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Abstract

Background. Immunosuppression in glioblastoma (GBM) is an obstacle to effective immunotherapy. GBM-derived 

immunosuppressive monocytes are central to this. Programmed cell death ligand 1 (PD-L1) is an immune check-

point molecule, expressed by GBM cells and GBM extracellular vesicles (EVs). We sought to determine the role of 

EV-associated PD-L1 in the formation of immunosuppressive monocytes.

Methods. Monocytes collected from healthy donors were conditioned with GBM-derived EVs to induce the for-

mation of immunosuppressive monocytes, which were quantified via flow cytometry. Donor-matched T cells were 

subsequently co-cultured with EV-conditioned monocytes in order to assess effects on T-cell proliferation. PD-L1 

constitutive overexpression or short hairpin RNA–mediated knockdown was used to determined the role of altered 

PD-L1 expression.

Results. GBM EVs interact with both T cells and monocytes but do not directly inhibit T-cell activation. However, 

GBM EVs induce immunosuppressive monocytes, including myeloid-derived suppressor cells (MDSCs) and 

nonclassical monocytes (NCMs). MDSCs and NCMs inhibit T-cell proliferation in vitro and are found within GBM 

in situ. EV PD-L1 expression induces NCMs but not MDSCs, and does not affect EV-conditioned monocytes T-cell 

inhibition.

Conclusion. These findings indicate that GBM EV-mediated immunosuppression occurs through induction of im-

munosuppressive monocytes rather than direct T-cell inhibition and that, while PD-L1 expression is important for 

the induction of specific immunosuppressive monocyte populations, immunosuppressive signaling mechanisms 

through EVs are complex and not limited to PD-L1.

Key Points

1.  Glioblastoma-derived extracellular vesicles generate immunosuppressive monocytes. 

2.  PD-L1 expression on tumor-derived EVs is important for the formation of nonclassical 
monocytes. 

3. Tumor-derived EVs may be a critical mechanism of immunosuppression in GBM.
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Glioblastoma (GBM) is the most common and deadly 

primary brain tumor, with a median survival of just over 

14  months in spite of maximal treatment.1,2 The current 

standard of care includes surgical resection, followed 

by temozolomide chemotherapy and fractionated radio-

therapy.1,3 There is an urgent need to develop novel ther-

apies, and immunotherapies hold significant promise. 

These treatments range from immunologic “checkpoint” 

inhibitors that energize the antitumor activity of the im-

mune system, to chimeric antigen receptor (CAR) T cells 

that target specific tumor antigens.4,5 The interaction be-

tween programmed cell death ligand 1 (PD-L1) and its 

receptor programmed cell death 1 (PD-1) has been of par-

ticular interest. PD-L1 is expressed by GBM, and PD-1/

PD-L1 interactions are implicated in T-cell exhaustion and 

curbing the immune response.6 Inhibition of this axis has 

shown promise in the treatment of several cancers, with 

antibody therapies directed toward both PD-1 and PD-L1 in 

clinical use.7–9

The efficacy of such therapies for GBM is limited by 

the profound immunosuppression exhibited in GBM pa-

tients.10 GBM patients have demonstrated substantial re-

ductions in circulating cluster of differentiation (CD)4+ 

T cells.11–13 The mechanisms of this immunosuppression 

are not completely characterized, but tumor-mediated in-

duction of myeloid-derived suppressor cells (MDSCs) 

plays an important role.14–17 These cells exert both local 

and systemic immunosuppressive effects via the release 

of immunomodulatory cytokines and inhibition of T-cell 

proliferation.18,19 More recently, nonclassical monocytes 

(NCMs), exhibiting some properties of type 2 macro-

phages, have been described, and may also contribute 

to tumor-mediated immunosuppression.18,20–22 These 

CD14+CD16+ monocytes may take on an immunosuppres-

sive phenotype when they also express PD-1, as has been 

seen in immune dysfunction in sepsis and chronic infec-

tion.23,24 Nonclassical monocytes are often described as 

“patrolling” monocytes and have been implicated in the 

antitumor immune response, and so increasing PD-1 ex-

pression in these cells may imply impaired antitumor im-

munity.25 These immunosuppressive monocytes have 

been described both in the tumor microenvironment and 

systemically in patients with cancer, including GBM.18,21 

However, the mechanisms by which they mediate immu-

nosuppression are poorly understood. They may locally 

release immunomodulatory cytokines or alter amino acid 

metabolism, but such mediators do not reach sufficient 

quantities in systemic circulation to explain the profound 

immunosuppression seen in patients.13,15,16

Extracellular vesicles (EVs) are one mechanism by 

which GBM may exert immunosuppressive effects. EVs 

chiefly comprise small (<100  nm) exosomes and larger 

(100–1000 nm) microvesicles.26,27 EVs are a critical means 

of cell-cell communication, shed by both normal cells and 

tumors, including GBM.28,29 EVs can carry proteins and 

small RNAs that transmit an array of signals to target cells, 

including PD-L1.6,29 Recent data have suggested that GBM-

derived EVs directly inhibit T cells through PD-L1/PD-1 

interactions.6 Additionally, tumor-derived EVs have been 

implicated in the induction of MDSCs in other cancers.30 

We sought to interrogate the role of EVs and PD-L1 expres-

sion as potential mechanisms for tumor-mediated immu-

nosuppression. We found that GBM-derived EVs did not 

appreciably inhibit T cells directly regardless of PD-L1 ex-

pression, but rather found that these EVs induce the forma-

tion of immunosuppressive monocytes. Further, we found 

that while PD-L1 expression was not vital to the induction 

of traditional MDSCs, the expression of PD-L1 in GBM-

derived EVs induced the formation of PD-1 expressing 

nonclassical monocytes.

Materials and Methods

GBM Cell Culture

GBM tissue was obtained during surgery at the Mayo 

Clinic in Rochester, Minnesota. Specimens were obtained 

with written, informed consent following approval by the 

Mayo Clinic Institutional Review Board (IRB#12-003458). 

Cell suspensions were generated by passing tissue 

through a 40  µm mesh and grown as neurospheres in 

serum-free media with epidermal growth factor, basic fi-

broblast growth factor, and N2 supplement as previously 

described.31 Neurospheres were transferred to DMEM:F12 

media with 1% penicillin/streptomycin and 10% fetal calf 

serum to generate differentiated-adherent cell lines. To 

generate a PD-L1 overexpression cell line, the wild-type 

(WT) primary dBT116 cell line (dBT116 WT) was transduced 

with a lentivirus encoding human PD-L1 driven by a cy-

tomegalovirus promotor (Applied Biological Materials). 

To generate a PD-L1 knockdown cell line, the wild-type 

dBT116 cell line was transduced with a lentivirus encoding 

human short hairpin (sh)RNA against PD-L1 driven by an 

H1 promoter (Santa Cruz Biotechnology). Both the PD-L1 

overexpressing (OX) cells (dBT116 PD-L1 OX) and PD-L1 

knockdown (KD) cells (dBT116 PD-L1 KD) were grown in 

Importance of the Study

Immunotherapy has revolutionized the treatment of 
some cancers but has failed to yield similar results in 
GBM. GBM patients exhibit profound immunosuppres-
sion, which may explain these failures, but the underlying 
immunosuppressive mechanisms remain poorly under-
stood. We describe the induction of immunosuppressive 

monocytes by GBM-derived EVs, which may be a primary 
pathway of immunosuppression in GBM. Further, we 
demonstrate that the immunomodulatory protein PD-L1 
is important for the induction of NCMs, but not MDSCs, 
underscoring the multifactorial signaling role of EVs and 
the complexity of tumor-mediated immunosuppression.
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selection media containing puromycin (2 μg/mL). All cul-

tures were maintained at 37°C, 5% CO2.

Extracellular Vesicle Harvesting

Collection of EVs from undifferentiated (uBT) cell lines was 

by centrifugation of serum-free culture media at 3000 rpm 

for 10 minutes to remove any cellular debris. Supernatant 

was subsequently centrifuged for 16 hours at 24 000 rpm to 

concentrate EVs. The 200–500 μL EV-enriched fraction was 

used for subsequent studies. EV concentration was deter-

mined by quantification of total protein via bicinchoninic 

acid assay (Pierce/Thermo Fisher). Harvesting of differ-

entiated (dBT) cell line-derived EVs proceeded in similar 

fashion, but media was first switched from 10% DMEM:F12 

to serum-free media for 72 h prior to centrifugation.

NanoSight Analysis of Extracellular Vesicles

Cells were maintained in serum-free media for 72 hours. 

Extracellular vesicles were then directly analyzed from 

the conditioned media for size and concentration using 

a NanoSight 300 particle analyzer (Malvern Panalytical). 

Extracellular vesicles were diluted 1:100 in water, and 3- to 

30-second movies were analyzed and averaged for each 

cell line.

PD-L1 ELISA

Enzyme-linked immunosorbent assay (ELISA) was per-

formed as previously described.32 Briefly, 2 mouse immu-

noglobulin G1 anti–PD-L1 monoclonal antibodies (2.2B and 

5H1-A3) that bind different extracellular regions of PD-L1 

were validated and used for this assay. High-binding pol-

ystyrene plates (Corning Life Sciences) were coated for 

2 hours at room temperature with 0.2  μg/well of capture 

antibody 2.2B. After washing, wells were blocked using 

Superblock (Pierce/Thermo Fisher). Standards and isolated 

EVs were added in duplicates and incubated overnight at 

4°C. Biotinylated 5H1-A3 detection antibody was added and 

incubated for 1 hour followed by addition of horseradish 

peroxidase–conjugated streptavidin (BD Biosciences). 

Plates were developed with TMB (3,3′,5,5′-tetramethylbenzid

ine; Pierce), and the reaction stopped using 0.5 N H
2SO4 and 

read at 450 nm using a Benchmark Plus plate reader (Bio-

Rad). For calibration, each plate was loaded with duplicate 

parallel dilutions of recombinant B7-H1 fusion protein (R&D 

Systems) ranging in concentration from 0.01 to 20 ng/mL.

Monocyte and T-Cell Isolation

Healthy blood donors were used as a source of peripheral 

blood mononuclear cells (PBMCs).33 PBMCs were isolated 

via Ficoll gradient centrifugation. Monocytes and T cells 

were isolated via magnetic bead separation for CD14+ 

and CD3+ cells, respectively (Miltenyi Biotec). T cells were 

maintained in suspension in 10% fetal bovine serum RPMI 

(Roswell Park Memorial Institute) media with L-glutamine 

until initiation of co-culture experiments with monocytes.

Immunofluorescence

EVs were labeled with PKH27 according to the 

manufacturer’s protocol and incubated with normal human 

monocytes in a 96-well plate for 24 hours. Monocytes were 

then fixed with 2% paraformaldehyde for 15 minutes and 

blocked with 10% normal goat serum for 30 minutes. Slides 

were incubated for 1 hour with anti–PD-1 (Cell Signaling, 

clone E1L3N, rabbit monoclonal) followed by rabbit anti-

mouse CY5 secondary antibody (Jackson ImmunoResearch 

Labs) for 45 minutes. Nuclei were stained with 10 μg/mL 

Hoechst 33258 (Sigma-Aldrich).

Flow Cytometry

In all cases, cells were harvested and washed with phos-

phate buffered saline (PBS) and fluorescence activated cell 

sorting (FACS) buffer (1.8% bovine serum albumin, 1 mm 

EDTA in PBS) prior to staining. Cells were resuspended in 

100  μL FACS buffer, and 3  μL of each fluorochrome was 

added (1 μL in the case for viability dye Ghost 780, Tonbo 

Biosciences) and incubated for 30 minutes. Cells were 

subsequently washed with FACS buffer and fixed with 

2% paraformaldehyde prior to flow cytometry. All flow 

cytometry experiments were carried out using an LSRII 

flow cytometer (Becton Dickinson) and all subsequent data 

analysis was performed using FlowJo version 10.

Western Blotting

All western blots were carried out on 10–20% sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis gel 

(Bio-Rad) and transferred onto polyvinylidene difluoride 

membrane. All membranes were blocked in 5% milk in Tris-

buffered 0.1% Tween 20. Primary antibodies used included 

overnight incubation at 4°C with PD-L1 (Cell Signaling, 

clone E1L3N, rabbit monoclonal), CD63 (Santa Cruz 

Biotechnology, clone MX-49.129.5, mouse monoclonal), 

CD9 (Cell Signaling Technology, clone D8O1A, rabbit mon-

oclonal), HSP-90 (Cell Signaling, #4874, rabbit polyclonal), 

α-tubulin (Sigma-Aldrich, clone DM1A, mouse mono-

clonal). Secondary antibody was horseradish peroxidase–

conjugated goat anti-rabbit or goat anti-mouse (Jackson 

ImmunoResearch) as appropriate. Membranes were de-

veloped using SuperSignal Pico PLUS Chemiluminescent 

substrate (Pierce/Thermo Fisher).

Sample Preparation for Nanoscale Flow 
Cytometry

Mixed were 1.8  mL of MACSflex microbeads (Miltenyi 

Biotec) with 200  μL biomolecule-mixture composed of 

170  μL of 50  mM MES (2-(N-morpholino)ethanesulfonic 

acid) buffer (900  µL of water and 100  µL of MES buffer), 

and 30 μL of PD-L1 antibody (BioLegend). Samples were 

incubated for 2 hours at room temperature followed by 

overnight at 4°C. The homogenized solution was trans-

ferred to µMACS Separator columns and several washes 

were performed, followed by elution of PD-L1 conju-

gated microbeads with MACSflex Storage Buffer per the 
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manufacturer’s (Miltenyi Biotec) protocol. Twenty micro-

liters of the eluted PD-L1–conjugated microbeads were 

mixed with 40  μL of PD-L1 overexpressed EVs (derived 

from dBT116 PD-L1 OX cell line) isolated by ultracentrifu-

gation, and 60 μL of MACS buffer. Samples were incubated 

for 1 hour and the homogenized solution was transferred 

to the µMACS Separator as above. We then collected the 

PD-L1− (from wash) fraction. The PD-L1+ (eluted) frac-

tion was obtained by eluting the column with a 100 μL of 

MACSflex Storage Buffer. Nanoscale flow cytometry anal-

ysis was performed in both fractions (washes and eluted).

Nanoscale Flow Cytometry

PD-L1− (wash fraction) and PD-L1+ (eluted fraction) EVs 

were analyzed using the A60-Micro Plus nanoscale flow 

cytometer (Apogee FlowSystems). Sample flow rate was 

set at 1.5 μL/min for all measurements and the time of ac-

quisition was held constant for all samples at 60 seconds. 

Before sample analysis, A60-Micro Plus was calibrated 

using a reference bead mix as previously described.34 

Briefly, polystyrene and silica beads with diameters ran-

ging from 100 nm to 1300 nm were used to evaluate A60-

Micro sensitivity for light-scatter detection. Light-scatter 

triggering thresholds were set such that all events between 

100 nm and 1000 nm were gated as EVs. Data were ana-

lyzed using FlowJo v10.5 software.

MDSC Induction

CD14+ monocytes were plated at 105 cells/well in flat-

bottomed 96-well plates. EVs were added at 20  μg/well 

in a total volume of 200 μL serum-free media. Monocytes 

were conditioned with EVs for 72 hours at 37 °C in hypoxic 

conditions (1% O2) in order to induce MDSC formation. 

Following 72 hours of MDSC induction monocytes were 

harvested, stained, and fixed for flow cytometry.

T-Cell Proliferation

T cells were stained with CellTrace CFSE (carboxyfluorescein 

succinimidyl ester; Thermo Fisher) in accordance with the 

manufacturer’s instructions. Stimulated T cells were plated 

at 105 cells per well with αCD3/αCD28 DynaBeads (Thermo 

Fisher) in a 1:1 ratio in the presence of either 20μg EVs or 

EV-conditioned monocytes at 37°C at 5% CO2 for 5 days. 

CFSE dilution was assessed by flow cytometry. For mono-

cyte co-culture experiments, T cells were added to mono-

cytes in a 1:1 ratio.

Statistics

All statistical analysis was performed in GraphPad Prism 8 

software. In all MDSC and NCM induction studies, one-way 

ANOVA was performed, with subsequent Dunnett mul-

tiple comparisons test, utilizing unconditioned monocytes 

as the single reference group. All T-cell co-culture studies 

were conducted in pairwise fashion to account for the addi-

tion of donor-matched T cells, and so a repeated measures 

ANOVA was employed with subsequent Dunnett multiple 

comparisons test with the unconditioned co-culture as the 

reference group. (Throughout this manuscript: *P < 0.05, 

**P ≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001.)

Results

Glioblastoma Cells Release PD-L1+ EVs

We cultured human GBM cells in both serum-exposed dif-

ferentiated monolayer (dBT cell lines) and serum-free undif-

ferentiated spheroid (uBT) systems, the latter of which has 

been shown to enrich for stemlike tumor cells (Fig. 1A).31 

Both uBT and dBT cell lines express the stemlike markers 

Sox2 (sex determining region Y–box 2) and nestin but only 

dBT cell lines express the mature glial-neuronal markers 

glial fibrillary acidic protein (GFAP) and β-tubulin (Fig. 1B). 

When cultured for 72 hours in serum-free conditions, and 

following removal of cellular debris, both dBT and uBT 

cell lines produce abundant extracellular vesicles predom-

inantly 100–400  nm in size, which remained consistent 

across cell lines (Fig. 1C). In addition to expressing known 

EV-associated proteins (CD63, CD9, HSP90), multiple dBT 

cell lines express PD-L1 in both EVs and whole-cell lysates, 

but in uBT cell lines PD-L1 expression was predominantly 

detected in the EVs with minimal levels in whole-cell ly-

sate (Fig. 1D). This remained the case even following treat-

ment with 72 hours of interferon-γ (Supplementary Figure 

1), which has been implicated in the induction of immuno-

suppressive PD-L1 expression.35 Soluble PD-L1 ELISA assay 

detected increased soluble PD-L1 in EV-enriched media fol-

lowing ultracentrifugation (Fig. 1E). In the dBT116 cell line, 

we developed constitutive PD-L1 OX and shRNA-mediated 

KD variants, and confirmed change in PD-L1 expression via 

flow cytometry and western blot (Fig.  1F; Supplementary 

Figure 2). Changes in PD-L1 expression did not impact the 

overall shedding of EVs from these altered dBT116 cell lines, 

though there was a mild trend toward increased release of 

larger EVs (>100  nm) by PD-L1 OX cells (Supplementary 

Figure 2A). Expression of EV-associated proteins CD9 and 

CD63 was not altered with changes in PD-L1 expression 

(Fig. 1F). Confocal microscopy showed PD-L1 expression in 

glioma cell membrane blebs compatible with microvesicle 

(larger EV) release and demonstrated PD-L1, particularly in 

larger GBM EVs (Fig.  1G). Nanoscale flow cytometry fur-

ther confirmed the presence of PD-L1+ GBM EVs predom-

inantly >100  nm and demonstrated that these could be 

enriched by magnetic bead separation for PD-L1 (Fig. 1H). 

Together, these findings demonstrate PD-L1 expression in 

the extracellular vesicles of both differentiated and stem-

like human GBM cell cultures, that this occurs mostly in EVs 

>100 nm, and that altered PD-L1 expression in GBM cells re-

sults in a concomitant change in EV-associated shed PD-L1 

expression.

T Cells Are Not Inhibited Directly by 
GBM-Derived EVs

The ability of GBM-derived EVs to directly inhibit T-cell pro-

liferation in a PD-L1–dependent fashion has been recently 
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Fig. 1 Stemlike and differentiated glioblastoma cells release PD-L1+ EVs. (A) Low power light microscopy images of undifferentiated (uBT, left) 
and differentiated (dBT, right) cell lines in culture, in serum-free and serum-containing growth conditions, respectively. (B) Representative con-
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reported.6 We found that both GBM cells (Fig.  2A) and 

GBM-derived EVs (Fig. 2B) associate with T cells in vitro at 

least in part via PD-1/PD-L1 colocalization. However, upon 

αCD3/αCD28 stimulation, we did not observe significant re-

duction in T-cell proliferation following CFSE staining and 

5 days of culture with 20 μg of either uBT- or dBT-derived 

EVs (Fig. 2C, D). In order to determine the effect of EV PD-L1 

expression on T-cell proliferation, we co-cultured EVs de-

rived from dBT116 cell lines constitutively overexpressing 

PD-L1 or with shRNA-mediated PD-L1 knockdown with 

CFSE-labeled T cells activated via αCD3/αCD28 stimulation. 

No difference in T-cell proliferation was observed (Fig. 2E). 

This observation could not be explained by increased 

cell death as measured by propidium iodide/annexin V 

staining (Fig. 2F). We also investigated the role of differen-

tial PD-L1 expression on the induction of regulatory T cells 

(Tregs) following co-culture of activated T cells with EVs 

and were unable to detect any differential Treg induction 

(Supplementary Figure 3).

GBM-Derived EVs Induce the Formation 
of Myeloid-Derived Suppressor Cells and 
PD-1+Nonclassical Monocytes

We have previously reported that supernatant from GBM 

cell culture induces the formation of MDSCs.36 Because 

this supernatant includes EVs, we sought to interrogate 

the ability of GBM-derived EVs to induce MDSC formation 

by co-culturing EVs with healthy donor–derived CD14+ 

monocytes. In order to assess EV-monocyte association, 

EVs were labeled with PKH27 prior to co-culture with 

monocytes. EVs clearly associate with monocytes when 

cultured together in hypoxic conditions for 24 hours, and 

do this in proximity to PD-1 in monocytes when it is present 

(Fig. 3A). A minority of healthy donor monocytes express 

PD-1 at baseline, though the majority express CD80 (B7-

1), a potential alternative ligand for PD-L1 (Supplementary 

Figure 4). In order to assess their impact on immunosup-

pressive monocyte formation, GBM EVs were co-cultured 

with donor monocytes in hypoxic conditions for 72 hours. 

Our group and others have previously described that hy-

poxia, a critical component of the tumor microenviron-

ment, potentiates the induction of MDSCs.36–38 Monocytes 

were subsequently examined by flow cytometry for the 

presence of monocytic MDSCs (CD14+/HLA-DRlow) or 

nonclassical monocytes (CD14+/PD-1+/CD16+/HLA-DRhigh), 

following a CD11b+ parent gate.13,16,22,39,40 Co-culture with 

uBT-derived EVs did not significantly increase in MDSC in-

duction (Fig. 3B). However, uBT-derived EVs did increase 

induction of NCMs, though this trend reached statis-

tical significance in only the case of uBT114-derived EVs 

(13.7% vs 59.8%, P = 0.039; Fig. 3D). With regard to the dif-

ferentiated GBM cell lines, only dBT116 EVs induced the 

induction of MDSCs to a significant degree (28.6% in naïve 

vs 68% in EV-conditioned, P  =  0.0075; Fig.  3C) but both 

dBT114 and dBT120-derived EVs significantly induced the 

formation of NCMs (46.2% and 36.7% in EV-conditioned vs 

20.2% in untreated, P = 0.0007 and P = 0.0177, respectively; 

Fig.  3E). Neither uBT- nor dBT-derived EVs appreciably 

altered the proportion of CD14+ cells in co-culture, with 

the notable exception of dBT116 EVs, which resulted in a 

very high proportion of CD14+ cells following co-culture 

(Supplementary Figure 5). This finding may explain the 

apparent depression in NCM formation following dBT 

co-culture as a proportion of CD14+ cells (Fig. 3E). Taken 

together, these findings suggest that GBM-derived EVs 

can induce the formation of either nonclassical monocytes 

or MDSCs, but not necessarily both simultaneously. A por-

tion of both MDSCs and NCMs demonstrated interleukin 

(IL)-10 expression (Supplementary Figure 6). Lastly, in 

freshly resected GBM tissue, we were able to identify both 

NCMs and MDSCs, providing a clinical correlate for this 

model (Supplementary Figure 7).

GBM-EV–Treated Monocytes Are 
Immunosuppressive

We next sought to assess the immunosuppressive func-

tion of monocytes induced by GBM-EV exposure. To that 

end, we treated monocytes with GBM-EVs and subse-

quently co-cultured these cells with donor-matched T cells 

labeled with CFSE stimulated with αCD3/αCD28 beads. 

Although there was significant variability from donor to 

donor, monocytes conditioned with both uBT and dBT 

EVs resulted in reduced T-cell proliferation relative to un-

conditioned monocytes (Fig. 4A–C). This effect was greater 

for dBT GBM-EV–conditioned monocytes than for uBT 

GBM-EV–conditioned cells, with absolute reductions in 

T-cell proliferation in all co-culture experiments, and sig-

nificant reductions in proliferation following co-culture 

with dBT114 and dBT116 EV-conditioned monocytes (60.4% 

and 52.6% proliferation vs 77.5% proliferation in co-culture 

with unconditioned monocytes, P  =  0.015 and P  =  0.031, 

respectively).

PD-L1 Expression Is Important for the Induction 
of NCMs but Not MDSCs

Having demonstrated that GBM-EVs induce monocytes to 

differentiate into NCMs and MDSCs, that GBM-EV–condi-

tioned monocytes inhibit T cells, and that the PD-L1/PD-1 

axis appears to be associated with this interaction, we next 

sought to determine the importance of PD-L1 expression 

in the induction of MDSCs and NCMs. Using EVs derived 

from dBT116 cell lines overexpressing PD-L1 or with PD-L1 

knockdown via shRNA (Fig. 1F), we assessed the induction 

Fig. 1 Continued with the EV-enriched fraction comprising the EV-enriched “pellet” following ultracentrifugation and the EV-depleted frac-
tion comprising the supernatant. (F) Western blot characterization of PD-L1 expression in WT, KD, and OX dBT116 cells. (G) Immunofluorescent 
staining of PD-L1 (red) caveolin (green) in a representative dBT cell, demonstrating a large EV expressing PD-L1 (left, scale bar 5 µm), and immu-
nofluorescent staining for PD-L1 (red) or cell membrane (PKH67, green) in EVs (right, scale bar 500 nm). (H) Nanoscale flow cytometry with PD-L1 
staining in EV depleted or enriched media (left panel), and quantification of PD-L1 gating shown in (right panel).
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of immunosuppressive monocytes following EV treatment. 

We found that EVs from all 3 cell lines induced MDSC for-

mation, regardless of PD-L1 expression (17.4% of all cells in 

unconditioned monocytes vs 42.4% in WT, 57.7% in KD, and 

44.5%, P = 0.005, <0.0001, and 0.0024, respectively; Fig. 5A). 

However, EVs derived from dBT116 cells overexpressing 

PD-L1 induced the formation of more NCMs than EVs from 

either WT or PD-L1 KD cell lines (15.4% of cells vs 1.4% in 
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Fig. 2 Direct T-cell inhibition by glioblastoma EVs is modest regardless of PD-L1 expression. (A, B) Confocal micorgraphs demonstrating EVs 
association with T cells along PD-1/PD-L1 interactions (A, scale bar 10 µm) and PD-1/PD-L1 interaction in addition to PKH67 membrane staining 
of EVs in their entirety (B, scale bar 5 µm) demonstrating PD-1/PD-L1 interactions colocalize to T-cell-EV sites of interaction. (C) T cells labeled 
with CFSE were stimulated with antiCD3/CD28 beads in the presence or absence of uBT EVs as indicated. Proliferation was assessed at 72 hours 
following activation. Representative flow cytometry histograms of CFSE dilution shown at left with quantification at right. (D) As in (C), but T cells 
co-cultured with dBT-derived EVs. (E) T cell proliferation experiments as previously described, using EVs derived from dBT116 WT, PD-L1 KD, or 
PD-L1 OX cell lines as indicated. Comparisons performed using repeated measures (matched) ANOVA. (F) Cell death assay via propidium iodide/
annexin V staining in T cells treated with dBT116 EVs as in (E). Comparisons performed using repeated measures (matched) ANOVA.
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Fig. 3 Glioblastoma EVs induce myeloid-derived suppressor cells and nonclassical monocytes. (A) EVs (PKH27 stained, red) colocalize with 
PD-1 staining (white) upon co-culture with monocytes (scale bar 10 µm). (B) Co-culture of uBT-derived EVs and monocytes with staining for 
myeloid-derived suppressor cells (CD14+/HLA-Drlow). No difference in MDSC formation was observed relative to naïve cells. Bar graphs pre-
sented as a percentage of CD14+ cells. (C) Induction of MDSCs by co-culture of monocytes with dBT-derived EVs. Comparisons performed using 
one-way ANOVA **, adjusted P ≤ 0.01, Dunnett correction for multiple comparisons with naïve monocytes as reference group. (D) Induction 
of non-classical monocytes (CD14+/CD11b+/CD16+/HLA-DRhigh) upon co-culture with uBT-derived EVs. Comparisons performed using one-way 
ANOVA *adjusted P < 0.05, correction for multiple comparisons. (E) Induction of nonclassical monocytes upon co-culture of monocytes with dBT 
derived EVs. Comparisons using one-way ANOVA ***adjusted P ≤ 0.001, Dunnett correction for multiple comparisons.
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conditioned monocytes, P  =  0.0017; Fig.  5B). Lastly, we 

sought to examine the overall immunosuppressive effect 

of monocytes treated with GBM-EVs with altered PD-L1 

expression. Monocytes were co-cultured with EVs from 

dBT116 cell lines with normal, increased, or decreased 

PD-L1 expression and subsequently co-cultured with donor-

matched CFSE-labeled T cells activated with αCD3/αCD28 

stimulation. EVs from all 3 dBT116 cell lines significantly 

inhibited T-cell proliferation compared with co-culture with 

untreated monocytes or T cells alone, but this was not de-

pendent upon PD-L1 expression (Fig. 5C).

Discussion

Immunosuppression in GBM remains a major obstacle 

to effective immunotherapy. Here we describe a potential 

mechanism for GBM-mediated immunosuppression—the 

induction of immunosuppressive monocytes by tumor-

derived EVs. These suppressive cells have the potential to 

exert immunosuppressive effects both locally and systemi-

cally through the release of immunosuppressive cytokines 

such as IL-10. Unlike recent findings from Ricklefs et  al,6 

we do not see evidence of direct T-cell inhibition by GBM-

EVs. This may reflect different T-cell stimulation strategies 

(CD3 stimulation alone vs CD3/CD28 stimulation). While we 

believe the method used here represents a more physio-

logic activation of T cells than CD3 stimulation alone, it is 

possible that this stronger stimulation may mask a subtle 

direct inhibitory effect due to either EVs or PD-L1 that we 

were unable to observe.

The precise role of immunosuppressive monocytes 

in cancer remains an active area of investigation. There 

is increasing evidence that MDSCs are a heterogeneous 

population, and may represent only one of a number of 

immunosuppressive monocyte populations induced by 

cancer.41,42 PD-1+ nonclassical monocytes as discussed 
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Left: gating strategy for CD14+PD-1+CD16+HLA-DRhigh non-classical monocytes derived from co-cultured with dBT116 EVs as in A. Right: percentage of 
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Comparisons by repeated measures (matched) ANOVA, ***adjusted P < 0.001, ****adjusted P < 0.0001, Dunnett correction for multiple comparisons.
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N

e
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ro
-

O
n

c
o

lo
g

y

here represent another such immunosuppressive cell 

type.22,39,43 Our demonstration that PD-1+ NCMs are in-

duced by EVs from multiple GBM cell lines in a PD-L1–de-

pendent fashion, coupled with our findings that these cells 

are present in the tumor microenvironment of freshly re-

sected GBM, point to NCMs as a significant contributor to 

GBM-mediated immunosuppression.

Ultimately, EVs are a heterogeneous population, exerting 

multiple modulatory effects on target cells. Strategies to 

isolate specific types of EVs are evolving, including the use 

of nanoscale flow cytometry, but such technologies are 

still in relative infancy, making it difficult to ascribe specific 

functions to specific subsets of EVs. Further, the function-

ality of EVs may vary from tumor to tumor, as evidenced 

in our study by the preferential induction of MDSCs by 

dBT116 EVs and NCMs by dBT114 and dBT120 EVs. This 

divergence of effect points to likely diversity of EV cargo, 

with tumors employing multiple EV-mediated immune 

evasion strategies. Increased signal transducer and acti-

vator of transcription 3 expression in GBM has been shown 

to have immunosuppressive effects in the tumor microen-

vironment, affect human leukocyte antigen D related ex-

pression, and be carried in EVs, suggesting a possible role 

in this process that merits further investigation.44–46

Our findings that MDSCs are readily induced by con-

ditioning with EVs from some but not all GBM cell lines 

and that this induction is PD-L1 independent underscores 

the need to develop further understanding of the intrica-

cies of EV-based signaling. EVs are functionally complex, 

carrying both membrane-bound and cytosolic protein 

payloads as well as small RNAs that can modulate target 

cells. EVs can act through ligand binding on the cell sur-

face, endocytotic uptake into the target cell, or direct mem-

brane fusion, each of which has significant implications for 

downstream signaling in the target cell. Given the com-

plexity of these interactions, and the multiplicity of mech-

anisms with which tumor-derived EVs may be able to exert 

immunosuppressive effects on host cells, inhibiting the re-

lease of EVs from tumor cells or inhibiting EV-target cell 

interactions may prove a fruitful strategy to prevent tumor-

mediated immunosuppression in GBM.
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