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Introduction
Breast cancer is the second most common malignancy diagnosed
in women, resulting in over 43,000 deaths a year in the United
States alone (1). Despite progress in early diagnosis and therapy
(2), local and distant disease recurrences, often involving coloni-
zation of distant organs, i.e., metastasis (3), continue to account
for treatment failure and abbreviated patient survival (4). A criti-
cal step in this process is the disruption of a complex hierarchy of
mammary gland differentiation (5), which introduces oncogenic
traits in multiple cellular subsets (6), including stem and progeni-
tor cell compartments (7). However, deregulated mammary gland
differentiation is insufficient, alone, to drive disease recurrence,
and reprogramming of a host of seemingly normal cell types in
the microenvironment (8) is now viewed as essential to expand
tumor heterogeneity, enable treatment resistance, and confer
metastatic competence (9).

Key mechanisms in the tumor-microenvironment crosstalk
have been uncovered (8), and epithelial-mesenchymal transition
(EMT) (10), metabolic reprogramming (11), and resistance to cell
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The origin of breast cancer, whether primary or recurrent, is unknown. Here, we show that invasive breast cancer cells
exposed to hypoxia release small extracellular vesicles (sEVs) that disrupt the differentiation of normal mammary epithelia,
expand stem and luminal progenitor cells, and induce atypical ductal hyperplasia and intraepithelial neoplasia. This was
accompanied by systemic immunosuppression with increased myeloid cell release of the alarmin ST00A9 and oncogenic traits
of epithelial-mesenchymal transition, angiogenesis, and local and disseminated luminal cell invasion in vivo. In the presence
of a mammary gland driver oncogene (MMTV-PyMT), hypoxic sEVs accelerated bilateral breast cancer onset and progression.
Mechanistically, genetic or pharmacologic targeting of hypoxia-inducible factor-1a (HIF1a) packaged in hypoxic sEVs or
homozygous deletion of SI00A9 normalized mammary gland differentiation, restored T cell function, and prevented atypical
hyperplasia. The transcriptome of sEV-induced mammary gland lesions resembled luminal breast cancer, and detection of
HIF1a in plasma circulating sEVs from luminal breast cancer patients correlated with disease recurrence. Therefore, sEV-
HIF1a signaling drives both local and systemic mechanisms of mammary gland transformation at high risk for evolution to
multifocal breast cancer. This pathway may provide a readily accessible biomarker of luminal breast cancer progression.

death (12) are invariably associated with late-stage, metastatic
breast cancer (3). This often involves potent oncogenic functions
of hypoxia-inducible factor-la. (HIFla) (13), which orchestrates
an adaptive response to acute, chronic, and cyclic hypoxia con-
ditions in a breast cancer microenvironment (14) to confer treat-
ment resistance and poor patient outcome (15). In this context,
hypoxia-associated transcriptional programs have been linked to
breast cancer immunosuppression (16). This may involve a col-
lection of mechanisms (17), mostly driven by myeloid cell types,
including myeloid-derived suppressor cells (18), to prevent intra-
tumoral infiltration of effector T cells (19), reprogram cytokine
responses (20), and exploit stress response effectors such as the
S100 family of “alarmins” (21) for immune evasion. However, a
role of these pathways in earlier stages of epithelial cell transfor-
mation is unclear, and whether they contribute to breast prema-
lignant lesions (22) and “field cancerization” (23), two high-risk
conditions that predispose to multifocal and recurrent disease,
has not been investigated.

Released by virtually all cell types, small (40-150 nm) extra-
cellular vesicles (sEVs) (24) have emerged as important mediators
of intercellular communication in a breast cancer microenviron-
ment (25), influencing the continuum of tumorigenesis, from
oncogenic transformation (26) to metastatic competence (27).
In addition to tumor cells, this pathway affects multiple compo-
nents of the microenvironment, including the “normal” mamma-
ry epithelium, driving mitochondria-fueled cell movements (28)
and NF-kB-dependent inflammation (29). Importantly, these
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responses are specific for a population of sEVs released by tumor
cells under conditions of hypoxia, a major determinant of breast
cancer progression and poor patient outcome (30).

In this study, we asked whether breast cancer-derived
hypoxic sEVs alter mammary gland differentiation in vivo (7),
potentially contributing to early stages of breast tumorigenesis
and multifocal disease (22).

Results

Breast cancer-derived hypoxic sEVs induce mammary gland premalig-
nant lesions. We began this study by testing the role of sEVs released
by breast cancer cells in normal mammary gland morphogenesis
in vivo. For these experiments, we isolated SEVs from metastatic
(AT3) or non-metastatic (EO771) mouse mammary adenocarci-
noma cell lines under conditions of normoxia (SEV¥°®™, 20% O,)
or hypoxia (SEV*Y, 1% O,). For all the experiments, sEVs isolated
from non-conditioned medium were used as control (SEVCT™L),
Consistent with Minimal Information for Studies of Extracellular
Vesicles guidelines (31), SEVNOR® or sSEVIY? collected from AT3 or
EO771 cells had comparable size distribution and yield (Supple-
mental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI164348DS1), zeta potential
(Supplemental Figure 1B), and expression of the sEV-associated
tetraspanin proteins CD81, CD63, and CD9 (Supplemental Figure
1C). Similar results were obtained at the protein level, where sEVs
isolated from AT3 or EO771 cell types contained the sEV-associat-
ed markers flotillin-1, TSG101, and CD?9, but not the Golgi-related
protein GM130 or the ER-related protein calnexin (Supplemental
Figure 1D), by Western blotting.

Under these conditions, a single injection of AT3 cell-
derived sEVHY? was sufficient to induce a broad spectrum of
histologic alterations in the mammary gland of female C57BL/6
immunocompetent mice (n = 6 mice per group) (Supplemen-
tal Table 1), detectable 3 weeks after SEV administration and
persisting throughout 18 weeks of observation (Figure 1, A and
B). Histologically, the lesions included multifocal moderate to
marked hyperplasia of the mammary epithelium and low-grade,
marked multifocal intraepithelial neoplasia, with increased
number and branching of distorted mammary ducts lined by
multiple, disordered epithelial layers with hyperchromatic
nuclei (Figure 1, A and B). Consistent with hyperplastic mor-
phology, sEVH'? treatment increased mammary duct prolifera-
tion at all time points tested, in vivo, by Ki67 staining and immu-
nohistochemistry (Figure 1, C and D). In contrast, injection of
C57BL/6 female mice with AT3 cell-derived SEVNORM gy sEVCTRL
(Figure 1, A-D) or sEVH' jsolated from non-metastatic EO771
cells (n =3 mice per group) (Supplemental Figure 1, E and F) did
not affect mammary gland morphogenesis, number of ducts, or
Ki67-associated cell proliferation.

Next, we examined the effect of sSEVEY? on the expression and
topography of mammary gland differentiation markers. In these
experiments, injection of AT3 cell-derived sEVH'? caused mislo-
calization (Figure 1E and Supplemental Figure 1G) and reduced
expression (Supplemental Figure 1H) of the myoepithelial pro-
teins p63 (Figure 1E) and SMMHC (Supplemental Figure 1G) in
comparison with control mice. Mammary gland polarity was also
disrupted under these conditions, with mislocalization of lumi-
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nal (cytokeratin 8) and basal (cytokeratin 14) markers (Figure 1, F
and G). In contrast, injection of mammary glands with AT3 cell-
derived sEVN°®™ or EOQ771 cell-derived sEV#Y* had no effect on the
polarity and spatial distribution of basal versus luminal markers
(Figure 1, F and G) or the expression and localization of myoepi-
thelial proteins (Supplemental Figure 1I).

Mammary epithelial metabolic reprogramming mediated by
SEVH'?, Based on these data, we next profiled the transcriptome of
mammary glands exposed to SEVs for 6 weeks, by RNA sequenc-
ing (RNA-Seq) (n = 2-3 animals per group). Here, SEVH'F affected
the expression of 406 and 740 genes compared with sEVCTR or
SEVNORM respectively (P < 0.05). Of these, SEV™* modulated 154
unique genes with the top 30 upregulated (Supplemental Figure
2A) or downregulated (Supplemental Figure 2B) genes exhibiting
fold change (FC) differences of 1.78-14.5 (P < 0.05). Bioinformat-
ics analysis of this data set revealed that SEVFY? treatment upreg-
ulated glycolytic and oxidative phosphorylation pathways, choles-
terol biosynthesis, and white adipose tissue browning (Figure 2A).
Regulators of cell motility and cell invasion were also increased,
whereas cell death pathways of apoptosis and necroptosis were
suppressed (Figure 24).

In validation experiments, injection of mouse mammary
glands with AT3 cell-derived sEV*Y", but not SEVN°®, increased
the expression of uncoupling protein-1 (UCP-1), a mitochondri-
al effector of brown adipocyte bioenergetics, by immunohisto-
chemistry (Figure 2, B and C). Conversely, SEVH* injected from
non-metastatic EO771 cells had no effect on UCP-1 expression
compared with controls (Supplemental Figure 2C) in vivo. To
quantify the effect of sEVH® on metabolism, we next used the
model of primary mouse mammary epithelial HC11 cells. sEV*®
treatment increased HC11 oxygen consumption rates (Figure 2D),
a marker of oxidative phosphorylation, resulting in heightened
basal respiration (SEVNO® 69.9 * 3.9 pmol/min; SEV™YE 113.4 +
23.2 pmol/min; P = 0.02) and greater ATP production, in compar-
ison with controls (Figure 2E). Consistent with increased glycol-
ysis from RNA-Seq data, sSEVH'” stimulation also lowered glucose
content, increased extracellular acidification rates (SEVNO™M, 12.4
*1.4 milli pH/min, and sEV™?,18.4 + 1.3 milli pH/min) at 72 min-
utes), and elevated lactate production (Supplemental Figure 2D).

In line with increased energy production, AT3 cell-derived
SsEVH? but not sEVNORM| stimulated HC11 cell proliferation in a
time-dependent manner (Figure 2F), accompanied by phosphor-
ylation, i.e., activation of Akt and ERK kinases, by Western blot-
ting (Figure 2G). Mechanistically, small-molecule inhibition of
Akt (MK2206) or ERK (PD98059) reversed the increase in cell
proliferation mediated by sEV®'? (Figure 2H) and induced HC11
cell death (Figure 2I) in comparison with controls. In contrast, AT3
cell-derived sEVNO™ (Figure 2, F and G) or EO771 cell-derived
SEVHY? or sSEVNORM (Supplemental Figure 2, E and F) did not affect
HC11 cell proliferation, cell death, or ERK/Akt kinase activation.

SEVH-mediated expansion of normal mammary gland stem and
progenitor cells. To elucidate the mechanism(s) of SEV*¥*-induced
mammary gland atypia, we next examined potential changes in the
hierarchy of epithelial differentiation. Injection of mouse mam-
mary glands with AT3 cell-derived sEVH'® significantly expanded
a CD45°EpCAM CD49"CD24" cell population, corresponding to
mammary stem cells (MaSCs), within 3 weeks of sEV exposure (n
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Figure 1. Hypoxic sEVs (sEV**) induce mammary gland hyperplasia in vivo. (A and B) AT3 cell-derived sEVs were injected in the abdominal mammary
gland of immunocompetent C57BL/6 female mice, and tissue samples were analyzed after 3, 6, and 18 weeks by H&E staining and immunohistochemistry
(IHC) (A, representative images) with quantification of the number of mammary gland ducts (B). Scale bars: 100 um. Mean + SD (n = 4). (C and D) Mamma-
ry gland tissues as in A were stained with an antibody against Ki67 by IHC (C, representative images), and the percentage of positive cells was quantified
(D). Scale bars: 100 um. Mean + SD (n = 4). (E) Mammary gland tissues were analyzed for p63 reactivity after 6 weeks by IHC. Representative images (n

= 4). Scale bars: 100 um. Red boxes, magnification of indicated areas. (F) Mammary gland tissues were analyzed after 6 weeks for expression of luminal
marker cytokeratin 8 (CK8, red) and basal marker cytokeratin 14 (CK14, green) by immunofluorescence microscopy. Asterisks, mislocalized apical-basal
markers in sEV*YP-treated mammary gland. Representative images (n = 5). Scale bar: 50 um. (G) Conditions were as in F, and mammary glands injected
with the various sEVs were quantified for apical-basal mislocalization of CK8* or CK14* cells. MFI, mean fluorescence intensity. Mean + SD. For all panels,
numbers correspond to P values by 1-way ANOVA with Tukey’s multiple-comparison test.

=5 animals per group) (Figure 3A and Supplemental Table 2). This
was accompanied by increased proliferation of mammary gland
luminal 1 (L1, CD45 EpCAM*CD49f*CD24") and luminal 2 (L2,
CD45 EpCAM*CD49f*) progenitor cells 6 weeks after sEV injec-
tion (n = 5 animals per group) (Figure 3B and Supplemental Table
2). These changes were specific, as EO771 cell-derived sEVY* did
not increase the fraction of MaSCs (Supplemental Figure 3A and
Supplemental Table 2) or L1 or L2 progenitor cells (Supplemen-
tal Figure 3B and Supplemental Table 2) after comparable time
intervals in vivo (n = 4 animals per group). Consistent with these
data, sEV?? expanded the population of differentiated CD45 Ep-
CAM'CD49f" mammary gland luminal cells 18 weeks after injec-
tion (n = 5 animals per group) (Figure 3C and Supplemental Table
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2). Conversely, sEVI"'? did not affect the frequency of CD45 Ep-
CAM CD49f* mammary gland basal cells at 3, 6, or 18 weeks after
injection (Supplemental Figure 3C and Supplemental Table 2). In
all experiments, injection with AT3 cell-derived sEVN* had no
effect on the frequency of MaSCs (Figure 3A), L1 and L2 luminal
progenitors (Figure 3B), differentiated luminal cells (Figure 3C), or
basal cells (Supplemental Figure 3C) at comparable time intervals.

Next, we isolated luminal and basal cells from mammary
glands injected with sEVs by fluorescence sorting (n = 6 animals
per group). Consistent with increased Ki67 reactivity (Figure 1, C
and D), treatment with sEV"'? increased the proliferation of iso-
lated luminal cells ex vivo (Figure 3D and Supplemental Figure
3D). This response was specific for luminal cells, as sEVH? did
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Figure 2. sEV"'" regulation of mammary epithelium bioenergetics. (A) Schematic diagram of gene pathways upregulated (red) or downregulated (blue)

in mammary glands of C57BL/6 female mice injected with SEV*" by RNA-Seq and Ingenuity Pathway Analysis. Z scores and P values for each modulated
gene pathway are indicated. OXPHOS, oxidative phosphorylation. (B and C) Mammary glands harvested 6 weeks after sEV injection were analyzed for
UCP-1 expression by IHC (B, representative images) and quantified (C). Red boxes, magnification of indicated areas. Scale bars: 100 um. Mean + SD (n =

5). (D) Primary mammary epithelial HC11 cells were incubated with AT3 cell-derived sEVs and analyzed for oxygen consumption rates (OCR) on an Agilent
Seahorse flux analyzer. Mean + SD (n = 3). (E) The conditions were as in D, and the rate of ATP production was quantified. Mean + SD (n = 3). (F) HC11 cells
were incubated with AT3 cell-derived sEVs and analyzed for cell proliferation by direct cell counting. Mean + SD (n = 3). (G) HC11 cells as in F were analyzed
after 3 days by Western blotting. p, phosphorylated. (n = 3.) (H and 1) sEV-treated HC11 cells were incubated with vehicle (closed circles), Akt inhibitor
MK2206 (1 uM, open squares), or ERK inhibitor PD38059 (10 uM, open triangles) and analyzed for cell proliferation (H) or cell death (1) after 7 days by direct
cell counting. Mean + SD (n = 3). For all panels, numbers correspond to P values by 1-way ANOVA with Tukey’s multiple-comparison test.

not affect the proliferation of mammary gland basal cells isolat-
ed under the same conditions (Figure 3D). Similar to the results
obtained with HC11 cells (Figure 2G), sEVH? treatment of isolat-
ed luminal cells increased the phosphorylation of Akt and ERK ex
vivo, whereas SEVNO® had no effect (Figure 3E).

:

To rule out that the observed changes were unique to the cell
lines used, we next examined an additional metastatic (4T1) and
an additional non-metastatic (Brpkp110) mouse breast adenocar-
cinoma cell type. Normoxic or hypoxic sEVs isolated from 4T1
and Brpkp110 cells were comparable in yield and size distribution
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https://doi.org/10.1172/JCI164348

The Journal of Clinical Investigation

| PAKT
(S473)

AKT
pERK

“a - = ERK

p-actin

[

Merge

DiD

Hoechst

Luminal
cells

LumCTRL

B Luminal C Luminal
progenitor cells
6 wk 18 wk
+§60 Lﬂ + 40 0.001
0.03 °
Za0f ~ Z30 5
a cg ¥ 320
I o o .
U201 G oo e o o o e
= 1° %% F
0l 22 0
RPN VIR
c')&oq‘%"*k cf‘Q-OQ%ﬂ & OQSZ:\
IL AN o
L1 L2
F
n
E
O
€
S5
|
=
['4
o
o |
1S
=}
|
o
>
I
€
35
-

LumNORM LumHbYP

J Clin Invest. 2023;133(8):e164348 https://doi.org/10.1172/)CI164348

RESEARCH ARTICLE

Luminal Basal esEVCTRL
esE\V/NORM

® 6 <0.0001 4 esEVHYP
@ -
o4 <0.0001 3
@ 2 0001 2 -
2 o5yt

16300 19300

Days Days

G | Luminal cells

Ctrl Norm  Hyp

Day 0

D_ay 5

Radiance

Figure 3. Modulation of mammary gland developmental hierarchy by sEVH*",
(A) Abdominal mammary glands of C57BL/6 mice injected with AT3 sEVs were
harvested after 3 weeks, and mammary stem cells (MaSCs) were quantified by
flow cytometry (n = 7). (B) Mammary gland tissues as in A were analyzed for
expression of luminal progenitor L1and L2 cells after 6 weeks by flow cytome-
try (n =7). (C) The conditions were as in A, and the percentage of differentiated
luminal cells was quantified after 18 weeks by flow cytometry. For panels A-C,
mean + SD (n = 6). (D) Luminal and basal cells isolated from abdominal mam-
mary glands 6 weeks after sEV injection were analyzed for number of passag-
es in culture. Mean + SD (n = 3). (E) Sorted luminal cells as in D were analyzed
by Western blotting (n = 3). (F) Sorted luminal cells as in D were treated with
sEVs and analyzed for colony formation in Matrigel after 14 days. White line,
border of Matrigel invasion area. Representative images (n = 3). Scale bars: 100
um. (G) Sorted luminal cells as in D were analyzed for migration on PET inserts
during 24 hours. Mean + SD (n = 3). (H) The conditions were as in F, and the
area of Matrigel invasion was quantified. Mean + SD (n = 3). (1) Sorted luminal
cells as in D were stained with VVybrant-DiD dye, injected in the mammary
gland of immunocompromised NOD/SCID IL2Ry™" mice, and tracked using an
IVIS SpectrumCT In Vivo Imaging System at the time of injection and after 5
days. Representative images. (J and K) The conditions were as in I, and livers
were analyzed after 8 weeks for DiD* luminal cells by fluorescence microscopy
(J, representative images) and quantified (K). Scale bars: 50 um. Yellow, DiD*
cells; magenta, nuclei. Mean + SD (n = 6). For all panels, numbers correspond
to P values by 1-way ANOVA with Tukey’s multiple-comparison test.
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(Supplemental Figure 3E). When injected in the mammary fat pad
of recipient female C57BL/6 mice, sSEVFY? but not sSEVNORM jgolat-
ed from metastatic 4T1 cells induced extensive epithelial hyper-
plasia with increased Ki67 labeling (Supplemental Figure 3F) and
prominent expansion of the EpCAM CD49f* MaSC compartment
(Supplemental Figure 3G). In contrast, SEVHY? or sEVNO®M jgolated
from non-metastatic Brpkp110 cells had no effect on the mam-
mary epithelium (Supplemental Figure 3F) or MaSCs (Supple-
mental Figure 3G).

Oncogenic changes in SEV*"-treated mammary gland luminal
cells. Consistent with disrupted apical-basal polarity (Figure 1, F
and G), isolated luminal cells exposed to SEVHY? exhibited hall-
marks of EMT, with increased levels of MMP-9, switching of
N- and E-cadherin expression by Western blotting (Supplemen-
tal Figure 4A), and transcriptional upregulation of an EMT gene
signature comprising LBX-1, Snail, Slug, Twist-1, and Nanog by
reverse transcriptase PCR (RT-PCR) in vivo and ex vivo (Supple-
mental Figure 4B). SEVNO®™ had no effect on EMT markers by
Western blotting (Supplemental Figure 4A) or RT-PCR (Supple-
mental Figure 4B). In addition to EMT, sEV*-treated luminal
cells exhibited increased colony formation in Matrigel (Figure 3F),
resulting in larger surface area and reduced circularity of individ-
ual colonies (Supplemental Figure 4C), heightened migration on
PET inserts (Figure 3G), and increased Matrigel invasion (Figure
3, F and H). In contrast, SEVNO® had no effect on luminal cell col-
ony formation, migration, or invasion in comparison with controls
(Figure 3F and Supplemental Figure 4C).

To test whether sEV™? induced comparable oncogenic chang-
es in vivo, luminal cells isolated from C57BL/6 mice treated with
the various sEVs were labeled with DiD, injected in the mamma-
ry gland of recipient immunocompromised NOD/SCID IL2Ry™!
mice (n =10 animals per group), and monitored for cell prolifera-
tion and local or systemic invasion by fluorescence imaging (Sup-
plemental Figure 4D). Consistent with ex vivo data, exposure to
SsEVH increased luminal cell proliferation in recipient mice com-
pared with sEVNORM or control animals (Figure 3I). In addition,
luminal cells treated with sEVH'" exhibited increased migration
from the site of injection to occupy the entire mammary gland in
vivo (Supplemental Figure 4E). This was accompanied by system-
ic dissemination of sEV#*-stimulated luminal cells to the liver of
recipient animals compared with controls (Figure 3, ] and K, and
Supplemental Figure 4F). This response showed organ tropism,
since sEV*"P-exposed luminal cells did not disseminate to lungs,
bone marrow (BM), brain, or spleen of reconstituted animals, by
fluorescence analysis (Supplemental Figure 4F). In all experi-
ments, exposure to SEVNO™ did not affect luminal cell migration
in the mammary gland or dissemination to distant organs in vivo
(Figure 3K and Supplemental Figure 4F).

Hypoxic sEVs mediate systemic myeloid immunosuppression
mediated by SIO0A9. Based on the ability of sSEVH'*-treated luminal
cells to disseminate to the liver of recipient animals, we next asked
whether sEVHY signaling induced systemic changes. Unexpect-
edly, C57BL/6 mice injected with sEV™" in the mammary gland
exhibited a significant reduction in CD8* T cell accumulation in
the liver (Figure 4, A and B). In contrast, the fraction of myeloid
Ly6G* and CD11b* cells or CD4" T cells was not significantly
affected (Figure 4B). These changes were specific, as immune pro-
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filing of the mammary gland (Supplemental Figure 5A) or spleen
(Supplemental Figure 5B) of sEV"**-injected mice did not show
significant changes in the distribution of myeloid (Ly6G*, CD11b")
or lymphoid (CD4*, CD8") cell populations. Similarly, sEVH¥" iso-
lated from EO771 cells had no effect on myeloid or lymphoid cell
populations in the liver of injected mice (Supplemental Figure 5C).

To examine a role of systemic immunity in sEV™" signal-
ing, we next carried out additional reconstitution experiments in
which luminal cells isolated from sEVF**-treated mice were inject-
ed in the mammary gland of immunocompetent C57BL/6 animals
(Supplemental Figure 5D) instead of immunocompromised NOD/
SCID mice. In these experiments, reconstituted luminal cells
failed to distribute throughout the mammary gland of C57BL/6
mice and did not localize to the liver (Supplemental Figure 5, E
and F). Conversely, preconditioning of immunocompetent recip-
ient mice with SEVHY? 5 weeks before reconstitution (Supplemen-
tal Figure 5D) restored luminal cell infiltration of the mammary
gland as well as accumulation in the liver (Supplemental Figure
5, E and F). Consistent with specific liver tropism, no accumula-
tion of luminal cells was observed in the lung, BM, brain, or spleen
of reconstituted animals with or without sEV*** preconditioning
(Supplemental Figure 5G).

We next focused on myeloid cells as potential systemic effec-
tors of SEV#*"-induced immune reprogramming. We found that
PMNss isolated from sEVH"-injected mice suppressed T cell pro-
liferation in a concentration-dependent manner in a coculture
assay (Figure 4C) and exhibited increased release of the alarmin
and immunosuppressive mediator SI00A9 (Figure 4D). This was
accompanied by time-dependent increase in the plasma concen-
tration of SI00A9 in sEV***-injected mice (Figure 4E). Converse-
ly, exposure to sEVCTRE or sSEVNO™M did not affect T cell proliferation
or SI00A9 production or circulating levels (Figure 4, C-E).

In addition to immunosuppression, SIO0A9 functions as a
transcriptional coactivator during mammary gland oncogenic
transformation (32), and we examined the role of this pathway in
S100A9-knockout (ST00A9-KO) mice. In these experiments, injec-
tion of SI00A9-KO mice with sEVH'? did not induce hyperplasia of
mammary gland ducts (Figure 4F and Figure 4G, left) or increased
Ki67-associated mammary epithelium proliferation (Figure 4F and
Figure 4G, right) compared with the response of wild-type mice.
In addition, SI00A9-KO mice showed no expansion of MaSCs in
response to sEVHYF treatment (Figure 4H), and the fraction of basal
or luminal progenitors as well as differentiated L1 and L2 popula-
tions was unchanged up to 6 weeks after injection, in comparison
with sEVC™-injected mice (Figure 4I). A mechanistic basis for
sEVHP-induced PMN immunosuppression was next investigated.
We found that AT3 cell-derived sEVHY?, but not SEVNORM, potently
activated NF-kB-dependent gene expression in recipient PMNs,
with upregulation of pleiotropic cytokines IL-10, IL-1B, IL-6, IL-10,
MCP-1, and TNF-o0, which has been implicated in promoting the
expansion (33) and immunosuppressive properties of myeloid-de-
rived suppressor cells in vivo (34) (Figure 4]). Conversely, sEVs
from normoxic or hypoxic EO771 cells did not induce changes in
cytokine expression, including TNF-o (Figure 4]).

Stimulation of mammary gland angiogenesis by sEV?'*. Based
on these findings, we next profiled the transcriptome of isolated
luminal cells treated with sEV?Y* by RNA-Seq (n = 2-3 animals

J Clin Invest. 2023;133(8):e164348 https://doi.org/10.1172/)CI164348
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Figure 4. sEV"'* promote myeloid cell immunosuppression and S100A9 release. (A) Liver samples from sEV‘™t- or sEVH**-injected mice were analyzed

for CD8* T cell expression by flow cytometry. Representative experiment (n = 6).

(B) Liver samples as in A were analyzed for myeloid (Ly6G*, CD11b*) or lym-

phoid (CD4*, CD8*) cell populations by flow cytometry. (C) T cells cocultured with naive mouse PMNs treated with AT3 cell-derived sEVs at the indicated
ratios were analyzed for cell proliferation. Mean + SD (n = 3). (D) Naive mouse PMNs were incubated with sEVs, and culture supernatants were analyzed for
released S100A9 by ELISA (n = 3). (E) Plasma samples from sEV-injected mice were analyzed for S100A9 levels by ELISA (n = 5). (F and G) Wild-type (WT)
or S100A9-knockout (KO) mice were injected in the mammary gland with sEV™ or sEVH'? and analyzed by IHC (F, representative images) with quantifica-
tion of mammary duct expansion (G, left) and Ki67* cell proliferation (G, right). Scale bar: 100 um. Mean + SD (n = 3). (H) The conditions were as in Fand G,
and mammary gland samples from WT or S100A3-KO mice were analyzed for MaSCs. Mean + SD (n = 3). (I) Mammary gland tissues from S100A9-KO mice
were analyzed for basal or luminal progenitor cells (left) or L1 and L2 differentiated luminal cells (right) 6 weeks after sEV injection. (J) PMNs incubated
with sEVs isolated from AT3 (left) or EQ771 (right) cells were analyzed for expression of the indicated cytokines by quantitative RT-PCR. Data are presented
as heatmaps. Representative experiment (n = 3). For all panels, numbers correspond to P values by 1-way ANOVA with Tukey’s multiple-comparison test.

per group). Compared with SEVNO® exposure of luminal cells to
sEV™ increased the expression of genes (top fold changes [FCs])
implicated in cell-cell contact and cytoskeletal rearrangement
(Cd248, FC = 6, P = 0.03; Efhdl, FC = 4.5, P = 0.01; Syd1, FC =
3.1, P= 0.02; Mfap4, FC = 2.7, P = 0.01), EMT (Fhl3, FC = 3.6, P =
0.003), bioenergetics (Pygm, FC = 2.9, P = 0.01; Chacl, FC = 2.9,
P = 0.01; Cacnbl, FC = 1.9, P = 0.03), and inflammation/innate
immunity (Ccl27, FC = 2.4, P = 0.003; Oas2, FC = 2.4, P = 0.03;
Cd70,FC=2.4,P=0.03). Conversely, genes involved in cell death
(Aifm3, FC = -1.9, P = 0.04) or tumor suppression (SerpinB2, FC
-35.0, P =7 x 104 Arhgap15, FC = -3.6, P = 0.03; Frk, FC = 1.7,

J Clin Invest. 2023;133(8):e164348 https://doi.org/10.1172/)CI164348

P =0.01) were downregulated. Certain changes were specific for
luminal cells, as cholesterol biosynthesis that was increased in
mammary glands injected with sEV*” was downregulated in iso-
lated luminal cells (Hmgcr, FC =-1.7, P= 0.03; Hmgcs1, FC =-2.7,
P=0.008;1dil, FC =-2.4, P= 0.006) (Figure 5A).

In addition, sEVH? stimulation of luminal cells increased the
expression of genes implicated in angiogenesis and vasculogene-
sis, compared with sEVNO®™ or sEVC™RL (Egrl, FC = 1.9, P = 0.002;
Egfl6, FC = 3, P= 0.03; Dab2, FC = 1.7, P = 0.04; Ndp, FC = 2.9, P
= 0.02; Ntn4, FC = 1.9, P = 0.01; Sema3c, FC = 1.8, P = 0.01) (Fig-
ure 5B). Consistent with this prediction, AT3 cell-derived sEV!Y?
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Figure 5. sEVH'? regulation of mammary gland angiogenesis. (A) Whole mammary glands or isolated luminal cells treated with sEVN°"™ (EN) or sEVH? (EH)
were analyzed for changes in gene expression by RNA-Seq. Data are expressed as a heatmap. Mean expression changes in EH/EN comparisons as well as
individual replicates of luminal cell expression levels versus mean are indicated. Blue, downregulated; red, upregulated. (B) The conditions were as in A, and
pathways activated (red) or inhibited (blue) in isolated luminal cells treated with sEV"*? were quantified. The number of genes and P values are indicated.
FDR < 10%; z score > 1.5. (C) AT3 or EQ771 cell-derived sEVs were injected in the abdominal mammary gland of C57BL/6 mice, and tissue samples were ana-
lyzed for expression of CD31 after 6 weeks by IHC (representative images). Black scale bar: 500 um; white scale bars: 1,000 um. Red asterisks, blood vessels.
Top: AT3 cell-derived sEVNR™ or sEVH'P. Middle: EO771 cell-derived SEVNORM or sEVHYP, Bottom: AT3 cell-derived sEVPHC or sEVSMHFe, (D) The conditions were as
in C, and microvessel density was quantified from CD31 reactivity by IHC. Mean + SD (n = 4). Numbers correspond to P values by 1-way ANOVA with Tukey's
multiple-comparison test. (E) AT3 cell-derived sEVs were injected in the abdominal mammary gland of C57BL/6 mice followed by i.v. administration of
IVISense Vascular 750 Fluorescent Probe IV after 2 (left) and 6 (right) weeks (n = 3). (F) The conditions were as in E, and the 1VISense fluorescence signal was

quantified after 24 hours by CT scan. S, source intensity.

potently increased new blood vessel formation in recipient mam-
mary glands by CD31 staining and immunohistochemistry in vivo
(Figure 5, C and D, top). In contrast, EO771 cell-derived sEV*Y?
had no effect on angiogenesis in vivo (Figure 5C, middle, and
Figure 5D, bottom). As an independent approach, we visualized
angiogenesis in live mice by fluorescence imaging. Consistent
with the data above, SEVH'F treatment induced extensive angio-
genesis in the mammary gland as early as 2 weeks after injection
and persisting throughout 6 weeks of observation (Figure 5, E and
F). Instead, sEV¥°®™ did not stimulate angiogenesis in recipient
mice compared with controls (Figure 5, E and F).
Clathrin-dependent accumulation of HIF1o in SEV®'". HIF1a is
a central regulator of angiogenesis, and its role in SEV***-induced
mammary gland blood vessel formation was next examined. We

found that metastatic breast adenocarcinoma AT3 and 4T1 cells
exposed to hypoxia expressed HIFla protein (Supplemental Fig-
ure 6A) and mRNA (Supplemental Figure 6B) in their SEVHYE, In
contrast, sSEVEY? of non-metastatic EO771 and Brpkp110 cells were
devoid of HIFla protein (Supplemental Figure 6C) and mRNA
(Supplemental Figure 6D). In addition, sEVN™ from metastatic
cells were also negative for HIFla protein and mRNA (Supple-
mental Figure 6, A and B), suggesting that exposure to hypoxia
promotes the packaging of HIFla into sEVFYE. To elucidate the
mechanistic requirements of this pathway, we next used 2 inde-
pendent siRNA sequences to silence the expression of clathrin, a
key effector of endocytic vesicle assembly, in AT3 cells (Supple-
mental Figure 6E). Here, depletion of clathrin (Supplemental Fig-
ure 6E) did not affect overall sEV size (Supplemental Figure 6F)

J Clin Invest. 2023;133(8):e164348 https://doi.org/10.1172/)CI164348
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Figure 6. SEV"'*-HIF1a signaling controls mammary gland angiogenesis. (A and B) AT3 or EQ771 cell-derived sEVs were injected in the abdominal mam-
mary gland of C57BL/6 mice, and tissue samples were analyzed for nuclear expression of HIF1a after 6 weeks by IHC (A, representative images) and quan-
tified (B). Scale bars: 100 um. Mean + SD (n = 4). (C and D) sEV"*" isolated from AT3 cells transduced with pLKO or shHIF1o were injected in the abdominal
mammary gland of C57BL/6 mice, and tissue samples were analyzed for HIF1a expression after 6 weeks by IHC (C, representative images) and quantified
(D). Red boxes, magnification of indicated areas. Scale bars: 100 um. Mean + SD (n = 3). (E) Mammary glands injected with AT3 cell-derived SEVP*© or
SEVs"HFe were analyzed for microvessel density by CD31 staining and IHC. Mean + SD (n = 3). (F and G) The conditions were as in C and D, and mice injected
i.v. with IVISense Vascular 750 Fluorescent Probe after 2, 4, and 6 weeks were analyzed after an additional 24 hours by CT scan on an IVIS Spectrum (F,
representative 3D reconstructed images) with quantification of fluorescence intensity (G) (n = 3). For all panels, numbers correspond to P values by 1-way

ANOVA with Tukey’s multiple-comparison test.

whereas sEVs yield was significantly reduced, in comparison with
control transfectants (Supplemental Figure 6G). Under these con-
ditions, clathrin silencing strongly reduced HIFlo accumulation in
hypoxic sEVs (Supplemental Figure 6, E and H).

SEVIP-HIF1a regulation of mammary gland angiogenesis. Con-
sistent with their HIF1lo content, AT3 cell-derived sEVHY? upregu-
lated HIF1lo mRNA (Supplemental Figure 7A) and protein (Supple-
mental Figure 7B) expression in isolated mammary gland luminal
cells, by RT-PCR and Western blotting, respectively. Expression

J Clin Invest. 2023;133(8):e164348 https://doi.org/10.1172/)CI164348

of hydroxylated, i.e., degradable HIF1la was undetectable in these
conditions (Supplemental Figure 7B), consistent with HIF1lo sta-
bilization. Similarly, a member of the proly-hydroxylase family
implicated in HIFla degradation, PHD-2, was also undetectable
after sEVIY? treatment (Supplemental Figure 7B). In contrast, AT3
cell-derived sEVNO®M which lack HIFla, had no effect on HIFla
mRNA or protein expression in isolated luminal cells (Supple-
mental Figure 7, A and B). Similar results were observed in vivo,
as AT3 cell-derived sEV®Y? upregulated HIF1a levels in the mam-
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Figure 7. sEV*'*-HIF1a. modulation of mammary gland developmental hierarchy. (A) sEV"'* from AT3 cells transduced with pLKO (SEVP*©°) or shHIF1a
(SEV*"'F?) were injected in the abdominal mammary gland of C57BL/6 mice, and luminal cells isolated after 6 weeks were quantified for HIFla. mRNA
expression by quantitative RT-PCR. Mean + SD (n = 4). (B and C) The conditions were as in A, and the percentage of mammary stem cells (MaSC, n = 2) (B)
or luminal L1 and L2 progenitor cells (C, n = 3) was quantified after 3 (B) or 6 (C) weeks by flow cytometry. (D) Luminal cells were sorted from the mam-
mary gland of C57BL/6 mice as in A and analyzed for the number of passages in culture (n = 3). (E) The conditions were as in D, and migration of sorted
luminal cells on PET inserts was quantified. Mean + SD (n = 3). (F and G) Mammary glands as in A were analyzed after 3 and 6 weeks from sEV injection (F,
representative images at 6 weeks, n = 5) with quantification of mammary ducts and percentage of Ki67* cells (G) by IHC. Scale bars: 100 um. Mean + SD.
(H) C57BL/6 mice injected with SEVE™ or sSEV™*? in the abdominal mammary gland were given the small-molecule HIF1o. inhibitor PX-478 on days 1and 3
and analyzed after 21 days for mammary ducts (top), percentage of Ki67* cells (middle), or blood vessel density (bottom) by IHC. Mean + SD (n = 5). For all
panels, numbers correspond to P values by 1-way ANOVA with Tukey’s multiple-comparison test.

mary glands of C57BL/6 mice by immunohistochemistry (Figure
6, A and B), whereas EO771 cell-derived SEVHY? or SEVNORM from
ATS3 cells had no effect (Figure 6, A and B). The increased accu-
mulation of HIFla induced by SEVF*” was long-lasting, as analy-
sis of the mammary epithelium up to 18 weeks after SEV exposure
exhibited increased HIFla expression by immunohistochemistry
(Supplemental Figure 7, C and D) and Western blotting on isolated
luminal cells, concomitantly with loss of PHD-2 expression (Sup-
plemental Figure 7E).

To test whether HIFlo vehiculated by sEVH® contributed
to mammary gland angiogenesis, we next established clones of
AT3 cells stably transduced with control pLKO or 2 independent
HIFle-directed shRNA sequences (Supplemental Figure 7F).
These cells lacked detectable HIFla in whole cell extracts and
produced sEVs by Western blotting (Supplemental Figure 7F). In

control experiments, the yield and size distribution of HIFla-de-
pleted sEVs were comparable to those in control pLKO-transduced
cultures (Supplemental Figure 7G). Consistent with the data above,
SEVH from pLKO cultures increased the expression of HIFla in
the mammary gland epithelium in vivo (# = 3 animals per group)
(Figure 6, C and D). In contrast, HIFla-depleted sEVH'* had no
effect on HIF1a levels (Figure 6, C and D) and did not stimulate
mammary gland angiogenesis throughout a 3-week and a 6-week
interval by immunohistochemistry (Figure 5C, bottom, and Fig-
ure 6E). Similar results were obtained by whole-animal live fluo-
rescence imaging. Here, SEVFY? from control pLKO clones stim-
ulated increased angiogenesis starting at 2 weeks after injection
and throughout a 6-week observation period (Figure 6, F and G).
In contrast, shHIFla silencing abolished angiogenesis at all time
points examined in vivo (Figure 6, F and G).

J Clin Invest. 2023;133(8):e164348 https://doi.org/10.1172/)CI164348
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Figure 8. sEV"'*-HIF1a signaling accelerates breast
tumorigenesis in vivo. (A) Schematic diagram of
timeline of mammary gland tumorigenesis and disease
progression in MMTV-PyMT-transgenic mice. (B) MMTV-
PyMT mice (6 weeks old) were injected in the abdominal
mammary gland with sEVS™® or AT3 cell-derived sEV"'®
and examined for differential tumor formation after 3
weeks. (C and D) Representative macroscopic images of
tumors formed in MMTV-PyMT-transgenic mice after
sEV injection (C) and quantification of tumor volume (D).
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multiple-comparison test.
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Requirement of HIF1a for sEV*-induced luminal cell expan-
sion and SI0O0A9 signaling. Next, we asked whether the effect
of sEVH"-yehiculated HIFla extended beyond angiogenesis
and influenced mammary gland differentiation and systemic
immunosuppression. Consistent with the results in mammary
glands, HIFlo-depleted sEVHY? had no effect on HIFIA mRNA
levels in isolated luminal cells, compared with pLKO controls,
by RT-PCR (Figure 7A). Under these conditions, depletion of
HIFlo suppressed the ability of sEVH'? to expand MaSCs (n =
2 animals per group) (Figure 7B and Supplemental Table 2), as
well as L1 and L2 progenitors (z = 3 animals per group) (Figure
7C and Supplemental Table 2) in mammary glands, in vivo. In
line with the results above, sEVEY? from control pLKO-trans-
duced cells increased the fraction of both MaSCs and L1 and
L2 progenitors in vivo (Figure 7, B and C, and Supplemental
Table 2). Functionally, silencing of HIFla in AT3 cell-derived
sEVHY? abolished proliferation (Figure 7D) and migration (Fig-
ure 7E) of isolated luminal cells, in comparison with sEVH?
from pLKO-transduced AT3 cells, ex vivo. In addition, HIFla
depletion reversed the increase in circulating SI00A9 levels in
response to SEVHY? treatment (Supplemental Figure 8A). This
was associated with suppression of NF-«xB gene expression and
cytokine induction in recipient PMNs (Supplemental Figure 8B)
and normalization of T cell proliferation in coculture experi-
ments with isolated PMNs (Supplemental Figure 8C).

In terms of biochemical markers, depletion of HIFla from
SEVHY? prevented the emergence of EMT in isolated luminal
cells by RT-PCR (Supplemental Figure 8D) and suppressed the
increase in Akt or ERK phosphorylation compared with con-
trols (Supplemental Figure 8E). Consistent with the data above,
SsEVEY? from control pLKO-transduced AT3 cells induced EMT
and stimulated Akt and ERK phosphorylation in isolated lumi-
nal cells (Supplemental Figure 8, D and E). Finally, injection

J Clin Invest. 2023;133(8):e164348 https://doi.org/10.1172/)CI164348

of HIFla-depleted sEVHYF in the mammary gland of C57BL/6
mice did not induce mammary gland hyperplasia, new mam-
mary duct formation, or increased Ki67* cell proliferation,
compared with control pLKO-sEVH'?) by immunohistochemis-
try (Figure 7, F and G).

As an independent experimental approach, we next treat-
ed C57BL/6 mice reconstituted with AT3 cell-derived SEVCTR
or sEVHY? with PX-478 (n = 5 animals per group), a melphalan-
derived small-molecule HIFla inhibitor currently in clinical
development as an anticancer agent. Treatment with PX-478 or
vehicle on day 1 and day 3 after SEVC™L or sEVHY? injection was
well tolerated with no changes in animal body weight through-
out a 3-week observation period (Supplemental Figure 8F and
Supplemental Table 1). Under these conditions, administration
of PX-478 abolished HIFlo upregulation in the mammary gland
mediated by sEVH?, whereas vehicle had no effect (Supple-
mental Figure 8, G and H). Similar to the results obtained with
HIFla shRNA silencing, administration of PX-478 suppressed
sEVEYP-induced mammary duct hyperplasia, abolished Ki67-as-
sociated cell proliferation, and prevented CD31-associated
angiogenesis in vivo (Figure 7H and Supplemental Figure 8I).
Conversely, PX-478 had no effect on mammary duct formation,
epithelial cell proliferation, and angiogenesis in mice injected
with SEVC™® (Figure 7H and Supplemental Figure 8I).

SEVP**-HIFla signaling accelevates breast tumorigenesis. The
data above suggest that SEVH'" activate multiple transcriptional,
metabolic, and signaling pathways that result in mammary gland
hyperplasia/dysplasia. To test whether these changes accelerate
full-blown breast tumorigenesis in vivo, we next injected sEVs
from hypoxic AT3 cells in the mammary fat pad of MMTV-PyMT
mice. This is an established model of human breast cancer pro-
gression, where expression of the polyoma virus middle T antigen
(PyMT) under the control of mouse mammary tumor virus pro-
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Figure 9. SEV"'* modulation of luminal breast cancer development. (A) Schematic diagram of hierarchy of mammary epithelial cell differentiation and
proposed origin of breast cancer subtypes. The multiple differentiation stages affected by sEV"'" and resulting cellular responses are indicated in red. (B
and C) sEV-injected mammary glands from C57BL/6 mice were analyzed for hormone receptor ER or PR status and HER2 expression by IHC (B, representa-
tive images) and quantified (C). Scale bars: 100 pm. Mean + SD. Numbers correspond to P values by 1-way ANOVA with Tukey's multiple-comparison test.
(D) RNA-Seq data of luminal cells exposed to sEV™" in vivo were correlated with a breast cancer TCGA data set using a 50-gene PAMSO0 signature for breast
cancer subtyping. The correlation with the individual intrinsic breast cancer subtypes is indicated. (E and F) Relationship between expression levels of
genes modulated by sEV™*? versus sEVN9" and breast cancer subtypes in the TCGA (E) and CCLE (F) databases.

moter/enhancer (MMTV) sequences results in mammary intraep-
ithelial neoplasia by 9 weeks, early mammary gland adenocarci-
noma by 12 weeks, and full-blown adenocarcinoma by 14 weeks
(Figure 8A). In these experiments, 6-week-old MMTV-PyMT mice
were injected with control or sEVHY” in the mammary fat pad, and
tumors were harvested after an additional 3-week time interval.
Injection of sSEVH*F in these settings dramatically accelerated bilat-
eral breast cancer progression in MMTV-PyMT mice, resulting in
increased number and size of mammary tumors at 9 weeks of age,
in comparison with MMTV-PyMT mice injected with SEVC™ (Fig-
ure 8, B-D). Accordingly, sEV!'Y? treatment was associated with
systemic animal weight loss after the same time interval, in com-
parison with control mice (Figure 8E).

Role of sSEV*™-HIF1a signaling in luminal breast cancer recurrence.
The data presented above suggest that sSEVFYP-HIFla signaling dis-
rupts multiple steps in the hierarchy of mammary gland differenti-
ation with expansion of MaSCs and L1 and L2 luminal progenitors,
deregulated expression and localization of myoepithelial markers,
and increased luminal cell proliferation, EMT, and local and distant
luminal cell invasion (Figure 9A). Collectively, this pathway drives
the onset and progression of high-risk breast premalignant lesions
that predispose to full-blown breast adenocarcinomas when a driv-
ing oncogene is present (Figure 8, A-E).

To further explore a link between mammary gland lesions
induced by sEV®"? and human breast cancer, we first examined the
expression of HER2 and hormone receptors ER and PR in these set-
tings. Injection of mammary glands with sEVFY", but not SEVNORY,
caused heterogeneous and overall reduced ER and PR expression
in comparison with controls by immunohistochemistry (Figure 9, B
and C). Decreased HER?2 levels were also observed in response to
sEVHY?, compared with sSEVNO™ (Figure 9, B and C). In addition, bio-
informatics analysis of the PAM50 gene signature suggested that
the transcriptome induced by sEV®'* in luminal cells resembled
the gene expression profile of normal-like breast cancer and lumi-
nal A breast cancer (Figure 9D). Similar results were obtained with
analysis of the breast cancer subset of The Cancer Genome Atlas
(TCGA) database, where the transcriptome of SEVHYY mammary
gland lesions more closely aligned with normal-like breast can-
cer and luminal breast cancer (Figure 9E). With the limitations of
mouse-to-human comparison, inspection of human breast cancer
celllines in the Cancer Cell Line Encyclopedia (CCLE) also showed
that the sEVH#YP-induced transcriptome preferentially aligned with
luminal breast cancer cell types, although similarities were also
found with HER2* cell lines (Figure 9F). Finally, whole genome
sequencing analysis of luminal cells isolated 6 weeks after SEVHY®
injection in vivo showed no significant increase in the number of
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Figure 10. sEV-packaged HIF1a as a plasma biomarker of recurrent luminal breast cancer. (A) Circulating sEVs isolated from plasma of patients with
recurrent (Rec) or non-recurrent (No Rec) breast cancer were analyzed for EpCAM expression using CD63* beads by flow cytometry. Representative exper-
iment. (B) The conditions were as in A, and plasma circulating sEVs were further enriched using EpCAM* beads. sEV binding to beads was confirmed by
Exo-FITC staining and flow cytometry. Representative experiment. (C) Circulating sEVs from patients with luminal breast cancer with or without recurrence
(n =14) were analyzed using a ZetaView analyzer with quantification of SEV number and size distribution. (D) Yield of circulating SEVs isolated from
patients with luminal breast cancer with (R) or without (NR) recurrence. Each symbol corresponds to an individual patient. (E and F) sEVs isolated from
plasma of patients with recurrent (n = 7) or non-recurrent (n = 7) breast cancer were analyzed by Western blotting (E), and protein bands were quantified
by densitometry (F). Each symbol corresponds to an individual patient. AU, arbitrary units. Mean + SD. Numbers correspond to P values by 1-way ANOVA
with Tukey’s multiple-comparison test. (G) Time to recurrence (mo) of patients (n = 14) with diagnosis of recurrent or non-recurrent luminal breast cancer.

Each symbol corresponds to an individual patient.

mutations (Supplemental Figure 9A), including coding mutations
(Supplemental Figure 9B) or alterations in key breast cancer genes,
such as TP53, PIK3CA, MYC, PTEN, CCND1, ERBB2, FGFRI, or
GATA3, in comparison with controls.

Based on these findings, we next examined a potential correla-
tion between sEV**-HIFla signaling and luminal breast cancer
progression. For these studies, we developed a protocol to enrich
and isolate plasma circulating sEVs from patients with confirmed
diagnosis of luminal breast cancer with or without clinical recur-
rence (Supplemental Table 3). The circulating sEV population
from these patients was isolated by size exclusion chromatogra-
phy, followed by analysis of EpCAM expression by flow cytometry
(Figure 10A) and enrichment of breast cancer-derived sEVs using
EpCAM" beads (Figure 10B). The resulting SEV samples showed
comparable size distribution (Figure 10C) and yield (Figure 10D),
irrespective of clinical recurrence or non-recurrence. Under these
conditions, detection of HIF1a in plasma circulating sEVs was fea-
sible by Western blotting and correlated with clinical recurrence in
all luminal breast cancer patients examined (Figure 10, E and F),
up to 103 months after initial diagnosis (Figure 10G). In contrast,
luminal breast cancer patients without recurrence had no detect-
able HIFla in plasma circulating sEVs (Figure 10, E and F).

Discussion

In this study, we have shown that sEVs released by hypoxic breast
cancer cells (sEVH™*?) induce a comprehensive reprogramming
of the normal mammary epithelium that involves both local and
systemic changes. Locally, this pathway disrupts multiple steps
in the differentiation hierarchy of the mammary gland epitheli-
um, expanding MaSCs and L1 and L2 luminal progenitors, while
inducing EMT and unbalanced apical-basal myoepithelial polar-
ity. This is accompanied by oncogenic traits of sustained angio-
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genesis, resistance to cell death, and local and distant luminal cell
invasion. At the systemic level, sSEVE'? signaling promotes myeloid
immunosuppression and increased release of a pleiotropic “alarm-
in,” S100A9, which promotes both immune evasion and mamma-
ry gland transformation. As a result, sSEV*** induce a unique mam-
mary gland phenotype with atypical hyperplasia, intraepithelial
neoplasia, and deregulated hormone and HER2 receptor expres-
sion with global transcriptional changes that resemble luminal
breast cancer. Against the genetic backdrop of a well-established
mammary gland driver oncogene (35), this pathway is sufficient to
accelerate bilateral breast cancer onset and progression. Mecha-
nistically, both local and systemic aspects of sEV™" signaling are
mediated by HIF1o, which is packaged in sSEV*'* and predicts clin-
ical recurrence in luminal breast cancer patients.

sEVs are recognized as pleiotropic effectors of intercellular
communication in a breast cancer microenvironment (36) that
affect key mechanisms of disease progression (37). Our findings
highlight a unique oncogenic breadth of this pathway, especially
sEVs produced by invasive breast cancer cells in hypoxia (14) to
globally reprogram a normal mammary epithelium (28, 29) while
also introducing systemic immunosuppression via myeloid cell
release of the SI00A9 alarmin (21). Mechanistically, sSEV*Y-in-
duced mammary gland transformation required a competent
immune system in recipient animals and was abolished in mice
with homozygous deletion of SI00A9. Specifically for breast can-
cer, it is possible that SI00A9-mediated immunosuppression (38)
enables the liver tropism of SEV*-exposed luminal cells, while
also promoting mammary gland transformation via transcription-
al coactivation of cancer genes (32) and intercellular communica-
tion with transformed cells (39). Although a contribution of S100
family proteins in SEV signaling in cancer has not been previously
proposed, these data fit well with other evidence that SEVs partic-
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ipate in tumor immune escape by affecting macrophage glycolyt-
ic metabolism (40), delivery of PD-L1 (41), and myeloid-derived
suppressor cell function (42).

Against this backdrop, sEV*'F signaling from invasive, but not
noninvasive, breast cancer cells disrupted multiple steps of mam-
mary gland differentiation, with expansion of MaSCs and lumi-
nal progenitors, accumulation of differentiated luminal, but not
basal, cells, and deregulation of myoepithelial polarity markers.
This led to unique pathologic features of mammary ductal hyper-
plasia and intraepithelial neoplasia, reminiscent of high-risk and
difficult-to-manage breast premalignant lesions in humans (22).
Although genetically stable, we found that the transcriptome of
sEV#™-induced lesions resembled luminal A and B breast cancer
with additional similarities with the normal-like subtype (43). In
line with the extraordinary plasticity of luminal progenitors (44),
other features of sEV***-induced mammary gland transformation
are reminiscent of luminal breast cancer, including lower expres-
sion of ER, PR, and HER2 (4), which has profound implications for
patient survival (45), and dramatic acceleration of MMTV-PyMT
breast tumorigenesis (35), a widely accepted model of luminal
disease (46). Together, this suggests a luminal disease acceleration
model, where sEV™" released by “stressed,” i.e., hypoxic breast
cancer cells drive advanced traits of oncogenic transformation of
the neighboring mammary epithelium, primed to evolve into full-
blown malignancy when additional driving oncogenic signals are
present (47), thus multiplying the risk of multifocal and recurrent
breast cancer (23).

In this context, mammary gland lesions generated by SEVH'?
exhibited extensive reprogramming of multiple bioenergetics path-
ways. Rewiring of metabolism is an important trait of breast tum-
origenesis, involving aerobic glycolysis (48), the pentose phosphate
pathway (49), and mitochondrial fatty acid oxidation (50). The
general activation of multiple bioenergetics pathways observed
here, encompassing oxidative phosphorylation, glycolytic metabo-
lism, cholesterol biosynthesis, and white adipose tissue browning,
has not been previously associated with sEV signaling, let alone in
cancer, and may be ideally positioned to fuel the expansive pre-
malignant phenotype of atypical mammary gland hyperplasia and
intraepithelial neoplasia in vivo. Consistent with this view, assem-
bly of mitochondrial oxidative phosphorylation supercomplexes
(51), deregulated lipid metabolism (52), and white adipose tissue
browning (53) are all recognized drivers of breast cancer progres-
sion, immune evasion (54), and cancer-associated cachexia (55).

Mechanistically, a key mediator of both local and systemic
changes introduced by sEV™? signaling was HIFla packaged in
sEVHYP, Pharmacologic or genetic targeting of this pathway ful-
ly reversed the ability of SEV™® to drive mammary epithelium
transformation and prevented MaSC/progenitor cell expan-
sion, associated angiogenesis, and T cell immunosuppression.
Although amply studied as a master regulator of the cellular
response to oxygen (30), a role of HIFla in hypoxic sEV signal-
ing has not, to our knowledge, been previously described, and
its oncogenic activity has been mostly linked to late-stage breast
cancer traits of angiogenesis (56) and metastatic competence
(57). Our findings expand this paradigm, uncover a role of clath-
rin-mediated endocytosis (58) in selective HIF1la accumulation
in hypoxic sEVs, and suggest that a new sEV#"-HIF1o axis drives
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local and systemic mechanisms of early stages of breast tumor-
igenesis. One possibility is that stabilized and transcriptionally
active HIFla delivered by sEVHY creates a “pseudohypoxic”
state (59) that further increases the expression of HIFla in the
mammary gland epithelium, deregulates stem/progenitor cell
differentiation, and drives EMT, cell invasion, and angiogen-
esis. In addition, and consistent with the data presented here,
there is ample evidence that HIFla and an associated (pseudo)
hypoxic environment have important roles in immune evasion
(60), potentially via modulation of PD-L1 levels (61). According-
ly, sEVs generated under normoxic conditions (SEVN°®) did not
contain HIFla and failed to promote systemic or local changes of
mammary epithelium transformation.

In addition to targeted delivery of therapeutic agents, exo-
somes, including sEVs, have attracted attention as readily acces-
sible cancer biomarkers (25). Together with detection of cell-free
nucleic acids (62) and circulating tumor cells (63), progress in sEV
quantification in patient plasma (64) has advanced the feasibility
of noninvasive “liquid biopsies” for early tumor diagnosis, stag-
ing, and assessment of residual disease, including in breast can-
cer (65). Consistent with this view, detection of HIFla in plasma
circulating sEVs was feasible and predicted luminal breast cancer
recurrence in a small, proof-of-concept patient series, up to 103
months after diagnosis. Although these results await confirmation
in larger patient cohorts, sEV-associated proteins may provide via-
ble circulating biomarkers for various stages of breast cancer tum-
origenesis (66), and the development of straightforward, point-
of-service diagnostic tests for early recurrence in luminal breast
cancer remains an urgent and unmet priority.

Methods
Further information can be found in Supplemental Methods.

Small extracellular vesicle isolation. EO771, BrpkpllO, 4T1, or
AT3 cells at 70% confluence were cultured in RPMI (or DMEM/F12
for Brpkp110 cells) medium without FBS for 24 hours in normoxic or
hypoxic condition (5% or 1% O,, respectively). pLKO-AT3 or shHIFla-
AT3 cells were cultured in RPMI medium with puromycin and with-
out FBS for 24 hours in hypoxic condition. For small interfering RNA
(siRNA) experiments, 5 x 10° AT3 cells were seeded in 100 mm dishes
and, after 24 hours, treated with MISSION siRNA Universal Negative
Control (MilliporeSigma) or individual siRNA targeting clathrin (SASI_
MmO01_ 00088441, clathrin 1, and SASI MmO01 00088442, clathrin 2,
MilliporeSigma). For gene silencing experiments, individual siRNA
oligonucleotide sequences were transfected at 10 nM concentrations
in the presence of Lipofectamine RNAIMAX in a 1:1 ratio (Invitrogen).
After 24 hours the medium was replaced with RPMI without FBS, and
cells were cultivated for 24 hours in hypoxia. Cells were confirmed for
target protein knockdown by Western blotting, and supernatant was
collected for sEV isolation. At the collection of supernatants, cells were
counted, and cell death was evaluated by trypan blue staining and light
microscopy (<5% dead cells). sSEVs were isolated as previously described
(28). Briefly, cells and debris were removed by sequential centrifugation
(350¢ for 5 minutes and 1,000¢ for 10 minutes), and the supernatants
were concentrated using Amicon Ultra centrifugal filter tubes (Merck
Millipore). Larger vesicles were eliminated by centrifugation at 10,000g
for 30 minutes at 4°C. Finally, extracellular vesicles were isolated by
qEV size exclusion column (SEC, Izon Science), and fractions 7, 8, and
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Table 1. List of primers

Primer gene Sequence (5'-3)

Mouse S100A9 FW 5" -TGAGGGCTTCATTTCTCTTCTC-3"'
Mouse S100A9 RV 5'-TGAGGGCTTCATTTCTCTTCTC-3'
Mouse PTGES FW 5'-GCACACTGCTGGTCATCAAG-3'
Mouse PTGES RV 5'-GACGTTTCAGCGCATCCTC-3"
Mouse COX2 FW 5'-CCTGGTGAACTACGACTGCT-3"'
Mouse COX2 RV 5'"-GCCTGGGATGGCATCAGTT-3"'
Mouse ARGINASE-1 FW 5'"-ATTATCGGAGCGCCTTTCTC-3"'
Mouse ARGINASE-1RV 5'"-ACAGACCGTGGGTTCTTCAC-3"'

Mouse B-ACTIN FW
Mouse B-ACTIN RV

5'-CCTTCTTGGGTATGGAATCCTGT-3'
5'-GGCATAGAGGTCTTTACGGATGT-3'

Mouse TWIST1 FW 5'-GATTCAGACCCTCAAACTGGCG-3'
Mouse TWIST1 RV 5'-AGACGGAGAAGGCGTAGCTGAG-3"'
Mouse SNAILTFW 5'-TGCCCTCAAGATGCACATCCGA-3'
Mouse SNAILTRV 5" -GGGACAGGAGAAGGGCTTCTC-3"'
Mouse SLUGT FW 5'-ATCTGCGGCAAGGCGTTTTCCA-3'
Mouse SLUGTRV 5'-GAGCCCTCAGATTTGACCTGTC-3"'
Mouse ZEB2 FW 5'-GCAGTGAGCATCGAAGAGTACC-3'
Mouse ZEB2 RV 5"'-GGCAAAAGCATCTGGAGTTCCAG-3"'
Mouse LBX1 FW 5'-CTCGCCAGCAAGACCTTTAAGG-3"'
Mouse LBX1RV 5'-GCGTGATTTTCGCCGTTTCTTGG-3"'
Mouse NANOG FW 5'-GAACGCCTCATCAATGCCTGCA-3"'
Mouse NANOG RV 5'-GAATCAGGGCTGCCTTGAAGAG-3'

Mouse HIF1A FW
Mouse HIFTARV
Mouse 185 FW
Mouse 185 RW
Mouse IL1A FW
Mouse ILTARV
Mouse IL1B FW
Mouse IL1B RV

5'-CCTGCACTGAATCAAGAGGTTGC-3'
5'-CCATCAGAAGGACTTGCTGGCT-3"'
5'-CGGAAAATAGCCTTCGCCATCAC-3'
5"'-ATCACTCGCTCCACCTCATCCT-3"
5"'-ACGGCTGAGTTTCAGTGAGACC-3"
5'-CACTCTGGTAGGTGTAAGGTGC-3"'
5'-TGGACCTTCCAGGATGAGGACA-3"'
5'-GTTCATCTCGGAGCCTGTAGTG-3"'

Mouse IL6 FW 5'-TACCACTTCACAAGTCGGAGGC-3"'
Mouse IL6 RV 5'-CTGCAAGTGCATCATCGTTGTTC-3"'
Mouse TNFA FW 5'"-GGTGCCTATGTCTCAGCCTCTT-3"'
Mouse TNFA RV 5'"-GCCATAGAACTGATGAGAGGGAG-3'
Mouse MCP1FW 5'"-GCTACAAGAGGATCACCAGCAG-3'
Mouse MCP1RV 5"-GTCTGGACCCATTCCTTCTTGG-3"'

FW, forward; RV, reverse.

9 were collected. Isolated sEVs were stored at —~80°C before analysis
or protein extraction. As control, fresh RPMI medium (with or without
puromycin) was processed as culture medium and stored at -80°C. The
concentration and size distribution of particles were analyzed after each
collection using a ZetaView NTA system (Particle Metrix). After quanti-
fication, sEVs were stored at -80°C as single-use aliquots to avoid freeze
and thaw cycles, for a period not exceeding 3 months (67). Expression
of sEV biomarkers CD63, CD9, and CD81 was quantified using an
ExoView R100 system (NanoView Biosciences). The zeta potential of
collected sEVs was measured using the ZetaView system. For experi-
ments in vivo, aliquots (6 x 10°) of the sEVs collected from the various
breast cancer cell types in normoxia (SEVN™) or hypoxia (SEV™'") con-
ditions were injected in the abdominal mammary gland of immuno-
competent C57BL/6 female mice. For coculture experiments, aliquots
(10°) of the various SEV populations were incubated with HC11 cells (5 x
10%) followed by quantification of cellular responses.
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RNA isolation from sEVs. Total RNA was isolated from 10° sEVs and
from the various producing cells using the Direct-zol RNA Miniprep
kit (Zymo Research) according to the manufacturer’s instructions.
cDNA was prepared with High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Thermo Fisher Scientific). Quantitative PCR
reactions were performed using SYBR Green PCR Master Mix for 18S
and B-actin (used as a housekeeping gene) and HIFla (Table 1).

Isolation of plasma sEVs. Plasma samples were stored in 500 uL ali-
quots at-80°C. Plasma collected from patients with confirmed diagno-
sis of luminal breast cancer (7 patients with disease recurrence and 7
patients without disease recurrence) was used for subsequent analysis.
For each sample, a plasma aliquot of 500 uL was processed for sEV iso-
lation. Briefly, the plasma sample was diluted 1:1 with 0.2-um-filtered,
sterile PBS (pH 7.4) and centrifuged at 1,000 rpm for 10 minutes at 4°C
to remove cells/debris and then at 10,000 rpm for 30 minutes at 4°C
to remove large EVs. sSEVs were isolated by qEV size exclusion column
(SEC, Izon Science) with collection of fractions 7, 8, and 9. Isolated
sEVs were stored at ~80°C before analysis or protein extraction. The
concentration and size distribution of particles were analyzed after
each collection using the ZetaView NTA system (Particle Metrix). To
increase the purity of the patient-derived SEV preparation, an EpCAM
Exo-Flow Capture Kit (System Biosciences) was used following the
manufacturer’s instructions. Briefly, magnetic beads coated with an
antibody against EpCAM (40 pL) were incubated with 500 pL aliquots
of isolated plasma-derived sEVs on a rotating rack for 12 hours at 4°C
to enrich the population of EpCAM* sEVs. To confirm binding, sEVs
were incubated with Exo-FITC exosome stain for 2 hours at 0°C and
analyzed by flow cytometry. Finally, beads-sEVs were lysed with 100
uL of RIPA buffer and incubated on a rotating rack for protein isolation
for 12 hours at 4°C.

Bioinformatics. RNA-Seq data were aligned using the STAR (68)
algorithm against the mm10 version of mouse genome, and RSEM
v1.2.12 software (66) was used to estimate read counts and fragments
per kilobase per million total reads (FPKM) values using gene infor-
mation from the Ensembl transcriptome version GRCm38.89. Raw
counts were used to estimate significance of difference in expression
between 2 experimental groups using DESeq2 (69), and normalized
DESeq2 counts were used to generate expression heatmaps. Gene
set enrichment analysis was done with Ingenuity Pathway Analysis
(IPA) software (QIAGEN, www.qiagen.com/ingenuity) using “canon-
ical pathways,” “diseases & functions,” and “upstream regulators”
options. Significant results at P less than 0.05 with a predicted activa-
tion state (|z] > 1) were considered. RNA-Seq data were submitted to
the NCBI’s Gene Expression Omnibus (GEO) database under acces-
sion number GSE225986.

Whole genome sequencing was performed for control (n = 2)
and SEV™ (n = 3) conditions. The data were aligned against the
mm10 version of genome using the Burrows-Wheeler Aligner (BWA)
algorithm (70), and mutation calls were performed for control and
sEVHY? samples versus first and second control replicate separately
using VarScan v2.3.9 (71) with default parameters. Only significant

(Fisher’s exact test P < 0.05) mutations supported by at least 5 reads
with no more than 2 alternative reads in the control samples were
considered. Effect of called mutations on protein level was annotat-
ed using SnpEffv2.3 (72). Average number of mutations between use
of control 1 and use of control 2 as a reference was reported. TCGA
breast cancer (BRCA) expression data set with tumors’ subtypes was
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downloaded from cBioPortal (73). The expression levels of genes
from the PAM50 panel (74) were used to calculate similarity of sam-
ple profiles using Spearman’s correlation.

A potential relationship between luminal cells treated with
SEVHY? or sSEVNORM and individual breast cancer subtypes was test-
ed versus the TCGA and CCLE databases. TCGA breast cancer
(BRCA) expression data set with tumors’ subtypes was download-
ed from cBioPortal (73). Gene expression levels for cell lines in the
CCLE database were downloaded from the DepMap portal (https://
depmap.org/portal/download/; data set DepMap Public 20Q4 v2).
The expression levels of genes differentially expressed between
sEVHYP and sEVNORM conditions were 2 score-transformed for lumi-
nal cells, TCGA samples, and CCLE samples independently. For
TCGA patient data, all sample profiles were projected on principal
components found from principal component analysis (PCA) of
SEVHY? yersus SEVNO®M samples. For the CCLE data set, PCA was
carried out using samples from luminal and CCLE data sets togeth-
er, and principal components 2 and 3 were selected for sample clas-
sification, as the first principal component reflected differences
between the 2 experiments.

Statistics. Statistical analysis was performed using GraphPad
Prism 9 software. All biological experiments were performed at least
3 times (all single experiments had a technical duplicate). To com-
pare means for 2 groups, a Mann-Whitney 2-tailed ¢ test with Tukey’s
post-test was performed. For comparison of 3 or more groups, a 1-way
ANOVA test was used. To determine how a response was affected by 2
factors, a 2-way ANOVA test was used.

Study approval. Albino-C57BL/6 [B6(Cg)-Tyrc-2]/]], BALB/c],
and MMTV-PyMT (stock 002374) mice (75) were obtained from
The Jackson Laboratory. NOD SCID y (NSG; NOD.Cg-Prkdcscid
IL2rytm1Wjl/Sz]) mice were bred in the pathogen-free animal

The Journal of Clinical Investigation

facility at The Wistar Institute. All experiments were approved by
The Wistar Institute Institutional Animal Care and Use Commit-
tee. Aliquots of patient plasma were collected at diagnosis at The
Research Institute of Fox Chase Cancer Center (Philadelphia,
Pennsylvania, USA) on behalf of the Biosample Repository Facili-
ty and transferred to The Wistar Institute under approved material
transfer agreement 22011337.
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