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Abstract

Extracellular vesicles (EVs) are now well established as important mediators of intercellular
communication. EVs constitute a diverse group of secreted vesicles which function by the delivery
of protein and nucleic acid cargoes from donor to recipient cells. In cancer, tumor cell-derived EVs
are shown to promote disease progression by facilitating local reprogramming of the tumor
microenvironment. EVs also have more distant systemic effects via transport in biofluids, and
therefore have great potential as biomarkers for disease detection and monitoring. Recently, the
discovery that EVs derived from glioblastoma cells can mediate immunosuppression by activation
of immune checkpoint signaling and T cell dysfunction was reported. Mechanistically we showed
that this occurs via direct binding of PD-L1 secreted in EVs, to its receptor PD1 expressed on the
surface of activated T cells. This previously unidentified mechanism of tumor immunosuppression
has been confirmed in subsequent independent studies, which have demonstrated the biologic
importance of this mechanism across multiple tumor types. These studies have established a new
and significant paradigm in which PD-L1 containing tumor cell-derived EVs cause immune
suppression by the direct engagement of PD1 on T cells, decreasing their activation and providing
a further barrier to protect tumors from T cell killing.
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Introduction

Extracellular vesicles (EVs) encompass a diverse group of secreted membrane bound
vesicles which are now well established as important mediators of intercellular
communication,[*2] ranging in size from 30-1000 nm, and include exosomes (30-150 nm).
Their mechanism of action is based on the local and systemic cell-to-cell transfer of host
cell-derived cargoes (including proteins, RNA, and DNA) to recipient cells. Fundamental
roles in the biology of multicellular organisms have been described, but there are likely
many details of EV mechanisms that are yet to be uncovered.

EVs play important roles in multiple diseases including cancer,[34] where they have been
implicated in all cancer hallmarks, and have been shown to facilitate tumor progression,[]
angiogenesis,[®! and immune tolerance.[” 8] In addition to their fundamental mechanistic
roles in biology, EV's may be useful as therapeutic gene delivery vehicles,[%1%] and also may
be a rich source of blood-based disease biomarkers, for diagnosis and monitoring.[1112]
Furthermore, improved understanding of the roles of EVs in disease will facilitate the
identification of novel therapeutic targets.

In cancer, the emergence of immune checkpoint blockade (ICB) as a therapeutic strategy has
revolutionized the treatment of certain tumors such as advanced melanoma and lung cancer,
where unprecedented responses have been observed.[!3-15] Immune checkpoints refer to a
number of immune inhibitory pathways which are involved in the balanced regulation of
physiological T cell responses.[16-18] Expression of immune checkpoint ligands in the tumor
microenvironment can engage cognate receptors on T cells, and reduce immune cell tumor
killing. ICB target interactions include T cell expressed proteins such as CTLA4, TIM3, and
PD1. PD-L1 expressed on the surface of tumor and antigen-presenting cells binds to PD1,
which is expressed by activated T cells. In normal physiology, this machinery is used as a
feedback mechanism to control T cell activation. Activated T cells release interferon gamma
(IFN-y) which upregulates PD-L1 locally in surrounding cells, allowing engagement of PD1
on T cells, followed by a state of reduced activity known as T cell exhaustion, limiting non-
specific damage to tissues. In tumors, activation of these pathways leads to blockade of T
cell activation and protects tumor cells from T cell-mediated killing. It is now clear that
tumors use various mechanisms to hijack immune checkpoints to evade immune recognition
by tumor antigen-specific T cells.[16-18]

Recent studies have shown that tumor cell-derived EVs carry multiple layers of immune
modulatory capacities,[”8] and our knowledge of how these influence infiltrating
lymphocytes within the tumor microenvironment is evolving rapidly. Here we highlight a
relatively newly identified property of EVs which is mediated by the extracellular
engagement of cell signaling pathways by direct interaction of PD-L1 on EVs with PD1 on
the surface of T cells to mediate T cell dysfunction in cancer. We found that the immune
checkpoint ligand PD-L1 is expressed on glioblastoma cell-derived EVs where it can block
T cell activation via direct interaction with PD-1 on the T cell plasma membrane.[1°]
Additional studies!29-24] have reported similar observations in other tumor types and made
additional insights into this phenomenon suggesting suppression of T cell activation by EV
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expressed PD-L1 interaction with T cell PD1 may be an important general mechanism and
new paradigm in tumor immunosuppression.

2. Glioblastoma EVs Block T Cell Activation via PD-1/PD-L1 Interactions
(Ricklefs et al.)19l

One of the defining characteristics of glioblastoma, a universally fatal brain cancer,[2% is its
profound local and systemic immunosuppression.[26:27] Glioblastoma patients show severe T
cell dysfunction, both intratumorally and systemically.[28] Glioblastoma cells release anti-
inflammatory cytokines, such as IL10 and TGFp, and express immune checkpoint ligands
including PD-L1,[29:30] which engage immune checkpoint-activating regulatory receptors on
T cells. Recent studies have shown that in glioblastoma patients T cells become sequestered
in the bone marrow, further quenching their anti-tumor potential.[31] There are increasing
efforts to target glioblastoma clinically using immune therapies including ICB, which
despite its unprecedented activity in some tumors,[23-15] has not yet shown broad efficacy in
glioblastoma.[32-34]

Prior studies had shown that EVs derived from glioblastoma cells may have
immunosuppressive functions, although mechanisms were not clear.[35361 |n our study,[19]
we examined EVs derived from multiple distinct glioblastoma cell lines, and found that they
all suppressed the activation of both CD4+ and CD8+ T cells. This was shown in various
experimental settings, using flow cytometry to evaluate T cell activation markers CD69 and
CD25, as well as T cell proliferation (data is summarized in Figure 1). First, human
glioblastoma-patient stem-like cell (GSC) derived EVs were co-incubated with peripheral
blood mononuclear cells (PBMCs) from healthy human donors stimulated with anti-CD3 to
mimic antigen recognition through the T-cell receptor (TCR), showing a significant blockade
of T cell activation. EVs derived from human neural stem cells had no effect in these assays,
suggesting cancer cell EV specificity. Also, glioblastoma-derived EVs did not alter
activation marker expression in unstimulated T cells or change the overall CD3+ population.
Similar inhibition was observed using both CD8+ and CD4+ T cells purified from donor
PBMCs. To ensure that the observed EV-mediated suppression of T cell activation could
occur in the context of TCR recognition of MHC-bound antigen, we used mouse CD8+ T
cells that react to the potent LCMV gp33 model antigen, isolated from transgenic P14 mice.
[37] To present the gp33 antigen, mouse dendritic cells (DCs) were pulsed with gp33 peptide
and then co-incubated with CD8+ T cells from p14 mice in the presence or absence of
mouse glioblastoma EVs. Similar to the experiment in human cells, EVs were able to
suppress T cell activation. These findings show that glioblastoma cell-derived EVs can
specifically suppress TCR-mediated T cell activation.

To further understand these observations we asked whether EV-mediated suppression of T
cell activation involved PD-L1. T cell/EV co-incubation studies in the presence of a
PD1/PD-L1 interaction blocking antibody showed that anti-PD1 was able to block the
effects of EVs on TCR activation to a large extent but only in a subset of GSCs. We then
went on to perform several further experiments which provided a deeper and more robust
understanding of these observations. First, Western blotting showed variability in the
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expression of PD-L1 between different GSC lines, and between their respective EVs. PD-L1
was readily detectable in GSCs with a more mesenchymal transcriptional subtypel®38] and
their EVs (PD-L1M9M), but was expressed at low or undetectable levels in GSCs with a more
proneural transcriptional subtype and their EV's (PD-L1!°%). As expected anti-PD1 treatment
had no effect on T cell activation with PD-L1!%% EVs. Interestingly, PD-L1 expression could
be strongly upregulated by treatment with IFN+y in PD-L1!°% GSCs and their EVs, whereas
PD-L1Mgh EVs had a constitutively high expression. EVs from IFNy-treated PD-L1/oW
GSCs also inhibited T cell activation, and blockade of PD1/PD-L1 interaction significantly
reversed the inhibition of T cell activation. Analysis of RNA sequencing databases using
patient glioblastoma specimens showed that the mesenchymal transcriptional glioblastoma
subtypel38] was associated with higher PD-L1 levels, compared with other subtypes.
Additionally expression of other IFNy-responsive genes[39] such as interferon regulatory
factor 1 (IRF1), HLA-A, and ICAM1, was correlated with PD-L1 in agreement with a model
where glioblastoma evades immune recognition by expression of PD-L1 and engagement of
PD1.

Immuno-electron microscopy (EM) showed that PD-L1 was present on the surface of PD-
L1Migh EV/s but was barely detectable on the surface of PD-L1!°% EVs. The overall EV size
distribution did not reveal significant differences between PD-L1M9" and PD-L1!%" vesicles.
During our EM studies we identified binding of PD-L1M9" EVs bound to the surface of
lymphocytes (Figure 1). EVs fluorescently labeled with palmitoylated tdTomato (palmtdT)
and palmitoylated green-fluorescent protein (GFP) (palmGFP)[4% could be visualized to
localize to the surface of PBMCs and CD3+ sorted cells. To investigate whether there was in
vivo co-localization of labeled EVs to infiltrating lymphocytes in mouse glioblastoma, we
intracranially injected palmGFP-labeled murine CT2A glioma cells that constantly produce
palmGFP-EVs in mice.l[40] This showed visual evidence of co-localization of these EVs to
CD3+ cells in vivo in mouse glioblastoma. We then transduced GSCs with a vector encoding
a PD-L1/red fluorescent protein (RFP) fusion protein to visualize PD-L1 expression.
Purified PD-L1/RFP EVs from GSCs could be observed bound to the outer surface of
PBMCs, which was reduced by addition of anti-PD1. Further support for direct PD1 /PD-
L1-EV interaction was provided by biochemical analysis showed that PD-L1M9" EVs bound
to recombinant PD-1 in a dose-dependent manner that could be inhibited in the presence of a
PD-1 antibody (Figure 1). Taken together, these studies established for the first time that PD-
L1 on the surface of tumor-derived EVs can engage immune checkpoint pathways to block T
cell activation, suggesting an important new mechanism of immune suppression in cancer.
Additional studies have since confirmed and expanded on the importance of exosomal PD-
L1 in other cancer types as described in detail below.

3. Exosomal PD-L1 Promotes T Cell Dysfunction in Metastatic Melanoma
(Chen et al.)20

Advanced melanoma has become the poster-child of immunotherapy, with remarkable
responses seen in response to ICB and other immunostimulatory therapies including
oncolytic viruses.[1314.41.42] These high response rates, thought to be at least partly due to
the high mutational loads in this type of tumor which lead to an increased probability of
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overcoming tumor-mediated immunosuppression and raising a potent immune response in
the presence of I1CB.[43]

However, despite these breakthroughs, resistance to immunotherapy remains a problem in
the majority of patients, and understanding in greater detail underlying mechanisms remains
an area of intense interest. In a study of metastatic melanoma, Chen et al.[29] used reverse-
phase protein assays (RPPA) to analyze the protein composition of melanomaderived EVs,
focusing on the exosomal fraction. They found that metastatic melanoma cells release
exosomes containing PD-L1 at significantly higher levels than primary melanoma cells, and
PD-L1 is also expressed in EVs from murine B16-F10 melanoma cells. Similar to our study,
the authors used immuno-EM to show that exosomal PD-L1 is expressed at the vesicle
surface, and also that the extracellular domain was exposed on the external face of the
exosome in a similar orientation to cell surface PD-L1. Exosomal PD-L1 was able to bind to
recombinant PD1 in a concentration-dependent manner, and the interaction could be
disrupted by anti-PD-L1 blocking antibodies. Also similar to our study, IFN-y upregulated
PD-L1 in melanoma cells and their EVs, leading to increased PD-1 binding. Blockade of
exosome generation by genetic knockdown of RAB27A or the ESCRT subunit HRS
confirmed that PD-L1 secretion was dependent on the exosome releasing machinery. PD-L1
was also detected on circulating exosomes in vivo in melanoma xenograft models, and its
levels correlated with tumor volume. The authors also showed that metastatic melanoma
patient EVs purified from plasma had significantly higher PD-L1 levels than in healthy
controls, with the greatest differences seen in exosomes rather than microvesicle fractions.

To investigate the mechanistic underpinnings of these observations the authors then showed
a physical interaction between tumor exosomes and CD8+ T cells purified from human
peripheral blood. This interaction increased with CD8+ T cell activation, and with the use of
exosomes from IFN-y treated cells, consistent with PD-L1/PD1 interaction. To test this
further, the authors then chose a melanoma cell line (MEL264) which does not express PD-
L1 and showed that overexpression of PD-L1 led to a PD-L1-dependent reduction in CD8+
T cell activation, as measured by proliferation, cytokine production, and cytotoxicity, and
this was inhibited for the most part by an anti-PD-L1 blocking antibody. Similar
observations were made using exosomes from PD-L1 expressing human melanoma cells,
and from murine B16-F10 melanoma. PD-L1 was also seen in exosomes from breast and
lung cancer cells, suggesting that this maybe a widespread mechanism.

This study then went on to examine the effects of PD-L1 exosomes in vivo. Intravenous
injection of exosomes from wild type B16 melanoma cells into PD-L1 knockdown B16
tumor-bearing mice promoted tumor growth and reduced CD8+ T cell infiltrates. Reduced T
cell proliferation was observed in both spleens and lymph nodes in treated animals. These
effects were blocked by preincubation of exosomes with anti-PD-L1 antibodies. These data
support a role of PD-L1 on tumor-derived exosomes in systemic tumor driven
immunosuppression in vivo. Studies in human melanoma patients showed that the level of
circulating exosomal PD-L1 positively correlated with serum IFN-y levels and overall tumor
burden, and dynamically changed during the course of anti-PD1 therapy. Pre-treatment
levels of circulating exosomal PD-L1 were higher in non-responders. Total circulating PD-
L1, or microvesicle associated PD-L1 were not as significantly correlated with response as
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exosomal PD-L1. These data suggest that circulating exosomal PD-L1 may therefore be a
relevant target of ICB and could be a predictor of clinical outcome for anti-PD1 therapies.

4. Targeting of Exosomal PD-L1 Can Improve Immunotherapeutic
Approaches (Poggio et al.)i21]

Poggio et al. came upon the role of exosomal PD-L1 in tumor immunosuppression by
investigating the regulation of PD-L1 expression in cancer cells. They made the initial
observation that PD-L1 mRNA and protein levels were discordant across a panel of cancer
cell lines including prostate and melanoma cells. In PC3 prostate cancer cells, although
protein levels were similar as measured by Western blot, PD-L1 mRNA levels were 15-fold
higher compared with SK-MEL-28 melanoma cells. Translation rates and protein
degradation rates were similar between cell lines. Further investigation revealed that prostate
cancer cells had a higher level of PD-L1 protein in EVs than SK-MEL-28 cells. This
differential secretion of PD-L1 was due to prostate cancer cells packaging greater amounts
of PD-L1 into their EVs, and accounted for the differences observed between them. Similar
to the two reports described above,[19-20] IFN-y upregulated the amount of PD-L1 in tumor
cells and in their EVs. The authors then fractionated the vesicles further and similar to Chen
et al. they saw a preferential PD-L1 enrichment in the exosomal fraction compared with
other EVs. Genetic disruption of exosome secretion via CRISPR/Cas9-mediated deletion of
RAB27A or NSMASEZ genes in PC3 prostate cancer cells blocked exosome formation and
PD-L1 secretion, supporting the notion that exosome release provides a major pathway for
extracellular PD-L1 secretion. Further biochemical analysis showed that exosomal PD-L1
originates from the surface of PC3 cells, rather than being directly packaged from the ER or
early Golgi. Similar to the other two studies, the authors tested whether exosomal PD-L1
was functional, this time measuring suppression of IL2 secretion in Jurkat T cells. After
CRISPR/Cas9 deletion of PDL1in PC3 cells, exosomes were unable to suppress 1L2
secretion, thus, similar to the previous two studies, data supports the concept that exosomal
PD-L1 could suppress T cell activation in vitro.

In vivo, the authors examined the anti-PD-L1 resistant TRAMP-C2 prostate cancer mouse
model. TRAMP-C2 tumors deleted for RAB27A, NSMASEZ, or PDL 1 showed a high level
of growth suppression compared with wild type controls in immunocompetent mice. Also,
spleen sizes were not reduced in mice bearing mutant tumors, changes in the draining lymph
nodes were not observed and no anti-tumor memory was established. When exosomal
biogenesis-deficient or PD-L1 knockdown tumors were grown in immune-deficient NSG
mice, no such differences were observed, supporting an immune-mediated effect. Similar,
but less pronounced results were seen in the MC38 colon cancer model, which is partially
resistant to anti-PD-L1. The authors then used engineered MC38 cells to dissect the role of
exosomal PD-L1 in vivo. They found that PD-L1 knockout cells had a similar survival to
RAB27A knockout cells after anti-PD-L1 treatment. This led them to conclude that
exosomal PD-L1 must be somehow resistant to anti-PD-L1. When wild-type or mutant
TRAMP-C2 cells were injected on opposite flanks of the same animal, the growth of the
wild type cells was always suppressed, with increased tumor immune infiltrates. This shows
that PD-L1 expressing exosomes secreted by wild type cells could not rescue the growth of
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mutant tumors; rather the mutant tumors appeared able to induce an anti-tumor immune
response blocking growth of wild type cells. Finally, exosomes from the wild type tumors
were able to suppress the anti-tumor immune response, and promoted tumor growth whereas
PD-L1 deficient exosomes had no effect. Thus exogenous exosomal PD-L1 suppresses the
anti-tumor immune response thus promoting tumor growth, and may require targeting
modalities in addition to anti-PD-L1.

5. Exosomal PD-L1 in Breast Cancer (Yang et al.)22

In a brief letter to the editor, Yang et al. described a series of observations supporting a role
of exosomal PD-L1 in immune evasion in breast cancer.[?2]1 Exosomes from human MDA-
MB-231 and mouse 4T1 breast cancer cells were isolated and shown to contain PD-L1, and
to mediate PD-L1-dependent blockade of T cell activation in vitro. Similar to the above
studies, injection of PD-L1 expressing EVs into animal models led to increased tumor
growth compared with PD-L1 knockdown controls suggesting a systemic
immunosuppressive effect. Accordingly, PD-L1 was also expressed at higher levels in more
advanced human breast cancers. Treatment of 4T1 breast cancer cells with the exosome
secretion inhibitor GW4869 in vivo inhibited exosome secretion and tumor growth, and
significantly enhanced anti-PD-L1 therapeutic efficacy. Tet-on inducible RAB27A
knockdown 4T1 cells showed a similar effect. EV PD-L1 was also delivered to APCs,
suggesting that in addition to suppressing T cells directly, exosomal PD-L1 can be delivered
to multiple cell types in the tumor microenvironment. The data suggests that combining
inhibitors of exosomal secretion and anti-PD-L1 could be a useful therapeutic approach.

6. Promotion of Tumor Growth via Exosomal PD-L1 in Non-Small Cell

Lung Cancer (Kim et al.)[2:]

Further support for the role of exosomal PD-L1 in the suppression of T cell-mediated anti-
tumor immunity was provided by a study focused on lung cancer. Similar to the studies
above, exosomes derived from lung cancer cells contained PD-L1 and inhibited IFNy
secretion by Jurkat T cells which could be reversed by PD-L1 knockout or by specific PD-
L1 blocking antibodies. In vivo, expression of PD-L1 on tumor cells, or injection of PD-L1
containing EVs promoted tumor growth. Also, PD-L1 was detected in circulating exosomes
from non-small cell lung cancer patients, and its abundance was correlated with PD-L1
positivity in tumor tissues. These findings provide further support for the concept of
exosomal PD-L1 as a mediator of tumor immune escape.

7. Exosomal PD-L1 Functions in Head and Neck Cancer (Theodoraki et al.)

[24]

Immunosuppression is important in head and neck squamous cell cancer (HNSCC), where
tumor PD-L1 is associated with patient survival, and exosomes have T cell suppressive
functions.[44] HNSCC has relatively low response rates to ICB. In this study, published at a
similar time to our paper,[*9] Theodoraki et al. isolated exosomes from patients’ serum using
anti-CD63 beads and measured PD-L1 levels. They found that exosomal PD-L1 correlated
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with tumor grade, and that PD1-dependent CD8+ T cell suppression could be mediated by
PD-L1Mi9" exosomes but not PD-L1!°W EVs, as measured by T cell surface CD69 levels. The
authors also examined the link between tumor characteristics with soluble “free” serum PD-
L1 and exosomal PD1 but did not establish any correlations with clinicopathological
parameters. Importantly, this study showed that PD-L1M3" EV/s derived directly from
patients could mediate PD1-dependent immunosuppressive effects on CD8+ T cells,
supporting the relevance of exosomal PD-L1 in in human cancer immune evasion.

8. Discussion

The studies outlined in this review establish that exosomes released by cancer cells can
suppress T cell activation by direct binding of exosomal PD-L1 to PD1 on the surface of T
cells. A simple scheme for this interaction is shown in Figure 2. This is clearly demonstrable
in vitro in multiple tumor types. Evidence from a range of animal cancer models using PD-
L1 and exosome deficient cell lines provides strong support of the relevance observations to
human cancer. This is further supported by studies on human patients that show circulating
exosomal PD-L1 may reflect tumor volumes and responses to immunotherapy, as well as
their direct effects on CD8+ T cells.[24] The major conclusions from these studies so far can
be summarized as follows:

. PD-L1 expressing tumor cells release EVs containing PD-L1. Data suggests that
PD-L1 is present mainly in the exosomal fraction.

. IFNy-mediated upregulation of PD-L1 in tumor cells leads to proportionally
greater PD-L1 content in the associated EVs.

. PD-L1 is present on the surface of these vesicles with its extracellular domain
exposed allowing suppression of T cell activation in vitro via direct binding to
PD-1. This interaction can be targeted by anti-PD1/PD-L1 interaction blocking

antibodies.
. Exosomal PD-L1 is immunosuppressive in vivo, leading to faster tumor growth.
. Targeting tumor exosomes, an/or tumor exosomal PD-L1 may be a useful

therapeutic strategy

. High levels of PD-L1 on exosomes may be an indicator of non-response to ICB
in patients.

These data provide compelling evidence of an immunosuppressive role for PD-L1 in EVs in
cancer. A role as a biomarker is suggested but would need assessment in larger patient
cohorts, and in multiple tumor types. An increase of exosomal PD-L1 during treatment
could indicate the establishment of immunity and provides a rationale for developing
circulating exosomal PD-L1 as a predictor for outcomes of anti-PD1 therapy. This is less
clear in the case of glioblastoma where our published data showed that we were not able to
detect a significant correlation between PD-L1 in circulating EVs in glioblastoma patients as
it relates to tumor volume or patient versus healthy serum.[1%] However, we did not look
solely in the exosome fraction, which does appear to be a stronger indicator of response.
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[20.21] We were able to detect a potential relationship between PD-L1 DNA content in EVs
and tumor volume. This is under further investigation.

Mechanistically, it seems that exosomal PD-L1 may be acting locally, where it could directly
suppress activation of CD4+ and CD8+ T cells in the tumor microenvironment, effectively
shielding tumor cells from destruction, and also systemically, by shutting down T cells at
various sites. The papers above provide evidence for both of these mechanisms. One
interesting and novel feature of these studies is the observation that binding can occur
between EVs and lymphocytes at the lymphocyte surface. Thus rather than internalization
and cargo delivery exosomal PD-L1 may be able to engage ligands at the cell surface to
illicit their functions.

The biochemical structure of this exosome/lymphocyte synapse requires further study to
elucidate fully whether other ligand/receptor interactions are involved, which cell signaling
pathways are engaged and whether cargo delivery is also of importance. Data from the study
by Poggio et al.[21] suggested that it may be necessary to target exosomal PD-L1
independently of cellular PD-L1/PD1 interactions. The use of drugs or genetic means to
prevent exosome secretion support this concept,[23] although mechanistically it is not well
understood why this is the case.

Importantly, our data show that there are additional mechanisms of T cell suppression by
EVs as well as PD1 activation. As we showed, PD-L1!%% EVs were able to suppress T cell
activation independently of PD1, and anti-PD1 was not able to fully reverse T cell inhibition
even in PD-L1N9" EV/s suggesting additional mechanisms are at play. This was supported by
our observation of upregulated 1L10 and IDO1 in T cells treated with PD-L1!°V EVs. Thus
there may be multiple layers of immunosuppression mediated by EVs, depending on their
target cell,[45] and also on the subpopulation of EVs involved (i.e., exosomes versus
microvesicles). In vivo, multiple cells express PD-L1 in the tumor microenvironment,[4°]
their contribution to this phenomenon has not yet been examined. Finally, the role of the
second PD1 ligand, PD-L2,[46] which is also expressed in tumors and tumor cell-derived
EVs (our unpublished data) has not yet been investigated in this context and would be
expected to play a significant role.

In summary, these data show that PD-L1 on tumor-derived exosomes may have important
immunosuppressive functions in cancer. This has implications therapeutically, in patient
stratification and treatment monitoring. The only caveat being that many of these studies are
performed with relatively high EV concentrations in experimental settings, thus at this stage
we should consider these studies a proof-of-principle, opening the door for further more
detailed studies.
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Figure 1.
PD-L1 carried on extracellular vesicles inhibits T cell activation via direct binding to PD-1.

A) PD1 blockade prevents the inhibition of PD-L1M9" GSC EVs on PBMCs. Percent change
in CD69 expression CD8+ T cells is shown as a measure of T cell activation. PD1 blocking
antibody or isotype control was added at day 0 and CD69 levels were determined 48 h later
(n=7 PBMC donors, means = SD). B) IFNy-mediated increase of PD-L1 expression levels
in PD-L1Mgh and PD-L1'°% GSCs as shown by Western blots. C) Representative confocal
microscopy images showing that fluorescently labeled EVs isolated from PD-L1M9" GSCs
can bind to wells coated with recombinant PD1 (left panel). EV binding is displaced by co-
incubation with an anti-PD1 antibody (right panel), indicating specificity of binding. D)
Immuno-electron microscope images of PD-L1 immunolabeled PD-L1M9" and PD-L1'ow
glioblastoma EVs are shown. Asterisks mark each EV, and the white triangle indicates gold-
immunolabeled PD-L1, scale bar = 200 nm. Lower panel shows a PD-L1-labelled EV
apparently ligated to a process at the lymphocyte surface. Reproduced under the terms and
conditions of the Creative Commons Attribution, Non Commercial Licence 4.0.[29]
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Figure 2.
Diagrammatic representation of T cell suppressive effects of EV/exosomal PD-L1. Tumor

cells and potentially other cells in the tumor microenvironment release extracellular vesicles
including exosomes. These may carry PD-L1 depending on its expression status in the
originating cell. PD-L1 is presented on the surface of EVs, where is can act systemically and
locally to impair T cell activation via binding of PD1, and subsequent blockade of T cell
receptor signaling and tumor cell killing.
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