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One-Sentence Summary: Protein transfer through matrix-bound vesicles from cancer-1 

associated fibroblasts enhances monocyte adhesion to endothelial cells. 2 

 3 

Editor’s Summary: 4 

Malignant messages to endothelial cells 5 

Cancer-associated fibroblasts promote tumor growth in part by releasing extracellular vesicles, 6 

which can carry proteins to cells in the tumor microenvironment. Santi et al. investigated 7 

intercellular communication between endothelial cells in blood vessels and cancer-associated 8 

fibroblasts isolated from patients with breast cancer. Endothelial cells in vitro and in vivo took up 9 

proteins from extracellular vesicles, specifically matrix-bound vesicles, released by cancer-10 

associated fibroblasts. Uptake of the membrane glycoprotein THY1 from cancer-associated 11 

fibroblasts increased the adhesion of monocytes to endothelial cells. Cancer-associated 12 

fibroblasts that released the most matrix-bound vesicles resembled myofibroblasts, thus 13 

identifying the proteins released by myofibroblast-like cancer-associated fibroblasts that alter 14 

endothelial cell function could yield potential targets for disrupting this intercellular 15 

communication.  16 

 17 

Cancer-associated fibroblasts produce matrix-bound vesicles that influence 18 

endothelial cell function 19 
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Abstract 34 

Intercellular communication between different cell types in solid tumors contributes to tumor 35 

growth and metastatic dissemination. The secretome of cancer-associated fibroblasts (CAFs) plays 36 

major roles in these processes. Using human mammary CAFs, we showed that CAFs with a 37 

myofibroblast phenotype released extracellular vesicles that transferred proteins to endothelial 38 

cells (ECs) that affected their interaction with immune cells. Mass spectrometry-based proteomics 39 

identified proteins transferred from CAFs to ECs, which included plasma membrane receptors. 40 

Using THY1 as an example of a transferred plasma membrane-bound protein, we showed that 41 

CAF-derived proteins increased the adhesion of a monocyte cell line to ECs. CAFs produced high 42 

amounts of matrix-bound EVs that were the primary vehicles of protein transfer. Hence, our work 43 

paves the way for future studies that investigate how CAF-derived matrix-bound EVs influence 44 

tumor pathology by regulating the function of neighboring cancer, stromal, and immune cells. 45 

 46 

Introduction 47 

Communication between cells is fundamental for the physiological function of tissues [1, 2] and 48 

alterations can cause diseases and determine their severity [3-5]. In solid tumors, intercellular 49 

communication involves cancer cells and neighboring cells of the tumor microenvironment (TME) 50 

and modulates tumor growth and metastatic dissemination. The TME is a highly heterogeneous 51 

and dynamic compartment that comprises pathological and activated immune and stromal cells, 52 

which include cancer-associated fibroblasts (CAFs) and endothelial cells (ECs) [6, 7]. 53 

CAFs are highly secretory cells and represent the bulk of the stroma of solid tumors with a 54 

desmoplastic reaction, such as breast cancer [8, 9], and are thus a considerable source of chemical 55 

signals that can affect the behavior of cancer, immune and stromal cells. For these reasons, CAFs 56 

have been defined as “architects of cancer pathogenesis” [10] or as “architects of stroma 57 
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remodeling” [6]. The repertoire of chemical signals produced by CAFs includes growth factors, 58 

cytokines, non-coding RNAs, components of the extracellular matrix (ECM) and ECM remodeling 59 

enzymes, which regulate invasion, proliferation and chemoresistance of cancer cells, blood vessel 60 

formation and the recruitment and function of immune cells [6, 10-14]. CAFs carry out these 61 

different functions by acquiring distinct but interchangeable states [15]. Myofibroblast-like CAFs 62 

(myCAFs) and inflammatory CAFs (iCAFs) are the two main subtypes that have been described in 63 

tumors, including breast cancer [15, 16]. myCAFs are responsible for ECM production and 64 

remodeling and have immunosuppressive functions, whereas iCAFs have an immunomodulatory 65 

role [15, 17]. In addition to these mechanisms of paracrine crosstalk, CAFs transfer various 66 

nutrients [18-20], proteins, lipids [21, 22] and even entire mitochondria [23, 24] to cancer cells, 67 

which use these CAF-derived resources to support their own growth and motility. 68 

The intercellular transfer of cell surface and intracellular proteins has been extensively 69 

documented between immune cells. The physiological role and functional consequences of this 70 

phenomenon are still unclear, but may help to regulate the immune response [25-29]. So far, few 71 

papers have examined the ability of pathologically activated fibroblasts to transfer their own 72 

proteins to cancer cells. These papers showed that the transfer of proteins from CAFs to cancer 73 

cells occurs through large extracellular vesicles (EVs) that CAFs release in the conditioned medium 74 

(CM) and that it supports cancer cell proliferation [21] and migration [22]. There remain several 75 

open questions about the protein transfer ability of CAFs. Do other stromal cells also receive CAF-76 

derived proteins? If so, what is the biological relevance of this intercellular protein transfer? 77 

EVs are lipid bilayer-enclosed particles that mediate cell-cell communication by transferring 78 

proteins, lipids, and nucleic acids between cells. In accordance with the MISEV guidelines, EVs are 79 

classified based on their size as small (diameter <100-200 nm) and medium/large (diameter >150-80 

220 nm) [30]. Medium/large EVs directly bud from the plasma membrane (ectosomes), whereas 81 
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small EVs originate from either the endosomal compartment (exosomes) or the plasma 82 

membrane (ectosomes) [30, 31]. EVs that transfer biological material between cells are typically 83 

found in cell-derived CM (CM-EVs) [14]; however, EVs can be embedded within the ECM of 84 

decellularized tissues and of murine NIH-3T3 fibroblast cell cultures [32, 33]. These matrix-bound 85 

vesicles (MBVs) have a similar shape and morphology to CM-EVs but differ in lipid and microRNA 86 

content [33]. MBVs are biologically active [32, 34]; however, their protein composition and role in 87 

intercellular protein transfer have not yet been reported. 88 

Tumor blood vessels are typically embedded within the tumor stroma; therefore, we have 89 

investigated whether CAFs employ intercellular protein transfer to influence the function of ECs. 90 

Using CAFs isolated from patients with breast cancer as donors and human ECs as recipient cells, 91 

we have identified a specific pool of proteins that CAFs transfer to ECs and, using THY1 as example, 92 

we provide proof of principle that they can be functional in the ECs. Moreover, we found that 93 

CAFs deliver proteins principally through MBVs and that CAFs expressing myCAF markers are the 94 

main donors of proteins to ECs. 95 

 96 

Results 97 

 CAFs transfer proteins to ECs 98 

To study whether mammary CAFs transfer proteins to ECs, we used several CAF lines that we have 99 

isolated from patients with breast cancer (pCAFs). These pCAFs express the mesenchymal marker 100 

vimentin (fig. S1A) [35], but are negative for markers of epithelial, endothelial and immune cells 101 

(fig. S1B). Our lab has previously characterized the pCAF2 and pCAF3 lines [35]. To study the 102 

process of protein transfer between cells and its biological relevance, we used different culturing 103 

methods (fig. S1C). 104 
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To monitor the transfer of proteins from pCAFs (donor cells) to human umbilical vein ECs (HUVECs, 105 

recipient cells), we fluorescently labeled the pCAF proteome with CFSE, a dye that covalently binds 106 

to amino groups. Microscopy analysis showed that HUVECs became fluorescent after being co-107 

cultured for 24h with CFSE-labeled pCAFs, indicating that pCAFs transferred some of their proteins 108 

to HUVECs (Fig. 1A-B and fig. S1D). 109 

Using the same CFSE-based labeling method, we quantified the intercellular transfer of proteins 110 

by flow cytometry, which confirmed that HUVECs acquire fluorescent signals upon co-culture with 111 

CAFs (Fig. 1A, C-F). Notably, the quantity of transferred proteins depended on the number of 112 

donor cells and it increased in accordance with the ratio between pCAFs and ECs (Fig. 1A, C-D). 113 

The shift of the CFSE peak of co-cultured HUVECs compared with monoculture showed that the 114 

vast majority of the HUVECs received pCAF proteins, indicating that this is a commonly occurring 115 

event (Fig. 1A, D). Conversely, HUVECs transferred very low amounts of proteins to pCAFs (Fig. 1A, 116 

E) or to other HUVECs (Fig. 1A, F). In addition, pCAFs had a much higher protein transfer ability 117 

compared to MDA-MB-231 cells, which are aggressive breast cancer cells (Fig. 1A, F). These results 118 

indicate that pCAFs and HUVECs do not mutually exchange proteins and that CAFs are major 119 

protein donors. 120 

Once we established that pCAFs transfer proteins to HUVECs in vitro, we sought to assess whether 121 

this mechanism also occurred in vivo. For this purpose, we used the C.FVB-tg(Acta2-DsRed)1RK1/J 122 

mouse model [36], also known as α-SMA-RFP. This model expressed the red fluorescent protein 123 

(RFP) in cells expressing the alpha-smooth muscle actin gene (Acta2, whose product is α-SMA 124 

protein). Because α-SMA is a widely used CAF marker [7, 15, 37], we used the α-SMA-RFP model 125 

to monitor the transfer of RFP from Acta2-expressing cells to ECs in experimental pulmonary 126 

metastases, as a mean of protein transfer from CAFs to ECs. 4T1 murine breast cancer cells were 127 

injected in the tail vein of α-SMA-RFP mice and, after three weeks, we dissected tumor-containing 128 
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lungs (fig. S1E) and analyzed single cell suspensions by flow cytometry. We used α-SMA-RFP mice 129 

that had not been injected with 4T1 cells as control to measure whether RFP protein could be 130 

transferred to the endothelium in the absence of Acta2-expressing CAFs (for example by 131 

perivascular cells, such as pericytes, which also express Acta2). Flow cytometry analysis measured 132 

a significant increase of RFP+ ECs in mice with lung metastases compared with the control (Fig. 133 

1G). To confirm these results, we imaged fixed precision cut lung slices with 4T1 metastases from 134 

α-SMA-RFP mice (Fig. 1H). The 3D reconstruction of tumor sections, which were stained for CD31 135 

to visualize ECs, showed RFP+ endothelium in the lung metastases of these mice (Fig. 1H, I), but 136 

not in non-RFP expressing control mice (fig. S1F). Overall, our data provide evidence that CAFs 137 

communicate with ECs through the transfer of proteins in vitro and in vivo. 138 

CAFs transfer plasma membrane receptors to ECs 139 

To identify proteins that pCAFs transfer to HUVECs, we used a mass spectrometry (MS)-based 140 

trans-stable-isotope labeling of amino acids in cell culture (trans-SILAC) proteomic approach [28]. 141 

First, we labeled the proteome of pCAFs with the heavy isotopologue of arginine and lysine, and 142 

co-cultured them with unlabeled HUVECs for 4h or 24h. Then, we sorted the HUVECs and analyzed 143 

their proteome by MS (Fig. 2A). We quantified 808 and 1062 heavy-labeled proteins in at least 144 

three out of five biological replicates at 4h and 24h time points, respectively (Fig. 2B and Data File 145 

S1). Of these, 698 proteins were common to both time points (Fig. 2B). Gene Ontology Cellular 146 

Component (GOCC) term analysis of the proteins transferred from CAFs to the HUVECs revealed 147 

enrichment in lipid bilayer-enclosed vesicles, endoplasmic reticulum (ER), ER-Golgi intermediate 148 

compartment, and macromolecular complexes, including focal adhesions, cell junctions, 149 

ribonucleoprotein particles and proteasome (Fig. 2C). The high number of common proteins and 150 

the consistency of the top ten enriched GO terms between the two time points indicate that there 151 

is a continuous transfer of proteins over time from CAFs to ECs in culture. Moreover, the 152 
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association of these proteins with particular subcellular compartments suggests that mammary 153 

CAFs transfer selected protein subsets. 154 

Cancer and immune cells use EVs to transfer functional plasma membrane proteins to ECs [38, 155 

39]. These types of proteins are highly relevant because they may alter the function of the 156 

endothelium, including its interactions with surrounding cells. Therefore, we focused our analysis 157 

on plasma membrane receptors and membrane-bound ligands. We found that the majority of the 158 

transferred membrane proteins were involved in immune response, cell locomotion, cell-cell and 159 

cell-matrix adhesion (Fig. 2D) [40-44], corroborating the idea that CAF-derived proteins may have 160 

important implications on the functions of the tumor vasculature. To select for proteins that 161 

provided the biggest changes in the HUVEC proteome, we determined the contribution of each 162 

transferred protein to the corresponding endogenous protein in the HUVECs and referred to this 163 

value as “exogenous fraction”. The exogenous fraction ranges between 0 and 1, and the closer 164 

the value is to 1, the more the pCAF protein contributes to the endothelial counterpart (Fig. 2E 165 

and Data File S1). CAF-derived Thy-1 (THY1) was the protein with the highest contribution to the 166 

HUVEC proteome, with an exogenous fraction of 0.78 and 0.54 after 4h and 24h of co-culture, 167 

respectively (Fig. 2E and Data File S1). CD44 antigen (CD44) also contributed highly with an 168 

exogenous fraction of 0.46 and 0.35 at 4h and 24h, respectively, and then integrin beta-3 (ITGB3), 169 

with an exogenous fraction of 0.21 at 24h of co-culture. The exogenous fraction for all the other 170 

receptors and ligands was lower than 0.15 (Fig. 2E and Data File S1). Overall, these results indicate 171 

that mammary CAF-derived receptors and ligands can quantitatively modify the proteome of the 172 

HUVECs.  173 

CAF-derived THY1 induces functional changes in ECs 174 

To confirm that the THY1 detected in HUVECs was derived from pCAFs, rather than being 175 

expressed by HUVECs when co-cultured with them, we measured THY1 transcript in HUVECs in 176 



8 

 

monoculture and after 24h of co-culture with pCAFs. Using pCAFs as the control for THY1 177 

expressing cells, we found that THY1 mRNA amount did not increase significantly in co-cultured 178 

HUVECs compared to the monoculture (Fig. 3A, B). In addition, flow cytometry analysis confirmed 179 

the transfer of THY1 from pCAFs to HUVECs (Fig. 3A, C-E). Although THY1 was not present at the 180 

surface of HUVECs in monoculture, after 24h of co-culture with pCAFs, the majority of HUVECs 181 

positively stained for THY1 (Fig. 3A, D, E). Moreover, pCAFs silenced for THY1 (Fig. 3C) transferred 182 

significantly less THY1 to HUVECs (Fig. 3A, D, E), whereas the total amount of transferred proteins 183 

was not affected (Fig. 3A, F). 184 

THY1 (also known as CD90) is a glycophosphatidylinositol-anchored protein that localizes on the 185 

extracellular side of the plasma membrane of cells and that binds to cancer cells and leukocytes 186 

through plasma membrane receptors [45, 46]. In inflammatory disease, the recruitment of 187 

immune cells requires their physical interaction with the endothelium mediated by adhesion 188 

molecules [47, 48]. THY1 expressed on the endothelium participates in this process by interacting 189 

with its binding partners present on the leukocyte surface, such as CD11b (also referred to as 190 

integrin alpha-M, ITGAM) [49-51]. To assess the function of pCAF-derived THY1, we measured 191 

leukocyte adhesion to HUVECs when co-cultured with pCAFs silenced or not for THY1. Specifically, 192 

we used the human monocyte cell line THP-1 that expresses several THY1 binding partners (fig. 193 

S2A and Data File S2). Microscopy analysis of the co-cultures showed that significantly fewer 194 

monocytes adhered to HUVECs when co-cultured with THY1-silenced pCAFs compared with 195 

control co-culture (siCtrl), supporting the functionality of THY1 on the HUVEC surface (Fig. 3A, G 196 

and fig. S2B-E). Hence, CAF-derived THY1 endows HUVECs with additional cell-cell adhesion 197 

properties. 198 

We explored whether CAF-derived THY1 is also involved in leukocyte recruitment in breast cancer. 199 

4T1 cells and pCAFs expressing shCtrl or shTHY1 (fig. S2F) were orthotopically injected in the 200 
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mammary fat pad of BALB/c mice and, after 2 weeks, we used immunohistochemical staining to 201 

determine the presence and the location of the CD11b+ immune infiltrate. We focused on CD11b+ 202 

cells within and proximate to tumor blood vessels (Fig. 3H-L), to exclude resident CD11b+ 203 

populations such as macrophages or dendritic cells. We found that the amount of CD11b+ staining 204 

within the tissue in close proximity to veins was higher in tumors containing shCtrl pCAFs 205 

compared with those containing shTHY1 pCAFs (Fig. 3H). In contrast, tumors containing shCtrl 206 

pCAFs showed a lower amount of CD11b+ staining within the blood vessels compared with tumors 207 

containing shTHY1 pCAFs (Fig. 3I), suggesting that leukocytes are less able to extravasate in tumors 208 

with shTHY1 pCAFs. The tumor weight was similar between the two conditions (fig. S2G); this 209 

result is in line with other studies showing that THY1 is a marker of tumor-promoting CAFs, rather 210 

than an effector of this phenotype [52, 53]. Overall, these results suggest that the transfer of THY1 211 

from pCAFs to ECs can promote their interaction with CD11b+ cells, thus influencing immune cell 212 

recruitment to tumor sites. 213 

Different types of CAF-derived EVs contain the proteins transferred to ECs 214 

Next, we investigated how pCAFs transfer their proteins to HUVECs. Our data showed that a high 215 

number of transferred proteins belonged to lipid bilayer-enclosed vesicles (Fig. 2C), supporting 216 

that EVs can be a major route of intercellular protein transfer. CM-EVs are involved in protein 217 

transfer [21, 22, 48, 54, 55], but the role of MBVs has not been investigated. We isolated EVs from 218 

both the CM and extracellular matrix of pCAFs (Fig. 4A). Electron microscopy analysis showed that 219 

the two EV types had a similar morphology (Fig. 4B). Nanoparticle tracking analysis showed that 220 

the diameter of both types of EVs ranged between 50 and 350 nm (Fig. 4C). However, the amount 221 

and size distribution differed between the two EV types. Those in the CM mainly included small 222 

particles with a diameter between 50 and 150 nm, whereas MBVs mostly consisted of large EVs, 223 

with major peaks at 150 nm and 200 nm (Fig. 4C-D and fig. S3A). 224 
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We molecularly characterized pCAF-derived EVs using MS proteomics (Data File S3). This analysis 225 

confirmed that both types of particles contain common EV markers, such as the tetraspanins 226 

CD63, CD81, and CD9 [30] and syntenin-1 (SDCBP) [56], but also highlighted differences, such as 227 

the relative abundance of some EV markers and the presence of ADP-ribosylation factor 6 (ARF6) 228 

and tumor susceptibility gene 101 protein (TSG101) only in MBVs and CM-EVs, respectively (Fig. 229 

4E and Data File S3). Hence, our data have identified distinct traits of CM-EVs and MBVs. 230 

We next compared the proteome of pCAF-derived EVs with the proteome of large-medium and 231 

small EVs of three publicly available datasets (fig. S3B-C) [57-59]. For each dataset, we selected 232 

proteins unique to each EV subpopulation and those with significantly different abundance 233 

between the two subpopulations. Then, we matched this subset to EV proteins whose abundance 234 

was significantly different between CM-EVs and MBVs (Data File S3). This analysis showed that 235 

proteins typically found in large-medium EVs were generally more abundant in MBVs. In contrast, 236 

proteins typically found in small EVs were more abundant in CM-EVs (fig. S3C). This observation 237 

was consistent across the three datasets (fig. S3C). Furthermore, proteins identified only in CM-238 

EVs displayed enrichment for endosome-related GOCC terms (fig. S3D) and endosomes are one of 239 

the documented intracellular origins of small EVs (fig. S3B). Conversely, unique proteins in MBVs 240 

displayed enrichment in GOCC terms associated with plasma membrane, cytosol, ER and 241 

mitochondria (fig. S3D), which are expected in large-medium EVs because of their biogenesis [30]. 242 

The majority of pCAF proteins transferred to ECs during co-culture were identified in both EV types 243 

(Fig. 4F, Data File S1 and Data File S3), and their abundance positively correlated to the amount 244 

measured in the EVs (Fig. 4G, Data File S1 and Data File S3). Notably, the majority of the 245 

transferred plasma membrane receptors and membrane-bound ligands, including THY1, were 246 

more abundant overall in the MBVs (Fig. 4H and Data File S3). Overall, these results support that 247 
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each extracellular compartment contains different subsets of EVs, which carry the proteins 248 

transferred from CAFs to HUVECs. 249 

MBVs have a major role in protein transfer to ECs 250 

Next, we measured whether pCAF-derived CM-EVs and MBVs could transfer proteins to ECs. 251 

Because these EV types exist in different extracellular sites, we measured protein transfer when 252 

CAFs were co-cultured in physical contact (direct co-culture) or not (indirect co-culture) with 253 

HUVECs (Fig. 5A). In direct co-culture, HUVECs were exposed to both types of EVs, whereas in 254 

indirect co-culture to CM-EVs only (Fig. 5A). The amount of transferred proteins in direct co-255 

cultures was more than two-fold higher compared to indirect co-culture (Fig. 5A, B). We used the 256 

same co-culture conditions to measure THY1 transfer from pCAFs to HUVECs. As for total proteins, 257 

the transfer of THY1 mainly occurred when cells were in direct culture (Fig. 5A, C). These results 258 

suggest that MBVs have increased protein transfer ability compared with CM-EVs. The matrix 259 

produced by CAFs influences many cell functions [35, 60], leading us to evaluate whether it could 260 

also sustain the ability of MBVs to act as vehicles for proteins. We compared the ability of EVs to 261 

transfer proteins when they were coated on pCAF-derived matrix compared to when they were 262 

coated on gelatin or on the matrix produced by patient-derived normal fibroblasts (pNFs) (fig. 263 

S4A), which has different composition and mechanical properties from pCAF-derived matrix [35]. 264 

We found that compared with CM-EVs, MBVs retained the ability to transfer more proteins, 265 

including THY1, when they were coated on gelatin or on fibroblast-derived matrix before HUVECs 266 

were plated on top (fig. S4A-C). The MBV-mediated transfer of THY1 to HUVECs was enhanced by 267 

the presence of the matrix compared with gelatin (fig. S4A, B). However, MBVs transferred the 268 

same amounts of proteins whether they were coated on the matrix produced by pNFs or pCAFs 269 

(fig. S4A, C); the same results were observed when the matrices were pre-treated with CM-EVs 270 

(fig. S4A, C). These data indicate that pNF- and pCAF-derived matrices have common features that 271 
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promote the EV-mediated protein transfer, but the matrix alone is not able to account for the 272 

different efficiency in protein transfer between CM-EVs and MBVs. 273 

To confirm the different role of CM-EVs and MBVs in protein transfer, we also added them directly 274 

into the HUVEC culture medium. In line with the previous results, HUVECs received significantly 275 

more proteins when treated with MBVs than with CM-EVs, although the difference was less 276 

pronounced (Fig. 5A, D). MBVs still had a higher protein transfer ability compared with CM-EVs 277 

even when HUVECs were treated with equal numbers of the two EV types (fig. S4D-E). Moreover, 278 

upon treatment with MBVs, five-fold more HUVECs positively stained for THY1 compared with 279 

when treated with CM-EVs, and THY1 amount was two-fold higher (Fig. 5A, E).  280 

To confirm that pCAF-derived THY1 transferred by MBVs mediates monocyte adhesion to 281 

HUVECS, HUVECs were treated with equal numbers of pCAF-derived CM-EVs or MBVs isolated 282 

from pCAFs either silenced or not for THY1 (Fig. 5A, F). Microscopy analysis showed that HUVECs 283 

treated with MBVs bound a higher number of monocytes compared with untreated HUVECs or 284 

HUVECs that were treated with CM-EVs (Fig. 5F). However, the MBV pro-adhesive effect was 285 

entirely lost when these EVs were isolated from THY1 silenced pCAFs (Fig. 5F). Together, our data 286 

provide evidence that MBVs are a major vehicle for protein transfer from mammary CAFs to 287 

HUVECs and that they can influence HUVEC function. 288 

α-SMAhigh TNFRSF12Ahigh CAFs are the major donors of proteins to ECs 289 

Human normal fibroblasts (NFs) activated upon treatment with CM of prostate and melanoma 290 

cancer cells transfer more proteins compared with untreated fibroblasts [21]. Therefore, we 291 

compared protein transfer of our mammary CAFs with their matched NFs isolated from the same 292 

patient (pNFs), derived from macroscopically healthy tissue adjacent to the tumor. We found that 293 

pCAFs transferred more proteins to HUVECs than pNFs (Fig. 6A, B), and confirmed this result using 294 

microvascular endothelial cells (MVECs) (fig. S5A, B). Because we showed that EVs are involved in 295 
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protein transfer, we compared the amounts of EVs released by pCAFs and pNFs. Nanoparticle 296 

tracking analysis showed that pCAFs deposited significantly more medium-large EVs in the ECM 297 

than their NF counterpart (Fig. 4A, C-D and fig. S3A). In contrast, pNFs and pCAFs released EVs of 298 

similar size and quantity into the CM (Fig. 4C-D and fig. S3A). Notably, HUVECs treated with CAF-299 

derived MBVs received more proteins than when treated with MBVs produced by pNFs (Fig. 6A, 300 

C). Moreover, CM-EVs and MBVs secreted by pNFs transferred a comparable amount of proteins 301 

to HUVECs (Fig. 6A, D). However, the different protein transfer ability between pNF- and pCAF-302 

derived MBVs was greatly reduced when HUVECs were treated with equal numbers of MBVs (fig. 303 

S4D-E). Together, these results suggest that CAFs transfer more proteins because they produce 304 

more MBVs. Despite this, MBVs isolated from pCAFs and pNFs were molecularly and functionally 305 

different. In fact, significantly more monocytes adhered to HUVECs treated with MBVs isolated 306 

from pCAFs compared with pNFs, even though equal numbers of EVs were used (Fig. 5F). 307 

Our pCAF lines transferred different amounts of proteins to ECs (fig. S5A, C) raising the question 308 

of whether all CAFs can transfer proteins. To address this question, we first measured the 309 

correlation between the abundance of common CAF markers in our pCAF lines (Data File S4), 310 

including ACTA2, prolyl endopeptidase FAP (FAP), integrin beta-1 (ITGB1), dipeptidyl peptidase 4 311 

(DPP4), platelet-derived growth factor receptor alpha and beta (PDGFRA and PDGFRB), caveolin-312 

1 (CAV1) and protein S100-A4 (S100A4, also known as FSP-1), with their protein transfer ability. 313 

We found that the amount of proteins transferred by fibroblasts significantly correlated only with 314 

ACTA2 protein abundance (Fig. 6E). Microscopy analysis for α-SMA in our pCAF lines confirmed 315 

the proteomic data showing that the pCAF1 line, which transferred the most proteins to ECs (fig. 316 

S5A, C), contained more cells with high α-SMA protein amount than pCAF3 and pCAF4 lines (Fig. 317 

7A-B). Similarly, western blot analysis showed that α-SMA protein amount was higher in pCAF1 318 

line compared with pCAF3 and pCAF4 lines (Fig. 7C). To assess whether pCAFs expressing high or 319 
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low protein amount of α-SMA had different protein transfer abilities, we needed to identify cell 320 

surface proteins to sort the two living subpopulations for functional assays. To achieve this, we 321 

analyzed CAFs sorted according to high and low α-SMA protein amount by MS proteomics (fig. 322 

S6A). Principal component analysis of 2,080 proteins quantified across the three pCAF lines 323 

separated the α-SMAlow and α-SMAhigh subpopulations (fig. S6B and Data File S5). Moreover, 67 324 

proteins showed difference in abundance between α-SMAlow and α-SMAhigh subpopulations in at 325 

least two of the three pCAF lines (Fig. S6C and Data File S5) and among those, there were 7 cell 326 

surface receptors (Fig. 7D). We followed up on the tumor necrosis factor receptor superfamily 327 

member 12A (TNFRSF12A, also known as FN14, TweakR or CD266), because its abundance was 328 

highly different between α-SMAlow and α-SMAhigh CAFs and it was a good candidate for cell sorting 329 

(Data File S5). Immunofluorescence staining for α-SMA confirmed that there were more α-SMAhigh 330 

cells in TNFRSF12Ahigh sorted pCAFs than in TNFRSF12Alow pCAFs (fig. S6D). On average, 331 

TNFRSF12Ahigh pCAFs transferred double the amount of proteins to co-cultured HUVECs than 332 

TNFRSF12Alow pCAFs (Fig. 7E, F), including THY1 (Fig. 7E, G). Moreover, TNFRSF12Alow pCAFs had a 333 

protein transfer ability similar to that of their NF counterpart (Fig. 7E, F). Consistent with our 334 

findings that identified the MBVs as a major vehicle for protein transfer, HUVECs treated with 335 

TNFRSF12Ahigh pCAF-derived MBVs received more proteins than when treated with CM-EVs 336 

isolated from the same CAF subpopulation (Fig. 7H). Instead, the protein transfer ability of CM-337 

EVs and MBVs isolated from TNFRSF12Alow pCAFs was similar and lower than the amount of 338 

proteins transferred by TNFRSF12Ahigh pCAF-derived MBVs (Fig. 7H). The different protein transfer 339 

ability between MBVs from TNFRSF12Ahigh and TNFRSF12Alow pCAFs did not depend on evident 340 

differences in the matrices produced by the two CAF subpopulations, as the amount of fibrillar 341 

collagen (CNA35) and fibronectin was similar between the two (Fig. 7I). Hence, α-SMAhigh 342 
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mammary CAFs enriched using the transmembrane receptor TNFRSF12A have enhanced ability to 343 

transfer proteins to ECs. 344 

α-SMAhigh TNFRSF12Ahigh CAFs express high amounts of myofibroblast markers 345 

α-SMAhigh CAFs are typically those referred to as myCAFs, whereas α-SMAlow are typically iCAFs 346 

[15, 16]. Therefore, we investigated the expression of other myCAF and iCAF markers in our CAF 347 

subpopulations. We sorted TNFRSF12Ahigh and TNFRSF12Alow pCAFs, expanded them in culture, 348 

and assessed the expression of CAF markers by RT-qPCR. This analysis confirmed that 349 

TNFRSF12Ahigh pCAFs expressed higher amounts of ACTA2 and other genes highly expressed in 350 

mammary myCAFs [7, 16, 61], such as those encoding collagen alpha-1 (I) chain (COL1A1) and 351 

transgelin (TAGLN), compared with TNFRSF12Alow pCAFs (fig. S7A-B). Conversely, we did not 352 

detect significant differences in mRNA amounts of stromal cell-derived factor 1 (SDF1, also known 353 

as C-X-C motif chemokine 12 or CXCL12) and interleukin-6 (IL6), which are highly expressed in 354 

mammary iCAFs [7, 16, 61] (fig. S7A-B). Similarly, decorin (DCN), which expression is analogous in 355 

all CAFs [7, 61], had similar mRNA amounts in our two sorted populations (fig. S7A-B). These data 356 

suggest that high amounts of the TNFRSF12A receptor are found in CAFs with the myCAF 357 

phenotype. Consistent with this observation, in two publicly available single-cell RNA sequencing 358 

datasets of CAFs isolated from patients with breast cancer [7, 16], we found that both ACTA2 and 359 

TNFRSF12A mRNA amounts were high in the subpopulation defined by the authors as myCAFs 360 

(Fig. 8A-B). In addition, immunofluorescence staining of tumor tissue sections from patients with 361 

breast cancer confirmed the presence of TNFRSF12A+ and α-SMA+ CAFs in the stroma and showed 362 

that these cells could be found in close proximity to blood vessels (Fig. 8C and fig. S8). Hence, 363 

enhanced CAF-EC communication based on protein transfer is distinctive of those CAFs with a 364 

myofibroblast-like phenotype. 365 

 366 
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Discussion 367 

Using CAFs isolated from patients with breast cancer, we have discovered that CAFs with a 368 

myofibroblastic-like phenotype transfer high amounts of proteins to the surrounding 369 

endothelium. The transfer of proteins mainly occurs through MBVs. Using THY1 as an example of 370 

transferred protein, our work also shows that transferred proteins can influence the phenotype 371 

of the endothelium (Fig. 8D). CAFs in different states secrete distinct subsets and amounts of 372 

soluble factors and ECM components, which determine their functions in the tumor [15]. 373 

Therefore, understanding the heterogeneity of CAFs by associating their states with specific 374 

biological functions is fundamental to designing drugs for cancer treatment. 375 

CAFs use EVs [14] and intercellular transfer of proteins to affect the function of neighboring cells 376 

in vitro [21, 22]. Although these mechanisms have been originally described between CAFs and 377 

cancer cells, using various MS-based proteomic approaches we showed that ECs also receive 378 

proteins from CAFs in vitro. Moreover, we provide evidence that this process may occur in vivo. 379 

What is the fate of these proteins in recipient cells? It has been suggested that the fate of the EV 380 

cargo depends on the mechanism of EV internalization [62, 63]. For example, EV cargo can be 381 

directed toward lysosomes for degradation or can escape it [62-64]. Here, we showed that CAF-382 

derived proteins could be functional in recipient cells: ECs can receive plasma membrane proteins 383 

from CAFs, most of which are involved in migration and cell-cell or cell-matrix adhesion. Among 384 

them, THY1 enhanced the ability of ECs to interact physically with THP-1 monocytes in vitro and 385 

supported the recruitment of CD11b+ leukocytes in orthotopic 4T1 tumors. The ability of CAFs to 386 

affect the extravasation of CD11b+ leukocytes has the potential to influence the composition of 387 

the immune microenvironment, whose variation plays a crucial role in determining the efficacy of 388 

the therapeutic strategies [65]. Proteins transferred by cancer cells or CAFs influence the 389 

phenotype of recipient cells [21, 22, 48, 54, 55]. For example, PC3 human prostate cancer cells 390 
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increase the migration of prostate cancer and benign prostatic hyperplasia cells through the 391 

exosomal transfer of integrin αvβ3 [54]. Moreover, HeyA8 and TYK-nu human epithelial ovarian 392 

cancer cells induce an invasive mesenchymal phenotype of human peritoneal mesothelial cells 393 

through the transfer of exosomal CD44 [55] and activated human prostate and dermal fibroblasts 394 

support migration of cancer cells by transferring galectin-1 through ectosomes [22]. We found 395 

that CAFs transferred all these proteins to ECs and that CD44 and ITGB3 were among the receptors 396 

with the highest exogenous fraction. This suggests that, in addition to THY1, CD44 and ITGB3 may 397 

influence EC functions.  398 

The ECM is an important source of signals that actively regulate tumor progression. Its structure 399 

and composition, including ECM-associated proteins such as growth factors, influence many 400 

aspects of tumor pathology [66-68]. It is now evident that EVs have an essential role in ECM 401 

biology: EVs can be functional components of the ECM [32, 34] and CM-EVs control ECM 402 

deposition [69] and remodeling [70]. Our work provides evidence that CAFs deposit EVs in the 403 

matrix and that MBVs play a key role as vehicles for intercellular protein transfer. MBVs and CM-404 

EVs contain EVs of different sizes, and our MS proteomic characterization identified several 405 

differences between these two EV types, in accordance with previous work [33]. In particular, our 406 

findings support the concept that CM-EVs and MBVs may have different intracellular origins, 407 

specifically endosomal for CM-EVs and plasma membrane for MBVs, and provides evidence that 408 

these two subsets of vesicles have distinct functions. In fact, MBVs can deliver a greater amount 409 

of proteins to ECs and promote the adhesion of monocytes to ECs compared with CM-EVs. We 410 

showed that the ability of MBVs to deliver more proteins to recipient cells was due to their distinct 411 

characteristics rather than their extracellular location. This specific function of MBVs could 412 

depend on their larger size enabling them to transport a higher amount of proteins or on the 413 

presence of surface receptors that make their uptake easier compared with CM-EVs. Our data also 414 
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suggest that CM-EVs and MBVs are heterogeneous populations that may interact differently with 415 

recipient cells. EVs can influence recipient cell function through ligand-receptor interactions 416 

without being internalized [63, 71], and EV cargo can also be re-released in the extracellular space 417 

[72]. The existence of multiple ways of interaction between EVs and recipient cells is also indicated 418 

by our proteomic analysis, which identifies EV proteins that are not transferred to ECs, although 419 

we cannot exclude that some transferred proteins are below levels detectable by MS or degraded 420 

in lysosomes [63] Further study will be required to elucidate the precise mechanism by which 421 

MBVs can transfer more protein. 422 

We showed that CAFs secreted more MBVs than their normal-like fibroblast counterpart. This 423 

explains why CAFs have a greater capacity to transfer proteins to the endothelium. Based on this, 424 

we argue that protein transfer from fibroblasts is a phenomenon predominant in pathological 425 

conditions. Our work also indicates that CAF-derived MBVs may play unique roles in altering 426 

tumors locally, in addition to being a source of systemic signals, which is a classical function 427 

associated with tumor-derived EVs [73]. 428 

MyCAFs deposit most of the tumor ECM and contribute to its remodeling [16, 68]. Our work 429 

indicates that there are additional ways through which myCAFs can influence cellular functions. 430 

We showed that myCAFs were the major donors of proteins to ECs and that myCAF-derived MBVs 431 

had a key role in the process of protein transfer. However, we found no evidence that the matrix 432 

produced by myCAFs supported MBV performance, further confirming that MBVs transferred 433 

more proteins because of other distinct properties. These findings suggest that the increased 434 

protein transfer from myCAFs to ECs could depend on their ability to deposit different types 435 

and/or amounts of MBVs in the matrix. Another interesting aspect that emerged from our work 436 

is that MBVs could be a source of nutrients for tumor and stromal cells. Cancer cells [20, 74, 75] 437 

and ECs [76] take up proteins and amino acids from the extracellular milieu and use them for 438 
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macromolecule synthesis, and to modulate redox homeostasis [77]. In recipient cells, CAF-derived 439 

proteins may undergo proteolytic degradation and supply amino acids that contribute to 440 

biosynthetic and bioenergetics processes. Hence, we would speculate that MBVs could be an 441 

additional mechanism for local exchange of nutrients within the TME [78]. 442 

Finally, we have identified TNFRSF12A as potential cell surface marker of mammary CAFs with 443 

myofibroblast-like phenotype to be added to the small panel of plasma membrane proteins that 444 

can be used to isolate these cells for functional characterization [15]. Indeed, after the exclusion 445 

of epithelial cells, immune cells, ECs and pericytes, TNFRSF12A allows the direct selection of CAFs 446 

expressing high levels of myofibroblast markers. This result is in line with another study showing 447 

that TNFRSF12A specifically belongs to the myCAF transcriptional profile [16]. 448 

In conclusion, our work has identified that myCAFs can transfer functional proteins to ECs through 449 

MBVs. Our work paves the way for studies seeking to explore whether and how other transferred 450 

plasma membrane proteins can modify endothelial cell phenotype and how this affects the 451 

function of the tumor vasculature and influences tumor development and progression in vivo. 452 

These results will inform on whether targeting the production of MBVs should be further 453 

investigated as a strategy to oppose cancer. As an example, the targeting of MBV production could 454 

impair THY1 transfer therefore affecting the composition of the immune microenvironment and 455 

the response to therapy. More work should also be done to understand MBV biogenesis and 456 

function, a mechanism that so far has been largely overlooked. 457 

A limitation of our study is that we used mice that express RFP under the control of the Acta2 458 

promoter to test the transfer of proteins in vivo, and we cannot exclude that Acta2-expressing 459 

cells other than CAFs, such as pericytes surrounding the endothelium, also transfer proteins to 460 

ECs [79, 80]. However, CAFs expand during tumor progression and we showed that the amount of 461 

transferred proteins to ECs increased proportionally with CAF number in vitro. Hence, we think 462 
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that the majority of RFP found in the tumor endothelium could derive from CAFs. Another 463 

limitation is that we cannot exclude that CAFs had transferred RFP mRNA, which has then been 464 

translated into protein in the endothelium. Hence, additional studies are needed to further prove 465 

that CAFs transfer proteins to the endothelium in vivo, for example using MetRS* mice [81]. 466 

 467 

Materials and Methods 468 

Cell culture 469 

pCAFs and pNFs were isolated at the CRUK Scotland Institute from women with breast cancer and 470 

immortalized as previously described [35]. Samples were obtained through NHS Greater Glasgow 471 

and Clyde Bio-repository. Patients agreed with the use of their tissue samples for research. Unless 472 

otherwise stated, pCAFs and pNFs used for the experiments are pCAF1 and pNF1. cCAFs and cNFs 473 

were kindly provided by Professor Akira Orimo (Juntendo University, Tokyo) [35, 82]. Human 474 

MDA-MB-231 and mouse 4T1 breast cancer cells were purchased from ATCC. Luciferase-475 

expressing 4T1 cells were kindly provided by Professor Gareth Inman (University of Glasgow and 476 

CRUK Scotland Institute, Glasgow). CAFs, NFs, MDA-MB-231 cells and 4T1 cells were cultured in 477 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 478 

2 mM glutamine and 1% penicillin/streptomycin (Life Technologies, Thermo Fisher Scientific). 479 

pCAFs and pNFs were cultured on dishes coated with collagen I from rat tail (12 μg/ml, Gibco, 480 

Thermo Fisher Scientific). HUVECs were isolated from donors using previously described methods 481 

[67]. HMVECs (100-05a) were purchased from Sigma-Aldrich. HUVECs and HMVECs were cultured 482 

on 1% gelatin coated dishes in EGM-2 or EGM-2 MV (Lonza), respectively. 483 

THP-1 cells were purchased from ATCC and cultured in RPMI-1640 medium (Life Technologies) 484 

supplemented with 10% FBS, 2 mM glutamine and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich). 485 

MCF10DCIS.com cells were kindly provided by Professor Philippe Chavrier (Institute Curie, Paris). 486 
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MCF10DCIS.com cells were cultured in F12 medium supplemented with 5% horse serum (Life 487 

Technologies), 2 mM glutamine and 1% penicillin/streptomycin. Jurkat cells were kindly provided 488 

by Dr. Shehab Ismail (University of Glasgow and CRUK Scotland Institute, Glasgow). Jurkat cells 489 

were cultured in RPMI-1640 medium supplemented with 10% FBS and 2 mM glutamine. For SILAC 490 

experiments, fibroblasts were cultured in SILAC DMEM (Life Technologies) supplemented with 2% 491 

FBS, 8% 10 kDa dialyzed FBS, 2 mM glutamine, 1% penicillin/streptomycin, 84 mg/l 13C6
15N4 L-492 

arginine and 175 mg/l 13C6
15N2 L-lysine (Cambridge Isotope Laboratories, Inc.). All the cell lines 493 

were cultured under standard conditions (37°C and 5% CO2) and were routinely tested for 494 

mycoplasma. 495 

EV isolation 496 

pCAFs or pNFs were plated in serum-free DMEM. After 48h, EVs were collected from both the CM 497 

and the matrix. The CM was collected, then the culture plate was washed with PBS and the EVs 498 

from the matrix were detached using Accutase® (Sigma-Aldrich) and collected in DMEM 499 

supplemented with 0.5% FBS, which had been previously ultracentrifuged at 100,000 x g for 5h 500 

and filtered with a 0.2 μm filter to reduce the amount of serum EVs. Cells and debris were removed 501 

by centrifugation at 300 x g (4°C, 10min) and 2,000 x g (4°C, 30min), and CM-EVs and MBVs were 502 

isolated by ultracentrifugation at 100,000 x g (4°C, 90min). Pelleted EVs were resuspended in PBS 503 

and subjected to another step of ultracentrifugation at 100,000 x g (4°C, 90min). EVs were 504 

collected in PBS and gently sonicated at 5 microns amplitude using a metal tip (Soniprep 150, MSE) 505 

three times for 5s before using them for protein transfer experiments and nanoparticle tracking 506 

analysis and before sample preparation for electron microscopy. 507 

Small interfering RNA 508 

Transient knockdown was performed using the Amaxa kit R (Lonza) and Nucleofector device 509 

(program T-20, Lonza) according to the manufacturer's protocol. 2x106 CAFs were transfected 510 
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with 3 nM of non-targeting control (siCtrl, D-001810-10-05, GE Healthcare Dharmacon, Inc.) or 511 

THY1 human siRNA (siTHY1, L-015337-00-0005, GE Healthcare Dharmacon, Inc.). CAFs were used 512 

for experiments 72h after transfection. 513 

Nanoparticle Tracking Analysis 514 

CM-EVs and MBVs were isolated as described above from 1.5x105 pCAFs or pNFs, which were 515 

seeded in serum-free medium in 6 cm cell culture dishes. After isolation, the EVs were 516 

resuspended in 1 ml of PBS. EV size and concentration were determined using a NanoSight LM10 517 

(Malvern Panalytical) and the NTA 3.1 software. Each measurement is the result of three 518 

acquisitions of 60s. The camera level was set to 14 and the detection threshold to 4. The PBS used 519 

for EV isolation and collection was filtered with the 0.02 μm filter. 520 

Intercellular protein and THY1 transfer 521 

To measure the intercellular protein transfer in co-culture, donor cells were labeled with 10 μM 522 

CellTraceTM CFSE (Life Technologies) in PBS for 20min at 37°C. After at least 1h, donor cells were 523 

seeded. Once they were adhered, recipient cells were seeded in co-culture with donor cells for 524 

24h (also referred to as direct co-culture). For indirect co-culture, donor cells were plated on glass 525 

coverslip, which was positioned upside down on the culture dish where recipient cells were 526 

seeded. The glass coverslip was placed above a polytetrafluoroethylene film (PTFE) ring with a 527 

thickness of 0.08 mm (Goodfellow Cambridge Ltd). After 24h of co-culture, cells were detached 528 

with Accutase®, resuspended in FACS buffer (25 mM HEPES, 5 mM EDTA, 1% 529 

penicillin/streptomycin, 1% FBS in PBS) and the transfer of CFSE labeled proteins was analyzed by 530 

an AttuneTM NxT flow cytometer (Thermo Fisher Scientific) and FlowJo software version 10.7.1. To 531 

measure THY1 transfer, cells were detached with Accutase® after 24h of co-culture, resuspended 532 

in FACS buffer, incubated with APC anti-THY1 antibody (1/100, [5E10] 328114 BioLegend, 533 

RRID:AB_893431) and human TruStain FcXTM (1/200, BioLegend) for 45min on ice (100 μl/106 534 
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cells). DAPI (Sigma-Aldrich) was used as a live/dead marker. THY1 transfer was analyzed by an 535 

AttuneTM NxT flow cytometer and FlowJo software version 10.7.1. In both protein and THY1 536 

transfer experiments, donor cells were gated as CFSEhigh and recipient cells were gated as CFSElow. 537 

Unless otherwise stated, donor cells and recipient cells were plated at 2:1 ratio. The medium used 538 

for the co-culture experiments was EGM-2 or EGM-2 MV depending on the EC type. 539 

To measure the EV-mediated transfer of proteins, CM-EVs and MBVs were isolated from 1.5x105 540 

pCAFs, pNFs or sorted pCAFs and labeled with 10 μM CellTraceTM CFSE in PBS for 20min at 37°C. 541 

After labeling, EVs were washed in PBS by two sequential steps of ultracentrifugation at 100,000 542 

x g (4°C, 90min). The whole amount of isolated EVs was used to treat 3x104 HUVECs in EGM-2. 543 

After 20h, HUVECs were detached and intercellular protein transfer was analyzed as above. In 544 

experiments in which recipient cells were treated with equal numbers of isolated CM-EVs or 545 

MBVs, vesicles were quantified by nanoparticle tracking analysis and used for the treatment. To 546 

measure the EV-mediated transfer of THY1, CM-EVs and MBVs were isolated from 5x104 pCAFs 547 

and the whole amount was used to treat 2.5x104 HUVECs in EGM-2. After 3h, HUVECs were 548 

detached, stained for THY1 and analyzed as above. If not otherwise stated, all the protein and 549 

THY1 transfer experiments were performed on 1% gelatin coated dishes. 550 

To determine whether the ECM influences the transfer of proteins and THY1, decellularized ECM 551 

was prepared by seeding pNFs or pCAFs at 100% confluence on 0.2% gelatin, which was 552 

crosslinked using 1% glutaraldehyde for 7 days. ECM was decellularized with 20 mM NH4OH, 0.5% 553 

Triton X-100 (TX-100, Sigma-Aldrich) in PBS. CM-EVs and MBVs were isolated from 1.5x105 pCAFs 554 

and labeled as described above. After isolation, EVs were coated overnight on the decellularized 555 

ECM or on dishes previously coated with 1% gelatin. Unbound EVs were removed by washing with 556 

PBS and 3x104 HUVECs were seeded on top in EGM-2. After 20h, HUVECs were detached and 557 

intercellular protein and THY1 transfer were analyzed as above. 558 
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In protein and THY1 transfer experiments, recipient cells that were seeded without donor cells 559 

(also referred to as monoculture condition) or that were untreated with EVs were used as control 560 

to determine the levels of auto-fluorescence. In addition, in THY1 transfer experiments, recipient 561 

cells seeded in monoculture were stained for THY1 to determine basal amounts. 562 

Western blotting analysis 563 

Cells were lysed in 2% SDS in 100 mM Tris-HCl pH 7.4, incubated at 95°C for 5min, sonicated using 564 

a metal tip and centrifuged at 16,000 x g for 10min. Protein concentration was determined using 565 

Optiblot Bradford reagent (Abcam). Protein lysate was mixed with NuPAGETM LDS sample Buffer 566 

4x (Life Technologies) supplemented with 400 mM dithiothreitol (DTT, Sigma-Aldrich). Proteins 567 

(15-20 μg) were separated using 4-12% gradient NuPAGETM Novex Bis-Tris gel (Life Technologies). 568 

Protein transfer was performed on methanol-activated Immobilon®-FL PVDF membrane (Sigma-569 

Aldrich). Membranes were blocked for 1h in 5% bovine serum albumin (BSA, Sigma-Aldrich) in 570 

Tris-buffered saline with 0.1% Tween® 20 detergent (TBST) at room temperature and incubated 571 

with primary antibody overnight at 4°C. The following primary antibodies were used: THY1 572 

(1/2,000, [D3V8A] 13801 Cell Signaling Technology), α-SMA (1/10,000, A5228 Sigma-Aldrich), 573 

GAPDH (1/1,000, sc-48167 Santa Cruz Biotechnology), vinculin (1/2,000, V9131, Sigma-Aldrich) 574 

and β-tubulin (1/1,000, sc-9104 Santa Cruz Biotechnology). Membranes were incubated with HRP-575 

conjugated (1/2,500 New England Biolabs) or IRDye® (1/10,000 LI-COR Biosciences) antibody for 576 

45min at room temperature. Western blot images were acquired using a myECL Imager (Thermo 577 

Fisher Scientific) or a LI-COR Odyssey CLx scanner (Image Studio software, version 5.0.21). 578 

Immunofluorescence 579 

For vimentin and fibronectin staining, cultured pCAFs and pNFs were fixed in 4% 580 

paraformaldehyde (PFA, Sigma-Aldrich), permeabilized and blocked with 0.1% TX-100 in 1% BSA 581 

in PBS for 30min, incubated overnight at 4°C with the following primary antibodies: vimentin 582 
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(1/50, sc-7557 Santa Cruz Biotechnology) and fibronectin (1/100, 610078 BD Biosciences, 583 

RRID:AB_397486). Cells were incubated with Alexa Fluor® 488 secondary antibody (1/400, Life 584 

Technologies) for 2h. DAPI (1/5,000) was used for nuclear staining. Images were acquired using a 585 

Zeiss LSM 710 confocal microscope (Carl Zeiss, EC Plan-Neofluar 20x/0.50 M27 objective, no 586 

immersion). 587 

To evaluate protein transfer by immunofluorescence, pCAFs were labeled with CellTraceTM CFSE 588 

as described above and seeded on glass coverslips in a 24-well plate. Once they adhered, ECs were 589 

seeded in co-culture with pCAFs. After 24h, cells were fixed in 4% PFA. DAPI and Alexa® 647 590 

Phalloidin (1/100, Life Technologies) were used for nuclear and F-actin staining, respectively. 591 

HUVECs seeded in monoculture condition were used as control. Images were acquired with a Zeiss 592 

LSM 880 confocal microscope in Airyscan mode (Carl Zeiss, Plan-Apochromat 63x/1.4 Oil DIC M27 593 

objective, zoom 1.8, z-stacks of 5-9 μm, 28-48 slices). Images were Airyscan processed with Zen 594 

software (version 3.7) using default settings. The 3D reconstruction and analysis were performed 595 

using Imaris software (version 9.5, Bitplane, Oxford Instruments). 596 

For α-SMA staining, 5x103 pCAFs were seeded in each well of a 96-well plate. The following day, 597 

cells were fixed in 50% acetone/50% ethanol for 20min and permeabilized and blocked with 0.05% 598 

saponin (Sigma-Aldrich) in 1% BSA in PBS for 30min. Cells were incubated with anti-α-SMA 599 

antibody (1/200, [1A4] ab7817 Abcam) in 1% BSA in PBS for 1.5h and then with Alexa Fluor® 647 600 

secondary antibody (1/250, Life Technologies) for 1h. HCS CellMaskTM Green Stain (1/10,000, Life 601 

Technologies) and DAPI were used for cytoplasm and nuclear staining, respectively. For each well, 602 

45 images were acquired on an Opera Phenix high-content imaging system (20x objective, z-stacks 603 

of 0.8 μm, PerkinElmer). Image analysis was performed using Harmony imaging analysis software 604 

(PerkinElmer, version 4.9). 605 

pCAF sorting 606 
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Cultured pCAFs were detached with AccumaxTM solution (Sigma-Aldrich) and resuspended in FACS 607 

buffer. To sort pCAFs based on α-SMA protein abundance, pCAFs were fixed and permeabilized 608 

by using the eBioscienceTM Intracellular Fixation & Permeabilization Buffer Set (Life Technologies) 609 

according to the manufacturer's instructions. Cells were resuspended in permeabilization buffer 610 

(100 μl/106 cells) and incubated with anti-α-SMA antibody (1/1,000, [1A4] ab7817 Abcam) for 1h 611 

and then with Alexa Fluor® 488 or 647 secondary antibody (1/250, Life Technologies) 612 

supplemented with 2% donkey serum for 1h. Unstained pCAFs and pCAFs incubated with the 613 

secondary antibody only were used as controls. To sort pCAFs based on TNFRSF12A protein 614 

abundance, 106 cells were incubated with BD Horizon BV421 anti-TNFRSF12A antibody (1/140, 615 

565712 BD Biosciences, RRID:AB_2739337) and human TruStain FcXTM (1/200, BioLegend) in 100 616 

μl of FACS buffer for 45min on ice. Unstained pCAFs were used as control. pCAFs were sorted into 617 

α-SMAhigh and α-SMAlow or TNFRSF12Ahigh (10% of cells with the highest expression) and 618 

TNFRSF12Alow (10% of cells with the lowest expression) using a BD FACSAriaTM (BD Biosciences). 619 

Collagen quantification in sorted pCAFs 620 

TNFRSF12Ahigh and TNFRSF12Alow pCAFs were plated at confluence for 7 days. They were 621 

incubated with 1 µM of the fluorescent collagen binding CNA35-mCherry [83] for 1h, fixed in 4% 622 

PFA and counterstained with DAPI (1/5,000). Images were taken on a Zeiss LSM 710 confocal 623 

microscope and collagen staining was quantified using ImageJ software. 624 

Adhesion Assay 625 

To measure the binding of THP-1 cells to HUVECs that were directly co-cultured with pCAFs, 626 

control and THY1-silenced pCAFs were labeled with 2.5 μM CellTrackerTM Green CMFDA Dye (Life 627 

Technologies) in PBS for 25min at 37°C and 2x104 labeled pCAFs were seeded in each 1% gelatin 628 

coated well of a 96-well plate. HUVECs were labeled with 1 μM CellTrackerTM Deep Red Dye (Life 629 

Technologies) in PBS for 20min at 37°C and 4x104 labeled cells were seeded in co-culture with 630 
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pCAFs. After 24h of co-culture, 8.5x103 THP-1 cells, which were labeled with 2 μM CellTrackerTM 631 

Orange CMTMR Dye (Life Technologies) in PBS for 20min at 37°C, were added to each well in M199 632 

medium (Life Technologies) supplemented with 10% FBS. After 45min, unbound THP-1 cells were 633 

removed by three washes in 1% BSA in PBS with calcium and magnesium (Sigma-Aldrich). Cells 634 

were fixed in 4% PFA and DAPI was used for nuclear staining. 635 

To measure the binding of THP-1 cells to HUVECs that were treated with EVs, 1.5x105 control 636 

pCAFs, THY1-silenced pCAFs and pNFs were seeded in serum-free medium in 6 cm cell culture 637 

dishes and EVs were isolated as described above. CM-EVs and MBVs were isolated from control 638 

and THY1-silenced pCAFs, MBVs only were isolated from pNFs. 4x104 HUVECs were seeded in a 639 

1% gelatin coated well of a 96-well plate and treated overnight with 5x108 of isolated EVs. 640 

Unbound EVs were removed by washing the well with PBS with calcium and magnesium and 641 

8.5x103 THP-1 cells were added as described above. For each well, 25-45 images (adhesion assay 642 

in co-culture conditions) or 77 images (adhesion assay after EV treatment) were acquired on an 643 

Opera Phenix high-content imaging system (objective 20x and z-stacks of 2 μm for the adhesion 644 

assay in co-culture conditions, and objective 10x for the adhesion assay after EV treatment, 645 

PerkinElmer). Image analysis was performed using Harmony imaging analysis software 646 

(PerkinElmer, version 4.9). For each well, the number of THP-1 monocytes that bound HUVECs 647 

was averaged (adhesion assay in co-culture condition) or summed (adhesion assay after EV 648 

treatment). In the adhesion assay in co-culture conditions, only THP-1 cells overlapping the ECs at 649 

least for the 30% of their cellular body were counted. 650 

NF/CAF characterization 651 

pNFs, pCAFs, MCF10DCIS.com cells and HUVECs were detached with the AccumaxTM solution and 652 

resuspended in FACS buffer. Jurkat cells were centrifuged and resuspended in the FACS buffer. 653 

106 cells were incubated with the following antibodies (1/100, BioLegend): CD31-PE ([WM59] 654 
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303105, RRID:AB_314331), CD45-PE ([2D1] 368510, RRID:AB_2566370) and EPCAM-PE ([9C4] 655 

324206, RRID:AB_756080), and with human TruStain FcXTM (1/200, BioLegend) in 100 μl of FACS 656 

buffer for 45min on ice. DAPI was used as a live/dead marker. An unstained sample composed of 657 

a mixture of all the above cells has been used as control. Cells were analyzed using a BD 658 

LSRFortessaTM Cell Analyzer (BD Biosciences) and FlowJo software version 10.7.1. 659 

MS proteomic analysis 660 

For trans-SILAC experiments, heavy-labeled pCAFs were labeled with CellTrackerTM Green CMFDA 661 

Dye as described above and 1.5x106 pCAFs were seeded in a gelatin coated 15 cm dish. After 16h, 662 

7.5x105 HUVECs were seeded in co-culture with pCAFs. HUVECs seeded without pCAFs (also 663 

referred to as monoculture condition) were used as control. After 4h and 24h, cells were detached 664 

with Accutase®, resuspended in FACS buffer and HUVECs were sorted as “CellTrackerTM Green 665 

CMFDA Dye” negative cells by using a BD FACSAriaTM. Sorted HUVECs were lysed in 6 M urea/2 M 666 

thiourea supplemented with 10 mM tris(2-carboxyethyl)phosphine (TCEP) and 40 mM 667 

chloroacetamide (CAA) in 75 mM NaCl and 50 mM Tris-HCl (Sigma-Aldrich) and sonicated using a 668 

metal tip. 25-120 μg of proteins were digested with trypsin and were fractionated using high pH 669 

reverse phase fractionation. Briefly, dried peptides were resuspended in 200 mM ammonium 670 

formate adjusted to pH 10 with ammonium hydroxide solution (Sigma-Aldrich). Then, peptides 671 

were loaded on pipette-tip columns of ReproSil-Pur 120 C18-AQ 5 μm (Dr. Maisch HPLC GmbH), 672 

eluted in 7 fractions using an increasing amount of acetonitrile and analyzed by MS. 673 

For the proteomic analysis of THP-1, α-SMAhigh and α-SMAlow pCAFs, cells were washed three times 674 

in PBS and lysed in 6 M urea/2 M thiourea supplemented with 10 mM TCEP and 40 mM CAA in 75 675 

mM NaCl and 50 mM Tris-HCl and sonicated using a metal tip. 10 μg of proteins were digested 676 

with trypsin, desalted using C18 StageTip [84] and analyzed by MS. 677 
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For the analysis of the pCAF1 proteome, cultured pCAFs were washed three times with PBS and 678 

cultured in serum-free DMEM. After 24h, cells were washed with PBS, lysed in 2% SDS with 1 mM 679 

DTT in 100 mM Tris-HCl pH 7.4, incubated at 95°C for 5min and sonicated using a metal tip. Tryptic 680 

peptides were generated from 150 μg of proteins using filter-aided sample preparation using 681 

filtration units with MW cutoff of 30 kDa [85, 86]. Briefly, lysates were loaded on the filter units, 682 

incubated for 20min with 55 mM iodoacetamide (IAA, Sigma-Aldrich) in 50 mM ammonium 683 

bicarbonate pH 8.0, digested with trypsin and eluted with 50 mM ammonium bicarbonate pH 8.0 684 

(Sigma-Aldrich). 60 μg of peptides were fractionated using high pH reverse phase fractionation as 685 

described above and analyzed by MS. 686 

For the analysis of the EV proteome, pCAFs were cultured in DMEM supplemented with 10% 687 

ultracentrifuged FBS. pCAFs were washed three times in PBS and cultured in serum-free DMEM. 688 

After 48h, CM-EVs and MBVs were collected as described above from 2x107 and 107 pCAFs, 689 

respectively. After ultracentrifugation, EVs were collected in 200 mM HEPES pH 8.0 and 2,2,2-690 

trifluoroethanol (TFE) was added 1:1 (Sigma-Aldrich). EVs were sonicated three times at 10 691 

microns amplitude for 10s (with 20s on ice in between each sonication) and were incubated at 692 

60°C for 1h at 1,000 rpm and sonicated again. EV lysates were incubated with 10 mM TCEP and 693 

40 mM CAA for 1h. TFE concentration was reduced to 10% by adding 200 mM HEPES and EV 694 

lysates were digested with trypsin. Peptides were desalted using C18 StageTip, dried, resuspended 695 

in 200 mM HEPES and incubated with 0.1 mg Tandem Mass Tag (TMTzeroTM, Thermo Fisher 696 

Scientific) label reagent for 2h at 26°C and 450 rpm. Samples were dried, resuspended in 0.1% 697 

formic acid, acidified by adding trifluoroacetic acid (TFA, Sigma-Aldrich), desalted using C18 698 

StageTip and analyzed by MS. 699 

For the proteomic analysis of pCAFs and pNFs, cultured cells were washed with PBS, lysed in 2% 700 

SDS in 100 mM Tris-HCl pH 7.4, incubated at 95°C for 5min, sonicated using a metal tip and 701 
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centrifuged at 16,000 x g for 10min. Lysates were mixed 1:1 with an internal standard composed 702 

of a mix of SILAC heavy-labeled cCAFs/cNFs. Protein lysates were mixed with NuPAGETM LDS 703 

sample Buffer (4x) and 1 mM DTT. Proteins were separated using 4-12% gradient NuPAGETM Novex 704 

Bis-Tris gel, which then stained with Coomassie Blue. Gel lanes were cut into slices; proteins were 705 

in gel digested with trypsin [87]; and peptides were desalted using C18 StageTip and analyzed by 706 

MS. 707 

MS analysis with a Q Exactive HF (trans-SILAC experiment and pCAF1 proteome) 708 

Each of the 7 fractions was dried down and re-suspended in 2% acetonitrile/0.1% TFA in water 709 

and separated by nanoscale C18 reverse-phase liquid chromatography performed on an EASY-nLC 710 

II 1200 coupled to a Q Exactive HF mass spectrometer (Thermo Fisher Scientific). Elution was 711 

carried out for a total run time duration of 65min (fraction 1), 105min (from fraction 2 to 5) and 712 

135min (fraction 6 and 7), using an optimized gradient. Peptides were eluted into a 50 cm (trans-713 

SILAC) or 20 cm (pCAF1 proteome) fused silica emitter (New Objective, Inc., Littleton, MA) packed 714 

in-house with ReproSil-Pur C18-AQ, 1.9μm resin (Dr. Maisch HPLC GmbH). The emitter was kept 715 

at 50°C (trans-SILAC) or 35°C (pCAF1 proteome) by means of a column oven integrated into the 716 

nanoelectrospray ion source (Sonation). Eluting peptides were electrosprayed into the mass 717 

spectrometer using a nanoelectrospray ion source (Thermo Fisher Scientific). An active 718 

background ion reduction device (ABIRD, ESI source solutions) was used to decrease air 719 

contaminants signal level. Xcalibur software (Thermo Fisher Scientific) was used for data 720 

acquisition. Full scans over mass range of 375–1500 m/z were acquired at 60,000 resolution at 721 

200 m/z. Multiply charged ions from two to five were selected through a 1.4 m/z window and 722 

fragmented. Higher energy collisional dissociation fragmentation was performed on the 15 most 723 

intense ions, using normalized collision energy of 27, and the resulting fragments were analyzed 724 
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in the Orbitrap at 15,000 resolution, using a maximum injection time of 25ms or a target value of 725 

105 ions. Former target ions selected for MS/MS were dynamically excluded for 20s. 726 

MS analysis with an Orbitrap FusionTM LumosTM (THP-1 cells, sorted pCAF and EV proteomes) 727 

Desalted peptides were separated by nanoscale C18 reverse-phase liquid chromatography 728 

performed on an EASY-nLC 1200 coupled to an Orbitrap FusionTM LumosTM mass spectrometer 729 

(Thermo Fisher Scientific). Elution was carried out for a total run time duration of 265min (THP-1 730 

and sorted pCAF proteome) or 135min (EV proteome), using a binary gradient with buffer A 731 

(water) and B (80% acetonitrile), both containing 0.1% of formic acid. Peptide mixtures were 732 

separated at 300 nl/min flow, using a 50 cm fused silica emitter (New Objective, Inc.) packed in-733 

house with ReproSil-Pur C18-AQ, 1.9μm resin (Dr Maisch GmbH). The packed emitter was kept at 734 

50°C by means of a column oven integrated into the nanoelectrospray ion source (Sonation). The 735 

eluting peptide solutions were electrosprayed into the mass spectrometer via a nanoelectrospray 736 

ion source (Sonation). An ABIRD (ESI source solutions) was used to decrease ambient contaminant 737 

signal level. Samples were acquired on an Orbitrap FusionTM LumosTM mass spectrometer. The 738 

mass spectrometer was operated in positive ion mode and used in data-dependent acquisition 739 

mode (DDA). Advanced Peak Determination was turned on and Monoisotopic Precursor Selection 740 

was set to “Peptide” mode. A full scan was acquired at a resolution of 120,000 (THP-1 and sorted 741 

pCAF proteome) or 60,000 (EV proteome) at 200 m/z, over mass range of 375-1500 m/z (THP-1 742 

and sorted pCAF proteome) or 375-1400 m/z (EV proteome). The top 20 (THP-1 and sorted pCAF 743 

proteome) or 15 (EV proteome) most intense ions were selected using the quadrupole, 744 

fragmented in the ion routing multipole, and analyzed in the linear ion trap (THP-1 and sorted 745 

pCAF proteome) or analyzed in the Orbitrap at 15,000 resolution (EV proteome), using a maximum 746 

injection time of 35ms (THP-1 and sorted pCAF proteome) or 125ms (EV proteome), or a target 747 

value of 2x104 ions (THP-1 and sorted pCAF proteome) or 1.5x105 ions (EV proteome). Former 748 
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target ions selected for MS/MS were dynamically excluded for 60s (THP-1 and sorted pCAF 749 

proteome) or 30s (EV proteome). 750 

MS analysis with an Orbitrap Elite (pNF and pCAF proteomes) 751 

Digested peptides were separated by nanoscale C18 reverse-phase liquid chromatography 752 

performed on an EASY-nLC II (Thermo Scientific) coupled to a Linear Trap Quadrupole - Orbitrap 753 

Elite mass spectrometer (Thermo Fischer Scientific). Elution was carried out using a binary 754 

gradient with buffer A (water) and B (80% acetonitrile), both containing 0.1% of formic acid. 755 

Peptide mixtures were separated at 200 nl/min flow, using a 20 cm fused silica emitter (New 756 

Objective) packed in-house with ReproSil-Pur C18-AQ, 1.9μm resin (Dr Maisch GmbH) for a total 757 

duration of 255 minutes. Packed emitter was kept at 35°C by means of a column oven integrated 758 

into the nanoelectrospray ion source (Sonation). Eluting peptide solutions were automatically 759 

(online) electrosprayed into the mass spectrometer by a nanoelectrospray ion source (Sonation). 760 

An ABIRD was used to decrease ambient contaminant signal level. General mass spectrometric 761 

conditions of Linear Trap Quadrupole - Orbitrap Elite were as follows: spray voltage, 2.1 kV; ion 762 

transfer tube temperature, 200°C. The mass spectrometer was operated in positive ion mode and 763 

used in data-dependent acquisition mode (DDA). A full scan (FT-MS) was acquired at a target value 764 

of 1x106 ions with resolution R = 120,000 over mass range of 300-1650 amu. The top ten most 765 

intense ions were selected for fragmentation in the linear ion trap using higher energy collision 766 

dissociation (HCD) using a maximum injection time of 150 ms or a target value of 4x104 ions. 767 

Multiply charged ions from two to five charges having intensity greater than 40,000 counts were 768 

selected through a 3 amu window and fragmented using normalized collision energy of 30. Former 769 

target ions selected for MS/MS were dynamically excluded for 60s. 770 

MS proteomic data analysis 771 
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The .RAW files were processed with MaxQuant software (version 1.5.5.1 for the proteome analysis 772 

of pCAF/pNF proteome, version 1.6.3.3 for all the other experiments) [88] and searched with the 773 

Andromeda search engine. The following setting was used: minimal peptide length 7 amino acids, 774 

trypsin specific digestion mode with maximum 2 missed cleavages, carbamidomethyl (C) as fixed 775 

modification, and oxidation (M) and acetylation (Protein N-term) as variable modifications. For 776 

the analysis of the EV proteome, TMTzeroTM was added as fixed modification and maximum 4 777 

missed cleavages were allowed. Minimum peptide ratio count was set to 2, except for the trans-778 

SILAC experiment and the analysis of the pCAF1 proteome in which this parameter was set to 1. 779 

“Unique + razor” peptides were used for quantification in the analysis of the THP-1 and the pCAF 780 

and pNF proteomes; “unique” peptides were used for quantification in all the other experiments. 781 

The “match between runs” option was enabled for the analysis of pCAF/pNF proteome. For SILAC 782 

experiments, multiplicity was set to 2: light labels were Arg0 and Lys0; heavy labels were Arg10 783 

and Lys8. Label free quantification (LFQ) setting was enabled for all the other experiments. The 784 

false discovery rates (FDRs) at protein and peptide levels were set to 1%. 785 

Perseus software (version 1.5.5.3 for the analysis of pCAF/pNF proteome and version 1.6.2.2 for 786 

all the other experiments) [89] was used for data analysis. Potential contaminants, reverse 787 

peptides and proteins only identified by a modification site were filtered out. Only proteins 788 

identified with at least one unique peptide were kept for the analysis. To define the transferred 789 

proteins in the trans-SILAC experiment, we selected proteins with a “Ratio H/L count” value higher 790 

in HUVECs co-cultured with CAFs compared with monoculture. In addition, we selected proteins 791 

with an intensity value in the heavy channel (Intensity H) but not in the light one (Intensity L). The 792 

exogenous fraction was calculated as: 1-[1/(x+1)], where x is the “Ratio H/L” value. The exogenous 793 

fraction of proteins with an “Intensity H” value but not the “Intensity L” one was set to 1. The 794 

proteins with an exogenous fraction in at least three out of five biological replicates were selected. 795 
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We filtered out proteins not identified in the pCAF1 proteome (donor cells). For the analysis of 796 

the THP-1 proteome, the intensity value of each protein was divided by the molecular weight 797 

(MW) and transformed by log2. The adhesion molecules were selected based on the Gene 798 

Ontology Biological Processes (GOBP) category of cell adhesion (GO:0007155) and based on the 799 

subcellular location’s annotations retrieved from UniProt. For the analysis of the pCAF1, CM-EV 800 

and MBV proteomes, the intensity value of each protein was divided by the MW and transformed 801 

by log2. For the analysis of the pCAF and pNF proteomes, the SILAC ratio was inverted, 802 

transformed by log2 and normalized by subtracting the median from each column. For the analysis 803 

of the α-SMAhigh and α-SMAlow pCAF proteome, LFQ intensity was transformed by log2, three valid 804 

values were required for at least one pCAF1 or pCAF3 subpopulation and one valid value was 805 

required for at least one pCAF4 subpopulation. Missing values were replaced from the normal 806 

distribution using the recommended setting in Perseus software and proteins with a fold change 807 

≥ 1.5 and P ≤ 0.05 (two-tailed t-test) in at least two out of the three pCAF lines were selected. The 808 

Z-score was calculated by row. The cell surface proteins were selected based on the subcellular 809 

location’s annotations retrieved from UniProt. 810 

Proteomic datasets 811 

EV proteomic data were downloaded from three publicly available datasets [57-59]. For each 812 

dataset, we considered the proteins unique to each EV subpopulation and those with an 813 

abundance significantly different between the two subpopulations as statistically analyzed by the 814 

authors, except for [59], we considered proteins with at least a two-fold change and P < 0.05. The 815 

selected proteins were matched by gene name with the proteins whose abundance was 816 

significantly different between CM-EVs and MBVs (two-tailed t-test, P < 0.05). The Z-score was 817 

calculated by row. 818 

In vivo study of RFP transfer 819 
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BALB/c C.FVB-tg(Acta2-DsRed)1RK1/J mice (JAX stock #031159, generated by Dr. Raghu Kalluri, 820 

University of Texas MD Anderson Cancer Center, and kindly provided by Dr. Chris D Madsen, Lund 821 

University) were used for the in vivo experiments. All mouse procedures were in accordance with 822 

ethical approval from University of Glasgow under the revised Animal Act 1986 (Scientific 823 

Procedures) and the EU Directive 2010/63/EU authorized through UK Home Office Approval 824 

(Project license number 70/8645). For FACS analysis, 2.5x104 4T1 cells were resuspended in 100 825 

μl of PBS and injected in the tail vein of 6-8-week-old RFP expressing female mice. Littermate α-826 

SMA-RFP female mice that had not been injected with 4T1 cells were used as control. Mice were 827 

culled three weeks after the injection. Lungs were collected, minced finely and digested in pre-828 

warmed PBS (with calcium and magnesium) with 2 mg/ml of collagenase A (Roche) for 1h on a 829 

rotating wheel at 37°C. The pieces of lung tissue were then passed through a 14G needle. Isolated 830 

cells were resuspended in M199 medium supplemented with 10% FBS, passed through a cell 831 

strainer (70 μm) and washed several times by centrifugation at 300 x g for 5min. Cells were 832 

resuspended in FACS buffer and incubated with the following antibodies (1/100, BioLegend): 833 

CD31-Alexa Fluor® 488 ([390] 102414, RRID:AB_493408) and CD45-APC/Cyanine7 ([30-F11] 834 

103116, RRID:AB_312981) and with mouse TruStain FcXTM (1/200, BioLegend) for 45min on ice. 835 

DAPI was used as a live/dead marker. ECs were identified as CD31+CD45- cells. Cells were analyzed 836 

using an AttuneTM NxT flow cytometer and FlowJo software version 10.7.1. 837 

For immunofluorescence analysis, 2.5x104 4T1 cells were resuspended in 100 μl of PBS and 838 

injected in the tail vein of 4-5-month-old female mice expressing or not (control mice) RFP. Mice 839 

were culled three weeks after the injection. A small incision was made in the trachea and 1 ml of 840 

2% low-melting point agarose was introduced slowly into the lungs through a 22G needle. Lungs 841 

were excised and fixed in 4% PFA for 2h at 4°C. Then, lungs were sliced into 300 μm thick sections 842 

by using a vibrating microtome (Campden Instruments Ltd). Slices were permeabilized and 843 
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blocked for 5h in PBS with 1% BSA, 10% normal goat serum (NGS, Sigma-Aldrich), 0.3% TX-100, 844 

and 0.05% sodium azide (VWR International), incubated overnight with anti-CD31 antibody 845 

(1/200, [2H8] MA3105 Invitrogen, RRID:AB_223592) and then for 3h within Alexa Fluor® 647 846 

secondary antibody (Jackson Immuno Research Labs) diluted in the same buffer. DAPI was used 847 

for nuclear staining. Slices were fixed in 4% PFA for 30min, incubated for 45min with Ce3D clearing 848 

solution and mounted with the Ce3D solution [90]. Images were acquired with a Zeiss LSM 880 849 

confocal microscope in Airyscan mode (Carl Zeiss, Plan-Apochromat 63x/1.4 Oil DIC M27 850 

objective, zoom 1.8, z-stacks of 10-14.5 μm, 41-58 slices). Images were Airyscan processed in Zen 851 

software (version 3.7) using default settings. Imaris software (version 9.5) was used to generate 852 

the 3D images and to calculate both the distance between RFP and CD31 surface, and the volume 853 

of RFP surface. 854 

Haematoxylin & eosin staining of lungs 855 

Haematoxylin & eosin (H&E) staining was performed on 4 µm formalin fixed paraffin embedded 856 

sections (FFPE) which had previously been heated at 60°C for 2h. H&E staining was performed on 857 

a Leica autostainer (ST5020). FFPE sections were dewaxed and taken through graded alcohols 858 

before being stained with Haem Z (RBA-4201-00A, CellPath) for 13min. Sections were washed in 859 

tap water, differentiated in 1% acid alcohol (3 dips), washed in tap water and the nuclei were 860 

blued in Scotts tap water substitute (made in-house). After washing the sections were placed in 861 

Putt’s eosin (made in-house) for 3min. To complete H&E staining, sections were rinsed in tap 862 

water, dehydrated through graded ethanols and placed in xylene. The stained sections were 863 

coverslipped in xylene using DPX mountant (SEA-1300-00A, CellPath). 864 

Orthotopic 4T1 mammary tumor experiments 865 

pCAFs were transduced with a lentiviral vector encoding shCtrl (SHC016, Sigma-Aldrich) or shTHY1 866 

(sc-42837, Santa Cruz Biotechnology). Cells were selected using 1.5 μg/ml puromycin. 0.25x105 867 
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4T1 cells and 1.25x105 CAFs expressing either shCtrl or shTHY1 were mixed in a volume of 50 μl 868 

PBS and co-injected orthotopically into the fat pad of 8-week-old female BALB/c nude mice 869 

(Charles River). Mice were randomly allocated to the two groups. The tumors were harvested 14 870 

days after inoculation. FFPE sections were stained for CD31 (1/75, ab28364 Abcam) on the Agilent 871 

autostainer using TRS high retrieval buffer (Agilent K8004) and for CD11b (1/5000, ab133357 872 

Abcam) on the Leica Bond autostainer using Epitope retrieval buffer 2 (Leica AR9640) for 20min. 873 

Quantitative analysis was performed on serial FFPE mouse tumor sections using Halo software 874 

(version 3.1.1076.363, Indica Labs). Veins were selected based on the morphology and CD31 875 

staining in the adjacent section. Software parameters were set which defined the stain of interest 876 

and all sections were analyzed using the same settings. 877 

Electron Microscopy 878 

CM-EVs and MBVs were isolated from pCAFs as described above, fixed in 4% PFA, ultracentrifuged 879 

at 100,000 x g (4°C, 90min) and resuspended in PBS. Drops of 5 μl of CM-EV and MBV suspensions 880 

were loaded onto carbon coated 400-mesh copper grids (Agar Scientific Ltd), which had been 881 

previously glow discharged (Quorum Q150T ES High Vacuum Unit settings 20 mA/30s). Samples 882 

were left to absorb onto carbon surfaces for 30min. Grids were floated on 100 μl droplets of PBS 883 

followed by fixation on a 50 μl droplet of 1% glutaraldehyde (Agar Scientific Ltd) for 5min. Grids 884 

were washed with distilled water before they were contrast stained with uranyl oxalate (Merck 885 

UK) pH 7.0 (10min in the dark) and embedded in methylcellulose/uranyl acetate (Merck UK) 886 

(10min on ice in the dark). Grids were scooped up on platinum loops and excess fluid gently 887 

drained off, leaving thin films. Grids were left to dry before they were picked off and stored in a 888 

grid box. Samples were viewed on a JEOL 1200 EX TEM running at 80 kV and digital images were 889 

captured using Olympus ITEM software and a Cantega 2kx2k Camera. 890 

Staining and confocal microscopy of human mammary tumors 891 
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Human mammary tumors were obtained through NHS Greater Glasgow and Clyde Bio-repository. 892 

Formalin-fixed paraffin-embedded tissues were cut into 4 μm thick slices. Nine independent 893 

patient samples underwent high-pH antigen retrieval prior to immunofluorescence staining. 894 

Samples were permeabilized and blocked with 10% NGS in 1% BSA and 0.3% TX-100 for 30min. 895 

Samples were stained with unconjugated anti-TNFRSF12A antibody (1/75, ab109365 Abcam) for 896 

1h in 10% NGS/1% BSA/0.3% TX-100. Samples were washed and stained with the following 897 

antibodies: CD31-Alexa Fluor® 488 (1/100, [JC/70A] Abcam), α-SMA-Cy3 (1/1000, [1A4] C6198 898 

Sigma-Aldrich), goat-anti-rabbit Alexa Fluor® 647 (1/200, Invitrogen, Thermo Fisher Scientific) and 899 

with Hoescht-33342 (1/5000, Sigma-Aldrich). Samples were mounted with Prolong-Glass Antifade 900 

(Invitrogen, Thermo Fisher Scientific) and allowed to cure in the dark for a minimum of 24h prior 901 

to imaging. Unstained samples were mounted as auto-fluorescence controls. 902 

Fluorescent samples were imaged using a Zeiss 880 LSM confocal microscope (Carl Zeiss) in 903 

Lambda mode with a 32-channel spectral detector, and spectral unmixing was performed to 904 

remove as much tissue auto-fluorescence as possible. The auto-fluorescence spectrum was 905 

obtained from an unstained control, and fluorescence spectra were obtained from individual dyes 906 

(Hoescht, Alexa Fluor-488, Cy3, Alexa Fluor-647) using 405 nm, 488 nm, 561 nm and 647 nm lasers. 907 

Unbiased imaging of entire tissue sections was performed using a Plan-Apochromat 20x/0.8 M27 908 

objective using tilescan and Z-stack modes. Tile stitching, maximum Z projection and linear 909 

unmixing was performed using Zen Black software (version 2.3 SP1), and images were visualized 910 

in Zen Blue software (version 2.3). More detailed imaging of three tissue samples was performed 911 

using a Plan-Apochromat 40x/1.3 Oil DIC M27 objective and Z-stack mode. Maximum Z projection 912 

and linear unmixing was performed as above. Image processing was performed in Fiji (ImageJ, 913 

version 1.53f51). 914 

Reverse transcription polymerase chain reaction (RT-qPCR) analysis 915 
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RNA was extracted from cultured cells or cells sorted after co-culture. DNase treatment and total 916 

RNA isolation were performed using the RNeasy mini kit (Qiagen) according to the manufacturer’s 917 

instructions. 1 μg of RNA was used to synthesize complementary DNA using the iScript kit 918 

(BioRad). DNA was diluted to 10 ng/μl and 2 μl were used in each RT-qPCR reaction with 10 μl of 919 

iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories) and 400 nM of forward and reverse 920 

primers. PCR runs were performed using a QuantStudioTM 3 Real-Time PCR System (Thermo Fisher 921 

Scientific). Primers are listed in table S1. 922 

Single-cell RNA sequencing 923 

Data were analyzed as described in the original manuscripts [7, 16]. 924 

Statistical analysis 925 

Statistical analysis was performed on biologically independent replicates (N) using GraphPad 926 

Prism software version 9 (GraphPad Software Inc.). A Shapiro-Wilk test has been used to test data 927 

for normality, then, the P value was calculated as detailed in each figure legend. A P ≤ 0.05 was 928 

considered significant. 929 

Supplementary Materials 930 

Figs. S1 to S8 931 

Table S1 932 

Data files S1 to S6 933 
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Fig. 1. CAFs transfer proteins to ECs in vitro and in vivo. (A) The direct co-culture method used in 1258 

Fig. 1B-F. (B) Representative images (maximum intensity projection processing from confocal z-1259 

stack) and corresponding 3D reconstruction of protein transfer from CFSE-labeled pCAFs (fully 1260 

green cells) to HUVECs. Actin and nuclei were stained with phalloidin and DAPI, respectively (scale 1261 

bar = 10 μm). (C, D) Quantification (C) of the protein transfer from pCAFs to HUVECs at different 1262 

ratios between the two cell types. pCAFs:HUVECs ratios are 1:5, 1:1, 5:1. N = 3 biological replicates 1263 

(MFI, median fluorescence intensity and r, Pearson correlation). Representative histogram (D) of 1264 

the 1:5 and 5:1 ratio. The y-axis is normalized to mode (MC, monoculture). (E) Comparison of the 1265 

protein transfer from HUVECs to pCAFs and from pCAFs to HUVECs. N = 4 biological replicates per 1266 

condition. (F) Comparison of the protein transfer from HUVECs to HUVECs, from pCAFs to HUVECs, 1267 

and from MDA-MB-231 cells to HUVECs. N = 4 biological replicates per condition. (G) Proportions 1268 

of RFP+ ECs (CD31+CD45- cells) in the lungs of α-SMA-RFP tumor-free mice or mice with lung 1269 

metastases. N = 4 mice per condition. Paired mice were born on the same day and are indicated 1270 

with the same color. (H) Representative image (maximum intensity projection processing from 1271 

confocal z-stack) of the tumor area in the lung of α-SMA-RFP mice stained for CD31. Nuclei were 1272 

stained with DAPI. Scale bar = 10 μm. Representative of 2 mice. (I) 3D reconstruction of the tumor 1273 

vasculature and of the RFP signal; the distance between the RFP signal and the endothelium, and 1274 

the volume of the RFP signal are shown, scale bar = 2 μm. Representative of 2 mice. Data are 1275 

presented as means ± standard error of the mean (SEM). One-way ANOVA with Tukey’s multiple 1276 

comparison test for (E, F) and two-tailed paired t-test for (G). All significant P values are included 1277 

in the figure. 1278 
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Fig. 2. Identification of the proteins transferred from CAFs to ECs. (A) Workflow diagram of the 1280 

trans-SILAC experiment to identify proteins transferred from pCAFs to HUVECs (DC, direct co-1281 

culture). N = 5 biological replicates per condition. (B) Venn diagram showing the number of 1282 

transferred proteins at each time point. (C) Top 10 GOCC terms based on descending P (–Log) and 1283 

with at least a two-fold enrichment. The enrichment analysis of the transferred proteins was 1284 

performed using the pCAF proteome (Data File S6) as reference (Fisher exact test). (D) 1285 

Classification of the plasma membrane receptors/ligands based on the GO biological process 1286 

(GOBP) terms. Proteins are sorted by decreasing values of the median of the intensity value in the 1287 

“heavy” channel of the trans-SILAC experiment (Intensity H) divided by the MW in the log2 scale 1288 

(IR, immune response). (E) Heatmap showing the exogenous fraction of the transferred 1289 

receptors/ligands for each independent experiment and their median. Proteins are sorted by 1290 

decreasing values of the median of the exogenous fraction. 1291 
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 1292 

Fig. 3. CAF-derived THY1 supports the physical interaction between ECs and monocytes. (A) The 1293 

direct co-culture method used in Fig. 3B and D-G. (B) mRNA expression of THY1 in HUVECs in 1294 

monoculture and after 24h of co-culture with pCAFs and in pCAFs. THY1 mRNA amount was 1295 

normalized to 18S expression. N = 3 biological replicates per condition. (C) Representative 1296 

Western blot showing THY1 protein abundance in pCAFs transfected with siCtrl or siTHY1. GAPDH 1297 

was used as loading control. (D, E) Quantification (D) of THY1 protein abundance in monoculture 1298 
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of HUVECs and HUVECs that were co-cultured with pCAFs transfected with siCtrl or siTHY1 (N = 5 1299 

biological replicates per condition). Representative histogram (E) of THY1 protein amounts in 1300 

HUVECs (the y-axis is normalized to mode). (F) Quantification of the protein transfer from pCAFs 1301 

transfected with siCtrl or siTHY1 to HUVECs, N = 6 biological replicates for pCAF1 and 5 biological 1302 

replicates for pCAF3. (G) Number of THP-1 monocytes per field bound to HUVECs that were co-1303 

cultured with pCAFs silenced or not for THY1. Colors indicate the paired independent experiments. 1304 

N = 4 biological replicates for pCAF1 and 3 biological replicates for pCAF3. (H) Quantification of 1305 

CD11b+ areas adjacent to veins in 4T1 tumors co-transplanted with pCAF1 transfected with shCtrl 1306 

or shTHY1. N = 6 mice for shCtrl and N = 7 mice for shTHY1 condition. (I) Quantification of CD11b+ 1307 

cells within veins in 4T1 tumors co-transplanted with pCAF1 transfected with shCtrl or shTHY1. N 1308 

= 6 mice for shCtrl and N = 7 mice for the shTHY1 condition. (L) Representative images of tumor 1309 

tissue sections from tumors containing shCtrl-transfected pCAFs stained for CD11b and CD31. The 1310 

white arrowheads indicate CD11b+ cells within veins; the green arrowheads indicate the areas 1311 

adjacent to veins where CD11b staining has been quantified. Scale bar = 100 μm. Images are 1312 

representative of 6 mice. Data are presented as means ± SEM. One-way ANOVA with Tukey’s 1313 

multiple comparison test for (B, D, F), two-tailed paired t-test for (G) and two-tailed Mann-1314 

Whitney U test for (H, I). All significant P values are in the figure. 1315 
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 1316 

Fig. 4. CAF-derived EVs are carriers of the transferred proteins. (A) Schematic representation of 1317 

the purified EV types. (B) Representative electron microscopy images of pCAF-derived CM-EVs 1318 

and MBVs. Scale bar = 200 nm. (C, D) Frequency plot (C) and histogram (D) showing the total 1319 

amount and size distribution profile of the CM-EVs and MBVs secreted by pNFs and pCAFs using 1320 

nanoparticle tracking analysis. N = 3 biological replicates per condition. Data are presented as 1321 
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means ± SEM. * P ≤ 0.05 between pCAF-derived MBVs and pNF-derived CM-EVs or MBVs or pCAF-1322 

derived CM-EVs for the >200 nm fraction. # P ≤ 0.05 between pCAF-derived MBVs and pNF-derived 1323 

MBVs or pCAF-derived CM-EVs for the 150–200 nm fraction. § P ≤ 0.05 between the total amount 1324 

of pCAF-derived MBVs compared to pNF-derived CM-EVs or MBVs. P values were determined by 1325 

one-way ANOVA with Tukey’s multiple comparison test and all significant P values are included in 1326 

the figure. (E) Hierarchical clustering based on average Euclidean distance and heatmap based on 1327 

the Z-score of the LFQ intensity (log2) calculated for the EV proteins in the EV proteome. Green 1328 

indicates proteins with significant differences in abundance. P < 0.05 by two-tailed t-test. N = 3 1329 

biological replicates per EV type. (F) Venn diagram (based on the protein gene names) of the 1330 

transferred proteins (purple circle) and of the proteins identified by MS proteomics in CM-EVs 1331 

(light pink circle) and MBVs (dark pink circle). N = 5 biological replicates per condition (trans-SILAC 1332 

experiment) and 3 biological replicates per EV type. (G) Scatter plot showing the correlation 1333 

between the amount of the transferred proteins and their relative content in CM-EVs and MBVs. 1334 

The y- and x-axis show the median of the intensity divided by MW in the log2 scale (r, Pearson 1335 

correlation). N = 5 biological replicates per condition (trans-SILAC experiment) and 3 biological 1336 

replicates per EV type. (H) Hierarchical clustering based on average Euclidean distance and 1337 

heatmap based on the Z-score of the LFQ intensity (log2) calculated for the transferred plasma 1338 

membrane receptors and membrane-bound ligands in the EV proteome. Green indicates proteins 1339 

with significant differences in abundance. P < 0.05 by two-tailed t-test. N = 3 biological replicates 1340 

per EV type. 1341 
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 1342 

Fig. 5. MBVs have a central role in the protein transfer. (A) The direct (DC) and indirect (IC) co-1343 

culture methods used in Fig. 5B-C. pNF- or pCAF-derived EVs were used to treat HUVECs in Fig. 1344 

5D-F. (B) Quantification of the protein transfer from pCAFs to HUVECs in direct and indirect co-1345 

cultures. N = 7 biological replicates for pCAF1 and 3 biological replicates for pCAF3. (C) 1346 
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Quantification of THY1 protein abundance in monoculture of HUVECs and HUVECs that were 1347 

directly and indirectly co-cultured with pCAFs, N = 5 biological replicates for pCAF1 and 4 biological 1348 

replicates for pCAF3. (D) Quantification of the amount of proteins transferred by pCAF-derived 1349 

CM-EVs and MBVs to HUVECs. The EV amount was derived from the same number of donor cells. 1350 

Colors indicate paired independent experiments. N = 9 biological replicates per EV type. Data are 1351 

normalized to the MFI of the monoculture of HUVECs. The data related to pCAF-derived MBVs 1352 

also are shown in Fig. 6C. (E) Quantification of THY1+ HUVECs and THY1 protein abundance in 1353 

untreated HUVECs and in HUVECs treated with pCAF-derived CM-EVs and MBVs. N = 3 biological 1354 

replicates per condition. The EV amount was derived from the same number of donor cells. (F) 1355 

Number of THP-1 monocytes per well that bound to HUVECs treated with CM-EVs or MBVs 1356 

isolated from pNFs or from pCAFs silenced or not for THY1. HUVECs were treated with equal 1357 

numbers of pNF- or pCAF-derived EVs. N = 3 biological replicates for pNF1 and pCAF1 and 5 1358 

biological replicates for pNF3 and pCAF3. Data are presented as means ± SEM. One-way ANOVA 1359 

with Tukey’s multiple comparison test for (B, C, E, F) and two-tailed Wilcoxon matched-pairs test 1360 

for (D). All significant P values are included in the figure. 1361 
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 1362 

Fig. 6. CAFs have an enhanced protein transfer ability. (A) The direct co-culture method used in 1363 

Fig. 6B. pNF- or pCAF-derived EVs were used to treat HUVECs in Fig. 6C-D. (B) Quantification of 1364 

the protein transfer from pCAFs or pNFs to HUVECs. N = 10 biological replicates for pNF1 and 1365 

pCAF1, 4 biological replicates for pNF2 and pCAF2, and 7 biological replicates for pNF3 and pCAF3. 1366 

(C) Quantification of the amount of proteins transferred by pNF- and pCAF-derived MBVs to 1367 

HUVECs. The EV amount was derived from the same number of donor cells. Colors indicate paired 1368 

independent experiments. N = 9 biological replicates per cell line. Data are normalized to the MFI 1369 

of the monoculture of HUVECs. The data related to pCAF-derived MBVs also are shown in Fig. 5D. 1370 
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(D) Quantification of the amount of proteins transferred by pNF-derived CM-EVs and MBVs to 1371 

HUVECs. The EV amount was derived from the same number of donor cells. Colors indicate the 1372 

paired independent experiments. N = 9 biological replicates per EV type. Data are normalized to 1373 

the MFI of the monoculture of HUVECs. The data related to pNF-derived MBVs also are shown in 1374 

Fig. 6C. (E) Scatter plot showing the correlation between the abundance of CAF markers in 1375 

fibroblasts (Data File S4) and the amount of proteins that they transferred to HUVECs, which 1376 

corresponds to the data shown in fig. S5C. Data are in log2 scale (ρ, Spearman rank correlation). 1377 

Data are presented as means ± SEM. One-way ANOVA with Tukey’s multiple comparison test for 1378 

(B) and two-tailed Wilcoxon matched-pairs test for (C, D). All significant P values are included in 1379 

the figure. 1380 
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 1381 

Fig. 7. CAFs with high protein transfer ability are α-SMAhigh and TNFRSF12Ahigh. (A) 1382 

Representative images (maximum intensity projection processing from confocal z-stack) of α-SMA 1383 

staining in pCAFs. Cytoplasm and nuclei were stained with HCS CellMask and DAPI, respectively. 1384 
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Scale bar = 50 μm. Representative of 4 sets of cells per cell line. (B) Frequency plot showing the 1385 

percentage of pCAFs across the different values of α-SMA intensity from the analysis of α-SMA 1386 

staining in (A). N = 4 biological replicates per cell line. Two-sample Kolmogorov-Smirnov test. (C) 1387 

Representative Western blot showing α-SMA protein abundance in pCAFs. β-tubulin was used as 1388 

loading control. Lanes are not contiguous but come from the same blot. Representative of 3 sets 1389 

of cells per cell line. (D) Heatmap based on the Z-score of the LFQ intensity (log2) of the cell surface 1390 

proteins identified in pCAFs (subset of proteins from fig. S6C). N = 7 biological replicates for α-1391 

SMAhigh and for α-SMAlow pCAFs. (E) The direct co-culture method used in Fig. 7F-G. EVs isolated 1392 

from TNFRSF12Ahigh and TNFRSF12Alow pCAFs were used to treat HUVECs in Fig. 7H. (F) 1393 

Quantification of the protein transfer from TNFRSF12Ahigh pCAFs, TNFRSF12Alow pCAFs or pNFs to 1394 

HUVECs. N = 3 biological replicates for pNF3 and pCAF3, and 4 biological replicates for pCAF4. (G) 1395 

Quantification of THY1 protein abundance in monoculture of HUVECs and HUVECs that were co-1396 

cultured with TNFRSF12Ahigh or TNFRSF12Alow pCAFs. N = 4 biological replicates for pCAF3 and 3 1397 

biological replicates for pCAF4. (H) Quantification of the amount of proteins transferred by 1398 

TNFRSF12Ahigh pCAF- and TNFRSF12Alow pCAF-derived CM-EVs and MBVs to HUVECs. N = 3 1399 

biological replicates per condition. Data are normalized to the MFI of the monoculture. The EV 1400 

amount was derived from the same number of donor cells. (I) Quantification of fibrillar collagen 1401 

(CNA35) and fibronectin produced by TNFRSF12Ahigh and TNFRSF12Alow pCAFs. N = 4 biological 1402 

replicates per condition. Data in (F, G, H, I) are presented as means ± SEM. One-way ANOVA with 1403 

Tukey’s multiple comparison test in (F, G, H) and two-tailed unpaired t-test with Welch’s 1404 

correction in (I). All significant P values are included in the figure. 1405 
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 1406 

Fig. 8. Characterization of CAFs with high protein transfer ability. (A, B) Violin plot showing the 1407 

expression of ACTA2 and TNFRSF12A in myCAF and iCAF subpopulations. Data in (A) are from [16] 1408 

and data in (B) are from [7]. Two-tailed Mann-Whitney U test. All significant P values are included 1409 

in the figure. (C) Representative image of TNFRSF12A, α-SMA and CD31 staining in a tumor tissue 1410 

section from a patient with breast cancer (maximum Z projection). Nuclei were stained with 1411 
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Hoechst-33342. Scale bar = 50 μm. (D) Working model showing myCAF-EC communication based 1412 

on MBV-mediated transfer of proteins. 1413 

 1414 
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fig. S1. Fibroblast characterization, methods to measure the transfer of proteins and THY1, and 1415 

control images for protein transfer in vitro and in vivo. (A) Representative images of vimentin 1416 

staining in pNFs and pCAFs. Nuclei were stained with DAPI. Scale bar = 20 μm. Representative of 1417 

4 sets of cells per cell line. (B) Representative flow cytometry plots of unstained cells, 1418 

MCF10DCIS.com cells stained for epithelial cell adhesion molecule (EPCAM), HUVECs stained for 1419 

platelet endothelial cell adhesion molecule (PECAM1, commonly referred to as CD31), Jurkat cells 1420 

stained for receptor-type tyrosine-protein phosphatase C (PTPRC, commonly referred to as CD45) 1421 

and representative flow cytometry plots of pCAFs and pNFs stained for all the three PE-conjugated 1422 

markers. The x-axis shows the fluorescence in the PE channel. Representative of 1 set of cells per 1423 

cell line. (C) Schematic of the co-culturing methods and of the methods used to treat the recipient 1424 

cells with donor cell-derived EVs used to study protein and THY1 transfer. (D) Representative 1425 

images (maximum intensity projection processing from confocal z-stack) of HUVEC monoculture 1426 

(MC, CFSE-unstained control: the acquisition setting for CFSE is the same as Fig. 1B). Actin and 1427 

nuclei were stained with phalloidin and DAPI, respectively. Scale bar = 10 μm. Representative of 8 1428 

sets of cells. (E) Representative image of hematoxylin and eosin stained metastases in lung 1429 

section, scale bar = 1 mm (a) and 200 μm (b). Representative of 7 mice. (F) Representative image 1430 

(maximum intensity projection processing from confocal z-stack) of the tumor area in the lung of 1431 

non-RFP expressing control mice stained for CD31. The acquisition setting in the RFP channel is 1432 

the same as Fig. 1H-I. Nuclei were stained with DAPI. Scale bar = 10 μm. Representative of 2 mice. 1433 

  1434 
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 1435 

fig. S2. CAF-derived THY1 mediates monocyte adhesion to ECs. (A) Heatmap based on intensity 1436 

value divided by the MW in the log2 scale of the cell adhesion molecules that were identified in 1437 

THP-1 monocytes. N = 4 biological replicates. THY1 binding partners are: ITGB2, ITGA5, ITGB1, 1438 

CD97, ITGAX, ITGAM. (B) Representative Western blot showing THY1 protein abundance in pCAF2 1439 

transfected with siCtrl or siTHY1. Vinculin was used as loading control. (C) The direct co-culture 1440 

method used in fig. S2D. (D) Number of THP-1 monocytes per field that bound to HUVECs co-1441 

cultured with pCAF2 silenced or not for THY1. Colors indicate paired independent experiments. N 1442 

= 4 biological replicates per condition. (E) Representative images for the experiment in Fig. 3G 1443 

showing the binding of THP-1 monocytes to HUVECs co-cultured with siCtrl or siTHY1 pCAFs. Scale 1444 

bar = 50 μm. N = 4 biological replicates for pCAF1 and 3 biological replicates for pCAF3. (F) 1445 

Representative Western blot showing THY1 protein abundance in shCtrl and shTHY1 pCAFs, 1446 
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vinculin was used as loading control. (G) Tumor weight of 4T1 tumors co-transplanted with pCAF1 1447 

shCtrl/shTHY1. N = 7 mice per condition. Data are presented as means ± SEM. Two-tailed paired 1448 

t-test for (D) and unpaired t-test with Welch’s correction for (G). All significant P values are 1449 

included in the figure. 1450 

  1451 
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fig. S3. Characterization of the EV populations. (A) Total amount and size distribution profile of 1453 

the CM-EVs and MBVs secreted by pNF2 and pCAF2 (N = 4 biological replicates per condition) and 1454 

pNF3 and pCAF3 (N = 3 biological replicates per condition) using nanoparticle tracking analysis. 1455 

Data are presented as means ± SEM. pNF2/pCAF2 dataset: * P ≤ 0.05 between pCAF2-derived 1456 

MBVs and pCAF2-derived CM-EVs or pNF2-derived MBVs or pNF2-derived CM-EVs for the >200 1457 

nm fraction; # P ≤ 0.05 between pCAF2-derived MBVs and CM-EVs for the 150–200 nm fraction; § 1458 

P ≤ 0.05 between the total amount of pCAF2-derived MBVs and pCAF2-derived CM-EVs or pNF2-1459 

derived CM-EVs. pNF3/pCAF3 dataset: ** P ≤ 0.01 between pCAF3-derived MBVs and pCAF3-1460 

derived CM-EVs or pNF3-derived CM-EVs for the >200 nm fraction; # P ≤ 0.05 between pCAF3-1461 

derived MBVs and pNF3-derived CM-EVs for the 150–200 nm fraction; § P ≤ 0.05 between the total 1462 

amount of pCAF3-derived MBVs and pCAF3-derived CM-EVs or pNF3-derived CM-EVs. P values 1463 

were determined by one-way ANOVA with Tukey’s multiple comparison test and all significant P 1464 

values are included in the figure. (B) Schematic representing the different EV populations based 1465 

on their size and subcellular origin. (C) Hierarchical clustering based on average Euclidean distance 1466 

and heatmap based on the Z-score of the LFQ intensity (log2) of the proteins with a significant fold 1467 

change in abundance between CM-EVs and MBVs. P < 0.05 two-tailed t-test. N = 3 biological 1468 

replicates per EV type. The colored bar in each heatmap integrates the information from a specific 1469 

proteomic study [57, 58, 59] in which the different subpopulations of EVs as depicted in fig. S3B 1470 

were investigated. (D) GOCC enrichment analysis of the proteins identified in CM-EVs or MBVs 1471 

only, using the pCAF proteome (Data File S5) as reference (Fisher exact test). The terms are sorted 1472 

by descending P (–Log) as indicated on the side of each bar. The terms that are generally 1473 

associated with EVs (such as extracellular vesicular exosomes and extracellular membrane-1474 

bounded organelle) were not included. N = 3 biological replicates per EV type.    1475 
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 1476 

fig. S4. MBVs have an enhanced protein transfer ability compared to CM-EVs. (A) Method of EV 1477 

treatment used to treat HUVECs in fig. S4B-C: pCAF-derived EVs were coated overnight either on 1478 

gelatin or on fibroblast-derived matrix before HUVECs were plated on top. (B) Quantification of 1479 

the amount of proteins and THY1 transferred by pCAF-derived CM-EVs and MBVs to HUVECs. The 1480 

EV amount was derived from the same number of donor cells. EVs were coated on gelatin or pCAF-1481 

ECM. N = 3 biological replicates per condition. Data are normalized to the MFI of the monoculture 1482 

of HUVECs. (C) Quantification of the amount of proteins and THY1 transferred by pCAF-derived 1483 

CM-EVs and MBVs to HUVECs. The EV amount was derived from the same number of donor cells. 1484 
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EVs were coated on pNF- or pCAF-ECM. N =3 biological replicates per condition. Data are 1485 

normalized to the MFI of the monoculture of HUVECs. (D) Method of EV treatment used in fig. 1486 

S4E: pNF- or pCAF-derived EVs were added to the HUVEC culture medium. (E) Quantification of 1487 

the amount of proteins transferred by pNF- and pCAF-derived CM-EVs and MBVs to HUVECs. N = 1488 

5 biological replicates for pNF1 and pCAF1 and N = 4 biological replicates for pNF2 and pCAF2 and 1489 

for pNF3 and pCAF3. HUVECs were treated with equal numbers of pNF- or pCAF-derived EVs. Data 1490 

are normalized to the MFI of the monoculture of HUVECs. Data in (B, C, E) are presented as means 1491 

± SEM. P values were determined by one-way ANOVA with Tukey’s multiple comparison test. All 1492 

significant P values are included in the figure. 1493 

  1494 
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 1495 

fig. S5. Quantification of the amount of proteins transferred from CAFs to either HUVECs or 1496 

MVECs. (A) The direct co-culture used in fig. S5B-C. (B) Quantification of the protein transfer from 1497 

pNFs or pCAFs to MVECs. N = 5 biological replicates for pNF1 and pCAF1, 3 biological replicates 1498 

for pNF2 and pCAF2, and 4 biological replicates for pNF3 and pCAF3. (C) Quantification of the 1499 

protein transfer from pNFs or pCAFs to HUVECs. N = 3 biological replicates per cell line (these data 1500 

also are included in Fig. 6B). Data are presented as means ± SEM in (B, C). P values were 1501 

determined by one-way ANOVA with Tukey’s multiple comparison test. All significant P values are 1502 

included in the figure.  1503 
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fig. S6. Characterization of the α-SMAhigh and α-SMAlow subpopulations. (A) Gating strategy to 1505 

sort the α-SMAlow and α-SMAhigh subpopulations. (B) Principal component analysis based on 2,080 1506 

proteins identified across all the pCAF subpopulations. N =7 biological replicates for α-SMAlow and 1507 

for α-SMAhigh cell line. (C) Hierarchical clustering based on average Euclidean distance and 1508 

heatmap based on the Z-score of the LFQ intensity (log2) of the proteins with a fold change ≥ 1.5 1509 

and P ≤ 0.05. N = 7 biological replicates for α-SMAlow and for α-SMAhigh cell line. (D) Representative 1510 

images (maximum intensity projection processing from confocal z-stack) of α-SMA staining in 1511 

unsorted, TNFRSF12Ahigh and TNFRSF12Alow pCAFs. Cytoplasm and nuclei were stained with HCS 1512 

CellMask and DAPI, respectively (scale bar = 50 μm). The heatmap shows the percentage of α-1513 

SMAhigh pCAFs in the three populations. N = 4 biological replicates for pCAF3 and 3 biological 1514 

replicates for pCAF4. P values were determined by two-tailed unpaired t-test with Welch’s 1515 

correction. All significant P values are included in the figure. 1516 

  1517 
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 1518 

fig. S7. CAFs with enhanced protein transfer ability express myCAF markers. (A, B) mRNA 1519 

expression of TNFRSF12A, ACTA2, COL1A1, TAGLN, CXCL12, IL6, THY1, DCN in pCAF3 (A) and pCAF4 1520 

(B) that were sorted based on TNFRSF12A protein amounts. The mRNA amount was normalized 1521 

to 18S expression. N =3 or 4 biological replicates per cell line. Data are presented as means ± SEM. 1522 

P values were determined by two-tailed unpaired t-test with Welch’s correction. All significant P 1523 

values are included in the figure. 1524 

  1525 
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 1526 

fig. S8. α-SMA+ and TNFRSF12A+ CAFs are present in breast cancer stroma. Representative 1527 

images of tumor tissue sections from two patients with breast cancer stained for CD31, α-SMA 1528 

and TNFRSF12A (maximum Z projection). Nuclei were stained with Hoechst-33342. Scale bar = 50 1529 

μm. 1530 

  1531 
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Table S1. List of primers used in the manuscript 1532 

Target Forward Reverse 

TNFRSF12A GAGAAGTTCACCACCCCCA TGAATGAATGATGAGTGGGCGA 

ACTA2 GTGTGCCCCTGAAGAGCAT GCTGGGACATTGAAAGTCTCA 

TAGLN1 GGTGGAGTGGATCATCGTGC ATGTCAGTCTTGATGACCCCA 

COL1A1 TGAAGGGACACAGAGGTTTCAG GTAGCACCATCATTTCCACGA 

THY1 AGAGACTTGGATGAGGAG CTGAGAATGCTGGAGATG 

IL6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC 

CXCL12 CTACAGATGCCCATGCCGAT CAGCCGGGCTACAATCTGAA 

DCN GGGCTGGCAGAGCATAAGTA CAGAGCGCACGTAGACAT 

18S AGGAATTGACGGAAGGGCAC GGACATCTAAGGGCATCACA 

 1533 

Data File S1. List of transferred proteins 1534 

Data File S2. THP-1 proteome 1535 

Data File S3. Proteome of pCAF-derived CM-EVs and MBVs 1536 

Data File S4. pCAF markers 1537 

Data File S5. Proteome of α-SMAhigh and α-SMAlow pCAFs 1538 

Data File S6. Proteome of pCAFs 1539 

 1540 
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