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SUMMARY

The immune microenvironment in breast cancer (BCa) is controlled by a complex network of communication
between various cell types. Here, we find that recruitment of B lymphocytes to BCa tissues is controlled via
mechanisms associated with cancer cell-derived extracellular vesicles (CCD-EVs). Gene expression profiling
identifies the Liver X receptor (LXR)-dependent transcriptional network as a key pathway that controls both
CCD-EVs-induced migration of B cells and accumulation of B cells in BCa tissues. The increased accumula-
tion oxysterol ligands for LXR (i.e., 25-hydroxycholesterol and 27-hydroxycholesterol) in CCD-EVs is regu-
lated by the tetraspanin 6 (Tspan6). Tspan6 stimulates the chemoattractive potential of BCa cells for B cells
in an EV- and LXR-dependent manner. These results demonstrate that tetraspanins control intercellular
trafficking of oxysterols via CCD-EVs. Furthermore, tetraspanin-dependent changes in the oxysterol compo-
sition of CCD-EVs and the LXR signaling axis play a key role in specific changes in the tumor immune
microenvironment.

INTRODUCTION

Unraveling the molecular mechanisms governing the complex

cross-talk between cancer cells and other cell types within the

tumor microenvironment (TME) is essential for understanding

tumor development and progression as well as developing

new therapeutic strategies. Different cell types within the TME

play key roles in regulating primary cancer growth, directing

metastatic progression, and defining antitumor host immune

responses.1,2

The immune cell composition within the TME is controlled by

an elaborate network of communications involving chemokines,

cytokines, and growth factors produced by tumor-infiltrating

immune cells, cancer cells, and other cell types, such as vascular

endothelium and tumor-associated fibroblasts. While the spe-

cific contribution of various types of tumor-infiltrating T cells

and macrophages to tumor development and host immune

responses in breast cancer (BCa) is becoming increasingly

clear,3 there is a paucity of data on the functions of tumor-infil-

trating B lymphocytes (TIL-Bs). It has been proposed that TIL-

Bs can enhance cellular antitumor immunity by serving as anti-

gen-presenting cells for T cells, contributing to organizing

tertiary lymphoid structures and secreting polarizing cytokines.4

Importantly, TIL-Bs were found to be oligoclonal indicating that

they have undergone somatic hypermutation.5 Therefore, the

abundance of TIL-Bs may contribute to more potent and sus-

tained humoral antitumor immunity. Indeed, higher numbers of

TIL-Bs correlated with better survival of patients with certain

subtypes of BCa.6–8 Notably, TIL-Bs were shown to respond to

B cell receptor stimulation to produce B cell cytokines and im-

munoglobulins in situ.7 Furthermore, experiments involving

mouse models of BCa TIL-B have demonstrated that B cells

are essential for effective responses to immune checkpoint in-

hibitor-based therapies.9 In spite of growing realization of the
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importance of TIL-Bs in BCa, the molecular pathways that

control B cell infiltration into cancerous tissues remain poorly

studied. Chemokines CCL19, CCL21, and CXCL13 have been

proposed to be involved.10 Identification of the key molecular

mechanisms governing recruitment, retention, and functional

diversification of B cells in BCa is critical for determining their

full impact on tumor and progression and further development

of immunotherapies.

In addition to the critical role played by soluble chemokines, cy-

tokines,andgrowth factors, cancercells communicateandmodify

the tumor microenvironment by secreting vesicles.11 Extracellular

Figure 1. Media conditioned by BCa cells

specifically enhances migration of B cells

Media conditioned by human BCa cell lines (BCa-

CM) were used as chemoattractants for purified

human PBMCs in transwell migration assays (three

to four healthy donors in A–D, G, and H or six BCa

patients in E and F). PBMCs were allowed to migrate

for 16–18 h and subsequently profiled by flow cy-

tometry. ‘‘Control’’- growth media. Naive, class

switched memory (CSM), and non-class switched

memory (NSM) B cells were defined as CD19+

CD27�IgD+, CD19+CD27+IgD�, and CD19+CD27+

IgD+ cells, respectively. Numbers observed in

separate experiments are connected by dotted

lines. p values were calculated using two-tailed t test

and are indicated on graphs. *p < 0.05.

vesicles (EVs) secreted by cancer cells

(CCD-EVs) function as powerful signaling

organelles through activation of receptor-

specific pathways and by inducing specific

changes in transcriptional and translational

programs in the targetcells.12Herewe found

the chemoattractive potential of BCa cells

for B lymphocytes is regulated by CCD-

EVs and involves activation of Liver X recep-

tors (LXRs), nuclear receptors for oxysterols,

in B cells. LXRs and their most potent oxy-

sterol ligands (i.e., 25-hydroxycholesterol

and 27-hydroxycholesterol) are known

to contribute to shaping humoral and

adaptive immune responses.13,14 Thus, the

LXR-oxysterol signaling axis has been re-

ported to contribute to the communication

between tumor-associated macrophages

and T cells in breast and other types of can-

cer.15 However, the involvement of oxyster-

ols and LXR proteins in B cell biology in the

context of cancer and in the formation of

the tumor immune microenvironment re-

mains completely unknown.

Various members of the transmembrane

proteins of the tetraspanin superfamily are

abundant on EVs, and it has become

increasingly apparent that they play an

important role in the regulation of biological

activities of EVs.16 One possible mecha-

nism involves tetraspanin-dependent selective recruitment of

adhesion receptors and proteolytic enzymes that direct EVs to

their specific cellular targets.16 It was also demonstrated that

modulation of tetraspanin expression in vesicle-producing cells

leads to specific changes in EV-associated micro RNAs.17

Here we demonstrated that tetraspanins can regulate the

oxysterol composition of EVs. Specifically, we found that

tetraspanin 6 (Tspan6) facilitates the accumulation of

25-hydroxycholesterol and 27-hydroxycholesterol in CCD-EVs.

Accordingly, CCD-EVs from Tspan6-expressing BCa cells

were more potent in stimulating the LXR-dependent migration
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of B cells. Furthermore, we showed that the LXR-dependent

gene expression signature in B cells was associated with

Tspan6-positive BCa cells enriched in TIL-B. These results

reveal that tetraspanins control the oxysterol composition of

EVs, thus allowing targeted delivery of lipids to the immune cells

in the tumor microenvironment.

RESULTS

BCa cells stimulate migration of B lymphocytes
To investigate the contribution of cancer cells to the immune

microenvironment in BCa, we evaluated the chemoattractive po-

tential of media conditioned by established BCa model cell lines

(BCa-CM) for the main subtypes of immune cells in peripheral

blood mononuclear cells (PBMCs) from healthy donors and

BCa patients (Table S1). In initial experiments we demonstrated

that media conditioned by BCa cell lines derived from different

molecular subtypes consistently increased migration of B cells

present in the blood of healthy donors (Figures 1A–1D). By

contrast, the effect of CM on migration of monocytes and

T cells varied between breast cancer lines (Figure 1). BCa-CM

equally affected migration of major B cell subtypes (i.e., naive,

class switchedmemory cells [CSMs], and non-switchedmemory

[NSM]) (Figures 1Gand1H). Similarly, BCa-CMstimulatedmigra-

tion of B cells from the blood of BCa patients (Figures 1E and 1F).

B cell migration is regulated by various chemokines that act via

G-protein coupled receptors (GPCRs).18,19 Profiling media

conditioned by several BCa cell lines revealed variable levels

of secretion of several known B cell chemokines including inter-

leukin (IL)-8/CXCL8 and CCL20 (Figure S1A), which does not

Figure 2. Critical role of EVs in the chemoattractive potential of BCa cells for B cells

(A–C) Media conditioned (CM) by MDA-MB-468 (A), MCF-7 (B), or SKBr3 cells were depleted of EVs (‘‘-EVs’’) by centrifugation. Purified PBMCs (three healthy

donors) were allowed to migrate for 18 h and subsequently profiled by flow cytometry. ‘‘CM’’ – conditioned media not depleted of EVs was included as a positive

control.

(D–F) EVs purified from supernatants conditioned byMDA-MB-468,MCF7, and SUM149 cells were added to appropriate growthmedia without supplements and

used as chemoattractants (DMEM + EVs). Purified PBMCs (three healthy donors) were allowed to migrate for 18 h and subsequently profiled by flow cytometry.

‘‘Control’’- DMEM with no supplements. Numbers observed in separate experiments are connected by dotted lines. p values were calculated using a two-tailed

t test and are indicated on graphs. *p < 0.05.
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Figure 3. Migration of B cells toward BCa-

CM and EVs secreted by BCa cells sup-

pressed involves activation of LXR

(A) Volcano plot is showing differences in gene

expression between migratory (MB) and non-

migratory B cells (NMB). Each dot in the figure

represents a gene. The x axis represents the

log2 transformed fold change with positive and

negative values denoting genes overexpressed

in MB and NMB cells, respectively. The y axis

represents the –log10-transformed p value. The

horizontal dashed lines indicate the threshold of

5% on the nominal p value, above which differ-

ences in gene expression are significant. The

vertical dashed lines indicate a threshold of 2 on

the fold change.

(B) Representation of the VIPER results for the

top 10 most differently activated regulons

between MB and NMB cells. Along the x axis,

genes are rank-sorted from the one most down-

regulated (left) to the onemost upregulated (right)

in MB vs. NMB cells based on the gene expres-

sion analysis. For each regulator, negative and

positive targets as identified in the B cell regulon

are color-coded blue and red respectively. Based

on the distribution of these negative and positive

targets, a protein activity score is calculated

that is shown in a color-coded format in the col-

umn entitled ‘‘Act.’’ In addition, also the mRNA

expression fold change for each of the reported

regulators is shown in a color-coded format in the

column entitled ‘‘Exp’’ with grayed-out cells

indicating regulons for which mRNA expression

levels have not been measured.

(C and D) Purified PBMCs (three to four healthy

donors) were pre-treated with S-9238 (1 mM) (or

DMSO) and allowed to migrate toward BCa-CM

(MDA-MB-468) (C) or media supplemented with

EVs purified from BCa-CM (D) using transwell

migration assay. Migrated cells were profiled by

flow cytometry. Numbers observed in separate

experiments are connected by dotted lines. In-

cubation of cells with DMSO or S-9238 did not

affect viability of PBMCs (95%–97%). p values

were calculated using a two-tailed t test and are

indicated on graphs. *p < 0.05; **p < 0.01.

(E) Heatmap showing the expression profiles of

1,904 BRCA samples for 127 genes that are

upregulated in MB vs. NMB cells, with rows and

columns representing genes and samples,

respectively. Samples and genes are ordered

according to the output of an unsupervised hi-

erarchical cluster analysis (Manhattan linkage,

Ward clustering) and resulting dendrograms are

shown on top and to the left of the heatmap.

Based on differences in gene expression levels of

the 127 genes, three sample clusters (indicated

with purple, gray, and black colors underneath

the top dendrogram) and four gene clusters can

be discerned. For each of the 1,904 BRCA sam-

ples, dichotomized B cell infiltration (i.e., high vs.

low) and NR1H3 activity scores (i.e., high vs. low)

are shown using yellow-blue color-coded bars

underneath the top dendrogram. For each of the

127 genes overexpressed in NMB cells, a red-

blue color-coded bar to the right of the left dendrogram indicates the NR1H3 target gene status. The categorization defined by the color coding for both

samples and genes is provided in the legend.

(legend continued on next page)
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explain common promigratory properties of different BCa-

CMs (shown in Figure 1). Further quantitative ELISA and Luminex

analyses demonstrated that the concentration of these and

other B cell chemokines (e.g., CXCL12 and CXCL13) in BCa-

CM is relatively low (10–800 pg/mL) (Table S2). To investigate

whether BCa-induced B cell migration is mediated by these

or other chemokines acting via GPCRs, we performed the

experiments in the presence of pertussis toxin (PTX), which is

known to block the promigratory activity of all known classical

B cell chemokines.20 These experiments demonstrated that

while PTX treatment partially suppressed the migration of mono-

cytes, the chemotactic migration of B cells toward BCa-CM was

not affected (Figures S1B and S1C). We also confirmed that mid-

kine secreted by BCa cells (Figure S1A) did not contribute to the

migration of B lymphocytes toward BCa-CM (Figures S1D and

S1E), a mechanism we have previously demonstrated for the

accumulation of monocytes in IBC.21 Collectively, these results

suggested that classical B cell chemokines were not essential

for the migration of B lymphocytes induced by BCa cells.

EVs secreted by BCa cells stimulate migration of B cells
EVs regulate various aspects of cell migration.22 Thus, we exam-

ined the contribution of BCa-derived EVs (CCD-EVs) in the

migration of B lymphocytes toward BCa-CM. Removal of

CCD-EVs by centrifugation reduced the chemoattractive poten-

tial of BCa-CM for B cells by 35%–45% (Figures 2A–2C). The

effect of CCD-EV depletion on the migration of other cell

populations was variable (Figures 2A–2C). In reverse experi-

ments, we examined the effect of purified EVs on migration of

PBMCs. The addition of purified CCD-EVs secreted by various

BCa cell lines increased migration of B cells by 10- to 60-fold

(Figures 2D–2F). Notably, whenwe repeated the experiments us-

ing purified EVs produced by GFP-expressing cells (these cells

produce GFP-labeled EVs), only migrated B cells were positive

for GFP (Figure S2). Together, these results suggested that

increased migration of B cells is due to the direct interaction be-

tween CCD-EVs and B cells. Although less dramatic, CCD-EVs

also increased migration of T cells (by 1.3- to 3.5-fold)

(Figures 2D–2F). By contrast, migration of monocytes was

decreased when media was supplemented with CCD-EVs.

Thus, we concluded that CCD-EVs can change the motility of

different types of immune cells with the strongest enhancing

effect on B lymphocytes. These results indicated that CCD-

EVs are a contributory factor in B cell recruitment and the forma-

tion of the immune landscape in BCa.

Migration toward BCa-CM involves the activation of LXR
nuclear oxysterol receptors
To examine the nature of the EV-mediated signal(s) that stimu-

latedmigration of B cells, we compared expression profiles of B

cells migrated toward EVs (MB) and non-migrated B cells

(NMB) from the same experiments. The viper package was

used in combination with a regulon for B cells (bcellviper pack-

age) to evaluate differences in virtual protein activity levels

based on differential expression statistics. In total, 226 proteins

revealed differences in protein activity levels between MB and

NMB cells at a false discovery rate level inferior to 10%

(Figure 3A). Among the top three transcriptional networks iden-

tified in this analysis (Figure 3B) we decided to focus on the

NR1H3-dependent pathway. NR1H3 encodes LXRa, the nu-

clear receptor for several oxysterols, which can activate

expression programs that are important for chemotaxis.23,24

Furthermore, only LXR-dependent pathways have (1) the

established function in the biology of B cells,25,26 and (2) a

possible link with EVs.27,28

To examine whether LXR-dependent signaling pathways

contribute to B cell motility induced by the BCa-CM, we

repeated migration experiments with conditioned media or

CCD-EVs in the presence of SR9238, a reversed agonist for

LXR proteins. Strikingly, pre-incubation with SR9238 partially in-

hibited migration of B cells toward both BCa-CM and BCa-

derived EVs (Figures 3C and 3D). Thus, these results indicated

that EV-associated oxysterols can stimulate migration of B cells

toward BCa-CM.

To examine a possible link between the LXR signaling axis and

the accumulation of B cells in human BCa tissues, we examined

genes differentially expressed between MB and NMB cells in a

series of 1,904 expression profiles of BCa patients (METABRIC

series). In total, 1,127 genes were in common between both se-

ries. In further analysis, the full set of 127 genes overexpressed in

MB cells was evaluated using unsupervised hierarchical cluster

analysis. As illustrated in Figure 3E three sample clusters (co-

lor-coded black, gray, and purple) and four gene clusters (hori-

zontal) were clearly identifiable. The sample clusters revealed

clear differences with respect to B cell infiltration scores

(p < 0.001; highest in black and gray clusters) (Figures 3E

and 3F). Interestingly, the gene cluster enriched for NR1H3 target

genes (Figure 3E, p = 0.011) was most strongly differentially

expressed with the highest mRNA levels in the sample clusters

characterized with enhanced B cell infiltration (Figure 3E

(black cluster) and Figure 3G). When compared with the molec-

ular subtypes, significant distributional differences were

observed (p < 0.0001) with the black cluster being enriched for

ER�/HER2� and ER�/HER2+ breast tumors (i.e., 74%) and

the remaining clusters being dominated by ER+ breast tumors

(i.e., 77% in the gray cluster and 80% in the purple cluster). Inter-

estingly, ER+ breast tumors in the gray cluster are predominantly

low proliferative (Figure 3H). These results support the notion

that the LXR signaling plays an important role in the accumula-

tion of B cells in BCa tissues.

(F) The number of samples (y axis) with low or high dichotomized B cell infiltration scores (respectively blue or yellow) per cluster of breast cancer samples (i.e.,

black, gray, purple; x axis) are shown in barplot format.

(G) The number of samples (y axis) with low or high dichotomized NR1H3 activation scores (respectively blue or yellow) per cluster of breast cancer samples

(i.e., black, gray, purple; x axis) are shown in barplot format.

(H) The number of samples (y axis) according to the breast cancer subtypes per cluster of breast cancer samples (i.e., black, gray, purple; x axis) are shown in

barplot format. Breast cancer subtypes are color-coded as shown in the legend underneath the plot with NC indicating breast cancer samples that are not

classified.
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Figure 4. Tspan6 regulates the chemoattractive potential of tumor cells for B lymphocytes

(A) Media conditioned by SUM149 cells expressing various GFP-tagged tetraspanins were used as chemoattractant for purified human PBMCs. PBMCs were

allowed to migrate for 16–18 h and migrated B cells were identified by flow cytometry using anti-CD19 mAb.

(B) Media conditioned MDA-MB-468 (MDA468), SKBr3, and PY2T cells were used as chemoattractants for human PBMCs purified from healthy donors (left and

middle panels) or mouse splenocytes (right panel). Purified PBMCs/splenocytes were allowed and subsequently profiled by flow cytometry. ‘‘Control’’ - growth

(legend continued on next page)
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Tspan6 regulates migration of B cells
Tetraspanin proteins are abundant on various types of EVs

and known to regulate their functionalities. We hypothesized

that tetraspanins expressed by BCa cells may be involved in

LXR-dependent migration of B cells by changing the oxysterol

composition of CCD-EVs. Earlier studies demonstrated that

various tetraspaninscanphysically bind cholesterol, and the crys-

tal structure of the tetraspaninCD81 revealed aboundcholesterol

molecule within a hydrophobic intramembrane central cavity

created by all four TM helical domains.29,30 Two polar CD81 TM

residues, Asn18 (TM1) and Glu219 (TM4), contributed to stabilizing

the cholesterol backbone by mediating hydrogen bonding inter-

actionswith the hydroxylmoiety. AlthoughGlu219 is not preserved

across all tetraspanin family members, tetraspanins encompass

additional polar side chains within their TM domains, raising the

possibility that they have evolved to not only bind cholesterol

but also oxygenate derivatives of cholesterol (i.e., oxysterol LXR

ligands). Indeed, if the dockingmode of these oxysterols is similar

to that seen in the CD81-cholesterol model, we would envisage

that specific inward cavity facing polar residueswithin tetraspanin

TM regions, which are located closer to putative TM-extracellular

interfaces, may be able to coordinate the additional hydroxyl

groups present in oxysterols. We began addressing this possibil-

ity by investigating whether tetraspanins could contribute to the

chemoattractive potential of BCa cells via CCD-EV-induced acti-

vation of LXR in B cells. Specifically, we focused on tetraspanins

that conform to the aforementioned structural requirements and

whose expression is known to be affected in BCa (i.e., Tspan4,

Tspan6, Tspan13, CD151/Tspan24, and CD82/Tspan27 [Fig-

ure S3]). The initial experiments were performed using SUM149

cells that express lowor undetectable endogenous levels of these

tetraspanins (Table S3). The ectopically introduced tetraspanins

were GFP-tagged to monitor their expression levels (Figure S4).

Of these tetraspanins only Tspan6 could consistently increase

the chemoattractive potential of SUM149 cells for B cells (Fig-

ure 4A). Similarly, Tspan6enhanced thechemoattractivepotential

of other human BCa cell lines and mouse mammary carcinoma

cells (Figure 4B). Conversely, knockdown of Tspan6 in Tspan6-

positive BCa cells decreased their chemoattractive potential for

B cells (Figure 4C). To substantiate these findings further, we

used two syngeneicmousemodels to examine the role of Tspan6

in the recruitment of B cells to mammary carcinomas in vivo. The

Kaede transgenic mice express a photoconvertible fluorescent

protein (Kaede green-to-red) and can be used to monitor the

recruitment of immune cells to different tissues including trans-

planted syngeneic tumors.31,32 Tspan6-negative E0771 mouse

mammary carcinoma cells and E0771 cells expressing mouse

Tspan6were implanted into themammary fatpadand recruitment

of lymphocytes to the tumors was analyzed 48 h after photocon-

version, which labeled the entire CD45+ compartment of the tu-

mor to Kaede Red+. The proportion of newly entering Kaede

Green+ B cells was significantly increased in Tspan6-expressing

E0771 tumors, indicating that these tumors attractedmoreB cells

when compared with Tspan6-negative tumors (Figures 4D and

S5). In comparison, the proportion of Kaede Green+ T cells within

the two tumors was not significantly different, indicating a B cell-

specific effect (Figures 4D and S5). Additional experiments

involving Py2T mouse mammary carcinoma cells confirmed that

Tspan6-expressing tumors are characterized by an increased

accumulation of B cells (Figure 4E). Furthermore, the expression

of Tspan6partially suppressedgrowthofPy2T tumors (FigureS6).

Collectively, these experiments provide direct evidence that

Tspan6 expression enhances B cell migration in vitro and in vivo

and this correlated with decreased growth of the tumors.

Tspan6 relies on EV-associated oxysterols to regulate
the chemoattractive potential of BCa cells for B cells
The Tspan6-dependent increase in the chemoattractive poten-

tial of BCa cells for B cells was negated when conditioned media

was depleted of CCD-EVs (Figure 5A). Conversely, CCD-EVs

produced by Tspan6-expressing cells were more potent in stim-

ulating B cell migration when compared with EVs produced by

Tspan6-negative cells (Figure 5B). As our data show that migra-

tion of B cells toward CCD-EVs is controlled by the LXR-depen-

dent pathway (Figures 3C and 3D), we investigated whether the

increase in the chemoattractive potential of CCD-EVs produced

by Tspan6 expressing BCa cells is also linked to the activation

of LXR. Experiments involving the inverse LXR agonist demon-

strated that suppression of LXR activation negated the

difference between EVs secreted by Tspan6-negative and

Tspan6-positive BCa cells (Figure 5C). As the quantity of EVs

produced by BCa cells was not affected by the expression of

Tspan6 (Figure 5D), we concluded that the Tspan6-dependent

increase in the chemoattractive potential of cell-derived EVs is

likely to be related to differences in oxysterol composition of

the vesicles.

We hypothesized that Tspan6 may be involved in transport

of cellular oxysterols to EVs (see above). To address this, we

first generated an I-TASSER derived model of Tspan6 encom-

passing residues M1-V245 (Figure 6A, left panel). The model

displays a similar secondary topology to that of the CD81

crystal structure, forming a cone-like architecture with a

distinct large intramembrane cavity within the transmembrane

region (Figure 6A, middle and right panels). Then we used high

media. Shown are the results of the experiments using PBMCs from blood of six human donors and splenocyte from five animals. Numbers observed in separate

experiments are connected by dotted lines. p values were calculated using a two-tailed t test and are indicated on graphs. *p < 0.05.

(C) Media conditioned by HCC70 cells (HCC70-CM) of HCC70 cells stably depleted of Tspan6 (HCC70shT6/1-CM and HCC70shT6/2-CM) were used as che-

moattractant for purified human B cells. PBMCswere allowed tomigrate for 16–18 h andmigrated B cells were identified by flow cytometry using anti-CD19mAb.

(D) E0771/pLVx and E0771/Tspan6 cells were injected into mammary fat pads of Kaede mice and tumors were allowed to grow until they reached approximately

60–80 mm.3 Photoconversion of the ‘‘Kaede Green’’ protein to the converted ‘‘Kaede Red’’ version was achieved by exposing tumors to UV light. Proportion of

Kaede Green+ B220+ B cells, CD4+ T cells, and CD8+ T cells infiltrating E0771 (n = 7) and E0771TSPAN6 (n = 5) tumors 48 h after tumor photoconversion.

Representative of two independent experiments. All migration experiments were performed using transwell migration settings. p values were calculated using a

two-tailed t test and one-way ANOVA, and are indicated on graphs. **p < 0.01.

(E) PY2T/pLVx and PY2T/Tspan6 cells were injected contralaterally intomammary fat pads of 10 FBVmice. Tumor-infiltrating lymphocytes were identified by flow

cytometry using specific mAbs. p values were calculated using a two-tailed t test and are indicated on graphs.
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ambiguity driven protein-protein DOCKing (HADDOCK) pro-

gram to model a possible interaction interface be-

tween Tspan6 and two principal oxysterol LXR ligands:

25-hydroxycholesterol (25-HC) and 27-hydroxycholesterol

(27-HC, also known as 26-hydroxycholesterol33). Importantly,

both 25-HC and 27-HC, which are known to function as che-

moattractants, were previously found in BCa-derived EVs.34

Most Tspan6 residues that were used to restrain docking to

the 25-HC and 27-HC moiety corresponded to CD81 amino

acids previously implicated in cholesterol binding (Thr25,

Figure 5. EVs play a critical role in Tspan6-dependent regulation of the chemoattractive potential of tumor cells for B lymphocytes

(A) Media conditioned (CM) by the control (pLVx) or Tspan6-expressing MDA-MB-468 (or SKBr3) cells was depleted of EVs (‘‘-EVs’’) by centrifugation. Purified

PBMCs (three healthy donors) were allowed to migrate for 18 h and subsequently profiled by flow cytometry. CM not depleted of EVs was included as a positive

control. p values were calculated using a two-tailed t test and are indicated on graphs.

(B) EVs purified from MDA468/pLVx-CM and MDA468/Tspan6-CM were added to DMEM without supplements and used as chemoattractants. Purified PBMCs

(four healthy donors) were allowed to migrate for 18 h and subsequently profiled by flow cytometry. ‘‘Control’’ - DMEM with no supplements. Amounts of EVs

added to DMEMwere adjusted according to western blot with anti-CD63mAb (shown results of a representative blot). p valueswere calculated using a two-tailed

t test and are indicated on graphs.

(C) Purified PBMCs (three donors) were pre-treated with S-9238 (1mM) (or DMSO) and allowed to migrate toward media supplemented with EVs purified from

MDA-MB-468/pLVx and MDA-MB-468/Tspan6 CM. Numbers observed in separate experiments are connected by dotted lines. p values were calculated using

two-tailed t test and are indicated on graphs. Note, EV depletion negated differences in the chemoattractive potentials of EVs produced by Tspan6-positive and

Tspan6-negative cells. Migration experiments in (A)–(C) were performed using transwell migration settings.

(D) Expression of Tspan6 does not affect the production of EVs by BCa cells. An equal number of the MDA-MB-468/pLVx and MDA-MB-468/Tspan6 cells was

seeded and cultured for 48 h in the serum-free medium containing 1% BSA. NTA analysis on the CMwas performed in biological triplicates (‘‘1,’’ ‘‘2,’’ and ‘‘3’’ on

the diagram) and technical duplicates. The background particle count in medium was measured to estimate the portion of particles of non-cellular origin, floating

in the commercial medium used for cell culture.
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Phe28, Val63, Val70, Ile71, Leu74, Tyr93, Leu97, Val100, Phe219,

Ile222, and Gln223) (Figure 6B). In the resulting models

25- and 27-HC consistently slotted into the large intramem-

brane cavity with minimal structural rearrangement. More

specifically, the putative 25-/27-HC-Tspan6 interface was

predominantly stabilized by a series of non-polar interac-

tions mediated by aromatic and non-aromatic residues. In

addition, the Tspan6 residue Thr67 emanating from TM2 was

predicted to form a hydrogen bonding interaction with the

additional hydroxyl group (positions 25 and 27) in the choles-

terol backbone (Figures 6C and 6D). To validate this putative

docking mode, we substituted Thr67 to Ala (Tspan6-Oxy(�))

and compared its chemoattractive potential with Tspan6wt.

Sequence alignments of the TM2 region of the Tspan family

highlighted that Alanine could be tolerated at this position

while preserving Tspan6 structural integrity. While expressed

at the level similar to that of the wild-type protein, media

conditioned by the Tspan6-Oxy(�) mutant did not stimulate

B cell migration beyond the level seen for Tspan6-negative

cells (Figure 6E). Analysis of the main oxysterol ligands for

LXR by quantitative mass spectrometry demonstrated that

the level of 25-HC and 27-HC in CCD-EVs secreted by

Tspan6-expressing cells was �3- to 7-fold higher than that

seen in CCD-EVs produced by the control, Tspan6-negative

cells (Figure 6F). Furthermore, we found that crude cellular

membranes of Tspan6-expressing cells also had higher levels

of 25-HC and 27-HC than those extracted from Tspan6-nega-

tive cells (Figure S7A). By contrast, total cellular levels of these

oxysterols (which also included cytoplasmic pools of 25-HC

and 27-HC) were comparable (Figure S7B). These results indi-

cated that Tspan6 is specifically involved in transport of these

oxysterols into EVs rather than regulating their biosynthesis

and intracellular metabolism. Importantly, although Tspan6wt

and Tspan6-Oxy(-) mutant are recruited to EVs in comparable

quantities (Figure 6G), 25-HC and 27-HC levels in CCD-EVs

produced by cells expressing Tspan6-Oxy(�) mutant were

similar to that of the control, Tspan6-negative cells, and well

below that detected in CCD-EVs produced by Tspan6wt-

expressing cells (Figure 6F). These results further strengthen

the EVs-specific link between Tspan6 and transport of

oxysterols.

Expression of Tspan6 is correlated with the recruitment
of B cells to BCa tissues
Two approaches were used to further investigate the clinical

relevance of the expression of Tspan6, oxysterols and accumu-

lation of B cells in BCa. First, we evaluated the prognostic rele-

vance of TSPAN6 mRNA and virtually inferred protein activity

levels in the METABRIC series of 1,904 BCa samples. These an-

alyses revealed that overexpression or hyperactivation of

Tspan6 is associated with improved survival (LogRank-test;

p < 0.001 and p < 0.001, respectively) (Figures 7A and 7B). In

addition, a multivariate Cox regression analysis demonstrated

that the low Tspan6 protein activity levels predicted overall

survival (OS) independently of the major BCa molecular sub-

types (Figure 7C). Accordingly, expression of Tspan6 protein in

BCa tissue correlated with the improved disease-free survival

(Figure 7D), thereby validating our in silico results on the

METABRIC series. Further, we correlated the dichotomized

Tspan6 protein activity scores with the sample clustering pattern

described in Figure 3E. The sample clusters revealed clear differ-

ences with respect to the distribution of the dichotomized

Tspan6 protein activity scores (p < 0.001; highest in black and

gray clusters) (Figure 7E). In addition, we compared the average

expression levels of the NR1H3 target genes among the black,

gray, and purple clusters (Figure 7F). These analyses revealed

that the NR1H3 target gene expression was most pronounced

in the cluster with elevated B cell infiltration scores. and Tspan6

protein activity levels, suggesting that all three parameters are

linked. Importantly, analysis of B cell accumulation in BCa

tissues further confirmed a significant positive relationship be-

tween Tspan6 expression and accumulation of CD20+ lympho-

cytes in BCa tissues (Figure 7G). Taken together these results

indicated that the expression of Tspan6 is linked to the

NR1H3-dependent accumulation of B cells in BCa tissues

in vivo.

DISCUSSION

In this study, we have established that tetraspanin-dependent

changes in the lipid composition of EVs secreted by cancer cells

can shape the tumor immune microenvironment in BCa. Specif-

ically, we demonstrated that Tspan6 acting via BCa cell-derived

Figure 6. Mutation of the putative 27-HCbinding site in Tspan6 abolishes the increase in the chemoattractive potential of Tspan6-expressing

BCa cells
(A) Modeling of Tspan6 structure. Cartoon representation of the Tspan6 model generated by I-TASSER (C-score = �0.11) (left panel). Cartoon representation of

the crystal structure of CD81 (PDB code 5TCX) (middle panel). Superimposition of Tspan6 and CD81 in ribbon format.

(B) Sequence alignment of Tspan6 and CD81. Sequences were obtained fromUniprot (accession numbers O43657 [Tspan6] and P60033 [CD81]). Alignment was

performed using the PRALINE multiple sequence alignment toolkit35 with the color scheme showing the degree of amino acid conservation. Regions corre-

sponding to the four transmembrane regions are highlighted. CD81 residues that are within 4A of the cholesterol binding site are shown as red circles.

(C and D) Docking of 25-HC and 27-HC on the I-TASSER derived model structure of Tspan6 using HADDOCK.

(E) Media conditioned by cells expressing wild-type Tspan6 and Tspan6-Oxy mutant (MDA-MB-468 [left panel] or MCF-7 [right panel]) were used as chemo-

attractant for purified human PBMCs using transwell migration assays (three to four healthy donors). PBMCs were allowed to migrate for 16–18 h and migrated

B cells were identified by flow cytometry using anti-CD19 mAb. Numbers observed in separate experiments are connected by dotted lines. p values were

calculated using a two-tailed t test and are indicated on graphs. *p < 0.05.

(F) Oxysterols in the samples of purified EVs were extracted and analyzed using LC-MS/MS (24-hydroxycholesterol; 24-HC, 25-hydroxycholesterol; 25-HC and

27-hydroxycholesterol; 27-HC).

(G) Recruitment of Tspan6wt and Tspan6-Oxy mutant to the CCD-EVs. EVs secreted by MDA-MB-468/GFP-Tspan6 and MDA-MB-468/GFP-Tspan6-Oxy cells

were profiled by western blot using indicated antibodies. Note, similar levels of Tspan6wt and Tspan6-Oxy(-) mutant in samples of CCD-EVs. Shown are the

results of a representative blot from two independent experiments.
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EVs (CCD-EVs) facilitates recruitment of B cells to the cancerous

tissue. At the molecular level, Tspan6 regulates oxysterol-

composition of CCD-EVs, which function as chemoattractants

by activating LXR-dependent pathways in B cells. These data

demonstrate that cancer cell-associated proteins change the

immune landscape of the tumors by modifying lipid composition

of CCD-EVs.

It has long been suspected that CCD-EVs contribute to the

modulation of the tumor immune microenvironment.36 Here we

demonstrated that CCD-EVs function as carriers to deliver oxy-

sterols to their target cells leading to a specific accumulation of

B cells in BCa tissues. The increased density of B cells is known

to correlate with a better prognosis in BCa6 and may explain the

improved survival of Tspan6-positive BCa patients in our cohort.

In contrast, we found no significant correlation between CD20+

immune cells and patient age, tumor grade, tumor type, and

HER2 status in the whole cohort of patients used in our study.

Similarly, in the total patient cohort, higher infiltration of CD20+

B cells did not correlate with OS (p = 0.9). Only a near-significant

correlation was found between CD20 positivity and ER-negative

tumors (p = 0.06). This may not be entirely surprising, as several

previous studies have reported both positive and negative corre-

lations between themagnitude of B cell infiltration and survival of

BCa patients (reviewed in Shen et al.37). These contrasting ob-

servations are likely explained by phenotypic (and functional)

heterogeneity of tumor-infiltrating CD20+ B cells as well as ge-

netic variability in the BCa patient cohorts used. Amore compre-

hensive single cell-based RNA sequencing and phenotypic ana-

lyses of BCa tissues will be necessary to establish possible links

between subtypes of tumor-infiltrating B lymphocytes (e.g., tran-

sitional zone B cells, regulatory B cells, plasmablasts), expres-

sion of Tspan6, and various clinical parameters.

Our results demonstrate that the LXR-activated transcriptional

network has a direct impact on B cell migration. While the under-

lying molecular mechanisms will require further investigation, it

has been reported that activation of LXR in B cells leads to the

increased expression of CD38, a transmembrane adenosine

50-diphosphate-ribosyl transferase with a well-documented

promigratory activity in various types of immune cells.38 LXR

activation in B cells was also linked to various key signaling path-

ways including TGFb1-and STAT1-dependent signaling net-

works, which can contribute to cell migration.39 Finally, a

genome-wide analysis of the LXR-dependent transcriptional

network in other leukocytes reveals a number of direct LXR-

target genes that can directly impact B cell migration.40

Various oxysterol species can be detected in exosomes

secreted by BCa cells.34 However, the molecular mechanisms

controlling the accumulation of oxysterols in EVs remain

completely unknown. Our data demonstrate that Tspan6 is

directly involved in this process. While some of the established

oxysterol transporters (e.g., members of the ATP-binding

cassette transporters, NPC, and other oxysterol-binding pro-

teins) have been detected on EV-produced cancer cells,41 their

role in the transport of various oxysterol species to EVs remains

unknown. Furthermore, most of them were absent in vesicles

secreted by MDA-MB-468 and MCF-7 cells,42 two cellular

models used in our study. Thus, Tspan6 represents the example

of a protein that directly regulates the targeting of oxysterol spe-

cies to EVs. Importantly, the effect of Tspan6 on oxysterol accu-

mulation in EVs is specific and only affects 25-HC and 27-HC.

This excludes the possibility of a more general effect of Tspan6

on the oxysterol metabolism in cells or on the formation/secre-

tion of EVs. Ourmolecular docking analyses suggest that Tspan6

may bind these oxysterols directly, and, therefore, potentially

Figure 7. Expression of Tspan6 in BCa correlates with better survival and increased accumulation of B cells

(A) KM-plot evaluating differences in overall survival of BCa patients expressing high (blue) and low (yellow) levels of TSPAN6 mRNA (METABRIC samples). The

probability of survival is shown on the y axis. Shown are reported p values (log Rank test) and the number of patients at risk per category at discrete time points.

(B) KM-plot evaluating differences in overall survival of BCa patients displaying high (blue) and low (yellow) levels of virtually inferred activity of Tspan6 protein.

Shown are reported p values (log Rank test) and the number of patients at risk per category at discrete time points.

(C) Forest plot showing the result of a multivariate Cox proportional hazards analysis comparing the overall survival of BCa patients to both the distribution of the

molecular subtypes (i.e., ThreeGenes) and the dichotomized TSPAN6 protein activity score (i.e., Tspan6.VIP). The hazard ratio is plotted along the x axis with a

cutoff value of 1, which indicates absence of association between the tested parameter and OS, shown by a vertical dashed line. For each category, except the

references (i.e., high TSPAN6 protein activity and ER�/HER2�), point estimates and confidence intervals of the hazard ratios are shown, with positive and

negative hazard ratios indicating respectively an increased and decreased risk of an OS event relative to the reference categories. Hazard ratios associated with

confidence intervals do not cross the reference line of 1 are significantly different from 1, indicating am effect on OS. Hence, the current forest plot reveals that

patients with TSPAN6 low tumors andHER2+ breast cancer are respectively at increased and decreased risk of an OS event relative to their reference categories.

Since these results have been obtained using an additive multivariate Cox proportional hazards model, the conclusion stands that both observations are in-

dependent from each other. Underneath the forest plot, the global p value, the AIC, and the concordance index of the model are provided.

(D) KM-plot evaluating differences in disease-free survival between BCa patients with high (blue) and low (yellow) expression of Tspan6 evaluated by IHC.

Probability of survival is shown in the y axis.

(E) Barplot showing the distribution of the BCa samples classified according the dichotomized Tspan6 activity score in the three METABRIC sample clusters

identified using unsupervised hierarchical clustering of the 127 genes overexpressed in MB vs. NMB cells. The sample clusters are indicated along the x axis

using the same color names as those reported in the heatmap (Figure 3E). For clarity, the circumference of the bars is colored accordingly. Each bar is further

subdivided into two parts that are proportional to the number of samples with active Tspan6 (yellow) or inactive Tspan6 (blue) according the dichotomized Tspan6

activity score. The number of samples per cluster and TSPAN6 activity category is provided along the y axis.

(F) Boxplots comparing the average expression levels of the genes in the gene cluster enriched for NR1H3 targets (Figure 3E) among the threeMETABRIC sample

clusters identified using unsupervised hierarchical clustering of the 127 genes overexpressed in MB vs. NMB cells. The sample clusters are indicated along the

x axis using the same color names as those reported in the heatmap (Figure 3E). For clarity, the circumference of the boxplots is colored accordingly. p values

resulting from pairwise comparisons of the distribution of averaged expression values between the different clusters using Mann-Whitney U test are provided on

top of the boxplots.

(G) Immunohistochemical staining of BCa tissue shows a significant correlation (Mann-Whitney test) between Tspan6 expression in the tumor cells and high

CD20+ B cell infiltration in the adjacent tumor microenvironment.
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function as a transporter of these oxysterol species. Although

our results clearly indicate the importance of Thr67 in the second

transmembrane domain of Tspan6 for coordinating/trafficking

oxysterols to EVs, the presence of polar residues in the corre-

sponding region of other tetraspanins (e.g., Tspan4) does not

guarantee the ability to bind/coordinate oxysterols. Our model

predicts that the putative 25-/27-HC-Tspan6 interface is stabi-

lized by a series of non-polar interactions involving aromatic

and non-aromatic residues. Some of these key residues (e.g.,

Val70 and Tyr93) are not conserved in other tetraspanins, which

may explain why Tspan4 does not emulate Tspan6 activity in

migration experiments. Furthermore, our preliminary experi-

ments indicate that the C-terminal part of Tspan6, which controls

intracellular trafficking of the protein, may also play a role in the

regulation of its function toward cellular oxysterols.

While in this study we specifically focused on the link between

the expression of Tspan6 and accumulation of oxysterols in

CCD-EVs, we cannot exclude that cancer-related changes in

the expression levels of this protein have a wider effect on the

composition and functionality of EVs. Indeed, we have recently

reported that in colorectal cancer cells, Tspan6 controls recruit-

ment of the transmembrane form of TGFa to EVs via

syntenin-1.43 Our current results show that glycosylation pat-

terns of certain EV-associated transmembrane proteins may

be affected by the expression of Tspan6 in BCa cells. Future

investigation will be necessary to examine the full extent of the

Tspan6-dependent changes in CCD-EVs.

In summary, we have revealed a mechanism of Tspan6-

dependent regulation of the tumor immune microenvironment

and this may have profound implications for drug development

in the treatment of BCa.

Limitations of the study
Although here we have focused on molecular pathways of

communication between BCa cells and B lymphocytes, the

Tspan6-oxysterol-LXR signaling axis is likely to have a broad ef-

fect on the formation of the tumor microenvironment in BCa,

and, perhaps, in other types of cancer. Interestingly, we observed

an increased accumulation of macrophages in Tspan6-express-

ing mammary carcinomas in mice. As our results show that EVs

secreted by BCa tumor cells (and LXR-dependent signaling) do

not affect the migration of monocytes (which are thought to be

precursorsof tumor-associatedmacrophages), onecanconclude

that the Tspan6-dependent pathway is likely to affect differentia-

tion ofmonocytes tomacrophages. Indeed, previous studies indi-

cated that 27-HC and LXR activation have a variety of pleiotropic

effects on the survival and functionality ofmacrophages andother

types of immune cells that are typically found in the tumor micro-

environment.44,45 Detailed characterization of the LXR-induced

signaling networks in different tumor-associated cell types will

be necessary to fully assess the impact of Tspan6-oxysterol-

LXR signaling on the formation and progression-dependent

changes in the immune microenvironment in BCa. Our data

strongly suggest that Tspan6 directly binds/coordinates 25- and

27-hydroxycholesterols and regulates their accumulation in EVs.

Further investigationwill be required to establish specificmolecu-

lar aspects of Tspan6-oxysterol interactions and identify Tspan6-

dependent pathways responsible for traffickingoxysterols toEVs.
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iushkina, L., Sopikova, B., Slobodová, Z., Mgebrishvili, G., Sharma, N.,

et al. (2020). The CD151-midkine pathway regulates the immune microen-

vironment in inflammatory breast cancer. J. Pathol. 251, 63–73. https://

doi.org/10.1002/path.5415.

22. Sung, B.H., Parent, C.A., and Weaver, A.M. (2021). Extracellular vesicles:

critical players during cell migration. Dev. Cell 56, 1861–1874. https://doi.

org/10.1016/j.devcel.2021.03.020.

23. Choi, C., and Finlay, D.K. (2020). Diverse immunoregulatory roles of oxy-

sterols-the oxidized cholesterol metabolites. Metabolites 10, 384.

https://doi.org/10.3390/metabo10100384.

24. Beceiro, S., Pap, A., Czimmerer, Z., Sallam, T., Guillén, J.A., Gallardo, G.,

Hong, C., A-Gonzalez, N., Tabraue, C., Diaz, M., et al. (2018). Liver X re-

ceptor nuclear receptors are transcriptional regulators of dendritic cell

chemotaxis. Mol. Cell Biol. 38, e00534-17. https://doi.org/10.1128/MCB.

00534-17.

25. Bensinger, S.J., Bradley, M.N., Joseph, S.B., Zelcer, N., Janssen, E.M.,

Hausner, M.A., Shih, R., Parks, J.S., Edwards, P.A., Jamieson, B.D., and

Tontonoz, P. (2008). LXR signaling couples sterol metabolism to prolifera-

tion in the acquired immune response. Cell 134, 97–111. https://doi.org/

10.1016/j.cell.2008.04.052.

26. Heine, G., Dahten, A., Hilt, K., Ernst, D., Milovanovic, M., Hartmann, B.,

and Worm, M. (2009). Liver X receptors control IgE expression in B cells.

J. Immunol. 182, 5276–5282. https://doi.org/10.4049/jimmunol.0801804.

27. Record, M., Attia, M., Carayon, K., Pucheu, L., Bunay, J., Soulès, R.,
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(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Fedor

Berditchevski (f.berditchevski@bham.ac.uk).

Materials availability
There are no restrictions to the availability of tools generated in this study.

Data and code availability
d RNA-seq data have been deposited at BioStudies and are publicly available as of the date of publication. The accession num-

ber is listed in the key resources table.

d This paper does not report the original code

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

SUM149 Garcia et al.50 N/A

MDA-MB-468 ATCC HTB-132

MCF-7 ATCC HTB-22

SKBr3 ATCC HTB-30

HCC70 ATCC CRL-2315

E0771 CH3 BioSystems SKU: 94A001

Py2T Waldmeier et al.51 N/A

MDA-MB-468/pLVx This paper N/A

MDA-MB-468/Tspan6 This paper N/A

MDA-MB-468/Tspan6-Oxy This paper N/A

MDA-MB-468/GFP This paper N/A

MDA-MB-468/GFP-Tspan6 This paper N/A

MDA-MB-468/GFP-Tspan6-Oxy This paper N/A

SKBr3/pLVx This paper N/A

SKBr3/Tspan6 This paper N/A

Py2T/pLVx This paper N/A

Py2T/Tspan6 This paper N/A

E0771/pLVx This paper N/A

E0771/Tspan6 This paper N/A

MCF7/GFP This paper N/A

MCF7/GFP-Tspan6 This paper N/A

MCF7/GFP-Tspan6-Oxy This paper N/A

SUM149PT/GFP This paper N/A

SUM149PT/GFP-Tspan4 This paper N/A

SUM149PT/GFP-Tspan6 This paper N/A

SUM149PT/GFP-Tspan13 This paper N/A

SUM149PT/GFP-Tspan27 This paper N/A

SUM149PT/GFP-Tspan24 This paper N/A

HCC70/pLKO This paper N/A

HCC70/shT6-1 This paper N/A

HCC70/shT6-2 This paper N/A

Experimental models: organisms/strains

Mouse: C.Cg-Tg(CAG-tdKaede)15Utr

(BALB/c background)

RIKEN BioResource Center RBRC09257

Mouse: FVB/NJ The Jackson Laboratories RRID:IMSR_JAX:001,800
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d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
Mice were used in accordance with Home Office guidelines at the University of Birmingham under a Project Licence awarded to

D.R.W. and approved by the University of Birmingham Animal Welfare and Ethical Review Body. Mice were housed at 21 ± 2�C,
55%humidity (±10%), with 12 h light-dark/cycle in 7–7 individually ventilated caging with environmental enrichment of plastic houses

plus paper bedding.

Mice and tumor initiation
Murine PY2T-pLVx/Tspan6 tumors

6 week old FVB femalemice were bilaterally injected into the mammary fat pads with PY2T-pLVx or PY2T-Tspan6 (13 106 cells/100mL

PBS per injection). Once the developing tumors had reached 200 mm3 in volume (typically 4 weeks), the animals were humanely killed.

Removed tumorswereweighed and non-enzymatically homogenised using aGentleMacsDissociator (Miltenyi Biotec) to extract TIL.52

IsolatedTILwerewashed, stainedandanalyzedbymulti-colour flowcytometry (below). The absolutenumber of TIL permgof tumorwas

determined using CountBright Absolute Counting Beads (Invitrogen).

Kaede mice and E0771 tumors
C57BL/6 Kaede53 mice were maintained and bred at the University of Birmingham Biomedical Services Unit. Mice were culled be-

tween the ages of 7 and 15 weeks. E0771 cells grown in log phase were then harvested and suspended in Dulbecco’s Phosphate

Buffered Saline (DPBS, Sigma, D8662), and 100 mL of cell suspension containing 2.5 3 105 cells were subcutaneously injected

into the mammary fat pad of female mice under anesthesia via 2% gaseous isoflurane.

E0771/E0771Tspan6 tumors were grown in C57BL/6 Kaede mice for 11 days until tumor size reached approximately 60–80mm.3

Photoconversion of the ‘Kaede Green’ protein to the converted ‘Kaede Red’ version was achieved by exposing tumors to a

405nm LED light using a Dymax BlueWave QX4 system (DYM41572, Intertronics) set to 50% power through an 8mm focusing

lens for a total of 3 min consisting of 9–20 s exposure cycles with 5-s breaks between each exposure cycle (adapted from54). Tumors

were excised for flow cytometric analysis 48 h after photoconversion.

Cell isolation for E0771/E0771Tspan6 Kaede experiments
Tumor were cut into 1-2mm pieces and incubated with 1 mg/mL Collagenase D (11,088,882,001, Roche) and 0.1 mg/mL DNase

I (101,104,159,001, Roche), in 1mL RPMI media for 20 min at 37�C on a thermomixer (Eppendorf). After enzymatic digestion samples

were crushed through a 100mm cell strainer before removing large debris by further filtering samples through a 70mm cell strainer.

Spleens were crushed through a 70mm cell strainer then incubated in 5mL Gey’s red blood cell lysis buffer on ice for 5 min. Tumor

draining, and contralateral lymph nodes (axillary and brachial combined) were cut into fine pieces then passed through a 70mm cell

strainer. Isolated cells were centrifuged at 400 g at 4�C for 5 min and resuspended in 200mL FACS staining buffer (2% FBS, 2mM

EDTA in PBS).

Cell line models
Human breast cancer cell linesMDA-MB-468, MCF7, HCC70 and SKBr3 and 293T cells were obtained from the ATCC.Mousemam-

mary carcinoma cell line EO771 was purchased from the CH3 BioSystems (Amherst, NY). Human breast cancer cell line SUM149PT

was a kind gift fromDr. Stephen P. Ethier (now available from Asterand, Detroit, MI). Mousemammary carcinoma cell line Py2T51 was

provided by Dr.G.Christofori (University of Basel). All cell lines except for MCF7, HCC70, and SUM149PT were maintained in com-

plete DMEM (Gibco or Sigma) supplemented with 10% fetal calf serum (FCS), 100 I.U./mL penicillin and 100 mg/mL streptomycin.

MCF7 and HCC70 cells were grown in RPMI-1640 (Gibco or Sigma) supplemented with 10% fetal calf serum (FCS), 100 I.U./mL peni-

cillin and 100 mg/mL streptomycin. SUM149PT cells were maintained in Ham’s F12 Nutrient Mix containing 10%FCS, 5U/mL peni-

cillin/streptomycin (Gibco), 5 mg/mL insulin (Sigma), and 1 mg/mL hydrocortisone (Sigma). All cell lines were confirmed to be negative

for mycoplasma (MycoAlert Detection Kit, Lonza LT07-418).

To establish the SUM149-GFP-tetraspanin cell panel, SUM149PT cells were infected with pLVx-IRES-puro–based lentiviruses en-

coding GFP-tagged tetraspanin proteins; SUM149PT cells were infected with the pLVx-IRES-puro-GFP lentivirus to establish the

SUM149/GFP cell line. GFP-positive SUM149PT cells were subsequently selected after cell sorting. MDA-MB-468/GFP, MDA-

MB-468/GFP-Tspan6, MDA-MB-468/GFP-Tspan6-Oxy, MCF7/GFP, MCF7/GFP-Tspan6 and MCF7/GFP-Tspan6-Oxy cell lines

were established by infecting parental cell lines with pLVx-IRES-puro-GFP, pLVx-IRES-puro-GFP-Tspan6 and pLVx-IRES-puro-

GFP-Tspan6-Oxy lentiviruses produced by 293T cells and subsequent selection in puromycin-containing growth media. E0771/

Tspan6, MDA-MB-468/Tspan6, MDA-MB-468/Tspan6-Oxy, SUM149/Tspan6, SKBr3/TspanT6 and PY2T/Tspan6 cell lines were

established by infecting parental cells (i.e. MDA-MB-468, SUM149PT, SKBr3, E0771 and PY2T) with pLVx-IRES-puro–based lenti-

viruses encoding either human (MDA-MB-468 and SKBr3) or mouse (E0771 and PY2T) Tspan6 or Tspan6-Oxy(-) mutant. Control cell
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linesMDA468/pLVx, SKBr3/pLVx, E0771/pLVx and PY2T/pLVx were established by infecting parental cells with the pLVx-IRES-puro

lentivirus. HCC70/shT6-1 and HCC70/shT6-2 cells were generated by infecting HCC70 cells with the pLKO-1 – based lentiviruses

encoding shRNAs targeting human Tspan6 gene (Sigma Aldrich). The control HCC70/pLKO line was established by infecting the

parental cell line with the pLKO.1 virus. After lentiviral gene transduction cells were selected on puromycin-containing growth media

and subsequently used as pooled puromycin-resistant clones. For cell migration experiments, cells were plated at 83105 (MDA-MB-

468), 63105 (SKBr3, MCF7, SUM149PT) or 43 105 (PY2T) cells per 25cm2 flask in 5 mL of growth media and cultured for 72 h. After

culture the conditionedmediumwas collected, spun at 1500 rpm for 10min to remove cell debris, filtered via 0.2m and used for trans-

migration assays.

Human subjects
Ethical approval for this study was granted from Leeds (East) REC (06/Q1206/180) and West Midlands – Black Country NRES

Committee (07/Q2702/24). Tissue microarrays (TMAs) were assembled, as previously described,55 from 358 cases of female breast

cancer diagnosed at the Leeds Teaching Hospitals NHS Trust between 1987 and 2005 with a mean follow-up of 80.5 months. After

the exclusion of non-representative cores and core loss, a cohort of 263 BCa patients (24–76 years) was studied with the following

tumor grades: 26 patients with grade 1, 126 – grade 2 and 111 – grade 3.

METHODS DETAILS

Immunohistochemistry (IHC), evaluation of staining and scoring systems
Formalin-fixed and paraffin-embedded (FFPE) tissue TMA blocks were sectioned for staining using a standard protocol. Sections

were manually incubated with 100mL of primary antibody against Tspan6 for 1 h followed by incubation with a secondary antibody

(ImmPRESS TM universal anti-mouse/rabbit Ig) for half an hour. Tumor infiltrating B-cells were identified using a ready to use mouse

anti-CD20 mAb using the standard protocol for diagnostic testing in a UKAS accredited laboratory on the Dako Link 48 Autostainer.

IHC stained slides were evaluated and scored by two independent pathologists (A.M.S. and M.G.) including a specialist breast

pathologist. Membranous Tspan6 immunoreactivity was scored semi-quantitatively as negative (0), weak (1+), moderate (2+) and

strong (3+) (Figure S1) as follows. Tumors without any detectable Tspan6 positivity or with faint membranous positivity in %10%

of tumor cells were considered as weak expression negative (0). Incomplete membranous staining, which was barely noticeable

but present in >10% tumor cells was considered asweak expression (1+). Circumferential membranous staining that was incomplete

and/or moderate and in >10% tumor cells or complete strong membranous staining in %10% tumor cells was considered as mod-

erate expression (2+). Circumferential membranous staining that was complete, strong and in >10% of cells was considered as

strong expression (3+). Finally, for statistical dichotomization, cases with negative or weak expression (scores 0,1+) were considered

as negative and those with moderate or strong expression (scores 2+ and 3+) were considered as positive.

Isolation of PBMCs and PBMC transmigration experiments
Blood samples were diluted 1:1 in plain RPMI-1640medium, carefully overlaid on 15mL Lymphoprep (Axis-Shield) in 50mL tubes and

centrifuged at 1600rpm (without brake) for 25min at room temperature. The upper layer containing serum and platelets was removed

with a transfer pipette and the interface containingmononuclear cells was collected. The cells were then washed twice in RPMI-1640

and used for transmigration assays.

Isolated PBMCswere counted using a haemocytometer and resuspended in RPMI-1640medium at concentration 13 107 cells/mL.

200mLofPBMCsuspensionwasaddedon topof the5mMporemembrane ina24well transwell insert (Corning) and incubated for10min

at 37�Cand5%CO2 to allow the cells to settle down. 800mL of the conditionedmediumwas added to the bottomof thewell of a 24well

plate and the insert carefully placed on top of it. After 16h incubation, the migrated cells were collected from the bottom of the well,

counted and processed for flow cytometry analysis.

Flow cytometry
Multi-colour flow cytometry was performed using an LSRII flow cytometer with FACSDiva software (BD Biosciences) with at least

5,000 cells recorded in each sample. During acquisition lymphocytes and monocytes were gated using forward (FSC) and side scat-

ter (SSC), with doublets and dead cells excluded as appropriate. For immunophenotyping, migrated PBMCswere collected, counted

and stained with up to 8-colour combinations of the antibodies (key resource table). The cells were washed in MACS buffer and re-

suspended in 50mL of MACS buffer containing a mixture of fluorophore-conjugated antibodies. After a 300 incubation on ice in the

dark for 30 min the cells were washed and re-suspended in 400 mL of MACS buffer for analysis. The samples were stored at 4�C
in the dark and analyzed within 2h of staining. Gating strategy has been recently described in.21 Multi-colour flow cytometry per-

formed using Kaede samples were acquired using an LSR Fortessa X-20 (BDBiosciences) with FACSDiva software (BDBiosciences)

with at least 200,000 cells recorded per sample. Kaede samples were incubated with anti-CD16/32 (2.4G2, BioLegend) to block Fc

receptor binding, before staining for viable cells using Live/Dead Fixable Dead Cell Stain Kits (1:1000, L34960, ThermoFisher) for

15 min at 4�C. Antibodies against surface markers were diluted in FACS staining buffer and incubated on ice for 30 min. To calculate

absolute cell numbers per sample, 1 3 104 blank counting particles (ACBP-100-00, Spherotech) were added to stained samples

before data acquisition. Data was analyzed using FlowJo software. To analyze expression of tetraspanin proteins cells were
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detached using TrypLE and subsequently incubated with unlabeled mouse mAbs (key resource table) for 1h at 4�C. Subsequently,
cells were washed in PBS and incubated for 300 at 4�C with Goat anti-Mouse IgG (H + L) conjugated to Alexa 488 in the dark. After

subsequent washes, stained cells were analyzed immediately on an LSRII flow cytometer (Beckman Coulter) and using FlowJo

software.

Isolation of EVs
EVs were purified from the culture supernatant of cells growing in complete medium supplemented with exosome-depleted FCS

for 72 h. Conditioned medium was sequentially centrifuged at 6003g for 10 min, followed by 10,0003g rpm for 45 min using a

type SS-34 rotor in a Sorvall Evolution RC centrifuge (Beckman Coulter, USA), and finally at 70,0003g for 2 h using a type 70Ti rotor

in a Beckman Coulter Optima L-100 XP ultracentrifuge (Beckman Coulter, USA). The resulting EVs pellet was washed once with PBS

and finally resuspended in 250 mL PBS.

Analysis of EVs secreted by BCa cells
The size distribution and concentration of EVsweremeasured by nanoparticle tracking analysis (NTA) using PMX110 (Particle Metrix,

Starnberg, Germany). Media conditioned by MDA468/pLVx or MDA468/Tspan6 cells were diluted in 0.1 x PBS (pre-filtered using a

0.22mmfilter) to a final volume of 1mL. For eachmeasurement, 11 positions were scanned, and 30 frameswere captured per position

with a medium speed. The following capturing settings were applied: camera sensitivity for all samples 85.0%, shutter speed range

70, scattering intensity 4.0, and cell temperature 25�C. The videos were analyzed using ZetaView Software (8.04.02, Starnberg, Ger-

many) with the following parameters: maximum particle size 1000nm minimum particle size 10nm, and minimum particle brightness

20 AU (arbitrary units). Statistical analysis was performed using GraphPad Prism 8.1.0 (GraphPad Software,San Diego, US) and

significance was calculated using Multiple t test with Holm-Sidak method.

Western blotting
Cells grown to 80–90% confluence were lysed in Laemmli buffer supplemented with 2 mMPMSF, 10 mg/mL aprotinin, 10 mg/mL leu-

peptin, 5 mM EGTA, 1 mM EDTA, 2 mM Na4P2O7, 5 mM NaF and 5 mM Na3VO4. Samples containing equal amounts of protein per

lane were loaded and resolved on 10% SDS-PAGE and then transferred onto a nitrocellulose membrane. The membranes

were probed with specific antibodies (key resource table) as previously described. The infrared-tagged secondary antibodies

were used to visualise the signals, and the images were captured and quantified using an LI-COR Odyssey scanning system.

Analysis of cytokine and chemokine production
HumanChemokine Array Kit (Catalog # ARY017) was purchased fromR&DSystems. ELISA kits were purchased from Peprotech and

assayed using manufacturer’s protocols.

Mass spectrometry analysis of oxysterols
EV pellets were mixed with methanol (430 mL) and LC-MS grade water (70mL) and spiked with deuterated internal standards (1 ng

24HCd7, 1 ng 25HCd6 and 1 ng 27-HCd6). The mixture was vortexed and incubated in ice with sonication for 100 in the presence

of 4 mg/mL BHT before centrifugation at 14,000 3 g for 10 min. Supernatants were transferred to new Eppendorf tubes and dried

under vacuum, re-suspended in 40 mL of 50% aqueous methanol containing 0.1% formic acid and analyzed by Liquid chromatog-

raphy-tandem mass spectrometry (LC-MS/MS) as previously described.56 Acquired data were processed using Analyst Software

(version 1.7.1, AB Sciex).

Structural modeling of Tspan6
The structure of Tspan6 (residuesM1-V245) was generated using the I-TASSER (Iterative Threading ASSEmbly Refinement) server.57

Briefly, the target sequence was initially threaded through the Protein DataBank (PDB) library by the LOMETS2meta threading server

system for template-based protein structure prediction. Continuous fragments were excised from LOMETS2 alignments and struc-

turally reassembled by replica-exchange Monte Carlo algorithms. The simulation trajectories were then clustered and used as the

preliminary state for second round I-TASSER assembly simulations. Finally, the lowest energy structural models were selected

and optimised by fragment-guided molecular dynamic simulations to refine hydrogen-bonding interactions and eliminate steric

clashes. Models were ranked based on their I-TASSER confidence (C) score (range �5 to +2 with a higher score correlating with

an improved model).

Molecular docking of 25-HC and 27-HC with Tspan6
The interaction between Tspan6 and 25-/27-HCwasmodeledwith HADDOCK.58 Tspan6 residueswere classified as active in 25-/27-

HC binding based upon CD81 residues previously implicated in cholesterol binding. ‘Passively involved’ residues were selected

automatically. The entire 25-/27-HC moiety was selected for use as ambiguous interaction restraints to drive the docking process.
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RNA sequencing (RNA-seq) and bioinformatics analysis
RNA was extracted non-migrated B cells and from B cells migrated toward purified EVs secreted by MDA-MB-468 cells using the

Arcturus picopure RNA isolation kit (Thermofisher Scientific #12204–1). cDNAs (generated from 5 ng of the total RNA) and libraries

were prepared using Lexogen’s QuantSeq 30 mRNA-Seq Kit. Samples were sequenced on NextSeq 500/550 High Output Kit v2 (150

cycles) (FC-404-2002) at the Genomics Birmingham sequencing facility.

To evaluate molecular differences between migratory (MB) and non-migratory B cells (NMB), raw RNA-sequencing reads

were mapped onto the human reference genome (hg38) using the splice-aware aligner HISAT2 and resulting SAM-files were

converted into BAM-files using samtools. Reads overlapping with the positions of genes in the genome were counted using the

summariseOverlaps function in the ‘‘IntersectionNotEmpty’’ mode (BioC-package GenomicAlignments). Raw reads were scaled

for differences in library sizes using the TMMmethod (BioC-package edgeR) and differences in gene expression between migratory

(MB) and non-migratory (NMB) cells were calculated using generalized linear models accounting for repeated measures after voom-

transformation (BioC-package limma). Resulting vectors of p values were subjected to Virtual Inference of Protein-activity by

Enriched Regulon analysis (BioC-package viper) using a regulon specific for B-cells (BioC-package bcellViper) and significant results

were adjusted for pleiotropic effects using the shadow-function.

To evaluate the molecular profiles of breast cancer (BRCA) samples for mechanisms regulating B cell migration and infiltration,

z-transformed gene expression profiles for 1,904 BRCA samples that are part of the METABRIC series were downloaded from

the cBioPortal for cancer genomics (https://www.cbioportal.org). To obtain estimates of infiltrating B cells, expression data were

deconvoluted using the ConsensusTME R-package in combination with the single sample gene set enrichment analysis (ssGSEA)

algorithm. To calculate NR1H3 activity in B-cells and TSPAN6 activity in BRCA cells, ARACNe inferred regulons for human B-cells

and BRCA cells were obtained from the BioC-packages bcellViper and aracne.networks respectively. Based on these regulons,

the protein activity of NR1H3 and TSPAN6 in their respective cell types was virtually inferred using the BioC-package viper. Expres-

sion data of genes overexpressed in MB-cells were visualized in heatmap format using the R-package pheatmap.

QUANTIFICATION AND STATISTICAL ANALYSIS

For experiments involving human subjects Mann-Whitney and Kruskal-Wallis tests were used to compare phenotype densities

between breast cancer patients in terms of clinical and pathological data. Two-tailed p values < 0.05 were considered statistically

significant. The Kaplan-Meier method and multivariate Cox regression were used for survival analysis. OS was calculated as the

duration in months between the date of diagnosis and the date of last follow-up or death. Experiments using Kaeda mice were per-

formed twice, all other experiments involving mice were performed at least four times and the results were expressed as the mean ±

SD or SEM. Statistical analysis was performed using descriptive statistics, two-tailed paired t test and one-way ANOVA followed by

Tukey’s multiple comparison tests. p values < 0.05 were considered as statistically significant. Kaplan-Meier analysis was performed

using the ggsurvival package in R and the log Rank test was used to calculate p values.
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