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Abstract

Objective(s) Exosomal HER2 has been evidenced to interfere with antibody-induced anti-tumor effects. However, whether
the blockade of HER2+ exosomes release would affect antibody-mediated tumor inhibition has yet to be investigated.
Methods Exosomes derived from BT-474, SK-BR3 and SK-OV3 (HER2-overexpressing tumor cells) and MDA-MB-231
cells (HER2 negative) were purified and characterized by bicinchoninic acid (BCA) assay, western blotting and Transmission
electron microscopy (TEM). Inhibition of exosome release was achieved by neutral sphingomyelinase-2 (nSMase-2) inhibi-
tor, GW4869. The effects of exosome blockade on the anti-proliferative effects, apoptosis induction, and antibody-mediated
cellular cytotoxicity (ADCC) activity of Trastuzumab were examined using MTT, flow cytometry, and LDH release assays.
Also, the effects of exosome inhibition on the surface expression and endocytosis/internalization of HER2 were studied by
flow cytometry.

Results Purified exosomes derived from HER?2 overexpressing cancer cells were positive for HER2 protein. Blockade of exo-
some release was able to significantly improve apoptosis induction, anti-proliferative and ADCC responses of Trastuzumab
dose dependently. The pretreatment of Trastuzumab/purified NK cells, but not PBMCs, with HER2+ exosomes could also
decrease the ADCC effects of Trastuzumab. Exosome inhibition also remarkably downregulated surface HER2 levels in a
time-dependent manner, but does not affect its endocytosis/internalization.

Conclusion Based on our findings, HER2+ exosomes may benefit tumor progression by dually suppressing Trastuzumab-
induced tumor growth inhibition and cytotoxicity of NK cells. It seems that concomitant blocking of exosome release might
be an effective approach for improving the therapeutic effects of Trastuzumab, and potentially other HER2-directed mAbs.
In addition, the exosome secretion pathway possibly contributes to the HER?2 trafficking to plasma membrane, since the
blockade of exosome secretion decreased surface HER?2 levels.
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Introduction
Leila Asef-Kabiri, Hamzeh Sarvnaz, Alireza Ghanavatinejad have Human epidermal growth factor receptor 2 (HER2) is a
contributed equally to this work. member of HER family receptor tyrosine kinases [1]. The
54 Nahid Eskandari overexpression of HER2 has been observed in about 25% of
neskandari16@gmail.com breast tumors, as well as in some types of ovarian, colorectal
54 Mohammad Esmaeil Akbari and etc. cancers that is correlated with the tumor aggres-
profmeakabri@gmail.com sion, proliferation, metastasis and resistance to the thera-

pies [2]. Although the introduction of Trastuzumab (Her-
ceptin) has transformed the treatment of HER2+ tumors, but
acquired resistance to Trastuzumab, failure of the treatments
and relapse of the disease are significant challenges in the
treatment of tumors overexpressing HER2 [3, 4]. Previ-
ous observations from the addition of Lapatinib, a tyrosine
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kinase inhibitor, was a proof of the concept that single-agent
treatments such as Trastuzumab could not lead to a durable
outcome [5]. Therefore, better treatment regimens are still
a medical need, and deep understandings of tumor biology
to develop novel approaches in combination with currently
available therapies, such as Trastuzumab, would further help
us to overcome hurdles in treatment of HER2+ cancers [6].
Recently, it has been documented that extracellular vesi-
cles, especially exosomes, derived from tumor cells might
play a role in impaired responses to therapeutic antibod-
ies [7, 8]. These particles are nano-sized membrane vesi-
cles (30-130 nm) released by several cell types, particu-
larly tumor cells and are formed by inward budding of
late endosomes and accumulate in multivesicular buddies
(MVB), where they finally are released to the surrounding
microenvironment by fusing with the plasma membrane [9].
Exosomes were shown to carry mRNA, miRNA, IncRNA,
DNA, lipids and proteins, and their content is a mirror
of original cells [9]. Numerous studies have shown that
exosomes derived from tumor cells are involved in several
aspects of cancer biology, including tumor development,
angiogenesis, and metastasis. These particles also could
compromise both cellular and humoral anti-tumor immune
responses and thereby favor tumor immune escape [9, 10].
There is growing evidence that exosomes derived from
HER2-overexpressing tumor cells transfer bioactive sub-
stances that can result in impaired responses or confer resist-
ance to Trastuzumab [11, 12]. Of particular note, exosomes
from HER2+ cancer cells were shown to carry a full length
of HER2 molecules that can be engaged with Trastuzumab
and perturbs its binding to the cell surface HER?2, decreasing
its therapeutic effects [11, 13]. Moreover, exosomal HER2
levels have been shown to be consistent with its expression
in tumor tissues [14, 15]. Accumulating findings show that
targeting tumor exosomes or blocking their secretion could
improve the efficacy of current therapies [16, 17]. However,
whether the blockade of HER2+ exosomes release could
improve anti-tumor responses by Trastuzumab has not been
explored. Also, there is no evidence whether exosomes
secretion pathway regulates/contributes to the trafficking of
HER?2 molecules to the plasma membrane. In the present
study, we examined the effect of HER2+ exosomes release
blockade on the anti-proliferative effects, apoptosis and
ADCC responses-induced by Trastuzumab. We also exam-
ined the endocytosis/internalization and surface expression
levels of HER2 molecules upon inhibiting exosome release.
Taken together, our findings indicated that blocking exo-
some secretion could strengthen Trastuzumab-induced
tumor growth inhibition and revealed a role for exosome
secretion pathway in regulating HER? trafficking to the cell
surface. However, future studies are warranted to examine
the importance of exosome secretion pathway in responses
to HER2-dericted antibody—drug conjugate (TDM-1) and
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tyrosine kinase inhibitors, as well as its role in controlling
signaling cascade downstream HER?2.

Materials and methods
Cell culture

Human breast cancer SK-BR3 cells overexpressing HER2
and HER?2 negative MDA-MB-231 cells were obtained from
Iranian National Cell Bank (Pasteur Institute of Iran, Teh-
ran). BT-474 cells and ovarian cancer SK-OV3 cell lines
were also, respectively, purchased from the Iranian Biologi-
cal Resource Center (IBRC, Iran, Tehran), and School of
Pharmacy and Pharmaceutical Sciences, Isfahan University
of Medical Sciences, Isfahan, Iran. SK-BR3, MDA-MB-231
and SK-OV3 cells were cultured in 90% RPMI-1640 (Gibco,
NY, USA) medium with 10% FBS in a humidified atmos-
phere plus 5% CO, at 37 °C. BT-474 cells were maintained
in DMEM (Gibco) supplemented with 10% FBS (Gibco) at
37 °C in a humidified atmosphere with 5% CO.,.

Exosome isolation from conditioned media

For collecting conditioned media (CM), the aforementioned
cells were cultured at a density of 10x 10° cells in T-75
tissue flasks. The cells were allowed to attach overnight in
complete media, following which the cells were washed
with sterile PBS1x and the media were changed to FBS-
free media (10 ml) for 24-48 h, and then supernatants were
collected for exosome isolation. The collected CM was
centrifuged at 400 g for 10 min and 2000 g for 15 min to
remove cells, debris and large particles, and was then filtered
through a 0.22 pm membrane and concentrated using an
ultra-filtration system (100 KD, Amicon Ultra-4, Millipore,
USA). Subsequently, the obtained concentrate was loaded on
qEV column (Izon Science, Cambridge, MA, US) to purify
exosomes. The first 3 ml was discarded according to the
manufacturer’s instruction, and the exosome-rich fractions
of 7-9 were collected in 0.5 ml tubes and stored at — 80 °C
for the future experiments.

Characterization of exosomes

The isolated exosomes were characterized according to the
ISEV guidelines [18].

BCA assays

Samples from exosome-rich fractions were incubated with
RIPA buffer (50 mM Tris—HCI pH 7.4, 150 mM NaCl,
1% NP40, 0.5% Na-deoxycholate, and 0.1% SDS) in the
presence of protease/proteinase inhibitors (sigma). Then,
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the protein content of samples, representing exosomes,
was assessed using a micro-BCA protein assay kit (Pierce
Company).

Western blotting

After obtaining the exosome concentration, western blot
analysis was carried out as described elsewhere [19]. In
brief, the samples (5 ug/sample) were mixed with load-
ing buffer (250 mM Tris—HCI, 8% SDS, 40% glycerol,
20% P-mercaptoethanol, 0.008% Bromophenol Blue, pH
6.8), boiled for 5 min at 95 °C and electrophoresed on 10%
Bis—Tris gel (Invitrogen) under denaturing conditions. The
gel was electroblotted onto a nitrocellulose membrane,
blocked with Skim-milk 3%, and incubated with primary
antibodies (Trastuzumab and anti-CD63), that was followed
by incubation with secondary antibodies (anti-human and
—mouse-HRP conjugated antibodies). Finally, the blots
were revealed on autoradiography film by incubating with
ECL detection reagent (Thermo Fisher Scientific, Waltham,
USA).

Electron microscopy

Additional morphological characteristics of the exosomes
were evaluated by negative staining using transmission elec-
tron microscope (TEM) (Model of the PHILIPS EM2085
100 kV based in Rastak Laboratory, Tehran, Iran). In details,
carbon-coated copper grids were placed on the sample drops
for 20 min and were fixed by 2% paraformaldehyde. The
grids were then washed with distilled water several times
for 5 min, stained with uranyl acetate for 15 min and washed
again with distilled water. The stained grids were left to air-
dry and finally were examined using an FEI/Philips TEM
208S microscope (Eindhoven, Netherlands) operating at an
accelerating voltage of 100 kV.

Proliferation assay

Cell viability was measured by the MTT (methylthia-
zolyldiphenyl-tetrazolium bromide) (Kia-Zist Life Sci-
ences, Iran) assay according to the protocol described else-
where [20]. Briefly, 3 X 10° SK-BR3 and MDA-MB-231
cells, 2x 10% SK-OV-3 cells, 6 x 10> BT-474 cells were
seeded in flat-bottom 96-well culture plates and allowed
to adhere overnight. The cells were then washed several
times and treated with the desired concentrations of Tras-
tuzumab (40, 20, 10, 5, 1, 0.1 pg/ml) in triplicate wells
with or without 10 uM GW4869 (standard exosome inhibi-
tor) (Gibco) for 72 h. Controls of individual GW4869, 1%
DMSO (excipient), untreated (negative control) and Tri-
tonX 100 (maximum death, positive control)-treated cells
were also included in the experiments. After 3 days of

incubation, the cell supernatant was removed and replaced
with serum-free media containing MTT solution (5 mg/
ml) and incubated for 3—4 h at 37 °C. Next, DMSO was
added to the wells to solubilize the formazan crystals, and
the optical density (O.D.) was measured at 545 nm using
a Hiperion microplate reader system (Miami, FL, USA).
In each individual experiment, changes in cell survival
following treatments are expressed as percent of untreated
control. Data for the combination group (Tra+ GW4869)
were also adjusted to the individual GW4869, before sta-
tistical analysis and interpretation.

Flow cytometry experiments
Analysis of surface expression

The effects of exosome blockade on HER?2 surface expres-
sion was assessed by flow cytometry. For this purpose,
1x10% SK-BR3, BT-474 and SK-OV3 cells were seeded in
T25 tissue flasks and incubated for overnight attachment.
In the next day, culture media was discarded and replaced
with 1%FBS-supplemented media with or without 10 uM
GW4869. The surface expression of HER2 was assessed
as described elsewhere [20, 21] after 24, 48 and 72 h of
treating with exosome inhibitor. In this regard, the cells
were trypsinized, washed several times and incubated with
Trastuzumab (2 pg/ml) for 30 min at 4 °C. Then, they
were washed again and incubated with anti-human FITC-
conjugated secondary antibody (BioLegend) for additional
30 min at 4 °C. Finally, the cells were washed again and
at least 10,000 events were analyzed by flow cytometry.

Internalization studies

To explore the effects of exosome inhibition on antibody-
mediated receptor internalization, the flow cytometric
assays were performed as described elsewhere [22, 23].
Briefly, the cells were cultured in the presence or absence
of GW4869 (10 uM) for 48 h. Afterward, the cells were
trypsinized, washed and stained with primary antibody
for 30 at 4 °C, similar to the surface expression experi-
ments. After then, the cells were washed to remove excess
antibodies and were incubated at 37 °C for 1 h or placed
on ice. This was followed by washing and incubating the
cells with secondary FITC-conjugated antibody at 4 °C for
30 min. The cells were analyzed by flow cytometry and the
percentage of endocytosis/internalization was measured
using the following formula:
Endocytosis/internalization (%) =Residual MFI at
4 °C-Residual MFI at 37 °C/Residual MFI at 4 °C x 100.
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Apoptosis assay

The Annexin V-FITC/PI Kit (BD Bioscience, 556,547)
was used to detect the apoptotic cells. In details, cells were
treated with Trastuzumab (20 pg/ml), GW4869 (10 uM),
or their combination (Tra+GW4869) for 48 h along with
non-treated cells (vehicle). Then, the flow cytometric-based
Annexin V/PI assays were employed to obtain the percent-
age of apoptotic cells.

Antibody-dependent cellular cytotoxicity (ADCC)
assay

The lactate dehydrogenase (LDH) release assay was
employed to analyze ADCC. In details, BT-474, SK-BR3
and SKOV-3 cells (target cells) treated with or without
GW4869 for 48 h, were trypsinized and seeded at density
of 10x 10° cells/well in round bottom 96-well plates and
were incubated with 20 pg/ml Trastuzumab for 30 min at
37 °C. Peripheral blood mononuclear cells (PBMCs) iso-
lated by Ficoll gradient centrifugation (Histopaque, Sigma-
Aldrich, UK) or magnetically purified NK cells (Miltenyi
Biotech, Somerville, MA) from healthy donors were added
on top of cells at different effector: target ratios (60:1, 40:1,
20:1, 10:1 E:T for PBMCs or 10:1 E:T for NK cells) and
incubated in a humidified atmosphere containing 5% CO, at
37 °C for an additional 6 h. Similar experiments were also
done by Trastuzumab, PBMCs or NK cells pre-incubated
with purified exosomes (50 ug/ml). Triton-X 100-treated
and untreated cells were also considered as maximum and
spontaneous release of the LDH from target cells. It should
be noted that for PBMCs isolation, a signed consent letter
was taken from healthy donors (n = 3), and all the proto-
cols of this study were approved by the Ethics Committee
of Isfahan University of Medical Sciences (IR.MULMED.
REC.1399.569). Finally, the specific cell lysis was assessed
by measuring LDH release (Promega, Madison, WI, USA),
and the percentage of cytotoxicity was calculated by the fol-
lowing formula:

Specific lysis or cytotoxicity % = (Experimental
release — Effector cells spontaneous release — Target cells
spontaneous release)/(Target cells maximum release — Tar-
get cells spontaneous release) X 100.

Statistical analysis

All data were analyzed with SPSS 13.0 software and were
illustrated via GraphPad Prism 5 (GraphPad Software Inc.,
San Diego, CA). Data normality was assessed using Kol-
mogorov—Smirnov test and the statistical analysis was per-
formed by Students’ ¢ test, One-Way ANOVA Tukey test
or Kruskal-Wallis H test. Due to the baseline differences,
the data for combinational treatment were adjusted for the
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difference between GW4869 and isotype IgG results prior to
statistical analysis. The mean =+ standard deviations (SD) of
at least three independent experiments was used to represent
results. P <0.05 was considered as statistically significant.

Results

HER2 overexpressing tumor cells release exosomes
with HER2 cargo

The purified exosomes from breast cancer cell lines SKBR3
and BT474 and ovarian cancer SK-OV3 cells overexpress-
ing HER2 along with those obtained from HER2 negative
MDA-MB-231 cells were visualized by TEM (at 100 and
200 nm), and then were examined for CD63 and HER2
expression by immunoblotting. The results showed that all
the exosome preparations were positive for exosomal marker
CD63, however, only exosomes isolated from the BT-474,
SK-BR3 and SK-OV3 cells had HER2 cargo (Fig. 1).
Although the amount of exosomal HER2 seems to differ
between different HER2 + tumor cells, but it is obvious that
HER?2 overexpressing cancer cells release a considerable
amount of HER?2 in an exosomal manner (Fig. 1c¢).

Blocking exosome release from HER2 + cancer cells
enhances anti-proliferative effects of Trastuzumab

Having demonstrated that exosomes derived from HER2
overexpressing cells carry considerable amount of HER2
protein, we investigated the effects of exosome inhibition
on the anti-proliferative effects of Trastuzumab. As shown
in Fig. 2a, b, c, although exosome inhibition itself does not
induce obvious changes in viability of SKBR-3, BT-474, and
SK-OV3 cells, but remarkable anti-proliferative effects are
induced when blockade of exosome release was combined
with Trastuzumab. More potent anti-proliferative effects
were observed for BT-474 and SK-BR3 cells compared to
SK-OV3 cells, as well as for Trastuzumab at higher doses
when exosome inhibitor was added (Fig. 2a,b,c). However,
the viability of HER2 negative MDA-MB-231 cells did
not alter by Trastuzumab, GW4869, or their combination
(Fig. 2d).

Exosome inhibition improves apoptosis induced
by Trastuzumab

Next, we examined whether exosome inhibition alters
apoptosis induction by Trastuzumab. Based on our findings
individual DMSO or exosome inhibition for 48 h induces
2-5% apoptosis in treated cells. However, Trastuzumab or
its combination with exosome inhibitor could significantly
enhance apoptosis of HER2+ cancer cells quantified by
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Fig. 1 Characteristics of exosomes derived from HER2 overexpress-
ing tumor cells. a, b Images of exosomes by TEM (100 and 200 nm,
respectively). ¢ Western blotting assays of HER2 and CD63 (exo-

Annexin V binding assay. As shown in Fig. 3, there is also
a significant difference in the apoptosis percentage between
Trastuzumab alone and its combination with GW4869 for
BT-474, SK-BR3 and SK-OV3 cells. Also, the differences
were more obvious for the breast tumor SK-BR3 and BT-474
cells compared to ovarian cancer SK-OV3 cells. This shows
that blocking exosome release could prone HER2+ cancers
to cell death, therefore, the addition of exosome inhibitor to
Trastuzumab was more potent than individual Trastuzumab
in inducing apoptosis. Although, the apoptosis induction via
the exosomes inhibition can be different between various
tumor cells.

Exosome inhibition downregulates HER2 levels
on tumor cell surfaces

Demonstrating that exosome inhibitor could enhance both
anti-proliferative and apoptosis-inducing activities of Tras-
tuzumab, we sought the effects of exosome inhibition on
the cell surface expression of HER2. We found that block-
ing exosome release robustly downregulates the expression
of HER2 molecules from the cell surface as indicated by
decreased mean fluorescent intensity (MFI) (Fig. 4). The

=smm HER2 (185KD)

mmm CD-63 (35-53KD)

somal marker) in exosomes derived from BT-474, SK-BR3 and
SK-OV3 (HER2 overexpressing cells), as well as HER2 low/negative
MDA-MB-231 cells

pattern of decreased surface expression for HER2 molecules
upon exosome blocking was almost similar for the BT-474,
SK-BR3 and SK-OV3 cells (Fig. 4d). These findings support
an idea about possible exosome-dependent trafficking path-
way of HER2 molecules to the plasma membrane. Further-
more, as it is shown in Fig. 4a,b,c, the decrease in surface
HER?2 levels was observed to be time dependent, where less
HER?2 molecules were determined on the surface of HER2
overexpressing cells by increasing the incubation with exo-
some inhibitor from 24 to 48 and 72 h.

Blockade of exosome release barely affects HER2
endocytosis/internalization

Since exosome inhibition was found to downregulate the sur-
face expression of HER2 molecules, we have speculated that
exosome inhibition might have induced endocytosis (higher
internalization) of HER2 molecules, hence has decreased
their surface expression. To evaluate this speculation, we
have examined the internalization percentage of HER?2 in the
cells incubated with or without GW4869 for 48 h. In accord-
ance with the previous experiments, we observed reduced
HER2 molecules on the surface of GW4869-treated cells
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Fig.2 Concomitant inhibition of exosome release with Trastuzumab
halts proliferation of HER2 + tumor cells. a BT474 cells, b SK-BR3
cells, ¢ SK-OV3 cells were incubated with GW4869 (10 uM) and
increasing concentration of Trastuzumab for 72 h. d MDA-MB-231
cells were also employed as HER2 low/negative cells. Cellular viabil-
ity was measured by MTT tests and the resultant data were expressed

relative to controls. However, the internalization percent-
age did not change in the GW4869-treated compared to
untreated cells as measured by flow cytometry at 4 °C and
37 °C with an antibody recognizing the extracellular part of
HER?2 (Fig. 5). These findings imply that the lower surface
expression of HER2 upon blocking exosome secretion might
not be due to the higher endocytosis or internalization rate.

Exosomal inhibition strengthens
Trastuzumab-mediated ADCC

In spite of its direct effects on tumor cells, Trastuzumab can
also induce anti-tumor effects by engaging with FcyRIIla on
NK cells, the phenomenon called antibody-dependent cellu-
lar cytotoxicity (ADCC) [3]. Since blocking exosome release
decreased HER?2 surface expression, thus we expected that
treatment with exosome inhibitor may hamper Trastuzumab-
mediated ADCC responses. On contrast, we observed that
ADCC activity of Trastuzumab was significantly improved
for BT-474 and SK-BR3 cells, but no obvious changes were
found for SK-OV3 cells (Fig. 6). Furthermore, the difference
between ADCC responses induced by Trastuzumab and its
combination with GW4869 was more remarkable at higher
E: T ratios (Fig. 6). The results indicated that, although the
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Antibody (pg/ml)

as Mean + SD of at least two independent triplicate experiments. Due
to the baseline differences, the data for combinational treatment were
adjusted for the difference between GW4869 and isotype IgG results
prior to statistical analysis. *P <0.05 **P <0.01; ***P<0.001. NS:
non-significant

HER?2 antigen was reduced from the tumor cells surface,
but exosome inhibition still could improve ADCC activity
of Trastuzumab.

HER2-carrying exosomes abrogate responses
to Trastuzumab dually by serving as decoy receptors
and contributing directly to NK cells dysfunction

Having shown that inhibition of exosome release from HER2
over expressing cells improve Trastuzumab-induced tumor
growth inhibition and its related ADCC activity, we wonder
whether the HER2+ exosomes act as decoy targets for Trastu-
zumab or directly affect the NK cells function. In this regard,
Trastuzumab/PBMCs and both pre-treated with exosomes iso-
lated from SK-OV3, SK-BR3 and BT-474 cells were used in
ADCC experiments. Our findings showed that pretreatment of
Trastuzumab, but not PBMCs could reduce ADCC responses,
demonstrating a decoy role for exosomal HER?2 (Fig. 6a,c.e).
In PBMCs experiments, the significant improvement in
ADCC responses was only observed for BT-474 and SK-BR3
cells, however, ADCC effects for Trastuzumab in SK-OV3
cells was not improved by blocking exosome secretion. On
the other hand, similar experiments with purified NK cells
showed more pronounced effect of exosome inhibition on the
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Fig.3 Blocking exosome release signifies apoptosis induction by
Trastuzumab. a BT474 cells, b SK-BR3 cells, ¢ SK-OV3 cells
are exposed to Trastuzumab (20 ug/ml) with or without GW4869

Trastuzumab-mediated ADCC responses and revealed that the
pretreatment of NK cells with HER24-exosomes have nega-
tive impacts on the cytotoxicity of NK cells. As it is shown
in Fig. 7d, f, the pre-incubation of NK cells with exosomes
from SK-BR3 and SK-OV3 cells could significantly negate the
ADCC activity of NK cells. Although, exosomes derived from
SK-OV3 cells exhibited more negative effects on the cyto-
toxic activity of NK cells. These findings suggest that HER2-
positive exosomes could demolish Trastuzumab responses by
acting either as decoy receptors as well as by inhibiting cytol-
ytic activity of NK cells. Comparing the results, it can also be
inferred that the ADCC responses to exosomes blocked differ
for various cells, and might be dependent to their exosomal
cargo rather than HER? proteins.

(10 uM) for 48 h. Proportion of Annexin V+and Annexin V/
PI+cells from triplicate experiments were analyzed by flow cytom-
etry and then presented in corresponding bar charts

Discussion

Tumor exosomes have been proven to negate anti-tumor
effects of chemo- and immune-therapies [24, 25]. It has
recently been shown that exosomes derived from tumor
cells carry functional proteins like PD-L1 molecules on
their surface that can trap anti-PD-L1 antibodies, thereby
decreasing their clinical efficacy. However, blocking exo-
some release was able to improve the therapeutic effects
of anti-PDL1 antibodies in preclinical studies [26]. Like-
wise, exosomes derived from HER2-overexpressing cancer
cells were shown to carry a significant amount of HER2
molecules that can play as a decoy receptors for ani-HER?2
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Fig.4 Exosome release inhibition downmodulates the surface expres-
sion of HER2. Representative graphs show the expression of HER2
on the surface of a BT474 cells, b SK-BR3 cells, ¢ SK-OV3 cells
after being exposed to GW4869 (10 uM) for 24, 48 and 72 h. A time-

antibodies (e.g. Trastuzumab) and decrease their tumor
killing and ADCC activities [11, 13]. The present study
was designed to examine whether blocking the exosome
release from HER2-overexpressing cancers could affect
Trastuzumab-mediated tumor growth inhibition.

Here, we showed that GW4869, used as exosome inhibi-
tor, in combination with anti-HER?2 antibody (Trastuzumab)
could robustly decrease the proliferation of tumor cells over-
expressing HER?2 (Fig. 2). Shreds of evidence indicates that
compounds blocking receptor endocytosis could improve
target availability, thereby would increase the efficacy of
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dependent decrease of the mean fluorescence intensity (MFI) was
observed for the cells treated with GW4869 (10 uM) compared to
non-treated cells (control). T24, T48 and T72 corresponds to 24, 48
and 72 h treatments, respectively

clinical antibodies [27]. Since HER2 molecules are shred-
ded from cells surface, in part by exosomes release, hence
we postulated that inhibiting exosome secretion might have
increased HER?2 levels on the surface of tumor cells prob-
ably by decreasing its endocytosis/shedding [28]. On the
other hand, one of the mechanisms has been proposed for
therapeutic activity of Trastuzumab, is its ability in induc-
tion of Ab-mediated receptor internalization [29]. Hence,
we examined whether the improvement in anti-prolifer-
ative effects of Trastuzumab was due to the higher avail-
ability of HER2 molecules (inhibition of endocytosis) or



Clinical and Translational Oncology (2023) 25:185-198

193

a BT-474

—— Control 4°C
Treat 4°C
Control 37°C
== Treat 37°C

= Tra
Bl Tra+GW4869

d 100-
5 80—
®
N 60
1]
E
o 40
=
X 204
0

Fig.5 Blockade of exosome secretion does not favor HER2 endocy-
tosis/internalization. a BT474 cells, b SK-BR3 cells, ¢ SK-OV3 cells
were cultured in the presence or absence of GW4869 (10 uM) for
48 h and then examined for the HER2 expression at 4 °C and 37 °C

enhancement in the Ab-mediated receptor internalization.
As shown in Fig. 4, blocking exosome release remarkably
decreased HER?2 levels from the cell surface. The decrease
in the HER?2 levels was markedly enhanced by increasing
the incubation time from 24 to 72 h (Fig. 4d). However,

L

T
BT-474 SK-BR3 SK-0V3

by flow cytometry. The percentage of receptor endocytosis/internali-
zation were examined between treated (presence of 10 pM GW4869)
and non-treated (absence of 10 uM GW4869) groups

further experiments revealed no changes in the percentage of
receptor internalization upon blocking exosome release com-
pared to non-treated groups (Fig. 5). These findings support
that the enhanced anti-proliferative effects of Trastuzumab
combined with exosome blockade are not due to higher
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Fig.6 Tumor exosome inhibition augments Trastuzumab-mediated
cellular cytotoxicity. ADCC experiments with the a BT474 cells, b
SK-BR3 cells, ¢ SK-OV3 cells were performed with PBMCs (E:T
ratios at 10:1, 20:1, 40:1 and 60:1) and Trastuzumab (20 pg/ml) for
5-6 h at 37 °C, and the released LDH was measured in the super-
natants. For combination experiments, the tumor cells (target cells)

HER?2 availability (endocytosis inhibition) or enhanced
Ab-mediated receptor internalization. Indeed, although
target availability is of particular importance in inducing
anti-tumor effects by therapeutic antibodies, but there are
several studies showing that decreased levels of the surface
HER?2 could be associated with increased efficacy of Tras-
tuzumab [30]. Consistent with our results, a previous study
showed that D609, an inhibitor of phosphatidylcholine-
specific phospholipase C, downregulates HER2 expression
while could markedly impede proliferation of BT-474 and
SK-BR3 cells in combination with Trastuzumab [30]. Reti-
noids and melatonin were also shown to decrease surface
HER?2 protein levels, however, enhances the cytotoxic effects
of Trastuzumab and Neratinib, a HER?2 targeting tyrosine
kinase inhibitor [31, 32]. In addition, since the survival of
the HER2+ tumor cells strongly depended on the signal-
ing cascades downstream of these molecules, therefore, the
decreased levels of cell surface HER2 is more likely to be
associated with reduced signaling capacity, resulting in less
proliferative phenotype [33]. Moreover, as it is obvious in
Fig. 4, it can also be claimed that although the exosomes
blockade reduces HER2 expression, but there is still
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were cultured in the presence of GW4869 (10 uM) for 48 h before
the ADCC experiments. The percentage of specific lysis was calcu-
lated in the treatment conditions (Trastuzumab alone or in combi-
nation with GW4869) and compared to untreated conditions (indi-
vidual GW4869 and irrelevant isotype IgG). *P<0.05 **P<0.01;
*#%P <(0.001. NS non-significant

significant amount of HER2 molecules on the cell surface
that can be engaged with Trastuzumab and leads to tumor
growth inhibition. These findings also provide the evidence
that exosomal pathway play a pivotal role in the traffick-
ing of HER2 (possibly other surface expressing antigens) to
the plasma membrane. More recent findings also indicated
that nSMase-2, the target for GW4869, acts as an important
regulator of autophagy [34, 35]. It was shown that blocking
autophagy could also increase the therapeutic efficacy of
Trastuzumab while decreases surface HER2 expression by
increasing its accumulation in the early and late endosomes
[36, 37]. Therefore, it can be assumed that blocking exosome
release might have induced accumulation and degradation
of HER2 molecules in endosomal compartments in a same
scenario, thereby has decreased its surface expression, how-
ever, further experiments are warranted to shed light on the
fate of HER2 molecules upon exosome blockade as well as
the possible connection between exosome secretion pathway
and autophagy.

Our results also showed that, although exosome blockade
decrease the HER2 expression, but could potentiate apop-
tosis induced by Trastuzumab in three cell lines used in this
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study (Fig. 3). These findings are in accordance with the
less proliferative phenotype of HER2+cells after exosome
inhibition, and it can be inferred that the increase in anti-
proliferative effects of Trastuzumab in combination with
exosome inhibition, might be partially mediated through
increased induction of apoptosis. Others have also shown
that the downregulation of HER2 receptor is associated with
enhanced TRAIL-mediated apoptosis by Trastuzumab [38].

Exosomal HER2 was also shown to be engaged with
Trastuzumab and decreases its ADCC activity [13]. Like-
wise, we have found that pretreatment of Trastuzumab
with exosome derived from BT-474 an SK-BR3 cells could
decrease its ADCC effects, while no significant changes
were observed for SK-OV3 cells and when PBMCs pre-
treated with HER2+exosomes (Fig. 6). These findings
potentially indicated that exosomal HER?2 can serve as
decoy for Trastuzumab, perturbing its engagement with
cell surface HER2 molecules, hence decreasing its ADCC
activity. However, in terms of the SK-OV3 cells, it is prob-
able that the HER2 content of exosomes derived from these
cells is much lower compared to those exosomes derived
from BT-474 and SK-BR3 cells. Previous findings have
also proven a decoy role for exosomal HER2 in counteract-
ing anti-tumor effects of Trastuzumab [11]. Similarly, the
expression of CD20 on B-cell lymphoma-derived exosomes
were also shown to abolish the anti-tumor effects of the anti-
CD20 antibodies (rituximab) by serving as decoy receptors
and consuming complement, which protects target cells
from antibody attack [39]. However, pharmacological block-
ade of exosome release from B-cell lymphoma cells was
found to sensitize the target cells to anti-CD20-mediated
lysis [39]. There is also evidence supporting our specula-
tion that total HER?2 (including exosomal HER?2) shed from
SK-OV3 is not comparable to that amount from BT-474 and
SK-BR3 cells [28]. Strikingly, we observed that blocking
exosome secretion could significantly improve Trastuzumab-
mediated ADCC compared to individual Trastuzumab or
Trastuzumab pre-treated with HER2 carrying exosomes.
Due to the decreased levels of HER2 expression upon exo-
some blockade, we expected a decline in the ADCC activ-
ity of Trastuzumab in combination with exosome inhibitor,
however, as it is shown in Fig. 6, we observed a significant
improvement in the Trastuzumab-mediated cellular cytotox-
icity. In the same line, there are several studies indicating
that even cancers expressing low levels of HER2 are capa-
ble of binding significant fraction of Trastuzumab to induce
ADCC responses [40]. Lapatinib and Levatinib were also,
respectively, shown to upregulate and downregulate the cell
surface HER2 expression, but more potent ADCC responses
are induced when Levatinib is added to Trastuzumab [41,
42]. Considering these findings, it can be concluded that
the decreased surface HER?2 levels would not predict the
final outcome of therapeutic regimens. It seems that there is

still higher amount of HER?2 on the cell surface after block-
ing exosome release that can bind to Trastuzumab to induce
ADCC.

As we have reviewed elsewhere, exosomes are rich in
several mediators that can compromise the cytotoxic activ-
ity of NK cells, therefore, the expression of HER2 on tumor
exosomes may not be considered as the sole factor for
decreased ADCC-mediated by Trastuzumab [43]. Regard-
ing this aspect, we investigated whether HER2-carrying
exosomes abolish the responses to Trastuzumab by only
serving as decoy receptors or also by contributing to the
dysfunction of NK cells. According to Fig. 7, different pat-
terns were observed when ADCC experiments were car-
ried out with NK cells instead of PBMCs. In this setting,
more robust increase in the ADCC activity of Trastuzumab
was observed in combination with exosome inhibitor. Par-
ticularly, different results were obtained where NK cells
were pre-treated with exosomes derived BT-474, SK-BR3
and SK-OV3 cells (Fig. 7), representing differences in their
exosomal content. The findings showed that pretreating
NK cells with exosomes derived from BT-474 cells could
decrease the ADCC responses compared to individual
Trastuzumab, although the differences were not significant.
However, strikingly, NK cells pre-treated with exosomes
derived from SK-BR3 and SK-OV3 cells had significantly
compromised ADCC activity. These findings indicated that
exosomes derived from HER2 overexpressing cancer cells
could hamper anti-tumor responses of therapeutic antibod-
ies by dually serving as decoy receptors and directly com-
promising cytolytic function of NK cells with their specific
cargo irrespective of HER2 molecules.

Concluding remarks and perspectives

Our findings demonstrate that blocking exosome release
from HER2-overexpressing cancers would add to the ben-
efits of anti-HER2 monoclonal antibodies, such as Trastu-
zumab, by inducing apoptosis, decreasing cellular prolif-
eration and potentiating ADCC responses without affecting
antigen internalization. Furthermore, we revealed that HER2
trafficking to plasma membrane was disrupted by inhibiting
exosome secretion in a time-dependent manner. This result
support a role for exosome release pathway in regulating
surface expression of HER2. However, further studies are
needed to examine the effects of exosome blocking on the
signaling cascade downstream HER2 molecules and with
other HER2-directed antibodies, including TDM-1 (Trastu-
zumab-emtansine). Examining the combination of exosome
blockade and tyrosine kinase inhibitors (Lapatinib, etc.)
might also provide deeper insights into the benefits of exo-
some inhibition. Since a link has been postulated between
autophagy and exosome release compartments (nSMase-2),
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«Fig.7 HER2 carrying exosomes have a dual inhibitory effect on
ADCC responses. ADCC experiments with the a BT474 cells,
b SK-BR3 cells, ¢ SK-OV3 cells were performed with PBMCs
(E:T ratio 60:1) or NK cells (10:1) and Trastuzumab (20 ug/ml) in
the absence or presence of prior treatment with the GW4869 for
48 h. The percentage of specific lysis was calculated and compared
between the treated and untreated conditions. Data were indicating of
at least three independent experiments, of which one representative
example is shown; bars represent mean+SD; *P <0.05 **P <0.01;
##%P <(0.001. NS non-significant

hence future studies would be of interest to explore the
potential mechanisms behind this connection and its relation
with the changes observed in our experiments [35]. There
is also other data indicating a role for molecules like hyalu-
ronic acid (HA) in the internalization of exosomes into the
recipient cells [44—-46]. Therefore, further research on the
interaction of extracellular matrix (including HA molecules)
with tumor exosomes may help to the development of novel
therapeutics in tackling challenges related to tumor-derived
exosomes. Finally, the effects of other clinically available
exosome inhibitors, such as Ketoconazole, can also be inves-
tigated in similar experimental settings for potential use in
the future [47, 48].
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