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Abstract

Background: Extracellular vesicles (EVs) released by malignant tumor cells can mediate the
immune response and promote metastasis through intercellular communication. EV analysis is an
emerging cancer surveillance tool with advantages over traditional liquid biopsy methods. The aim
of this pilot study is to identify actionable EV signatures in metastatic breast cancer.

Materials and Methods: Under an IRB-approved protocol for the analysis of patient plasma,
samples were collected from women with newly diagnosed or progressive metastatic breast cancer
and from women without cancer. Enriched EVs were analyzed via a bead-based multiplex assay
designed to detect 37 distinct tumor-relevant epitopes. The mean fluorescent intensity (MFI) of
EV epitopes meeting a minimum threshold of detectability was compared between groups via
independent samples t-test. Subgroup analysis was conducted for metastatic breast cancer patients
who were positive for estrogen and/or progesterone receptors and negative for HER2. Other
variables potentially affecting CD105 levels were also analyzed.

Results: CD105 was found to have a significantly higher MFI in participants with metastatic
breast cancer compared to control participants (p=0.04). ER/PR+ subgroup analysis revealed a
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similar pattern compared to control participants (p=0.01). Other analyzed variables were not found
to have a significant correlation with CD105 levels.

Conclusions: CD105 EV levels were significantly higher in samples from participants with
breast cancer compared to controls. Given that CD105 is known to mediate angiogenesis
and promote metastasis, EV-associated CD105 in plasma represents a potential biomarker for
diagnosis, surveillance and therapeutic targeting in patients with metastatic breast cancer.

Keywords

Endoglin; extracellular vesicles; exosomes; CD105; breast cancer; biomarkers

INTRODUCTION

Extracellular vesicles (EVs) are small membranous particles that are pre-formed in
multivesicular bodies (MVBs) and released from the cell surface to carry cargo between
cells [1, 2]. Analysis of EV content provides insight into cellular crosstalk in both normal
physiologic and disease states [2, 3]. In cancer, this mode of intercellular communication
can modify the tumor microenvironment by promoting malignant growth and dissemination
of factors that suppress immunosurveillance [4, 5]. Because EVs are secreted by both
normal and malignant cells, it can be challenging to identify markers specific to malignancy

[6].

Despite this challenge, EV analysis represents a potentially superior alternative to more
traditional biomarkers for several reasons. EVs can be harvested in a minimally invasive
manner from multiple biofluids including blood, urine, and cerebrospinal fluid [1, 5]. The
relative ease of sampling allows for serial analysis of EV content which has clinical utility
for surveillance, treatment response, and recurrence monitoring [7]. In addition, EVs are
relatively stable when frozen which allows for storage of samples for subsequent analysis at
a later time point [8]. Perhaps most importantly in terms of setting them apart from more
traditional biomarkers, EVs carry nucleic acids and proteins that are taken up by recipient
cells which are subsequently altered [9]. For example, EVs from ovarian cancer cells have
been shown to differentiate macrophages towards their more immunosuppressive phenotype
[10]. Disruption of tumor promoting EVs has potential for intervention in the malignant
process which may expand the population of individuals with breast cancer who could be
amenable to surgical intervention. Taken together, the identification of EV proteins shed
from tumors released into the peripheral blood constitutes a liquid biopsy approach with
several advantages over other established methods.

In this study, we assessed an array of EV proteins relevant to tumor immunology with

the goal of identifying proteins that correlate with disease in patients diagnosed with
metastatic breast cancer. In a screen of 37 proteins, we identified CD105 (also known

as endoglin) as a promising biomarker that was increased on EVs of cancer patients.
CD105 is a transmembrane glycoprotein known to mediate angiogenesis and has been
studied as a therapeutic target in tumor beds expressing high levels of CD105 [11-15].

Its normal physiologic function as a coreceptor for the transforming growth factor (TGF)-
B super family is diverse and include embryonic development of vascular networks,
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the differentiation of blood cells in hematopoiesis, and promotion of wound healing

[16]. As a cancer stem cell marker, CD105+ cells have been shown to express greater

levels of mesenchymal markers and are associated with promotion of tumor epithelial to
mesenchymal transition (EMT), which allows for increased mobility of malignant cells
[17]. Excess expression of CD105 has been shown to further promote tumor cell migration
and intravasation via destabilization of the endothelium [18]. Increased plasma levels of
CD105 are seen in patients with metastatic breast cancer but, to our knowledge has

not yet been specifically traced to EVs [18]. Therefore, we focus on CD105+ EVs as
translationally relevant tumor factors with potential for breast cancer detection, surveillance,
and therapeutic intervention.

METHODS

Breast cancer patients and healthy individuals

Under a UCSD IRB-approved protocol for collection and banking of biological samples for
use in biomedical research, plasma was collected from participants who provided informed
consent. This included 16 women with stage IV metastatic breast cancer and 13 women
without cancer. Female participants aged 18 and over were enrolled at UC San Diego
medical center. Participants with metastatic cancer were included if newly diagnosed or
progressing on current therapy and were excluded if diagnosed with any concurrent cancer
within the past five years prior to enroliment. Samples were deidentified following collection
and were correlated only with basic demographic data including age, hormone receptor
status, treatment status, and metastatic location as applicable.

EV surface epitope assay

For each sample, 1 mL of plasma was centrifuged at 10,000 rpm at 4°C for 10 minutes

and the top 80% of supernatant transferred to a fresh tube. This process was repeated,

and samples were stored at —80°C until enough samples were accumulated for concurrent
analysis. Each sample was then passed through a 0.2um sterile low protein-binding syringe
filter and centrifuged at 55,000 rpm for 70 minutes at 4°C. The pellet containing EVs was
resuspended in PBS and analyzed via a multiplex analysis using bead-bound antibodies
designed to measure proteins in pre-isolated EVs. The EV multiplex assay (MacsPlex
Exosome Kit, Miltenyi Biotec #130-108-813) was performed in triplicate to detect 37
different target proteins (listed in Figure 1) relevant in tumor immunology, along with
isotype antibody controls and analyzed on a MACSQuant10 flow cytometer according to the
manufacturer’s recommendations [19].

Statistical analysis

Each EV protein was analyzed to assess whether it was consistently present above isotype
control background and with an acceptable standard deviation between triplicate samples
with the number of times a marker met these criteria expressed as a proportion out of the
number of samples analyzed. The mean fluorescent intensity (MFI) of markers meeting
these criteria greater than 50% of the time were compared between the cancer patient and
healthy control group using an unpaired t-test with Welch correction so as not to assume
equal variance. Subgroup analysis was also conducted for metastatic breast cancer patients
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who were positive for estrogen and/or progesterone receptors and negative for HER2 (ER/
PR+HER2-). Variables such as age, metastatic location, and newly metastatic or progressive
disease were also considered as possible independent variables affecting CD105 levels.
Statistical analysis was conducted using GraphPad Prism Version 8.0 (GraphPad Software,
La Jolla, CA, USA) and IBM SPSS Statistics for Macintosh, Version 26.0 (IBM Corp.,
Armonk, NY, USA).

Mean age of participants was 56 (range 25-82, standard deviation (SD) 13) at time of
enrollment for patients with cancer and 43 (range 26-57, SD 10) for controls. Though age
difference between groups was significant (p <0.05), it was not found to be correlated with
CD105 levels on linear regression (F(1,27)=1.076, p=0.31) with RZ = 0.038. Regarding
breast cancer subtypes, eight were ER+/PR+, four were ER+/PR+ and HER2+, one was
HER2+, and three were triple negative. Two (13%) participants had brain metastases,

7 (44%) had lung metastases, 9 (56%) had liver metastases, and 15 (94%) had bone
metastases. Two (13%) participants had newly diagnosed metastatic disease and had not yet
initiated therapy while 14 (87%) had established metastatic disease progressing on current
therapy as confirmed by imaging (Table 1).

Our initial analysis revealed a difference in the rate of EV protein detectability within our
samples, an indirect measure of the sensitivity of our assay that we used as the basis for
inclusion or exclusion for further analysis. While some EV epitopes were either undetectable
or rarely detectable, others were reliably detected (Figure 1). Proteins detected in more than
50% of samples included CD105, HLA-ABC, CD56, and SSEA4, but only CD105 had

a significantly higher MFI in patients with metastatic breast cancer compared to controls
(976 versus 586 respectively, p<0.05, Figure 2, Table 2). Subgroup analysis with only
ER/PR+ breast cancer patients compared to controls revealed a similar pattern (875 versus
586 respectively, p<0.05, Figure 2, Table 3). Among cancer participants, variables such

as metastatic location, multiple metastases, and whether the metastatic disease was newly
diagnosed were considered without any significant differences detected (Table 4).

DISCUSSION

We demonstrate that CD105+ EVs are detectable in plasma from women with metastatic
breast cancer and sex-matched volunteers without cancer. Significant differences were
observed with higher levels of CD105* EVs in the cancer group and the ER/PR+HER2-
cancer subgroup compared to the control group. This suggests an increase in angiogenesis
activity related to progressive cancer metastases. Among the cancer group, none of the
examined variables (i.e., metastatic location, number of metastases, or newly diagnosed
disease) were significantly correlated with CD105 levels (Table 4). This may be related to
small sample sizes, especially since variables such as brain metastases were less frequent
in our cohort. However, it is interesting to note, that despite small sample size in the
newly metastatic group compared to those progressing on therapy, there was a trend towards
lower levels of CD105 in the former that may merit further investigation in larger groups.
Although other EV proteins in our experimental panel were detected with no significant
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differences, these unchanged EV proteins may serve as a control for common proteins in
frozen human plasma EV samples in future studies.

There were several advantages in our methodology. The ease with which biofluids such as
plasma can be collected and stored allows for multiple participant samples or serial samples
from the same patient to be compared in a single multiplex analysis. As our study suggests,
this could allow for examination of mediators of angiogenesis and immune surveillance
compared between participants or over time with minimal technical variability. Use of

a commercially available kit affords greater reproducibility for similar types of studies

on other cancer subtypes, longitudinal studies, and other disease processes. Finally, the
detection of differences in EVs is advantageous over other biomarkers given the increased
potential for targeted intervention on intercellular crosstalk. EVs released by cancer cells can
transfer functional mRNA to alter non-malignant cells; thus, disruption of this process could
help prevent malignant spread and make other treatment such as surgery more durable and
effective [20].

While our study design has many benefits in terms of sensitivity and compatibility with
frozen samples, there are also several limitations. Small sample size was secondary to
constraints in recruiting subjects meeting inclusion criteria from a single cancer center.
Significant heterogeneity exists within this experimental group including differences in age,
receptor status, and type and duration of treatment regimen. This may serve to improve
external validity but reduces ability to examine the effect of individual variables. Use of a
fixed panel improves reproducibility but is limiting in the sense that there may be differences
in EV population that were no detected due to lack of inclusion in the panel.

Our analysis of CD 105+ EVs as a potential biomarker for metastatic breast cancer, in
conjunction with what is already known about CD105, could serve as the foundation for
several future research studies and clinical possibilities in both diagnostics and therapeutics.
CD105 is well-established in vascular biology and previous studies have described that this
transmembrane glycoprotein can promote malignant angiogenesis and metastases through
regulation of VEGF expression in various types of cancer cells [21-25]. Regulation of

this crosstalk by targeting CD105+ EVs, could interfere with the progression of this
invasive process. Utilizing EVs in this manner would be especially helpful, as they exhibit
organotropism for metastatic sites and can be used for targeted drug delivery [26, 27].
Anti-angiogenic therapy could be loaded into and carried by EVs directly to the site of
metastatic angiogenesis. This strategy, if effective in animal models of metastatic breast
cancer, could eventually be adopted as a targeted therapy in clinical trials.

As a diagnostic, future study with recruitment of participants with earlier breast cancer
stages and serial sampling of plasma from both metastatic and non-metastatic breast cancer
could improve our understanding of how CD105+ EV levels change in different disease
states, during disease progression, and in response to therapy. Higher than normal levels

of CD105+ EVs in patients with early-stage breast cancer, for example may allow for risk
stratification for development of metastatic progression before it is detectable by traditional
means. Normalization of CD105+ EV levels in patients on therapy or after surgery may
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suggest efficacy of treatment, while failure of normalization could suggest the need to alter
treatment.

We have identified CD105 as a promising EV protein to distinguish women with metastatic
breast cancer from women without cancer using a commercial kit. Future directions include
quantifying CD105+ EV levels in patients with different stages of breast cancer, using
serial sampling to correlate levels with clinical improvement or progression, and targeting
malignant EVs to disrupt the metastatic process. Such studies could lead to minimally
invasive techniques for early breast cancer detection, recurrence monitoring, and treatments
that could expand the population of women with breast cancer who could benefit from
surgery.
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Figure 1:

Of the 37 EV surface epitopes examined, four proteins (CD105, SSEA4, CD56, and HLA-

ABC) were consistently detected above background in both groups.
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Figure 2:

CD105 is present in significantly higher levels in metastatic breast cancer patients compared
to healthy controls. (A) Mean fluorescent intensity (MFI) of CD105+ surface epitopes

on EVs of patients with metastatic breast cancer was significantly higher than controls
(p<0.05). (B) Subgroup analysis with inclusion of only ER/PR+HER2- metastatic breast
cancer patients again demonstrated a significantly higher MFI of CD105 positive surface
epitopes on EVs compared to those in the control group (p<0.05).
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Baseline data for participants with metastatic breast cancer including hormone receptor status, metastatic

location, and whether the metastatic diagnosis was new or progressive on therapy.

Number | Percent

Receptor Status

ER/PR+HER2- 8 50

ER/PR+HER2+ 4 25

ER/PR-HER2- 3 19

ER/PR-HER2+ 1 6
Metastasis Location

Bone 15 94

Brain 2 13

Liver 9 56

Lung 7 44
Multiple Metastatic Sites 12 75
Metastatic Diagnosis

New 2 13

Progressive on treatment | 14 8
Total Participants 16 100
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Detectable marker mean fluorescent intensity (MFI) compared between groups using Welch’s independent
samples t-test.

Marker MFI p-value
Cancer | Control

CD105 976 586 0.04*

SSEA4 309 104 0.22

CD56 131 31 0.30

HLA-ABC | 195 39 0.23
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Subgroup analysis of ER/PR+HER2- cancer participants only. Detectable marker mean fluorescent intensity

(MFI1) compared between this subgroup and the control group using Welch’s independent samples t-test.

Marker MFI p-value
Cancer | Control

CD105 875 586 0.01*

SSEA4 171 104 0.19

CD56 43 31 0.39

HLA-ABC | 75 39 0.08
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Variables affecting participants with metastatic breast cancer were individually assessed for correlation with
CD105 levels using Welch’s independent samples t-test.

Number (percent) | MFI | p-value
Bone Metastasis
Yes 15 (94) 964 | A
No 1(6) 1159
Brain Metastasis
Yes 2(13) 812 | 052
No 14 (87) 1000
Liver Metastasis
Yes 9 (56) 844 | 045
No 7 (44) 1146
Lung Metastasis
Yes 7 (44) 768 | 0.23
No 9 (56) 1137
Multiple Metastatic Sites
Yes 4 (25) 835 | 0.44
No 12 (75) 1401
Newly Metastatic
Yes 2(13) 591 | 0.09
No 14 (87) 1031

*
insufficient n to calculate
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