5 mL PFA 4% via intratracheal injection. Lungs were fixed for 24 h in PFA 4% at 4�C, dehydrated, embedded in paraffin for

7mm serial sections and subjected to immunohistochemistry. For a full list of primary and secondary antibodies, see Key resources

table. Briefly, after overnight incubation at room temperature with the primary antibodies, sections were incubated with the appro-

priate fluorescently conjugated secondary antibodies, followed by amplification with the proper tyramide signal amplification system

(Perkin Elmer). Nuclei were counterstained with Hoechst 33342 (Sigma-Aldrich) and slides were mounted using Prolong Gold Anti-

fade Mountant (Thermo Fisher Scientific). Imaging was performed using a Leica DMI 6000 B inverted microscope (Leica Microsys-

tems) at 5x magnification, a Zeiss AxioScan Z1 microscope (Carl Zeiss) at 20x magnification, or by confocal imaging using a Zeiss

LSM780 confocal microscope (Carl Zeiss) at 40xmagnification (EC Plan-Neofluar 40x/1.30Oil DICM27) or 100xmagnification (alpha

Plan-Apochromat 100x/1.46 Oil DIC M27). The images were processed using Fiji software (https://fiji.sc).

Morphometric analyses

MICROVESSEL DENSITY was measured as total CD34+ area, expressed as a percentage of total tumor area. EC PROLIFERATION

was analyzed using the Click-iT 5-ethynyl-2’-deoxyuridine (EdU) Alexa Fluor 555 Imaging Kit (Thermo Fisher Scientific) and was

measured as the number of EdU+ CD34+ ECs, expressed as a percentage of the total number of CD34+ ECs. TIP ECsweremeasured

as the number of ESM1+ CD34+ ECs, expressed as a percentage per mm2 of vessel area. TUMOR HYPOXIA was detected after

injection of 60 mg/kg pimonidazole hydrochloride (Hypoxyprobe kit) into tumor-bearing mice (tumors were harvested 1 h after injec-

tion). To detect the formation of pimonidazole adducts, tumor paraffin sections were immunostained with Hypoxyprobe-1-Mab1 (Hy-

poxyprobe kit, Chemicon-Millipore) following the manufacturer’s instructions. The hypoxic area was expressed as a percentage of

the total metastatic area. DETERMINATIONOF VASCULAR TYPE of lungmetastases was executed as previously described (Bridge-

man et al., 2017). Briefly, metastases were scored as ‘pushing angiogenic’ or ‘interstitial vessel co-option’ based on interpretation of
e4 Cell Reports 35, 109253, June 15, 2021
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H&E staining and CD31-podoplanin staining. TUMOR BURDEN was assessed on hematoxylin and eosin (H&E) stained paraffin sec-

tions and the tumor area was expressed as a percentage of the total lung area.

RNAscope in situ hybridization and quantification
Formalin-fixed paraffin-embedded metastatic lung sections were subjected to RNAscope in situ hybridization using the RNAscope

Multiplex Fluorescent v2 assay (ACDBio) according to the manufacturer’s instructions (Pretreatment and RNAscope Multiplex Fluo-

rescent v2 Assay according to protocol 323100-USM). Briefly, after deparaffinization, the slides were incubated with hydrogen

peroxide for 10 min at room temperature. After several washing steps, manual target retrieval was performed followed by incubation

with Protease Plus before proceeding to the RNAscope Multiplex Fluorescent v2 protocol. Hybridization was performed with the

RNAscope probes Mm-Rgs5 (430181), Mm-Actg2 (483811), RNAscope Probe 3-plex Positive Control Probe_Mm (320881) and

RNAscope Probe 3-plex Negative Control Probe (320871). Slides were then processed according to the RNAscope Multiplex

Fluorescent v2 protocol (Hybridization, Amplification, and Signal Development), prior to immunohistochemical staining for CD34

(BD Biosciences, BD553731), PDGFRB (Abcam, AB32570) and nuclear staining (Hoechst 33342). Images were acquired using a

Zeiss LSM 780 confocal microscope (Carl Zeiss). For quantification, number of transcripts in each PDGFRB+ cell adjacent to a

CD34+ cell were manually counted. Results are depicted as number of dots per pericyte.

Bioluminescence imaging
In vivo bioluminescence imaging was carried out on an IVIS Spectrum System (CaliperLS; Perkin-Elmer) and luminescence was

quantified with Living Image software (version 4.4.17504). Mice were injected intraperitoneally with D-luciferin (126 mg/kg dissolved

in PBS (15 mg/mL)) and anesthetized with isoflurane gas. Immediately after substrate administration, acquisition of consecutive

frames was initiated until maximum signal intensity was reached, covering a total of at least 10 minutes. Image acquisition numbers

and times varied between 10 and 15 frames of 60 s each, depending on the optimal acquisition settings in function of the signal

intensity intrinsic to the grade of lung metastases. Photon flux per second (p/s) was measured through a region of interest

(2.9 cm 3 1.9 cm) covering the lungs.

Single-cell droplet-based RNA sequencing
The single-cell suspensions of freshly isolated metastatic cells and ECs (MACS-bead enriched as described above) were resus-

pended in PBSwith 0.04%ultra-pure BSA and converted to barcoded scRNA-seq libraries using the ChromiumSingle Cell 30 Library,
Gel Bead &Multiplex Kit andChip Kit (10xGenomics), aiming for 6,000 cells per library. Sampleswere processed using kits pertaining

to V2 barcoding chemistry of 10x Genomics. Single samples were always processed in a single well of a PCR plate, allowing all cells

from a sample to be treated with the same master mix and in the same reaction vessel. Libraries were sequenced on an Illumina

HiSeq4000, de-multiplexed, and mapped to the mouse genome (build mm10) using CellRanger software (10x Genomics, version

2.1.1).

Single-cell transcriptomics analysis
Data from the metastatic cell samples and the MACS-enriched TEC and NEC samples were aggregated using CellRanger software

(10xGenomics, version 2.1.1) and data from the raw unfilteredmatrix was further processed using R (version 3.4.4 -Someone to Lean

On). Key quality metrics are listed in Table S1.

Quality control and data normalization
For the non-EC-enriched dataset, the following quality control steps were applied: (i) genes expressed by less than 20 cells and/or

with a row mean of < 0.01 were excluded from further analysis; (ii) cells that expressed fewer than 300 genes (low quality), and cells

that expressed over 7,000 genes (potential doublets) were removed; (iii) cells in which more than 10% of unique molecular identifiers

(UMIs) were derived from the mitochondrial genome were not considered. Quality control of the EC-enriched dataset was performed

using a similar approach, see Table S1 for dataset specific cut-off values and parameter settings. The data of the remaining cells were

natural log-transformed (using log1p) and normalized using the Seurat package version 2.3.4 (Satija et al., 2015).

EC-enriched dataset: in silico endothelial cell and pericyte selection
All analyses were performed using the browser-based software BIOMEX (Taverna et al., 2020). For the EC-enriched dataset, data

was auto-scaled, summarized by principal component analysis (PCA) using the flashPCA package (Abraham et al., 2017), and the

first 15 PCAs were visualized using t-Distributed Stochastic Neighbor Embedding (t-SNE, Rtsne package [van der Maaten and Hin-

ton, 2008]) with a perplexity of 200 and learning rate of 100. Using the FindClusters function in Seurat, graph-based clustering was

performed to cluster cells according to their gene expression profile (clustering resolution = 0.5, k-nearest neighbors = 30). See Table

S1 for details. Clusters were annotated based on the expression of canonical marker genes, including Pecam1 and Cdh5 (ECs),

Fxyd2 and Chchd10 (cancer cells), Ptprc (leukocytes), Mgp and Bgn (mesenchymal cells), Sftpa1, Sftpc and Ager (pneumocytes).

Contaminating cell clusters (non-ECs) were removed and downstream analysis was performed on ECs only.

Despite the EC enrichment procedure, a fraction of mesenchymal cells (including pericytes) was still present in the dataset. For

pericyte analysis, all non-mesenchymal cells were removed and downstream analysis was performed on mesenchymal cells only.
Cell Reports 35, 109253, June 15, 2021 e5
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EC-enriched dataset: batch effect correction
The EC-enriched dataset was sequenced in three separate batches. For the selected ECs and mesenchymal cells, we first analyzed

each batch separately, and removed clusters expressing ambiguous marker genes (i.e., representing low quality cells, red blood

cells, possible doublets, etc.), as performed in other scRNA-seq studies (Goveia et al., 2020; Smillie et al., 2019). To correct for batch

effects, we used a recently developed algorithm,mnnCorrect available from the scran package (Haghverdi et al., 2018). The optimal

neighborhood size, k, was empirically defined as 50 after optimizing over a range of 10-300.

EC-enriched dataset: feature selection and dimensionality reduction
After in silico cell selection and batch correction for joint analysis, we performed PCA on highly variable genes, detected using the

FindVariableGenes function in Seurat. This function calculates the mean expression and dispersion for each gene, groups genes

into bins (size 20) by their mean expression and identifies any gene for which the z-score calculated from the dispersion exceeds

a pre-defined cut-off. For most experiments, we used a cut-off of z = 0.25 and mean expression in the range 0.000125 to 8, all other

parameters were default (see Table S1 for parameter settings for each analysis). We then generated a t-SNE to construct a two-

dimensional representation of the data. This representation was only used to visualize the data.

Non-EC enriched dataset: feature selection and dimensionality reduction
For the non-EC-enriched dataset, we first identified highly variable genes using the Seurat FindVariableGenes function (mean lower

threshold = 0.125, mean higher threshold = 8, dispersion threshold = 0.25). Data was then auto-scaled, summarized by principal

component analysis (PCA) using the flashPCA package (Abraham et al., 2017), and the first 30 PCAs were visualized using

t-Distributed Stochastic Neighbor Embedding (t-SNE, Rtsne package) with a perplexity of 200 and learning rate of 100. Using the

FindClusters function in Seurat, graph-based clustering was performed to cluster cells according to their gene expression profile (clus-

tering resolution = 0.8, k-nearest neighbors = 18). See Table S1 for details. Clusters were annotated based on the expression of canon-

ical marker genes, including Fxyd2 and Chchd10 (cancer cells), Pecam1 and Cdh5 (vascular ECs), Cd3g and Cd3e (T cells), Nkg7 and

Gzma (NK cells), Cd79a and Cd79b (B cells), Ctss (macrophages and monocytes), Ccl17 (dendritic cells), S100a9 and S100a8 (neutro-

phils), Mgp and Bgn (mesenchymal cells), Sftpa1 and Sftpc (pneumocytes). All cell clusters were used for downstream analysis.

Cluster identification
For each phenotype separately (ECs and mesenchymal cells from the EC-enriched dataset, and cancer cells, ECs, lymphocytes,

myeloid cells, mesenchymal cells and pneumocytes from the non-EC-enriched dataset), we identified highly variable genes using

the Seurat FindVariableGenes (for settings see Table S1), performed PCA on highly variable genes, followed by t-SNE visualization.

To estimate the number of distinct cell subtypeswith discriminating gene expression patterns, we used an in-house developed tool to

color-code t-SNE plots for all detected genes, to empirically define the clustering resolution for each phenotype. Next, we applied

graph-based clustering as implemented in the FindClusters function in Seurat (for settings see Table S1). Clusters were visualized

using t-SNE to verify that all visually identified clusters were captured. Clusters with highly similar expression patterns indicative

for representing the same biological subtype were merged into a single cluster.

Marker gene analysis
We identified top-ranking marker genes for each cell subtype by performing pairwise differential analysis of all clusters against all

other clusters separately, using the limma package (version 3.34.9) (Ritchie et al., 2015). The results of each differential analysis

were ordered based on the log2 fold change (the most upregulated genes received the lowest rank number (top-ranking marker

genes) and the most downregulated genes received the highest rank number). We obtained a final ranked marker gene list for

each cluster by calculating the rank product for all genes in all pairwise comparisons. To assess statistical significance, we used

a recently developed algorithm to determine p values for each marker gene based on the rank product statistic (Heskes et al.,

2014), and obtained Benjamini-Hochberg adjusted pvalues using the R package q-value (Storey et al., 2015). We also quantified,

for each marker gene, the fraction of cells in each cluster that expressed the marker gene above the population average and the

average expression levels.

Cluster annotation
Clusters were annotated based on literature-curated marker genes of cell phenotypes. In case of an entirely unknown cell subtype or

previously unrecognized sublineages of a canonical cell subtype, which could not be annotated based on canonical marker genes or

gene sets, we used a three-step approach to identify a putative biological function. First, we searched through the top 50 ranking list

of markers for a coherent set of genes involved in similar biological processes. Second, if we identified a putative signature (e.g.,

stress, invasion, etc.), we determined whether other genes associated with such a signature were also highest expressed in this

phenotype. Third, we integrated insights from additional analysis (e.g., color-coded t-SNEs, heatmap analysis) into our assessment.

Lowly sequenced clusters or clusters that could not be unambiguously assigned to a biologically meaningful phenotype might repre-

sent low quality cells or doublets and were excluded from the analysis. Batch effect correction of the dataset containing all pooled

ECs (in silico selected from experiment 1 (enriched) and 2 (non-enriched), see Figure S2F–SH) was performed usingmnnCorrect, as

described above.
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Data visualization
The R implementation of the Plotly software (https://github.com/ropensci/plotly) was used for t-SNE, violin plot and bar graph visu-

alization. The Heatmaply R package (version 0.15.2) (Galili et al., 2018) was used for heatmap visualization. All heatmaps were based

on cluster-averaged gene expression to account for cell-to-cell transcriptomic stochastics, and data was auto-scaled for

visualization.

Gene ontology analysis
To identify GO terms that are over-represented in angiogenic pericytes, we performed pairwise differential gene expression analysis

for the angiogenic pericyte cluster versus the quiescent co-opted pericyte cluster, using the limma package (version 3.34.9) (Ritchie

et al., 2015). The top 100 genes from the resulting ranked list (sorted by log2 fold change) was used for gene ontology analysis using

the Gorilla web tool using default settings (Eden et al., 2009).

Gene set enrichment analysis
We used gene set enrichment analysis (GSEA) as implemented in the clusterProfiler package (version 3.6.0) to compare metabolic

gene expression signatures between angiogenic and quiescent pericytes and gene expression signatures in the hypoxic cancer cells.

Gene set analysis was performed using gene sets from the Molecular Signatures Database (MSigDB version 5.2 downloaded from

http://bioinf.wehi.edu.au/software/MSigDB/), a collection of expert annotated gene sets, and gene sets from the cancer single-cell

state atlas (CancerSEA, http://biocc.hrbmu.edu.cn/CancerSEA/). GSEA scores were calculated for sets with a minimum of 5 de-

tected genes, all other parameters were default.

Gene set variation analysis
We used Gene Set Variation Analysis (GSVA) using a collection of expert annotated vascular-related gene sets from the Molecular

Signatures Database (MSigDB version 5.2 from http://bioinf.wehi.edu.au/software/MSigDB/), curated gene sets of lung EC pheno-

types (Kalucka et al., 2020), a curated gene set of activated pericytes (Table S5) and the gene sets from the cancer single-cell state

atlas (CancerSEA, http://biocc.hrbmu.edu.cn/CancerSEA/) to identify pathways and cellular processes enriched in different tissues.

GSVA was performed as implemented in theGSVA R-package (version 1.26.0; default parameters) (Hänzelmann et al., 2013), where

the gene-by-cell matrix is converted into a gene-set-by-cell matrix. GSVA scores were calculated for sets with a minimum of 5 de-

tected genes, all other parameters were default. As cells can be sensitive to dissociation-induced artifacts, we also performed GSVA

to identify cells strongly expressing a published dissociation gene signature (van den Brink et al., 2017). Clusters in which this signa-

ture was detected were removed if no other marker genes that could biologically explain a stress response were expressed.

Jaccard similarity analysis
To assess similarity of the pericyte phenotypes (within the mesenchymal cells) in the five different conditions (healthy lung, d10 & d21

untreated, d21 & d36 sunitinib-treated), we calculated similarity of marker gene sets using pairwise Jaccard similarity coefficients for

all mesenchymal cell clusters per condition. The Jaccard similarity coefficient is defined as the size of the intersection divided by the

size of the union of sets:

JðA;BÞ = jAXBj
jAWBj=

jAXBj
jAj+ jBj � jAjXjBj

Where J is the Jaccard index and A and B are two sets of marker genes (Levandowksy and Winter, 1971).

Meta-analysis of pericytes from published transcriptomics data
We performed a GSVA analysis with angiogenic and quiescent pericyte signatures on selected pericytes from previously published

transcriptomic datasets. Briefly, we screened for murine lung scRNA-seq studies and identified four studies comprising three healthy

lung studies and one lung tumor study. For datasets from Tabula Muris Consortium et al. (2018), Cohen et al. (2018)); Vanlandewijck

et al. (2018); and He et al. (2018b), raw data extracted from GEO (GSE119228, GSE99235, GSE109774) and further processed as

described above. We selected pericytes based on the simultaneous expression of Pdgfrb and Mcam, pooled the data, performed

batch correction usingmnnCorrect available from the scran package (Haghverdi et al., 2018) with a neighborhood size, k, of 50, iden-

tified highly variable genes using the Seurat FindVariableGenes function (mean lower threshold = 0.045, mean higher threshold = 8,

dispersion threshold = 0.5), auto-scaled the data, summarized it by principal component analysis (PCA) using the flashPCA package

(Abraham et al., 2017), and visualized the first 8 PCAs using t-Distributed Stochastic Neighbor Embedding (t-SNE, Rtsne package

[van der Maaten and Hinton, 2008]) with a perplexity of 60 and learning rate of 100. Using the FindClusters function in Seurat,

graph-based clustering was performed to cluster cells according to their gene expression profile (clustering resolution = 1, k-nearest

neighbors = 15). See Table S1 for details. Next, we performedGSVAwith gene sets containing the top 50 definingmarker genes of the

angiogenic and the quiescent pericyte cluster. We applied GSVA as implemented in the GSVA R-package (version 1.26.0; default

parameters) (Hänzelmann et al., 2013), where the gene-by-cell matrix is converted into a gene-set-by-cell matrix. GSVA scores

were calculated for sets with a minimum of 5 detected genes, all other parameters were default.
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Ligand-receptor interaction analysis
To investigate potential interactomes in our data, we used the Python implementation of CellPhoneDB (Efremova et al., 2020). As

input to the algorithm, we used a pooled normalized count matrix containing all cells from the repeat cohort, in which mouse

gene names were converted to human orthologs using the biomaRt package (version 2.42.1). The following parameters were

used for the analysis: data = hgnc_symbol; iterations = 1,000; threshold = 0.25.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
To assess statistical significance for the top 50marker genes for all phenotypes (Table S2), we used a recently developed algorithm to

determine p values for eachmarker gene based on the rank product statistic (Heskes et al., 2014), and obtained Benjamini-Hochberg

adjusted p values using the R package qvalue (Storey et al., 2015). For hierarchical clustering and bootstrap analysis, we first

compiled the highly variable genes or top 50marker genes of each cluster into a marker list. We calculated the mean of these marker

genes and applied hierarchical clustering with Euclidean distance and complete linkage. The confidence of each branch of the tree

was estimated by the bootstrap resampling approach from the R-package pvclust (Suzuki and Shimodaira, 2006), using a p value

cutoff of 0.05. RNAscope data are representative tumor sections of n = 3 mice. A t test was used for all pairwise comparisons,

ANOVA with the appropriate posthoc test for multiple group comparisons. Statistical details about each experiment can be found

in the figure legends.

Software
All software is freely or commercially available and is listed in the STAR Methods description and Key resources table.
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