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Abstract

The lack of safe and effective delivery across the blood-brain barrier and the profound

immune suppressive microenvironment are two main hurdles to glioblastoma (GBM) therapies.
Extracellular vesicles (EVs) have been used as therapeutic delivery vehicles to GBM but with
limited efficacy. We hypothesized that EV delivery to GBM can be enhanced by (i) modifying

the EV surface with a brain-tumor-targeting cyclic RGDyK peptide (RGD-EV) and (ii) using
bursts of radiation for enhanced accumulation. In addition, EVs were loaded with small interfering
RNA (siRNA) against programmed cell death ligand-1 (PD-L1) for immune checkpoint blockade.
We show that this EV-based strategy dramatically enhanced the targeting efficiency of RGD-EV
to murine GBM, while the loaded siRNA reversed radiation-stimulated PD-L1 expression on
tumor cells and recruited tumor-associated myeloid cells, offering a synergistic effect. The
combined therapy significantly increased CD8* cytotoxic T cells activity, halting tumor growth
and prolonging animal survival. The selected cell source for EVs isolation and the presented
functionalization strategy are suitable for large-scale production. These results provide an EV-
based therapeutic strategy for GBM immune checkpoint therapy which can be translated to
clinical applications.
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Glioblastoma (GBM) is the most common and deadliest tumor of the central nervous system
with a median survival of less than 15 months after standard-of-care surgery, chemotherapy,
and radiation therapy (RT).1:2 To date, some cancer types have responded well to immune
checkpoint blockade against cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or
programmed cell death-ligand 1 (PD-L1).3# However, these therapies (nivolumab and
ipilimumab) demonstrated limited to no benefit for GBM patients, presumably because of
(i) the blood-brain barrier (BBB) and/or blood-brain tumor barrier (BBTB), (ii) the profound
immune suppressive microenvironment in GBM, and (iii) narrow therapeutic window not
allowing dose escalation with serious safety issues.>® Thus, there is an urgent need to
develop therapeutics crossing the BBB/BBTB and targeting GBM to modulate the immune
microenvironment.

Extracellular vesicles (EVs) encompassing exosomes, micro-vesicles, or apoptotic bodies,
have emerged as delivery systems as well as regenerative cell-free effectors.”:8 During the
past few years, many studies described the successful delivery of drugs and biologics by
EVs. Indeed, EVs feature several advantages over other delivery methods such as innate
stability, low immunogenicity, and intrinsic ability to cross biological barriers.® Many efforts
have been made to tailor EVs for cargo loading and targeted delivery. For instance, brain-
targeting EVs were produced by engineering the donor cells to express Lamp2b fused to

the neuron-specific rabies viral glycoprotein (RVG) peptide.1% We previously developed a
rapid and efficient chemical method to conjugate targeting peptides onto EV surfaces.!! We
used cyclo(Arg-Gly-Asp-p-Tyr-Lys) peptide [c(RGDyK)]-conjugated exosomes to deliver
therapeutics to an ischemic brain by targeting integrin a, 83 in reactive cerebral vascular
endothelial cells.1? Additionally, urinary exosomes from prostate patients were used to
target and deeply penetrate prostate tumors, offering a reliable mass source of tumor-
targeting nanovehicles.12 As for cargo loading, popular strategies include electroporation,
sonication, and incubation with hydrophobically modified compounds.13 Photosensitizers
were loaded into urinary exosomes by electroporation, which successfully achieved superior
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photodynamic performance after delivery into cancer cells.1# The efficiency of RNA loading
into EV's was enhanced using hydrophobic RNA molecules.1> Arg-Gly-Asp (RGD) peptides
are well-known ligands that bind integrin a, B3 overexpressed on different types of tumor
cells and their blood vessels, including GBM. In fact, integrin a, s is deferentially
expressed in GBM compared with the normal brain.1® Cyclic RGD-decorated nanomaterials
demonstrated successful delivery of therapeutics to the brain and tumors.17:18

RT remains the most important nonsurgical treatment against GBM. We and others

have shown that short-burst radiation therapy can prime GBM for enhanced targeted
delivery of nanoparticles in tumor-associated macrophage (TAM)-dependent fashion.19-21
Furthermore, RT has the potential to transform the immune landscape and sensitizes

poorly immunogenic tumors to immune checkpoint blockade.?2 However, tumor-associated
myeloid cells (TAMCs) are largely recruited into GBM, in response to RT, with increased
expression of PD-L1, leading to impairment of antitumor immunity.23 Thus, we postulated
that a burst of radiation can enhance the targeting efficiency of EVs to brain tumors, while
the combination of PD-L1 inhibition could provide an increased benefit for GBM treatment.

In this study, we developed c(RGDyK)-conjugated EVs (RGD-EV) and loaded them with
SiRNA against PD-L1. We show that short-burst radiation dramatically enhanced the
targeting efficiency of RGD-EV to the brain tumor and its microenvironment, effectively
attenuating radiation-induced PD-L1 expression on TAMCs as well as tumor cells. RT
combined with targeted EV-based immunotherapy led to significant activation of CD8*
cytotoxic T cells, suppressing tumor growth, and extending survival of tumor-bearing mice.
We provide a targeted therapeutic EVs for GBM immune checkpoint blockade primed with
burst of radiation.

RESULTS
Short-Burst of Radiation Primes GBM for Targeted Delivery of RGD-EV.

We first isolated EVs from ReNcell VM (ReN) cells, a neural progenitor cell line derived
from the ventral mesencephalon region of the human fetal brain, cultured in a serum-

free medium for 3 days (Figure S1). These EVs were enriched for Alix and TSG101
markers (Figure 1A). Typical EV protein yield was 17-29 1g per mL of culture medium,
corresponding to 3.7-6.4 x 109 particles per mL as determined by nanoparticle tracking
analysis (NTA). We conjugated c(RGDyK) peptide, a brain tumor-targeting ligand,8 onto
the EV surface using a fast and easy chemical modification method which we have
previously described (Figure 1B).1! Briefly, the dibenzylcyclootyne (DBCO) group was
introduced to the EV surface and reacted with azide-functionalized peptide to form a stable
triazole linkage using copper-free click chemistry. To track EV biodistribution, Cy5.5 azide
was conjugated onto their surfaces. NTA analysis and transmission electron microscopy
(TEM) showed that RGD-EV were physically similar to nonfunctionalized EVs, with most
particle size diameters ranging from 100 to 250 nm, with no significant differences in their
morphology (Figure 1C,D). To confirm the presence of the peptide on the EV surface,

we conjugated a fluorescein isothiocyanate (FITC)-labeled cyclic peptide c[RK(FITC)DyK]
onto EVs following our protocol. Enzyme-linked immunosorbent assay (ELISA) against
FITC revealed that c[RK(FITC)DyK] conjugated EVs produced significantly higher
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absorbance compared with nonconjugated EVs, while nonlabeled ¢(RKDyK) peptide
pretreatment blocked most signals (Figure S2A,B). Further, EVs were isolated from ReN
cells stably expressing tdTomato fused to palmitoylation signal (palm-tdTomato) which
labels the cell membrane and corresponding EVs.24 These tdTomato-labeled EVs were

also conjugated with c[RK(FITC)DyK]. Fluorescence microscopy revealed small particles
corresponding to EVs where the FITC signal from the c[RK(FITC)DyK] peptide colocalized
with tdTomato (Figure S2C). These data demonstrate the successful conjugation of the
peptide on EVs. Further, no significant differences in fluorescence intensity (Cy5.5 or
tdTomato) were observed between EVs with or without different peptide conjugation, of the
same protein amount, showing that labeling efficiency was consistent among different EV
pools (Figure S3A,B).

To evaluate the targeting ability of RGD-EV and whether short-burst radiation could
enhance their uptake in GBM, we used a syngeneic mouse model by implanting GL261 cells
stably expressing firefly luciferase (Fluc) and green fluorescence protein (GFP) (GL261-
Fluc-GFP) in the left striatum. Tumor volume was monitored by Fluc bioluminescence
imaging on day 7 postimplantation (Figure S4). Mice were then randomized in two different
groups which received either 5 Gy of burst RT or control. Three days later, mice were
intravenously injected with PBS or 100 4g of Cy5.5-labeled nontargeted control EVs or
RGD-EVs. Brains were then removed and analyzed by near-infrared fluorescence (NIRF)
imaging 24 h after administration of EVSs. Interestingly, mice that received RT revealed
significantly higher Cy5.5 signals in their brains, indicating that the burst of RT enhanced
both EVs and RGD-EV delivery (Figure 2A-C). Particularly, RGD-EV combined with RT
showed the maximum uptake by brain tumors, which produced 5.24-times higher Cy5.5
signals compared with EVs alone (Figure 2C). To confirm EVs uptake by the tumor,
tdTomato-labeled RGD-EV were intravenously administered to tumor-bearing mice primed
with radiation as above. Fluorescence microscopy on brain sections revealed increased
tdTomato (and therefore EVs) in both GFP-positive tumor cells and CD11b-positive cells
(such as TAMCs and microglia) primed with RT, compared with controls (Figure 2D; Figure
S5). These results indicate that RGD-EV accumulate in GBM/microenvironment upon
intravenous injection and short-burst radiation enhances their tumor targeting efficiency.

Radiation Therapy Upregulates PD-L1 in GBM and Microenvironment.

Radiation is widely used for GBM therapy to induce apoptosis through DNA damage.2®
Many reports support the ability of radiation to shape TAM and host immunity, suggesting
that RT can affect both tumor and immune cells.26:27 Immunofluorescence analysis on brain
slices confirmed that PD-L1 was upregulated in GBM/microenvironment in response to RT
(Figure 3A). We then comprehensively analyzed GBM and tumor-infiltrating immune cells
in the GL261 syngeneic mouse model with and without RT. Cells were extracted from each
brain and phenotypically characterized by flow cytometry (gating examples are shown in
Figures S6 and S7). RT induced a significant increase in PD-L1 expression in GBM cells,
TAMC:s [including TAM and myeloid-derived suppressor cells (MDSCs)], and microglia
but not in tumor-infiltrating lymphocytes (TILs; Figure 3B,C; Figure S8). Interestingly,

as a result of RT, the abundance of tumor cells was reduced while that of TAMCs and

TILs were profoundly elevated by 4 times and 3 times respectively (Figure 3D-G). These
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results are in line with previous reports showing that immune cells are largely recruited to
GBM in response to radiation-induced DNA damage.2” In contrast, there were no significant
differences in the abundance of microglia with or without RT. Taken together, given that

the abundance of microglia is low (<5%), tumor cells and TAMCs were highlighted as two
pivotal contributors to PD-L1-mediated immunosuppression after RT.

RGD-EV:siPDL1 Targets and Downregulates PD-L1 Expression in GBM Primed with

Radiation.

To suppress radiation-induced PD-L1 expression, RGD-EV were employed as a vehicle to
deliver siRNA against PD-L1 (siPDL1) to GBM. RGD-EV were incubated with cholesterol-
modified siPDL1 as we previously described.1®28 The lipophilic siPDL1 self-associates
with RGD-EV, and free siRNA is removed by ultracentrifugation (Figure 4A). The produced
RGD-EV:siPDL1 revealed a shift to slightly larger vesicles after siPDL1 incorporation, as
analyzed by NTA and TEM (Figure 4B,C), in line with a previous report.2? To assess the
targeting ability of siRNA-loaded RGD-EV, tumor-bearing mice were treated with a burst of
5-Gy RT and, 3 days later, administered with Cy5.5-labeled RGD-EV:siPDL1 intravenously,
and brains were dissected after 24 h. NIRF imaging revealed a high accumulation of RGD-
EV:siPDL1 in irradiated GBM, which is about 5-fold higher compared with undecorated
EVs in nonirradiated mice (Figure 4D,E), similar to the results obtained with RGD-EV. At
the same time, different organs (liver, lungs, kidneys, spleen, and heart) were removed, and
the biodistribution of EVs was analyzed quantitatively by NIRF imaging (Figure S9A,B).
EVs most predominantly accumulated in the liver, followed by the kidneys and spleen,
whereas RGD-EV:siPDL1 had a significantly stronger signal in the irradiated brain. The
above results indicate that sSiRNA loading does not affect the targeting ability of RGD-EV to
GBM. To corroborate the biodistribution findings with another assay, we labeled EVs with
Gaussia luciferase (Gluc) by stably expressing Gluc fused to the transmembrane domain

of the platelet-derived growth factor receptor in their donor ReN cells.3 Similarly, no
significant differences in Gluc activity were observed between Gluc-labeled EV:siPDL1

and RGD-EV:siPDL1 of the same protein amount showing consistency of labeling among
different EV pools (Figure S3C). The two engineered EVs were systemically injected into
tumor-bearing mice treated with a burst of 5-Gy RT. Twenty-four hours later, Gluc activity
in different mice organs (collected following transcardial perfusion with PBS) confirmed the
results obtained with Cy5.5 labeling showing that RT enhanced RGD-EV:siPDL1 uptake in
brain tumors (Figure S9C).

To investigate the therapeutic effect of siPDL1 delivered by RGD-EV against GBM, we
first verified PD-L1 knockdown in cultured GL261 cells upon treatment with different EVs
(Figure S10). The dose of siRNA was estimated by loading 5-carboxyfluorescein (FAM)-
labeled siRNAs (with cholesterol modification) onto scr-EV or RGD-EV and fluorescence
assessment. Using fluorescent standard curves of free FAM-siCtrl or FAM-siPDL1, we
calculated that 100 pg RGD-EV:siPDL1, scr-EV:siPDL1, or RGD-EV:siCtrl contained 814,
790, or 856 pmol siRNAs on average, respectively, while no significant difference of
SiRNA amount is observed among these groups (Figure S11). Then, different treatment
regimens were evaluated in the GL261 syngeneic mouse model. Seventy-two hours after
5-Gy RT, tumor-bearing mice were intravenously injected with PBS or 100 g (in 200 wL

ACS Nano. Author manuscript; available in PMC 2022 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tian et al.

Page 7

PBS) of either RGD-EV:siCtrl (a targeted EV carrying control siRNA), scr-EV:siPDL1
(a nontargeted EV conjugated with scrambled c(RDGyK) carrying siPDL1), or RGD-
EV:siPDL1 (a targeted EV carrying siPDL1). GBM tissues were dissected and analyzed
by flow cytometry 48 h after administration. RGD-EV:siPDL1 significantly reduced the
level of PD-L1 on both tumor cells and TAMCs, while RGD-EV:siCtrl or scr-EV:siPDL1
groups did not show a statistically significant effect (Figure 4F,G). These results indicate
that RGD-EV:siPDL1 downregulates PD-L1 on GBM cells and TAMCs, primed with RT,
and such knockdown is heavily dependent on targeted delivery by RGD-EV.

RGD-EV:siPDL1 Increases TIL CD8" Cytotoxic T Cells in GBM Primed with Radiation.

As the critical function of PD-L1 is to dampen T cell activity and induce
immunosuppression, we explored the effect of RGD-EV:siPDL1 on CD8" cytotoxic T cells
in vivo. Mice-bearing GL261 GBM were locally irradiated with a burst of 5-Gy (or not
irradiated as control) and 3 days later, intravenously injected with PBS (control) or 100

g (in 200 gL PBS) of either RGD-EV:siCtrl, scr-EV:siPDL1, or RGD-EV:siPDL1. RT
and EV injection were repeated according to the scheme in Figure 5A. On day 21, the
proportion and proliferation of CD8™ T cells in the tumor microenvironment were assessed
by flow cytometry (gating strategy shown in Figure S12A). The abundance of CD8* T
cells (the percentage of CD45* CD3* multiplied by the percentage of CD8" subset) was
increased with RT, reaching maximum when RGD-EV:siPDL1 was combined with RT
(Figure 5D). Similarly, RT significantly increased the ratio of CD8*/CD3* which amplified
further when combined with scr-EV:siPDL1 or RGD-EV:siPDL1 (Figure 5B,E). Notably,
RT + RGD-EV:siPDL1 resulted in a higher abundance of CD8* T cells and CD8*/CD3*
ratio compared with RT + scr-EV:siPDL1, which can be attributed to targeted delivery

of siPDL1. In addition, RGD-EV:siPDL1 enhanced CD8" T cells proliferation (Ki67*),
while the combination of RT and RGD-EV:siPDL1 produced the strongest effect (Figure
5C,F; Figure S12B). Moreover, immunostaining on brain slices showed superior CD8* T
cells infiltration into the tumor post-RT, with the highest amount being in the RT + RGD-
EV:siPDL1 group (Figure 5G). Altogether, these results confirm that RGD-EV:siPDL1 plus
RT significantly increases the number of CD8" T cells in the GBM microenvironment and
promotes their proliferation.

RGD-EV:siPDL1 Synergizes with RT to Promote Antitumor Response.

To confirm whether the combination of RGD-EV:siPDL1 with RT can enhance the effector
function of CD8* T cells, RT and different EV treatment regimens were carried out in GBM-
bearing mice according to the scheme in Figure 5A. On day 21, infiltrating lymphocytes
were extracted from the GBM microenvironment and cultured under stimulation with
phorbol 12-myristate 13-acetate (PMA) and ionomycin. Flow cytometry analysis showed
that RGD-EV:siPDL1 alone or RT (with PBS or RGD-EV:siCtrl) led to an increase in the
percentage of CD8" T cells producing IFN-y, TNF-a, and Granzyme B, which was further
increased in groups treated with either targeted or nontargeted EVs carrying siPDL1 (Figure
6A,B; Figure S13). Among all regimens, RGD-EV:siPDL1 combined with RT induced the
maximum amount of effector CD8* T cells. Additionally, RT + RGD-EV:siPDL1 resulted in
statistically higher MFI of all three functional markers (IFN-y, TNF-a, and Granzyme B) of
CDS8™ T cells (Figure 6A,B).
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Finally, we evaluated the potential of using RGD-EV:siPDL1 as a combination therapeutic
strategy with a burst of RT. GBM-bearing mice were treated with PBS, RGD-EV-siPDL1,
RT, or a combination of RT and different EV formulations, according to the schematic
presented in Figure 5A. Tumor growth was monitored over time by Fluc bioluminescence
imaging (Figure 7A,B). RGD-EV:siPDL1 alone had a slight but not significant effect on
tumor growth compared to the PBS group. RT alone or in combination with RGD-EV:siCtrl
or scr-EV:siPDL1 produced a moderate antitumor effect. Importantly, mice that received RT
plus RGD-EV:siPDL1 had the most significant effect on tumor growth. Furthermore, GL261
is known as an aggressive murine glioma model leading to a short median survival of 22.5
days (Figure 7C). RGD-EV:siPDL1 monotherapy showed only marginal benefit (median
survival 24 days). RT alone or in combination with RGD-EV:siCtrl had a strong effect on
mouse survival (median survival around 30 days). RT + scr-EV:siPDL1 showed an even
stronger effect with a median survival of 34 days. Notably, the combination of RT and
RGD-EV:siPDL1 had the greatest effect extending the median survival to 47 days, with 20%
of mice surviving over 60 days. Collectively, these data confirm that RGD-EV:siPDL1 can
synergize with RT to promote antitumor response, inhibit tumor growth, and increase animal
survival.

DISCUSSION

Although different therapeutic approaches have been developed against GBM, the possibility
of using these in the clinic is limited due to the lack of safe and effective drug delivery
systems (DDS) able to cross the BBB/BBTB and to deliver the therapeutic to the tumor
and/or microenvironment.31 EVs have been recently demonstrated to be a safe and efficient
DDS.” These natural DDS are an appealing alternative to the more established synthetic
DDS, avoiding toxicity and rapid clearance, as well as intrinsic ability to cross the BBB.9:32
Primary cells such as dendritic cells or mesenchymal stem cells are typically used to
produce EVs;10:33 however, the high cost impedes their clinical translation, as large-scale
EV isolation requires cell replenishment (limited expansion ability of primary cells) and
validation.3* In this study, we selected ReN cells, a human neural progenitor cell line
retaining a normal diploid karyotype even after prolonged passage (>45 passages),3>-37

as a robust source for EVs. Our previous work has shown successful delivery of ReNcell-
derived EVs to the ischemic brain, and no obvious liver toxicity or tissue damage was
observed in mice treated with these EVs.38 Second, EVs were decorated with c(RGDyK)
to enhance targeting to GBM across the BBTB. It is known that high levels of integrin

ay B3, which binds to RGD peptides, are overexpressed on active endothelial cells in the
tumor but not on quiescent endothelial cells.1”-39 Furthermore, cyclic RGD peptides such
as c(RGDyK) showed higher affinity and selectivity for integrin a3 than linear RGD
peptides.3? Thus, we used a chemical strategy for EV conjugation rather than the popular
cell engineering method which cannot display cyclic peptides on the EV membrane. In
addition, the chemical strategy based on bio-orthogonal copper-free click chemistry is
easy, rapid, and scalable. Third, siPDL1 was loaded into RGD-EV. Electroporation is

one of the most popular strategies for loading RNAs into EVs, however, it can lead to
aggregation and precipitation of the siRNA.40 Another RNA-loading method based on
sonication and incubation with permeabilization agents can deform EVs and disrupt EV
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integrity.*1 Here, we loaded RGD-EV with cholesterol-conjugated siPDL1 using a quick
hydrophobic association. As analyzed by NTA and TEM, the shape and size distribution
remained constant after c(RGDyK)-conjugation, and siPDL1 loading suggesting that the
integrity of EVs is not affected. Furthermore, the targeting ability of RGD-EV:siPDL1
was confirmed indicating that incorporation of cholesterol-modified siPDL1 did not affect
RGD-EV tropism to GBM.

Therapeutic suppression of immune checkpoint molecules elicits a tumor immune response
and improves long-term survival in several types of cancers.#243 Unfortunately, little effect
has been observed with checkpoint inhibitors against GBM thus far, which is attributed not
only to the lack of DDS but also to the profound immune suppressive microenvironment
and narrow therapeutic window.#4 Our data revealed that treatment with RGD-EV:siPDL1
alone did not significantly increase CD8* T cell abundance and CD8*/CD3" ratio, and
promoted effector production of CD8* T cells only to a small extent. These phenomena
may be caused by a poorly immunogenic or “cold” GBM microenvironment.*> RT has
been shown to counteract the immunosuppressive GBM microenvironment by enhancing
the presentation of normally suppressed tumor-associated antigens, increasing the expression
of MHC-1 and proinflammatory cytokines, promoting dendritic cell maturation and CD8*
T cell recruitment.#® However, RT also enhances the expression of PD-L1 on tumor

cells and microenvironment mainly through the release of IFN-y from TILs. Interferon
regulatory factor 1 (IRF1) is the central player for PD-L1 induction in response to IFN-.47
Importantly, IRF1 binding to PD-L1 promoter in the JAK-STAT-IRF1 signaling pathway
mediates the enhanced PD-L1 expression by IFN-.48:49 Therefore, the combination of
radiation and checkpoint inhibition therapy holds a promise to reverse this effect.>0
Furthermore, delivery of siRNAs to block genes responsible for tumor proliferation or
immunosuppression is a promising strategy for cancer therapy. CD8* T cell proliferation
was enhanced by PD-1/PD-L1 blockade through CD28 costimulation signaling.®! We
hypothesized that siPDL1 can restore preexisting CD8* T cell activation suppressed by
PD-1 signaling. Here, we employed RGD-EV to deliver siPDL1 to GBM and showed

that RT-induced PD-L1 was reversed, while combination therapy with a burst RT plus RGD-
EV-based checkpoint inhibition significantly increased CD8" T cell number and cytotoxic
activity.

Previous studies by our group and others have shown that TAMS serve as a nanoparticle
drug depot, and local short-burst radiation increases TAMs relative to tumor cells and, thus,
prime tumors for enhanced distribution of nanotherapeutics.2%-21 Here, we expand on these
generic observations and show that a similar phenomenon also occurs for EVs delivery

to GBM. Both NIRF and bioluminescence EV-tracking analysis revealed that RGD-EVs
had significantly stronger signals in the irradiated brain than that of nontargeted EVs in

the nonirradiated brain; however, some biodistribution variations between the two tracking
systems were observed which can be explained by the absorption and scattering of photons
in tissues associated with fluorescence imaging. Such variation is in line with previous
reports suggesting that EV distribution is heterogeneous with varying methodologies.>?
Importantly, combining EV-based targeted delivery system with radiation bursts led to
robust activation of CD8* T cells and survival benefit in GBM-bearing mice. These

data strongly support that our RGD-EV-based strategy could be used as a combination
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therapy to synergize with burst of RT (akin sterotactic radiosurgery). Given their nanoscale
size, EVs can traverse the blood-brain barrier (BBB).53:54 Surface proteins inherited from
donor cells help EVs to penetrate the BBB and enter into the brain parenchyma,4155

EVs’ subpopulations with high density and smaller size can breach the BBB through
transcytosis.>® Additionally, small EVs are internalized preferentially by cells compared
with larger EVs.5” Thus, further dissection of EV heterogeneity will improve the EV-based
delivery system. An advantage of our therapeutic strategy for GBM therapy is the high
efficiency to deliver siPDL1 across the BBB/BBTB, especially in tumors primed with
radiation. According to previous reports, the brain delivery of antibody-based drugs was
associated with delivery rates of ~0.1%.58:59 Our strategy combining burst of RT with
engineered EVs achieved significant targeting to GBM. Another advantage is the synergistic
antitumor effect of RGD-EV-based immunotherapy with RT. To date, more than half of all
cancer patients undergo RT at some point. EVs have emerged as delivery systems beyond
academic study to enter the pipeline for pharmaceutical companies. Thus, rapid translation
into clinical practice could be expected.

CONCLUSIONS

In summary, we have developed a targeted EV delivery system for GBM across the BBB/
BBTB by modifying their surface with c(RGDyK) peptide and show that short-burst RT
can prime GBM and microenvironment for enhanced delivery of targeted EVs. Delivery of
siRNA by RGD-EV reversed radiation-induced PD-L1 expression and activated antitumor
immunity. These results provide a therapeutic EV-based approach for GBM immune
checkpoint blockade primed with a burst of radiation (akin sterotactic radiosurgery). We
believe that ReN cells as an EV source, the EV conjugation approach, and siRNA loading
strategy are suitable for large-scale production of functionalized EVs, which would allow
clinical translation of these technologies to different fields.

METHODS/EXPERIMENTAL

Cell Culture.

Human neural progenitor cell line ReN Cells (Millipore, U.S.A.) were cultured in
DMEM/F12 medium (Life Technologies, U.S.A.) containing 2% B27 (Life Technologies),
bFGF (10 ng/mL; Abm, Canada) and EGF (20 ng/mL; Abm) under 5% CO, at 37 °C.
GL261 murine glioma cell line was maintained in DMEM/F12 containing 10% fetal bovine
serum (FBS) (PAN, Germany) in a CO» incubator. To label EVs with tdTomato or Gluc,
ReN cells were transduced with a lentivirus vector to stably express palm-tdTomato or
Gluc-TM which labels cell membrane and thus EV membrane as we described.24:30 For
bioluminescence and fluorescence imaging studies, GL261 cells were stably transduced with
a lentivirus vector carrying expression cassettes for Fluc and GFP.

EV Isolation and siRNA Incorporation.

Every 1.5-2.0 x 10° ReN cells were cultured in a 100 mm dish for 72 h before the
supernatant was collected. EV isolation was performed based on our previous study.?* In
brief, cell-free conditioned media were centrifuged at 300g for 10 min, 1200g for 20 min,
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and 10 000g for 30 min at 4 °C to remove cells and debris. Subsequently, the supernatant
was ultracentrifuged at 140 000g for 90 min at 4 °C in a Type SW32Ti rotor using

an L-80XP ultracentrifuge (Beckman Coulter, U.S.A.). The pellet was resuspended and
ultracentrifuged at 140 000g for 90 min. EV pellets were resuspended with double-0.22
um-filtered PBS and analyzed using a BCA Protein Assay kit (Pierce, U.S.A.). EV markers
were analyzed by Western blotting using anti-Alix and anti-TSG101 antibodies (Abcam,
U.K).

The siPDL1 and siCtrl were synthesized, modified with 2”Ome, and conjugated

with cholesterol on the 3" terminus by GenePharma (China). The sequences

were as follows: for siPDL1:5"-AGACGUAAGCAGUGUUGAAdTAT-3’; for siCtrl: 5’-
UUCUCCGAACGUGUCACGUATAT-3". siRNAs were loaded into EVs following a
previous protocol.28 Cholesterol-conjugated siPDL1 or siCtrl (1 nmol) were incubated with
EVs, RGD-EV, or scr-EV (100 £g) in PBS. siRNAs were inserted into the EV membrane
through a hydrophobic interaction by incubation at 37 °C for 1 h. For each independent
experiment, the same type of EVs was pooled together. After they were washed with PBS
and centrifuged at 140 000g for 90 min, the modified EVs were resuspended and stored at
—80 °C prior to use. To estimate the extent of siRNAs incorporated onto EVs, FAM-labeled
and cholesterol-conjugated siPDL1 or siCtrl were synthesized (GenePharma) and loaded
onto EVs. Then 1 1g EVs were solubilized by 0.5% Triton X-100 (in 100 /L PBS) to
ensure that the fluorescence was not being quenched, and subjected to fluorescence analysis.
Standard curves of free FAM-labeled siPDL1 or siCtrl (20-140 nM) were used to calculate
the concentration of siRNAs in each EV sample.

TEM and NTA.

EV samples were fixed with glutaraldehyde, dropped onto a carbon-coated copper grid,
stained with 1% phosphotungstic acid, and analyzed using a Tecnai G2 transmission electron
microscope (FEI, U.S.A.). NTA was performed using a NanoSight NS300 system (Malvern
Instruments, U.K.) to track the Brownian motion of EVs in PBS, and size distribution was
calculated using the Stokes—Einstein equation.

Conjugation of Ligands to EVs.

Following our previous study,! dibenzocyclooctyne-sulfo- A-hydroxysuccinimidyl ester (3
nmol; DBCO-sulfo-NHS; Sigma, U.S.A.) was incubated with EVs (500 pg) in PBS for

4 h at room temperature and then filtered with 100-kDa ultrafiltration tubes (Millipore)

to remove unconjugated DBCO-sulfo-NHS. The DBCO-conjugated EVs (DBCO-EV)
were ready for conjugation to azide-containing molecules via copper-free click chemistry.
¢(RGDyK) and scrambled c(RDGyK) peptide with an azide group were synthesized by
SciLight Biotechnology Co. (China). Next, each peptide (0.3 nmol) was mixed with DBCO-
EV (500 1) in PBS, and Cy5.5 azide (0.3 nmol; Lumiprobe, U.S.A.) was subsequently
added for imaging studies. The reaction was allowed to incubate on a rotating mixer at 4 °C
for 12 h. To remove unincorporated ligands, EVs were washed by centrifugation at 140 000
g for 90 min in PBS. The modified EVs were resuspended in PBS. For each independent
experiment, the same type of EVs was pooled together. Then 10 g EVs were solubilized
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with 0.5% Triton X-100 (in 100 L PBS) to ensure that the fluorescence was not being
quenched and subjected to fluorescence analysis.

To confirm peptide conjugation on EVs, c(RKDyK) with or without FITC on the first
lysine and an azide group on the last lysine was synthesized (NJPeptide Co., China). The
c[RK(FITC)DyK] was conjugated onto EVs using the same method for RGD-EV and
analyzed by ELISA (for FITC). ELISA plates (Biolegend, U.S.A.) were coated with CD63
antibody (0.5 1g per well; Cosmo Bio, Japan) overnight at 4 °C. Free binding sites were
blocked with 4% BSA (200 L) for 1 h at room temperature. EV samples (10 /g in 100
UL PBS) were added to each well and incubated for 2 h. Then FITC antibody (1:200;

Life Technologies) was added and incubated for 1 h, plates were washed, and horseradish
peroxidase-conjugated secondary antibody was added for 1 h. Plates were developed with
tetramethylbenzidine (Life Technologies) and stopped with 0.5N H,SO,4. Absorbance at 450
nm was analyzed by a BioTek plate reader.

Syngeneic Glioma Model.

All animal experiments were carried out in compliance with institutional guidelines and
were approved by the Animal Care and Use Committee of the Massachusetts General
Hospital and Nanjing Medical University. To establish orthotopic glioblastoma xenograft
model, C57BL/6 mice were anesthetized with 3% isoflurane and stereotactically injected
with 1 x 10° GL261-Fluc-GFP cells in PBS (2 /L) using a 30-gauge syringe (Model

701RN, Hamilton, U.S.A.) and the following coordinates: 2.0 mm lateral, 0.5 mm anterior to
bregma, 2.5 mm depth from the skull surface.

Bioluminescence and NIRF Imaging.

A Xenogen IVIS Spectrum imaging system (PerkinElmer, U.S.A.) was used for
bioluminescence and NIRF imaging. Mice were injected intraperitoneally with D-luciferin
(100 pg per gram body weight) and then transferred to the imaging chamber. Imaging

was acquired 10 min after luciferin injection. The signal intensity was quantified using

the Living Image software (PerkinElmer). For the biodistribution study, Cy5.5-labeled EVs
or RGD-EV (100 /g) in PBS (200 yL) were administered via tail vein 72 h after RT
(5-Gy), and PBS was injected as a control. Twenty-four h later, mice were anesthetized and
sacrificed. The brain, heart, lungs, liver, spleen, and kidneys were dissected and fixed in 4%
paraformaldehyde. Cy5.5 fluorescence signals in the dissected organs were captured using
the IVIS system and living Image software to distinguish the fluorescence signal associated
with Cy5.5 from the autofluorescence signal.

Immunofluorescence Staining and Confocal Imaging.

To study cellular localization of EVs in the brain, mice-bearing tumors primed with radiation
were i.v. injected with tdTomato-labeled EVs, scr-EV, or RGD-EV (100 1g). Six hours later,
mice were perfused with PBS (25 mL) followed by 4% paraformaldehyde (25 mL). Brains
were removed, cryosectioned in 40 gm slices, treated with 0.3% Triton X-100, blocked with
3% BSA, and then stained overnight at 4 °C with anti-PD-L1, anti-CD8, or anti-CD11b
(Abcam). Samples were then washed with PBST (PBS containing 0.1% Triton X-100) and
incubated with Alexa 594 or Alexa 647-conjugated secondary antibody (Life Technologies)
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at room temperature. After washing with PBST, samples were stained with Hoechst 33342
and ProLong Antifade Reagents (Life Technologies), and tissue slides were imaged using
an FV-1200 confocal microscope (Olympus, Japan). Images were processed and analyzed
by ImageJ software (NIH). All settings of imaging and processing were kept constant. The
percentage of EV-positive (tdTomato-labeled) tumor cells (GFP) and CD11b™* cells were
calculated from six random imaging fields for each independent experiment, and counts
were averaged.

In Vivo Analysis of Therapeutic EVs Combined with Radiation Therapy.

One hundred thousand GL261-Fluc-GFP cells were stereotactically injected in the striatum
of C57BL/6 mice. On day 7 and day 14 postimplantation, mice were exposed to a single
dose of 5-Gy of radiation using a Biology X-ray Irradiator (RadSource, U.S.A.) using a
lead shield around the body except for the head. Mice were i.v. injected with PBS or
different EV formulations (100 zg of all formulation in 200 L PBS) on days 10, 12, 17,
and 19 post-tumor implantation. Nonirradiated and PBS-treated mice served as controls.
Bioluminescence imaging was carried out once a week to monitor tumor growth, and
survival was recorded.

Flow Cytometry Analysis.

Tumors were harvested from the brains, chopped into small pieces, and digested in Hank’s
balanced salt solution (HBSS; 2 mL) supplemented with collagenase IV (1.5 mg/mL; Life
Technologies) and DNase | (200 U/mL; Yeasen Biotechnology, China) at 37 °C for 30 min
with pipetting the samples every 10 min. Single-cell suspension was obtained by filtration
using a 70 um cell strainer (BD Biosciences, U.S.A.). Cells were then resuspended in 30%
Percoll (Sigma-Aldrich) for myelin removal. Red blood cells were lysed with RBC lysis
buffer (1.5 mL; Biolegend) for 2 min at room temperature. For cytokine analysis, Percoll-
purified infiltrating immune cells were cultured in RPMI 1640 medium supplemented with
Brefeldin A (5 tg/mL; Biolegend) and monensin (2 xM; Biolegend). PMA (0.25 /M;
Sigma) and ionomycin (1 tg/mL; Sigma) were added to the culture medium to stimulate the
lymphocytes for 5 h. Cells were washed with Cell Staining Buffer (Biolegend) and counted.
108 cells in Cell Staining Buffer (100 /L) were blocked with TruStainFcX PLUS (0.25

19; Biolegend) for 10 min on ice. Cells were then stained with antibodies against different
surface antigens for 60 min on ice. Dead cells were excluded using LIVE/DEAD Fixable
Violet Dead Cell Stain Kit (Life Technologies). For intracellular staining, cells were fixed
and permeabilized by Foxp3/Transcription Factor Staining Buffer Set (Life Technologies)
and then stained for intracellular proteins in Permeabilization Buffer (Life Technologies)
for 60 min on ice. After washing with Permeabilization Buffer, cells were analyzed using
FACSVerse Flow Cytometer (BD Biosciences). Three thousand cells from each group were
collected for analysis of cytokines in CD8* T cells, while 10 000 cells were used from each
group for all other analyses. The following antibodies were purchased from Biolegend: anti-
CD45 PE/Cy7, anti-CD11b APC, anti-CD3 APC, anti-CD8 PerCP/Cy5.5, anti-PD-L1 PE,
anti-IFN- y PE, anti-TNF-a PE, anti-Granzyme B PE, anti-Ly6G APC/Cy7, and anti-Ly6C
BV510. anti-Ki67 PE was obtained from Life Technologies.
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Gluc Activity Assays.

The protocol of sample preparation and Gluc activity measurement has been previously
described.30 Briefly, organs were harvested from mice after transcardial perfusion with PBS.
Then 100 mg of each organ was homogenized, and 20 zL of organ lysates was diluted

by PBS and plated in triplicates into a white 96-well luminometer plate. Gluc activity was
measured by a GloMax luminometer (Promega) with an automated injection of 50 £ of 50
ng/mL coelenterazine (Nanolight, U.S.A.) followed by photoncounts for 10 s. Total RLU
(relative luminescence units) per organ was counted as follows and adjusted to baseline
signal: (RLU/20 wL) x (500 gL lysis buffer/100 mg of organ) x (organ weight in mg).

Statistical Analysis.

Data were presented as mean + SEM from at least four independent experiments (77 values
are included in each figure legend). Three technical replicates were collected from each
independent experiment to account for variability in the sample. Statistical analysis was
accomplished using GraphPad Prism software (GraphPad Sofware, U.S.A.). Comparison
between two groups was performed by Student’s #test. Significance among multiple groups
was determined by one-way Analysis of Variance (ANOVA) followed by a Tukey test. A
Pvalue <0.05 was considered statistically significant. Survival was analyzed using Kaplan—
Meier curves and the log-rank (Mantel-Cox) test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Modification and characterization of RGD-EV. (A) Western blot analysis of Alix, TSG101
in ReN cells and corresponding EVs; supernatant obtained from ultracentrifugation during
EVs isolation was used as a negative control. (B) Schematic diagram summarizing
conjugation of c(RGDyK) and Cy5.5 fluorophore to EV amine groups by a two-step
reaction. (C,D) NTA (C) and TEM imaging (D) of unmodified EVs and RGD-EV; scale
bar, 200 nm.
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Figure 2.
A burst of RT primes GBM for enhanced uptake of targeted RGD-EV. (A) Fluorescence

image of Cy5.5-labeled RGD-EV; scale bar, 2 ym. (B,C) Mice-bearing GBM were
irradiated (or not) and 3 days later injected with Cy5.5-labeled control EVs or RGD-EV.
Representative NIRF images (overlaid with bright-field) of mice brain, 24 h post-EV
administration (B). Quantification of fluorescence intensity in the tumor region (C); Data
presented as mean + SEM (n=4); **P< 0.01, ***P < 0.001 by one-way ANOVA.

(D) GBM-bearing mice were irradiated and injected with tdTomato-labeled EVs or RGD-
EV. Representative fluorescence images of EVs (red) in GBM (GFP) 6 h post-EV
administration; blue indicates nuclei; scale bar, 50 gm.
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Figure 3.

RT induces upregulation of PD-L1 in GBM and the immune microenvironment. (A)
Fluorescence analysis on GL261 brain tumor (GFP) slices from irradiated and nonirradiated
tumors after staining for PD-L1 (red) and Hoechst nuclei (blue); scale bar, 50 zm.

(B,C) Flow cytometric analysis of PD-L1 expression among GBM cells and infiltrating
immune cells (TAMC, TIL, microglia) post-RT (or control). Representative histograms of
PD-L1 (B) and MFI (C). (D,E) Quantification of tumor cells abundance as determined

by the percentage of GFP* population. (F) Gating strategy for different immune cells

(TILs, CD45Ngh CD11b~; TAMCs, CD45M9h CD11b*; microglia, CD45" CD11b*) and
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percentages of immune cell subsets. (G) Relative cell abundance of TAMCs, TILs, and
microglia determined by flow cytometry. Data are presented as mean + SEM (7= 6); *P<
0.05, **P<0.01, ***P < 0.001, ****P < 0.0001by student’s ~test.
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Figure 4.
RGD-EV:siPDL1 targets and downregulates PD-L1 in GBM primed with RT. (A) Schematic

of RGD-EV, Cy5.5 labeled, and loaded with cholesterol-modified siPDL1. (B,C) NTA (B)
and TEM imaging (C) of RGD-EV:siPDL1,; scale bar, 200 nm. (D-E) Mice-bearing GL261
tumors primed with 5-Gy RT were injected with Cy5.5-labeled EVs or RGD-EV:siPDL1
and the level of Cy5.5 was analyzed in the brain 24 h later. Representative NIRF images

of brains (D) and quantification of fluorescence intensity in the tumor region (E) are

shown. Data presented as mean + SEM (7= 4); ***P< 0.001 by student’s £test. (F,G)
GBM-bearing mice were primed with RT and i.v. injected with PBS, targeted or nontargeted
EVs carrying siCtrl or siPDL1. 48 h later, PD-L1 expression on GBM cells and TAMCs was
analyzed by flow cytometry, as determined by the percentage of PD-L1* population (F) and
PD-L1 MFI (G). Data presented as mean + SEM (n=6); **P< 0.01, ****P< 0.0001 by
One-way ANOVA.
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Figure5.
RGD-EV:siPDL1 increases TIL CD8*T cells in GBM microenvironment after a burst of

RT. (A) Schematic of the experimental workflow for RT and EV treatment in GBM-bearing
mice. Brain tumor samples were collected on day 21. (B,C) Representative zebra plots

for CD8*/CD3* ratios (B) and Ki67 staining on CD8* T cells (C). (D) CD8* T cells
abundance determined as the percentage of CD8" subset in CD3-CD8 plots multiplied by
the percentage of CD45* CD3*, normalized to PBS control group. (E) Quantification of
CD8*/CD3* ratios. (F) Quantification of the percentages of proliferating (Ki67*) CD8* T
cells. (G) Immunostaining on brain tumor (GFP) slices for CD8 (red) and nuclei (blue);
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scale bar, 50 ym. Data presented as mean + SEM (7= 6); *£< 0.05, **P< 0.01, ***P<
0.001 by one-way ANOVA.
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Figure 6.

RGD-EV:siPDL1synergizes with RT to promote CD8*T cell effector function in GBM.
GBM-bearing mice were treated with RT and/or different EV formulations, and infiltrating
lymphocytes were extracted from the GBM microenvironment and cultured under
stimulation with PMA and ionomycin. (A) Representative zebra plots depicting IFN-y,
TNF-a, and Granzyme B expression on TIL CD8* T cells in GBM. (B) Quantification of
TIL CD8* T cell effector function as determined by the percentage of IFN-»*, TNF-a*, and
Granzyme B population and their MFI. Data presented as mean + SEM (7= 6); *P < 0.05,
**p<0.01, ***P< 0.001 by one-way ANOVA.
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Figure 7.
RGD-EV:siPDL1 synergizes with RT to enhance immune checkpoint blockade of GBM.

GBM-bearing mice were primed with RT (or no radiation as a control) and 72 h later, i.v.
injected with PBS or different EVs (RGD-EV:siPDL1, RGD-EV-siCtrl, scr-EV-siPDL1). (A)
Fluc bioluminescence imaging in a representative mouse from each group is shown over
time. (B) Quantification of tumor-associated Fluc radiance intensity with data presented

as mean * SEM; **P< 0.01, ***P< 0.001, ****P< 0.0001, by One-way ANOVA. (C)
Kaplan—Meier survival curves are shown (7= 10). *P< 0.05, ****P< 0.0001 by Mantel-
Cox (log-rank) test.
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