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Glioblastoma extracellular vesicles modulate
immune PD-L1 expression in accessory
macrophages upon radiotherapy

Markus W. Schweiger,'#* Zohreh Amoozgar,® Pierre Repiton,’*¢ Robert Morris,” Semer Maksoud, '
Michael Hla,"? Eric Zaniewski,” David P. Noske,>* Wilhelm Haas,”® Koen Breyne,!#10.*
and Bakhos A. Tannous'27.*

SUMMARY

Glioblastoma (GBM) is the most aggressive brain tumor, presenting major challenges due to limited treat-
ment options. Standard care includes radiation therapy (RT) to curb tumor growth and alleviate symp-
toms, but its impact on GBM is limited. In this study, we investigated the effect of RT on immune suppres-
sion and whether extracellular vesicles (EVs) originating from GBM and taken up by the tumor
microenvironment (TME) contribute to the induced therapeutic resistance.

We observed that (1) ionizing radiation increases immune-suppressive markers on GBM cells, (2) macro-
phages exacerbate immune suppression in the TME by increasing PD-L1 in response to EVs derived from
GBM cells which is further modulated by RT, and (3) RT increases CD206-positive macrophages which
have the most potential in inducing a pro-oncogenic environment due to their increased uptake of tumor-
derived EVs.

In conclusion, RT affects GBM resistance by immuno-modulating EVs taken up by myeloid cells in the TME.

INTRODUCTION

Glioblastoma (GBM) represents the most aggressive and lethal form of brain cancer, with only 6.9% of patients surviving five years post-diag-
nosis.' Radiation therapy (RT), in combination with temozolomide and surgical resection, is part of the standard treatment regimen and has
been shown to be a key factor in improving survival.'™ However, despite a multimodal treatment approach, the prognosis remains dismal.
The limited efficacy of RT against GBM has been attributed to pro-oncogenic resistance signaling in cancer cells and its tumor microenviron-
ment (TME), which serves as a protective and immunosuppressive shield.”” The latter resistance programming is mainly facilitated by tumor-
associated macrophages and microglia (TAMs), which include both peripheral macrophages and brain-resident myeloid cells and can consti-
tute up to 30%-50% of the tumor mass.®”

Recent research has shed light on mechanisms that drive TAM-mediated resistance: it has been proposed that phagocytosis by myeloid
cells can lead to the adoptive transfer of programmed death ligand 1 (PD-L1), further enhancing GBM immune evasion.'”'" Additionally,
GBM-derived extracellular vesicles (EVs) are gaining recognition as key factors in modulating the TME. They have been shown to be internal-
ized by myeloid cells, thereby influencing their behavior and consequently promoting a pro-tumorigenic environment.'”'®

Here, we investigated the impaired antitumor immunity induced by GBM in response to RT. We focus on the myeloid compartment of the
TME that is susceptible to protumoral/reprogramming signals dictated by GBM cancer cells. Specifically, we focus on immune-suppressive
triggers transferred by tumor-derived EVs when GBM cancer cells are stressed by ionizing radiation. We show that RT triggers increased levels
of PD-L1 (an essential immune checkpoint protein'’) and CD47 (a prominent “don‘t-eat-me signal"18) in different glioma models. Mainly
CD206-positive myeloid cells perceive GBM cues and subsequently increase their PD-L1 expression independent from conventional phago-
cytosis-mediated PD-L1 transfer post-tumor-derived EV uptake. Concomitantly, we observed reprogramming of myeloid cell behavior,
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including altered cytokine secretion, enhanced phagocytosis, and increased PD-L1 expression in line with a switch toward a more immune-
suppressive phenotype. Overall, our findings support that EVs serve as vectors to enhance the immune suppression program induction in the
TME, thereby protecting GBM cancer cells stressed by RT.

RESULTS
Radiation therapy induces the expression of immune-suppressive markers on GBM cells

To assess the impact of RT on GBM, CT-2A mouse glioma cells were exposed to 5 Gray (Gy) ionizing radiation and analyzed 48 h later by
proteomics. CT-2A cells were selected based on their potential to establish a murine glioma model after intracranial engraftment that resem-
bles brain tumor stem cell growth'”?° and recurrent GBM in patients.”’ Pathway analysis of proteomics data was analyzed based on a normal-
ized enrichment score above 1.6 or below —1.6. lonizing radiation increased immunomodulatory protein expression, including humoral, B
cell, and adaptive immunity, while decreasing growth and development signaling (Figure 1A). We corroborated these results by exposing
two murine glioma models, CT-2A and GL261, to ionizing radiation and analyzed the expression of genes encoding for well-described im-
mune-suppressive markers (PD-L1, CD47, CD155, and CD112) on cancer cellg!18:22.23 (Figure 1B). Interestingly, PD-L1 and CD47 levels
increased in a dose-dependent manner in response to RT in both glioma models, while levels of CD155 and CD112 did not. TCGA survival
analysis”"”° revealed no significant survival benefit for GBM patients with either low PD-L1 or CD47 expression. However, in combination, high
CD47 and PD-L1 levels are associated with poor survival for patients (Figure 1C).

To verify the observed RT-mediated effect in vivo, mCherry-expressing CT-2A cells were intracranially implanted into C57BL/6 mice, and
14 days later, mice heads were subjected to either a single dose of 5 Gy or five doses of fractionated 2 Gy ionizing radiation mimicking human
treatment protocols”?’ (Figure 1D - top). Single-cell suspensions were obtained from tumor-bearing hemispheres 20 days post-tumor implan-
tation for flow cytometric analysis. Tumor cells were distinguished from immune cells in the TME based on mCherry and CD45 expression, respec-
tively (CD45NESmCherry™©%) (Figure S1). Interestingly, both radiation regimens resulted in a significant ~1.5-fold elevation of surface-expressed
PD-L1 levels on tumor cells (Figure 1D - bottom). CD47 display was less pronounced, with only significance after the 5 X 2 Gy radiation protocol.
Collectively, these findings suggest that GBM tumors have immuno-suppressive potential, which can be further exacerbated by ionizing radiation.

The propensity of macrophages, over other cells in the GBM TME, to take up tumor-derived signals through EVs

The GBM TME is characterized by a heterogeneous population ofimmune cells, both resident and recruited from the blood.? We aimed to identify
the TME population instructed by the tumor’s immunosuppression signals guided by ionizing radiation. A SurvivalGenie?>-based TCGA-GBM
survival analysis, leveraging gene sets reflective of TME subsets, unveiled a significant survival advantage associated with a lower expression
of the macrophage gene signature (Figure 2A). A re-analysis of available single-cell RNA sequencing datasets”""*® demonstrated a predominant
PD-L1 expression within the macrophage/monocyte/microglia (mac/mono/MG) compartment of glioma murine models, which was mimicked in
samples obtained from GBM patients (Figure 2B). Compared to newly diagnosed GBM, recurrent GBM increased the number of CD206-express-
ing cells at the tumor site (Figure 2B). This receptor exhibits a strong affinity for high mannose oligosaccharides,”” a type of glycan abundantly
present on the surface of EVs. ™ Interestingly, the highest expression of CD206 was observed in the mac/mono/MG compartment, previously
described as an endocytic receptor and M2 (macrophages endowed with tumor-promoting capabilities) marker.®’ Other M2 markers (e.g.,
CD163 & CD204) did not show differential expression when comparing primary and recurrent GBM samples (Figure S2). Prior studies indicate
that myeloid cells in the GBM TME have the ability to take up tumor-derived EVs.'>'" To confirm these observations in the context of radiation
invivo, we utilized a modified syngeneic mouse glioma model expressing CT-2A.palm.tdTomato cells. Expression of a palmitoylated form of tdTo-
mato (pTom)in CT-2A cells*”** facilitates tracking of tumor-derived membrane fragments, including EVs, within the tumor microenvironment (Fig-
ure 2C, top). We implanted these cells into the brains of adult mice, and two weeks later, mice heads received ionizing radiation (2 Gy) for five
consecutive days, informed by the observations in Figure 1D and mirroring standard human treatment regimens.”?’ After twenty days of tumor
cellimplantation, mice were euthanized, and single-cell suspensions of the tumor area were prepared for flow cytometry analysis (Figure 2C, bot-
tom). In our setup, CD11b-positive (CD11b"°%) or myeloid cells displayed a 4-fold increased uptake of EVs compared to other immune cells (Fig-
ure 2D), regardless of radiation. Our findings suggest a propensity of myeloid cells to take up tumor-derived signals through EVs.

Radiation-induced immune suppression at the GBM site is mitigated by tumor-derived EVs and myeloid recipients

Macrophages are specialized in phagocytosing dead cells or cellular debris.** To distinguish the effect resulting from the uptake of EVs by
macrophages and conventional phagocytosis in the context of radiation, we intracranially implanted CT-2A.palm.tdTomato.H2B.
mCerulean® ™ cells into mouse brains (Figure 3A). Again, the expression of pTom in CT-2A cells allows tracking of tumor-derived EVs. Addi-
tionally, fusion of the nuclear-localized mCerulean (mCer) with H2B histone allows the distinction of EV uptake from whole-cell phagocytosis.*
Two weeks post-tumor implantation, mice received ionizing radiation (2 Gy) to their head for five consecutive days. Two days after the last
irradiation, mice were euthanized, and single-cell suspensions of the tumor area were prepared for flow cytometry analysis (Figure 3B). After
gating for cancer cells (CD45NEG POSHTomP©%), we observed an increase in membrane PD-L1 expression following RT, confirming the
results shown in Figure 1D and validating our model (Figure 3C).

Our fluorescent labeling methodology enabled us to discriminate between different types of macrophages based on their interactions: (1)
those that did not take up tumor-derived EVs or tumor cells, (2 and 3) those that phagocytosed tumor cells, and (4) those that took up tumor-
derived EVs (numbers represent cartoons visualized in Figure 3D). We observed that the bulk (62%) of macrophages (CD457°° CD11b7°°
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A) CT-2A cells were treated with and without 5 Gy ionizing radiation (IR) and assessed by proteomics followed by GSEA pathway analysis.
B) CT-2A and GL261 cells were exposed to different doses (0, 2, 4, and 8 Gy) of IR and analyzed by gRT-PCR for expression of PD-L1, CD47, CD155, and CD112

C) Kaplan-Meier survival curves based on TCGA-GBM dataset computed with individual genes (PD-L1 or CD47) or a combined gene set (PD-L1+CD47).

D) Tumor-bearing mice were treated with either 1 X 5 Gy or 5 X 2 Gy fractionated ionizing radiation, and PD-L1 and CDA47 surface protein expression on
mCherryFOSCD45NEG (=CT-2A tumor) cells was analyzed by flow cytometry (n > 5). Significance indicated as: *, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way
ANOVA or two-tailed, unpaired t test. Data presented as mean + SEM. See also Figure S1.

(
(
(n=23).
(
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F4/807°%) in the TME was not directly affected by the tumor (i.e., negative for both mCer and pTom), followed by macrophages that phago-
cytosed tumor cells (i.e., early phagocytosis is positive for both mCer and pTom (7%) while late phagocytosis (5%) is only positive for mCer),
and macrophages that exhibited uptake of tumor-derived EVs (i.e., negative for mCer and positive for pTom [26%]; Figure 3E). To define the
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Figure 2. The propensity of myeloid cells to take up tumor-derived signals through EVs

(A) Left: Forest plot depicting univariate Cox regression survival analysis of various tumor microenvironment (TME) gene sets in TCGA-GBM dataset, showing the
hazard ratio (HR) and 95% confidence intervals. Significant associations are shown in the green-filled HR value circle. A, Right: Kaplan-Meier survival curves based
on TCGA-GBM dataset computed with the macrophage gene signature set.

(B) Single-cell RNA sequencing-based analysis of PD-L1 and CD206 expression levels in samples derived from a glioma murine model, human primary GBM, and
human recurrent GBM (brainimmuneatlas.org).

(C) Schematic of the in vivo strategy to track EV uptake and detailed radiation regimen. C57BL/6 mice were intracranially inoculated with CT-2A.palmtdTomato
(CT-2A.pTom) cells. Fourteen days post-injection, mice received a 2 Gy radiotherapy (RT) dose for five consecutive days. Brains were harvested two days post final
radiation.

(D) Flow cytometric analysis evaluating EV uptake (pTom gMFI) in CD45"°5CD11bNEC or CD457°°CD116"7°° cells in the CT-2A TME (mac/mono/MG =
macrophages/monocytes/microglia, DC = dendritic cells, NK = natural killer cells, TAM = tumor-associated macrophages/microglia). Significance indicated
as: *, p < 0.05; two-tailed, unpaired t test. Data presented as mean + SEM (n = 5). See also Figure S2.

myeloid subpopulation that is most prone to EV uptake, we identified mature macrophages by subgating for CD457°% CD11bP°S F4/807°°
cells. F4/807°° macrophages contained the highest fraction (23% or 29%) of EV-positive cells, with or without ionizing radiation, respectively
(Figure S3A).

To track signature adaptation of immunosuppressive parameters post-uptake of tumor-derived EVs, we monitored PD-L1 levels in myeloid
cells. We observed that PD-L1 expression correlated with F4/80 marker expression and that both macrophages that phagocytosed tumor cells
and macrophages that took up tumor-derived EVs exhibited increased PD-L1 expression (Figure 3F). The PD-L1 levels in pTom"®® macro-
phages were significantly higher compared to their mCer™E® pTomNE®

To analyze whether an increase of PD-L1 in recipient macrophages is due to immune-suppressive adaptation, we tracked CD206, a recep-

counterparts, regardless of radiation exposure (Figure 3G).

tor involved in phagocytosis and mediating EV uptake.””*" Interestingly, we observed that CD206 expression in macrophages increased upon
radiation, indicating that RT might boost EV uptake in macrophages (Figure 3H). We showed that CD206"°® macrophages indeed display an
increased pTom signal (Figure 3l). Notably, even though radiation increased the number of CD206"° cells, it did not appear to modulate
pTom uptake at the individual cellular level (Figure 3J). Furthermore, we observed that CD206 was a critical marker in distinguishing macro-
phages that had both pTom"®® EVs and PD-L1 (Figure 3K). Interestingly, tumor-derived EV-uptake resulted in higher PD-L1in CD2067°° mac-
rophages than phagocytosis of tumor cells.

To avoid a potential bias in our findings based on phagocytosis of pTom"™° mCer™NE®

tumor cells, we evaluated the expression of the
nuclear marker Kié7, which is highly present in tumor cell nuclei due to their high proliferation rate.* Ki67 accounts for the potential loss
of the mCer transgene due to transgene instability after engrafting tumor cells in the mouse brain (Figure 3L). Radiation did not induce sig-
nificant changes in Kié7 expression in CT-2A cells (Figure S3B) or macrophages (Figure 3M). As expected, macrophages positive for Ki67 also
expressed higher levels of nuclear-bound mCer, independent of radiation (Figure 3N). Ki67 expression was found to be a determining factor

POS FOS macrophages, as depicted in Figure 30. These results show that the presence of pTom"©®
0s

for PD-L1 expression solely in mCer™> pTom
macrophages is likely attributed to the uptake of tumor-derived EVs, rather than arising from phagocytosis of a tumor cell that was pTom"
mCer™E®. In summary, our findings indicate that the uptake of tumor-derived EVs by macrophages contributes to increased PD-L1 expression
by CD206"°® macrophages at the tumor site, which is modulated by RT.

Effect of tumor-derived EVs on macrophage cytokine secretion and phagocytosis

In vivo tracking does not allow for detailed interrogation of the cause and effect of tumor-derived EVs. To dissect the impact of tumor-derived
EVs on macrophage activation, we exposed primary bone-marrow-derived macrophages (BMDM) to GBM-EVs isolated by size-exclusion
chromatography. RT did not have a significant impact on EV size, secretion, or EV marker protein expression (Figures S4A-S4D). We first
confirmed uptake of pTom-labeled EVs by BMDM using fluorescence analysis (Figures 4A and S4E). BMDMs were exposed to ionizing radi-
ation (BMDM+5 Gy), CT-2A-derived EVs (BMDM+EV), and EVs derived from irradiated CT-2A cells (BMDM+irEV) and thoroughly washed to
avoid confounding signals caused by donor-EVs (Figure 4B). To probe the immune regulatory effect of tumor-derived EVs on macrophages,
we conducted proteomic analyses on BMDM exposed to CT-2A-derived EVs with and without irradiation. GSEA analysis focusing on immune-
related pathways revealed that exposure to CT-2A EVs (BMDM+EV) and to EVs derived from irradiated CT-2A cells (BMDM+irEV) led to the
upregulation of immune-related signaling in macrophages (Figure 4C). No immune-related pathways were detected in the top 20 significantly
downregulated pathways in EV-treated BMDM. Furthermore, BMDM exposed to tumor-derived EVs displayed an increased secretion of che-
mokines and MMPs, suggesting that EVs can provide cues to induce a pro-tumorigenic macrophage response (Figures 4D, S4F, and S4G).
Notably, EVs derived from irradiated CT-2A cells led to an increase in cytokines known to mediate radioresistance, such as CXCL1.%

As the increased release of cytokines by macrophages indicates enhanced tumor immunity participation (Figure 4D), we explored this
further and focused on macrophage phagocytosis in response to tumor-derived EV uptake, an essential process for tumor antigen presen-
tation and thus for modulating adaptive tumor immunity.” BMDMs were exposed to tumor-derived EVs for 48 h and then co-cultured with
pHrodo Red-labeled cancer cells (Figure 4E). As expected, the addition of anti-CD47 antibodies («CD47) to the co-culture media contributed
to increased phagocytosis.'® Notably, pre-treatment of macrophages with EVs derived from CT-2A cells, treated with and without radiation,
enhanced their ability to phagocytose CT-2A cells, regardless of the presence of aCD47 (Figure 4E, Top). Similar effects were also observed
with another GBM cell line (005) (Figure 4E, Bottom). We also explored PD-L1 levels on macrophages after tumor-derived EV uptake, a
requirement for imposing immune-suppressive ligands to T cells that recognize antigen-MHC complexes post-phagocytosis and
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Figure 3. Radiation-induced GBM immune suppression is mitigated by tumor-derived EVs and myeloid recipients

C57BL/6 mice were intracranially inoculated with CT-2A.palm.tdTomato.H2B.mCerulean (pTHC) cells. Fourteen days post-implantation, mice brains were
irradiated with 2 Gy over 5 days, and 2 days after the last irradiation, tumors were removed for analysis by flow cytometry.

(A) Brain slices analyzed by fluorescence microscopy confirming H2B.mCerulean and palm.tdTomato expression in tumor cells.

(B) Schematic of the in vivo strategy to track EV uptake and detailed radiation regimen.

(C) PD-L1 levels (gMFI) in tumor cells (CD45NES mCer™©® pTomPOS) without (0 Gy) and with (5 X 2Gy) radiation therapy (RT).

(D) Schematic of the strategy to distinguish tumor-derived EV uptake and phagocytosis of tumor cells by macrophages.

(E) Distribution of macrophages in the TME (1) not directly affected by the tumor, (2&3) those that phagocytosed tumor cells, and (4) macrophages that took up
tumor-derived EVs.

(F) PD-L1 levels (gMFI) after EV uptake or phagocytosis across myeloid subpopulations.

(G) PD-L1 levels in macrophages that did (pTomPOS mCer™E%) or did not (mCerNE® pTomNEG) take up tumor-derived EVs.

(H) Percentage of CD206"° macrophages in the TME with and without RT.

(I'and J) EV uptake (pTom gMFI) analysis in CD206"°% and CD206NEC macrophages.

(K) PD-L1 levels (gMFI) after EV uptake or phagocytosis across CD2067°° and CD206™E macrophages with and without RT.

(L) Schematic depicting the strategy to account for potential mCer loss.

(M) Percentage of Ki67"°% macrophages with and without RT.

(N) Phagocytosis (mCer gMFI) analysis in Ki677°% and Ki67NE® macrophages.

(O) PD-L1 levels (gMFI) after EV uptake or phagocytosis across Ki677°% and Ki67NES macrophages with and without RT. Significance indicated as: *, p < 0.05; **,
p < 0.01; one-way ANOVA or two-tailed, unpaired t test. (n > 5), Data presented as mean + SEM. mCer = mCerulean, pTom = palm.tdTomato, CT-2A.pTHC =
CT-2A.palm.tdTomato.H2B.mCerulean. See also Figure S3.

post-antigen processing. Both CT-2A and 005-derived EVs significantly increased PD-L1 levels in recipient macrophages, with EVs derived
from non-irradiated GBM cells exhibiting the highest effect (Figure 4F).

In summary, glioma-derived EVs modulate macrophages by altering their cytokine secretion profile, enhancing phagocytic ability, and
increasing PD-L1 expression, which is further modulated by RT.

DISCUSSION

In this study, we aimed to investigate the impact of ionizing radiation on GBM cells and their interactions with the TME. Our findings revealed
significant alterations in immune-suppressive markers on GBM cells following exposure to ionizing radiation, including PD-L1 and CD47 im-
mune checkpoint markers. Interestingly, high levels of both PD-L1 and CD47 were associated with poor survival, emphasizing the importance
of immune checkpoint regulation in GBM pathogenesis. Importantly, exposure of macrophages to GBM-derived EVs led to an increase in PD-
L1 expression. Furthermore, our investigation into the myeloid compartment of the TME highlights the increased presence of CD206-positive
macrophages at the tumor site following RT. The uptake of EVs by macrophages was associated with high PD-L1 expression, indicating their
potential to induce a pro-oncogenic environment in the TME, facilitating tumor progression and therapeutic resistance.

Our observations regarding dose-dependent response of PD-L1 and CD47 to radiation in glioma models are consistent with previous studies
in various cancer types.”*“° Notably, expression of CD47 appears to be influenced by radiation in a context-dependent manner, either
increasing”' ™ or decreasing,”* depending on the cell/tissue type and radiation regimen. Increased CD206-expressing myeloid cells in more
aggressive recurrent GBM samples compared to newly diagnosed cases supports previous findings, indicating the role of myeloid cells in
GBM tumor immune escape.”> Our observations also align with prior studies that have demonstrated the active modulation of the TME through
GBM-secreted EVs.'"" We identified a potential propensity of high CD206-expressing macrophages to take up EVs, suggesting the enrichment
of high mannose glycans on the EV surface, making them an ideal tool for delivery of therapeutics into CD206-expressing TAMs.?”*°
Previous studies have highlighted the effects of tumor-derived EVs on macrophages/monocytes.'*'*">"¢ In our study, we aimed to integrate
past findings into a more holistic in vivo model and further investigated the impact of RT as an additional dimension to the complex interplay
between GBM, EVs, RT, and myeloid cells in the TME. Dissecting the cause and effect of EV-mediated TME modulation in vivo without intro-
ducing confounding variables poses significant challenges. Given that PD-L1 expression on macrophages plays a crucial role inimmune suppres-
sion within the TME, and to corroborate our in vivo results, we examined the expression of PD-L1 on BMDM in culture following EV treatment. EVs
derived from GBM cells increased PD-L1 expression on macrophages. Given that ionizing radiation leads to an increase in PD-L1 in GBM cells, we
expected a more increased expression of PD-L1 on irEV-treated macrophages. However, this effect was relatively lower compared to the GBM
control EV condition, hinting toward a more indirect mechanism (instead of direct PD-L1 protein transfer) underlying EV-induced upregulation of
PD-L1. Previous studies demonstrated that glioma cell phagocytosis by BMDMs in the TME leads to the formation of TAMs with increased immu-
nosuppressive phenotypes by expressing immune-checkpoint proteins like PD-L1."" Our data indicate that EVs are taken up by macrophages,
leading to an increase in phagocytosis of PD-L1-rich GBM cells and, consequently, to a higher PD-L1 expression on macrophages. Interestingly,
the enhanced phagocytic capacity of BMDM following exposure to GBM EVs continued even upon blocking with anti-CD47, implying the pres-
ence of additional mechanisms involved beyond the CD47-SIRPa signaling pathway. '®

In conclusion, our study sheds light on the immunomodulatory effects of ionizing radiation in GBM and their interactions with the TME. The
immunosuppressive environment in response to radiation therapy, including checkpoint markers such as PD-L1, is partly adopted by tumor-
secreted EVs. These EVs can impose an “immune-suppressive halo” around tumor cells in a non-RT-dependent manner through modulation
of specific macrophage subsets in the TME by providing bait (i.e., antigen by enhanced phagocytosis) for T cells while blocking the latter with
high levels of PD-L1. Continuing research in this area is crucial to identify targets that can overcome immunotherapy failures for GBM.
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Figure 4. Effect of tumor-derived EVs on bone-marrow-derived macrophage cytokine secretion, phagocytosis, and PD-L1 expression
(A) Bone-marrow-derived macrophages (BMDMs) were exposed to palm.tdTomato (pTom)-labeled EVs, fixed and stained for F4/80 (macrophage marker; green)
and DAPI (blue), and EV uptake was analyzed by fluorescence analysis.
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Figure 4. Continued

(B-D) BMDM were exposed to EVs derived from untreated (BMDM+EV) or irradiated (BMDM+irEV) CT-2A cells. Schematic of experimental setup (B). GSEA
pathway analysis showing significantly upregulated immune-related pathways (n = 2) in CT-2A EV and irEV-treated BMDM (C). Graph bar showing cytokine array
results of BMDM exposed to 5 Gy radiation (BMDM+5 Gy), EV, or irEV depicting the top 10 differentially expressed cytokines (D).

(E) BMDM exposed to EVs or irEVs were co-cultured with CT2A or 005 glioma cells labeled with pHrodo Red, pre-treated with and without anti-CD47, and
analyzed for phagocytic ability by flow cytometry. Experimental setup schematic (Left). Graph depicting the phagocytosis index of BMDM under different
conditions (Right).

(F) BMDM exposed to 5 Gy RT or EVs/irEVs from CT-2A or 005 glioma cells were analyzed for PD-L1 levels. Gating strategy to identify BMDM (CD457°° CD11bP°S
F4/807°%) (Left). Analysis of PD-L1 levels (gQMFI) in BMDM under different conditions by flow cytometry (Right). Significance indicated as: *, p < 0.05; **, p < 0.01;
*** p < 0.001; one-way ANOVA. (n > 3), Data presented as mean + SEM. See also Figure S4.

Limitations of the study

In vivo tracking of EV uptake provided valuable insights into the complex interaction between ionizing radiation, immune-suppressive markers,
and tumor-derived EVs in GBM. We used a palmitoylated form of tdTomato to capture a wide range of tumor-derived EVs, which may introduce
a portion of non-EV particles and fragments. Our main goal was to provide a holistic overview of the effect of all tumor-secreted EV subtypes
(including exosomes, microvesicles, and apoptotic bodies) as reflected in an actual tumor setting. Future studies may use more targeted labeling
to investigate which EV subpopulation is the main driver of the observed effect. A more in-depth investigation is required to elucidate the precise
mechanisms underlying EV uptake and the specific immunomodulatory effect on myeloid cells. Based on our findings, future research directions
may focus on exploring underlying mechanisms of immune checkpoint marker upregulation in response to ionizing radiation. Past studies have
highlighted the role of EGFR autophosphorylation following RT*” and its potential involvement in subsequent PD-L1 upregulation in glioma
cells.®” Future studies are needed to pinpoint the exact mechanisms involved, especially when it comes to CD47. We chose well-established
radiation protocols that closely mimic human RT regimens or have been used to boost immunotherapy.”*?’ Future approaches may investigate
the effect of alternative radiation regimens on TME interactions, which could provide further insights into the potential optimization of radiation
therapy for GBM. Moreover, future studies are necessary to elucidate the underlying mechanisms by which EVs modulate macrophages, partic-
ularly focusing on EV secretion, uptake dynamics, and EV content. Detailed identification of the specific cargo within EVs responsible for inducing
the immune-suppressive phenotype in macrophages would be of great significance. Understanding these mechanisms could pave the way for
developing strategies to reverse the immune-suppressive effects of tumor-derived EVs and potentially enhance the efficacy of immunotherapies
and RT in GBM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 785 anti-mouse/human CD11b Biolegend Cat# 101243; RRID: AB_2561373
PerCP-eFluor 710 anti-mouse CD206 Invitrogen Cat# 46-2061-82; RRID: AB_2784688
Alexa Fluor 488 anti-mouse CD45 Biolegend Cat# 103121; RRID: AB_493532
Alexa Fluor 700 anti-mouse/human Ki-67 Invitrogen Cat# 56-5698-82; RRID: AB_2637480
APC anti-mouse CD274 (B7-H1, PD-L1) Biolegend Cat# 124311; RRID: AB_10612935
APC/Cyanine7 anti-mouse F4/80 Biolegend Cat# 123117; RRID: AB_893489
TruStain fcX (anti-mouse Cd16/32) BioLegend Cat# 101319; RRID: AB_1574973
Alexa Fluor 488 anti-mouse F4/80 Biolegend Cat# 123119; RRID: AB_893491

B-actin

Alix

CD81

CD9

Anti-rabbit IgG, HRP-linked Antibody
Anti-mouse IgG, HRP-linked Antibody
InVivoMAb anti-mouse/human/rat CD47

Cell Signaling Technology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Bio x Cell

Cati# 4967
Cat# sc-53538
Cat# 56039S
Cat# 98327S
Cati# 7074
Cat# 7076

Cat# BE0283; RRID: AB_2687806

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s medium (DMEM)

Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12)

Fetal bovine serum (FBS)

Penicillin (100 units/ml) and Streptomycin

(100 pg/mL) (P/S)

B27 Supplement minus Vitamin A

Epidermal growth factor

Fibroblast growth factor

Trypsin-EDTA (0.25%), phenol red

M-CSF recombinant mouse protein

Phosphate buffered saline (PBS) 10X

Xylazine

PFA 32%

VECTASHIELD® Antifade Mounting Medium with DAPI
RBC lysis buffer

RIPA Buffer

Halt™ Protease and Phosphatase Inhibitor Cocktail (100X)
Pierce™ Bradford Plus Protein Assay Reagent

4-12% Bis-Tris NuPage™ gel

NuPage™ MES SDS Running Buffer

NuPage™ Transfer Buffer

SuperSignal™ West Pico Plus Chemiluminescent Substrate
CellTrace Violet

pHrodo Red Intracellular pH Indicator Dye
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Corning
Gibco

Sigma-Aldrich
Corning

Gibco

PeproTech
PeproTech

Fisher Scientific
Biolegend

Boston Bioproducts
Santa Cruz

Electron Microscopy Sciences
Vector Labs
eBioscience
Boston-Bioproducts
Thermo Scientific
Thermo Scientific
Invitrogen
Invitrogen
Invitrogen

Thermo Scientific
Invitrogen

Invitrogen

Cat# 10-017-CV
Cat# 11320033

Cat# F0926
Cat# 30-002-C

Cat# 12587010
Cat# AF-100-15
Cat# 100-18B
Cat# 25200056
Cat# 576404
Cat# BM-220
Cat# sc-362950Rx
Cat# 15714

Cat# H-1200-10
Cat# 50-112-9751
Cat# BP-115

Cat# 78440

Cat# 23238

Cat# NP0322BOX
Cat# NP0O002
Cat# NP0O0061
Cat# 34580

Cat# C34557
Cat# P35372

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Live Cell Imaging Solution Thermo Fisher Cat# A14291DJ

ZombieUV Biolegend Cat# 423107

cOmplete™, EDTA-free Protease Inhibitor Cocktail Roche Cat# 04693132001

Bovine Serum Albumin (BSA) Sigma Aldrich Cat# A9576-50ML

Dulbecco’s Phosphate Buffered Saline (DPBS) Sigma Aldrich Cat# D8537-500ML

EDTA Invitrogen Cat# 15575020

Tween 20 Sigma Aldrich Cat# P1379-25ML

Critical commercial assays

Mycoplasma PCR Detection Kit abm Cat# G238

RNeasy mini kit Qiagen Cat# 74104

5x All- In-One RT MasterMix kit abm Cat# G592

Proteome Profiler Mouse XL Cytokine Array R&D Systems Cat# ARY028

eBioscience™ Foxp3/Transcription Factor
Staining Buffer Set

TMTpro™ 16plex Label Reagent Set
Izon qEVoriginal/70 nm

Thermo Fisher

Thermo Scientific

IZON

Cat# 00-5523-00

Cat# A44520
Cat# SP1

Deposited data

scRNA Sequencing Data
UniProtKB

Raw proteomics data

Antunes et al.?’

NIF Data Federation

MassIVE Repository

https://www.brainimmuneatlas.org
RRID:SCR_004426
MassIVE: MSV000093696

Experimental models: Cell lines

Mouse: CT-2A
Mouse: 005
Mouse: GL261

NCI Tumor Repository

Marumoto et al.*®

NCI Tumor Repository

CVCL_ZJ44
N/A
CVCL_Y003

Experimental models: Organisms/strains

Mouse: C57BL/6

Charles River Laboratory

IMSR_JAX:000664

Oligonucleotides

mCD274, F: GCTCCAAAGGACTTGTACGTG
and R: TGATCTGAAGGGCAGCATTTC
mCD47, F: TGGTGGGAAACTACACTTGCG
and R: CGTGCGGTTTTTCAGCTCTAT
mCD155, F: GGGTGGGGATATACGTGTGC
and R: GTTCCTCAGATCCTGTTGGGC
mCD112, F: GCATCATTGGAGGTATTATCGCT
and R: GAGGGAGGTCCTTCCAGTTC
mACTB, F: GGCTGTATTCCCCTCCATCG
and R: CCAGTTGGTAACAATGCCATGT
mGAPDH, F: AGGTCGGTGTGAACGGATTTG
and R: TGTAGACCATGTAGTTGAGGTCA

MGH primer bank

MGH primer bank

MGH primer bank

MGH primer bank

MGH primer bank

MGH primer bank

https://pga.mgh.harvard.edu/primerbank

https://pga.mgh.harvard.edu/primerbank

https://pga.mgh.harvard.edu/primerbank

https://pga.mgh.harvard.edu/primerbank

https://pga.mgh.harvard.edu/primerbank

https://pga.mgh.harvard.edu/primerbank

Recombinant DNA

CSCW2.palmtdTomato Lai et al.? Breakefield Lab
pHIV-H2B.mCerulean This paper Kind gift of Dr. Erik Abels
Software and algorithms

ImageJ/FIJI NIH https://imagej.nih.gov/ij
BioRender BioRender https://www.biorender.com

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad Prism GraphPad https://www.graphpad.com

SurvivalGenie Dwivedi et al.”® https://bbisr.shinyapps.winship.emory.
edu/SurvivalGenie

R Studio Open source https://www.rstudio.com

FlowJo FlowJo https://www.flowjo.com

Adobe lllustrator 2023 Adobe https://www.adpbe.com

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Koen Breyne
(kbreyne@mgh.harvard.edu).

Materials availability

All unique/stable materials will be made available upon reasonable request from the lead contact without restriction.

Data and code availability
® Proteomics mass spectrometer RAW files can be accessed through the MassIVE data repository (massive.ucsd.edu) under the acces-
sion number MSV000093696. All other data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not involve any patients or healthy control participants.

Animals

All animal experiments were approved by the Massachusetts General Hospital Subcommittee on Research Animal Care and complied with
guidelines set forth by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Eight-to-ten weeks old female
C57BL/6 (Charles River Lab) mice were used throughout the study. Mice were raised in a temperature and hygrometry-controlled environment
on a 12h day/night cycle. Five animals were placed in one cage and animals had access to food and water ad libitum.

Cultured cells

CT-2A (RRID:CVCL_ZJ44) (derived from a male mouse brain tumor formed after the intracerebral implantation of 20-methylcholanthrene pel-
lets into C57/BL6 mice'?) and GL261 (RRID:CVCL_Y003) (derived from male mice) cells were cultured in Dulbecco’s Modified Eagle Medium
(Corning, 10-017-CV) supplied with 10% fetal bovine serum (Sigma-Aldrich, FO926) and 1% penicillin-streptomycin (Corning, 30-002-C). Cell
line 005" (sex unspecified) was cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco, 11320033) sup-
plemented with 2% B27 Supplement minus Vitamin A (Gibco, 12587010), 20 ng/mL epidermal growth factor (PeproTech, AF-100-15), 10 ng/
mL fibroblast growth factor (PeproTech, 100-18B), and 1% penicillin-streptomycin (Corning, 30-002-C). Cell lines were not authenticated,
routinely tested for mycoplasma contamination (abm Mycoplasma PCR Detection Kit, G238) and found negative.

METHOD DETAILS
Radiation therapy

For all RT experiments, a '*’Cs Mark 2 - Model 25 Irradiator (J.L. Shepherd & Associates) with turntable rotation was used. For animal RT
studies, mice were anesthetized via 87.5 mg/kg ketamine and 12.5 mg/kg xylazine intraperitoneally and individually placed in an upright po-
sition in a 50mL Falcon tube without a tip to facilitate breathing. The tube was placed inside a custom-built 2cm thick lead shield that only
exposes the head to radiation whilst shielding the body from the ears down.

Quantitative proteomics

Proteomes of cell lines were quantitatively mapped using multiplexed mass spectrometry (MS) by applying isobaric tandem mass tag (TMT)
technology.’”*" Lysis was performed in a buffer containing 75 mM NaCl, 50 mM HEPES (pH 8.5), 10 mM sodium pyrophosphate, 10 mM NaF,
10 mM B-glycerophosphate, 10 mM sodium orthovanadate, 10 mM phenylmethanesulfonylfluoride, Complete Protease Inhibitor EDTA-free
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tablets (Roche), and 3% sodium dodecyl sulfate. Cells were lysed by passing them 10 times through a 21-gauge needle, and the lysates were
prepared for analysis on the mass spectrometer essentially as described previously.”"* Briefly, reduction and thiol alkylation were followed by
purifying the proteins using MeOH/CHCI3 precipitation. Protein digest was performed with Lys- C and trypsin, and peptides were labeled
with TMT-16-plex reagents (Thermo Scientific)>® and fractionated by basic pH reversed-phase chromatography.”’ Multiplexed quantitative
proteomics was performed on an Orbitrap Lumos mass spectrometer (Thermo Scientific) using a Simultaneous Precursor Selection (SPS)
based MS3 method.*”>? MS2 spectra were assigned using a SEQUEST-based proteomics analysis platform>* using the Uniprot mouse protein
sequence database to which known contaminants such as trypsin were added. Based on the target-decoy database search strategy”” and
employing linear discriminant analysis and posterior error histogram sorting, peptide and protein assignments were filtered to a false discov-
ery rate (FDR) of < 1%.°® Peptides with sequences that were contained in more than one protein sequence from the UniProt database
(RRID:SCR_004426) were assigned to the protein with most matching peptides.”® TMT reporter ion intensities were extracted as that of
the most intense ion within a 0.03 Th window around the predicted reporter ion intensities in the collected MS3 spectra. Only MS3 with
an average signal-to-noise value larger than 20 per reporter ion as well as with an isolation specificity larger than 0.75 were considered for
quantification. A two-step normalization of the protein TMT-intensities was performed by first normalizing the protein intensities over all ac-
quired TMT channels for each protein based on the median average protein intensity calculated for all proteins. To correct for slight mixing
errors of the peptide mixture from each sample, a median of the normalized intensities was calculated from all protein intensities in each TMT
channel, and protein intensities were normalized to the median value of these median intensities.

RNA isolation and quantitative real-time PCR (q-PCR)

Cells were lysed, and RNA was extracted using the RNeasy mini kit (Qiagen, 74104), followed by cDNA synthesis using 5x All- In-One RT
MasterMix kit (abm, G592). The expression of different genes was analyzed by quantitative real-time PCR using specific primers, with
GAPDH and/or ACTB as an internal control (in triplicates) using a QuantStudio 3 PCR system (Applied Biosystems). The expression of various
mouse genes analyzed in this study included: CD274, CD47, CD155, CD112, GAPDH, and ACTB. The sequence of all primers was obtained
from the MGH primer bank (https://pga.mgh.harvard.edu/primerbank) and can be found in the key resources table.

TCGA-GBM survival analyses

TCGA-GBM?* Kaplan-Meier plots were created with the SurvivalGenie?® online tool using the cutp function (A cutpoint is estimated based on
martingale residuals using the survMisc package to stratify patients into high and low groups). For gene set-based analyses, pre-defined cell
sets provided by SurvivalGenie were used. Univariate Cox regression survival analysis showing the hazard ratio and 95% confidence intervals
associated with two groups considered in the univariable analysis were created through SurvivalGenie. Graphs were further modified with
Adobe lllustrator to improve visibility.

Cell transduction

Stably transduced fluorescent cell lines were generated by transducing CT-2A cells with mCherry, palm.tdTomato and/or H2B.mCerulean.
Cells were incubated with lentivirus for 72 h, after which transfection media was removed, and fresh media was added. Successfully trans-
duced cells were selected with FACS and expanded under standard conditions for no more than 20 passages.

Intracranial tumor injections

Adult mice were anesthetized using 2.5% isoflurane in 100% oxygen via a nose cone. A total of 5 x 10% CT-2A.m.Cherry, CT-
2A.palm.tdTomato, CT-2A.H2B.mCerulean or CT-2A.palm.tdTomato.H2B.mCerulean cells were suspended in 2 pL of Opti-MEM (Gibco,
31985062). Using a Hamilton syringe (Sigma-Aldrich) and an automatic stereotaxic injector (Stoelting) with a flow rate of 0.2 uL/min, the cells
were implanted into the left striatum of C57BL/6J (RRID:IMSR_JAX:000664) mice. For stereotactic implantation, three coordinates were
selected relative to bregma: anterior-posterior (AP) = 0.5 mm, medial-lateral (ML) = —2.0 mm, and dorsal-ventral (DV) = —2.5 mm. All
mice were 8-16 weeks of age and were randomly assigned to their treatment, with the experimenter being blind to the treatment groups.

Flow cytometry

Single-cell suspensions were prepared from the tumor-bearing hemisphere. Specifically, TME regions were isolated under the stereotactic
microscope, followed by single-cell preparation. Cells were stained with antibodies Brilliant Violet 785 anti-mouse/human CD11b (Biolegend,
#101243, RRID:AB_2561373), PerCP-eFluor 710 anti-mouse CD206 (Invitrogen, #46-2061-82, RRID:AB_2784688), Alexa Fluor 488 anti-mouse
CD45 (Biolegend, #103121, RRID:AB_493532), Alexa Fluor 700 anti-mouse/human Ki-67 (Invitrogen, #56-5698-82, RRID:AB_2637480), APC
anti-mouse CD274 (B7-H1, PD-L1) (Biolegend, #124311, RRID:AB_10612935), APC/Cyanine7 anti-mouse F4/80 (Biolegend, #123117, RRI-
D:AB_893489), according to manufacturer’s protocol. Non-specific binding of the immunoglobulin to the Fc receptors was blocked by incu-
bating cells 10 min on ice in 0.5% BSA (Sigma Aldrich, A9576-50ML) in DPBS (Sigma Aldrich, D8537-500ML) with 2 mM EDTA (Invitrogen,
15575020) supplemented with TruStain fcX (anti-mouse Cd16/32, BioLegend, #101319, RRID:AB_1574973). For the flow cytometric analyses,
ZombieUV (Biolegend, 423107) was used to identify live cells, and cells were stained with surface markers in FACS buffer (2% BSA in PBS) for
20 min on ice. For intracellular stain, eBioscience Foxp3/Transcription Factor Staining Buffer Set (Invitrogen, #00-5523-00) was used according
to manufacturer’s protocol). Live cells for in vivo experiments were sorted using 4 Laser BD FACSAria Il Cell Sorter (BD Biosciences). Cells were
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analyzed on Aria Il (BD Biosciences) or Fortessa X-20 (BD Biosciences), and data analysis was performed on FlowJo (v10.8.1,
RRID:SCR_008520).

Single cell RNA-sequencing dataset analysis

Gene-cell count and cell annotation matrices were procured from the Brain Immune Atlas (www.brainimmuneatlas.org). This atlas includes
data from GL261 tumor-bearing mice, newly diagnosed GBM patients, and individuals with recurrent GBM samples.”’ Data preprocessing
and analysis were conducted using the Seurat v4 R package.” The Seurat workflow was followed, with default quantitative parameters,
excluding low-quality cells. Gene expression values underwent global-scaling normalization (“LogNormalize” method). Top 2000 variable
genes were identified through the “FindVariableFeature” function with variance stabilizing transformation (“vst”). Gene expression values
were scaled across cells using the “scaleData” function. Principal component analysis (PCA) was used for dimensionality reduction. Clustering
utilized the “FindNeighbors” and “FindClusters” functions. Visualization of clustering results was achieved through Uniform Manifold Approx-
imation and Projection (UMAP). Cell types were defined based on the original cell annotation matrices.”’ Expression levels of genes of interest
were examined using Seurat’s “VInPlot,” “FeaturePlot,” and “AverageExpression” functions. Calculation of the proportion of cells per cluster
expressing genes of interest (normalized counts >0) was also performed.

Immunohistochemistry

For in vivo sections, the brains were removed, kept in 4% PFA (EMS, 15714) overnight and 30% sucrose for 48 h, and then cryosectioned at 40-
um thickness. Slides were then mounted with Antifade Mounting Medium with DAPI (Vector Labs, H-1200-10). Fluorescence microscopy im-
ages were acquired on a Keyence (Itasca) microscope and processed using ImageJ2 v2.3.0 (RRID:SCR_003070).

For in vitro EV uptake experiments, bone marrow-derived macrophages (BMDM) were exposed to EVs for 24 h, washed with PBS for three
times, and fixed using 100% ice-cold methanol for 10 min. After fixation, cells were rinsed twice in PBS for 5 min each. Blocking was achieved
by using 5% BSA and 0.1% Tween 20 (Sigma Aldrich, P1379-25ML) in PBS (PBS-T) for 4 h. Cells were then incubated with the anti-mouse F4/80
Antibody conjugated to Alexa Fluor 488 (BioLegend, #123119, RRID:AB_893491) for 1h at room temperature. Cells were rinsed three times in
PBS-T for 5 min each. Coverslips were transferred to microscope slides (Fisherbrand) on a droplet of mounting medium containing DAPI (Vec-
tashield; Vector Labs, H-1200-10). Fluorescence microscopy images were acquired on a Keyence (Itasca) and LSM710 Laser Scanning Confocal
(Zeiss) microscope and processed using ImageJ2 v2.3.0 (RRID:SCR_003070).

Bone marrow-derived macrophage isolation

BMDM (bone marrow-derived macrophages) were isolated from both femurs and tibias of 8-week-old C57BL/6J (RRID:IMSR_JAX:000664)
mice as previously described.”® In brief, mice were euthanized, soaked in 70% ethanol, and attached tissues from femurs and tibias were
removed before bone marrow was flushed out. The bone marrow suspension was filtered through a 100 um cell strainer and erythrocytes
were removed with 1X RBC Lysis Buffer (eBioscience, 50-112-9751). Pellets were resuspended in Dulbecco’s Modified Eagle Medium (Corn-
ing, 10-017-CV) supplied with 10% fetal bovine serum (Sigma-Aldrich, F0926), 1% penicillin-streptomycin (Corning, 30-002-C), and 10 ng/ml
recombinant mouse M-CSF (Biolegend, 576404). Cells were cultured in 6-well plates for 7 days. Attached macrophages were washed with PBS
for 3 times and either treated or detached for downstream applications.

EV isolation

EVs were isolated by size exclusion chromatography (SEC) using Izon gEVoriginal/70 nm columns (IZON, SP1) as follows: On day 1, cells were
seeded in 150 mm dishes. For cells growing in media supplemented with FBS, the culture medium was exchanged with fresh medium sup-
plemented with 10% ultracentrifugation EV-depleted FBS on day 2. Ultracentrifugation EV-depleted FBS was obtained by overnight centri-
fugation of FBS (Sigma-Aldrich, F0926) at 100,000g, 4°C followed by double filtration with 0.22mm low binding filters. To isolate irEVs (EVs
derived from cells exposed to ionizing radiation), cells were irradiated with 5 Gy immediately after changing the media. On day 4, conditioned
media was collected and centrifuged at 300g for 5 min. The supernatant was transferred to a UFC9100 Amicon Ultra-15 Centrifugal filter
(100 kDa) (Millipore, UFC900396) and centrifuged at 4,500g for 20 min. The concentrated sample (500 uL) was added to the Izon column after
priming it with 10 mL 1X PBS. Then, 15 mL PBS was added, and fractions were collected using an IZON automatic fraction collector. For the
transfer of EVs, fractions 7-10 were concentrated using AmiconUltra-0.5 Centrifugal (30 kDa) (Millipore, UFC503024) to reduce the volume
from 2.5 mL to 30-80 pL. For all functional analyses of EVs, each step was performed in a sterile manner.

EV quantification
EV concentration and size were analyzed using the NanoSight LM10 instrument (Malvern) equipped with an AVT MARLIN F-033B IRF camera
(Allied Vision Technologies) and NTA 3.1 Build 3.1.46 software.

All nanoparticle tracking analyses were conducted with consistent experiment settings, including Camera Level set at 12 and Detection
Threshold set at 4. The particles were measured for a duration of 30 s, and to ensure optimal results, the EV concentrations were adjusted
to achieve approximately 50 EVs per field of view. Each sample was imaged in a minimum of 5 technical replicates.
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Western blot

Proteins were isolated by resuspending cell and EV pellets in RIPA buffer (Boston-Bioproducts, BP-115) containing Halt Protease and Phos-
phatase Inhibitor Cocktail (100X) (Thermo-Fisher, 78440) and sonicated. Next, proteins were quantified using Pierce Bradford Plus Protein
Assay Reagent (Thermo Scientific, 23238). Then, 20ug of protein was loaded on a 4-12% Bis-Tris NuPage gel (Invitrogen, NP0322BOX) using
NuPage MES SDS Running Buffer (Invitrogen, NP0002) followed by electrophoresis. Proteins were then transferred to nitrocellulose mem-
branes using NuPage Transfer Buffer (Invitrogen, NPO0041). The membranes were incubated overnight at 4°C with primary antibodies in
2.5% nonfat milk powder in PBS containing 0.1% Tween 20 (Sigma Aldrich, P1379-25ML). The primary antibodies used in this study were
B-actin (Cell Signaling Technology, 4967), Alix (Santa Cruz Biotechnology, sc-53538), CD81 (Cell Signaling Technology, 56039S), and CD9
(Cell Signaling Technology, 98327S). Next, membranes were probed with secondary anti-rabbit (Cell Signaling Technology, 7074) or anti-
mouse (Cell Signaling Technology, 7076) HRP conjugated for 1 h at room temperature. Finally, proteins were visualized using SuperSignal
West Pico Plus Chemiluminescent Substrate (Thermo Fisher).

EV treatment

BMDMs were treated with 1 x 10'° EVs mL™" in Dulbecco’s Modified Eagle Medium supplied with 10% ultracentrifugation EV-depleted FBS
daily for 2 days before downstream analyses 24h after last EV treatment.

Cytokine array

EV-treated BMDMs were washed with PBS 3 three times, and Dulbecco’s Modified Eagle Medium (Corning, 10-017-CV) was added. The su-
pernatant was isolated from culture conditions after 24h, centrifuged at 500g for 5 min to remove cellular debris, and transferred to a tube for
storage at —80°C until use. The cytokine array was performed using the Proteome Profiler Mouse XL Cytokine Array (R&D Systems, ARY028s)
according to the manufacturer’s protocol.

Phagocytosis assay

BMDMs were treated with EVs as described above, washed with PBS, and detached by adding 5mM EDTA for 20 min at 4°C. BMDMs were
centrifuged at 500g for 3min and labeled with CellTrace Violet (Invitrogen, C34557) according to the manufacturer’s protocol. Cancer cells
(CT-2A or 005) were labeled with pHrodo Red Intracellular pH Indicator Dye (Invitrogen, P35372) according to the manufacturer’s protocol.
BMDMs and cancer cells were co-cultured in a 96-well low adherent U-bottom plate (Corning) in a ratio of 1:4 for 4 h at 37°C. For some con-
ditions, anti-CD47 antibody (10 ng/mL) (MIAP410, Bio x Cell, BE0283, RRID:AB_2687806) was added at the beginning of the co-culture. Cells
were collected on ice, washed 2 times with cold Live Cell Imaging Solution (Thermo Fisher, A14291DJ), and fixed with a solution of 4% para-
formaldehyde before analysis. Phagocytosis was analyzed using a Fortessa X-20 cell sorter (BD Biosciences) and calculated as the percentage
of pHrodo Red+ cells within the total CellTrace Violet+ BMDM population.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism (v.10.0.0, RRID:SCR_002798) was used for statistical analysis of all data. GraphPad Prism (v.10.0.0, RRID:SCR_002798) and
Adobe lllustrator 2022 (RRID:SCR_010279) were used to create the graphs and figures. The findings are displayed as the average + standard
deviation (SD) or standard error of the mean (SEM). To assess the normality of the data distribution, a Shapiro-Wilks test was employed. For
groups with a normal distribution, Student’s t-test or ANOVA was used for comparison. For groups with a non-normal distribution, the Mann-
Whitney test was employed. Results with p values less than 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001) were considered statistically significant.
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