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Abstract In order to grow within an immunocompetent
host, tumour cells have evolved various strategies to cope
with the host’s immune system. These strategies include
the downregulation of surface molecules and the secretion
of immunosuppressive factors like IL-10 and PGE2 that
impair the maturation of immune effector cells, among
other mechanisms. Recently, tumour exosomes (TEX) have
also been implicated in tumour-induced immune suppres-
sion as it has been shown that TEX can induce apoptosis in
T lymphocytes. In this study, we extend our knowledge
about immunosuppressive features of these microvesicles
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in that we show that TEX efficiently bind and sequester
tumour-reactive antibodies and dramatically reduce their
binding to tumour cells. Moreover, we demonstrate that this
antibody sequestration reduces the antibody-dependent
cytotoxicity by immune effector cells, which is among the
most important anti-tumour reactions of the immune sys-
tem and a significant activity of therapeutic antibodies.
Taken together, these data point to the fact that tumour-
derived exosomes interfere with the tumour-specific function
of immune cells and constitute an additional mechanism
how tumours escape from immune surveillance.
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Abbreviation

TEX Tumour-derived exosomes

Introduction

In order to grow and progress within a functional immune
system, tumours have evolved several strategies to evade and
counteract immune surveillance. For example, cancer cells
downregulate MHC molecules and co-stimulatory surface
molecules and release immunosuppressive factors like IL-10,
TGF-f and prostaglandin E2 that impair anti-tumour function
of immune cells ([1] for review). Also, tumour-infiltrating
cells display a reduced immune function [2] or even tolerance
[3]. In consequence, cancer patients can only very rarely
mount effective anti-tumour responses, despite the presence
of immune effector cells in significant numbers and tumour-
reactive antibodies within the tumour vicinity. More general,
the tumour educates immune cells in its vicinity thereby creat-
ing a microenvironment with immunosuppressive properties.
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Recently, tumour-derived exosomes (TEX) became a
focus of particular interest to tumour immunologists when
it has been shown that tumours release TEX constitutively
and that TEX skew the function of the cellular immune
system. For instance, they impair lymphocyte responses to
IL-2 [4], inhibit monocyte differentiation into dendritic
cells [5], express the Fas ligand, induce apoptosis in acti-
vated T lymphocytes [6, 7] and downmodulate the cytolytic
activity of NK-cells [8, 9]. Also, it has been shown that
tumour exosomes contain angiogenesis-promoting factors
and functional genetic information [10].

The precise immunological function of TEX, however,
is still not fully understood. Intriguingly, TEX carry differ-
ent tumour antigens known to provoke cellular and humoral
immune responses in cancer-bearing patients such as
EpCAM [11, 12], Melan-A/MART-1 [13, 14] and the epi-
dermal growth factor receptor 2 (HER2) [15, 16], and the
sera from cancer patients often exhibit significantly higher
levels of immune responses to TEX-derived proteins [17,
18]. HER2 is a tumour-associated membrane antigen with
protein-tyrosine kinase activity that is over-expressed in
several types of adenocarcinoma and plays a key role in
tumour growth and progression [19, 20]. The ectopic over-
expression on cancer cells regularly induces humoral
immune responses in patients so that HER2— and
EpCAM—specific antibodies are detectable in the sera of
patients with HER2+ and EpCAM+ cancer [21-25]. Both
antigens are targets for a number of therapeutic monoclonal
antibodies and their derivatives.

Therefore, the release of immunogenic vesicles by
tumour cells seems paradoxical, since tumours tend to
evade the host’s immune system. Here, we provide a possi-
ble explanation for this obvious contradiction in that we
show that TEX bind and sequester tumour-reactive antibod-
ies resulting in a reduced binding of these antibodies to the
tumour cells. Furthermore, sequestration of tumour-reac-
tive antibodies by exosomes impaired antibody-dependent
cellular cytotoxicity (ADCC), which is a major immune
effector function towards tumour cells. In summary, we
confirm here that TEX are released by tumour cells in order
to manipulate the immune system.

Results

Breast cancer-derived exosomes carry the tumour antigens
HER?2 and EpCAM

We used the tumour-associated antigens HER2 and
EpCAM as model antigens in order to address the question
whether tumour-derived exosomes (TEX) interact with, and
sequestrate, tumour-reactive antibodies thereby hampering
their interaction with tumour cells. Such a sequestration
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may have profound consequences for the efficacy of both
natural autoantibodies and therapeutic antibodies applied
for adjuvant cancer treatment. To investigate the interaction
of TEX with specific antibodies, we first isolated exosomes
from the conditioned cell culture supernatants of BT474
breast cancer cells and Mel624.38 melanoma cells. We pel-
leted the exosomes from the supernatants by differential
centrifugation and further purified them by floating into a
linear sucrose gradient. After fractionation of the gradient,
we performed immunoblots with cholera toxin that specifi-
cally binds to the ganglioside M1 (GM1), a typical marker
for exosomes [26]. GMI-positive material was detected
almost exclusively in fractions 3 and 4 of the gradient, cor-
responding to densities of 1.13 and 1.17 g/ml, respectively,
(Fig. 1a), and thus to densities typical for exosomes [27].
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Fig. 1 Tumour exosomes isolated from conditioned cell culture
supernatants carry HER2 and EpCAM. a Exosomes can be fraction-
ated by sucrose gradient centrifugation and identified with cholera tox-
in that specifically binds to GM1. b Material isolated from fractions 3
and 4 carry the exosome markers GM1 and TSG101 as proven by dot
blots. Exosomes from the breast cancer cell line BT474 also carry the
tumour antigens EpCAM and HER2 whereas Mel624.38 exosomes do
not. ¢ Immune electron microscopy revealed that HER?2 is associated
with particles isolated from fractions 3 and 4. d FACS analysis of
BT474 exosomes coupled to latex beads showed that trastuzumab
binds to TEX-associated HER2 efficiently
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Next, we tested these fractions for the presence of TSG101,
another typical marker for exosomes as well as for EpCAM
and HER2. As expected, exosomes from both cell lines
contained TSG101 but only BT474 exosomes contained
also detectable amounts of EpCAM and HER2 (Fig. 1b).
As a final proof that the isolated material mainly consisted
of exosomes, we performed immune electron microscopy,
which clearly confirmed that the particles were of the
typical size of exosomes and that HER2 was present on
BT474 exosomes (Fig. 1c). Also, HER2 present in exoso-
mal preparations efficiently bound the therapeutic antibody
trastuzumab (Fig. 1d) and was of full-length (185kD) and
thus most probably integrated in the exosomal membrane
(Fig. S1).

Tumour exosomes sequester tumour-reactive antibodies

After having shown that HER2 and EpCAM are present on
BT474 exosomes, we next questioned whether TEX can
sequester antibodies specific to these two antigens and
thereby inhibit binding of the antibodies to tumour cells.
Given the fact that tumours release TEX constitutively and
TEX can readily be detected systemically, i.e. in the blood
and body fluids of cancer patients [28, 29], their local con-
centration within the tumour might be significant. Although
the intratumoural TEX concentration is still largely
unknown, the sequestration of tumour-reactive antibodies
by TEX may constitute an important new mechanism of
tumour immune escape serving as an antibody decoy. This
is an important point given that HER2 and EpCAM are tar-
gets for both autoantibodies as well as for therapeutic anti-
bodies and their sequestration may contribute to tumour
growth and therapy resistance, respectively.

To address this question, we performed FACS-based
binding assays with the HER2-specific therapeutic antibody
trastuzumab (Herceptin®) and the EpCAM-specific anti-
body C215. In a first series of experiments, we determined
the antibody concentrations that gave approximately
half-maximum staining of tumour cells as measured by
FACS in order to avoid that sequestration effects are
masked by excess amounts of antibody and found 50 ng/ml
antibody to be appropriate concentrations (Fig. 2). Next, we
incubated trastuzumab and C215 at concentrations of
50 ng/ml with BT474 and MEL624.38 exosomes. We then
added BT474 cells and performed staining for 30 min. As
shown in Fig. 2, binding of trastuzumab and C215 to
BT474 cells was clearly reduced when the antibodies had
been pre-incubated with BT474 exosomes but not with
MELG624.38 exosomes. In contrast, BT474 exosomes did
not inhibit the binding of a CD40-specific antibody to a
human B cell line (Fig. S2). Similar results were obtained
with TEX from another HER2+EpCAM+ breast cancer cell
line, SkBr3, and the HER2—EpCAM— melanoma cell line

A375 (Fig. S3). These results demonstrate that TEX
efficiently and specifically sequester tumour-reactive anti-
bodies and reduce their binding to tumour cells.

Next, we wondered whether HER2+ exosomes are also
present in the sera of breast cancer patients. For this, we
isolated exosomes by ultracentrifugation as described from
200 pl of sera of twelve patients. We then resuspended the
exosomes in the same volume of lysis buffer and deter-
mined the HER2 concentration in an ELISA assay. As
shown in Fig. 3a, HER2-containing material could be pre-
cipitated from sera applying the protocol for the isolation of
exosomes. The amount of HER?2 that was precipitated var-
ied from patient to patient, ranging between 20 and 60% of
the total HER2 concentration (Fig. 3b). Thus, HER2-carry-
ing exosomes most likely contribute to the total HER?2 lev-
els in the blood of patients with HER2+ cancer.

We also isolated exosomes from the malignant ascites of
two patients with ovarian cancer. As with BT474 exo-
somes, ascites exosomes were HER2+ and EpCAM+ (Fig.
S4). As shown in Fig. 4, exosomes isolated from malignant
ascites sequestered the tumour-reactive antibodies trast-
uzumab and C215 as efficient as exosomes from BT474
cells. Importantly and in contrast to patients’ sera, malig-
nant ascites yielded sufficient amounts of TEX to perform
functional assays.

Tumour exosomes inhibit ADCC

The mechanism of HER2 antibody therapy is not fully
understood, but FcR+ immune effector cells are essential
for the therapeutic effect [30]. Engagement of FcR+ cells
and induction of ADCC are a substantial anti-tumour com-
ponent of therapeutic antibodies in vivo. However, ADCC
is impaired in cancer patients [31-33] and, even more inter-
esting, sera from patients with malignant diseases have
been shown to actively impair ADCC [32].

To evaluate whether antibody sequestration by TEX
affects immune functions, we quantified ADCC of PBMCs
against tumour cells. ADCC is a typical effector mechanism
of antibodies and is considered one of the most important
mechanisms of action of therapeutic antibodies. In this
assay, we used -calcein-AM-labelled ADCC-sensitive
BT474 cells as targets and PBMCs from healthy donors as
effector cells. We used trastuzumab, which is known to
efficiently promote ADCC [34-36], as initiating antibody
and quantified target cell lysis by measuring the amount of
calcein-AM in the supernatants. Apparently as a result, we
found that the pre-incubation of trastuzumab with HER2+
BT474 and SkBr3 exosomes resulted in a statistically sig-
nificant lower ADCC activity of PBMCS from three out of
the four different donors against BT474 tumour cells
(Fig. 5). In contrast, we did not observe ADCC reduction in
PBMCs upon pre-incubation with HER2—- MEL624.38
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exosomes. In the same set of experiment, we were not able
to reproducibly induce ADCC by human PBMCs with the
EpCAM-specific murine IgG2a antibody C215 (data not
shown).

Discussion

The immune system follows different routes to block
tumour progression. It generates tumour-specific cytolytic
T cells and attacks cancer cells by immune reactions like
ADCC, which is initiated by the binding of tumour-reactive
antibodies to the surface of cancer cells. However, these
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anti-tumour immune responses are often blunted and hence
can only rarely be raised successfully. Cancer patients usu-
ally suffer from impaired immune functions and it is clear
that the tumour, by different means, is responsible for this
dysfunction, which is best illustrated by the anergy and
immaturity of tumour-infiltrating T lymphocytes and mye-
loid cells, respectively. Many immunosuppressive activities
of tumours are attributable to substances like IL-10, TGF-f8
or adenosine, and other mechanisms are probably still to be
elucidated. Among these are exosomes that are released by
cancer cells at levels detectable in peripheral blood [37,
38]. The intratumoural concentration of exosomes is
unknown and one can only speculate that it is probably
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Fig. 3 Sera from breast cancer
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higher than that measured in the peripheral circulation. The
reason for this phenomenon is unclear but like for normal
cells, exosomes probably constitute a route of secretion of
unnecessary proteins also to malignant cells. On the other
hand, tumour-derived exosomes are a source of tumour
antigens that regularly evoke immune responses like
tumour-reactive autoantibodies in cancer-bearing hosts.
Over-expression of proteins in cancer cells is thought to be
the major reason for the generation of tumour-reactive
autoantibodies. Whether tumour-derived exosomes even
contribute to the induction of these autoantibodies is not
known.

Tumour-reactive antibodies directed against tumour-
associated membrane antigens are present at detectable
levels in the sera of many cancer patients [17, 39]. For
example, HER2-specific antibodies are significantly higher
in sera from patients with HER2-expressing mammary carci-
noma compared to patients with HER2-negative cancer and
healthy controls [21, 23, 40], and EpCAM-specific autoan-
tibodies have been found in patients with colorectal and
ovarian carcinoma [25, 41, 42]. The role of these autoanti-
bodies is not fully understood. On the one hand, HER2-spe-
cific antibodies have been shown to block HER2 signalling
and to inhibit tumour growth [22], and p53 autoantibodies
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have been described as prognostic biomarkers for improved
outcome in patients with ovarian cancer [43]. On the other
hand, it has been demonstrated that B cells and humoral
immunity promote chronic inflammation and thus foster
cancer development [44], As we show above, HER?2 is also
present on TEX derived from HER2-expressing cancer
cells.

Trastuzumab is a humanized antibody that is used for the
adjuvant treatment of breast cancer. Trastuzumab binds to
the HER2 receptor, amplified in 20% of breast cancers. The
most relevant anti-tumour activity of trastuzumab is
thought to be the induction of ADCC. Hence, the findings
we describe here may be of clinical relevance in that the
sequestration of the antibody by tumour exosomes may
contribute to phenomenon that many patients do not
respond to trastuzumab [45, 46]. Resistance to trastuzumab
treatment is frequent but predictive biomarkers are still
lacking. Patients with HER2+ cancer also have elevated
HER2 serum levels (>15 ng/ml) that are thought to be
attributable to the shed extracellular domain of HER2,
although ELISA assays, which are normally used to quan-
tify serum HER2, do not discriminate between soluble and
particulate protein [47, 48]. We show here that at least a
part of the total HER?2 is present in the form of TEX and
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that TEX-associated HER?2 is capable of binding and thus
sequestrating trastuzumab. As a consequence, it is tempting
to speculate that exosomal sequestration contributes to
trastuzumab resistance, particularly because it is believed
that the antibody has a higher binding affinity to full-sized
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HER?2 than to soluble HER2 extracellular domains gener-
ated by proteolytic cleavage [49]. In essence, sequestration
by TEX of tumour-reactive antibodies is a realistic concept
given the high systemic and presumably even much higher
intratumoural concentration of TEX and hence constitutes a
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more general problem with resistance of tumours to the
activities of the immune system and also to therapeutic
molecular antibodies.

Taken together, we show here that tumour-derived exo-
somes efficiently bind and sequester tumour-reactive anti-
bodies, including the therapeutic antibody trastuzumab,
resulting in reduced binding to tumour cells and ADCC.
This sequestration is a new tumour escape mechanism and
may equally contribute to the resistance of tumours to tar-
geted immunological therapies.

Materials and methods
Cell culture

BT474 [50] and SkBr3 (ATCC HTB-30) are human breast
cancer cell line, and Mel 624.38 [51] and A375 (ATCC
CRL-1619) are derived from human melanomas. RZ-LCL
is a human EBV-immortalized B cell line established in our
own laboratory. All cell lines were maintained in D-MEM
(Gibco®, Invitrogen, Karlsruhe, Germany) supplemented
with 10% foetal bovine serum (PAA-Laboratories, Pas-
ching, Austria) at 37°C in a humidified CO, atmosphere.
Tumour lines were negative for mycoplasma as routinely
tested by PCR (Venor® GeM Mycoplasma Detection Kit,
Minerva Biolabs, Berlin, Germany).

Antibodies and ELISA assays

Trastuzumab (Herceptin®, Roche Inc.) is a humanized anti-
body that binds the extracellular domain of HER2. The fol-
lowing antibodies were used for FACS analysis: HER2
2502 (Trion Research, Munich, Germany), EpCAM (C215,
Trion Research), TSG101 (NB200-112, Acris) and CD40
(Immunotools, Friesoyte, Germany). GM1 in exosomes
was detected with cholera toxin conjugated with horserad-
ish peroxidase (Sigma—Aldrich, Germany). Antibody L87
(NeoMarkers, Fremont, CA) was used for HER2 immuno-
blots. For the detection of HER2+ exosomes in sera from
patients with invasive breast cancer, 200 pl serum each
from 12 patients were diluted 1:3 with PBS, and exosomes
were isolated by ultracentrifugation as described and resus-
pended in 200 pl PBS/1% Triton X-100. A HER2 ELISA
assay (Sino Biological, Beijing, China) was performed
according to the manufacturer’s instructions. Patients’ sera
were obtained from the Dep. of Clinical Chemistry of the
University Hospital Munich.

Flow cytometry

For flow cytometry analysis cells were stained with appro-
priate antibodies diluted in PBS/2% foetal bovine serum for

15 min. After three washes in PBS/2%, foetal bovine serum
cells were incubated for 15 min with secondary antibody
and washed again. For decoy experiments, 50 ng/ml trast-
uzumab or C215 were pre-incubated with 200 pg/ml exo-
somes for 1h. Flow cytometry was done with a
FACSCalibur flow cytometer (Becton—Dickinson, Franklin
Lakes, NJ) and analysed with FlowJo (Tree Star Inc., Ash-
land, OR). For direct FACS analysis, TEX were coupled to
latex—aldehyde beads (IDC, Eugene, OR). For this, 5 ul
particles were mixed with 20 pg TEX in 100 pul PBS for
30 min at room temperature and then for 2 h at 4°C. Then,
100 mM glycine was added, and the beads were incubated
for another 10 min and washed. Trastuzumab on TEX-
coated latex beads was detected with a FITC-labelled anti-
human IgG antibody (Dianova, Hamburg, Germany).

Isolation of exosomes

Exosomes were isolated from cell culture supernatants as
described previously [52]. Briefly, cells were grown to
approximately 60% confluency, rinsed in PBS and incu-
bated in D-MEM without FCS for 48 h. Then, supernatants
were collected and depleted of cells and cellular debris by
centrifugation at 1,200 rpm for 10 min and subsequently
passed through a 0.2 um PES filter. The filtrate was concen-
trated by ultrafiltration with a Centricon Plus-70 centrifugal
filter device (Millipore, Billerica, MA). The concentrate
was then pelleted in a TL-100 rotor at 100,000 g for 2 h at
4°C and resuspended in 100 pl PBS. The protein concentra-
tion was measured with a BCA assay (Pierce, Rockford,
IL). Where necessary, exosomes were further purified as
previously described [26]. Briefly, pellets after ultracentri-
fugation were resuspended in 2M sucrose in 20 mM
NaOH, pH 7.4. A discontinuous linear sucrose gradient
(1.75-0.25 M Sucrose, 20 mM HEPES/NaOH, pH 7.4) was
layered on top of the exosome suspension and centrifuged
for 22 h at 39.000 rpm in a Beckman SW60Ti rotor (Beck-
man Coulter, Fullerton, CA). Finally, 500 pl fractions were
collected from the top of the tube and analysed by dot blot.
Malignant ascites was obtained from patients with ovarian
cancer who signed an informed consent, approved by the
Ethical Committee of the University of Essen. Exosomes
from ascites were isolated as described above and tested by
dot blots for the presence of HER2 and EpCAM (not
shown).

Immune electron microscopy

Droplets of exosomes were placed on formvar-coated grids,
left to adsorb for 1 h and fixed with 2.2% formaldehyde and
0.1% glutaraldehyde for 1 h. After washing with PBS/1%,
BSA-C (BIOTREND, Koeln, Germany) grids were blocked
with Aurion Block for 30 min. Immunolabelling was
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performed at room temperature for 2 h with a mouse mono-
clonal anti-HER?2 antibody. Unbound antibody was removed
by five washes, and antibody binding was detected by anti-
mouse IgG-gold particles. After an additional fixation with
2% glutaraldehyde for 10 min and further washing, grids
were stained with 2% phosphotungstic acid for 2 min.

Dot blot

For each dot, 2 pl of exosome suspension were spotted
on a nitrocellulose membrane (Protran®, Whatman, Dassel,
Germany). After spots had dried, the membrane was
blocked and incubated with primary antibodies and peroxi-
dase-conjugated secondary antibody (anti-mouse from
Promega, Madison, WI). Dots were detected with chemilu-
minescence method using Roti®-Lumin (Carl Roth GmbH,
Karlsruhe, Germany) and Amersham Hyperfilm ECL (GE
Healthcare, Buckinghamshire, UK).

Sequestration of antibodies by exosomes

Exosomes were isolated as described. Antibodies specific
for HER2 (trastuzumab) and EpCAM (C215) at concentra-
tions that gave half-maximal staining in flow cytometry
were incubated with different amounts of exosomes for
30 min at room temperature in a total volume of 100 pl
PBS with 2% FCS. As a control, antibodies were incubated
without exosomes. Then, 1 x 10° cells were added and
incubation was continued for another 30 min on ice. Cells
were washed, incubated with a FITC-labelled secondary
antibody for another 30 min, and binding of trastuzumab
and C215 was measured by FACS.

Antibody-dependent cellular cytotoxicity (ADCC)

Antibody-dependent cellular cytotoxicity was determined
using a calcein-acetyloxymethyl (calcein-AM) cytotoxicity
assay as described [53]. BT474 target cells were labelled
with calcein-AM (10 mg/ml; Invitrogen, Karlsruhe, Germany)
for 30 min at 37°C, washed three times in PBS and deliv-
ered to a 96-well plate at a concentration of 5 x 10° cells/
well. Effector PBMCs from normal human donors were
obtained by density gradient centrifugation over Biocoll
Separating Solution (Biochrom, Berlin, Germany). PBMCs
were washed three times in PBS and then added to the
target cells at an E:T ratio of 10:1-40:1. Trastuzumab,
pre-incubated with 100 pg/ml exosomes for 1 h at room
temperature, was added to a final concentration of 50 ng/ml.
All components were diluted in standard cell culture
medium with 10% FCS to a final volume of 225 pl/well.
After 6 h at 37°C, 150 pl of the supernatants were trans-
ferred into a new 96-well plate and fluorescence was deter-
mined using a Wallac 1,420 Victor? multi-label counter
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(Perkin Elmer, Waltham, MA). Cytotoxicity was calculated
by the formula % lysis = 100 x (A — B)/(C — B), where A
represents fluorescence of test supernatant, B represents
fluorescence of target alone and C represents maximum cal-
cein release from target cells lysed with 0.5% Triton X-100.
Results represent the average of triplicate samples.

Statistics

Gaussian distribution of values was tested using D’ Agostino
and Pearson omnibus normality test. Statistics evaluation
was performed using the paired 7 test.
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