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Abstract

The tumor microenvironment is rendered immunosuppressive by a variety of cellular and acellular
factors, which represent potential cancer therapeutic targets. While exosomes isolated from
ovarian tumor ascites fluids have been previously reported to induce a rapid and reversible T cell
arrest, the factors present on or within exosomes that contribute to immunosuppression have not
been fully defined. Here, we establish that GD3, a ganglioside expressed on the surface of
exosomes isolated from human ovarian tumor ascites fluids, is causally linked to the functional
arrest of T cells activated through their T cell receptor. This arrest is inhibited by antibody
blockade of exosomal GD3 or by the removal of GD3+ exosomes. Empty liposomes expressing
GD3 on the surface also inhibit the activation of T cells, establishing that GD3 contributes to the
functional arrest of T cells, independent of factors present in exosomes. Finally, we demonstrate
that the GD3-mediated arrest of the TCR activation is dependent upon sialic acid groups, since
their enzymatic removal from exosomes or liposomes results in a loss of inhibitory capacity.
Collectively, these data define GD3 as a potential immunotherapeutic target.
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INTRODUCTION:

Ovarian cancer patients are often diagnosed with cancer at an advanced stage of their disease
resulting in poor overall survival. While tumor-specific T-cells are present in the
microenvironment of ovarian tumors (1-3), multiple immune suppressive factors act to
inhibit T-cell anti-tumor activity and render them hyporesponsive to activation. Further, fully
functional T-cells derived from peripheral blood (4) and tumor-specific Chimeric Antigen
receptor (CAR) T-cells (5) become functionally arrested following their entry into the tumor
microenvironment. A combination of regulatory T cells, myeloid derived suppressor cells,
immune suppressive dendritic cells, immune-inhibitory checkpoint molecules, as well as
soluble inhibitory factors such as TGF-, prostaglandins and adenosine have been reported
to contribute to a blockade of the anti-tumor response in tumor microenvironments (6-11).
Additionally, nano-sized extracellular vesicles (exosomes) present in tumor
microenvironments contribute to multiple aspects of cancer pathogenesis including tumor
invasion, escape from immune regulation and metastasis (12-14).

A comprehensive analysis of lipids expressed by exosomes identified over 500 individual
lipids including sphingolipids, sterol lipids, glycerolipids and glycerophospholipids like
alkyl ether-containing glycerophospholipids (15). Elevated levels of sphingolipids in the
plasma and ascites fluids have been found in patients with advanced ovarian cancer (16).
Cancer patients with high levels of gangliosides have a faster rate of disease progression and
a decreased survival rate (17). Elevated levels of gangliosides in patients with renal cell
carcinomas have been associated with multiple T-cell dysfunctions (18). One specific
ganglioside, GD3, induces apoptosis of T-cells (19), and high levels of GD3 found in ovarian
tumor ascites fluids can inhibit natural killer (NK) T (NKT) cell activation (20). These
studies led us to explore whether GD3 plays a role in the ability of tumor-derived exosomes
to inhibit T-cell activation.

While previous studies have established that exosomes present in tumors are
immunosuppressive, all the regulatory factors on the exosomes have not been identified (21).
We report here that exosomes expressing GD3 on their surface contribute to
immunosuppression and that this ganglioside is causally linked to the functional arrest of T
cells. Further, we establish that empty liposomes formulated with GD3 can directly inhibit
the induced activation of T-cells. This inhibition is dependent on sialic acid residues, since
desialylation of exosomes or liposomes results in a significant knockdown of the inhibitory
capacity. These findings establish that GD3 present on exosomes in the tumor
microenvironment directly suppresses T-cells (independent of other cells and/or the
exosomal cargo). We conclude that GD3 and sialic acid molecules on exosomes represent
potential viable therapeutic targets for enhancing the anti-tumor activity of quiescent T-cells
in tumor microenvironments.

Materials and Methods:

Primary tumors and ascites fluids from Stage 111 or Stage IV ovarian cancer patients were
received from the Roswell Park Cancer Institute (RPCI) Tissue Procurement Facility. All the
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tumors obtained were high grade serous epithelial ovarian carcinomas. Experiments were
done using cell-free ascites fluids that had been stored at —80°C. Normal donor peripheral
blood was provided by the Flow and Image Cytometry Facility at RPCI. Normal donor
peripheral blood lymphocytes (NDPBL) were obtained by monocyte depletion and Ficoll-
Hypaque density separation. Cells were frozen and stored in liquid nitrogen until use, as
previously reported (22, 23). All specimens were obtained under sterile conditions and using
IRB approved protocols.

See supplementary table 1.

Purification of gangliosides:

Total lipids were extracted from samples of ovarian cancer ascites from three separate
patients with chloroform: methanol (1:1-v/v) and sonication. Gangliosides were purified
from the total lipid extract as previously described (24). In brief, ganglioside-containing
acidic lipids were eluted through a 3 ml. column of DEAE-Sephadex A-25 (Sigma Chemical
Co., St. Louis, MO), dried by rotary evaporation and hydrolyzed with 0.1 N NaOH at 370C
for 90 min. Samples were neutralized with 0.1 N HCI and desalted on a reverse phase silica
gel column (SepPak, Waters Assoc., Waltham MA). Samples were applied to a 2-3 ml.
column of latrobeads 6RS-8060 (latron Laboratories, Tokyo, Japan) in chloroform-methanol
(85:15, v/v). After elution of less polar lipids, the total ganglioside fraction was eluted with
chloroform-methanol (1:2, v/v), and dried by rotary evaporation.

Thin layer chromatography:

Purified gangliosides were run in one or two dimensions on TLC plates in chloroform-
methanol-0.25% KCI (50:45:10) (Solvent 1) and, after rotating the TLC plate 90°
counterclockwise, in chloroform-methanol-0.25% KCI in 2.5 N NHy4 in 0.25% aqueous KCI
(50:40:10) (Solvent 2). TLC plates run in one dimension were run in Solvent 1. Distinct
ganglioside peaks were visualized by heating the TLC plates to 92-94°C after spraying with
resorcinol reagent (24).

Sialidase degradation of gangliosides:

A mixture of mono- and di-sialogangliosides containing 5-10 pg sialic acid were incubated
with Clostridium perfringens sialidase (2U/ml) (Sigma Chemical Co., St. Louis, MO) in 0.5
ml of 50mM sodium citrate-phosphate buffer, pH 5.5, at 370C, for 2h, as previously
described (25). A duplicate sample of equal quantity of gangliosides was incubated in buffer
alone. Reactions were terminated by addition of 0.1 M NaOH, neutralized with 0.1 M HCI,
desalted on SepPak (Waters Assoc., Milford, MA) columns and evaluated on TLC for
hydrolytic products, with resorcinol. The presence of resorcinol-negative spots on sialidase-
treated samples was confirmed on TLC’s, by reversible staining with iodine vapor, prior to
resorcinol spraying (25). Efficacy of enzymatic activity was determined with gangliosides
with sialidase-susceptible external sialic acid residues (GM3, GD3, GD1a, GD1b) and
gangliosides with sialidase-resistant internal sialic acid residues (GM1a, GM2), respectively
(Matreya LLC, Pleasant Gap, PA).
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Isolation of exosomes:

Ascites fluids were first centrifuged at 300 x g to separate cells and large debris, followed by
another round of centrifugation at 1150 x g to remove smaller debris and membrane
fragments. They were then diluted to 50% [with RPMI-1640 or phosphate buffered saline
(PBS)], passed through a 0.22 pm PVDF filter (Millipore) and ultracentrifuged at 200,000 x
g for 90 min. The pellet was resuspended in RPMI-1640 + 1% HSA (for functional
experiments) or PBS (for biophysical characterization).

Flow exometry:

300-500 ug of exosomes were attached to 100 pl of aldehyde/sulfate latex beads (4 um; 4%
wi/v) and incubated overnight at 4°C on a rotator/mixer. Glycine was then added to a final
concentration of 100 mM to saturate remaining free binding sites on the beads. The beads
were then washed in PBS with 0.5% bovine serum albumin (BSA) and used for
immunofluor staining.

Scanning Electron Microscopy:

For SEM studies, exosomes were loaded onto a membrane scaffold with a 0.1 pm
nucleopore membrane (Whatman). The exosome embedded membranes were fixed with 2%
glutaraldehyde at 4°C for 90 min. The fixative was washed off and the samples dried using
30%, 50%, 70%, 80%, 95% and 100% ethanol sequentially for 15 min each. The samples
were then exchanged into 100% hexamethyldisilazane (HMDS) and air dried in a chemical
fume hood. The specimens were coated with evaporated carbon and analyzed using Hitachi
SU-70 FE-SEM (Hitachi), operated at 2.0 kV.

Exosome antibody array:

The identification of protein markers on the isolated exosomes was done using the
commercially available Exo-Check exosome antibody array (System Biosciences Inc.) kit as
described by the manufacturer. The membrane was developed with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) and analyzed using ChemiDoc

Depletion of GD3+ exosomes:

50 ug of anti-GD3 antibody (Genetex) or isotype control (mouse 1gG, Caltag) was
conjugated to 5 mg Dynabeads M-280 Tosylactivated (Life Technologies) according to
manufacturer’s instructions. The conjugated beads were incubated with exosomes with
tilting and rotation for 1 hour at 4°C to capture GD3+ exosomes. The unbound (GD3-)
exosomes were separated from the exosome-bead complex using a magnet (BD Biosciences)

T cell activation with antibodies to CD3 and CD28:

Antibodies were immobilized on maxisorb 12 x 75 mm tubes (Nunc) by incubating 0.1 pg
of purified anti-CD3 (Bio x Cell, clone OKT3) and 5 pg of purified anti-CD28 (Invitrogen,
clone 10F3) in 500 pl of PBS, at 4°C overnight. PBL from normal donors were thawed,
resuspended in RPMI-1640 + 1% human serum albumin, and 5 x 10° total cells were
incubated in anti-CD3/anti-CD28 in coated tubes at 37°C/5% CO, for the duration of
activation.
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Detection of NFxB translocation following T cell activation:

After activation, the cells were attached to alcian blue coverslips in a humid chamber (10
min) and fixed in 2% formaldehyde in 1x PBS (40 min). The cells were then permeablized
and blocked with 30pug normal mouse 1gG in 5% normal mouse serum in 1x PBS + 0.4%
Triton X-100. This was followed by staining for intracellular CD3 for 20 minutes. After
washing once with NGS block (5% normal goat serum in 1X PBS), the cells were incubated
with 2 pg/mL goat anti-mouse IgG-Alexa Fluor 568 for 15 minutes. This was followed by
staining with purified rabbit anti-human NFxB p65 in NGS block/perm for 1 hour. After
washing twice with NGS block, the cells were incubated with 2 pg/mL goat anti-rabbit 1gG-
Alexa Fluor 488 in 100uL NGS block/perm for 30 minutes. The cells were washed twice
with NGS block and twice with 1X PBS before mounting the coverslips on glass slides with
Vectashield Mounting Medium (Vector Laboratories, Burlingame). Cells were then observed
on a Zeiss LSM 510 Confocal Microscope with at least 400 CD3+ cells counted per
condition.

Detection of CD69 expression following T cell activation:

Human NDPBL were activated for 2h at 37°C with immobilized anti-human CD3/CD28
with or without ovarian ascites fluid-derived exosomes. The cells were then incubated for
18h in RPMI-1640 + 1% HSA at 37°C/5% CO, in the absence of stimulation or exosomes.
For flow cytometry, the cells were labeled with the recommended amounts of fluorochrome-
conjugated antibodies to CD3 and CD69 for 30 mins at 4°C. The cells were then washed
with 2 mL of PBS. Sytox Red was added 15 min before flow cytometry at a final
concentration of 5 nM to label the dead cells. The samples were acquired on an LSR
Fortessa (BD Biosciences) flow cytometer and analyzed using FlowJo software (Tree Star
Inc. OR).

Detection of intracellular IL-2 and IFN-y expression following T cell activation:

Human NDPBL were activated for 6h at 37°C/5% CO, with immobilized anti-human CD3/
CD28 in the presence of 1 uL/mL GolgiStop (BD Biosciences) with or without exosomes.
For flow cytometry, the cells were labeled with fluorochrome-conjugated antibody to CD3
for 30 mins at 4°C. The cells were then fixed and permeablized with the fixation/
permeablization solution from the Cytofix/Cytoperm kit (BD Biosciences) as described by
the manufacturer and labeled with fluorochrome-conjugated antibodies to IL-2 and IFN-+y at
4°C for 30 min, washed, fluorescence emission acquired, and results analyzed as above.

Preparation of GD3 liposomes:

The GD3 containing liposomes were prepared using thin film method as described
previously (26). Briefly, chloroform solutions of phosphatidylcholine (PC) and ganglioside
GD3 (from bovine milk; Avanti Lipids Cat # 860060) were mixed in a molar ratio of 70:30
in a glass tube and the solvent was evaporated using a roto evaporator. The thin film thus
obtained was further flushed with nitrogen to ensure that there was no residual solvent. The
dried film was then re-suspended with 1X PBS and incubated at 37 °C for 5 minutes to form
multi lamellar vesicles. The vesicles were sonicated for 5 minutes and were then extruded
using 80 nm poly carbonate filter multiple times to form small unilamellar vesicles. The

J Immunol. Author manuscript; available in PMC 2019 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shenoy et al.

Page 6

liposomes were prepared with 2 mM of the respective lipids, and then were diluted to a final
concentration of 0.25 mM, 0.5 mM or 1 mM in the activation experiment.

Sialidase treatment of exosomes:

Exosomes, in a volume of 250 pl. were treated with 0.1U (= 0.8U/mL) sialidase
(neuraminidase) from Clostridium perfringens type x (Sigma) for 2h at 37°C. The volume

was then made up to 1 mL with activation media (RPMI-1640 + 1% HSA).

Calculation of % inhibition and % knockdown:

Statistics:

Results

These were calculated using the formulae:
% Inhibition = [1- (% activation with exosomes / % activation without exosomes)] x 100

% Knockdown of inhibition = [1- (% inhibition in test group / % inhibition in control
group)] x 100

All statistics were calculated using Excel 2013 (Microsoft). Paired or unpaired Student’s t
test was applied to determine whether the differences between groups could be considered
significant. A p value higher than 0.05 was not significant (NS) while *p < 0.05; **p < 0.01
and ***p < 0.001 were considered significant.

Ovarian ascites fluid derived exosomes express ganglioside GD3 on their surface.

We have previously shown that factors present in human ovarian cancer ascites fluids induce
a T cell signaling arrest (23). Preliminary analysis attributed most of the inhibition of the T-
cell activation to lipids in the ascites fluid (27), and was followed by attempts to identify the
different lipids present in the ascites fluids by extraction with hexane and isopropy! alcohol.
Using this approach, we extracted both non-polar (cholesterol esters, triglycerides and free
fatty acids) and polar (phospholipids and gangliosides) lipids from the samples (27). Further
studies revealed that phosphatidylserine (PS), a glycerophospholipid abundant in
extracellular vesicles isolated from ovarian tumor ascites fluids, is causally linked to
exosome-mediated immunosuppression (27). Because several gangliosides have immune
suppressive properties, the dominant gangliosides present in ovarian cancer ascites fluids
were identified and investigated for their contribution to the arrest of the T cell activation.
Analysis of ovarian cancer ascites gangliosides by two-dimensional thin layer
chromatography (2-D-TLC) revealed two predominant ganglioside doublets (Figure 1A) that
co-migrated with mono- and disialogangliosides GM3 and GD3 respectively, along with a
few minor components. No variation in ganglioside profiles was seen among the three
samples. Desialylation was determined by loss of resorcinol-positivity on TLC, and
resorcinol-negative spots were detected by reversible staining with iodine vapor, prior to
resorcinol spraying. Controls confirmed effective desialylation of GM3, GD3, GD1a and
GD1b (external sialic acid residues), but not of GM2 and GM1 (internal sialic acid residues).
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Ovarian cancer ascites fluid-derived gangliosides showed a complete loss of sialic acid
residues, supporting the identity of the major ganglioside doublets as GM3 and GD3.

GD3 has been reported to be associated with multiple tumor types (19, 28-31) including
ovarian tumors (20), and has been implicated in T cell and NKT cell dysfunction (18, 20).
GD3 has also been reported to be present on exosomes in cancer patients (29). We have
previously demonstrated the presence of immunosuppressive exosomes in ovarian tumor
microenvironments (14, 27). These observations led us to investigate if GD3 was expressed
on the surface of the exosomes and whether it contributed to exosome-associated arrest of
the T cell function.

A scanning electron microscopic (SEM) analysis of the vesicles isolated from ovarian
ascites fluids by ultracentrifugation as described previously (14, 27), revealed spherical
membrane-bound vesicles with a modal diameter of 40-70 nm (Fig.S1A), consistent with
published reports (14). Additionally, biochemical characterization using a commercially
available antibody platform (Exosome Antibody Array) revealed the presence of exosomal
marker proteins CD63, Flotillin-1, ICAM, EpCAM, Annexin V and TSG101 (Fig.S1B),
confirming their identity as exosomes.

To determine if GD3 was expressed on the surface of ascites fluid-derived exosomes, the
vesicles were first attached to latex beads and exosome-bound beads stained with anti-GD3
antibody followed by a fluorescently labeled secondary antibody. Flow cytometric analysis
(Fig 1B) revealed that the exosome-bound latex beads stain positive for GD3 [mean
fluorescence intensity (MFI) 804] over controls [unstained beads (MFI 104) or secondary
antibody only (MFI 185)]. We tested exosomes derived from the ascites fluids of 11 different
patients, and they were all found to express GD3 at different levels (Fig S2 and data not
shown). For 8 of these patients, we also tested (EpCAM+) tumor cells derived from
cryopreserved primary tumors for GD3 expression by flow cytometry. Although the
expression levels varied from patient to patient, all the tumors tested were positive for
surface expression of GD3 (Fig. S3A). We conclude that ovarian tumor cells as well as a
significant proportion of the exosomes isolated from the tumor ascites fluids express GD3 on
their surface.

Immunodepletion of GD3+ exosomes diminishes the inhibitory effect.

To determine if the GD3+ exosome subset contributes to the observed immunosuppression
of T cells, we depleted GD3+ exosomes using magnetic beads coupled to an anti-GD3
antibody (or an antibody isotype control) and compared their inhibitory activity to an un-
depleted preparation of exosomes. Cells were pulsed with a polyclonal activation stimulus,
and the un-depleted or depleted fractions of exosomes for 2h, following which they were
rested overnight. Activation was determined by detecting the upregulation of CD69 (a T cell
activation associated event) on viable CD3+ T cells (Fig. 2A-C). As expected, over 90% of T
cells upregulated CD69 when activated, and this upregulation was substantially inhibited (by
39%) by the exosomes (Fig. 2A-B). However, the removal of GD3+ exosomes from the
heterogeneous vesicle population knocked down exosomal inhibition by 40%, while
exosomes incubated with antibody isotype control magnetic beads minimally (5%) knocked
down the inhibitory activity of the exosomes. These results are consistent with the
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possibility that a subset of exosomes expressing GD3 on their surface contribute to the arrest
of T-cell activation.

Antibody-mediated blockade of exosomal GD3 diminishes the inhibitory effect.

The exosome depletion experiments above demonstrate an association of the GD3 exosomes
with the T cell arrest and suggest that the GD3+ exosomes are contributing to the T-cell
suppression. However, it is possible that GD3 may simply be present on the inhibitory
exosomes without playing an active role (i.e. being causally linked) to the induction of the T
cell arrest. To determine if the ganglioside could be more closely associated with the
functional arrest of T cells, we attempted to block exosomal immune suppression using an
anti-GD3 antibody. Exosomes were pretreated with 10 pg of anti-GD3 antibody for 1 hour at
37°C. T cells were then activated with a polyclonal stimulus for 2h in the presence of
untreated exosomes, anti-GD3 treated exosomes, or 10 g anti-GD3 antibody only (no
exosomes). The effect of these perturbations was assessed on an endpoint that has been
unequivocally linked to an early functional activation event for T cells, i.e. the translocation
of a transcription factor NFxB from the cytosol into the nucleus. Following the 2h activation
without exosomes, over 60% of the T cells had translocated NFxB into the nucleus (Fig. 3).
This level of activation was not altered by the presence of anti-GD3 antibody. As expected,
there was a 50% inhibition of the NFxB translocation in the T cells activated in the presence
of exosomes. This exosome-induced suppression of the translocation decreased from 50% to
26% (i.e. a 48% knockdown) when the T cells were activated with exosomes and anti-GD3
antibody (Fig. 3A).

Translocation of NF«xB is an early activation event that precedes numerous downstream T
cell functions including multiple cytokine production, degranulation, and proliferation. We
have reported previously that exosomes derived from ovarian ascites fluids inhibit endpoints
of T cell activation, including cytoplasmic expression of the cytokines IFN-y and IL-2 (14)
In view of this, we proceeded to test the effect of exosome blocking with anti-GD3 antibody
on these two downstream activation endpoints. Consistent with previous studies, activation
in the presence of untreated exosomes resulted in the inhibition of intracellular IFN-y (77%)
and IL-2 (75%) (Fig 3B-E). However, treatment of exosomes with anti-GD3 antibody was
found to knockdown exosomal suppression of IFN-y expression (by 58%) as well as IL-2
(by 64%) (Fig 3B-E). We conclude from these results that GD3 expressed on the surface of
exosomes is directly contributing to the suppression of T cell activation.

GD3 expressed on the surface of liposomes acts directly and independently to inhibit the
activation of T cells

We have previously established that immune suppressive exosomes bind to and are
internalized by T cells (14). GD3 could serve as a ligand that binds to a T cell receptor
facilitating exosomal internalization, enabling the release of one or more
immunosuppressive factors, or could directly and independently arrest T cells. If the latter
were true, empty vesicles expressing GD3 on the surface would arrest T cell function. To
test this, we formulated liposomes expressing GD3 on their surface. Since liposomes that are
formulated with 100% GD3 aggregate, we prepared liposomes that were 30% GD3 and 70%
phosphatidylcholine (GD3/PC), which do not aggregate. 100% phosphatidylcholine (PC)
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liposomes (that do not aggregate) were used as a control, since they have been shown to
have no effect on T cell activation (27).The effect of these lipids at 0.25 mM, 0.5 mM or 1
mM (on liposomes) on T cells activated via the TCR or by bypassing the TCR (using PMA
and ionomycin) was then determined. We observed that T cell activation was inhibited in a
dose dependent manner by GD3/PC liposomes, but not PC only liposomes when activated
through the TCR (Fig. 4A-B). This is consistent with our previous findings that exosome-
mediated T cell arrest occurs proximal to the TCR and can be bypassed by activating using
PMA/ionomycin (23, 27). Since the GD3/PC liposomes did not inhibit PMA/ionomycin
activated cells even at the highest dose used (Fig. 4C), a non-specific lipid-mediated toxicity
can be ruled out. Together, we conclude that vesicular GD3 acts by itself and is sufficient to
induce the signature signaling arrest in T cells that is characteristic of exosome-mediated
immunosuppression.

Sialidase treatment diminishes exosome-mediated functional arrest of T cells.

GD3 is a disialylated glycosphingolipid. Sialic acids can bind to sialic acid-binding Ig type
lectins (Siglec) receptors, which have intracellular immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) that signal to downregulate T cell responses (32). Sialic acid-
modified antigens can induce tolerance by inhibiting T cell proliferation and inducing T
regulatory cells (33). We hypothesized that the sialic acid residues played a role in the
observed immunosuppressive activity of GD3. To test this hypothesis, we treated exosomes
with C. perfringens sialidase (25) to remove sialic acid residues and determined the
inhibitory activity of these sialidase-treated exosomes on the activation of T cells using
upregulation of CD69 as the activation endpoint. While sialidase by itself had no effect upon
the activation of T cells, sialidase treatment of exosomes was found to knock down their
ability to inhibit T cell activation by 42%, implicating a role for sialic acid residues in
exosome-mediated immune suppression (Fig 5A-B).

Inhibitory activity of GD3 is sialic acid-dependent.

Since sialidase can target sialic acid groups on GD3 or other glycosylated molecules
including proteins on the exosomal surface, the role of sialoglycoproteins in exosome-
mediated immunosuppression cannot be ruled out. To determine whether sialic acid residues
on GD3 are critical for the inhibition of T cells, we treated GD3/PC (30:70) liposomes with
C. perfringens sialidase and compared their T cell inhibitory capacity with untreated
liposomes. While GD3/PC liposomes inhibited T cell activation by 43%, this activation was
brought down almost completely to 1.5% (97% knockdown) following their sialidase
treatment (Fig 6). Since, GD3 is the only substrate for sialidase to act on in these liposomes,
the near total knockdown of GD3 liposome-mediated T cell arrest following enzymatic
treatment indicates the critical role of sialic acid residues on GD3 for inhibition. Thus, GD3-
mediated inhibition of T cell activation is sialic acid-dependent.

Together, these results establish that sialic acid present on GD3 and possibly other
glycoproteins on the exosome surface is causally linked to the arrest of the activation of T
cells stimulated through the T cell receptor.
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Discussion

Exosomes derived from ovarian ascites fluids have been shown to inhibit the activation of T
cells rapidly and reversibly (14, 27). We have reported previously that phosphatidylserine, a
glycerophospholipid abundant in extracellular vesicles isolated from ovarian tumor ascites
fluids, is causally linked to exosome-mediated immunosuppression, and a blockade of PS
using an anti-PS antibody or Annexin-V, or the removal of PS+ exosomes knocked down the
exosome-mediated immunosuppression (27). The knockdown of inhibition observed in these
experiments, in which PS+ exosomes were either blocked by using Annexin V or anti-PS
antibodies or removed by immune-magnetic separation, was only partial and ranged from
40-50% (27). This suggested the presence of other factor(s) in or on exosomes that can
inhibit T cells. In this study, we identify ganglioside GD3 as an inhibitory lipid present on
exosomes derived from an ovarian tumor microenvironment that is causally linked to the
immunosuppression of T cells. We further demonstrate that the inhibitory capacity of GD3 is
directly dependent on sialic acid residues, and targeting either GD3 or the sialic acid
residues is a viable approach to counter GD3-mediated immune suppression.

GD3 has been reported to be associated with multiple tumor types, including renal cell
carcinomas (19, 28, 29), melanomas (30), neuroblastomas (31) and ovarian tumors (20).
GD3 has also been detected in urinary exosomes in renal cell carcinoma patients (29) and
has been reported to be associated with T cell dysfunction (18). Interestingly, GD3 is also
expressed on the surface of resting memory T cells (34) and is upregulated in naive T cells
following their activation (35). We confirm here that GD3 is present in ovarian tumor ascites
fluids, and report its abundance in exosomes derived from these fluids. We also report the
expression of GD3 on the surface of ovarian tumor cells as well as tumor-infiltrating T cells
from primary tumors (Fig. S3B). Tumor-associated exosomes derived from ovarian tumor
ascites fluids have been shown to be a heterogeneous population that originate from a variety
of different cell types, including tumor cells. GD3+ exosomes could therefore originate from
tumor cells as well as tumor-associated T cells, with the latter possibly being a feedback
immune-regulatory mechanism. Since the inhibitory activity of tumor-associated exosomes
has been correlated to their binding and internalization by T cells (14), GD3 on exosomal
surface may potentially play a different immunosuppressive role from GD3 expressed on the
surface of tumor cells. Further studies on whether binding and internalization of GD3+
exosomes is necessary for their immunosuppressive activity will provide clearer insights.

Pre-activated T cells when exposed to GD3 for long periods (24-72h), internalize the
ganglioside and undergo mitochondrial permeability transition, degradation of anti-apoptotic
proteins, and ultimately, apoptosis (19). Long-term exposure to GD3 has also been known to
lead to degradation of the NFxB components Rel A and p50 via a caspase-dependent
pathway in peripheral blood-derived T cells and Jurkat cells (36).

We have shown previously that exosomes derived from ovarian tumor ascites fluids can
inhibit T cell activation through the TCR rapidly, within 2h (14, 27). This inhibition can be
overcome by using PMA, an analog of diacylglycerol - a key intermediate in the signaling
pathway downstream of the TCR (27). We find here that the TCR signaling arrest mediated
by GD3+ liposomes is consistent with this pattern. Further the inhibition that follows a brief
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2h exposure to exosomes is not associated with cell death and is reversible, since the
removal of exosomes renders the T cells activatable. The inhibition experiments reported
here are also done with 2h exposure to exosomes (or liposomes), which rules out the long
term effects of T cell exposure to GD3 such as the induction of apoptosis through
mitochondrial permeability alteration.

While there are multiple reports about the immunosuppressive nature of exosomes in
different microenvironments, these studies have focused mostly on exosomal cargo such as
inhibitory proteins and miRNAs as the primary mechanisms of inhibition (21). However, it
is becoming increasingly clear that lipids expressed on the exosomal surface play an
important role in exosome-mediated immunosuppression [(27) and current study]. By using
liposomes that have lipids on their surface, but no cargo, we have now identified 2 lipids —
PS and ganglioside GD3 on the exosome surface that are causally linked to T cell arrest.
Since this arrest is rapid i.e. occurring within 2h of exposure to the lipids, it is unlikely to
involve substantial transcriptional modulation in T cells.

We demonstrate here that the removal of sialic acid groups from exosomes by sialidase
treatment is seen to result in a partial knockdown of their suppressive activity. Since
sialidase can target sialic acid groups on GD3 or other glycosylated molecules including
proteins on the exosomal surface, the role of other sialic acid-containing molecules in
exosome-mediated immunosuppression cannot be ruled out. However, when the PC/GD3
liposomes are treated, GD3 is the only available substrate for sialidase to act upon, and
therefore the finding that there is a near total knockdown of GD3 liposome-mediated T cell
arrest following enzymatic treatment supports the fact that sialic acid residues on GD3 are
necessary and sufficient to mediate the inhibition of T cell activation.

Sialic acids can bind to sialic acid-binding Ig type lectin (Siglec) receptors, which have
intracellular immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (32). Signaling
through these matifs result in downregulation of T cell responses. Sialic acid-modified
antigens have been reported to induce tolerance by inhibiting T cell proliferation and
inducing T regulatory cells (33). By virtue of its sialic acid groups, GD3 can bind to
multiple Siglecs (37), of which Siglec-7 and Siglec-9 are expressed on T cells (38, 39).
These represent putative mechanisms for the observed immunosuppressive activity of GD3+
exosomes that warrant further investigation. There have been efforts to reverse
immunosuppression by targeting the sialic acid-Siglec interactions (40). Additionally, GD3
has been used as an immunotherapy target for melanomas (41-45). The anti-GD3 antibody
used in our study (clone R24) has been used by itself, or in combination with IL-2 in various
clinical trials over the last two decades. Typical patient responses that were observed in these
studies included increases in number of lymphocytes (43, 44), T cell activation (44), and
antibody-dependent cellular cytotoxicity (41, 43). In the context of our finding that
exosomal GD3 can suppress T cell function following a brief exposure, as well as reports
from other investigators that have demonstrated induction of apoptosis in T cells following
longer exposures to GD3 (19), increased numbers and function of lymphocytes that are
observed in these clinical trials targeting GD3 are expected findings.
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First and second generation CAR T cells have been designed against GD3 and tested against
melanoma cells (46, 47). While these T cells recognized and killed GD3+ melanoma cells
efficiently /n vitro, they failed to suppress tumor growth in a mouse model of melanoma
unless IL-2 was co-administered (46). These results are consistent with the notion that GD3
in tumor microenvironments inhibit T cell function. GD3+ exosomes can affect the CAR T
cells in two possible ways. They can either compete with GD3 on melanoma cell surface for
binding to the CAR T cells, thereby reducing their efficacy The GD3+ exosomes could also
functionally inhibit CAR T cells following their binding and internalization. It is reasonable
to predict that combining strategies that block or overcome exosomal immunosuppression in
combination with CAR T cells in future would enhance their efficacy.

Our findings reveal that exosomal GD3 is linked to T cell arrest and therefore represents a
potential therapeutic target in ovarian tumor microenvironments. The fact that experiments
involving blocking or depleting GD3+ exosomes knocked down only part of the inhibition
suggests the presence of other immunosuppressive mechanisms associated with these
exosomes. Nevertheless, the data presented here lay the foundation and provide a solid
rationale for subsequent /n vivo studies. While beyond the scope of the current study, /n vivo
testing in a suitable animal model will determine whether GD3+ exosomes representa T cell
checkpoint (that is a viable therapeutic target) that is able to suppress T cell control of
tumors. We are currently in the process of developing and evaluating a tumor xenograft
model that will enable us to carry out these studies. Devising efficient means to block GD3
to enhance the ability of the tumor-specific T cells to suppress or completely eradicate
tumors and prevent their subsequent metastasis will be critical in determining their potential
as effective targets for cancer therapy.
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Figure 1.
Exosomes derived from ascites fluid of ovarian cancer patients express GD3 on their

surface. (A) 2-D TLC was used to identify gangliosides GD3 and GM3 in ascites fluids.
Arrows and numbers (right lower corner) indicate the directions of first and second solvent

runs. Origin is in the lower right. Ganglioside standards, noted along the top (solvent 1) and

left (solvent 2) margins, are: GM1 (113NeuAc-GgOsesCer); GD1a (IV3NeuAc,|13NeuAc-

GgOse4Cer); GD1b (113(NeuAc),-GgOsesCer; GT1b (IV3NeuAc-113(NeuAc),-GgOse,Cer).

Standards on the right margin include GM3 (113NeuAc-LacCer); GM2 (113NeuAc-

GgOse3Cer); GM1; GD3 (113(NeuAc),-LacCer); GD1a; GD1b. (B) Exosomes were attached

to latex beads and either left unstained (filled histogram), labeled with secondary antibody
only (dotted line) or with anti-GD3 antibody (solid line) and data acquired using a flow
cytometer. Data are representative of 3 independent experiments.
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counting the number of CD3+ cells with nuclear NFxB using confocal microscopy. (B)
Percentage inhibition is shown. (C) NDPBL were either left unactivated or activated for 2h
with PMA and ionomycin with 1 mM GD3/PC on liposomes. Activation was determined by
counting the number of CD3+ cells with nuclear NFxB using confocal microscopy.
Percentage inhibition is shown in parentheses. Mean £ SEM; n =3. NS = Not significant (p >
0.05) Mean £ SEM; n =3. ** p < 0.01
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Sialidase treatment of exosomes knocks down T cell arrest. NDPBL were either left
unactivated (Unact) or activated for 2h with immobilized antibodies to CD3 and CD28 in
media only (Act) or in media with exosomes that were untreated (Exo) or treated with 0.8
U/mL sialidase (Exo + Sia). A control group was also included where the cells were
activated in the presence of the same concentration of sialidase without any exosomes
present (Act + Sia). Activation was determined by monitoring the upregulation of CD69 on
live T cells by flow cytometry following overnight incubation. (A) Representative
experiment shown. (B) Compiled data from 5 experiments is shown. Numbers in parentheses
indicate % inhibition. There was a 42% knockdown of the T cell arrest. Mean £ SEM. n = 3.
NS = Not significant (p > 0.05), **p < 0.01.
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Figure 6.

Sialidase treatment of GD3 liposomes knocks down T cell arrest. NDPBL were either left
unactivated or activated for 2h with immobilized antibodies to CD3 and CD28 in media only
or in the presence of 1 mM PC or GD3/PC on liposomes that were untreated or treated with
0.8 U/mL sialidase. A control group was also included where the cells were activated in the
presence of the same concentration of sialidase without any liposomes present. Activation
was determined by counting the number of CD3+ cells with nuclear NFxB using confocal
microscopy. Compiled data from 3 experiments is shown. There was a 97% knockdown of

the T cell arrest. Mean £ SEM. n = 3. NS = Not significant (p > 0.05), ***p < 0.001.
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