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Small extracellular vesicles (sEVs) are nanosized vesicles. Death receptor 5 (DR5) mediates extrinsic apoptosis. We
engineer DR5 agonistic single-chain variable fragment (scFv) expression on the surface of sEVs derived from natural
killer cells. PDGFR transmembrane domain delivers DR5-scFvs to the surface of sEVs. DR5-scFv sEVs rapidly induce
apoptosis of different types of DR5™ cancer cells, myeloid-derived suppressor cells (MDSCs), and cancer-associated
fibroblasts (CAFs). DR5-scFv sEVs migrate specifically to DR5* tumors in vitro and in vivo. Systemic delivery of DR5-
scFv sEVs significantly inhibits the growth of DR5* melanoma, liver cancer, and breast cancer and prolongs mouse
life span without significant toxicity. DR5-scFv sEVs are significantly more efficacious than DR5 antibodies in vivo. In
organotypic patient-derived melanoma slice cultures, DR5-scFv sEVs effectively inhibit melanoma cells and MDSCs
and activate CD8™ T cells. Our studies demonstrate that DR5-scFv sEVs can inhibit tumor growth by targeting tumor

cells and immunosuppressive stromal cells in the TME.

INTRODUCTION

Chimeric Antigen Receptor (CAR)-T cell therapies have revolutionized
the treatment of hematopoietic malignancies. However, their efficacy in
treating solid cancers is questionable (I). Major barriers to effective
CAR-T cell therapy in solid cancers include the limited infiltration of
CAR-T cells into the tumor, a hostile tumor microenvironment (TME),
and T cell exhaustion (2). In addition, unlike hematological malignan-
cies, in which the cancer cells commonly express specific surface mark-
ers, solid tumors express tumor-associated antigens, which are also
expressed at a lower level in normal tissues. The risk of on-target off-
tumor toxicity is high, as illustrated by the catastrophic toxicity in Her2-
CAR T cell (3) and GD2-CAR T cell (4) clinical trials. A clear unmet
clinical need exists for better cellular therapies for solid tumors.

Small extracellular vesicles (sEVs) are nanosized vesicles that are
relatively stable in body fluid and can cross biological barriers to
reach specific sites (5, 6). SEVs carry many characteristics of their
parental cells and show outstanding biocompatibility. sSEV's from cy-
totoxic immune cells, such as natural killer (NK) cells, CD8" T cells,
and yd T cells, carry perforin, lysozymes, and other cytotoxic mol-
ecules to cancer cells (7-9). However, sEVs from unmodified im-
mune cells lack the tumor-targeting ability (10). sEV's released by
CAR-T cells have CAR on their surface, and they have shown prom-
ising targeting and treatment efficacy against certain cancers in pre-
clinical models (11, 12).
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Death receptor 5 (DR5) is a receptor for tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL). DR5 is highly expressed
in many types of cancer, such as liver cancer, melanoma, and pan-
creatic cancer, but significantly less in normal tissues (13-15). DR5
is also highly expressed in myeloid-derived suppressor cells (MDSCs),
major immunosuppressive cells in the TME. DR5 activation induces
apoptosis, and DR5 and related death receptors are attractive targets
for cancer therapy (16). Several DR5 agonistic antibodies have been
evaluated clinically (17-20). DR5 agonistic antibodies significantly
decreased MDSC:s in patients’ tumors and circulation (21). Although
cancer patients tolerate these antibodies well, tumor shrinkage in
the treated cancer patients was rarely observed.

NK cells are innate immune cells that potently kill tumor cells
(22). The NK cell line NK92 has been well characterized and used in
clinical trials because of its safety profile (23, 24). NK92 cells belong
to the CD56"¢" NK subset and secrete numerous immune regula-
tory factors, including interferon-y (IFN-y) and tumor necrosis
factor-or (TNF-a). sEVs from NK92 cells have been reported to con-
tain cytotoxic proteins and exert antitumor effects. When injected
intratumorally, sEVs from NK92 cells inhibited mouse B16F10 mel-
anoma in vivo (25).

Here, we engineered NK92 cells to secrete sSEVs with DR5 agonis-
tic scFvs on the surface. Platelet-derived growth factor receptor
(PDGFR) transmembrane domain (TM) delivers more DR5-scFvs to
the surface of sSEVs than CD8 TM. Live cell imaging studies showed
that DR5-scFv sEVs rapidly induced apoptosis of DR5" melanoma
cells. The engineered sEVs specifically migrated to DR5* melanoma
cells in vitro and in vivo. Systemic delivery of DR5-scFv sEVs sig-
nificantly inhibited the growth of multiple cancer types and pro-
longed the life span of treated mice. Adverse reactions in the treated
mice were not observed. DR5-scFv sEVss are significantly more cyto-
toxic to DR5" cancer cells than DRS5 antibodies in vitro and in vivo.
Furthermore, DR5-scFv sEVs significantly inhibited MDSCs and
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cancer-associated fibroblasts (CAFs) in the TME and activated CD8"
T cells in organotypic patient-derived melanoma slice culture mod-
els. Together, DR5-scFv sEVs inhibit tumor growth by targeting tu-
mor cells and immunosuppressive stromal cells in the TME.

RESULTS

DR5-scFv CAR-T cells inhibit melanoma growth in vivo when
administered intratumorally but not systemically

DRS5 is highly expressed in cancer cells such as liver, melanoma, and
pancreatic cancer (fig. S1). We measured the expression of DR5 in mel-
anoma cells (A375, A2058, SK-Mel-28, and UACC-903), keratinocytes
(HaCaT), and fibroblasts (BJ). Immortalized noncancerous cell lines,

HaCaT and BJ cells, expressed lower DR5 levels than melanoma cells
(Fig. 1A). Furthermore, in situ hybridization confirmed the expression
of DR5 in melanoma but not in normal skin (Fig. 1B). We designed
second-generation CARs targeting DR5, taking advantage of DR5-scFv
sequences obtained from the International Immunogenetics Informa-
tion System (IMGT). The DR5-4-1BBz—CAR lentiviral vectors ex-
pressed DR5 agnostic scFv, a CD8 TM, the costimulatory domain of
4-1BB, and the T cell activating domain CD3( (Fig. 1C). DR5-scFv
CAR was cloned into the pTRPE lentiviral vector and confirmed by
Sanger sequencing. T cells from freshly collected human peripheral
blood mononuclear cells (PBMCs) were expanded and transfected with
lentiviruses carrying the DR5 CAR constructs (fig. S2). DR5" A375
melanoma cells were injected into the flanks of nude mice. When the

A B
Q o Normal skin Melanoma DR5-scFv-PDGFR
~ o ® & S F : s(i:g[r):ll Anti-DRS CD8 PDGFR
8 8 §' ul\u o ’ o ;/" peptide scFv  hinge ™
32523 g
% DR5-scFv-BBz
DR5 —-- ea- < 200 o sonyl AN-DRS CDB  CD8 4 o7
B-ACtin e e cm c— w— c— e 5 e g peptide | SCFV. hinge M 1BB
D Intratumor injection E Systemic injection
1200 2000
1000 — UTD T cells . — UTD T cells %)
3 — DR5 CART E 1500/ — DRGCART
£ 800 5
o €
£ 00 2 1000
[<] >
Z 400 5
I} £ 500
E 200 E
0 0= . T T T T
D3 D6 D9 D13 D15 D20 D4 D6 D8 D10 D13 D15
F G H
60 3 60 257 :
40 < 20 _
20 4 = Py .
0 e 3 15 I
o (8]
_// \ 8 5
3 S 101
s <, 20+ )
3 o S g
o <<
T T ' 0 . . T 0= N > 5
0 104 108 21 1112 & W B F
i R . A7 <
Anti_Fab (scFv) E:T ratio @0 %\)Q 6\&( 6\9
— SupT1_WT — SupT1_WT 0 Early apoptosis
. . . (Annexin V*/PI")
— SupT1_anti-CD19_scFv — SupT1_anti-CD19_scFv % .
|g - Late apoptosis
— SupT1_anti-DR5_scFv SupT1_anti-DR5_scFv

(annexin VY/PI*)

Fig. 1. DR5-scFvs induce apoptosis of DR5* tumor cells. (A) Expression of DR5 in different cell types. Proteins were extracted from different cells and subjected to im-
munoblot analysis using antibodies against DR5. (B) DR5 is highly expressed in melanoma cells. The expression of DR5 mRNA in normal skin (left panel) and melanoma
(right panel) was detected using in situ hybridization. (C) Schematic representation of DR5-4-1BBz CAR and DR5-PDGFR lentiviral vectors. (D and E) Effect of DR5 CAR-T
cells on tumors in vivo. Melanoma xenografts were established by subcutaneous injection of A375 cells into the right flank of nude mice (n = 5). Untransfected T (UTD)
cells or DR5-scFv CAR-T cells (2.5 x 10° per injection) were injected into the mice through intratumor injection (D) or tail vein injection (E). **P < 0.01. (F) CAR scFv expres-
sion in transfected SupT1 cells. SupT1 cells were transfected with CD19-CAR or DR5-CAR lentiviral vectors. The expression of CD19-scFvs or DR5-scFv in SupT1 cells was
detected using flow cytometry. (G) Luciferase-killing assay of DR5-CAR SupT1 cells or CD19-CAR SupT1 cells in A375 cells. A375 cells were treated with DR5-CAR SupT1
cells or CD19-CAR SupT1 at the indicated ratio of effector cells to target cells (E:T ratio). ***P < 0.001. (H) DR5-CAR SupT1 cells induce apoptosis in A375 cells. A375 cells

treated with wild-type (WT), CD19-CAR, or DR5-CAR transfected SupT1 cells were subjected to annexin V-fluorescein isothiocyanate (FITC)/PI staining. Data are presented
as means + SD (n = 3). *P < 0.05.
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tumors became palpable, these mice were treated with DR5-scFv CAR-
T cells via intratumoral or tail vein injection. DR5 CAR-T cells pro-
duced significant tumor growth inhibition in A375 melanoma xenografts
when injected intratumorally (Fig. 1D). However, systemic infusion of
DR5 CAR-T cells produced no significant tumor growth inhibition (Fig.
1E), and histology showed no infiltrating CD3" T cells in the tumors.

Since DR5 agonistic antibodies are known to induce tumor cell
apoptosis, we studied whether the DR5-scFv CAR can directly in-
duce apoptosis of DR5" cells. Lymphoblastic leukemia SupT1 cells
lack cytolytic activity (26). We generated stable DR5 CAR-expressing
SupT1 cells and confirmed the expression of DR5-CAR on the cell
surface (Fig. 1F). CD19-CAR was used as a control. DR5-CAR SupT1
cells effectively killed A375 melanoma cells in a dose-dependent
manner, whereas CD19-CAR SupT1 cells showed little effect (ap-
proximately 10 to 20% killing efficiency; Fig. 1G). Annexin V and PI
stains showed that DR5-CAR SupT1 cells induced apoptosis of
A375 melanoma cells (Fig. 1H). These results indicate that DR5 ago-
nistic scFvs are directly cytotoxic to target cells.

PDGFR TM delivers more DR5-scFvs to the surface of sEVs
than CD8TM
Since sEVs are significantly smaller than T cells and can readily enter
the TME (27, 28), we postulate that sEVs carrying DR5-scFvs may be
an alternative therapy for CAR-T cells for solid tumors. To deliver more
DRS5-scFvs to the surface of sEVs, we utilized the PDGFR-TM, which
has been demonstrated to increase the membrane expression of tar-
geting peptides (29). We replaced the CD8 TM of DR5-4-1BBz-CAR
with PDGFR-TM domains and removed the 4-1BB and CD3( domains
(Fig. 1C). DR5-PDGEFR constructs with four different DR5-scFvs from
DR5 were generated. NK92 cells were transfected with these DR5-
PDGER plasmids. Only NK92 cells transfected with the DR5-PDGFR
plasmids containing scFv from tigatuzumab expanded well in vitro.
NKO92 cells transfected with the other three plasmids did not proliferate
well (fig. S3). sEV's from NK92 cells transfected with DR5-PDGFR and
DR5-4-1BBz-CAR with scFvs from tigatuzumab were further studied.
Transfected cells were sorted by fluorescence-activated cell sorting
(FACS) (Fig. 2A). The cell proliferation assay showed that transfec-
tion with either DR5-PDGFR or DR5-4-1BBz-CAR did not affect
NK92 cell proliferation (Fig. 2B).

sEVs secreted by the transfected and control NK92 cells were deter-
mined by nanoparticle tracking analysis (NTA) using NanoSight NS300.
The diameters of SEV's were approximately 80 to 90 nm, and no signifi-
cant difference was observed among the three groups (Fig. 2, C and D).
Western blot analysis showed that SEV's were positive for EV markers,
including CD9, CD81, and TSG101, but negative for the endoplasmic
reticulum protein calnexin (Fig. 2E). Next, we compared the surface ex-
pression of DR5-scFvs in sSEVs by immunoelectron gold labeling. More
gold particles were detected on the surface of sEVs derived from DR5-
PDGFR-NK92 cells than DR5-4-1BBz-NK92 cells. Gold particles were
not detected on EV's derived from the control NK92 cells (Fig. 2F). On-
bead flow cytometry analysis showed that approximately 50% more
sEVs secreted by DR5-PDGFR-NK92 cells (DR5-scFv sEVs) had de-
tectable DR5-scFvs than sEV's from DR5-4-1BBz-NK92 cells (Fig. 2G
and fig. S4). These data demonstrate that the PDGFR TM is superior to
CD8 TM in delivering DR5-scFv to the surface of SEVs.

DR5-scFv sEVs specifically kill DR5™ cells
To determine the specificity of DR5-scFv sEVs, melanoma cells
were treated with phosphate-buffered saline (PBS) (—) or 2.5, 5, and
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10 pg of sEVs from DR5-4-1BBz-NK92 or DR5-PDGFR-NK92
cells. DR5-scFv sEV treatment preferentially produced cytotoxicity
in cells with high DR5 expression, such as A2058, UACC-903, and
A375 (Fig. 3, A to C). In contrast, cells with lower or no-detectable
DR5 expression, such as BJ, HaCaT, and SK-Mel-28 cells, were less
vulnerable to the killing by DR5-scFv sEVs (Fig. 3, D to F). The di-
rect cytotoxicity of DR5-scFv sEV's was also visualized using live cell
imaging. A375-green fluorescent protein (GFP)-firefly Luciferase
(ffLuc) cells were labeled with propidium iodide (PI) (red) and
Hoechst 33342 (blue), and DR5-scFv sEVs were labeled with deep
red. Melanoma cells were treated with sEVs for 3 hours (movie S1).
Membrane blebbing occurred rapidly in some of the tumor cells,
and these cells turned red, indicative of cell death (Fig. 3G and mov-
ie S1). sEVs from control NK92 cells were also cytotoxic to tumor
cells, but their tumor killing was not correlated with target cells’
DR5 expression. Besides melanoma, DR5 is highly expressed in
Huh-7, a human liver cancer cell line, and OVCAR-5, a human
ovarian cancer cell line. In contrast, MDA-MB-231, a human breast
cancer cell line, and PANC-1, a pancreatic cancer cell line, showed
relatively lower DR5 expression (Fig. 3H). These cancer cells were
treated with DR5-scFv sEVs, and the results showed that DR5-scFv
EVs more effectively killed DR5"#" cells (Huh-7 and OVCAR-5)
than DR5'°" cells (MDA-MB-231 and PANC-1) (Fig. 3,1to L). sEVs
from DR5-PDGFR-NK92 cells generally showed the highest cyto-
toxicity to cancer cells, supporting that the number of DR5 agonistic
scFv moieties on the surface of sEVs correlates with cytotoxicity.

To compare the effect of targeting DR5 with other tumor-
associated antigens, we constructed HER2-PDGFR plasmids with
the same backbone as the DR5-PDGEFR plasmids. sEVs from NK92
cells transfected with HER2-PDGEFR did not have the same cytotox-
icity to A375 melanoma cells as the DR5-scFv sEVs (fig. S5A). Fur-
thermore, dual staining with Hoechst 33342/PI demonstrated that
sEVs derived from DR5-CAR SupT1 and DR5-CAR 293T cells in-
duced cell death in A375 cells. However, sEV's derived from CD19-
CAR SupT1 cells or CD19-CAR 293T cells could not exert a
cytotoxic effect (fig. S5, B and C). These results further support that
DR5 agonistic scFvs in the sSEV's can directly induce target cell death.

Next, we compared the protein contents of NK92 cells and sEV's
from these cells using the reverse-phase protein array (RPPA),
which profiled 491 proteins in various cellular pathways. Compo-
nent analyses showed that protein expression in NK92 cells was uni-
form in different batches of cells. In contrast, protein expression in
sEVs from these cells was varied, suggesting that protein packaging
into sEVs is a relatively random process (fig. S6A). Nevertheless, all
491 proteins were detectable in both cells and sEVs, and the expres-
sion levels of approximately one-third of the proteins between cells
and sEVs were similar. Volcano plots showed that NK92-sEV's were
enriched in apoptosis/necrosis inducers such as NDRG1, RIPK3,
and ATM (fig. S6B). Many apoptosis/necrosis inducers such as cas-
pase-3 (CASP3), Bim (BCL2L11), and Bid were detected in both
NK92-sEVs and NK92 cells (Fig. 3M), supporting that cytotoxic
molecules are present in the sEV's from NK92 cells.

DR5-scFv sEVs are more effective in tumor killing than

DR5 antibodies

We next compared the cytotoxicity of DR5-scFv sEVs with DR5
monoclonal antibody, tigatuzumab, which has the same variable frag-
ment heavy chain (Vi) and variable fragment light chain (Vi) se-
quences as the scFvs used in the DR5-scFv. A375 cells were treated
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Fig. 2. PDGFR-TM increases the surface expression of DR5-scFvs in sEVs. (A) DR5-scFv expression in NK92 cells. NK92 cells were transfected with DR5-4-1BBz or DR5-
PDGEFR lentiviral vectors. DR5-scFv-positive cells were sorted and cultured. The expression of DR5-scFv in NK92 cells was analyzed using flow cytometry. (B) NK92 cell
proliferation was not affected by transfection with different vectors. The cell numbers of the control, DR5-BBz-NK92, and DR5-PDGFR-NK92 cells were counted at the indi-
cated time points. Data are presented as means + SD (n = 4). (C and D) Nanoparticle tracking analysis of sEVs using NanoSight NS300. Representative images and bar
charts of the size distribution of sEVs derived from control, DR5-4-1BBz-NK92, or DR5-PDGFR-NK92 cells. (E) Immunoblots for sEV markers CD9, CD81,TSG101, and endo-
plasmic reticulum marker calnexin in NK92 cells whole cell lysate (WCL) and sEVs from NK92 cells. (F) Transmission electron microscopy of engineered sEVs. sEVs were la-
beled with gold-conjugated antibodies against DR5-scFvs. Bars in the upper panels indicate 400 nm, and bars in the lower panels indicate 100 nm. (G) On-bead flow
cytometry analysis of different types of NK92-derived sEVs. The bar charts show the percentage of DR5-scFv—positive sEVs among different groups. Data are presented as
means + SD (n = 3). **P < 0.01.

with different amounts of tigatuzumab (1, 2.5, 5, and 10 ng). Using  performed an in vivo study to compare the effects of DR5-scFv sEVs
the Avogadro constant and molecular weight of tigatuzumab, we cal- ~ with DR5 antibodies. Tumor-bearing mice were treated with DR5-
culated the number of DR5-scFv sEVs needed to have the same num-  scFv EVs (100 pg), low-dose DR5 antibodies (5 ng, similar to the cal-
ber of scFv molecules used in the experiments. The number of sSEVs  culated DR5-scFvs in the DR5-scFv EVs), high-dose DR5 antibodies
was determined by NTA. DR5-scFv sEVs produced significantly (4.6 pg, 920 times more than the calculated DR5-scFvs in the DR5-
higher cytotoxicity in melanoma cells (Fig. 4, A and B) and liver can-  scFv EVs), or vehicles. DR5-scFv sEVs showed significantly greater
cer cells (Fig. 4, C and D) than tigatuzumab in vitro. Furthermore, we  effectiveness in inhibiting melanoma growth compared to high-dose
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Fig. 3. DR5-scFv sEVs exhibit cytotoxicity to tumor cells in a dose- and DR5 expression-dependent manner. (A to F) Luciferase-killing assay of DR5-scFv sEVs in dif-
ferent cells. A2058 (A), UACC-903 (B), A375-WT (human melanoma cell lines) (C), BJ (human fibroblast cell line) (D), HaCaT (human keratinocyte cell line) (E), and SK-Mel-28
(human melanoma cell lines) (F) were treated with vehicle, 2.5, 5, or 10 pg of EVs derived from control, DR5-BBz, and DR5-PDGFR-NK92 cells. *P < 0.05, **P < 0.01,
##%P < 0.001. (G) Representative images of A375-GFP cells treated with DR5-scFv sEVs. A375-GFP cells (green) were treated with DR5-scFv sEVs (deep red) for 3 hours.
These cells were stained with propidium iodide (red) and Hoechst 33342 (blue). Images were taken at the indicated time points. (H) DR5 expression in different epithelial
cancer cell lines. Proteins were extracted from different cells and subjected to immunoblot analysis using antibodies against DR5. 3-Actin was used as a control. Represen-
tative images from three experiments. (I to L) Luciferase-killing assay of DR5-scFv sEVs in different cancer cells. Huh-7 (human liver cancer cells) (I), OVCAR-5 (human
ovarian cancer cell) (J), MDA-MB-231 (human breast cancer cell) (K), and PANC-1 (human pancreatic cancer cell line) (L) were treated with vehicle, 2.5, 5, or 10 pg of sEVs
derived from control, DR5-4-1BBz, and DR5-PDGFR-NK92 cells and were subjected to luciferase assays. *P < 0.05, **P < 0.01, ***P < 0.001. (M) Coefficient variation plot
of proteins in NK92 cells and NK92-sEVs. RPPA was performed using 491 antibodies. The y axis was the reciprocal of coefficient variation.
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Fig. 4. DR5-scFv sEVs show specificity to DR5"9" melanoma cells. (A to D) Luciferase-killing assay using tigatuzumab and DR5-scFv sEVs in A375 and Huh-7 cells. A375
(A and B) and Huh-7 (C and D) cells were treated with equivalent DR5 antibody molecules or DR5-scFvs in the sEVs. (E) Low-dose DR5 antibody (5 ng), high-dose DR5 anti-
body (4.6 pg), or DR5-scFv sEVs (100 pg per mouse) were injected through the tail vein into the nude mice (n = 5). Treatment was given twice a week. Tumor volume was
measured at the indicated time points. (F) Immunoblot analysis of proteins from A375-DR5"" and A375-DR5C cells. DR5 in A375 was knocked out using CRISPR/Cas9.
(G) DR5-scFv sEVs induce apoptosis in melanoma cells. A375-DR5"" and A375-DR5%C cells were treated with indicated sEVs for 24 hours and stained with Pl. Bar charts show the
percentage of Pl-positive melanoma cells (n = 3). (H to J) DR5-scFv sEVs induce more apoptosis in DR5"9" cells than in DR5' cells. A375-DR5"T (without GFP tag) and A375-
DR5%C (with GFP tag) cells (H), or UACC-903 (without GFP tag) and SK-Mel-28 (with GFP tag) cells (I) were mixed and incubated with 10 pg of DR5-scFv sEVs or control sEVs
for 24 hours. Pl (red) and Hoechst 33342 (blue) staining were performed (scale bar = 50 pm). (J) Bar chart of the percentage of dead cells (n = 3). (K) DR5-scFv sEVs preferen-
tially bind to DR5 wild-type cells. DR5-scFv sEVs were labeled with a Deep Red dye (red). A375-DR5WT (without GFP tag) and A375-DR5KC (with GFP tag) cells were incubated
with pre-dyed DR5-scFv sEVs for 2 hours. Representative images of the uptake of DR5-scFv sEVs by A375 cells were taken. Scale bar, 5 pm. *P < 0.05, **P < 0.01, ***P < 0.001.
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DR5 antibodies (4.6 pg). In contrast, low-dose DR5 antibodies (5 ng)
did not effectively control tumor growth (Fig. 4E). In addition, the
high-dose DR5 antibodies induced cachexia in two of the five treated
mice, but none of the mice treated with DR5-scFv EVs developed ap-
parent adverse reactions. These findings suggest that DR5-scFv SEV's
offer advantages over DR5 monoclonal antibodies in controlling tu-
mor growth.

Targeting specificity of DR5-scFv sEVs

To study the specificity of DR5-scFv sEV-induced targeted cell
death, we knocked out DR5 in A375 cells (A375-DR5XC) using
CRISPR/Cas9 (Fig. 4F). After DR5 knockout, the cytotoxic effect of
DR5-scFv sEVs on A375-DR55 cells was significantly diminished.
sEVs from control, DR5-BBz-NK92, and DR5-PDGFR-NK92 cells
showed similar cytotoxic effects to A375-DR5% cells (Fig. 4G and
fig. S7). To further confirm the specificity of DR5-scFv sEVs, we co-
cultured GFP-tagged A375-DR5C cells with A375-DR5"" cells
(without GFP tag) on the same plate. Dead cells were noticeably in-
creased after treatment with DR5-scFv sEVs, mostly in unlabeled
A375-DR5"T cells. GFP-tagged DR5* cells were only slightly af-
fected (Fig. 4H). Approximately 80% of DR5" ' cells were killed af-
ter treatment, whereas less than 20% of DR5*© cells were dead (Fig.
4J). Similar results were observed for cocultured DR5"8"-UACC-903
(without GFP tag) with DR5°¥-SK-Mel-28 (with GFP tag) cells
(Fig. 4, I and J), suggesting that DR5-scFv sEVs induce tumor cell
death in a DR5 expression level-dependent manner.

To further investigate how DR5-scFv sEVs induce DR5™ cell
apoptosis, we examined whether DR5-scFv sEVs preferentially bind
to DR5" cells. DR5-scFv sEVs were labeled with a Deep Red dye.
The labeled sEVs were added to a mixed culture of A375-DR5" "
(without the GFP tag) and GFP-tagged A375-DR5%° cells for 2 hours.
Fluorescent microscopy showed that labeled DR5-scFv sEVs I?refer-
entially bound to A375-DR5" " cells compared to A375-DR5"° cells
(Fig. 4K), supporting that DR5-scFv sEVs preferentially bind to
DR5™ tumor cells.

Freezing/thaw processes have minimal effects on

DR5-scFv sEVs

The tumor-killing effect of DR5-scFv sEVs could be enhanced by
extending the treatment time or increasing the concentration of
sEVs (fig. S8, A and B). To develop off-the-shelf therapies, it is es-
sential to freeze and thaw the products. We compared the cytotoxic-
ity of fresh and frozen/thawed DR5-scFv sEVs in A375 cells. We
found no significant difference after a freeze-thaw cycle (fig. S8C),
indicating that the sEV's were stable during the freeze-thaw cycle.

DR5-scFv sEVs efficiently penetrate melanoma spheroids

A critical barrier in cellular therapy for solid tumors is the tumor-
homing barrier, as the immunosuppressive TME prevents T cells
from migrating into the tumor (I1). We previously showed that bicel-
lular three-dimensional (3D) melanoma spheroids composed of mel-
anoma cells and CAFs mimic patient-derived melanoma organoids
and significantly decrease T cell infiltration compared to unicellular
3D spheroids composed of melanoma cells (30). Bicellular 3D mela-
noma spheroids were formed by mixing GFP-tagged A375-DR5" "
or GFP-tagged A375-DR5* with BJ cells at a ratio of 1:2 in a 1.5%
agarose precoated 96-well plate for 24 hours. The spheroids were
treated with 10 pg of sEV's derived from control, DR5-BBz-NK92, or
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DR5-PDGFR-NK92 cells for 24 hours. DR5-scFv sEVs induced cell
death in A375-DR5" " spheroids, as dead GPF* tumor cells lost green

fluorescence and gained PI staining. DR5-scFv sEV's were less effec-
tive in killing A375-DR5"® spheroids (fig. S8D).

Effect of DR5-scFv sEVs on DR5* cancers in vivo

To investigate the effect of DR5-scFv sEVs in vivo, we developed a
model with DR5"" and DR5*° melanoma xenografts in NOD scid
gamma (NSG) mice. A375-DR5VT-GFP-fILUC cells were seeded in
the right flank of mice, and A375-DR5*-GFP-fILUC cells were
seeded in the left flank. DR5*° melanomas grew faster than DR5""
melanomas. Using this model, we first examined the homing of
DR5-scFv sEVs. When the tumors were palpable 10 days after im-
plantation, we injected the Deep Red-labeled DR5-scFv sEVs or la-
beled control sEVs into the tumor-bearing mice through the tail
veins (Fig. 5A). In vivo fluorescence imaging studies revealed that
1 hour after injection, DR5-scFv sEVs were already present in the
A375-DR5"T tumors. In contrast, much fewer labeled sEVs were
present in the contralateral A375-DR5"® tumors, although these tu-
mors were larger in size. Twenty-four hours later, labeled DR5-scFv
sEVs were still observed in A375-DR5" " tumors. In contrast, con-
trol sSEVs showed no specific accumulation on either side of the
mice (Fig. 5, B and C). These data indicate that DR5-scFv sEVs pref-
erentially migrate to DR5" tumor cells in vivo and that the TME
does not prevent the entrance of sEVs.

We next examined the effect of DR5-scFv sEVs on tumor growth.
A375-DR5"T cells were implanted into nude mice. After the tumors
became palpable, PBS, control sEVs (from NK92 cells), or DR5-scFv
sEVs (from DR5-PDGFR-NK92 cells) were injected intratumorally
into the mice every 3 days for six treatments (fig. SOA). Control
sEVs from NK92 produced significantly more tumor growth inhibi-
tion than the PBS control. DR5-scFv sEVs showed significantly
more tumor growth inhibition than control sEVs (Fig. 5D and fig.
S9B). We then tested the efficacy of the systemic delivery of DR5-
scFv sEVs on melanoma growth. When tumors became palpable,
sEVs were injected via the tail vein into tumor-bearing mice every
3 days (fig. S9C). Similar to the results of intratumor treatment, sys-
temic DR5-scFv sEVs also significantly inhibited melanoma growth
(Fig. 5E and fig. S9D) and prolonged the survival of the treated mice
(Fig. 5F). We examined the expression of cleaved CASP3 in sEV-
treated tumors. The results showed that the residual melanoma cells
expressed higher levels of cleaved CASP3 after treatment with DR5-
scFv EVs (Fig. 5G). Weight loss was not observed during the treat-
ment (fig. S9, E and F), nor was lethargy or other signs of adverse
reactions in mice, suggesting the therapy was safe. In addition, we
performed an in vivo dose escalation study to further examine the
safety of DR5-scFv sEVs. Mice received multiple doses of 500, 1000,
and 1500 pg of sEVs, and none of the mice developed signs of toxic-
ity (fig. S10).

The effects of DR5-scFv sEV's on other tumors were also examined.
Mouse xenograft models of WM4625.2brm (melanoma), MDA-MB-
231brm (breast cancer), and Huh-7 (liver cancer) were established.
When the tumors became palpable, PBS or DR5-scFv sEV's were in-
jected through the tail vein at the indicated time points (fig. S11, A and
B). DR5-scFv sEVs significantly inhibited the growth of these tumors
(Fig. 5, H to ], and fig. S11, C to E) and prolonged survival of the treat-
ed mice (Fig. 5, K to M). There was little impact on the body weight of
mice (fig. S11, F to H).
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Fig. 5. DR5-scFv sEVs migrate to DR5" melanoma and inhibit tumor growth in vivo. (A) Melanoma xenograft mouse model was established by subcutaneous (S.C.)
injection of A375-DR5"T cells into the right flank and A375-DR5C cells into the left flank of NSG mice. Pre-dyed control sEVs or DR5-scFv sEVs (100 pg per mouse, red) were
injected into the mice at the indicated times through the tail vein [intravenously (I.V.)]. (B) Representative images of tumors and labeled sEVs at the indicated time points.
Tumors were imaged using luciferin. (C) Bar chart of the average fluorescence intensity in the different groups (n = 3 per group). **P < 0.01. (D to G) DR5-scFv sEVs sup-
pressed melanoma tumor growth in vivo. DR5-scFv sEVs (100 pg per mouse) or equivalent volume of PBS was injected intratumorally (D) through the tail vein [(E) to (G)]
or into the mice (n = 5 per group). [(D) and (E)] Tumor volume was measured at the indicated time points. (F) Kaplan-Meier survival curve of mice in the three groups.
*P < 0.05, **P < 0.01, **¥*P < 0.001. (G) DR5-scFv sEVs induced apoptosis in melanoma cells. Immunohistochemical staining of mouse tumor tissues for cleaved caspase-3
was performed. Scale bar, 100 pm. (H to M) DR5-scFv sEVs inhibit the growth of multiple different types of tumors in vivo. Xenograft mouse models were established by
subcutaneous injection of WM4625.2brm, MDA-MB-231brm, or Huh-7 cells into the right flank of the nude mice. DR5-scFv sEVs (100 pg per mouse) or an equivalent vol-
ume of PBS was injected through the tail vein (intravenously) into the mice (n = 5 per group). Tumor volumes were measured at the indicated times. *P < 0.05, **P < 0.01,
##%P < 0.001. [(K) to (M)] Kaplan-Meier survival curve of tumor-bearing mice in different groups. *P < 0.05, *#P < 0.01, ***P < 0.001.
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DR5-scFv sEVs are cytotoxic to MDSCs and CAFs

The immunosuppressive TME hinders cellular therapy by preventing T
cell entry and inducing T cell exhaustion. It is well known that DR5 is
highly expressed in MDSCs (31). Our DR5 immunohistochemical
staining of melanoma tissues showed that DR5 was highly expressed in
melanoma cells (Fig. 6A), as well as in some of the immune cells (Fig.
6B) and spindle-shaped fibroblasts (Fig. 6C). To study the effects of
DR5-scFv EVs on these cells, we first induced MDSCs from human
PBMC:s using granulocyte-macrophage colony-stimulating factor (GM-
CSF) and interleukin-6 (IL-6) and then treated these MDSCs with DR5-
scEv sEVs for 24 hours. FACS analysis showed that induced MDSCs
were significantly inhibited by DR5-4-1BBz sEVs and DR5-PDGFR
sEVs (Fig. 6D and fig. S12). These results were further confirmed by the
cytotoxicity assays (Fig. 6E). As melanoma tissue is rich in MDSCs (32),
we treated fresh patient-derived melanoma tissue slices (33) with DR5-
scFv sEVs. The percentage of MDSCs in fresh melanoma tissues was
significantly reduced after DR5-scFv sEV treatment (Fig. 6, F and G,
and fig. S13). The sEVs from DR5-PDGFR-NK92 showed the highest
therapeutic efficiency.

To study the effect of DR5-scFv sEVs on CAFs, we induced
CCD19-Lu, a human fibroblast cell line, into CAFs by coculture
with the supernatant from melanoma cells. DR5 expression was
higher in CAFs than normal fibroblasts (Fig. 6H). The cytotoxicity
assay demonstrated that DR5-scFv sEVs effectively killed CAFs in a
dose-dependent manner compared to the control cells (Fig. 6, I and
J). Our data suggest that DR5-scFv sEVs are cytotoxic to MDSCs
and CAFs.

DR5-scFv sEVs reprogram the TME in melanoma

To determine the tumor-killing efficiency of DR5-scFv sEVs in fresh
melanoma tissues, we treated patient-derived organotypic melano-
ma slices with sEVs for 24 hours and measured cell apoptosis using
annexin V and 7-aminoactinomycin D (7-AAD) apoptosis assays.
The number of apoptotic cells in fresh melanoma tissues derived
from eight patients significantly increased after treatment with DR5-
scFv sEVs (Fig. 7, A and E). The percentage of CD8" T cells signifi-
cantly increased in melanoma slices after DR5-scFv sEV treatment
(Fig. 7, B and F). The levels of granzyme B (Fig. 7, C and G) and Ki-
67 (Fig. 7, D and H) were significantly elevated in DR5-scFv sEV-
treated samples, indicating that DR5-scFv sEV's can activate CD8* T
cells in the TME (fig. S14). In addition, we incubated PBMCs from
healthy donors with vehicle, NK92-Ctrl sEVs, or NK92-DR5 sEV's
for 48 hours. The results showed that sSEVs derived from NK92 cells
could stimulate the expression of granzyme B (fig. S15).

DISCUSSION

EVs are approximately 1 million times smaller than T cells in volume.
Unlike CAR-T cells, sSEVs can readily penetrate the immune barrier
in the TME (27, 28), travel to immune-privileged sites (34), and enter
solid tumors (35). Our study showed that DR5 CAR-T cells effective-
ly controlled A375 melanoma growth when injected intratumorally
but not systemically in nude mice. On the contrary, DR5-scFv sEVs
effectively control tumor growth in multiple solid tumor models after
systemic delivery. DR5-scFv sEVs retained tumor-targeting ability
similar to CAR-T cells as they migrated to DR5" cells in vitro and in
vivo. DR5-scFv sEVs were more cytotoxic than DR5 antibodies.
Moreover, DR5-scFv sEVs inhibited the proliferation of MDSCs and
CAFs and stimulated CD8" T cells in the TME. These data suggest
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that DR5-scFv sEVs have advantages over DR5 CAR-T cells in solid
tumor treatment. These engineered sEVs may represent promising
off-the-shelf immunotherapy since DR5-scFv sEVs can be mass-
produced using the engineered NK92 cell lines.

EV-based therapies can potentially address some challenges that
CAR-T cell therapies face in solid tumors, such as antigen specificity
and undesirable life-threatening adverse effects. Tumor-associated
antigens in solid tumors are not as specific as in hematopoietic ma-
lignancy, which may result in severe adverse effects from CAR-T
therapies, such as cytokine release syndrome (CRS) (36-38). CAR-
T cell-derived sEVs did not induce changes in serum cytokine lev-
els and body weight in mice, while their parental CAR-T cells killed
all the treated mice in 48 hours with CRS-like cytokine changes in
the circulation (39, 40). Treatment of patients with advanced non-
small cell lung cancer using dendritic-derived sEVs showed no se-
vere toxicity or organ damage (41). Unlike T cells, sEVs do not
expand in patients. As such, the potential adverse reactions to SEVs
are likely transient and manageable (42). In addition, CAR-T cell
therapy requires lymphodepletion, which has severe side effects
(43), while lymphodepletion is not needed for EV-based therapies.
Thus, EV-based therapies are inherently safer than CAR-T therapies.

DR5-scFv sEVs are more cytotoxic to melanoma cells than anti-
bodies with the same scFv because they can combine the advantages
of both scFv fragments and sEVs. sEVs from NK92 cells carry vari-
ous bioactive molecules, such as perforin, granzymes, Fas ligand
(FasL), and TRAIL (8). When NK92 cell-derived sEVs interact with
tumor cells, the cytotoxic molecules may be transferred to the tumor
cells, triggering programmed cell death (44). The lipid bilayer in the
sEVs can protect surface scFvs from degradation in circulation (45).
Displaying scFv on the surface of sEVs can improve their specificity
and targeting capabilities. sSEVs can carry multiple copies of the
scFvs, increasing the avidity for the target antigen and potentially
improving the binding affinity (46).

DR5 agonistic scFvs are different from other reported scFvs used
in CAR vectors in the literature because they not only provide speci-
ficity toward target cells but also directly induce target cell apoptosis
upon binding. Our second-generation DR5-4-1BBz CAR delivered
fewer DR5-scFvs to the surface of SEVs than the PDGFR-TM ver-
sion. Fusing target proteins or peptides with transmembrane pro-
teins expressed on the surface of sEVs, such as lysosome-associated
membrane protein (LAMP-2B) and PDGEFR, has been tested for
membrane motif loading (29, 47). The cytotoxic effect of DR5-scFv
sEVs on tumor cells was significantly increased with more DR5-
scFvs on the surface of sEVs. Surface DR5-scFvs allow these sEVs to
selectively target DR5" cells in vitro and in vivo and enhance their
tumor-killing effects. Increasing the surface expression of specific
scFvs on sEVs is a practical strategy to improve the functions of en-
gineered sEVs.

DR5 is highly expressed in tumors, MDSCs, and CAFs (48, 49),
which are critical immunosuppressive components of the TME. The
immunosuppressive TME fails to deter the infiltration of DR5-scFv
sEVs when administered systemically. sEVs are less susceptible than
CAR-T cells to the immunosuppressive effects in the TME (50).
Thus, MDSCs and CAFs can be targeted by DR5-scFv sEVs. In ad-
dition, sEV's from NK92 cells may also carry cytokines, chemokines,
miRNAs, and other signaling molecules that can reprogram the
TME and promote an inflammatory response against tumor cells
(51). Our patient-derived melanoma slice culture demonstrated that
these engineered sEV's stimulated CD8™ T cell functions in the TME.
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Fig. 6. DR5-scFv sEVs target MDSCs and CAFs in melanoma. (A to C) DR5 is highly expressed in melanoma cells (A), MDSCs (B), and CAFs (C) in melanoma patient tissues
as detected by immunohistochemistry. (D and E) DR5-scFv sEVs showed cytotoxicity to MDSCs. MDSCs were induced by GM-CSF and IL-6 and treated with indicated sEVs
for 24 hours. (D) Flow cytometry plots show the percentage of CD33*CD11b" cells among the different groups. (E) Killing assay of indicated SEVs on MDSCs. Data represent
means (n = 3) + SD of each group. *P < 0.05, **P < 0.01, ***P < 0.001. (F and G) DR5-scFv sEVs kill MDSCs in organotypic patient-derived melanoma tissue slices. Tissue
slices of organotypic melanoma were obtained and treated with sEVs. Flow cytometry plots of CD337CD11b* MDSC (F) and bar charts of the percentage of CD33*CD11b*
live cells in different groups (G) are shown. Data represent means (n = 4) + SD of each group. *P < 0.05, **P < 0.01, ***P < 0.001. (H) DR5 was highly expressed in CAFs
induced by CCD19-Lu cells. Artificially induced CAFs are generated. Proteins were extracted from the cells and subjected to immunoblot analysis using antibodies against
DR5. p-Actin was used as a control. (I and J) CAF killing assay using DR5-scFv sEVs. Control CCD19-Lu cells (I) and induced CAFs (J) were treated with vehicle, 2.5, 5, or
10 pg of sEVs derived from control, DR5-BBz-NK92, and DR5-PDGFR-NK92 cells. Data represent means (n = 3) + SD of each group. *P < 0.05, **P < 0.01, ***P < 0.001.

Primary cells, particularly T cells, are difficult to manipulate because
of their low transfection rates (52). Immortalized cell lines are recog-
nized as more stable and convenient for preparing sEVs. The NK92
cell line has been U.S. Food and Drug Administration-approved for
cancer immunotherapy and has been investigated in clinical trials
(53). One major limitation for sEVs to reach their full potential is their
limited yields from cells, particularly from attached primary cells,
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which constitutes a major bottleneck for large-scale EV production
(54). Well-characterized cell lines are recognized as being better than
primary cells for EVs’ uniformity, batch-to-batch consistency, and sta-
bility. Therefore, the NK92 cell-based EV production method can
significantly reduce the manufacturing cost and batch-to-batch varia-
tion for future regulatory approval. Designer sEV's from NK92 cells
can be mass-produced and used as an off-the-shelf therapy.
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Fig. 7. DR5-scFv sEVs exert cytotoxicity in melanoma tissue slices and enhance the functions of tumor tissue-resident CD8™ T cells. (A) DR5-scFv sEVs induce
apoptosis in melanoma tissue slices. sEV-treated tumor slices were subjected to annexin V apoptosis assays. Representative flow cytometry plots of apoptotic cells in
control or DR5-scFv sEV-treated melanoma slices are shown. (B to D) DR5-scFv sEVs increase CD8* T cell function in patient-derived melanoma tissue slices. Representa-
tive flow cytometry plots of the percentage of CD8* T cells among CD3" cells (B), percentage of granzyme B (C), and Ki-67 (D) among CD8" T cells. (E) Bar chart of apop-
totic cells in different melanoma slices derived from eight patients. *P < 0.05, **P < 0.01, ***P < 0.001. (F to H) Bar chart of the percentage of CD8* T cells in CD3* cells
(F), percentage of granzyme B (G), and Ki-67 (H) in CD8" T cells in different groups. *P < 0.05, **P < 0.01. (I) Schematic diagram of DR5-scFv sEVs reprograming the TME
may be developed as a novel cancer therapy.
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The purification and clinical application of EV’s still face signifi-
cant hurdles. A major challenge is the lack of standardized isolation
and purification protocols, leading to variability in EV preparations
and hampering reproducibility across studies (55). Current isolation
methods like ultracentrifugation often result in low yields and
co-isolation of non-EV contaminants, compromising purity (56). The
heterogeneity of EV populations further complicates the quality con-
trol processes essential for clinical-grade production (57). Regulatory
hurdles, including the lack of clear guidelines for EV-based thera-
peutics and difficulties in standardizing good manufacturing
practice (GMP)-compliant processes, further impede clinical trans-
lation. Overcoming these challenges in EV production, character-
ization, and engineering is crucial for realizing the full potential of
EVs in clinical applications. Despite these challenges, 66 EV-based
interventional clinical trials are ongoing (58), supporting the valid-
ity of EV-based therapies.

Together, we have developed engineered sEVs expressing a
high level of DR5-scFvs. These armed sEVs specifically target
DR5" tumor cells, MDSCs, and CAFs. Inhibition of these cells al-
leviates the immunosuppressive TME, allowing other immune
cells, such as CD8" T cells, to function properly (Fig. 71). Our re-
sults suggest that engineered DR5-scFv sEVs represent a promis-
ing strategy for cancer immunotherapy. It is possible to arm the
sEVs with different scFvs to target various cancers, making it a
versatile off-the-shelf platform technology that can be adapted to
treat solid cancers.

METHODS

Cell lines and cell culture

NKO92 cell line (American Type Culture Collection, MD, USA) was
cultured in minimum essential medium a medium with 10% fetal
bovine serum (FBS), 10% horse serum, 0.2 mM myo-inositol,
0.1 mM 2-mercaptoethanol (2-Me), 0.02 mM folic acid, recombi-
nant human IL-2 (200 U/ml), and 1% penicillin-streptomycin at
37°C and 5% CO,. The human fibroblast cell lines B] and CCD19-Lu
were maintained in Eagle’s minimum essential medium with 10% FBS
and 1% penicillin-streptomycin at 37°C and 5% CO,. The human
keratinocyte cell line HaCaT and melanoma cell lines including
A375, UACC-903, A2058, SK-Mel-28, and human embryonic kid-
ney (HEK) 293T were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) at 37°C and 5% CO,. The reagents used are
listed in table S1.

Generation and expansion of MDSCs in vitro

MDSCs were expanded from PBMCs and cultured in complete
RPMI 1640 containing GM-CSF (100 ng/ml) and IL-6 (100 ng/ml)
at a density of 5 x 10° cells/ml for 7 days.

Induction of CAFs in vitro

A375 melanoma cells (5 x 10°) were seeded in a 10-cm cell cul-
ture dish and replaced with fresh culture medium when the cells
had reached the desired confluence, and the culture was contin-
ued for 48 hours. The medium was then collected and filtered
through a 0.22-pm polyethersulfone (PES) filter to remove cells
and cellular debris. CCD19-Lu cells were cultured in conditioned
medium and fresh culture medium (1:1) for 48 hours to induce
the CAF phenotype.
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Vector construction

DR5 antibody sequences were obtained from the IMGT (mAB-DB
ID 183, 224, 234, and 348). The DNA fragments of the variable do-
mains of Vi and Vi were fused and linked with a -(G4S)3- linker and
flanked by a human-CD8 leader and a human-IgG4 (immunoglobu-
lin G4) hinge. The scFv sequence was synthesized by Integrated DNA
Technologies (IDT; NJ, USA). These cDNAs were then cloned into an
engineered pTRPE CAR encoding lentiviral backbone. PDGFRTM
was synthesized by IDT and cloned into DR5-4-1BBz-CAR to re-
place CD8 TM, 4-1BB, and CD3{ domains.

Lentivirus packaging

Lentiviral vector packaging was carried out using HEK293T cells. A
transfection mixture was prepared by combining 10 pg of the lenti-
viral vector plasmid, 7.5 pg of pMDLg/pRRE, 2.5 pg of pRSV-Rey,
and 2.5 pg of pPCMV-VSVG in 500 pl of serum-free RPMI 1640.
Premixed Lipofectamine 2000 was added to the mixture and incu-
bated for 20 min at room temperature. The transfection mix was
added to the cells and incubated for 6 to 8 hours at 37°C in a 5% CO,
incubator. Half volume of full RPMI 1640 containing 10% FBS was
added after transfection. After 24 and 48 hours, lentivirus-containing
supernatant was collected, filtered, and concentrated overnight by
ultracentrifugation at 12,000 rpm. The final lentivirus particles were
aliquoted and can be stored at —80°C until needed.

T cell expansion and CAR-T cell transduction

Isolated human PBMCs were cultured with CD3/28 Dynabeads at a
1:1 cell-to-bead ratio in RPMI 1640 supplemented with 10% FBS
(HyClone; GE Healthcare, Utah, USA), penicillin-streptomycin
(100 U/ml), 2 mM r-glutamine, 1:1000 2-Me (Gibco; Thermo Fisher
Scientific, Massachusetts, USA), and recombinant human IL-2
(100 U/ml) (PeproTech, New Jersey, USA); new medium was added
and supplemented every other day. The cells were incubated at 37°C
with 5% CO, for 24 hours before transduction with CAR lentiviral
vectors at multiplicity of infection (MOI) = 1. The medium and IL-2
were replenished every 24 to 48 hours as required. After 7 days, the
activated T cells were harvested for further purification, analysis,
and downstream applications.

Preparation of sEVs

Cells were cultured in medium as described previously, but FBS
and horse serum were EV-depleted by overnight centrifugation at
100,000g. Supernatants were collected from 48-hour cell cultures,
and sEVs were purified following the standard differential centrifu-
gation protocol (59). Briefly, the supernatants were centrifuged at
2000g for 20 min to remove cell debris and dead cells, followed by
centrifugation at 16,500¢ for 45 min to remove the microvesicles.
The supernatants were then centrifuged at 100,000g for 2 hours at
4°C. The pelleted sEVs were suspended in PBS and collected. For
some functional studies, sEVs were purified using ExoQuick-TC
ULTRA (SBI, CA, USA), following the manufacturer’s instructions.
In brief, 1 volume of ExoQuick-TC ULTRA was added to 5 vol-
umes of sample, mixed well, and incubated overnight at 4°C. The
mixture was centrifuged at 3000g for 10 min, and the pellet was
resuspended. Then, resuspended sEVs were added to prewashed
ExoQuick-TC ULTRA columns. Place the column in a 1.5-ml tube
and centrifuge at 3000g. Discard the column, and the remaining
liquid in the 1.5-ml tube is the sEVs. sEV yield per million cells was
1.02 to 1.8 pg.
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For freeze/thaw processes, we packaged sEVs into 1 mg/tube,
froze, and stored them in a —80°C freezer for subsequent experi-
ments. The frozen time of sEVs ranges from 1 week to 6 months.
The frozen sEVs were thawed only once; we did not re-freeze them.
For the in vitro and in vivo experiment, we routinely use freeze/
thaw sEVs.

3D spheroid formation

The 96-well plate was precoated with 50 pl of 1.5% agarose (50010,
Lonza, ME, USA). A375 cells (1 x 10*) and BJ cells (2 x 10%)
were mixed, seeded per well, and allowed to form spheroids
for 48 hours.

Organotypic melanoma tissue slice culture

The fresh tumor tissues were kept on ice and sliced using a vibrating
microtome for 1 hour. Tissue preparation was performed according to
a previously described protocol (27). Briefly, the tissues were collected
and embedded in 2% agarose for slicing. After the agarose solidified, it
was fixed to a specimen disc and sliced using Compresstome VF-310-
0Z at a thickness of 500 pm. The tissue slices were placed into a Milli-
cell insert (PIHP01250, Millipore, MO, USA) in a 24-well plate and
cultured in RPMI 1640 with 10% FBS, 2 mM L-glutamine (A2916801,
Gibco), 10 mM Hepes (15630080, Gibco), 1 mM sodium pyruvate
(11360070, Gibco), 5.5 pM 2-Me, 1% penicillin-streptomycin, and
IL-2 (200 IU/ml).

Luciferase-killing assay

Cells subjected to the luciferase-killing assay were infected with
pCCLc-MNDU3-Luciferase-PGK-EGFP-WPRE (89608, Addgene,
MA, USA) and sorted by flow cytometry. According to the manu-
facturer’s instructions, the cytotoxicity assay was performed using
the Luciferase Assay System (E1501, Promega, WI, USA). Briefly,
target cells were seeded at 4 x 10* cells per well in 96-well plates,
while sEVs or effect cells were seeded at the corresponding doses or
ratios simultaneously. After the indicated times, the plates were
briefly spun down and washed with PBS. Lysis reagent (20 pl per
well) was then added. Luciferase Assay Reagent (100 pl per well) was
added, and the plate was read using a GloMax Discover Microplate
Reader (GM3000, Promega).

Generation of DR5 antibodies and comparison to

DR5-scFv sEVs

DR5 monoclonal antibodies (tigatuzumab) were manufactured by
Biointron Biological USA Inc. (Metuchen, NJ, USA). The number of
antibody molecules was calculated using Avogadro’s number and the
molecular weight of tigatuzumab. Avogadro’s number (6.022 X
10% mol™") represents the number of molecules in one mole of a
substance. Number of antibodies = Moles X Avogadros number.
sEV number was quantified using NTA.

Annexin V-7-AAD apoptosis assay

An apoptosis assay was performed using the FITC Annexin V
Apoptosis Detection Kit with 7-AAD (640922, BioLegend). Briefly,
cells were washed twice with cold Cell Staining Buffer and resus-
pended in Annexin V Binding Buffer at a concentration of 1 x 107/
ml. Then, 100 pl of cell suspension was stained with 5 pl of FITC
Annexin V and 5 pl of 7-AAD Viability Staining Solution and incu-
bated for 15 min at room temperature in the dark. Annexin V
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Binding Buffer (400 pl) was added, and the samples were analyzed
by LSRA flow cytometry.

Flow cytometry assay

The suspended cells were collected by centrifugation at 300g for
5 min. Tissue slices were digested with collagenase IV (240 pg/ml),
hyaluronidase (HAase; 300 pg/ml), and deoxyribonuclease (DN-
ase) (60 pg/ml) at 37°C for 30 min. The tissues were ground and
rinsed with cell strainers (100 pm). Surface antibodies were stained
for 30 min at 4°C in the dark, and intercellular staining was per-
formed for 60 min after fixation and permeabilization. The sources
of the antibodies are listed in table S1. Data were acquired on
LSRA or A3 Lite flow cytometers (BD Biosciences, NJ, USA) and
analyzed using Flow]Jo software (Tree Star, OR, USA). Flow cytom-
etry for sEVs was performed following the protocol described by
Fu et al. (11). Briefly, sEVs were incubated with 4-pm-diameter
aldehyde/sulfate latex beads (A37304, Invitrogen, MA, USA) for
15 min and then rotated for 1 hour at room temperature. After
centrifugation, the pellet was blocked with fetal calf serum (FCS)
for 30 min and washed three times with PBS. Beads were then in-
cubated with corresponding fluorescent antibodies for 1 hour,
subjected to LSRA or A3 Lite flow cytometry, and analyzed with
Flow]Jo software.

Western blot

Cells or sEVs were lysed in radioimmunoprecipitation assay (RIPA)
buffer. A total of 20 to 50 pg of protein was processed for SDS-PAGE
(polyacrylamide gel electrophoresis) and electroblotted onto polyvi-
nylidene difluoride (PVDF) membranes (Millipore, MA, USA).
Blots were blocked with 5% nonfat milk and incubated with the cor-
responding primary antibodies (table S1) and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies. Membranes were
developed using enhanced chemiluminescence (ECL) detection re-
agents (Pierce, Thermo Scientific, MA, USA).

Confocal imaging

For cells treated with sEVs, samples were stained with PI (421301,
BioLegend) for 15 min at 4°C and Hoechst 33342 (62249, Thermo
Scientific, MA, USA) for 10 min at room temperature before analy-
sis. For staining of sEVs, Deep Red dye (Cy5) (1:2000, Invitrogen,
C10046) was added to sEVs and incubated at 37°C for 10 min. The
sEVs were washed twice with PBS and pelleted using ExoQuick-
TC. The stained cells and sEV's were analyzed using a Zeiss LSM 710
confocal microscope (Leica, Wetzlar, Germany).

For live imaging, 1 x 10° of A375-GFP cells were seeded in
u-Dish 35-mm plates and cultured at 37°C and 5% CO, over-
night. Then, 100 pg of DR5-scFv sEVs was added to u-Dish on
day 2. Simultaneously, PI (1:10,000) and Hoechst (1:10,000) were
added to the u-Dish. A Zeiss microscope was used to capture
and record videos.

In situ hybridization

Formalin-fixed paraffin-embedded (FFPE) tissues were sectioned in
5-pm thickness. Sectioned tissues on slides were used for in situ hy-
bridization to probe specific nRNA following the protocol of RNA-
scope 2.5 HD Reagent Kit-Red (ACDscope, 322350). Probes specific
to DR5 were purchased from ACDscope (Hs-TNFRSF10B-
C1,1048531-C1). Fast-Red was used to develop the positive probe
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signal, which was also included in the kit. Representative bright-
field images are captured under a microscope.

Immunohistochemistry

FFPE tissues were sectioned in 5-pm thickness. Slides were boiled for
10 min in 1 mM citrate buffer (w/v) with pH 6.0 for antigen retrieval.
ImmPRESS Excel Amplified HRP Polymer Staining kit (Vector
Laboratories; MP-7601) was used for immunohistochemical stain-
ing. Primary antibody against DR5 (Invitrogen, MA5-32693) was
diluted 1:200 in phosphate buffered solution (PBST) buffer and incu-
bated with slides overnight at 4°C. 3,3’-Diaminobenzidine (DAB)
was used as chromogen (Vector Laboratories; MP-7601). Images
were captured under a microscope.

Characterization of sEVs using immunoelectron microscopy
For immunoelectron microscopy, sEVs suspended in PBS were placed
on formvar carbon-coated nickel grids, blocked, and incubated with
F(ab’), Fragment Goat Anti-Human IgG, followed by incubation with
gold-conjugated goat anti-biotin (electron microscopy-grade 10 nm)
(25249, Electron Microscopy Sciences, PA, USA). Each staining step
was followed by five PBS washes and 10 double-distilled water (ddH,O)
washes before contrast staining with 2% uranyl acetate. SEV's were vi-
sualized using a JEM-1011 transmission electron microscope. The siz-
es and concentrations of the sEVs were measured using NanoSight
NS300 (Malvern Instruments, Malvern, UK).

Xenograft tumor models

A375, WM4625, MDA-MB-231, and Huh-7 cells were collected and
washed with PBS, and 5 X 10° were resuspended in 100 pl of cold serum-
free DMEM and injected subcutaneously into the right flank of 6- to
8-week-old athymic BALB/c female nude mice (Jackson Laboratory).
Each group had five mice and was treated with the corresponding sEVs
once the tumors were palpable, and the tumor size reached approxi-
mately 50 mm”. Tumors were measured at indicated time points using a
ruler, and tumor volumes were calculated using the formula length x
width X height/2 (mm?). Tumor tissues were harvested, fixed in 10%
buffered formalin, embedded in paraffin, sectioned at a thickness of
5 pm, and subjected to immunohistochemical analysis. For mice bear-
ing tumors on both sides, A375-DR5" " and A375-DR5° cells with
firefly luciferase (ffLUC) were collected and resuspended in 100 pl of
cold serum-free DMEM at a density of 5 x 10’/ml. Then, 100 pl of
A375-DR5"T cells was injected subcutaneously into the right flank, and
100 pl of A375-DR5X© cells was injected into the left flank of 8-week-old
NSG mice. According to the manufacturer’s instructions, in vivo imag-
ing was performed using IVIS Spectrum CT (PerkinElmer, MA, USA).

Statistical analysis

Statistical analyses were performed using GraphPad V.6.0 (Prism
software package version). Data are presented as means + SD, and
significant differences were examined using paired Student’s ¢ test,
one-way analysis of variance (ANOVA), and two-way ANOVA.

Study approval

PBMCs were collected from healthy donors through the Human Im-
munology Core at the University of Pennsylvania with informed con-
sent and institutional review board (IRB) approval (protocol number
707906). Fresh melanoma tissues were obtained from patients undergo-
ing surgery at the Hospital of the University of Pennsylvania (PA, USA)
with informed consent and IRB approval (protocol number 703001). All
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animal procedures were approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania and Wistar Institute.

Supplementary Materials
The PDF file includes:

Figs.S1to S15

Table S1

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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