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SUMMARY

Despite wide use of anti-vascular endothelial growth factor (VEGF) therapy for many solid
cancers, most of them become resistant to this therapy and develop into progressive disease.
Therefore, new biomarkers and strategies for blocking adaptive resistance of cancer to anti-
VEGF therapy are needed. As described herein, we found that cancer-derived small
extracellular vesicles (EVs) package increasing quantities of VEGF and other factors in
response to anti-VEGF therapy. Notably, small EV-VEGF (eVEGF) is not recognized by
bevacizumab and can be transferred to endothelial cells and trigger intracrine signaling and
promote angiogenesis. Also, serum eVEGF was present at higher levels in ovarian cancer
mouse models with adaptive resistance to bevacizumab than in models sensitive to it. Ovarian
cancer cell-derived eVEGF increased tumor growth despite treatment with bevacizumab.
Notably, the eVEGF level was elevated in patient serum after bevacizumab-containing therapy.
Proteomic data of small EVs from mouse models suggested that several novel biomarkers are
promising for drug response prediction. Collectively, these data demonstrated a new
mechanism whereby eVEGF evades recognition by therapeutic antibodies and promotes tumor
angiogenesis and progression. These findings have clinical implications for biomarkers and new

therapeutic strategies for ovarian cancer.

Keywords: Extracellular vesicles, drug resistance, VEGF, angiogenesis
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INTRODUCTION
Angiogenesis is well recognized as a major factor in promoting tumor growth and progression *.
Among the many angiogenic factors, vascular endothelial growth factor (VEGF; also known as

VEGF-A) is arguably the most dominant ?

. Therefore, pharmaceutical companies have
developed multiple anti-VEGF therapies (AVTs) and anti-VEGF receptor (VEGFR) therapies °.
The U.S. Food and Drug Administration has approved bevacizumab, a humanized monoclonal
anti-VEGF antibody, for treatment of many solid tumors, including recurrent ovarian cancer *.
Despite the initial efficacy of AVTs, adaptive resistance to it and progressive disease will
develop in most cancer patients > °. Several mechanisms, including hypoxia-induced alterations
of vascularization, metabolic symbiosis, and cell-to-cell communications, contribute to this
adaptive resistance . However, a broader understanding of these resistance mechanisms is
needed to identify reliable biomarkers for drug response and develop new therapeutic strategies
for cancer.

Small extracellular vesicles (EVs) including exosomes play important roles in cell-to-cell
communication and tumor progression "8, A plethora of biomolecular cargoes, such as proteins,
lipids, and nucleic acids, can be packaged in small EVs and transferred to recipient cells * %,
Several studies have demonstrated that the contents of small EVs can shape the tumor
microenvironment ** 3. However, the extent to which factors in small EVs contribute to adaptive
resistance of cancer to anti-angiogenic drugs is not well understood. To answer this question,
we prospectively examined whether small EVs can contribute to resistance of ovarian cancer to
AVT. We found that after AVT, increasing quantities of VEGF and other angiogenesis-related
proteins in ovarian cancer cells evaded recognition by therapeutic antibodies, thereby promoting
angiogenesis in a receptor-independent manner. These findings have implications for

identification of biomarkers of drug response in small EVs and for the development of new

therapies to block adaptive resistance to AVT.
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RESULTS

VEGF Presence in Cancer Cell-Derived Small EVs

We first asked whether VEGF was present in small EVs. To answer this, we isolated small EVs
from an ovarian cancer cell culture supernatant and measured VEGF levels using a human
angiogenesis kit (Figure 1A). Because AVTs can cause hypoxia in tumors, we collected small
EVs from cancer cells cultured under normoxic (21% O,) or hypoxic (1% O,) conditions. We
cultured them in eoxosome-depleted fetal bovine serum (FBS) for 48 hr before we harvested the
cell culture supernatant. After performing gradient centrifugation to remove cell debris, apoptotic
bodies, and large vesicles, we pelleted small EVs via ultracentrifugation and characterized them
using Nanoparticle Tracking Analysis (NTA; NanoSight NS300, Malvern Panalytical, UK) and
Western blotting. The mode of isolated small EVs size was 88.7 nm according to NTA and
transmission electron microscopy (TEM) (Figure 1B). We selected CD63, Alix, and TSG101 as
small EV-positive markers and GRP94 as a small EV-negative marker (Figure 1C). We next
measured the amount of secreted VEGF in the cell culture supernatant using a human VEGF
enzyme-linked immunosorbent assay (ELISA) kit. The results showed a trend of increasing
secreted VEGF levels in cell culture supernatant under hypoxia (Figures 1D and S1). We further
confirmed the hypoxic status of these cells by detecting the induction of hypoxia-inducible
factor-1o,, which we used as a hypoxic marker (Figure 1E). Next, we performed a human
angiogenesis array with small EV extracts (SEVE) and found several angiogenic factors in the
small EVs, including VEGF (Figures 1F and S1A-S1C). We further validated the expression of
VEGF in small EVs using Western blotting (Figures 1G and S1A-S1C). Of note, other
angiogenesis-related factors in small EVs included thrombospondin-1, coagulation factor I,
serpin E1, urokinase-type plasminogen activator, collagen XVIII, dipeptidyl peptidase-4, insulin-
like growth factor-binding protein-3, interleukin-8, and tissue inhibitor of metalloproteinase-1
(Figure 1H). To determine whether hypoxia can affect the ability of cells to secrete small EVs,

we compared the number of small EVs released from cancer cells at the same cell density
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under normoxic and hypoxic conditions. Six hours after cell culture, we observed a slight
increase in small EV secretion by cells under hypoxia (Figure 11). However, the protein amount

per 1 million small EVs did not differ significantly (Figure 1J).

Increased eVEGF Expression in Ovarian Cancer Mouse Models of Resistance to AVTs

Next, we established an orthotopic ovarian cancer mouse model of resistance to AVT (Figure
S2A). At the end of the experiment, we placed mice in bevacizumab-sensitive and -resistant
groups based on bioluminescence imaging results. We examined the tumor burden in Skov3
and OVCAR 5 orthotopic ovarian cancer models via photon emission in the same mice after 2 to
4 weeks of bevacizumab treatment. The tumors in two mice in both models were sensitive to the
treatment (Figures 2A and 2B), whereas those in three mice in both groups were resistant to it
(Figures 2C and 2D). We then isolated small EVs from the serum of mice in both groups and
analyzed them using a human angiogenesis array. We characterized the EVs using an NTA
assay (Figures 2E and S2B) and Western blotting (Figure 2F). As described above, we used
CD63, Alix, and TSG101 as small EV-positive markers and GRP94 as a small EV-negative
marker. Afterward, we performed an angiogenesis array and found that angiogenic factors can
be packaged in small EVs in both the sensitive and resistant mouse models. Notably, the
eVEGF expression levels in small EVs were higher in the resistant Skov3d and OVCAR 5
orthotopic mouse models than in the sensitive ones (Figures 2G and 2H). In addition to VEGF,
expression of serpin E1 and urokinase-type plasminogen activator was increased in small EVs

in the resistant models (Figures 2G and 2H).

eVEGF Evades Recognition by Anti-VEGF Antibodies
We next asked whether eVEGF can be recognized by anti-VEGF antibodies. To answer this
guestion, we used three independent approaches. First, we measured the ratio of small EVs

from ovarian cancer cells that can bind to anti-VEGF antibodies to the whole small EV



125  population. To achieve this, we employed flow cytometry, and gated the channels of interest
126  using a Flow Cytometry Sub-micron Particle Size Reference Kit (Thermo Fisher Scientific; cat.
127  #F13839) with four sizes of green fluorescent beads (100, 200, 500, and 1000 nm) to exclude
128 any particles larger than 200 nm (Figure 3A). We labeled the small EVs with CellMask Green
129  Plasma Membrane Stain (Thermo Fisher Scientific; cat. #C37608) and detected the EVs using
130  Amnis Imaging flow cytometers (Figures S3A and S3B). After incubating small EVs with
131 phycoerythrin (PE)-conjugated anti-VEGF or -CD63 antibodies for 30 min at 37°C, we washed
132 these particles with sterile phosphate-buffered saline (PBS) and pelleted them one more time
133  using ultracentrifugation (Figure S3A). We used PE-conjugated anti-CD63 antibodies as positive
134  controls. After analysis using IDEAS software (Luminex Corporation), we observed that only 5.2%
135 and 2.8% of the small EVs in Skov3 and OVCAR 5 cells, respectively, were recognized by the
136  PE-conjugated anti-VEGF antibodies (Figures 3B and 3C). Meanwhile, the percentages of PE-
137  conjugated CD63-positive small EVs were 46.6% and 23.8% in Skov3 and OVCAR 5 cells,
138  respectively. We then incubated the same samples of small EVs with detergent (2% NP-40 lysis
139  buffer) for 20 min and observed a substantial reduction in the number of particles, which
140  suggested that most of the detected particles had lipid bilayer membranes (Figures 3D and 3E).
141 Based on the results of these results, we concluded that VEGF antibodies can detect only a
142  small proportion of small EVs.

143 Next, to determine whether eVEGF is located on the surface of or inside small EVs, we
144  treated small EVs from Skov3 cells with or without 0.02% Triton X-100 and then added 2.0
145  upg/mL trypsin to these EV samples to degrade proteins. After incubation, we extracted proteins
146  from small EVs with RIPA buffer and ran them on a sodium dodecyl sulfate-polyacrylamide gel
147  electrophoresis gel for VEGF detection. Western blotting results showed that treatment with
148  trypsin alone can reduce the amount of VEGF modestly but that treatment with trypsin and
149  Triton X-100 eliminates VEGF. This finding further demonstrates that around half of VEGF is

150 present inside small EVs (Figure 3F).
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Lastly, we examined whether bevacizumab can recognize and neutralize eVEGF. We
isolated small EVs from bevacizumab-resistant RF24 human immortalized umbilical endothelial
cells, which we treated with 1 pug/uL bevacizumab to maintain their resistance to it, and then
examined the eVEGF levels in them. We first checked the efficacy of bevacizumab in
neutralizing secreted VEGF using a human VEGF ELISA kit. The results demonstrated that
VEGEF levels in the supernatants were substantially reduced under both normoxic and hypoxic
conditions (Figure 3G). Of note, we could still detect VEGF in SsEVEs even though VEGF was
absent from the supernatant (Figure 3H). Taken together, these data demonstrated that

exposure to bevacizumab cannot neutralize eVEGF.

VEGF Co-localizes with CD63, and eVEGF Triggers Intracrine VEGF Signaling

Next, we explored the mechanisms that orchestrate VEGF incorporation into small EVs. CD63,
a tetraspanin protein, is demonstrated to play a key role in EV secretion and regulation of
protein packaging * *°. Therefore, we examined whether VEGF can co-localize with CD63 in
cancer cells. Using confocal immunofluorescence, we demonstrated that VEGF does co-localize
with CD63, suggesting a possible mechanism for packaging VEGF in small EVs (Figure 4A).
We further explored their interactions using co-immunoprecipitation (co-IP) assay. Our results
showed that VEGF is associated with CD63 in both Skov3 and OVCAR 5 cells (Figure 4B).
Given that VEGF/VEGFR2 signaling is among the most important pathways for regulating

angiogenesis *°

, we further determined the effects of eVEGF on activation of this pathway.
Because eVEGF is not recognized by the extracellular domain of VEGFR2, we considered
several possible mechanisms by which eVEGF may activate intracellular signaling. We first
determined whether endothelial cells take up ovarian cancer-derived small EVs via
immunofluorescence. After incubation with small EVs (labeled with CellMask Green Plasma

Membrane Stain in advance) for 3 hr, we detected small EVs taken up by RF24 cells (Figure

4C). Next, we assessed tube formation by RF24 cells following treatment with cancer cell-
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derived small EVs in the presence or absence of bevacizumab. We observed an increase in the
number of tubes formed by RF24 cells treated with small EVs isolated from Skov3 or OVCAR 5
cells under normoxic and hypoxic conditions (N-sEVs and H-sEVs, respectively) (Figures 4D
and 4E). Specifically, the addition of bevacizumab to treatment with small EVs did not abolish
the effect of small EVs on tube formation. These findings indicate that the proangiogenic
functions of cancer cell-derived small EVs are not affected by exposure to bevacizumab.

To determine whether eVEGF can activate the VEGFR2/AKT/extracellular signal-
regulated kinase (ERK) pathway intracellularly, we treated RF24 cells with cancer cell-derived
small EVs along with bevacizumab. We used bevacizumab to inhibit the paracrine and autocrine
binding of VEGF to its receptors extracellularly *’. The expression of phosphorylated VEGFR2
(Y1054 and Y1059) was greater in small EV-treated cells than in control cells (Figure 4F). In
addition, this effect could not be abolished by the addition of bevacizumab to treatment with the
EVs. We also observed increased expression of phosphorylated AKT (ser473) and
phosphorylated ERK after treatment of OVCAR 5 cells with small EVs but only increased
expression of phosphorylated AKT (ser473) after treatment of Skov3 cells with small EVs
(Figure 4F). This demonstrated that eVEGF may stimulate intracellular VEGFR2/AKT/ERK

signaling independent of extracellular binding to VEGFR2.

Cancer Cell-Derived Small EVs Promote Tumor Growth During AVT

To determine the effects of cancer cell-derived small EVs on tumor growth during AVT in vivo,
we harvested small EVs from Skov3 cells cultured for 48 hr under both normoxic and hypoxic
conditions. We then injected small EVs into the subcutaneous ovarian tumors in mice. We
administered bevacizumab (5 mg/kg) to the mice intraperitoneally twice a week and then
measured their tumor sizes every 3 days until the endpoint of the study. The results revealed
that small EVs isolated under hypoxia had markedly increased tumor volumes and that the

addition of bevacizumab to this treatment did not affect the increase (Figures 5A and S4A). We
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also observed greater tumor volumes in mice given treatment with N-sEVs and H-sEVs than in
the control group, however, the difference was not significant. To assess tumor vessel density,
we sectioned the tumors and stained them with an anti-CD31 antibody. Microvessel density was
higher in mice that received small EVs and bevacizumab than in those that received
bevacizumab only (Figure 5B). However, we only observed a significant difference in
microvessel density between those given H-sEVs alone and those given bevacizumab alone.
For further measurement of microvessel density, we stained tissue slides with an anti-mouse
CD31 antibody. The results showed that CD31 expression was higher in tumors from mice that
received small EVs than in mice that received bevacizumab only (Figures S4B). These results
are consistent with the increased tumor volumes in mice given treatment with small EVs,
suggesting that small EVs can promote tumor growth during AVT.

Our in vitro results demonstrated that several angiogenic factors apart from VEGF can
be packaged into small EVs. Also, other factors in small EVs, such as microRNAs, long
noncoding RNAs, and cytokines, may contribute to tumor growth. To further validate the role of
eVEGF in tumor growth, we harvested small EVs from a VEGF-knockout RKO (RKO-VEGF™)
colon cancer cell line for an in vivo Matrigel plug assay. We first confirmed the depletion of
VEGF secretion from RKO-VEGF™ cells using a human VEGF ELISA kit (Figure 5C). Next, we
characterized small EVs using NTA and Western blotting. The mode of RKO-VEGF™-derived
small EVs size (124.3 nm) was similar to that of parental cells (RKO-VEGF**; 132.4 nm) (Figure
S5A). Additionally, we observed greater secretion of small EVs from RKO-VEGF" cells than
from RKO-VEGF"* cells (Figure S5B). We selected CD63, Alix, and TSG101 as small EV-
positive markers and GRP94 as a small EV-negative marker (Figure 5D). We next performed an
in vivo Matrigel plug assay using these small EVs, which showed that VEGF-positive small EVs
had the strongest effects in increasing angiogenesis in mice, as reflected by the highest
hemoglobin level in comparison with other groups (Figures 5E and 5F). The hemoglobin level

was decreased in group of mice given treatment with VEGF-knockout small EVs, which
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suggested that eVEGF has an important role in angiogenesis. However, the hemoglobin levels
in groups of mice given VEGF-knockout small EVs were still higher than those in the control

group of mice, suggesting that other factors may also contribute to angiogenesis.

The eVEGF Level is Elevated in Patients’ Serum After Bevacizumab-Containing Therapy

We next wondered whether eVEGF plays a role in response of cancer to AVT in a clinical study.
We harvested serum samples from five cancer patients given treatment in a clinical trial
(ClinicalTrials.gov identifier: NCT02923739) designed to test the efficacy of paclitaxel and
bevacizumab with emactuzumab in patients with platinum-resistant ovarian, fallopian tube, or
primary peritoneal cancer. We collected serum samples prior to each cycle of treatment. We
isolated small EVs from 2 mL of patient serum using ultracentrifugation and measured the
eVEGF level in the serum using a human VEGF ELISA kit. In two patients, we had access to
the pre- and post-treatment samples and we observed substantially lower VEGF expression in
serum samples at end of treatment (EOT) than at the initiation of treatment (cycle 1 day 1
[C1D1)) (Figure 5G). Notably, we observed a substantial increase in eVEGF level in the relevant
small EVs from these two patients at EOT (Figure 5G). Nevertheless, we found decreased
VEGF levels in serum and enriched eVEGF levels in serum in one patient at cycle 3 day 1 and
EOT (Figure 5H). We further validated these findings by determining VEGF expression in small
EVs using Western blotting (Figures 51 and 5J). Furthermore, we did not detect eVEGF
expression in the two other patients at C1D1 (Figure S5C). We next averaged the eVEGF level
per 1 million small EVs. After averaging the eVEGF level according to particle number, we found
that the eVEGF level was substantially higher at EOT than at the initiation of treatment (Figure
S5D). The size distribution and particle number for small EVs in all serum samples were

determined by NTA assay (Figure S6).

Identification of Potential Biomarkers in Small EVs Using Mass Spectrometry

11
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To explore additional changes in small EVs with AVT, we used the OVCAR 5 model with
adaptive resistance to bevacizumab. We gave treatment with bevacizumab (5 mg/kg twice per
week) to OVCAR 5 tumor-bearing mice starting 21 days after cancer cell injection. We assessed
the tumor burden in each mouse weekly using a live imaging system (Figure 6A). After
collecting serum samples from baseline, control, bevacizumab-sensitive, and bevacizumab-
resistant mice and extracting small EVs from them, we subjected the small EVs to sucrose
cushion ultracentrifugation to remove serum protein contamination. Next, we administered 50-
100 ng of small EV proteins per mouse and examined using mass spectrometric analysis.
Proteomic analysis identified a total of 269 proteins in the baseline group (mice without tumors),
254 proteins in the control group (mice with untreated tumors), 255 proteins in the
bevacizumab-sensitive group, and 257 proteins in the bevacizumab-resistant group (Figure 6B
and Supplementary file 1). Of note, we discovered 10 unique proteins in the bevacizumab-
resistant group and 5 in the bevacizumab-sensitive group (Figure 6C). In small EVs from the
bevacizumab-resistant mice, the most common proteins were associated with pathways of
protein ubiquitination, actin cytoskeleton, remodeling epithelial adherents, epithelial adherens
junction, glycolysis |, eukaryotic initiation factor 2 signaling, gluconeogenesis |, clathrin-
mediated endocytosis, Fcy receptor-mediated phagocytosis, and ras homolog family member A
signaling (Figure 6D). We further observed that expression of apolipoprotein A-1 and filamin A
was higher in small EVs in the resistant model than in those in the sensitive model (Figure 6E).
In addition, the level of expression of eukaryotic initiation factor 4A was higher and that of the
transcription factor BTF3 was lower in small EVs in the sensitive model than in those in the
control group (Figure 6F). Furthermore, we found higher expression of tubulin beta-4B chain,
malate dehydrogenase, triosephosphate isomerase, Rab 1B, and plastin 2 in small EVs in the

resistant model than in the control group (Figure 6G).

DISCUSSION

12
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VEGEF is known to play an important role in angiogenesis during the growth and metastasis of
ovarian and other tumors ' *°. Thus, investigators have developed many different drug-based
approaches that target VEGF or its receptors ?°. Among these, bevacizumab is used widely in

patients with ovarian, colon, and other cancers * ** %

. Unfortunately, most patients will
eventually experience resistance to this therapy and have progressive disease; the underlying
mechanisms of this remain poorly understood. In the present study, we identified a previously
unrecognized mode of resistance of ovarian cancer to an antibody targeting VEGF whereby
small EVs can shield VEGF from recognition. Studies have demonstrated that small EVs

participate in reshaping the tumor microenvironment to promote tumor development ** %4, |

n
addition, researchers have demonstrated that EVs derived from cancer, stromal, or immune
cells confer drug resistance 2> 2% ?’, Also, several studies have demonstrated that small EVs can
cause chemotherapy resistance by delivering RNAs, including microRNAs and long noncoding
RNAs, to cancer cells ® 2" % Similar effects can be achieved with the transfer of certain
proteins such as Wnt between stromal cells and cancer cells . We demonstrated that cancer-
derived small EVs can facilitate resistance to AVTs by delivering eVEGF to endothelial cells and
that treatment with bevacizumab failed to neutralize this eVEGF. An important message of this
study is that selective blockade of eVEGF may help enhance the therapeutic efficacy of AVTSs.
Notably, small EVs released by endothelial cells also carry a decent amount of VEGF as well as
other angiogenic factors. Therefore, the autocrine effects of these small EVs should be
considered to be involved in AVT resistance and we plan future experiments to address this.
Researchers have identified various approaches for small EV internalization by different
types of cells, including membrane fusion, endocytosis, phagocytosis, and macropinocytosis *°.
Of these, endocytosis is recognized as the most common pathway for the cellular uptake of
small EVs 3323 |n such cases, eVEGF cannot bind to the extracellular domains of VEGFRSs in

endothelial cells, and they consequently lose the ability to activate intracellular signaling.

Whereas a study showed that small EVs derived from glioblastoma stem-like cells carried
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VEGF-A on their surface **, the present results demonstrated that half of eVEGF is present
inside small EVs, which cannot bind to the surface of VEGFRs directly. Whether surface eVEGF
can activate VEGFRs must be explored further.

In the present study, we also observed stimulation of VEGF signaling by small EVs when
blocking the extracellular binding of VEGF and its receptors. This phenomenon can be
explained by the intracrine signaling of VEGF released by small EVs after their internalization by
endothelial cells *> . Furthermore, we showed that several proteins related to endocytosis
pathways, such as actin cytoskeleton signaling, clathrin-mediated endocytosis, and Fcy
receptor-mediated phagocytosis, can be identified via mass spectrometry in small EVs of mice
with bevacizumab-resistant ovarian cancer. Studies demonstrated that these pathways harness
the endocytosis process dynamically in mammalian cells *"*®. Taken together, our data confirm
that the transfer of VEGF via small EVs can promote angiogenesis during AVT. Indeed, we
observed that knockout of VEGF in small EVs can sufficiently reduce angiogenesis in vivo.
Nevertheless, our in vivo Matrigel plug assay showed a significant increase in hemoglobin levels
in mice with VEGF-negative small EVs. This is not surprising because other angiogenic factors,
such as thrombospondin-1, urokinase-type plasminogen activator, and serpin E1, are packaged
in small EVs. In fact, these factors together with VEGF may contribute to resistance of cancer to
AVTs.

We provided evidence of this novel small EV-mediated mode of cancer resistance to
AVTs by cloaking VEGF in small EVs using cancer patient serum samples from a recent clinical
trial (ClinicalTrials.gov identifier: NCT02923739) with bevacizumab-based treatment. Although
the number of patients was limited (five) and not all samples were collected during each
treatment course, we can still preliminarily assess the translational potential of our findings. We
observed elevated eVEGF levels in serum, which could contribute to AVT resistance. However,
further information about cancer patient response to AVT is needed to examine the relationship

between eVEGF level and drug response. To precisely define the contribution of eVEGF to the
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resistance to AVT, studies of large cohorts monitoring cancer patient response to AVTs are
warranted.

In the present study, we successfully established an adaptive model of ovarian cancer
resistant to bevacizumab. This model, along with our mass spectrometric study of small EVs,
enables us to spot the differences between small EVs isolated from bevacizumab-resistant and
-sensitive models. We identified nearly 300 proteins in small EVs isolated from mouse serum.
Specifically, we found 10 proteins in small EVs in the resistant model that were unique from
those in the other models. Of these, RuvB like 1, enhancer of rudimentary homolog isoform 1,
40S ribosomal protein S14, cytosol aminopeptidase, adenosylhomocysteinase isoform 2, and
myeloid cell nuclear differentiation antigen are related to cell-cycle regulation, DNA repair, and

tumorigenesis 3% 40 41 42, 43, 44,45, 46~ cyclophilin A plays a role in immunosuppression *" %8,

Clusterin was associated with resistance to therapy in a preclinical model of human cancer ****
L Furthermore, mitochondrial aconitate hydratase and trifunctional enzyme subunit beta are
involved in the metabolic activity of mitochondria % *3. In addition, we observed that the levels of

54

apolipoprotein A-1, a major component of high-density lipoprotein ~*, and filamin A, a

component of a versatile signaling scaffold complex *°

, were higher in small EVs in the
bevacizumab-resistant model of ovarian cancer than in the bevacizumab-sensitive model.
Although evidence about their roles in drug resistance of cancers is lacking, these proteins are
still potential candidates for future study.

This in vivo study had some limitations. For each mouse, we could only obtain serum
samples at a maximum volume of 500 uL. After sucrose cushion centrifugation to purify the
small EVs, we harvested 50-100 ng of proteins, and such a small amount limits the detectability
of lowly enriched molecules by mass spectrometry. Also, although this study provides a model
of bevacizumab-resistant ovarian cancer, additional translational study is needed. Future

experiments must also explore the cell sources responsible for these candidates and determine

whether they can be used for cancer diagnosis. This information will be essential to identifying
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the potential for predicting AVT resistance of cancer and developing cancer treatment strategies
targeting small EVs.

Overall, our findings provide relevant important implications regarding the potential
mechanism of resistance of cancer to AVTs. Therapeutic strategies for overcoming AVT
resistance will have to take into account the newly described eVEGF-resistant mode of ovarian
cancer. Cloaking VEGF in small EVs and evading AVTs probably exacerbate the response to
such therapies. Therefore, therapeutic interventions targeting the negative effects of small EVs

would be synergistic when combined with AVTs.
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METHODS

Materials & Correspondence
Further information and requests for all original resources and reagents presented in this
manuscript should be directed to and will be fulfiled by the lead contact, Anil K. Sood

(asood@mdanderson.org).

Clinical samples

Patient serum samples were obtained from a clinical trial (ClinicalTrials.gov identifier:
NCT02923739) which is held at MDACC. Blood serum samples were taken pre-dose on day 1
of each treatment cycle. All the specimens were approved for processing and analyzing by the

MD Anderson IRB protocol.

Cell Culture

Skov3 cells were cultured in RPMI 1640 supplemented with 10% FBS and 0.1% gentamycin.
OVCAR 5 cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS and 0.1% gentamycin. The human immortalized umbilical endothelial cell line RF24 and
bevacizumab-resistant RF24 cells were cultured in minimal essential medium supplemented
with 10% FBS, sodium pyruvate, nonessential amino acids, minimal essential medium vitamins,
and glutamine. The kidney carcinoma cell lines CAKI1 and RCC4 were cultured in RPMI 1640
supplemented with 10% FBS and 0.1% gentamycin. All above cells were purchased from the
ATCC or provided by the MD Anderson Cytogenetics and Cell Authentication Core. The colon
carcinoma cell lines RKO-VEGF"* and RKO-VEGF™" were kindly provided by Dr. Long Dang at
Ochsner Medical Center (Baton Rouge, LA 70816, USA ) and cultured in Eagle's Minimum

Essential Medium supplemented with 10% FBS and 0.1% gentamycin. All cells were
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characterized using short tandem repeat DNA profiling, and mycoplasma testing of the cells was
done with an ATCC universal mycoplasma detection kit. All cells were grown at 37°C in a 5%

CO, incubator.

Small EV Isolation and Quantification

Isolation from cell culture supernatants

Cells under passage 20 times were cultured in a medium containing 2% exosome-depleted FBS
for 48 hr before EV isolation. The harvested conditioned medium was centrifuged at 300 xg for
10 min and 2000 xg for 20 min to remove cell debris and apoptotic bodies, respectively. The
medium was filtered using 0.22-uM-pore vacuum filtration and subjected to centrifugation at
10,000 xg for 45 min. Next, the medium was centrifuged at 100,000 xg for 3 hr at 4°C using a
Beckman 45Ti rotor. The supernatant was discarded, and the pellet (small EVs and protein) was
re-suspended in PBS and centrifuged at 100,000 xg for 3 hr. The small EVs were finally re-
suspended in 100 uL of PBS and stored at -80°C. The isolation procedures were used in this

study followed the standard methods of the International Society of Extracellular Vesicles *® ',

Isolation from serum

Serum samples were collected from mice and stored at -80°C before use. Briefly, 500 uL of
serum from each mouse was used to isolate small EVs. The samples were diluted with an equal
volume of PBS and spun down for 30 min at 2000 xg and 4°C. The supernatant was then
transferred to a fresh tube and subjected to centrifugation at 10,000 xg at 4°C for 45 min. The
supernatant was carefully transferred to an ultracentrifuge bottle, and the bottle was filled with
50 mL of PBS. After being filtered through a 0.22-um filter, the supernatant was centrifuged at
110,000 xg and 4°C for 2 hr, and the pellet was re-suspended in 1 mL of PBS. Next, the

solution was transferred to a fresh polypropylene centrifuge tube (Beckman Coulter) and
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centrifuged for 2 hr at 110,000 xg and 4°C (repeated once). After this, the pellet was re-

suspended in 100 pL of PBS and stored at -80°C.

Small EV quantification

The isolated small EVs were characterized independently using an NTA, a Qubit protein assay
kit (Thermo Fisher Scientific), and Western blotting. Small EV fractions were diluted accordingly
and analyzed using NTA to record their numbers and sizes. The Qubit protein assay kit was
used to measure the protein concentrations in small EVs, and Western blotting was performed

to measure the expression of surface markers of small EVs.

Small EV Uptake Assay

Ten-microgram cancer cell-derived small EVs were isolated from Skov3 and OVCAR 5 cells and
stained with CellMask Green plasma membrane stain (Thermo Fisher Scientific; cat. #C37608;
1:200) for 30 min at 37°C. The small EV samples were then diluted in 3 mL of PBS and
transferred to a fresh polypropylene centrifuge tube, which was followed by centrifugation for 3
hr at 100,000 xg and 4°C. The pellet was re-suspended in 100 uL of PBS and exposed to 5
ug/mL small EVs to RF24 cells for 3 hr in a cell culture incubator. Cells were washed with ice-
cold PBS twice and fixed in 4% formaldehyde for 15 min at room temperature. CellMask Deep
Red plasma membrane stain (Thermo Fisher Scientific; cat. #C10046; 1:1000) was used to
stain the membranes of RF24 cells, and Hoechst 33342 (Invitrogen; cat. #H3570; 1:10000) was
used to stain the nuclei after fixation. The samples were stored at 4°C in the dark until they were
analyzed using a confocal assay. Images of the cells were acquired using an Andor Spinning
Disk Confocal Microscope (Oxford Instruments). Analysis of confocal images was performed

using ImarisViewer software (Oxford Instruments).
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Co-Immunoprecipitation

For immunoprecipitation, we used a Universal Magnetic Co-IP kit (Active Motif; cat. #54002) to
extract the proteins according to the manufacturer’'s procedures. Briefly, equivalent amounts
(250 pg) of whole-cell extracts were incubated with primary anti-VEGF-A (Abcam; cat.
#ab185238; 1:100) or anti-CD63 (Santa Cruz; cat. #sc5275; 1:100) antibodies on a rolling
shaker for 3 hr at 4°C. Control IgG was used as a negative control. Then 25 ul protein G
magnetic beads were added and then incubated for 1 hr at 4°C. After washing four times with
complete Co-IP/wash buffer and eluting samples with 2X reducing loading buffer (130 mM Tris
pH 6.8, 4% SDS, 0.02% Bromophenol blue, 20% glycerol, 100 mM DTT), we proceeded to
detect the interaction of VEGF and CD63 by Western blotting. We used 5 pug of WCE as an

input control.

Western Blotting

Small EVs isolated from ovarian cancer cell supernatants were quantified using a Qubit protein
assay kit (Thermo Fisher Scientific), and cell protein samples from whole cell lysates were
guantified using a Pierce BCA protein assay kit (Thermo Fisher Scientific). Small EVs and cell
proteins were extracted using RIPA buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 0.1% sodium
dodecyl sulfate, 0.5% sodium deoxycholate, 1% Triton X-100). An equal amount of protein (5 ug
for sEVE and 20 ug for WCE) from each sample was loaded onto a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel and transferred to a nitrocellulose membrane. After
blocking with 5% nonfat milk, the membrane was blotted with primary antibodies (anti-VEGF
[Abcam, cat. #abl1316; 1:1000], anti-Alix [Santa Cruz Biotechnology; 1:1000], anti-CD63
[System Biosciences; 1:1000], anti-GRP94 [Santa Cruz Biotechnology; 1:1000], anti-TSG101
[Abcam; 1:1000], anti-GAPDH [Sigma-Aldrich; 1:3000], anti-vinculin [Sigma-Aldrich; 1:3000], or

anti-actin [Sigma-Aldrich; 1:3000]) at 4°C overnight. The membrane was then washed three
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times with 0.1% Tris-buffered saline and Tween 20 for 10 min each and then blotted with
secondary antibodies (anti-rabbit or anti-mouse) for 1 hr at room temperature. Next, the
membrane was washed three times with 0.1% Tris-buffered saline and Tween 20, and the
chemiluminescence signal was detected using X-ray film or Azure 400 Visible Fluorescent
Western Blot Imaging System (Azure Biosystems, USA). After stripping with restore plus
western blot stripping buffer (Thermo Fisher Scientific; cat. #46430), the membranes were then
blocked with 5% non-fat milk and probed with another antibody. All the experiments were

performed at least twice otherwise indicated.

Proteome Profiler Angiogenesis Array

Total proteins of small EVs (50 ug) were extracted and applied for the angiogenesis array
following the manufacturer’s instructions. The measurement of the signal was performed
according to the instructions of the manufacturer and the pixel density of each array spot was

analyzed using ImageJ software program (National Institutes of Health).

Tube Formation Assay

Briefly, RF24 cells (8000 per well) were plated using a u-Slide Angiogenesis (lbidi) pre-coated
with Matrigel (10 pL/well). Cells were cultured in a minimal essential medium for 4-6 hr in a
37°C incubator and treated with PBS only (control cells), normoxic small EVs (10 ug/mL) with or
without bevacizumab (1 ug/uL; N-sEVs), hypoxic small EVs (10 ug/mL) with or without
bevacizumab (1 pg/uL; H-sEVs), or recombinant human VEGF (100 ng/mL) with or without
bevacizumab (1 pg/uL). Images of tubes were acquired using a Leica camera, and tubes in

three individual wells were counted using the ImageJ software program. The experiments were

performed in triplicates independently.
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Intracrine Signaling Detection

RF24 cells (2 x 10° per well) were plated in a six-well plate and attached overnight. Next, cells
were starved by depleting FBS from the medium for 6 hr and treated with PBS only (control
cells), normoxic small EVs (10 ug/mL) with or without bevacizumab (1 ug/uL; N-sgVs), VEGF
(100 ng/mL) with or without bevacizumab (1 ng/uL), bevacizumab only (1 ug/uL). The cells were

harvested after 6 hr, and protein was extracted for Western blotting analysis.

Amnis Image Flow Cytometry

Small EVs (5 x 10*°) were stained with CellMask Deep Red plasma membrane stain for 30 min
at 37°C. The stained small EVs were placed in three groups of equal numbers and incubated
with PBS only, a human PE-conjugated anti-CD63 antibody (R&D Systems; cat. #1C5048P-025;
1:10), and a human PE-conjugated anti-VEGF-A antibody (R&D Systems; cat. #1C2931P; 1:10),
respectively. After 1 hr of incubation at room temperature, the samples were diluted with 3 mL of
PBS and centrifuged for 3 hr at 100,000 xg and 4°C. The pellets were re-suspended in 50 uL of
PBS and immediately analyzed using an Amnis Image StreamX MKII flow cytometer (Luminex).
For single-color control samples, 20 uL of OneComp eBeads Compensation Beads (Thermo
Fisher Scientific; cat. #01-1111-41) was incubated with the PE-conjugated anti-CD63 antibody
for 20 min at room temperature. The beads were then diluted with 1 mL of PBS and centrifuged
for 5 min at 1500 rpm and 4°C. The PE-conjugated bead pellet was eventually re-suspended in
50 uL of PBS. The samples exposed to PBS only, PBS with CellMask Deep Red plasma
membrane stain, or PBS with PE-conjugated anti-VEGF antibodies served as negative controls.

Experiments were performed three times independently.

In Vivo Studies

Bevacizumab-resistant mouse model of ovarian cancer
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Twenty female nu/nu mice were used to generate models of ovarian cancer resistance to
bevacizumab-based therapy. Ten mice were inoculated intraperitoneally with 1 x 10°
Skov3/luciferase cells, and the other 10 were inoculated with 1 x 10° OVCAR 5/luciferase cells.
Bevacizumab (5 mg/kg) was administered intraperitoneally to the mice 21 days after cell
inoculation. IVIS imaging (PerkinElmer) of the mice was performed every week to monitor tumor
burdens after treatment. The mice were placed in nonresponding (resistant) and responding
(sensitive) groups after 2-4 weeks of treatment based on the IVIS imaging findings. At the end
of the study, tumors and blood samples were collected from the mice, and the tumor weights

were recorded.

Adaptive bevacizumab-resistant mouse model of ovarian cancer

The cell injection and treatment are the same as those described above. We treated the mice
(n=20) with bevacizumab (5 mg/kg) 21 days after tumor inoculation and monitored the tumor
burden every week using Living Imaging system. After tumors became sensitive to
bevacizumab, the mice were placed in two groups. One group was termed sensitive, with the
mice killed for blood collection. The other group kept receiving bevacizumab for another 2-4
weeks. Afterward, the mice with greater tumor burdens than before termed mice with adaptive

resistant tumors.

Intratumoral injection of small EVs

Skov3 cells (1 x 10°) were subcutaneously inoculated into female nu/nu mice (n=8 per group).
Treatment in the mice was started when tumors formed. Bevacizumab (5 mg/kg) was given
intraperitoneally twice a week followed by small EVs via intratumoral injection (5 pg/mouse).
Small EVs were isolated from Skov3 cells under normal and hypoxic conditions and injected into

the mice twice a week. Their tumor lengths and widths were measured twice a week to calculate
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579  tumor volumes. Mice were killed when those in any group became moribund, and their tumors
580 were harvested, fixed, and sectioned for immunofluorescence staining.

581

582 Immunofluorescence Staining

583  Cultured cells were seeded onto a thin cover glass in six-well plates one day before staining.
584  The next day, cells were fixed by 4% paraformaldehyde followed by permeabilization with 0.2%
585  Triton X-100. The fixed cells were then incubated with blocking buffer containing 3% FBS and 1%
586 bovine serum albumin (BSA) for 1 hr at room temperature. After blocking, the cells were
587 incubated with primary anti-VEGF (Abcam; cat. #ab185238; 1:100) at 4°C overnight. After
588  washing thrice with PBS, the cells were incubated with Alexa 488-labeled secondary antibodies
589  (Jackson ImmunoResearch Laboratories; cat. #111-546-047; 1:250) for 1 hr at room
590 temperature. Then wash cell three times with PBS and incubate them with second primary anti-
591 CD63 (Santa Cruz; cat. #sc-5275; 1:250) antibodies for overnight at 4°C. After incubation, wash
592 cells with PBS followed by incubation with Alexa 594-labeled secondary antibodies (Jackson
593 ImmunoResearch Laboratories; cat. #115-586-072; 1:250) 1 hr at room temperature. The cells
594  were then washed three times with PBS and incubated with Hoechst 33342 (Invitrogen; cat.
595  #H3570; 1:10000) for 20 min. Prolong Diamond Antifade Mountant media was used to mount
596 the slides. The fluorescence signal was imaged under a laser scanning multiphoton confocal
597 microscope (TCS SP5 MP; Leica Microsystems, Buffalo Grove, IL). All experiments were
598 performed in triplicates.

599

600  Tumor samples obtained from in vivo experiments were mounted in OCT embedding compound
601 and frozen in liquid nitrogen. The frozen samples were cut into 5-um-thick sections and then
602 mounted on slides. The slides were fixed in cold acetone for 10 min. After washing with PBS
603 three times for 3 min each, the sections were blocked with 4% fish gelatin for 20 min at room

604 temperature. They were then incubated with primary anti-CD31 antibodies (Abcam; cat. #
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ab56299; 1:800) at 4°C overnight. The next day, the slides were washed with PBS three times
and incubated with Alexa Fluor 488-labeled secondary antibodies (Jackson ImmunoResearch
Laboratories; cat. #112-546-072; 1:250) for 1 hr at room temperature. Hoechst 33342
(Invitrogen; cat. #H3570; 1:10000) was then applied to slides for 20 min for nuclear staining.
Next, the slides were mounted with ProLong Diamond Antifade Mountant (Thermo Fisher
Scientific), and images of each slide were acquired under a Leica DM4000 B LED microscope
and using a Leica DFC310 digital camera. Five fields per slide and at least three slides per

group were examined.

Immunohistochemistry

The frozen tumor samples from in vivo experiment were used to detect expression of CD31 by
immunohistochemistry. Tissue sections were fixed in cold acetone for 10 min and transferred to
PBS for 3 times wash. The sections were blocked with 3% fish gelatin for 20 min at room
temperature and then incubated with primary anti-CD31 antibodies (Abcam; cat. #ab56299;
1:800) at 4°C overnight. After washing with PBS, the sections were incubated with horseradish
peroxidase-conjugated goat anti-rat IgG (Jackson ImmunoResearch Laboratories; cat. #112-
035-167; 1:500) for 1 hr at room temperature. Then the slides were proceeded to stain with DAB
working solution, hematoxylin, and fresh PBS. The slides were examined under an Olympus
microscope (Waltham, MA, USA), and images of each slide were captured using a Leica
camera (Wetzlar, Germany) at 400x magnification. Five fields per slide and at least three slides

per group were examined.

In Vivo Matrigel Plug Assay
Small EVs were isolated from the cell culture supernatants of RKO-VEGF"* and RKO-VEGF"
cells cultured with 2% exosome-depleted FBS medium for 48 hr. Five micrograms of small EVs

was mixed with phenol-red free Matrigel (2:3 proportion; total, 500 uL; BD Biosciences). Next,
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the mixture was injected subcutaneously into mice in the small EV groups (three per group).
PBS with Matrigel served as a negative control (n=3), and recombinant human VEGF (0.25 nM)
served as a positive control. After 8 days, the mice were killed, and Matrigel plugs were

extracted for a hemoglobin content assay (BioAssay Systems).

MS-based Proteomics Analysis

Small EV samples from mouse serum were prepared as described above and followed by a
purification on a 30% sucrose cushion. Briefly, partially purified small EVs were suspended in 25
mL PBS and loaded into a Beckman SW32 tube containing 5 mL Tris/Sucrose solution (30%
protease-free sucrose, 200 mM Tris-HCL, sterilize by passing through a 0.22-uM-pore vacuum
filtration) carefully. Centrifuge the samples 3 hr at 110, 000 xg and 4°C. After centrifugation,
carefully collect 4 mL of the Tris/sucrose cushion with a 5-mL syringe. Transfer the samples to a
fresh ultracentrifuge tube and dilute with 60 mL PBS. Centrifuge 3 hr at 110, 000 xg and 4°C.
The purified small EV pellets were then collected and analyzed using the custom online
digestion system SNaPP % *°_ Briefly, the sample was passed through a 150 um 1.D. fused
silica capillary packed with Poroszyme (Thermo Fisher Scientific) immobilized trypsin at 0.5
uL/min to achieve digestion. The resulting peptides were desalted inline by trapping on a 150
um I1.D. x 4 cm C18 column. After washing, peptides were separated on an in-house packed 50
um 1.D. x 75 cm C18 analytical column. The SNaPP system was coupled to a QExactive Plus
mass spectrometer (Thermo Fisher Scientific) operated in a top-12 data-dependent acquisition

mode, with a 100-millisecond MS2 maximum IT to increase sensitivity.

Spectral identification of peptides from SNaPP analysis was carried out using the MaxQuant
software tool ®°. Raw data were processed using MaxQuant, version 1.5.3.30, with an FDR of
0.01, against the Mus musculus Uniprot database (downloaded February 2016). N-terminal

acetylation and methionine oxidation were included as dynamic modifications. For protein
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guantification, the match-between-runs feature was enabled using default settings, as well as

LFQ normalization for protein abundances °*,

Statistical Analysis

All results were presented as mean (+ standard deviation) values. All data were analyzed using

the Student t-test or one-way analysis of variance with the Prism software program (GraphPad

Software) unless otherwise indicated. P values less than 0.05 were considered significant.
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(A) Schematic of the experimental design for identifying angiogenic factors in small EVs (SEVS).
(B) Particle analysis of small EVs from Skov3 cells using NTA and TEM. (C) Western blotting of
the small EV-positive markers CD63, Alix, and TSG101 and small EV-negative marker GRP94
in small EVs isolated from Skov3 cells. (D) VEGF levels in Skov3 and OVCAR 5 cell culture
supernatants determined using a human VEGF ELISA kit. (E) Western blotting showing
induction of hypoxia suggested by an increased level of hypoxia-inducible factor-1o (HIF-1o). (F)
Human angiogenesis array data for small EV extracts of Skov3 and OVCAR 5 cells. (G)
Western blotting showing the levels of VEGF in small EVs. (H) The enrichment of angiogenic
factors in small EVs according to human angiogenesis array data. uPA, urokinase-type
plasminogen activator; DPPIV, dipeptidyl peptidase-4; IGFBP-3, insulin-like growth factor-
binding protein-3; IL-8, interleukin-8; TIMP-1, tissue inhibitor of metalloproteinase-1. (I) The
levels of secretion of small EVs from Skov3 and OVCAR 5 cells under normoxic and hypoxic
conditions. (J) Comparison of protein amounts in small EVs under normoxia and hypoxia.
GAPDH, B-actin, and vinculin were used as loading controls for WCEs (whole-cell extracts). n.s.,

not significant; **p <0.01.
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(A) IVIS images of Skov3 mouse models with tumors sensitive to bevacizumab-based treatment

(Skov3-Sen).

(B) IVIS images of OVCAR 5 mouse models with tumors sensitive to

bevacizumab-based treatment (OVCAR 5-sen). (C) IVIS images of Skov3 mouse models with

tumors resistant to bevacizumab-based treatment (Skov3-Res). (D) IVIS images of OVCAR 5

mouse models with tumors resistant to bevacizumab-based treatment (OVCAR 5-Res). The

radiance of each mouse before (pre) and after (post) treatment is shown in each graph in A-D.

(E) The size distribution of serum small EVs according to NTA. (F) Characterization of serum
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844  small EVs according to examination of the small EV-positive markers CD63, Alix, and TSG101.
845 GRP94 was used as a small EV-negative marker and Skov3 WCE was used as a positive
846  control for GRP94. Sample #1 was isolated from the Skov3 mouse model, whereas sample #2
847  was isolated from the OVCAR 5 mouse model. (G and H) Angiogenic factors in small EVs
848 isolated from the (G) Skov3 and (H) OVCAR 5 xenograft mouse models. Top panel, the
849  angiogenesis array data; Bottom panel, the relative pixel densities of the data arrays are shown

850 in the bar graphs.
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Figure 3. eVEGF Is Not Recognized by Anti-VEGF Antibodies
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(A) The beads control setup using various sizes of beads with Amnis image flow cytometers
(IFC).

(B and C) IFC results for (B) Skov3-derived and (C) OVCAR 5-derived small EVs. Anti-PE-
conjugated CD63 (PE-CD63) antibodies were used as positive controls. (D) The numbers of
small EVs from Skov3 cells detected using IFC after incubation with NP-40. (E) The numbers of
small EVs from OVCAR 5 cells detected using IFC after incubation with NP-40. (F) Western
blotting eVEGF levels in sEVEs after treatment with trypsin or Triton X-100. (G) VEGF secretion
levels in bevacizumab-resistant RF24 cell (RF24-Bev) culture supernatants in the presence of 1
ug/uLl bevacizumab. (H) Western blotting eVEGF levels in bevacizumab-resistant RF24 cells
under normoxic (N) and hypoxic (H) conditions in the presence of bevacizumab. CM+, CellMask

plasma membrane stain positive particles.

39



865 Figure 4

B
Hoechst /
IP: CD&3 IP: VEGFA
Skovs Skov 3 OVCAR S Skov 3 OVCAR 5
Input 1P 1gG Input IP 1gG Input IP 1gG Input IP I1gG
’
55 kDa—| L] 55 kDa-
WB: WB:
OVCAR § I . ¥ |cpss3 &) . lcoes
35kDa - 35kDa -
3D construction
25 kDa— - WB: 25 kDa~ WE:
= ¥ - VEGFA VEGFA
15 kDa~ 15 kDa—~!
C . .
Bright Field Hoechst CellMask Red Merge
. . . . 3D construction-Skev3_sEVs 3D construction-OVCAR 5_sEVs
Skov3_sSEVs | . =
e . . - . ’ I I
D F
Skov3_sEVs
rVEGFE N-sEVs H-sEVs . Skov3_sEVs OVCAR 5_sEVs
' E:"GQ MVEGF - - - + + - (hVEGF - - - + = -
Control " £ e Bev- - + - + + Bev . . + - + +
[ = sEVs- + o+ . . . sEVs . . .
o r%}:ﬁ . g 200 250 kD& =, . —VEGFR2
thVEGF +Bev N-sEVs+Bev H-sEVs+Bev = = 130 kDa _ - g 4 pY1054/59
™ i _' el i ,"f ¢ E 100 1.002094.432191.170.86 Rabo 1.002.44 3.07 5.800.530.73 Ratio
u é 250 kDa ~
VEGFR2
& ‘\Q’Q'% & -a‘g’m F& 70 KD:
TEE | -l e
E Vi (‘3\‘\ eﬁ \bﬁ 55 ko~ 1.001.331.422361.130.70 Ratio  1.00581595 844355022 RJ;?:MTS
QOVCAR 5_sEVs “ EV 70 kDo, .
MYECE ., B} . MM
B © 300
: mecms ceme
Control ; 2 35 kDa— pdaia2
@ 200 100079057 187048024 Ratio 1001852121.951.78057 Ratio
o
o
= < q 4" \\ 35kDa—~
CPQ (i( < " é‘:\‘;
& “,3/ e
& - ¢

866

867 Figure 4. VEGF Co-localizes with CD63 and Intracrine VEGF Signaling Is Triggered by
868 eVEGF

869 (A) Confocal images of cellular co-localization of VEGF and CD63. (B) Co-IP experiments of
870 VEGF and CD63 proteins. Five-microgram WCE of Skov3 and OVCAR 5 cells was used as an
871 input control. (C) Representative confocal images showing the uptake of small EVs by RF24

872  cells after 3 hr of incubation. CellMask Green staining, small EVs; CellMask Deep Red staining,
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RF24 cell membrane. (D and E) The numbers of tubes formed in RF24 cells with treatment with
small EVs from (D) Skov3 and (E) OVCAR 5 cells in the presence and absence of bevacizumab.
N-EVs, small EVs isolated under normal conditions; H-EVs, small EVs isolated under hypoxic
conditions; rhVEGF, recombinant human VEGF protein. *p < 0.05; **p < 0.01; **p < 0.001; n.s.,
not significant. (F) The expression of phosphorylated VEGFR2 (p-VEGFR2), AKT (p-AKT), and
ERK (p-ERK) after treatment with small EVs in the presence or absence of bevacizumab.
rhVEGF was used as a positive control. Phosphorylated protein expression was normalized

according to the related total protein expression.
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Figure 5. eVEGF Promotes Tumor Growth In Vivo and Are Elevated in Serum Samples

from Ovarian Cancer Patients Undergoing Bevacizumab-Based Therapy
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(A) Quantification of mouse tumor volumes during the study. Tumor lengths and widths were
recorded every 2 days. (B) Micro-vessel densities in frozen tumor sections revealed using
immunochemical staining for CD31. The CD31 score was determined using ImageJ software
(National Institutes of Health). *p < 0.05. (C) VEGF secretion levels in VEGF-knockout and
parental RKO cells as revealed using a human VEGF ELISA kit. (D) Knockout of VEGF in small
EVs confirmed by Western blotting. CD63, TSG101, and Alix were used as small EV-positive
markers, and GRP94 was used as a small EV-negative marker. (E) Representative images of in
vivo angiogenesis Matrigel plugs. rhVEGF was used as a positive control. VEGF+EVs, Matrigel
plug with small EVs isolated from RKO-VEGF** cells; VEGF-EVs, Matrigel plug with small EVs
isolated from RKO-VEGF" cells. (F) Hemoglobin amounts in Matrigel plugs measured using a
hemoglobin assay kit. **p < 0.01. (G and H) Translational study of eVEGF levels in serum
samples from three patients receiving bevacizumab-containing therapy. C1D1, cycle 1 day1,;
C3D1, cycle 3 day 1; C5D1, cycle 5 day 1; EOT, end of treatment. (I and J) VEGF expression in
small EVs isolated from serum samples using Western blotting. CD63, TSG101, and HSP70

were used as small EV-positive markers, and GRP94 was used as a small EV-negative marker.
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902 Figure 6. Novel Biomarkers in Mouse Serum Small EVs Identified Using Mass
903  Spectrometry

904 (A) IVIS images of mice with ovarian cancer that became sensitive or with adaptive resistance
905 to bevacizumab-based treatment. (B) Heat map of protein expression levels identified in small

906 EVs.
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(C) Venn diagram of all groups and the unique proteins found in the bevacizumab-sensitive and
-resistant groups. PpiA, peptidyl-prolyl cis-trans isomerase A; Erh, enhancer of rudimentary
homolog; RPS14, 40S ribosomal protein S14; Lap3, cytosol aminopeptidase; Ahcy,
adenosylhomocysteinase; Clu, clusterin preproprotein; MNDA, myeloid cell nuclear
differentiation antigen; Aco2, aconitate hydratase, mitochondrial precursor; TP-beta, trifunctional
enzyme subunit beta; Ldh2, L-lactate dehydrogenase B chain isoform 2; U2 snRNPA, U2 small
nuclear ribonucleoprotein A; Hbd, hemoglobin subunit delta; Esd, S-formylglutathione hydrolase;
Eefld, elongation factor 1-delta. (D) The most enriched protein-related pathways in the
bevacizumab-resistant group. (E-G) Volcano plots of the protein expression levels in serum
samples from bevacizumab-resistant (Res), bevacizumab-sensitive (Sen), and control (Con)
mice. The baseline mice had neither no cell injections nor undergo treatment. The control mice

had tumors but did not undergo treatment.
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