Received: 24 February 2021

Revised: 25 May 2021

Accepted: 14 June 2021

DOI: 10.1111/cas.15033

ORIGINAL ARTICLE

Cancer Science Ri4ina%

PDL1-positive exosomes suppress antitumor immunity
by inducing tumor-specific CD8" T cell exhaustion during

metastasis

JiChen | YangSong | FengMiao | Gang Chen | YongjunZhu | Ning Wu |

Liewen Pang | Zhiming Chen | Xiaofeng Chen

Department of Thoracic Surgery, Huashan
Hospital, Fudan University, Shanghai, China

Correspondence

Xiaofeng Chen and Zhiming Chen,
Department of Thoracic Surgery, Huashan
Hospital, Fudan University, 12 WuLuMuQi
Road, Shanghai, China.

Emails: Dr_chenxiaofeng@126.com; chzm_
md@163.com

Funding information

Science Foundation of Shanghai Science
and Technology Commission, Grant/Award
Number: 201540044; Science Foundation
of Shanghai Health Commission, Grant/
Award Number: 20204Y0484

Abstract

Metastasis is the main cause of death in individuals with cancer. Immune checkpoint
blockade (ICB) can potentially reverse CD8"* cytotoxic T lymphocytes (CTLs) dys-
function, leading to significant remission in multiple cancers. However, the mecha-
nism underlying the development of CTL exhaustion during metastatic progression
remains unclear. Here, we established an experimental pulmonary metastasis model
with melanoma cells and discovered a critical role for melanoma-released exosomes
in metastasis. Using genetic knockdown of nSMase2 and Rab27a, 2 key enzymes for
exosome secretion, we showed that high levels of effector-like tumor-specific CD8"
T cells with transitory exhaustion, instead of terminal exhaustion, were observed in
mice without exosomes; these cells showed limited inhibitory receptors and strong
proliferation and cytotoxicity. Mechanistically, the immunosuppression of exosomes
depends on exogenous PD-L1, which can be largely rescued by pretreatment with
antibody blockade. Notably, we also found that exosomal PD-L1 acts as a promis-
ing predictive biomarker for ICB therapies during metastasis. Together, our findings
suggest that exosomal PD-L1 may be a potential immunotherapy target, suggesting a

new curative therapy for tumor metastasis.
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1 | INTRODUCTION

Metastasis accounts for the majority of cancer-related deaths and is
a major obstacle for curative therapy.! Research on metastasis has
suggested that metastatic colonization has organ-specific character-
istics; for example, melanoma tends to migrate to the Iung.z*3 In fact,
metastasis is an inefficient process, as most intravenously injected
tumor cells that reach the lungs rapidly die.* However, limited re-
search has described how these disseminated tumor cells evade the
immunologic defenses of the host after infiltration to the tissues.

CTLs play acritical role in the elimination of tumor cells. However,
abundant CTLs become exhausted by persistent tumor antigen stim-
ulation, which is characterized by high expression of inhibitory re-
ceptors, poor proliferative potential, loss of effector functions, and a
distinct transcriptional and epigenetic program compared with that
of effector or memory cells.>** Multiple inhibitory receptors, such as
programmed cell death 1 (PD-1),*? Tim-3,1%14 Lag—3,15'16 and TIGIT,Y
are increased and sustained on exhausted CTLs and negatively reg-
ulate their activation and cytotoxicity. In addition, subsequent stud-
ies have shown that exhausted CD8" T cells also lose the ability to
produce effector cytokines, including IFNs, TNF, and interleukin-2
(IL-2).*82 Compared with effector CD8* T cells, exhausted CD8* T
cells represent a distinct cell lineage, and the subsets were first dis-
tinguished by PD-1 and CD44 markers, showing that PD-1"CD44"
exhausted cells were less functionally exhausted than their PD-
1MCD44™ counterparts.?? Based on the expression of associated
markers, such as PD-1, CX3CR1, CD101, and the TF TCF-1 (T cell
receptor 1), recent studies have identified exhausted CD8" T cells
as distinct subpopulations of progenitor (or stem-like), effector-like
transitory and terminally exhausted cells.?®24 Furthermore, progeni-
tor or transitory exhausted CD8" T cells showed a better capacity to
control tumor growth and can respond to ICB therapy, but terminally
exhausted TILs cannot.?

The potential antitumor immune responses can be recovered by
blocking these inhibitor receptor pathways. ICB therapy can indeed
rescue exhausted CD8" T cells, thereby resulting in tumor regres-
sion and a vertical shift in the survival curve of cancer patients?‘”27
Monoclonal antibodies that target CTLA-4, PD-1, and PD-L1 have
been approved for the treatment of multiple cancer types, such as
non-small-cell lung carcinoma, melanoma, head-and-neck cancer,
and numerous other types of cancers.?® However, more than half
of treated patients fail to respond to checkpoint blockade therapy;
therefore, identification of predictive biomarkers for clinical effi-
cacy is required. In addition to TMB, the balance of PD-1 expression
between CD8" effector T cells and regulatory T cells (Tregs) in the
tumor microenvironment (TME) is another potential predictive bio-
marker for successful treatment by 1CB.%%3°

Exosomes are extracellular vesicles with a diameter of 30-150 nm
that act as important mediators in cell-to-cell interactions through
their cargos, including proteins, DNA, and microRNAs.3! The secre-
tion of exosomes relies on neutral sphingomyelinase 2 (nSMase2),
which promotes budding of intravesicular vesicles, and RAB27A,

which plays a critical role in multivesicular endosome docking at the

plasma membrane.®?%% Genetic manipulation or specific chemical
inhibitors of these indispensable enzymes can lead to a significant
reduction in exosomes. Previous studies have demonstrated that
exosomes can be actively released through an exocytosis pathway in
tumor conditions and modify lymphocyte activation.>*2¢ However,
little information is known about the role of exosomes derived
from tumor cells during metastatic progression. Experimental mod-
els have shown that tumor-derived exosomes can induce vascular
leakiness and inflammation to prepare a good microenvironment for
invaded cancer cells with macrometastasis formation.%”38 Recently,
studies have shown that tumor cells release exosomes carrying PD-
L1 (exo-PDL1), which can function as a systemic immunosuppres-
sant in mice in vivo.3”"*! In gastric cancer patients, higher levels of
PDL1 carried by exosomes were correlated with decreased CD4*
and CD8" T cell infiltration and a reduction in granzyme B (Gzmb).*?
In addition, higher levels of exo-PDL1 were found in patients with
active disease and poorer survival.*®

In this study, we discovered that increasing levels of melanoma
cell-released exosomes were detected during metastatic progres-
sion. By reducing exosomes through genetic knockdown of nSMase2
and Rab27a, we showed that exocytosis of exosomes promotes
tumor growth by inducing tumor-specific CD8* T cell exhaustion.
Furthermore, PD-L1 is specifically secreted in the form of exosomes
and mechanically mediates metastasis in the lung. Notably, exoso-
mal PD-L1 can act as a predictor biomarker for outcome within anti-
PD-L1 blockade treatment in murine metastasis. These results have
strong implications for immunotherapeutic approaches in cancer

therapy.

2 | MATERIALS AND METHODS
2.1 | Mice

C57BL/6J and CD8”" mice were purchased from the Jackson
Laboratories. Approximately 6-10-wk-old mice of both sexes
were engrafted with tumor cells without randomization or “blind-
ing.” All mice were bred in pathogen-free conditions. Mice dying
for nonrelated cancer causes were excluded from the studies (ie,
fights or infections). Mice were performed with the guidelines of
the Institutional Animal Care and Use Committees at The HuaShan

Hospital, Fudan University.

2.2 | Tumor cell lines

Mouse melanoma B16 cells, B16-luc cells (B16 stably transduced
with firefly luciferase) and B16-OVA cells (B16 cells stably express-
ing chicken OVA) were obtained from the ATCC.

Stable nSMase2 or Rab27a gene knockdown B16 cells (here re-
ferred to as B16"SMase2KD 5nd B16RP273KD cq|is) and Rab27a gene
knockdown B16-OVAcells(herereferred toas B16-OVARP272°KP cg|5)

were generated using lentivirus-associated transfection. The shRNA
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sequencetargetingmousenSMase2 (GCCTCAGATCAAGATCTACAT),
Rab27a (GCTTCTGTTCGACCTGACAAA) or scrambled shRNA-
control were packaged into lentiviral particles using 293T cells
co-transfected with the viral packaging plasmids. Lentiviral su-
pernatants were harvested 48-72 h after transfection. Tumor B16
cells and B16-OVA cells were infected with filtered lentivirus and
nSMase2 null and Rab27a null clones were selected by puromycin.
All tumor cells were cultured in DMEM (Gibco) supplemented with
2 nmol/L L-glutamine, 1 nmol/L penicillin/ streptomycin and 10%
(v/v) FBS. All cell lines were tested routinely before use to exclude

mycoplasma contamination.

2.3 | Patients and specimen collection

Cancer patients information were provided in Table S1. Patients
gave consent in writing for blood collection, and this study was ap-
proved by The Institutional Review Board of the HuaShan Hospital
and was conducted in accordance with ethics guidelines. Peripheral
blood from patients was obtained in sodium heparin tubes, then
exosome was isolated in plasma in accordance with protocol seen
as below. Blood samples from healthy donors were collected at
The HuaShan Hospital after approval by the ethics committee and
Institutional Review Board. Written consent was obtained from each
healthy donor before blood collection.

2.4 | Exosome isolation and in vitro label

For exosome isolation from cell culture supernatants, total mela-
noma cells from individual metastatic mice were selected and cul-
tured in plate for 24 h. Cells were cultured in bovine exosome-free
medium (KSR, Gibco) to exclude contaminating proteins in the FBS.
Exosome was purified by a standard differential centrifugation pro-
tocol.** In brief, the culture medium was centrifuged at 2000 g for
20 min (Beckman Coulter, J2-HS), followed by 10 000 g for 30 min
to remove dead cells and dead debris. Supernatant was then cen-
trifuged at 100 000 g for 90 min at 4°C (Beckman Coulter, Optima
XPN-100). The pelleted exosomes were suspended in PBS and col-
lected by ultracentrifugation at 100 000 g for another 2 h.

For purification of exosome in plasma samples, peripheral blood
from mouse or human (cancer patients and healthy donors) was
centrifuged at 2000 g for 20 min to obtain cell-free plasma. The
obtained plasma was centrifuged at 10 000 g for 20 min at room
temperature to remove debris. Exosomes were then purified from
the supernatants using an exosome isolation kit (Thermo Fisher).
The purified exosomes were intravenously injected (100 pg per time)
to recipient mice.

To identify the physical interactions between tumor cell-derived
exosome and CD8" T cells, the purified exosomes from lung metas-
tasis mice were stained with CellTrace CFSE (Thermo Fisher) for
30 min at room temperature in the dark. The CFSE-labeled exo-

somes were pelleted by ultracentrifugation after PBS washed. Total
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1 x 10° of CD8* T cells purified from pulmonary lymph nodes (pLN)
or lung tissues in tumor-bearing mice were co-culture with labeled
or unlabeled (isotype control) exosomes (20 pg/mL) for 3 h, and test

immunofluorescence level on CD8" T cells using flow cytometry.

2.5 | Experimental metastases

Pulmonary metastases were developed in accordance with a previ-
ous protocol.44 In brief, an inoculum dose of 4 x 10> of melanoma
cells in 0.5 mL PBS was injected intravenously through the tail vein.
The number of lung nodules (black/opaque foci) was counted with
the aid of a dissection microscope at the different indicated time. To
ensure consistency, preparation of the cells, administration into the
tail vein and counting of pulmonary metastatic foci were performed
by the same individual. For histological analysis of micrometastatic
lesions, lung tissues were fixed in buffered formalin and embed in
paraffin for H&E stain. For primary tumor model development, re-
cipient mice were injected with B16 cell suspension into the inguinal
angle. Tumor cells are implanted at a dose of 5 x 10° in RPMI me-
dium. All subcutaneous and pulmonary tumor measurements were
performed in a blinded manner. For stimulation with IFN-y in vivo,
mice were treated with 100 ng/mL of recombinant mouse IFN-y

(Peprotech) 3 times.

2.6 | TILsisolation

To prepare cell suspensions in tumors, mice were intravenously
injected with anti-CD8 (APC-Cy7, Biolegend) 2 pg per mouse be-
fore sacrifice to eliminate circulatory CD8" T cells in the peripheral
blood. The lungs were dissected out, and then washed quickly by
cardiac perfusion with PBS. Then lungs were minced mechanically
following digestion using type-Il collagenase (Sigma) for 30 min
at 37°C. After this, TILs were harvested using a density gradient
(2000 g, 40 min) with Percoll (GE Healthcare). Obtained cells were
stained with anti-CD8 (PercpCy5.5, BD Biosciences) and lung-
resident CD8" T cells were referred to as PercpCy5.5 positive and
APC-Cy7 negative.

2.7 | Adoptive transfer and treatment

For adoptive transfer of tumor-specific (OT-1, CD45.1%) cells, recipi-
ent mice were intravenously injected with B16-OVA cells, on the
next day a total of 5 x 10° of splenic CD8" T cells from wild-type
OT-I transgenic mice were transferred to the recipient mice by in-
jections into the tail vein. CD8" T cells were purified using a mouse
CD8" T cell isolation kit (StemCell Technologies) in accordance with
the manufacturer's protocol.

After OT-I cells transfer, purified exosomes were pretreated
with aPD-L1 (50 pg, BioXCell) or isotype control antibody in vitro

for 2 h and intravenously injected to recipient mice. Metastatic
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mice were intraperitoneally administrated with «PD-L1 (200 pg,
BioXCell) or rat 1gG2b control antibody (200 pg, BioXCell) on days
6, 9, 12 for immunotherapy. For CD8" T cell depletion in vivo,
aCD8 (200 pg, BioXCell) was given to tumor-bearing mice by in-
traperitoneal injection 5 times. To limit the secretion of exosome
in vivo, an inhibitor of exosome, GW4869 (2.5 pg/g, MCE), was
intraperitoneally injected with mice at days 6, 9, 12, and 15 for
tumor inoculation.

2.8 | Dot blot and western blot

Purified exosome samples from mice were spotted onto nitrocel-
lulose membranes. The blots were blocked with 5% BSA at room
temperature for 1 h, followed by incubation with 2 ug/mL anti-CD63
antibodies (Abcam) for 30 min at room temperature. After washing,
HRP-conjugated secondary antibody (Cell Signaling Technology) was
added and samples were incubated for another 1 h. The blots on the
membranes were developed with ECL detection reagents (Thermo
Fisher). For western blot analysis, whole cell lysates and/or purified
exosomes were collected and were separated using SDS-PAGE, and
then samples were transferred onto nitrocellulose membranes. The
blots were incubated with corresponding primary antibodies (anti-
CDé63, anti-PDL1) and secondary antibodies following the recom-
mended protocol.

2.9 | Flow cytometry analysis

For surface staining, cells were firstly stained with anti-CD16/
CD32 antibody (Thermo Fisher) on ice for 30 min, after washing
twice with FACS (0.05% NaN3, 2% BSA in PBS), cells were stained
with LIVE/DEAD dye (Thermo Fisher) and surface marker anti-
bodies on ice for 30 min. For cytokine production test, lympho-
cytes were stimulated in the presence of the OVA,.. ., peptide
and PMA, ionomycin (Sigma) supplemented with GolgiPlug (BD
Biosciences) for 4 h at 37°C. The lymphocytes were then harvested
followed by surface staining and intracellular cytokine staining with
Cytofix/Cytoperm Fixation/permeabilization kit (BD Biosciences).
Intracellular and intranuclear antibodies were incubated for 30 min
at room temperature. Counting beads (Thermo Fisher) were added
to the samples to determine the absolute number of cells. The fol-
lowing antibodies were used in experiments as listed: anti-CD8a
(PercpCy5.5, BD Biosciences), anti-CD44 (BV510, Biolegend), anti-
CD45.1 (FITC, Biolegend), anti-PD1 (BV421, Biolegend), anti-Tim3
(PE, BD Biosciences), anti-2B4 (FITC, BD Biosciences), anti-Lag3
(PercpCy5.5, Thermo Fisher) anti-Tigit (APC, BD Biosciences), anti-
IFN-y (BV421, BD Biosciences), anti-TNFa (APC, BD Biosciences),
anti-Gzmb (PE, Thermo Fisher), anti-CD101 (PE-Cy7, Thermo
Fisher), anti-CX3CR1 (PE, Thermo Fisher), anti-TCF-1 (APC,
Biolegend), anti-KLRG1(PE, Thermo Fisher), anti-Ki67(PE, Thermo
Fisher), anti-caspase3 (PE, BD Biosciences), anti-CD146 (APC,
Biolegend). Flow cytometry data were collected with a FACSCanto
I (BD Biosciences) and analyzed using FlowJo software (TreeStar).

2.10 | Quantitative reverse-transcription PCR

Mice were injected with B16-OVA cells or B16-OVAR273KD ¢ejis on
day O and then were adoptively transfer with OT-I cells on next day.
The infiltrated OT-1 (CD45.1" CD44") cells were sorted on day 12
using a FACS Aria Il (BD Biosciences). Total RNA was isolated from
OT-I cells using RNeasy Mini Kit (Qiagen), and reverse transcribed
into first-strand complementary DNA (cDNA) with a PrimeScript™
RT reagent kit (TaKaRa). Then, the samples were analyzed in the
Applied Biosystems QuantStudio 3 Real-Time PCR system (Thermo

Fisher). Information on primers is listed in Table S2.

2.11 | Luciferin

For detection of metastasis progression without sacrifice mice, re-
cipient mice were intraperitoneally treated with 3 mg p-luciferin K*
salt (Goldbio) before gaseous anesthesia. A luciferin image was ob-
tained and analyzed using the IVIS Luminall system (Xenogen).

2.12 | ELISAs

For detection of exosome or exosome-derived PDL1, 96-well ELISA
plates (Corning) were coated with exosome samples purified from
culture media or plasma overnight at 4°C. To exclude non-specific re-
actions, wells were blocked with blocking buffer (Thermo Fisher) for
2 h at room temperature. Next, monoclonal antibodies against CD63
(0.5 pg/well, Thermo Fisher) or PD-L1 (0.2 pg/well, Cell Signaling
Technology) were added to each well and incubated for 1.5 h at room
temperature. Finally, plates were developed with HRP-conjugated
secondary antibodies (Cell Signaling Technology) and stopped with
0.5NH,SO,. The concentration of exosome or PD-L1 was calculated

based on the linear range of the ELISA assay data.

2.13 | Statistical analysis

For normally distributed data, significance of mean differences was
determined using one-way ANOVA or unpaired t tests. Pearson cor-
relation was used to test for statistical significance. Survival data were
measured using Kaplan-Meier survival curves with the log rank test.
Error bars shown in graphical data represent mean + SD. A two-tailed
value of P < .05 was considered statistically significant. All statistical

analyses were performed using GraphPad Prism v.8.0 software.

3 | RESULTS

3.1 | Tumor-released exosomes are significantly
enhanced in the late stage of metastasis

We established experimental pulmonary metastasis using intrave-

nous injection of wild-type B16.F10 (from this point forwards WT
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B16) mouse melanoma cells, as described by a previous study.*’
Melanotic metastases were clearly observed on the lungs after
12 d of incubation. Increased numbers of black foci and larger sizes
were observed after 20 d (Figure S1A). Increased levels of circu-
lating exosomes in the mouse plasma were detected during meta-
static progression (Figure S1B). To analyze the in vivo exosomes
specifically secreted by tumor cells in metastasis, we selected
Ter119°CD31°CD45 CD146"* melanoma cells using flow cytometry,
followed by in vitro culture. Exosomes can be separated into other
vesicles based on their density using gradient centrifugation. We en-
riched exosomes from the supernatant of the cell cultures and iden-
tified them by transmission electron microscopy (Figure 1A). Next,
we investigated the accumulation of exosomes derived from mela-
noma cells in different periods of pulmonary metastasis. Analysis by
ELISAs revealed that the level of exosomes was very low until day
12 but sharply increased in the late stage of metastasis (Figure 1B),
indicating high exosome production due to increased metastases.
Indeed, based on these data, receiver operating characteristic (ROC)
curves showed that the level of tumor-released exosomes positively
correlated with tumor burden (Figure 1C). IFN-y is typically consid-
ered critical in the generation of an antitumor immune response in
the TME.*¢ Therefore, we investigated whether additional IFN-y
can enhance the tumor-released exosomes. Isolated melanoma cells
were administered recombinant IFN-y protein in vitro, followed by
exosome enrichment and ELISAs. We found that the levels of ex-
osomes were slightly increased following IFN-y treatment, indicat-

ing that tumor exosome secretion had a limited response to IFN-y

FIGURE 1 Melanoma-released
exosome is significantly increased as
metastasis progression. To analysis the
tumor-released exosomes in metastasis,
lung tissues were dissected out, digest,
and then sorting melanoma cells for
Ter119 CD31°CD45 CD146" using flow
cytometry. These cells were cultured in
vitro for 24 h followed with exosome
purification by gradient centrifugation. A,
Electron microscopy images of purified
exosomes. B, ELISA to measure the levels (C)ZOO L
of exosome isolated from mice (n = 5) on
days 0, 3,6, 9,12 15, or 18. The levels
shown are ng per 100 mg weight of lung
tissue. C, Pearson correlation between
the exosome level and tumor burden
(number of metastases foci) in mice

(n = 20). D, Sorted melanoma cells were
treated with or without IFN-y, and then
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1

Tumor Burden (#Foci. )

Cancer Science NI e

(Figure 1D). Furthermore, a slight increase in the exosome level was
detected in the plasma samples of metastatic mice upon IFN-y ad-
ministration in vivo (Figure S1C); however, in comparison, we did not
find significant systemic exosome release in the solid tumor model,
even with IFN-y treatment (Figure S1C). These results showed that
during metastatic progression, the level of exosomes secreted by
melanoma cells was significantly higher in the late stage than the
early stage, which was due in part to IFN-y.

3.2 | Exosomes deficient in melanoma can lead to
significant suppression of metastasis

We next sought to investigate the role of tumor-released exosomes
in metastatic progression. To address this question, we used a ge-
netic approach to reduce exosomes in melanoma cells. The nSMase2
and Rab27 genes, critical factors that mediate exosome release,
were KD (termed B16™M¢2:KD and B16R%27KD) sing short hairpin
(sh)RNA in B16 cells. Western blot analysis showed a dramatic de-
crease in endogenous CD63 expression on the exosomes purified
from the B16™Mae2KD 5nq B16RP27KD cells (Figure 2A). Next, we
used electron microscopy to further evaluate the effect of knock-
down of these 2 target genes. The resultant image showed that very
few exosome-like particles existed in samples from both mutated
B16 cells compared with the WT B16 cells (Figure 2B), indicating
a critical role for these 2 genes in exosome biogenesis and secre-
tion. Knockdown of the Rab27a and nSMase2 genes did not impair
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the proliferation of B16 cells (Figure S2A); furthermore, the en- or nSMase2-KD B16 cells on day 0. After 16 d, melanoma cells were

graftment ability of the 2 silenced B16 cell lines was the same as sorted, and exosomes were enriched, followed by ELISAs. As shown
that of the WT B16 cell line, indicating comparable arrival of CFSE-

positive cells in the lung 2 h after tail vein administration (Figure 2C).

in Figure 2D, a significant decrease in accumulation on exosomes
was observed in the B16 knockdown cells compared with their WT

Naive mice were intravenously injected with the WT, Rab27a-KD, counterparts. In addition, based on dot blot analysis, there was an
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FIGURE 2 Tumor-released exosome was critical promotor for metastasis. A, Western blot analysis of exosomes from WT, 2 mutated
(Rab27a-KD and nSMase2-KD) B16 cells. B, Electron microscopy images of WT and Rab27a-KD and nSMase2-KD B16 cells, purified by
gradient centrifugation. C, Number of CFSE-labeled WT and Rab27a-KD and nSMase2-KD B16 cells present in the lungs of mice 2 h after
administration. D, Melanoma cells were sorted from metastatic mice and were cultured in vitro, also shown as Figure 1. The levels of
exosome purified from cultured supernatant were measured by ELISA (n = 4), shown as ng per 100 mg weight of lung tissue. E, WT B16 were
injected with C57BL/6J mice, after 16-18 d, exosomes were isolated from peripheral blood using an isolation kit. On days 6, 10, or 14, the
purified exosomes were adoptively transferred to mice bearing knockdown B16 cells. The numbers of metastases foci of mice were counted
under a dissection microscope on day 16. See also Figure S2C. F, Survival curve of control or metastatic mice treated with or without
additional purified exosomes. WT vs Rab27a-KD, P < .001; WT vs nSMase2-KD, P < .001; WT vs Rab27a-KD plus exosomes, P =.068; WT vs
nSMase2-KD plus exosomes, P = .062. log rank test was used. G, C57BL/6J mice were intravenously injected with B16-luc cells. The inhibitor
of exosome, GW4869, was performed as described in Materials and Methods from day 6 of tumor inoculation. Luciferin was administrated
ondays 0, 6, 12, and 18, and light emission was recorded. Representative bioluminescence images are shown; PBS, n = 7; GW4869,n = 9.
Unpaired t test was used. H, Mouse survival curve following injection of LLC cells as in (F), control mice (n = 9) vs treated mice (n = 12),

P < .001(log rank test). In (C-E), one-way ANOVA with Bonferroni correction was used. The experiments were performed at least twice with

similar results. Error bars, SEM

obvious reduction in exosomes in the plasma samples from the mice
injected with the B16"M¢2KD 3nd B16R9P27KD cells (Figure S2B),
suggesting that the majority of circulatory exosomes were derived
from melanoma cells in murine metastasis. All mice injected with the
WT B16 cells had severe metastatic formation in the lungs by ap-

6R27KD mice failed

proximately 16 d (Figure S2C); in contrast, the B1
to form palpable tumor foci in the same time period (Figures 2E and
S2C). To identify whether Rab27a deficiency can lead to inhibition of
tumor growth through its role in exosome biogenesis, we repeated
the experiments using the B16"M¢2KD cq|is. As expected, the mice
injected with the B16"M%¢2KD ce||s showed notably fewer metasta-
ses than their WT counterparts (Figures 2E and S2C).

Next, to verify whether exosomes influence metastatic progres-
sion, we injected the WT B16 cells into C57BL6/J mice. After 16-
18 d, circulatory exosomes were purified from the mouse plasma and
then adoptively transferred to metastatic mice bearing silenced B16
cells. With additional exosomes, there was a dramatic increase in the
number of metastatic foci in the recipient mice (Figures 2E and S2C),
indicating a critical role for exosomes in promoting tumor metasta-

6nSMase2-KD

sis. Notably, the majority of mice injected with the B1 and

B16R27KD cells remained alive after 30 d, a significantly prolonged
lifespan compared with that of their WT counterparts. However, these
silenced B1é6-bearing mice showed an obvious decrease in survival
time after treatment with additional exosomes (Figure 2F). To confirm
that loss of exosomes can suppress metastatic progression, we intrave-
nously injected the mice with B16-luc cells followed by administration
of GW4869, a specific inhibitor for exosome secretion, in vivo begin-
ning on day 6. Light emission was recorded in the mice to monitor met-
astatic formation over time. As shown in Figure 2G, the mice treated
with GW4869 showed a substantially lower level of bioluminescence
than the PBS control mice. The exosome inhibitor treatment was also
repeated in a murine LLC model of metastasis. Similarly, the survival
time of the GW4869-treated mice was significantly extended, showing
that nearly half of the recipient mice survived until 40 d. In contrast,
all the control mice died before 40 d (Figure 2H). Indeed, based on
H&E staining analysis, fewer metastatic foci were observed in the mice
treated with GW4869 than in the control mice (Figure S2D). Taken
together, these data demonstrated that blocking exosome biogenesis

results in an obvious suppression of metastatic growth.

3.3 | Melanoma-released exosomes are critical
promoters of tumor-specific CD8" T cell exhaustion

A recent study reported that exosome deficiency can control tumor
growth through the immune response.®? Given that tumor-infiltrating
CD8" T cells are considered the most important antitumor cell types,
we investigated whether the effect of exosome deficiency relies
on CD8" T cells during metastatic progression. WT, Rab27a-KD, or
nSMase2-KD B16 cells were intravenously injected into the CD8"
T cell-depleted (CD87") mice on day 0. On day 16, we found that
all mice injected with B16 knockdown cells had comparable meta-
static foci relative to those with the WT B16 cells (Figures 3A and
S3A). Furthermore, the 3 groups of mice showed a similar survival
rate (Figure 3B), indicating that loss of exosomes cannot prolong the
mouse lifespan without CD8" T cells. Similar effects were observed
in the mice from which CD8" T cells were depleted using an anti-
body against mouse CD8 (Figure S3B). These findings indicated that
melanoma-released exosomes promote tumor metastasis through
the suppression of CD8" T cells.

Exosomes carrying proteins can bind to the surface of target
cells, thereby activating the downstream signaling pathway. We
next wanted to determine whether exosome-mediated immunosup-
pression is based on the direct interaction with the surface mole-
cules of CD8"* T cells. We performed the experiment as shown in
Figure S3C. The circulating exosomes were purified from the WT
B16 cell-bearing mice and labeled with CFSE. The CFSE-labeled
exosomes were then cocultured in vitro with CD8" T cells isolated
from the spleen, metastatic lymph nodes (metLNs) and TILs. Flow
cytometry (FCM) analyses indicated that the fluorescence intensity
of CFSE was detectable in TILs and metLNs but limited in splenic
CD8" T cells (Figure 3C). This finding suggests that exosomes can
cause immunosuppression by directly binding to tumor-infiltrated
and/or lymph node CD8" T cells during metastasis.

To precisely examine the effects of exosomes on tumor-specific
CD8" T cells in the microenvironment of metastasis, we established
a metastatic mouse model in C57BL/6 mice using WT B16-OVA
(B16 cells with the OVA peptide) and exosome-mutated B16-OVA
cells in which Rab27a was specifically knocked down (termed B16-
OVAR®27¢-KDy The mice were adoptively transferred with CD45.1*
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OT-I cells (which specifically recognize the OVA peptide) for im-
munophenotyping analysis of TILs by FCM (Figure S3D). On day 15,
significantly more OT-I cells infiltrated the TME of the mice injected
with B16-OVAR®270KD (Figyre 3D), and a similar phenotype was
also detected on day 18. In addition, we found that in the late stage,
but not the early stage, of metastasis, activated OT-I cells (identi-
fied as CD44'KLRG1") showed a significantly higher frequency and
absolute number in the B16-OVAR®279KD hearing mice. However,
there was no significant difference in activated OT-I cells in metLNs
(Figures 3E and S3E).

In the TME, CD8" T cells are prone to exhaustion, which is char-
acterized by a reduced proliferative proportion, decreased effective
cytokines, and upregulation of some inhibitory markers.*” We next
evaluated the expression levels related to exhaustion and effector
function on tumor-specific CD8" T cells. FCM analysis indicated that
at 9 d post-WT B16-OVA incubation, approximately half of the TIL
OT-1 cells were PD-1 positive, which further increased to 80% on
day 18 in the mice. However, the B16-OVAR®?7¢KD_pearing mice
showed a much lower fraction of PD-1" OT-I cells in the TME than

the control mice (Figure 3F). Furthermore, the population of cells
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FIGURE 3 Exosomes derived from melanoma cells can induce tumor-specific CD8+ T cell exhaustion. A, CD8™" mice were injected with
WT or Rab27a-KD and nSMase2-KD B16 cells. The numbers of metastases foci were counted on day 16, see Figure S3A. n = 8 for each
group. One-way ANOVA with Bonferroni correction was used. B, Survival curve of mice as shown in (A). WT vs Rab27a-KD, P = .098; WT
vs nSMase2-KD, P = .104; log rank test was used. C, The fluorescence intensity of CFSE was measured in CD8+ T cells of spleen, metastatic
lymph nodes (metLNs), and the tumor microenvironment (TME) by flow cytometry (FCM). For the schematic of experimental design see
Figure S3C. D, In vivo underlying effect evaluation of the exosome in CD8+ T cells in a murine metastasis tumor model. C57BL/6J mice were
intravenously injected with WT or Rab27a-KD B16-OVA cells following OT-I cells adoptive transfer. The absolute numbers of OT-I cells in
TME were calculated on different days of tumor inoculation. E-H, C57BL/6J mice were intravenously inoculated with WT or Rab27a-KD
B16-OVA cells (4 x 10°) on day 0, and CD45.1+ OT-I cells were adoptively transfer on the following day (n = 6 per group). On days 9 and

18, TILs were subjected to FCM. FCM quantification of percentage and absolute number of CD44+ KLRG1+ OT-I cells (E); representative
FCM staining (left) and summary (right) of PD-1 expression by OT-I cells (F); percentage of Ki67+ OT-I cells (G); representative FCM staining
(left) and summary (right) of granzyme B (Gzmb), tumor necrosis factor-o (TNFa) and interferon-y (IFN-y) by OT-1 cells (H). I, OT-I cells were
sorted by FCM from mice, as described in (E), mixed with CFSE-labeled B16-OVA cells and adoptively transfer to CD8™" mice. After 12 h,
the levels of caspase3+ in tumor cells were measured by FCM. J, Pie chart of progenitor (TCF1+Tim3 CX3CR1"), effector-like transitory
(PD-1+TCF1 CX3CR1+) and terminal (PD-1+TCF1"CD101+) populations within OT-I cells in TME in metastatic mice. K, Heatmap showing the
differentially expressed genes of infiltrated CD44+ OT-I cells derived from mice given WT or Rab27a-KD B16-OVA cells. The experiments
were repeated at least twice with similar results. In (D-H), an unpaired t test was used. Error bars, SEM

positive for the proliferative marker Ki67 was substantially higher
among the OT-I cells of the mice injected with Rab27a-KD B16-
OVA than among their WT counterparts (Figure 3G). There was
no difference in Bcl-2 expression between these 2 populations of
OT-I cells (Figure S3F), indicating that exosomes can impair prolif-
eration in vivo rather than antiapoptotic ability during metastasis.
More importantly, deficiency of tumor-released exosomes strongly
promoted the cytotoxicity of cytokine production from OT-I cells in
the late stage of metastasis, as evidenced by the increased produc-
tion of IFN-y, TNFa, and Gzmb in the B16-OVAR®270KD_Kearing mice
(Figure 3H). This finding suggested that exosomes may impair the
cytotoxic function of tumor-specific CD8" T cells against tumor cells.
To verify this, we sorted these 2 groups of OT-I cells from metastatic
mice, mixed them with CFSE-labeled WT B16-OVA and adoptively
transferred them to CD8™/~ mice. In the mice that received OT-1 cells
derived from the TME in the absence of exosomes, a significant in-
crease in the number of tumor cells showing evidence of apoptosis
was detected after 12 h (Figure 3I). These results suggested that the
exhaustion of tumor-specific CD8" T cells in the TME of metastasis
is important due to exosomes secreted by tumor cells, which limit
proliferation and impair cytotoxicity-cytokine production and killing
function.

Recent studies have reported that exhausted CD8* T cells can
be differentiated into multiple subsets, mainly progenitor (or stem-
like), transitory and terminal cells, mediated by critical TFs, such
as TCF1, Tox, and Eomes.?®>?°> We investigated whether tumor-
released exosomes can influence exhausted tumor-specific CD8"
T cell differentiation in metastasis. Using FCM analysis, we divided
tumor-infiltrated OT-l cells into TCF1'Tim3 CX3CR1™ progenitor
cells, PD-1'TCF1"CX3CR1" effector-like transitory cells and PD-
1'TCF1°CD101* terminal cells (whole cells were gated from CD44*
populations) (Figure S3G). We found that, in the early stage of metas-
tasis, approximately 70% of OT-I cells were progenitor cells, and only
a few OT-I cells developed transitory and terminal exhaustion states
in the WT B16-OVA-bearing mice (Figure 3J). As metastasis pro-

gresses, a greater than 2-fold increase in the fractions of terminally

exhausted CD8" T cells were generated, resulting in a reduction in
progenitor cells. Conversely, in the late stage of metastasis, only ap-
proximately 15% of the terminally exhausted populations existed in
total OT-I cells, which was replaced by a much higher percentage
of transitory cells in the B16-OVAR®270-KD_haaring mice (Figure 3J).
This finding indicated that tumor-released exosomes are a critical
promoter of terminal exhaustion of tumor-specific CD8* T cells in
metastasis. To further elucidate how the transcriptional states of
these tumor-specific CD8" T cells were altered under exosome-
deficient conditions, we sorted the CD45.1*CD44* OT-I cells from
the TME by FCM on day 16. Then, their genotypic expression was
compared by real-time gPCR analysis. As shown in Figure 3K, the
OT-1 cells expressed higher levels of genes encoding exhaustion
markers (Pdcd1, Havcr2, Entpd1, CD101, Tox) in the mice injected with
WT B16; in contrast, the OT-I cells showed higher transcript levels
of genes encoding functional factors (Lamp1/2, Ifng, Tnf), effector
molecules (klrg1, Icos) and survival/memory molecules (ccr7, Eomes)
in the mice without exosomes. Taken together, these data are con-
sistent with a degraded exhaustion and enhanced antitumor immune
response of tumor-specific CD8" T cells in the absence of exosomes.

3.4 | Exosomal PD-L1 suppresses tumor-specific
CD8" T cell function during metastasis

Inhibitor receptors are expressed at high and sustained levels on
exhausted T cells and have deleterious effects on robust immune
responses. The expression pattern of inhibitory receptors on CD8"
T cells during metastasis is still unclear. We measured multiple in-
hibitory receptors, including PD-1, Tigit, Lag-3, Tim-3, and 2B4,
expressed on tumor-infiltrating CD8" T cells of the metastatic mice
bearing WT B16 cells. FCM analysis showed that approximately half
of the CD8" T cells expressed PD-1 protein on day 12; notably, the
level of PD-1 was significantly higher than that of other inhibitory
factors (Figure 4A). In addition, we found that exosomes derived

from the WT B16 cells expressed exogenous PD-L1, as shown by
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western blot analysis, although the level of PD-L1 was substan-
tially lower on both Rab27a-KD and nSMase2-KD B16 cells, sug-
gesting that PD-L1 is specifically secreted in the form of exosomes
(Figure 4B). We next confirmed this finding in an experimental mu-
rine model of pulmonary metastasis in vivo. Plasma was collected
from the mice for circulating exosome isolation and subsequent
detection of PD-L1 by ELISAs. The PD-L1 level on circulating ex-
osomes was significantly increased in the mice injected with WT B16
on days 12 and 18 (Figure 4C); however, the exosome-deficient B16
cells failed to produce exosomal PD-L1. Importantly, we collected
plasma from patients with metastatic cancer cells and found signifi-
cantly higher PD-L1 protein levels in the patients than in the healthy
donors (Figure 4D).

Given that exosomes can directly combine with surface mole-
cules of cells, we hypothesized that exosomes exert immunosup-
pressive effects on CD8" T cells by carrying PD-L1, which targets
PD-1. The circulating exosomes from the WT B16 metastatic mice
were purified followed by culture with an antibody against PD-L1
or an isotype control in vitro for 2 h. Then, these pretreatment
exosomes were transferred to mice that were administered B16
knockdown cells. We found that injection of circulating exosomes
treated with an anti-PD-L1 blocking antibody, rather than with an
IgG isotype, significantly prevented the formation of metastasis,
showing a decrease in metastatic foci by half in the mice on day 16
(Figure 4E, Figure S4A). This finding indicated that exosomal PD-
L1 is a critical factor that promotes metastasis of melanoma cells.
To examine the effects of exosomal PD-L1 on tumor-specific CD8"
T cells, we injected the B16-OVAR®27a-KD ce|is into mice following
adoptive transfer of CD45.1" OT-1 T cells; then, the mice were in-
travenously administered purified exosomes that were pretreated
with the anti-PD-L1 antibody or isotype IgG in vitro before injec-
tion (Figure S4B). The mice injected with WT B16-OVA tumor cells
were used as controls. FCM analyses indicated that the absolute
numbers of infiltrated OT-I cells were significantly decreased in
the mice receiving additional purified exosomes, whereas OT-I
cells showed an increasing trend after anti-PD-L1 pretreatment
(Figure 4F). A similar cellular phenotype was also detected for the
activated (CD44" KLRG1*) OT-1 T cells, indicating a unique role of
endogenous PD-L1 in exosomes in the suppression of CD8* T cells
(Figure 4G). The exosomes also decreased the proportion of pro-
liferating (Ki67*) OT-I T cells during metastatic progression, which
could be reversed by anti-PD-L1 antibody blockade (Figure S4C).
The OT-I cells from the control mice showed a deep exhausted
state demonstrated by the very high levels of PD-1 and the low
levels of cytokine production, indicating significant remission
induced by the exosome-deficient B16 cells. Notably, exosome
administration can largely re-exhaust these tumor-specific CD8"
T cells. However, pretreatment of circulating exosomes with PD-
L1 blockade resulted in an obvious decrease in PD-1 levels; in
addition to this finding, the percentages and absolute numbers
of the IFN-y-, TNFa-, and Gzmb-positive OT-I cells were signifi-
cantly increased compared with their isotype IgG counterparts

(Figure 4H,1). These findings suggested that exosomes act through
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PD-L1 to suppress tumor-specific CD8" T cell activation and cy-
totoxic functions in vivo, and this suppression can be rescued by
anti-PD-L1 blockade.

3.5 | Exosomal PD-L1 acts as a potential biomarker
for ICB therapy

Cancer immunotherapy involving ICB with PD-1 or PD-L1 monoclo-
nal antibodies indeed rescued the dysfunction of cytotoxic effector
CD8" T cells, resulting in tumor regression and prolonged patient
survival.?¢28 We investigated whether metastatic mice can respond
to ICB therapy. WT B16 cells were intravenously injected into WT
mice following treatment with an anti-PD-L1 antibody. The number
of metastatic foci in the mice was significantly lower after PD-L1
blockade administration than that in the counterpart mice, suggest-
ing that mice with pulmonary metastasis can respond well to ICB
(Figure 5A). Notably, the level of circulating exosomal PD-L1 posi-
tively correlated with the overall tumor burden, showing at least a
2-fold lower level in the PD-L1-treated mice in the late stage of me-
tastasis (Figure 5B).

However, in the clinic, patients treated with PD-1/PD-L1 inhib-
itors showed significant individual differences. We next examined
whether metastasis can be well controlled by ICB therapy among
different periods of progression. Equal dosages of antibodies against
PD-L1 were administered to the mice 4, 8 and 12 d after WT B16
injection, which mimicked the early, middle, and late periods of ther-
apy, respectively. The effective responses to therapy of the mice
were confirmed by the levels of metastasis using bioluminescence
analysis. We found that all mice that received early anti-PD-L1 treat-
ment had a complete response (10/10), with fluorescence levels that
tended to be low or even undetectable compared with those at the
initial therapy. Furthermore, a partial response (3/10) was observed
after treatment at the middle stage, whereas all mice failed to re-
spond to anti-PD-1 treatment at the late stage of metastasis (0/10),
showing stable tumors or progressive disease (Figure 5C). These
data indicated that the efficiency of the response to ICB is largely
dependent on the tumor burden in metastasis.

We next measured the level of circulating exosomal PD-L1 by
ELISAs in responder and nonresponder mice. As shown in Figure 5D
and Figure S5A, the level of exosomal PD-L1 was significantly re-
duced after treatment in the responder mice, although the nonre-
sponders showed an increased level. Importantly, we found that the
responder mice had relatively lower accumulation of exosomal PD-
L1 than the nonresponders. We then investigated whether circulat-
ing exosomal PD-L1 acts as a potential biomarker for the prediction
of the response rate to ICB therapy. Using ROC analysis (Figure S5B),
we found a high ratio of response with a PD-L1 level of <5 ng/mL in
the exosomes (exo-PD-L1'°%), a low ratio of response with =5 ng/
mL but <25 ng/mL (exo-PD-L1™"™) and no response with 225 ng/
mL (exo-PD-L1"eM). As expected, a high level of circulating exosomal
PD-L1 was associated with poorer outcomes in mice, whereas mice

with a low level of exosomal PD-L1 displayed a significantly better
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FIGURE 4 Exosomes drive tumor-specific CD8" T cell exhaustion through endogenous PD-L1. A, Representative FCM staining for
multiple inhibitor markers including Tigit, Lag-3, 2B4, Tim-3, PD-1 on CD8" T in TEM from B16 metastatic mice. B, Western blot analysis

of CD63, PD-L1 in the whole cell lysate (WCL) and purified exosomes (EOX) from WT, Rab27a-KD, and nSMase2-KD B16 cells. C, ELISA

to measure the levels of exosomal PD-L1 in plasma samples from metastatic mice (n = 5) on days 0, 6, 12, and 18. D, ELISA of PD-L1 on
exosomes in plasma samples from healthy people (n = 12) or patients with metastasis tumor (n = 47). Unpaired t test was used. E, Purified
exosomes from tumor-bearing mice were pretreated with isotype IgG or anti-PD-L1 antibodies (50 ng/well) in vitro, and then adoptively
transfer to mice injected with nSMase2-KD or Rab27a-KD B16. A summary of metastases of mice on day 16 is shown. F-I, C57BL/6J mice
were intravenously inoculated with WT or Rab27a-KD B16-OVA cells (4 x 10°) on day 0, and CD45.1" OT-I cells were adoptively transfer on
next day (n = 4 per group). On days 6, 9, 12, 15, pretreatment of purified exosomes as described in (E) and then administrated to mice in vivo.
After 16 d, TILs were subjected to FCM. See also Figure S4B. FCM quantification of absolute numbers of total OT-1 (F) and CD44"KLRG1*
OT-1 (G); representative FCM staining (left) and summary (right) of PD-1 expression by OT-1 T cells (H); representative FCM staining (left)
and summary (right) of Gzmb, TNFa and IFN-y by OT-I cells (I). The experiments were performed at least twice with similar results. In (C, E-I),

one-way ANOVA with Bonferroni correction was used. Error bars, SEM

prognosis after therapy (Figures 5E,F and S5C). These results sug-
gested that the level of circulating exosomal PD-L1 prior to PD-1/
PD-L1 blockade therapies appears to reflect a distinct state of an-
titumor immunity and may be an important predictive biomarker of
ICB therapies.

4 | DISCUSSION

Together, our results revealed a crucial role for exosomal PD-L1 in
enabling tumor-specific CD8" T cell exhaustion to promote meta-
static progression. The role of tumor-released exosomes in disease
progression has been shown in multiple studies.*® Recent advances
have demonstrated that exosomes are involved in tumor-associated
new blood vessel generation and the establishment of premetastatic
niches, which promote tumor growth and invasion.*’! However,
further evidence has identified an immunosuppressive role for
exosomes. For example, exosomes can inhibit the activation and
function of multiple important lymphocytes, such as dendritic cells,
natural killer (NK) cells, and CD8 T cells.>>>* However, the mecha-
nisms underlying these immunosuppressive effects remain unclear.
In this study, we present direct evidence showing that exosomes
derived from melanoma cells specifically suppressed tumor-specific
CD8" T cells in a PD-L1-dependent manner. PD-L1 is well positioned
to mediate PD1 crosslinking and immunosuppression in effector T
cells by the recruitment of the tyrosine protein phosphatase SHP2
to the PD1 cytoplasmic domain, where it dephosphorylates proximal
TCR and CD28 signals.>>>® Genetically knocking down exosomes
significantly decreased PD-L1 expression in melanoma cells in vitro
as well as in vivo; moreover, another possibility that causes the re-
duction of exosomal PDL1 in plasma is the decreased tumor-released
exosomes. In vivo, the injection of in vitro-purified exosomes carry-
ing PD-L1 increased the levels of exhausted OT-I cells and inhibited
OT-I cell activation, proliferation, and killing function, resulting in
severe metastasis. However, the outcomes were reversed following
pretreatment with aPD-L1 antibody, suggesting that carrying PD-L1
appears to be an important mechanism by which exosomes promote
metastasis, at least in the B16 melanoma model.

IFN-vy is an important component of the host in antitumor immu-
nity. Accumulating evidence suggests that persistent IFN-y signaling

can suppress CD8" T cell activation by upregulated levels of PD-L1

on the tumor cell surface, which causes “adaptive resistance” for the
therapeutic outcome of checkpoint blockade.’”*® A recent study
demonstrated that after treatment with IFN-y, tumor cells can gen-
erate and present aberrant trans-frame peptides at the cell surface,’
which suggested that immune stress can alter tumor cell heteroge-
neity. Therefore, we investigated whether IFN-y can induce B16
cells to secrete increased levels of exosomes. Interestingly, based on
our analysis, there was only a marginal difference in the accumula-
tion of exosomes after IFN-y treatment (Figure 1D), suggesting that
exosomes are not sensitive to IFN-y.

In this study, we developed exosome-null B16 cells by knocking
down Rab27a and nSMNase2, which are 2 critical exosomal biogenesis
genes. Deletion of both of these genes led to the loss of the majority
of exosomes, which were detected by CD63 marker expression and
electron microscopy. Notably, loss of exosomes reversed the severe me-
tastasis in the lung and extended the survival of melanoma cell-bearing
mice. However, the phenotype was reversed by additional purified
exosome treatment in vivo, strongly suggesting an important role for
exosomes in promoting metastasis. In addition, this role for exosomes
is not limited to the B16 melanoma model. Removal of exosomes using
GW4869, a specific inhibitor of nNSMNase2, in the LLC tumor model also
significantly suppressed metastatic growth and prolonged mouse sur-
vival. Therefore, based on our findings, small molecule inhibitors target-
ing key enzymes, such as Rab27a and nSMNase2, or molecules presented
at the exosome surface, such as PD-L1, have the potential to act alone or
in combination with current therapeutic strategies for cancer patients.

Notable regression of metastasis was detected in the WT
mice, rather than the CD8" T cell-deficient mice, which were in-
jected with exosome-deficient B16 cells, indicating that the effect
of exosomes relied on active CD8" T cells. After in vitro culture,
we found that melanoma cell-released exosomes could directly
combine on the surface of CD8" T cells (Figure 3C). The level of
recognition on TILs was higher than that in the metLNs and the
spleen, which may be associated with the extent of inhibitory re-
ceptor expression in different organ-sourced CD8" T cells. In our
study, we mainly focused on tumor-specific CD8" T cells, which
are considered the major fraction that mediates antitumor immu-
nity, although intratumoral CD4"* T cells have been shown to be
important in killing autologous tumors and promoting CTL func-
60,61

tion in recent studies. To elucidate how exosomes participate

in the metastatic process through tumor-specific CD8* T cells, we
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used the OVA/OT-I system. Our findings suggested that exosomes
play an important role in inducing OT-I cell exhaustion in the later
but not in the early stage of metastasis. Nonetheless, there is no
effect caused by exosome loss in metLNs, a critical pool of CTLs
for antitumor therapy after immune therapy.®? This phenomenon
may be caused by systemic dysfunction and plasticity of the im-
mune macroenvironment in cancer models.®® Exhausted CD8* T
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FIGURE 5 Exosomal PD-L1 was a potential biomarker for predicting metastasis progression. A, C57BL/6J mice were treated with or
without antibody targeted on PD-L1 at 6, 9, and 12 d post-WT B16 cells injection. A summary of metastases of mice is shown. n = 7 for each
tumor group. B, Levels of PD-L1 on exosomes in plasma samples of control or anti-PD-L1 antibody treatment mice, measured by ELISA.
Unpaired t test was used in (A, B). Error bars, SEM. C, C57BL/6J mice were intravenously injected with B16-luc cells on day 0. The anti-
PD-L1 antibody was performed from day 4 (Group 1: on days 4, 7, 10), day 8 (Group 2: on days 8, 11, 14) or day 12 (Group 3: on days 12, 15,
17) of tumor inoculation. Luciferin was administrated on day 18, and light emission was recorded. Representative bioluminescence images
are shown. The ratio of responder (R) or nonresponders (NR) for blockade was summary by bioluminescence intensity. n = 10 for each tumor
group. D, Tumor-bearing mice were treated with anti-PD-L1 antibody from day 8 (on days 8, 11, 14). ELISA to measure the levels of exosomal
PD-L1 in Rand NR on day 7 and day 15 (paired t test). E, Images (left) and summary (right) of metastases of high (225 ng/mL), medium
(between 5 and 25 ng/mL), and low PD-L1 (<5 ng/mL) on circulating exosomes. Each group of mice was administrated anti-PD-L1 blockade
3 times. One-way ANOVA with Bonferroni correction was used. F, Mouse survival curve for high, medium, and low exosomal PD-L1 of mice
treated with anti-PD-L1 antibodies. Isotype antibody treatment mice served as the control. Control vs high, P = .874, Control vs medium,

P =.004; Control vs low, P < .001(log rank test). The experiments were repeated at least twice with similar results

and differentiate into fully memory T cells if removed from per-
sisting antigen stimulation early; however, longer exposure results
in stable and irreversible exhaustion.®®®” Indeed, the duration of
endogenous antigen exposure appears to contribute to driving
CD8" T cells exhaustion in cancer. Here, we provide extensive ev-
idence that exosomes from tumor cells act as potential contribu-
tors to driving CD8" T cell exhaustion in vivo.

Recent genomic profiling research has revealed the underly-
ing transcriptional and epigenetic landscape of exhausted CD8*
T cells in cancer.®® Tox was reported as a critical TF for CD8" T
cell exhaustion®””%; moreover, multiple additional TFs, includ-
ing NR4A1 (also known as Nur77)’*7® and IFR4,”® can promote
T cell exhaustion by modifying exhaustion-specific genes. These
genes encoding inhibitory receptors, TCR signaling pathways, and
chemokines/chemokine receptors were significantly altered during
T cell exhaustion.**””78 Importantly, after checkpoint blockade,
the epigenetic landscapes of reinvigorated CD8" T cells showed a
relatively stable change.!*”?8% Here, we found that exosome defi-
ciency in tumor cells indeed downregulated key TF-mediated ex-
hausted CD8" T cell differentiation; for example, Tox was obviously
expressed at lower levels. Similarly, CD39 (encoded by Entpd1) has
been defined as a terminally exhausted molecule,®! similar to the
majority of inhibitor receptors, showing a significantly decrease.
In contrast, multiple genes encoding functional factors or effector
molecules, including kirg1, ifng, Gzma/b, and Lamp1/2, showed a sig-
nificant increase in the absence of exosomes. In other words, the
presence of melanoma-released exosomes can drive more severe
exhaustion of tumor-specific CD8" T cells in metastasis. In chronic
infection, the CD8" T cells in the final stage of exhaustion retain a
slightly better ability to kill targetsgz'83; however, in a mouse model
of cancer, progenitor and transitory exhausted populations, rather
than terminally exhausted populations, play a critical role in con-
trolling tumor growth and have the capacity to respond to check-
point blockade.?® Here, according to our results, we showed that
tumor cells drive more terminally exhausted CD8" T cell develop-
ment through exosome secretion, resulting in uncontrolled tumor
progression. This phenomenon may explain why the mice injected
with B16 cells with exosome loss showed a significantly longer sur-

vival time and regression of metastasis than the controls.

Immunotherapy, including checkpoint blockade, has shown
striking results in clinical tumors resistant to traditional therapies,
such as surgery, radiation, and chemotherapy.24%” An impressive
outcome of immunotherapy for cancer is a significant extension
of survival time. However, a larger population of patients cannot
experience long-term benefits. Patients may respond unpredict-
ably to immunotherapy partly because of heterogeneity of the
antitumor immune composition. Indeed, in this melanoma-induced
metastasis model, we found that if mice were treated with the anti-
PD-L1 antibody in the early stage, they showed a substantially
better outcome than their counterparts in the later stage. Several
recent papers have suggested that exosomal PD-L1 is a marker of
poor outcome after surgery or chemotherapy and radiation in pa-
tients with gastric cancer and head-and-neck squamous cell carci-
noma.*®%8 However, few studies have examined whether exosomal
PD-L1 is a predictive biomarker for the response to immunother-
apy in patients with metastasis. Here, we found that exosomal PD-
L1 sharply decreased in responders to ICB, and importantly, the
level of exosomal PD-L1 may reflect the phenotypic profiles of
TILs, which determine patients who are more likely to respond to
therapy. Therefore, measuring the level of exosomal PD-L1 in met-
astatic patient blood samples is a potential strategy for predicting
the outcome of immunotherapy.

In summary, we showed that melanoma cell-released exosomes
play an immunosuppressive role through endogenous PD-L1 to in-
duce tumor-specific CD8"* T cell exhaustion, resulting in the promo-

tion of metastatic progression.
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