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Figure 2.

Exosomes inhibit the nuclear translocation of NFAT and NF«kB following activation. A-D, NDPBLs from HLA-A2-positive donors were incubated with
dextramers loaded with EBV (A and B) or CMV (C and D) peptides in the presence or absence of ascites fluid-derived exosomes. The activation was monitored by
determining NFAT translocation to the nucleus using an Amnis ImageStream Cytometer. The intrapatient heterogeneity in exosome-induced inhibition of the
dextramer-induced NFAT activation in EBV and CMV-specific T cells is represented in A and C. Each data point represents an individual cell. The horizontal bars
represent the mean + SD of all the CD8"/dextramer* cells detected. Mean + SDs of a triplicate assessment in three different EBV-positive individuals are
shownin B and three different CMV- positive individuals are shown in D. Note that NFAT translocation does not occur with cells onice. Eand F, NDPBLs were either left
unactivated (UN), or activated for 2 hours with immobilized antibodies to CD3 and CD28 in the absence (Act) or presence (Act + Exo) of exosomes derived
from ovarian tumor ascites fluid. The translocation of the transcription factors NFAT (E) or NFkB (F) into the nucleus of CD3" T cells was monitored using

fluorescence microscopy. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

CD107a (Fig. 3E and F). CD107a expression was inhibited when
the T cells were incubated with tumor-associated exosomes (Fig.
3E and F).

Exosomes inhibit IL2 and IFNg production by CD4" and CD8*
T cells

Another function of T cells for both CD4" and CD8™ cells is
the production and secretion of cytokines following activation.

OF6 Cancer Immunol Res; 6(2) February 2018

An increase in the percentage of both CD4" and CD8™ T cells
that express IL2 in the cytoplasm following activation was
significantly inhibited when the cells were incubated with
exosomes (Supplementary Fig. S3A-S3D). Similarly, exosomes
were also found to inhibit the production of IFNy at the
single-cell level in CD4" and CD8" T cells (Supplementary
Fig. S4A-S4D), and in bulk cultures of PBLs following activa-
tion (Supplementary Fig. S4E).
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Exosomes inhibit the activation and degranulation of T cells. NDPBLs were either left unactivated (UN), or activated for 2 hours with immobilized antibodies
to CD3and CD28in the absence (Act) or presence (Act + Exo) of exosomes derived from ovarian tumor ascites fluid. The expression of the activation marker CD69 on
CD3* CD4™ cells (A and B) or CD3* CD8* cells (C and D) was measured by flow cytometry following overnight culture of the activated cells. The compiled
mean + SEM from three independent experiments for CD4™ T cells is shown in B and that for CD8™" T cells is shown in D. The expression of CD107a on

CD3" CD8™" cells 6 hours after activation was measured by flow cytometry (E). The compiled mean + SEM from three independent experiments is shown

inF.n=3;** P<0.001

Exosomes inhibit proliferation of T cells in response to
persistent activation

The results presented above establish that multiple early and
late endpoints of activation are inhibited in T cells briefly pulsed
with exosomes. We next attempted to determine whether the
inhibition of activation could be overcome or reversed by persis-
tent activation. To address this, we monitored another endpoint
of activation, the proliferation of T cells cultured with or without
exosomes for 7 days in the presence of immobilized antibodies to
CD3 and CD28. Cell proliferation was quantified by the gener-
ational reduction of fluorescence intensity of T cells labeled with
CellTrace Violet (CTV; Fig. 4A). Proliferation modeling was done
using the ModFit software, and the proliferation index, which
represents the fold expansion during culture, was calculated. As
expected, T cells cultured with persistent stimulation but without
exosomes proliferated with nearly a 6-fold population expansion
(Fig. 4A and B). In contrast, T cells that were persistently stimu-
lated in the presence of exosomes proliferated, but with less than a
3-fold population expansion (Fig. 4B). We conclude that exo-
somes suppress but do not eliminate the proliferation of T cells in
response to persistent stimulation.

www.aacrjournals.org

Exosome-mediated inhibition of T-cell activation concurrent
with internalization of exosomes

The binding of CTV-labeled exosomes to CD3™ T cells was
quantified by flow cytometry. We found that approximately 25%
of the T cells showed an intermediate increase in the MFI (Exo
intermediate/Exo™) of CTV. About 5% of the T cells had a higher
MFI (Exo™) suggesting that exosome binding to T cells was
occurring, but at two different levels of intensity (Fig. 5A). We
determined that there was no inhibition of activation in the 70%
of the T cells showing no evidence of binding of CTV-labeled
exosomes (Exo™). T cells showing moderate binding and those
with high levels of exosome binding revealed 39% and 60%
inhibition of activation, respectively (Fig. 5B and C).

The association between exosome binding and inhibition of
activation was further addressed using imaging flow cytometry. T
cells were pulsed for 2 hours with exosomes labeled with PKH67,
which labels the exosome lipid bilayer. Following the activation
of the cells with immobilized antibodies to CD3 and CD28, the
CD3" T cells were individually interrogated by imaging flow
cytometry simultaneously for their (i) binding and internaliza-
tion of the PKH67-stained exosomes into the T cells and (ii)
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Exosomes inhibit T-cell proliferation in response to persistent stimulation. NDPBLs were labeled with CellTrace Violet and either incubated in medium only
(UN; filled histogram) or activated for 7 days with immobilized antibodies to CD3 and CD28 in the absence (Act; solid line) or presence (Act + Exo; dotted line) of
exosomes derived from ovarian tumor ascites fluid. The proliferation of T cells was estimated by measuring dye dilution in live CD3" T cells using flow
cytometry. Representative dye dilution profiles are shown in A. Proliferation index, which indicates the average number of divisions undergone by the cells,

was calculated using ModFit Lt Software (B). n = 3, mean 4 SEM. ***, P < 0.001.

activation status as indicated by the localization of Alexa Fluor
647-labeled NFkB either in the cytoplasm (for unactivated cells)
orinthenucleus (foractivated cells). Figure 6A shows examples of
T cells with exosome clusters labeled with PKH67 (cyan) present
within the cell cytoplasm, and with NFxB (red) staining also in the

cytoplasm of unactivated T cells. In contrast, T cells activated in the
absence of exosomes translocate NFkB (red) to the nucleus,
marked by DAPI (green) (Fig. 6B). Internalization of exosomes,
defined as the ratio of the intensity inside the cell to the intensity
of the entire cell, was calculated for the CD3 signal and the
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Figure 5.

Inhibition of T-cell activation is associated with exosome binding. NDPBLs were either incubated in medium only (UN) or activated for 2 hours with
immobilized antibodies to CD3 and CD28 in the absence (Act) or presence (Act + Exo) of CellTrace Violet-labeled exosomes derived from ovarian tumor ascites
fluid. The expression of CD69 following overnight culture was measured by flow cytometry. Gating strategy used to define T cells not bound to exosomes (Exo ),
showing intermediate binding to exosomes (Exo™) and showing high binding to exosomes (Exo™) is shown in A. Representative data for the expression

of CD69 on Exo~, Exo™, or Exo" CD3™ cells is shown in B. The compiled mean = SEM from three independent experiments is shown in C. n = 3, mean = SEM.
NS, not significant; *, P < 0.05.
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Figure 6.

T cells that internalize exosomes fail to translocate NFkB upon stimulation. NDPBLs were either incubated in medium only (UN) or activated for 2 hours with
immobilized antibodies to CD3 and CD28 in the absence (Act) or presence (Act + Exo) of PKH67-labeled exosomes derived from ovarian tumor ascites fluid.
Activation was then determined by measuring NFkB translocation to the nucleus using imaging flow cytometry. Representative images of CD3™ T cells that
internalized exosomes (white arrows) and did not translocate NFxB to the nucleus (marked by DAPI) are shown in A. Nuclear translocation of NFkB in

CD3™ T cells activated in the absence of exosomes (positive control) is shown in B. Internalization score (ratio of the fluorescence intensity inside the cell to the
intensity of the entire cell) for CD3 as well as exosomes is shown in C. Higher score signifies greater concentration of intensity inside the cell. Cells with internalized
signal typically have positive scores, whereas cells with little internalization have negative scores. Cells with scores around O have a mix of internalization and

membrane intensity. Similarity scores that indicate NFkB translocation to the nucleus are shown in D. A negative similarity score in the unactivated group
indicates absence of NFkB from the nucleus. Representative of three experiments. ***, P < 0.001.

exosome signal using the IDEAS software and is demonstrated
in Fig. 6C. Higher scores indicate a greater concentration of
intensity inside the cell. The data in Fig. 6B establish that for the
CD3*/exosome™ cells, the CD3 internalization score is predom-
inantly negative, whereas that of the exosome signal is positive
consistent with the expected membrane localization of CD3 and
an internalized exosome localization. The IDEAS software was
also used to calculate the SS, which is a measure of nuclear NFxB
(Fig. 6D). Unactivated T cells had a similarity score of —0.66, with
most cells having NFkB in the cytosol, which increased to +0.21
on activation in the absence of exosomes. However, the SS of cells
that had internalized exosomes was only +0.08, consistent with
the notion that exosome binding and internalization was coin-
cident with a blockade of activation. Together, these results
confirm that a proportion of T cells do bind and internalize
exosomes, rendering them unresponsive to activation.

Exosome-mediated inhibition of T-cell activation is reversible

To determine whether the inhibition of T-cell activation by
tumor-associated exosomes was reversible, we incubated T cells
with immobilized antibodies to CD3 and CD28 in the presence
or absence of exosomes. Activation was measured by determin-
ing the nuclear translocation of NFxB (Fig. 7A) or the produc-
tion of intracellular IFNy (Fig. 7B). As expected, we saw a

www.aacrjournals.org

significant inhibition in both activation endpoints in these T
cells in the presence of exosomes. These cells, and control cells
that were activated without exosomes, were then rested for either
24 or 48 hours in the absence of stimulation and exosomes and
then reactivated. When using NFkB translocation as an end-
point, we observed a complete recovery of activation potential in
the T cells previously inhibited by the exosomes (Fig. 7A). We
observed a similar recovery in the activation potential when
using IFNY as the activation endpoint, as the T cells that were
initially inhibited by exosomes were now found to be reacti-
vated to the same level as control T cells (Fig. 7B). The decrease
in the percentage of IFNy seen in the control T cells upon
reactivation is typical when cells are reactivated after a brief
recovery period. Because these T cells recovered their activation
potential within 24 hours, we conclude that the inhibition of T-
cell activation that occurs during a 2-hour pulse with the exo-
somes is reversible.

Collectively, these results show that tumor-associated exo-
somes bind to and are internalized rapidly by T cells and that
the binding/internalization coincides with the arrest of the acti-
vation of the T cells and does not affect viability. This T-cell arrest is
transient and can be reversed by removing the immunosuppres-
sive exosomes. This suggests that tumor-associated exosomes
represent a potential cancer therapeutic target.
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Exosome-mediated inhibition of T cells is reversible. NDPBLs were activated with immobilized antibodies to CD3 and CD28 in the absence (Act) or presence
(Act + Exo) of exosomes derived from ovarian tumor ascites fluid. These cells were then rested for 24 or 48 hours and reactivated in the absence of
exosomes. Activation was then determined by monitoring NFxB translocation to the nucleus of CD3" cells using fluorescence microscopy (A) or intracellular
expression of IFNy in CD4™" and CD8™ T cells using flow cytometry (B). The compiled mean 4+ SEM from three independent experiments is shown. NS, not

significant; **, P < 0.01; ***, P < 0.001.

Discussion

We have previously reported that T cells present in the ascites
fluids of patients with ovarian cancer are hyporesponsive to
activation via the TCR (7) and that the suppression of these
tumor-associated T cells appears to be mediated by small but
uncharacterized extracellular vesicles (31). In this report, we have
characterized these membrane-encapsulated vesicles by size, mor-
phology, composition, and biophysical properties as exosomes.
We have determined that the activation of T cells derived from
normal donor PBLs is arrested during a 2-hour incubation of the
cells with the tumor-associated exosomes. This inhibition, which
is shown here to include multiple different activation endpoints,
occurs coincidentally with the binding and internalization of the
exosomes, and without loss of T-cell viability. The exosome-
induced T-cell arrest is reversible as the exosome inhibited T cells
lost their inhibition after incubation for 24 to 48 hours without
exosomes. This recovery included two different activation end-
points: (i) the early translocation of NFkB and (ii) the later
functional activation indicated by production of IFNy. Our results
establish that tumor-associated exosomes have the ability to arrest
T cells during an activation stimulus. Once exosomes are
removed, this arrest is reversed over 24 to 48 hours.

However, the ability to reverse the exosome-mediated down-
regulation of the T cells may well depend upon the duration of the
exposure of the cells to the exosomes. Others have reported that
the T-cell inhibition induced by tumor-associated extracellular
vesicles, including vesicles characterized as exosomes, occurs
gradually and appears to be irreversible (15). For example, extra-
cellularvesicles isolated from tumors act over several days and can
act indirectly by augmenting the function of T regulatory cells and
MDSCs or blocking the maturation of dendritic cells and macro-
phages (15, 17-20). It has also been proposed that the tumor-
associated vesicles act directly over a period of days to perma-
nently suppress T cells by driving them into apoptosis that occurs
as a result of the suppression of the CD3 { chain, or through the

OF10 Cancer Immunol Res; 6(2) February 2018

expression of apoptosis-inducing ligands on exosomes, including
FasL, PDL, and TRAIL (21). These results suggest that a prolonged
exposure of the T cells to the exosomes (1-4 days) may drive these
cells into irreversible suppression. A similar gradual and progres-
sive loss of T-cell function is observed with antigen-driven exhaus-
tion of T cells with an accumulation of multiple checkpoint
molecules, such as PD-1, CTLA4, LAG-3, TIM3, etc., leading to
a deterioration of T-cell functions that ultimately become irre-
versible (35). However, our results establish that a brief (2 hours)
exposure of the T cells to the exosomes during the activation of the
T cells results in a rapid but reversible arrest in their response to
activation. Recognition of differences in the dynamic and kinetic
effects of the exosomes on T cells may help determine the
mechanisms by which exosomes suppress T-cell function, and
for the eventual design of therapeutic strategies to enhance the
antitumor effects of T cells by reversing the immunosuppressive
effects of the exosomes in tumor microenvironments.

We propose that exosome-induced T-cell arrest begins with the
binding of the exosomes to a receptor on T cells that induces an
immunosuppressive signal. A causal link of PS to the exosomal
suppression of T cells was established by blocking this suppres-
sion with anti-PS antibodies and Annexin V as well as by a
selective depletion of PS™ vesicles (31). A testable hypothesis
relevant to the T-cell suppression mechanism is that PS* exo-
somes bind to a PS receptor such as TIM3. Furthermore, as empty
liposomes expressing PS on their surface are able to mimic the
same T-cell arrest induced by exosomes, it is possible that PS by
itself has the capacity to modulate T-cell function directly, and that
PS on exosomes is capable of inducing a direct signaling arrest
independent of an immunosuppressive exosome cargo (31).

PS enhances the metabolic activity of diacylglycerol kinase
(DGK; ref. 36), a negative regulator of diacylglycerol (DAG),
which is part of the TCR signaling cascade. Because PMA, a DAG
analogue, reverses the T-cell inhibitory effects of tumor-associated
vesicles (31), it is plausible that PS acts to inhibit the TCR
signaling cascade by a DGK phosphorylation of DAG, converting
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it into inactive phosphatidic acid. This mechanism is supported
by the finding that inhibitors of DGK block the inhibitory activity
of exosomes derived from the ascites (31), and the regulation of
DAG by DGK is critical in the induction of T-cell anergy (37-40).

The presence of immunosuppressive exosomes in the tumor
microenvironment likely contributes to local blockade of an
antitumor response in patients. Treatment strategies that block
or reverse the effects of exosomes may be useful alone or in
combination with other immunotherapeutic approaches. We
have established here that the immunosuppression of T cells
following a brief (2 hours) exposure to exosomes during their
activation is reversible.
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