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Abstract

Exosomes, including human melanoma-derived exosomes (HMEX), are known to suppress the 

function of immune effector cells, which for HMEX has been associated with the surface presence 

of the immune checkpoint ligand PD-L1. This study investigated the relationship between the 

BRAF mutational status of melanoma cells and the inhibition of secreted HMEX exosomes on 

antigen-specific human T cells. Exosomes were isolated from two melanoma cell lines, 2183-Her4 

and 888-mel, which are genetically wild-type BRAFWT and BRAFV600E, respectively. HMEX 

were isolated using a modified, size-exclusion chromatography (SEC) method shown to reduce co-

isolation of non-exosome associated cytokines compared to ultracentrifugation isolation. The 

immunoinhibitory effect of the exosomes were tested in vitro on patient-derived NY-ESO-1-

specific CD8+ T cells challenged with NY-ESO-1 antigen. HMEX from both cell lines inhibited 

the immune response of antigen-specific T cells comparably, as evidenced by the reduction of 

IFN-γ and TNF-α in NY-ESO-1 tetramer positive cells. This inhibition could be partially reversed 

by the presence of anti-PD-L1 and anti-IL-10 antibodies. IL-10 has been demonstrated to be a 

critical pathway for sustaining enhanced tumorigenesis in BRAFV600E mutant cells compared to 

BRAFWT melanoma cells. Thus, we demonstrate that HMEX inhibit antigen-specific T cell 

responses independent of the BRAF mutational status of the parent cells. In addition, PD-L1 and 

IL-10 contribute to the HMEX mediated immune-inhibitory activity of antigen specific human T 

cells. The inhibitory capacity of exosomes should be taken into consideration when developing 

therapies that are reliant upon the potency of customized, antigen-specific effector T cells.
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Introduction

Cancer-derived cytokines and extracellular vesicles (EVs) contribute to the tumor niche as 

well as the pre-metastatic niche in more distal noncancerous environments (Shu et al. 2018; 

Whipple et al. 2016). Consequently, cancers like melanoma are particularly predisposed to 

poor outcomes due to metastasis as more than 95% of patients die from metastatic burden 

without intervention. Genetically distinct melanomas will often display varied biological 

behavior (Ellerhorst et al. 2011; Ilieva et al. 2014).

Amongst EVs secreted by melanoma, a subset of EVs ranging in size from 50 to 120 nm in 

diameter are capable of directly influencing stromal cells to promote the generation of pro-

tumor conditions within the tumor microenvironment (TME). More commonly known as 

exosomes, these vesicles contain nucleic acid and protein cargo, and are decorated with 

membrane molecules. Exosomes are released by specific endosomes called multivesicular 

bodies (MVBs) into the extracellular environment (Russell et al. 2019). Secreted HMEX can 

fuse with local stromal cells, where they promote metabolic reprogramming and can also 

influence distal sites via the bloodstream or lymphatic action (Ilieva et al. 2014; Tung et al. 

2019).

Melanoma cells produce soluble factors such as cytokines which can regulate cells in the 

TME. For example, cytokine synthesis inhibitory factor IL-10 promotes immunosuppression 

by suppressing expression of ILs-1a, 1b, −6, −12 and −18, TNF-α and GMCSF in T cells 

and macrophages, as well as IFN-γ in activated T-helper cells. IL-10 has been demonstrated 

to be a critical pathway for sustaining enhanced tumorigenesis in BRAF V600E mutant cells 

compared to WT BRAF melanoma cells (Ascierto et al. 2012; Khalili et al. 2012). HMEX 

membranes are decorated with molecules such as Programmed death-ligand 1 (PD-L1) that 

directly suppresses the anti-tumor activity of T cells. Recently, exosomal PD-L1 has been 

identified as an underlying cause of T cell suppression and as a biomarker of poor 

prognostic outcome (Chen et al. 2018). Tumor derived exosomes are also potent inhibitors 

of other immune cells such as DCs, NK T cells and neutrophils (Whiteside 2016, 2018; 

Sharma et al. 2020).

To better understand the contribution of exosome mediated pathways and tumor derived 

soluble factors which may co-isolate with exosomes, we employ ultrafiltration columns 

coupled with size exclusion chromatography (SEC) columns which increase the yield and 

purity of HMEX compared to isolating exosomes by ultracentrifugation methods (Shu et al. 

2020).

The current study demonstrates that exosome-associated IL-10 and PD-L1 are involved in 

the HMEX immuno-suppressive effects on tumor antigen-specific T cells, independent of 

the BRAF status of the primary melanoma cell line.
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Materials and Methods

Cell culture of melanoma cell lines for HMEX isolation

Melanoma cell lines 2183-Her4 (BRAFWT) and 888-mel (BRAFV600E) were obtained from 

National Institutes of Health (NIH). The cell lines were checked for mycoplasma regularly 

and were mycoplasma free during the conduct of the presented studies. Chinese Hamster 

Ovary (CHO) cells and HL-60 wild-type (HL60wt) cells were kindly provided by Dr. Hans 

Minderman (Roswell Park Comprehensive Cancer Center). Mel624.38 were kindly provided 

by Dr. Kunle Odunsi, as well as obtained from NIH. Validation of cell line authenticity was 

performed by the Genomic Shared Resource (Roswell Park Comprehensive Cancer Center) 

using short tandem repeat analysis (STR DNA fingerprinting). Cells were maintained in 

RPMI 1640 media supplemented with GlutaMAX (Gibco, USA), Penicillin/Streptomycin 

(Gibco, USA) and 5% fetal bovine serum (FBS, Gibco, USA). Twenty-four hours before 

harvesting supernatants for HMEX, adherent cells were washed with “supplement-free” 

RPMI 1640 media and then cultured with exosome-depleted complete media which contains 

5% exosome-depleted FBS (Gibco, USA).

Isolation of exosomes from melanoma cells lines

Exosomes were isolated as described previously (Shu et al. 2018) using the REIUS (Rapid 

Exosome Isolation Using Size exclusion chromatography) method. In brief, cell culture 

supernatant was centrifuged at 300 × g for 5 minutes to pellet cells. The resultant 

supernatant was decanted into a 50 ml Falcon tube for centrifugation at 3000 × g for 15 

minutes for removal of cell debris. The supernatant was transferred to a new 50 ml Falcon 

tube and passed through a 0.20 μm PES syringe filter (FisherScientific, USA) to eliminate 

contaminating particles greater than 200 nm in size. The filtered supernatant was transferred 

to Amicon Ultra-15 Centrifugal Filter Units, MWCO 100 kDa (Millipore Sigma, USA), and 

spun down to an appropriate volume for use in Exo-spin SEC columns in accordance with 

manufacturer’s instructions (Cell Guidance Systems, USA).

Exosome size and concentration measurements by NTA

Size and concentration of purified exosomes were determined by nanoparticle tracking 

analysis (NTA) using ZetaView (Particle Metrix, USA) equipped with a 405 nm light source. 

Samples were run at 25°C using 0.20 μm-filtered PBS as a diluent. For video acquisition, a 

shutter speed of 600 and frame rate of 60 were used; sensitivity was set at 89 in accordance 

with software guidance algorithms. Prior to taking measurements, particle detection 

accuracy was verified using 100 nm non-labeled latex beads (Applied Microspheres, The 

Netherlands). For fluorescence NTA, detection accuracy was verified using 100 nm yellow-

green microspheres (Polysciences Inc, USA) with a 650 nm long pass filter in the emission 

path. Samples were diluted in PBS to achieve a particle count in the range of 200–500. 

Isolated HMEX were analyzed by non-fluorescent (excitation 405 nm, no emission filter) 

and fluorescent NTA (405 nm excitation, 650 nm long-pass emission filter) modes. The 

fluorescent NTA performance was validated using 100 nm Fluorescent beads by determining 

no statistically significant differences in size and concentration measurements of the 

fluorescent bead suspension both in non-fluorescent (mean size ± SD of 127.2 ± 54.7 nm, 
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18×1013 particles/ml) and fluorescent mode (mean size 107.3 ± 30.2 nm, 5.7×1013 particles/

ml).

Conjugation of PD-L1 antibody with quantum dot (Qdot) 705

PD-L1 antibody clone MIH1 (Thermo Scientific, USA) was conjugated with Qdot 705 using 

the ThermoFisher (S10454) SiteClick Antibody Labeling Kit (Qdot 705) according to the 

manufacturer’s instructions. The resulting conjugated antibody was subsequently purified 

using the Abcam Mouse Antibody Purification Kit (ab128745), according to manufacturer’s 

instructions.

Imaging Flow Cytometry

Labeled HMEX were acquired using an imaging flow cytometer ImageStream MK-II 

(Millipore, USA). About 5,000 individual images were recorded; spectral compensation and 

analyses were performed using ImageStream Data Exploration Software. Unlike fluorescent 

NTA which necessitated the need for the PD-L1 antibody to be conjugated to photostable 

Qdot 705 (see results section), the shorter excitation of the fluorochromes during imaging 

flow cytometry does not present a problem with regards to photobleaching. Therefore, an 

anti-PD-L1 antibody directly conjugated to Brilliant violet 421 (BV421; BD, USA) could be 

used. The antibody was clone-matched with the antibody used during fluorescent NTA and 

used at a dilution factor of 1:100. For an antibody control, BV421 antihuman-PD-L1 

antibody was diluted 1:100, without the addition of exosomes. To determine which 

population in the image corresponded to exosomes, the test sample was then lysed with 

0.5% Triton-X prepared in 1X PBS, mixed by inverting the tube several times over the 

course of 10 minutes and re-analyzed by ImageStream for the loss of any specific 

population.

NY-ESO-1-specific CD8+ T cell isolation

HLA-A2-restricted NY-ESO-1-specific CD8+ T cells were isolated from peripheral blood of 

a testicular cancer patient who had anti-NY-ESO-1 antibody response as described 

previously (Matsuzaki et al. 2015; Matsuzaki et al. 2010). Briefly CD8+ T cells were 

separated using magnetic beads (Invitrogen) followed by stimulation with NY-ESO-1 pooled 

peptide-pulsed autologous CD4−CD8− cells. HLA-A2/NY-ESO-1157–165 tetramer+CD8+ T 

cells were sorted by FACSAria (BD Biosicences) and expanded by stimulation with 

phytohemaglutinin (PHA, Thermo Scientific) in the presence of γ-irradiated normal donor 

PBMC, IL-2 (Sigma) and IL-7 (R&D Systems).

Exosome co-culture with T cells / neutralizing antibody and analysis by flow cytometry

HLA-A2-resticted NY-ESO-1-specific CD8+ T cells (5–10 × 104) were co-cultured with 6 × 

1010 HMEX per well for 48 h in the presence of 10U/ml IL-2 and 10 ng/ml IL-7 in RPMI 

1640 media supplemented with 5% exosome-depleted FBS. Neutralizing antibody 

(monoclonal) for human PD-L1 was purchased from Thermo Scientific and was present at a 

neutralizing concentration of 5 μg/ml based on previous studies (Matsuzaki et al. 2015). 

Neutralizing antibody for human IL-10 (monoclonal) was purchased from R&D systems, 

and was present at a neutralizing concentration in accordance to manufacturer’s 
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recommended concentration (i.e. 2 μg/ml, which would neutralize > 60% of the bioactivity 

due to 5 ng/ml of IL-10). HMEX were pre-incubated for 18 hours with PD-L1 and IL-10 

neutralizing antibodies, separately or in combination, prior to incubating with the T cells. 

After the incubation, T cells were washed with media and incubated with HLA-A2+NY-

ESO-1+ Mel624.38 cells for 4 h in the presence of 5 μg/ml of monensin (Sigma). Thereafter, 

cells were stained with HLA-A2/NY-ESO-1157–165 tetramer (MBL) and CD8 (BioLegend), 

fixed with 2% formaldehyde and permeabilized to stain intracellular IFN-γ (BD 

Biosciences) and TNF-α (BD Biosciences) as described previously (Matsuzaki et al. 2015). 

The cells were analyzed using a BD LSR Fortessa cell analyzer and % cytokine production 

on tetramer+CD8+ T cells was analyzed by FlowJo software. PD-1 surface expression was 

examined using flow cytometry after staining T cells with APC conjugated PD-1 antibody 

(Biolegend) or its matched isotype control (Biolegend). PD-1 expression was quantified by 

comparing the specific PD-1 intensity distribution with the matched isotype control using 

the Kolmogorov-Smirnov (KS) statistic D-value (WinList version 9.0.1, Verity Software 

House)

Cell viability and detection of apoptosis

For calculation of cell viability, cell number was counted using a Bio-Rad TC20 automated 

cell counter with trypan blue exclusion (Bio-Rad, USA). For the detection of apoptosis, a 

FITC Annexin V Apoptosis Detection Kit I (BD, USA) was used in accordance to the 

manufacturer’s protocol.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.3.0 by GraphPad Software Inc. 

(San Diego, CA). ANOVA was used to determine p-value, with a p-value less than 0.05 

being statistically significant. Experiments were done in triplicate. Error bars represent mean 

± SE (standard error of the means). Number of asterisks denote increasing statistical 

significance (* implies p-value < 0.05, ** < 0.01, *** < 0.005 and **** is < 0.001). 

Kolmogorov-Smirnov statistic (KS statistic) was used to compare the cumulative 

distributions between positive signals in PD-1 isotype control and PD-1 antibody samples. 

Test statistic (D-values) were calculated by subtracting isotype control histograms from the 

PD-1 specific histograms using the Winlist version 9.0.1 software.

Results

Fluorescent NTA detects less than 1% of HMEX to be PD-L1 positive

The application of fluorescence NTA is limited by the photostability of the fluorescent 

probes. NTA uses laser-derived scatter of small particles to record their Brownian motion. In 

order to record sufficient particle trace-lengths for accurate determination of particle size, 

particles are subjected to laser excitation for relatively long periods versus flow cytometry. 

Therefore, the most commonly used flow cytometry fluorochromes are not suitable for 

fluorescence NTA due to premature photobleaching. Attempts to quantify HMEX expressing 

PD-L1 using Alexa Fluor 488 or 647 conjugated antibodies failed due to photobleaching 

(data not shown). To overcome this limitation, the PD-L1 antibody was conjugated to Qdot 

705 using commercial kits for conjugation and antibody purification, as quantum dots are 
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highly photostable semi-conductive nanoscale crystals. The performance of the Qdot 705-

PD-L1 antibody was compared with a CHO cell line with known expression of PD-L1 (Fig 

1A).

Validation of fluorescent NTA was conducted by detecting particles of the same size and 

concentration in both fluorescent and non-fluorescent NTA using 100 nm fluorescent beads 

in suspension. Unstained HMEX were determined to have a mean size of 91 nm which 

increased to 151 nm after the addition of the Qdot 705-PD-L1 antibody (Fig 1B). The 

increase in size of stained HMEX can be attributed to the presence of the Qdots that range in 

size from 15–21 nm. Less than 1% of particles detected in non-fluorescent NTA 

(concentration: 2.8 × 1010 /ml) were detected in the fluorescent NTA mode (concentration: 

9.0 × 107 /ml) which may indicate that PD-L1 positive EVs are less than 1% of all exosomes 

isolated using the REIUS method.

Imaging flow cytometry validates the PD-L1 positive HMEX population to be sensitive to 
detergent lysis

A commercial anti-PD-L1 antibody directly conjugated to BV421 (same clone) was used to 

label HMEX for flow cytometry analysis. While absent in the antibody-only control sample 

(Fig 1C), a population of PD-L1 positive particles was detected when analyzing HMEX + α-

PD-L1 (Fig 1D). Furthermore, this population was not present upon the addition of the 

detergent Triton-X to antibody-treated HMEX (Fig 1E). Taken together, this provides 

evidence that although they are a small population among exosomes (<1%), PD-L1 positive 

exosomes can be detected by both fluorescent NTA and flow cytometry methods.

HMEX display immunosuppressive effects on antigen-specific T cells irrespective of BRAF 
mutation status of parent cells

NY-ESO-1 is a tumor antigen expressed in melanoma, breast, prostate, thyroid and ovarian 

tumors, and is not expressed in normal adult tissues except the testes. To test the 

immunosuppressive effects of HMEX on antigen-specific T cells, patient derived NY-ESO-1 

tetramer positive CD8+ T cells (NY-T cells) were challenged in vitro by exposure to HLA-

A2+ Mel 624.38 melanoma cells that express NY-ESO-1 (Matsuzaki et al. 2015; Matsuzaki 

et al. 2010). Immune function was assessed by intracellular production of IFN-γ and TNF-α 
while the identity of the antigen-specific T cells was determined through binding of an NY-

ESO-1-specific tetramer. Approximately 92 – 95% of the NY-T cells were tetramer positive 

(Fig 2A). In the absence of HMEX, coincubation of NY-T cells and Mel 624.38 cells for 24 

hours caused 65.9% of tetramer positive NY-T cells to produce IFN-γ and 23.0% to produce 

TNF-α (Fig 2B). However, the percentage of IFN-γ-producing NY-T cells decreased to 

30.8% when cultured in the presence of 888-mel HMEX and to 34.6% in the presence of 

2183-Her4 HMEX, while TNF-α-producing NY-T cells was reduced to 13.6% and 14.3% in 

the presence of 888-mel HMEX and 2183-Her4 HMEX, respectively (Fig 2B). Thus, the 

percentage of IFN-γ and TNF-α producing NY-T cells was reduced by more than 50% 

when cultured in the presence of HMEX, regardless of the BRAF mutational status of the 

HMEX cells of origin. To address whether the observed immunosuppression could be 

attributed to loss of T cell viability due to exosomes (Zhang and Grizzle 2011), Annexin V/ 

Propidium Iodide analysis was performed. No noticeable change in the apoptotic fraction or 
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loss in viability in T cells were observed when HMEX was were co-cultured with T cells 

(Supplementary Fig 1).

Dual inhibition of PD-L1 and IL-10 necessary to revert immunosuppressive effects of 
HMEX exosomes on NY-T cells

In our previous work, we showed that both 888-mel and 2183-Her4 HMEX express PD-L1 

(Shu et al. 2020), so we hypothesized that the presence of PD-L1 positive HMEX may be 

partially responsible for the inhibition of IFN-γ and TNF-α seen in NY-T cells. 

Interestingly, we found that the inhibition of PD-L1 using neutralizing antibodies does not 

rescue the number of cells producing IFN-γ or TNF-α to levels seen upon incubation of NY-

T cells with Mel624.38 cells alone (Figs 3A–E). Another pathway shown to promote 

suppression of antigen-specific T cell activity is the IL-10 inhibitory pathway (Brooks et al. 

2008) and previous studies have demonstrated that IL-10 is significantly produced in BRAF 

V600E mutant melanoma cells (Sumimoto et al. 2006). Interestingly, when 888-mel or 

2183-Her4 HMEX were treated with anti-IL-10 antibodies for 18h prior to incubation with 

NY-T cells, we saw little to no increase in the percentages of IFN-γ or TNFα producing NY-

T cells compared to NY-T cells incubated with HMEX alone (Figs 3B–E; Supplementary 

Fig 2). To investigate this further, NY-T cells were co-incubated with HMEX neutralized 

with both anti-PD-L1 and anti-IL-10. Here we found that blocking both PD-L1 and IL-10 

was necessary to revert the immunosuppressive effect seen in NY-T cells upon incubation 

with both 888-mel and 2183-Her4 HMEX. However, though there was only a partial rescue 

in IFN-γ producing NY-T cells treated with PD-L1 and IL-10 neutralized 888-mel HMEX, 

the percentage did increase from 31% to 56% when compared to incubation with non-

neutralized HMEX. Thus, our data suggests that collectively, exosomal PD-L1 and IL-10 are 

capable of significantly reducing IFN-γ and TNF-α positive NY-T cell populations that can 

be partially reversed with PD-L1 and IL-10 neutralizing antibodies. This study corroborates 

another published report showing that the blockade of the IL-10 receptor together with PD-1 

(PD-L1 receptor on CD8+ T cells) can synergistically increase functional activity of NY-

ESO-1 specific CD8+ T cells (Sun et al. 2015). This finding may have significant 

implications in reducing anergy of tumor antigen-specific CD8+ T cells observed in 

immunotherapy of melanoma patients in a clinical setting.

Discussion

Exosomes have been implicated in the modulation of the immune response through 

expression of immune checkpoint proteins like PD-L1 and other immune modulating 

proteins found on the exosomal membrane. The proto-oncogene B-Raf (BRAF)-directed 

mitogen-activated protein kinase (MAPK) pathway may be activated through the 

BRAFV600E mutation and is a strong driver of cancer-immune evasion predominantly 

through the PD-L1/PD-1 checkpoint inhibitor pathway (Khalili et al. 2012; Sumimoto et al. 

2006; Shabaneh et al. 2018). Moreover, BRAFV600E mutation can directly increase PD-L1 

levels on tumor cells (Feng et al. 2019).

Nevertheless, there is a subset of advanced melanoma patients who do not respond to anti-

PD-1 antibody therapy irrespective of their BRAFWT or BRAFV600E mutation status (Robert 
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et al. 2015). Based on our study, we have determined that HMEX derived from either 

BRAFV600E or BRAFWT cell lines have similar immunosuppressive potency and employ 

similar pathways. Using fluorescent-NTA, we determined that isolated HMEX contain a 

very small population of PD-L1 positive exosomes.

For our exosomal PD-L1 study, we used 888-mel BRAFV600E melanoma cell line exosomes 

for the purpose of direct detection of PD-L1 using NTA and imaging flow cytometry, as 888-

mel not only release more exosomes but also have higher PD-L1 positivity than 2183-Her4 

exosomes (Shu et al. 2020). The photo-labile properties of commercially available 

fluorophores conjugated to the PD-L1 specific antibody in NTA applications necessitated 

custom conjugation to the photostable QDot 705. The specificity of the QDot705 conjugated 

anti-PD-L1 antibody was not compared to an isotype control since the conjugation efficiency 

of the commercial conjugation kit used is not known and therefore it would invalidate such a 

comparison which requires identical fluorochrome:IgG ratios for the specific antibody and 

its isotype. Validation of specificity of the anti-PDL1 antibody clone is provided in 

Supplementary Fig 3 (specific staining compared to isotype control in PD-L1+ CHO line 

and negative staining in PD-L1-HL60wt line).

This study demonstrates that exosomes interfere with the production of IFN-γ and TNF-α, 

both of which are antitumor cytokines in NY-T cells. Studies have shown that IFN-γ and 

TNF-α play an important role in immune system surveillance of tumor growth by effectively 

triggering tumor cell death via activation of the NF–κB, JAK/STAT and MAPK pathways, 

among others (Mortara et al. 2007; Ikeda, Old, and Schreiber 2002). Therefore, therapeutic 

strategies reliant upon the infiltration of antigen-specific T cells are vulnerable to the 

inhibitory influence of exosomes. HMEX from both BRAFV600E and BRAFWT cell lines 

contain detectable levels of PD-L1 and secrete IL-10, thus we evaluated whether inhibiting 

PD-L1 alone or in combination with anti-IL-10, could reverse the immunosuppressive effect 

of HMEX. We found that neutralizing with both PD-L1 and IL-10 antibodies is required to 

reverse the immunosuppression caused by these exosomes in antigen-specific T cells.

Although the relationship between IL-10 and T cells within the TME is not entirely 

understood, we are beginning to gain clarity. Previously it was demonstrated that the 

presence of IL-10 improves T cell activity, however this observation was made in T cells 

with low tumor cell-specific responses (Mumm et al. 2011; Emmerich et al. 2012). Antigen-

specific T cell activity is crucial to understanding tumor surveillance. Such T cells are 

strongly inhibited by the presence of IL-10 and display synergistic inhibition when coupled 

with an immune checkpoint-inhibitor pathway such as PD-1 (Sun et al. 2015). We 

demonstrate that HMEX-associated IL-10 and PD-L1 work synergistically to promote 

HMEX-induced immunosuppression in NY-T cells. We also examined whether NY-T cells 

are PD-1 positive at the point of co-incubation with HMEX, but PD-1 levels were slightly 

positive with a mean KS statistic D-value of 2.75% for the triplicate measurement 

(Supplementary Fig 4). Since NY-T cells can increase PD-1 level by stimulation with anti-

CD3 (Liu et al. 2019), it is possible that PD-1 level may be increased during co-incubation 

with HMEX and the PD-1/PD-L1 axis is triggered to induce immunosuppression. An 

important issue relevant to these studies is the activation status of T cells before co-culture 

with Mel624.38 cells. NY-T cells used in the study are expanded with PHA and cultured in 
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the presence of IL-2 and IL-7. Since PHA itself is a strong activation stimulus and IL-2 can 

induce IFN-γ production (Kasahara et al. 1983) and TNF-α (Lorre, Fransen, and Ceuppens 

1992) in T cells, while IL-7 can induce TNF-α production (Roato et al. 2006), the cells were 

cultured for 10 days until spontaneous IFN-γ and TNF-α was no longer detected, before co-

incubation with Mel624.38 cells (See Figure 3, PBS: unactivated T cell control).

Partial recovery of IFN-γ and TNF-α- producing T cells upon the blocking of HMEX with 

anti PD-L1 and IL-10 antibodies may hint at the involvement of other unknown pathways in 

the inhibitory action of exosomes. Our data indicate that the observed reversal of HMEX-

induced activation of T cells by anti-PD-L1 and anti-IL10 antibodies (Fig 3) is HMEX-

dependent since a potential independent effect is ruled out by demonstrating that the anti-

PD-L1 and IL10 antibodies or their isotypes have no effect on the Mel-induced T-cell 

activation by themselves. It is possible that the presence of other inhibitory factors such 

exosomal FasL or TGF-β may cause such suppression, as reported by other groups (Sharma 

et al. 2020). In addition, lipids such as phosphatidylserine (Kelleher et al. 2015; Keller et al. 

2009; Matsumura et al. 2019), ganglioside GD3 that is shed in melanomas and melanoma 

exosomes (Sa et al. 2009; Shenoy, Loyall, Berenson, et al. 2018) or tumor-derived exosomal 

RNA are also reported to be immunosuppressive (Maybruck et al. 2017). In contrast to other 

studies that demonstrated apoptosis and loss of cell viability in T cells when co-cultured 

with exosomes, we did not observe such a disruption in cellular survival that would cause a 

loss in T cell activation when the NY-T cells were co-cultured with HMEX isolated using 

the REIUS method.

A recent report suggested that based on proteomic profiling, EVs from exudative seroma-

derived vesicles carrying melanoma-specific signatures and the BRAFV600E mutation 

correlated with a reduction in disease-free survival (Garcia-Silva et al. 2019). Although our 

findings demonstrate that isolated HMEX from both BRAFV600E and BRAFWT cell lines are 

equally immunosuppressive, IL-10 is released in significantly higher quantities by 

BRAFV600E mutant cell line versus the BRAFWT cell line. Thus, a high concentration of 

IL-10 may provide an additional layer of immunosuppressive signaling that may continue to 

cripple potency of tumor antigen-specific CD8+ T cells during PD-L1 blockade intervention 

therapies. Our data suggests that the greater immunosuppressive ability or aggressiveness of 

BRAFV600E mutants could be related to increased activation of the IL-10 pathway compared 

to BRAFWT and hence this could possibly explain differences observed in the immune 

responses between BRAFV600E and BRAFWT melanomas. This observation strongly 

supports the role of cancer-derived exosomes in immune suppression and identifies another 

target for therapy (Marleau et al. 2012). The inhibition of antigen-specific T cell activation 

by tumor-derived exosomes has been demonstrated previously (Shenoy, Loyall, Maguire, et 

al. 2018), but to our knowledge the current study is the first to demonstrate tumor antigen 

specific CD8+ T cells can also be immunosuppressed by tumor-derived exosomes. There are 

several limitations to this study. Firstly, it does not factor in the possibility of the cytokine 

IL-10 present within exosomes as cargo, since it is a vesicle and the neutralizing antibodies 

only binds to accessible IL-10 that is co-isolated with exosomes. Secondly, Mel624.38 cells 

that are co-incubated with T cells can also release exosomes. However, the short incubation 

period (4 h) makes it unlikely to be a contributing factor to the study. Caution is also advised 

when T cell-centric therapies are implemented without consideration of exosomes as an 
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important factor within the TME. Taken together, exosomal PD-L1 is immunosuppressive 

and soluble cytokines such as IL-10 can synergistically inhibit antigen-specific T cell IFN-γ 
and TNF-α production, and therefore should be considered an important factor when T cell 

suppression is observed in tumor antigen-specific T cell activity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Detection of PD-L1 on HMEX A) Confirmation of successful conjugation of PD-L1 to Qdot 

705 using SiteClick and post-purification process. Flow cytometry histogram of untreated 

PD-L1(+) CHO cells were used to set baseline for background/non-fluorescent signal, with 

positive signal determined by incubating 0.1 μg or 1 μg of conjugated PD-L1 Qdot 705 

antibody with PD-L1(+) CHO cells. There is no observable difference in mean fluorescent 

intensity (MFI) between the two concentrations, indicating that 0.1 μg of antibody is a 

sufficient saturating concentration for detection of PD-L1 positive cells. B) Detection of a 

subpopulation of exosomes using fluorescent NTA. Total exosome number was measured 

using NTA. This was followed by fluorescent NTA with 688 +/− 20 nm bypass filter for 

detection of Qdot 705 conjugated PD-L1 antibody incubated exosomes. C–E) PD-L1 

positive exosomes are membrane-bound vesicles that can be detected by ImageStream. This 

population is not detected upon treatment with a strong detergent (Triton-X). C) At the 

highest sensitivity settings, speed beads (~ 1 μm in size) are detected at the rightmost axis 

with a low scatter particulate banding pattern that is present when antibody, in absence of 

exosomes, is examined, indicating particulate contaminant patterns due to presence of 

antibodies. D) Detection of positive signal with intermediate scatter intensity indicative of 

PD-L1 positive exosomes. A distinct clustering of particulates is detected and present when 

PD-L1 antibody was co-incubated with exosomes. E) Loss of PD-L1 positive cluster of 

particulates upon addition of strong detergent (Triton-X), indicating that the clustered 

particles are membranous vesicles.
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Figure 2. 
HMEX are inhibitory to NY-T cell IFN-γ and TNF-α positive populations. For consistency, 

HMEX used (888-mel or 2183-Her4) were matched for exosome number based on NTA data 

(1.0 × 1010 per well/sample). A) Flow cytometry analysis of NY-T cells co-incubated with 

Mel624.38 (+Mel624.38 only, M); NY-T cells and Mel624.38 with 888-mel HMEX (+M 

+888-mel HMEX); and NY-T cells and Mel624.38 with 2183-Her4 HMEX (+M +2183-

Her4 HMEX) for IFN-γ and TNF-α. The values in the blue boxes represent percentage of 

tetramer positive cells. Histograms are derived from one experiment. B) Graphical 

representation of samples shown in A) (n=3).
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Figure 3. 
Suppression of NY-T cell activity by HMEX can be restored using a combination of PD-L1 

and IL-10 neutralizing antibodies. Cells were pre-gated on CD8+ and tetramer (NY-ESO-1)+ 

populations. For consistency, HMEX used (888-mel or 2183-Her4) were matched for 

exosome number based on NTA data (1.0 × 1010 per well/sample). A) Flow cytometry 

analysis of IFN-γ and TNF-α positive populations in NY-T cells co-incubated with 

Mel624.38 and either 888-mel or 2183-Her4 HMEX that were pre-incubated in the presence 

or absence of PD-L1 and IL-10 neutralizing antibodies (in combination, or separately). The 

decrease in the percentage of cytokine-positive NY-T cells resulting from culture with 

HMEX was restored to a greater extent when HMEX were incubated in the presence of both 

PD-L1 and IL-10 neutralizing Ab’s than in the presence of the neutralizing antibodies 

separately. Histograms are derived from one experiment. NY-T cells co-incubated with 

Mel624.38 (+Mel624.38 only, M); NY-T cells co-incubated with Mel624.38 and HMEX 

(+M +HMEX); NY-T cells co-incubated with Mel624.38 and HMEX with αPD-L1 (+M +H 

+ αPD-L1); NY-T cells co-incubated with Mel624.38 and HMEX with αIL-10 (+M +H + 

αIL-10); NY-T cells co-incubated with Mel624.38 and HMEX with both neutralizing Ab’s 

(+M +H + αPD-L1+ αIL-10). B) Graphical representation of samples shown in A (n=3). 

Unactivated T cell: NY-T cells alone.
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