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CANCER

Xenogenization of tumor cells by fusogenic exosomes
in tumor microenvironment ignites and propagates

antitumor immunity

Gi Beom Kim"?*, Gi-Hoon Nam'%*, Yeonsun Hong”z, Jiwan Woo?3, Yakdol Cho?, Ick Chan Kwon'?,

Yoosoo Yangz"”, In-San Kim"?*

Many cancer patients not responding to current immunotherapies fail to produce tumor-specific T cells for various
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reasons, such as a lack of recognition of cancer cells as foreign. Here, we suggest a previously unidentified method
for xenogenizing (turning self to non-self) tumors by using fusogenic exosomes to introduce fusogenic viral antigens
(VSV-G) onto the tumor cell surface. We found that xenogenized tumor cells were readily recognized and
engulfed by dendritic cells; thereby, tumor antigens were efficiently presented to T lymphocytes. Moreover,
exosome-VSV-G itself acts as a TLR4 agonist and stimulates the maturation of dendritic cells, leading to CD8" T cell
cross-priming. The administration of these exosomes in multiple tumor mouse models xenogenized tumor cells,
resulting in tumor growth inhibition. The combinatorial treatment with anti-PD-L1 exhibited complete tumor
regression (30%) and better long-term overall survival. These results suggest that tumor xenogenization by
fusogenic exosomes provides a previously unidentified a novel strategy for cancer immunotherapy.

INTRODUCTION

Immune checkpoint blockades have revolutionized the treatment
of patients with several types of malignancies, but only a subset of
patients responds to these therapies (1). To increase the response
rates to current immunotherapies, researchers have sought to mod-
ify tumor cells to render them more immunogenic. In particular,
because many tumors with high mutational burdens are predicted
to improve clinical benefit to immune checkpoint blockades (2), al-
tering the tumor cell phenotypes may be a useful means to elevate
tumor immunogenicity.

The term “xenogenization” refers to the use of pathogenic anti-
gen, increasing the likelihood that a cancer cell will be recognized as
non-self or foreign by the host immune system. The introduction of
pathogen-associated molecular patterns (PAMPs) onto cancer cells
through viral infection has been called “artificial” xenogenization
(3). Specifically, infection of tumor cells with a nonlytic budding
virus causes an acquisition of new foreign virus-specific proteins in
the host and induces an immunological regression of tumors (4). In
addition, xenogenization can also be induced indirectly by chemi-
cals, triazene compounds, which have been reported to promote
point mutations of tumor cell generating neoantigens and cause tu-
mor suppression (5). This xenogenization of tumor cells either
increases their antigenicity or generates danger signals, which acti-
vate dendritic cells (DCs) to induce cross-presentation of tumor
antigens to CD8" T cells.

Here, we demonstrate a new exosome-based approach for in-
creasing the immunogenicity of tumors via xenogenization of tumor
cells, triggering a robust antitumor immune response. Exosomes,
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which are membrane vesicles that shuttle genetic information and
proteins between both neighboring and distant cells (6), are posi-
tioned to become a widespread tool for drug delivery (7, 8). Exosomes
can deliver membrane proteins into the right plasma membranes,
which is an unresolved issue that scientists have wrestled with for
more than a decade. To date, synthetic nanomaterials, including lipid
vesicles, have been the mainstay delivery tool for protein drugs, but
they cannot transfer the natural form of membrane proteins to the
correct sites (9, 10). Thus, exosomes are the only nanomaterials ca-
pable of transferring membrane proteins including transmembrane
domain to the target cell membrane in their natural form, with max-
imized functionality (11). In our previous work, we developed a
fusogenic exosome platform by performing exosome surface engi-
neering with viral fusion proteins. We used vesicular stomatitis virus
glycoprotein (VSV-G) that mediates membrane fusion at acidic pH.
These virus-mimetic fusogenic exosomes were engineered to direct the
transfer of active membrane proteins into target cell membranes (12).

To harness tumor cell xenogenization, we designed a recombinant
fusogenic exosome harboring viral fusion-mediated glycoproteins
(FMGs). These exosomes undergo membrane fusion with cancer cells,
deliver FMGs to the recipient cancer cell membranes (membrane-
editing), and modify the cancer cell membrane to present PAMPs
that enable the immune system to recognize the cancer cells as non-
self (i.e., by perceiving the “danger” signal).

Observations from several clinical studies of tumor immunology
have indicated that exposure to PAMPs via vaccination or infection
can have prophylactic and therapeutic effects on neoplastic diseases
(13, 14). For example, the attenuated live strain of Mycobacterium
bovis, Bacille Calmette-Guérin (BCG), has now been approved by
the U.S. Food and Drug Administration to treat nonmuscle inva-
sive bladder cancer (15). Furthermore, the Salmonella minnesota
lipopolysaccharide (LPS) variant monophosphoryl lipid A (MPL) is
used as a prophylactic vaccine adjuvant for human papilloma virus
(type 16 and 18)-related cervical cancer (16). Recently, oncolytic
viruses were reported to boost antitumor T cell immune response
through the PAMP-mediated cancer cell phagocytosis by DCs (17).
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PAMPs secreted from dying tumor cells, which are immunogenic,
interact with various receptors of innate immune cells (18). The Toll-
like receptors (TLRs), which consist of a family of pattern recognition
receptors, can detect a plethora of PAMPs to trigger the activation
and maturation of DCs through enhanced expression of costimula-
tory molecules.

Here, to introduce PAMPs onto cancer cell membranes, we used
a mutant form of VSV-G that efficiently promotes membrane fu-
sion at the tumor extracellular pH (19). The fusogenic exosome en-
ables viral PAMPs to be efficiently transferred into the cancer cell
membrane. These xenogenized tumor cells can be readily recognized
and engulfed by DCs, thereby eliciting the anticancer immune re-
sponses. Combination therapy with anti-PD-L1 antibodies yielded
potent tumor-specific immune responses. Together, our findings
provide a rationale for the therapeutic application of exosome-based
tumor xenogenization to enhance tumor immunogenicity and in-
duce potent anticancer immunity.

RESULTS

Exosome-mediated xenogenization enhances cancer

cell phagocytosis

VSV-G is a widely studied fusogenic membrane glycoprotein that
mediates membrane fusion only at acidic pHs between 4.8 and 6.4.
On the basis of a previous report that the pH selectivity of VSV-G
toward tumor tissues (to pH 6.5 to 7.1) could be improved by intro-
ducing the point mutation H162R (19), we tested whether exosomes
expressing this mutant VSV-G on their surfaces could fuse with
cancer cells in the weakly acidic tumor microenvironment. Plasmids
encoding mutant VSV-G H162R (mVSVG) were generated by site-
directed mutagenesis and transfected into human embryonic kid-
ney (HEK) 293T cells. After 48 hours, exosomes were collected by
harvesting the conditioned medium and subjecting it to filtration
and ultracentrifugation. As controls, media were collected from
HEK293T cells subjected to transfection of mock plasmids (Con-Exo)
or plasmids encoding wild-type VSV-G (wtVSVG-Exo) or CD63-
GFP (GFP-Exo).

The engineered exosomes expressing VSV-G proteins on their
membranes (mVSVG-Exo) were spherical in shape with a diameter
of ~80 nm (Fig. 1, A and B). Other exosomes (wtVSVG-Exo, GFP-
Exo, and Con-Exo) were confirmed to have similar properties to
mVSVG-Exo, as indicated in our previous study (fig. S1A) (12). To
determine whether mVSVG-Exo could fuse with cancer cell mem-
branes to mediate delivery of VSV-G under in vitro conditions, we
used confocal microscopy and flow cytometry to track the location
of VSV-G proteins in the 4T1-Luc, EL4-Ova, and CT26.CL25 cancer
celllines. VSV-G requires low-density lipoprotein receptors (LDLRs)
as fusion partners as well as low pH for mediating fusion. Fortu-
nately, tumor lesions have areas of low pH (weakly acidic) (20) and
express high level of LDLRs (fig. S1B) (21). Therefore, we took ad-
vantage of the pH-sensitive abilities and LDLR specificities of VSV-G
for selective targeting of the tumor cells. Our results showed that, at
pH 6.8, mutant VSV-G was transferred from the exosomes to 4T1-
Luc cancer cell membranes at much higher levels than wild-type VSV-G
(delivered by wtVSVG-Exo) (Fig. 1C and fig. S1, C and D). However,
we observed no significant differences in exosome-mediated mVSVG
delivery in BALB/3T3 fibroblasts, which hardly express LDLR pro-
teins (fig. S1, E and F). In addition, treatment of 4T1-Luc cells with
mVSVG-Exo caused a concentration-dependent increase in mem-
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brane editing at pH 6.8, whereas this was not seen in the other groups
(fig. S2). Notably, exosome-mediated VSV-G delivery was observed
for both wild-type and mutant proteins at pH 5.5 (Fig. 1C). Transfer of
mutant VSV-G at pH 6.8 was also observed in EL4-Ova lymphoma
cells and CT26.CL25 colon cancer cells (fig. S3A). After 12 hours, the
VSV-G proteins transferred from mVSVG-Exo were hardly observed
in 4T1-Luc cell membranes, where they stayed for at least 4 hours
(fig. S3B). Collectively, these results demonstrate that mVSVG-Exo
can efficiently deliver the mutant VSV-G proteins to the cancer cell
surface under weakly acidic conditions.

VSV-G has been reported to be sensed by the innate immune
cellsasa PAMP (22). For this reason, mVSVG-Exo or wtVSVG-Exo
treatment on bone marrow-derived macrophages (BMDMs) induced
the release of proinflammatory cytokines [interleukin-6 (IL-6) and
tumor necrosis factor-ao (TNF-a)], chemokines (CXCL10/CRG-2 and
CXCL1), and adhesion molecules (sSICAM-1) to the extent similar
with LPS treatment (fig. S4A). To verify that this viral PAMP can en-
hance the activity of phagocytes, we evaluated whether exosome-
mediated mVSVG xenogenization increased the in vitro phagocytic
activity of BMDMs and bone marrow-derived DCs (BMDCs) co-
cultured with various tumor cell lines. Our result showed that cancer
cells (EL4-Ova, 4T1-Luc, and CT26.CL25) fused with mVSVG-Exo
and cultured at pH 6.8 were more readily engulfed by BMDMs and
BMDCs compared with the relevant controls (Fig. 1D and figs. S4,
B to D, and S5, A and B). This phagocytic activity of BMDMs and
BMDCs was decreased by preblocking with anti-VSV-G antibodies,
indicating that the effect was VSV-G dependent (Fig. 1D and fig. $4,
Cto E). To exclude the possibility that cancer cell death was induced
by mVSVG-Exo-mediated membrane editing, we performed CCK-8
(Cell Counting Kit-8) assays after 24 hours of mVSVG-Exo treat-
ment. As shown, exosome-mediated mVSVG delivery on 4T1-Luc and
EL4-Ova cancer cells did not cause any significant change in cell
viability (fig. S5, C and D).

Next, we assessed the antitumor effects of mVSVG-Exo in vivo
using the EL4-Ova lymphoma syngeneic tumor model mice. After
the tumor was around the size of 100 mm?’, mice were intratumor-
ally administered with mVSVG-Exo, wtVSVG-Exo, or Con-Exo. As
shown in Fig. 2A, mVSVG-Exo treatment significantly inhibited tu-
mor growth, whereas treatment with wtVSVG-Exo only slowed tu-
mor growth and Con-Exo and GFP-Exo had no impact on tumor
progression (Fig. 2, A and B, and fig. S6A). There was no significant
between-group difference in body weight (fig. S6B).

We also evaluated the antitumor ability of mVSVG-Exo against
other tumors, using CT26.CL25-mCherry and 4T1-Luc orthotopic tu-
mor models in mice. The results showed that mVSVG-Exo mediated
successful tumor regression in both mouse models (Fig. 2, C and D,
and fig. S6, C to E). Note that, as the 4T1-Luc breast tumor model is
one of the most aggressive breast cancer cell lines, the in vivo anti-
tumor effect of mVSVG-Exo on the 4T1-Luc tumor (fig. S6, C and
D) was lower than that on either EL4-Ova or CT26.CL25-mCherry
tumors (Fig. 2, A to D). To determine whether the mVSVG-Exo-
induced antitumor activity was mediated by tumor cell xenogeniza-
tion, we used flow cytometry to detect the retained VSV-G proteins
on cancer cell membranes. Two hours after intratumoral adminis-
tration of exosomes, tumor tissues were resected and dissociated to
single cells, and the VSV-G proteins on cancer cell membranes were
stained using an anti-VSV-G antibody. VSV-G proteins delivered
by mVSVG-Exo were found on the surfaces of CT26.CL25-mCherry
cancer cells. However, VSV-G™ signals were hardly observed in other
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Fig. 1. mVSVG-Exo fuses with cancer cell membrane and enhances phagocytosis of cancer cells. (A) Western blotting of mVSVG-Exo and Con-Exo was performed to
detect VSV-G and the exosomal markers Alix, CD63, and Tsg101. (B) Size distribution of mVSVG-Exo, as assessed using dynamic light scattering analysis. Inset image:
Representative transmission electron microscopy (TEM) image of mVSVG-Exo. (C) Representative confocal immunofluorescence images (left) showing that mVSVG-Exo
(green) fuses with 4T1-Luc cell membranes (red) at pH 6.8 (upper) but not at pH 7.4 (lower). The membrane-editing capacity of mVSVG-Exo and wtVSVG-Exo with 4T1-Luc
cells under different pH conditions was quantified by flow cytometry (right). The total amount of exosomal protein treated in cancer cells was equalized by BCA protein
assay. Data are presented as the relative MFI toward the pH 7.4 group (n = 3). WGA, wheat germ agglutinin; DAPI, 4',6-diamidino-2-phenylindole. (D) pHrodo-labeled
4T1-Luc cells pretreated with exosomes were cocultured with 5-chloromethylfluorescein diacetate (CMFDA)-labeled BMDMs or BMDCs for 2 hours under the indicated
conditions, and the percentages of phagocytosis were measured by counting the numbers of engulfed 4T1-Luc cells with BMDMs or BMDCs (left; n = 6 to 8). Representa-
tive microscopic pHrodo images of BMDMs against 4T1-Luc cells (right). Scale bars, 50 um. P values were determined by one-way analysis of variance (ANOVA) with
Tukey's post hoc test; **P <0.01, ***P < 0.001.

cell types (CD45" immune cells, CD31" endothelial cells, and CD90.2"
cancer-associated fibroblasts) of the tumor microenvironment (Fig. 2,
E and F, and fig. S7, A to C). Low LDLR expression was detected
in these normal cells (fig. S7E). We also confirmed that there is no
change in the pH of tumor tissues (pH ~6.8) before and after injec-
tion of pH 7.4 solutions (fig. S7D).

Because the CT26.CL25 cell expressing mCherry was initially
generated to enable monitoring of in vivo phagocytosis (23), we
were able to analyze the engulfment of CT26.CL25-mCherry cells
by phagocytes (DCs and macrophages) in tumor tissues of the syn-
geneic tumor model. Our results showed that there were far more
mCherry” macrophages and DCs in mVSVG-Exo-treated mice com-
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pared to control mice (Fig. 2, G and H, and fig. S8A). These results
demonstrate that mVSVG-Exo-mediated xenogenization contributes
to enhancing phagocytosis, which is an important part of eliciting
an antitumor effect.

DC-mediated T cell priming is important for the antitumor
immunity triggered by mVSVG-Exo

After DCs engulf a tumor cell, they process the tumor-derived antigens
and then migrate toward a lymph node (LN) to undergo maturation.
The matured DCs then prime effector T cells to activate the cancer-
specific immune response (24). Here, we used flow cytometric anal-
ysis to evaluate the ability of DCs to present the captured antigens
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Fig. 2. mVSVG-Exo induces antitumor immunity. On day 6, EL4-Ova (A and B) or CT26.CL25-mCherry (C, D, G, and H) tumor models were treated (intratumorally) twice
ata 1-day interval with 100 g of mVSVG-Exo, wtVSVG-Exo, Con-Exo, or PBS. (A) Tumor size (mm?) profiles (n = 9). (B) Tumor weight (g) at day 18 was analyzed (n = 9).
(C) Tumor size (mm?) profiles (n=5 to 7). (D) Tumor weight (g) at day 21 was analyzed (n=5 to 7). (E) When the average CT26.CL25-mCherry tumor volumes reached
100 mm3, mice were treated (intratumorally) with 100 pg of mVSVG-Exo, wtVSVG-Exo, Con-Exo, or PBS. After 2 hours, tumors were collected and processed to single-cell
suspensions. The level of VSV-G on sorted cells was assessed by flow cytometry. Data are presented as means of relative MFI toward the control (n = 4). (F) Representative
histogram images of VSV-G signals from indicated cells. (G and H) Macrophages and DCs were isolated from tumors on day 10 after tumor inoculation. The percentage of
macrophages or DCs containing mCherry™ signals was determined by flow cytometry (n = 4). TME, tumor microenvironment. Arrows indicate treatment time points.
P values were determined by one-way ANOVA with Tukey's post hoc test or Student's t test; *P < 0.05, **P < 0.01, ***P < 0.001.
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to T cells in vivo. As shown in Fig. 3A, mVSVG-Exo markedly in-  exosomes did not affect the cross-presentation of Ova-derived pep-
creased the cross-presentation of an Ova-specific antigen to major  tides complexed with MHC-I on DCs (Fig. 3A and fig. S8B).

histocompatibility complex (MHC) class I by DCs (CD11c") in tumor- DC maturation can be triggered by the phagocytosis of dying
draining LNs of EL4-Ova tumor models. In contrast, the other tested  tumor cells (25) and by TLR4 agonists (26). Because VSV-G has been
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Fig. 3. Exosomes harboring VSV-G enhance TLR4-mediated DC cross-priming. (A, B, D, and E) On day 6 after tumor inoculation, EL4-Ova tumor models were treated
(intratumorally) twice at a 1-day interval with 100 ug of mVSVG-Exo, wtVSVG-Exo, Con-Exo, or PBS. Tumor tissues or tumor-draining LN cells were extracted at day 18.
(A) The percentage of H2kb-OVA™ in CD11c* cells was analyzed by flow cytometric analysis (n =4 or 5). (B) The average levels of CD40 or CD86 on DCs (CD11c” cells) were
analyzed by flow cytometric analysis. Data are presented as the relative MFI toward the control (n =4 or 5). (C) IFN-B production of BMDCs treated with 10 ug of mVSVG-
Exo, wtVSVG-Exo, Con-Exo, or PBS was assessed by enzyme-linked immunosorbent assay (ELISA) (n = 2). (D) Macrophages (F4/80" cells) or DCs (CD11c" cells) of tumor
tissues were cocultured for 72 hours with OT-I cells, and the amount of IFN-y was assessed by ELISA (n =3 to 5). (E) The percentage of CD8" T cells (CD45.2*CD3*CD8") and
CD4* T cells (CD45.2*CD3*CD4") was evaluated by flow cytometric analysis in tumor-draining LN (DLN) (n = 6). P values were determined by one-way ANOVA with Tukey's
post hoc test; *P < 0.05, **P < 0.01, ***P < 0.001.
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found to act as a TLR4 agonist (27), we verified the effect of our
exosomes on TLR4-mediated DC maturation. To assess in vivo DC
maturation following exosome treatment, we detected the expres-
sion levels of costimulatory molecules (CD40 and CD86) on DCs
in tumor-draining LNs of our EL4-Ova tumor model. The results
showed that exosomes containing both wild-type and mutant VSV-G
(WtVSVG-Exo and mVSVG-Exo) increased the expression levels of CD40
and CD86 on DCs from tumor-draining LNs (Fig. 3B and fig. 8, Cand D).
More in vivo DC maturation was associated with wtVSVG-Exo treat-
ment, correlating with the slight decrease in tumor progression seen
in wtVSVG-Exo-treated EL4-Ova tumor model mice (Fig. 2A).

Given that VSV-G can activate TLR4-mediated innate immunity
(28), we further investigated whether exosomes containing VSV-G
could induce type I interferon (IFN)-related responses in BMDCs.
We found that both mVSVG-Exo and wtVSVG-Exo triggered a
marked production of IFN-f, which is known to enhance the matu-
ration and cross-priming capability of DCs. This increased produc-
tion of IFN-P was abolished in cells that were preblocked with an
anti-TLR4-neutralizing antibody (Fig. 3C).

As described above, mVSVG-Exo could enhance TLR4-mediated
DC maturation, cancer cell phagocytosis, and antigen presentation.
To investigate whether mVSVG-Exo treatment potentiates the ca-
pability of DCs to prime CD8" T cells, we analyzed ex vivo IFN-y
production by T cells that had been primed with DCs and macro-
phages from EL4-Ova tumor tissues in syngeneic mice. When tumor
tissue—derived DCs were incubated with OV A-specific OT-IT cells,
considerable increased IFN-y production was measured in the mVSVG-
Exo-treated group, whereas macrophages did not show increased
T cell activation (Fig. 3D). Consistent with these results, mVSVG-
Exo treatment significantly increased the frequency of CD8" T cells
(CD45.2"CD3"CD8") and CD4" T cells (CD45.2"CD3"CD4") in
tumor-draining LNs, in which T cells were educated by antigen-
presenting cells (Fig. 3E and fig. S9, E and F). These results suggest
that the cross-priming ability of DCs is important for augmenting an
antitumor immune response after mVSVG-Exo treatment.

Therapeutic effect of mVSVG-Exo requires CD8" T cells

To determine the role of T cell immunity in the antitumor immune
response triggered by mVSVG-Exo, we inoculated EL4-Ova cells
into T cell-deficient nude mice. In contrast to the results presented in
Fig. 2A, the same course of intratumoral mVSVG-Exo treatment that
was effective in immunocompetent mice showed no tumor growth
inhibition in immunodeficient nude mice (Fig. 4A and fig. S9A).
However, when we doubled the dosing frequency, tumor growth was
slightly inhibited even in immunodeficient nude mice (Fig. 4B and
fig. S9B). These results were derived because “exosome-mediated
xenogenization” can stimulate phagocytes such as DCs or macro-
phages to engulf some of the tumor cells. On the other hand, these
results indicate that the mVSVG-Exo-mediated enhancement of
phagocytosis is not sufficient for tumor growth inhibition and that
T cell immunity appears to be required for the maximal therapeutic
outcome. We further analyzed the effects of mVSVG-Exo on tumor
growth in the EL4-Ova tumor model in Batf3~'~ knockout (BATF3
KO) mice or mice depleted of CD8" T cells. BATF3 KO mice, which
specifically lack CD8" and CD103" DCs, are unable to exhibit com-
petent tumor-specific cytotoxic T cell immunity. Alternatively, CD8"
T cells were depleted by intraperitoneal injection of a neutralizing
antibody. Our results revealed that depletion of CD103" DCs or
CD8" T cells robustly abrogated the antitumor response produced
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by mVSVG-Exo (Fig. 4, C and D, and fig. S9, C and D). These im-
paired antitumor effects suggest that mVSVG-Exo-mediated tumor
regression is dependent on CD8" T cells.

We also performed immunofluorescence staining for CD8" cells
in EL4-Ova tumor tissues to examine the local tumor-infiltrating
CD8" T cells. We observed that mVSVG-Exo treatment significantly
augmented an infiltration of CD8" T cells into tumors compared
to that in the other groups (Fig. 4E and fig. S10, A and C). Notably,
mVSVG-Exo treatment markedly activated the release of T helper 1
(Tul) cytokines (IFN-y, TNF-0, and IL-2) from CD8" T cells in
EL4-Ova tumor tissues (Fig. 4F). Moreover, the number of MDSCs
(Myeloid Derived Suppressor Cells) (CD45.2*CD11b"GR-1"), which
dampen antitumor immunity, was reduced in the tumor tissues
(fig. S10, B and D). This changed immune contexture in tumor
demonstrates that mVSVG-Exo can strongly elicit a local immune
response in the tumor site, leading to the tumor regression by triggering
systemic T cell immune responses.

Combination of mVSVG-Exo plus an anti-PD-L1 antibody
effectively induces antitumor immunity

Programmed death ligand-1 (PD-L1) on tumor cells is often up-
regulated by IFN-y production within the tumor microenvironment
and is correlated with the response rate of PD-1/PD-L1 blockade
(29, 30). To assess whether mVSVG-Exo promotes the production of
IFN-y against tumor-specific antigens, we extracted splenocytes from
EL4-Ova syngeneic tumor model mice and analyzed their immuno-
logical response against the Ova peptide. Splenocytes from mVSVG-
Exo-treated mice produced more IFN-y in response to the Ova peptide
compared to the control mouse groups (Fig. 5A). As expected,
mVSVG-Exo treatment also markedly increased IFN-y-mediated
PD-L1 expression in the tumor microenvironment (Fig. 5B).

Next, we examined the therapeutic effect of combination therapy
using immune checkpoint blockade together with mVSVG-Exo in
the EL4-Ova syngeneic tumor model. Anti-PD-L1 monotherapy had
no impact on tumor progression, and monotherapy with mVSVG-
Exo inhibited tumor growth but did not trigger complete tumor
regression. In contrast, the combination treatment of mVSVG-Exo
plus anti—-PD-L1 yielded a marked tumor-suppressing effect, induc-
ing complete tumor regression in 30% (3 of 10) of mice and improv-
ing overall survival (Fig. 5, C and D, and fig. S10E). To determine
whether this combination therapy elicited tumor-specific immuno-
logic memory, we selected mice found to be tumor-free after com-
bined therapy and re-injected them with EL4-Ova tumor cells. While
EL4-Ova tumor cell rechallenge resulted in rapid tumor growth in
naive mice, mice that had eliminated the primary tumor after com-
bined therapy were entirely resistant to rechallenge with same tumor
cells (Fig. 5E). Collectively, these results indicate that combination
therapy with mVSVG-Exo plus anti-PD-L1 contributes to inducing
a specific and long-lasting systemic immune memory response that
can eradicate the primary tumor and prevent recurrence.

DISCUSSION

On the basis of our previous study using engineered exosomes to
direct transfer of functional membrane proteins into cellular mem-
branes (12), here we used fusogenic exosomes that harbor mutant
VSV-G working at pH 6.8, thereby delivering viral PAMPs to the
cancer cell membranes. This novel exosome-based xenogenization
method can increase the probability of tumor cells to be recognized
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Fig. 4. Antitumor effect of mVSVG-Exo requires CD8" T cell immunity. (A) EL4-Ova tumor-bearing nude mice, (C) Batf3 KO mice, or (D) CD8*-depleted mice were in-
jected (intratumorally) twice with 100 ug of mVSVG-Exo, Con-Exo, or PBS. Tumor size (mm?) profiles (n = 5 to 6). (B) EL4-Ova tumor-bearing nude mice were treated (intra-
tumorally) four times with 100 ug of mVSVG-Exo, Con-Exo, or PBS. Tumor size (mm?) profiles (n =6 to 8). Arrows indicate treatment time points. (E and F) On day 6 after
tumor inoculation, EL4-Ova tumor-bearing mice were treated (intratumorally) twice at a 1-day interval with 100 pg of mVSVG-Exo, wtVSVG-Exo, Con-Exo, or PBS. Tumor
tissues of EL4-Ova tumor models were extracted at day 18. (E) Representative immunofluorescence images (left) of CD8" T cell infiltration in the tumor tissues from treated
mouse. The number of CD8" T cells per mm? was analyzed using ImageJ software (right) (n = 10 to 12). Scale bars, 50 um. (F) The average levels of IFN-y, TNF-a, or IL-2 on
CD8* T cells in tumor tissues were evaluated by flow cytometry. Data are presented as means of relative MFI toward the control (n = 3). P values were determined by
one-way ANOVA with Tukey's post hoc test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. Combined treatment with mVSVG-Exo plus anti-PD-L1 effectively induces antitumor immunity. (A and B) On day 6 after tumor inoculation, EL4-Ova tumor
models were treated (intratumorally) twice at a 1-day interval with 100 ug of mVSVG-Exo, wtVSVG-Exo, Con-Exo, or PBS. Splenocytes and tumor tissues of EL4-Ova tumor
models were extracted at day 10. (A) Splenocytes were stimulated with the Ova peptide, B-gal peptide, or gp70 peptide for 24 hours, and the amount of IFN-y was evalu-
ated by ELISA (n=3 to 5). (B) Representative immunofluorescence images of tumor tissues stained with anti-PD-L1. (C to E) EL4-Ova tumor-bearing mice were treated
with mVSVG-Exo (100 pg, intratumorally) on days 6 and 7, combined with PD-L1 antibody (200 g, intraperitoneally) on days 10, 12, 14, and 16. (C) Tumor size (mm°)
profiles (n=10). (D) Kaplan-Meier survival graphs of EL4-Ova tumor-bearing mice following the combination therapy (n=10). (E) Tumor-free mice obtained after the
combination therapy (n = 3) were rechallenged in the contralateral flank with 1 x 10° EL4-Ova cells at 1 month after their complete regression of the primary tumor. Scale
bars, 50 um. P values were determined by (A, C, and E) one-way ANOVA with Tukey's post hoc test and (D) the log-rank test; *P < 0.05 **P < 0.01, ***P < 0.001.
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by DCs and renders immunologically cold tumors to T cell-inflamed
(hot) tumors (Fig. 6). First, we found that fusogenic exosomes could
deliver mVSV-G, a “viral antigen,” to tumor cells selectively and
xenogenized tumor cells promoted the phagocytic function of macro-
phage and DC in vitro and in vivo. The activation of phagocytes led
to the enhanced presentation of tumor antigens to T lymphocytes.
Second, exosome harboring mVSV-G induced TLR4-mediated DC
maturation. In addition, we showed that the enhanced maturation
and antigen-presenting activity of DCs increased CD8" T cell cross-
priming. Third, the administration of these exosomes to mice rep-
resenting multiple tumor models rendered the tumor cells more
immunogenic, leading to decreased tumor growth. The therapeutic
effect of mVSVG-Exo was dependent on CD8" T cell immunity.
Furthermore, we suggested a therapeutic strategy combining mVSVG-
Exo with anti-PD-L1 antibody that could augment antitumor immune
responses, including complete tumor regression, better long-term sur-
vival, and conferred protection from tumor rechallenge.
Accumulating evidence indicates that the response rate of can-
cer immunotherapy is often associated with the immunogenicity of a
tumor, with tumors bearing high mutational burden showing more
improved response to immune checkpoint inhibitor than tumors
bearing low mutational burden (2). We used our fusogenic exosome
to deliver FMGs that modified cancer cell membranes to include

mVSVG-exosome

PAMPs, which enabled the host immune system to recognize the tu-
mor as foreign. As many tumors with low mutational burdens have
the little inherent potential to elicit antitumor immune responses,
our approach may prove to be a useful means to facilitate tumor im-
munogenicity by exposing PAMPs and to allow multiple types of can-
cer to respond to immune checkpoint blockades.

The idea of “xenogenization (or heterogenization)” was first
defined in 1969 from the finding of the immunological rejection of
transplanted tumors after artificial infection of tumors with murine
leukemia viruses. These virus-infected tumors underwent regression
because they had acquired a highly antigenic virus-specific antigen
(4). These antigens were recognized as foreign to the host and thus
precipitated a robust immune response against the tumor. Using viral
xenogenization as a springboard, researchers next investigated chem-
ical xenogenization. For example, the antitumor drug dacarbazine
[dimethyltriazene-imidazole-4-carboxamide (DTIC)] was used to
transplant antigens to malignant cells in leukemia-bearing mice
(5, 31). However, these strategies for viral and chemical tumor xe-
nogenization failed to gain a toehold in the context of anticancer
therapy. In an effort to develop a xenogenization, we demonstrated a
simple exosome-based strategy that enabled a foreign antigen to be
directly introduced onto the cancer cell membrane. Here, we used
fusogenic exosomes to xenogenize tumor cells with a viral PAMP
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Fig. 6. Schematic illustration of mVSVG-Exo-mediated tumor xenogenization strategy. (A) mVSVG-Exo fuses with the tumor cell membrane in an LDLR- and
pH-dependent manner. (B) mVSVG-edited tumor cells are more easily engulfed by phagocytes. (C) mVSVG-Exo can activate DC functions by stimulating TLR4 signaling.
This strategy enhances cross-prime ability, which can further increase CD8" T cell immunity against cancer.
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that is foreign to the host, leading to tumor regression. Our results
highlight the potential immunotherapeutic anticancer use of exo-
somes hitherto unknown and revive the concept of enhancing tumor
immunogenicity.

To translate this approach to the clinical application in cancer
immunotherapy, many things are required to be solved (11). There
are still challenges pertaining to the efficiency of protein delivery by
fusogenic exosomes. The heterogeneity of exosomes makes it diffi-
cult to quantify and control the dose of PAMP proteins needed to
enhance phagocytosis. Nevertheless, our present results indicate that
exosome-induced xenogenization appears to offer a new approach
for improving the therapeutic efficacy of immune checkpoint block-
ade in cancer patients. The proposed approach is expected to repre-
sent a powerful tool for understanding the direct communication
between tumor immunogenicity and the cancer susceptibility to the
host’s immune responses.

MATERIALS AND METHODS

Animals

BALB/c, BALB/c nude, and C57BL/6 mice (age, 8 weeks) were
purchased from Orient Bio. C57BL/6-Tg(TcraTcrb)1100Mjb/J and
B6.129S(C)-Batf3tm1Kmm/J mice were purchased from The Jackson
Laboratory. All mice were maintained and raised in a specific pathogen-
free animal room at the Korea Institute of Science and Technology
(KIST). All animal experiments were performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee
(IACUC) of KIST.

Reagents

The neutralizing CD8 (clone: 2.43), isotype-matched control (clone:
LTF-2), and PD-L1 antibodies (clone: 10F.9G2) were obtained from
Bio X Cell. The CD86 [clone: GL-1, fluorescent: phycoerythrin (PE)],
CD40 (clone: 3-23, fluorescent: PE), CD3 [clone: 17A2, fluorescent:
fluorescein isothiocyanate (FITC)], CD8a. [clone: 53-6.7, fluorescent:
allophycocyanin (APC)], CD4 (clone: GK1.5, fluorescent: APC), IFN-y
(clone: XMG1.2, fluorescent: PE), TNF-a (clone: MP6-XT22, fluo-
rescent: PE), IL-2 (clone: JES6-5H4, fluorescent: PE), CD11c (clone:
N418, fluorescent: APC), F4/80 (clone: BMS, fluorescent: APC),
CD274 (B7-H1,PD-L1) (clone: 10F.9G2, fluorescent: APC), CD45.2
(clone: 104, fluorescent: PE/Cy7), CD11b (clone: M1/70, fluorescent:
FITC and APC), and Gr-1 (clone: RB6-8C5, fluorescent: FITC) anti-
bodies were purchased from BioLegend. The rat immunoglobulin
G1 (IgG1) isotype control antibody (clone: RTK2071, fluorescent: PE),
rat IgG2a isotype control antibody (clone: RTK2758, fluorescent:
APC, and PE), rat IgG2b (clone: RTK4530, fluorescent: APC, PE,
and FITC), Armenian hamster IgG isotype control antibody (clone:
HTKS888, fluorescent: APC), and mouse IgG2a isotype control anti-
body (clone: MOPC-173, fluorescent: PE/Cy7) served as isotype-
matched controls and were purchased from BioLegend. The CD8a
(clone: 53-6.7), PD-L1 (clone: 10F.9G2), and rat IgG2a isotype con-
trol antibodies (clone: R35-95) were obtained from BD Pharmingen.
The VSV-G (clone: P5D4), CD63 (clone: MEM-259), Tsg101 (clone:
4A10), green fluorescent protein (GFP) [ab 290, chromatin immuno-
precipitation (ChIP) grade], and LDLR antibodies (clone: EP1553Y)
were purchased from Abcam. Alix (clone: H270) and CD81 (clone:
sc-166029) were obtained from Santa Cruz Biotechnology. The re-
combinant mouse macrophage colony-stimulating factor (M-CSF)
and Flt-3 ligand protein were obtained from PeproTech. The CD8"
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T cell enrichment columns and IFN-y and IFN- enzyme-linked im-
munosorbent assay (ELISA) kits were purchased from R&D Systems.
The 5-chloromethylfluorescein diacetate (CMFDA) and TLR4 (clone:
MTS510) antibodies were obtained from Thermo Fisher Scientific.
pHrodo-SE was obtained from Invitrogen. The CD90.2, CD31, CD45,
F4/80, and CD11c microbeads and the Dead Cell Removal Kit were
purchased from Miltenyi Biotec.

Cell culture

HEK293T and EL4-Ova lymphoma cells (gifted by S.-H. Lee; Korea
Advanced Institute of Science and Technology, Republic of Korea)
were cultured in Dulbecco’s modified Eagle’s medium high glucose
(DMEM-high glucose, HyClone) with 10% fetal bovine serum (FBS;
Gibco) and 1% antibiotics-antimycotics (Gibco). Murine 4T1-Luc
breast tumor and CT26.CL25 colon tumor cells were maintained in
RPMI 1640 (Welgene) containing 10% FBS (Gibco) and 1% antibiotic-
antimycotics (Gibco). For differentiation into BMDMs, bone mar-
row cells separated from BALB/c or C57BL/6 mice were incubated with
mouse M-CSF (20 ng ml™) (PeproTech) for 7 days. BMDCs were
differentiated from bone marrow cells of C57BL/6 or BALB/c mice with
Flt-3 ligand (PeproTech, 200 ng ml™") and 0.1% B-mercaptoethanol
for 10 days. Flow cytometric analysis was performed to confirm the
differentiation of BMDMs or BMDC:s using F4/80 or CD11c antibody.
OT-I cells were isolated from C57BL/6-Tg(TcraTcrb)1100Mjb/J mice
using a CD8" T cell enrichment column. The CT26.CL25-mCherry
cell line was developed by transduction of CT26.CL25 cells with
mCherry-encoding retrovirus systems. mCherry expression was con-
firmed by flow cytometric analysis. Incubation conditions of all cells:
5% CO,, 37°C. No mycoplasma contamination was detected in any
cell line used in this study.

Characterization of purified mVSVG-exosome

Following medium change with serum-free DMEM-high glucose [sup-
plemented with Glutamax (1%; Gibco) and antibiotics-antimycotics
(1%; Gibco)], HEK293T cells were subjected to DNA transfection.
Transfection was performed with plasmid encoding mVSVG (20 pg)
and Lipofectamine 3000 (Invitrogen). After 48 hours, supernatants
were harvested. Cellular debris and microvesicles were removed by
serial centrifugation (10 min at 300g, 10 min at 2000g, and 30 min at
10,000g). The supernatants were filtered with a 0.22-pm pore filter
and ultracentrifuged for 3 hours at 150,000g in a 45 Ti rotor (Beckman
Instruments). The obtained exosomal pellet was resuspended in
phosphate-buffered saline (PBS) with proteinase inhibitors (Roche).
The BCA Protein Assay Kit (Bio-Rad) was used for quantifying the
total protein concentration of exosomes.

Dynamic light scattering

The size distribution of exosomes was analyzed by dynamic light
scattering (DLS) using Zetasizer Nano ZS (Malvern Instrument,
United Kingdom) with the following parameters: fixed angle, 173°;
temperature, 25°C; and refractive index, 1.450. The measured data
were analyzed using the program provided by the instrument.

Transmission electron microscopy

The structures of prepared exosomes were detected by transmission
electron microscopy (TEM) (Tecnai System). In brief, exosomes (20 ug)
fixed with 4% formaldehyde were placed on formvar/carbon-coated
grids, washed with filtered PBS, and stained with uranyl acetate solu-
tion. After 24 hours of incubation, samples were analyzed with TEM.
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Immunoblotting

The BCA protein assay was used for ensuring that equal concentra-
tions of exosomes were prepared for SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE). After SDS-PAGE, samples were transferred
to nitrocellulose membranes. The blots were incubated overnight at
4°C with the following primary antibodies: VSV-G (clone: P5D4),
Alix (clone: H270), CD63 (clone: MEM-259), Tsg101 (clone: 4A10),
CD81 (clone: sc-166029), GFP (ab 290, ChIP grade), and LDLR (clone:
EP1553Y). Next, the membranes were probed with horseradish
peroxidase-conjugated anti-rabbit (Sigma-Aldrich) or mouse sec-
ondary antibody (Sigma-Aldrich). Last, the blots were visualized
with enhanced chemiluminescence reagents (Bio-Rad).

Membrane-editing assays with mVSVG-Exo

To confirm the membrane-editing capacity of mVSVG-Exo, 5 x 10
4T1-Luc breast tumor cells, EL4-Ova lymphoma cells, or CT26.CL25
colon tumor cells were maintained for 10 min at 37°C with 50 ug
of mVSVG-Exo, wtVSVG-Exo, or Con-Exo in 1 ml of fusion buffer
(1.8 mM NaH,POy4, 10 mM Hepes, 8.4 mM Na,HPOy, 2.5 mM NaCl,
10 mM MES, with the pH adjusted with HCl to 5.5, 6.8, or 7.4). The
cells were then washed and incubated with fresh medium for 1 hour.
For our in vitro flow cytometry-based membrane-editing assay,
5x 10° 4T1-Luc breast tumor, EL4-Ova lymphoma, or CT26.CL25
colon tumor cells were incubated with 25, 50, or 100 ug of mVSVG-
Exo, wtVSVG-Exo, or Con-Exo in with fusion buffer (pH 5.5, 6.8,
or 7.4) for 10 min at 37°C and then incubated with fresh medium
for 1 hour. Thereafter, the cells were stained with the VSV-G (clone:
P5D4) antibody and then Alexa Fluor 647-conjugated secondary
antibody (Jackson ImmunoResearch). For confocal analysis of the
mVSVG-Exo-mediated transfer of mVSVG, 5 x 10° 4T1-Luc breast
tumor cells were incubated with mVSVG-Exo (50 pig) in fusion buf-
fer (1 ml) at 37°C for 10 min. The cells were then seeded in a four-
well chamber (154526, Nunc) with complete RPMI medium and
incubated for 1, 4, 8, 12, or 16 hours. The cells were fixed with 4%
paraformaldehyde (Biosesang), preblocked with 3% bovine serum
albumin (BSA) solution (Affymetrix), and incubated with the VSV-G
antibody (clone: P5D4) and then Alexa Fluor 488-conjugated sec-
ondary antibody (Jackson ImmunoResearch) with 1% BSA solution.
The plasma membranes were labeled with wheat germ agglutinin
(5 ug ml™!) and Alexa Fluor 633 conjugate dye (Thermo Fisher Sci-
entific) with 1% BSA solution. For our in vivo flow cytometry-based
membrane-editing assay, BALB/c mice were implanted in the left flank
with 1 x 10° CT26.CL25-mCherry cells. After the tumor reached an
average size of 100 mm’, mVSVG-Exo (100 ug), wtVSVG-Exo (100 ug),
Con-Exo (100 ug), or PBS was administered via intratumoral injec-
tion. After 2 hours, tumors were isolated. Single tumor cell suspen-
sions were generated using the MACS Tumor Dissociation Kit and
the Dead Cell Removal Kit. The endothelial cells, cancer-associated
fibroblasts, and immune cells were isolated using CD90.2, CD31, and
CD45 microbeads (Miltenyi Biotec), respectively. Each of the isolated
cells, including tumor cells, was incubated with the VSV-G (clone:
P5D4) and Alexa Fluor 647-conjugated secondary antibodies (Jackson
ImmunoResearch).

Proteome profiler mouse cytokine array

BMDM s (3.5 x 10° cells) were seeded in 90-mm petri dishes and
pretreated with mVSVG-Exo (10 pg ml ™), wtVSVG-Exo (10 ug ml™),
GFP-Exo (10 pg ml™), and LPS (100 ng ml™) for 24 hours. After
removing the particulates by centrifugation, 1 ml of the supernatant
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was used for cytokine detection using the Proteome Profiler Mouse
Cytokine Array Kit (ARY006, R&D Systems).

Phagocytosis assay

For our in vitro phagocytosis assay, 2 x 10° BMDMs or BMDCs
stained by 1 pM CellTracker Green CMFDA (Thermo Fisher Scien-
tific) were seeded at the 35-mm dish. The following day, 4T1-Luc,
EL4-Ova, or CT26.CL25 cells were labeled with pHrodo-SE (Thermo
Fisher Scientific) and then cell membranes were fused with mVSVG-
Exo, Con-Exo, or GFP-Exo under different pH conditions. To pre-
block VSV-G proteins on tumor cell surfaces, 10 ug of the anti-VSV-G
antibody (clone: P5D4) was treated to 5 x 10° xenogenized tumor
cells in FBS-free media (1 ml) at 4°C for 30 min. The mouse IgG1
monoclonal antibody (clone: 15-6E10A7) was used as a control anti-
body. The cells were then incubated with Green CMFDA -stained
BMDMs or BMDCs at 37°C for 2 hours, and the signals of non-
engulfed pHrodo-labeled cancer cells were removed with pH 10 of
basic PBS. The phagocytosis of cancer cells was determined from
six or more randomly chosen fields per assay analyzed with a fluo-
rescence microscope (Nikon). For the in vivo phagocytosis assay,
C57BL/6 mice were implanted in the left flank with 1 x 10° CT26.
CL25-mCherry cells. After the average tumor size reached around
100 mm?, mVSVG-Exo (100 ug), wtVSVG-Exo (100 ug), Con-Exo
(100 ug), or PBS was administered twice at an interval of 1 day via
intratumoral injection. At 72 hours after the second injection, ex-
tracted tumor tissues were enzymatically dissociated into single-cell
suspensions with a tumor dissociation kit (Miltenyi Biotec). F4/80-
and CD11c-specific magnetic beads (MACS isolation systems) were
used to isolate macrophages (F4/80") and DCs (CD11c") from sin-
gle tumor cell suspensions, and the populations of mCherry” DCs
(CD11c") and macrophages (F4/80") were determined by flow cy-
tometric analysis.

In vivo tumor models

BALB/c, BALB/c nude, or C57BL/6 mice have been used for syn-
geneic tumor models. Mice were implanted in the left flank with
1 x 10°4T1-Luc, EL4-Ova, or CT26.CL25-mCherry cells. When the
average tumor size reached 70 to 120 mm” on day 6 following in-
oculation, mVSVG-Exo (100 pg), wtVSVG-Exo (100 pg), Con-Exo
(100 pg), GFP-Exo (100 pg), or PBS was injected (intratumorally)
twice at a 1-day interval. Tumor size was evaluated with calipers every
3 days and calculated as (width”x length)/2. In some experiments,
nude mice were implanted in the left flank with 1 x 10° EL4-Ova cells
and injected intratumorally on days 5, 6, 7, and 8 after tumor inocu-
lation with mVSVG-Exo (100 ug), Con-Exo (100 pug), or PBS. In other
experiments, Batf3 KO mice (B6.129S(C)-Batf3tm1Kmm/]) were
implanted in the left flank with 1 x 10° EL4-Ova cells and then in-
jected intratumorally on days 6 and 7 after tumor inoculation with
mVSVG-Exo (100 ug), Con-Exo (100 ug), or PBS. The tumor-bearing
mice of EL4-Ova were treated with mVSVG-Exo (100 pg, intratumor-
ally) on days 6 and 7 and then with PD-L1 antibody (clone: 10F.9G2,
200 pg, intraperitoneally) on days 10, 12, 14, and 16 for combina-
tion therapy. For the depletion of CD8" T cell in mice, neutralizing
CD8 antibody (clone: 2.43, 200 pg, intraperitoneally) was treated on
day 5 after tumor inoculation and every 3 days thereafter. Rat IgG2b
(clone: LTE-2) was used as a control antibody. CD8" T cell deple-
tion was confirmed by flow cytometric analysis with CD8a (clone:
53-6.7, fluorescent: APC) or rat IgG2a isotype control antibody (clone:
RTK2758, fluorescent: APC).
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Analysis of cross-presentation

For evaluating the degree of cross-presentation, the expression level of
MHC-I molecule Kb (H2kb) bound to the Ova peptide (SIINFEKL)
on DCs was observed by flow cytometry. The tumor-bearing mice
of EL4-Ova were intratumorally injected with mVSVG-Exo (100 ug),
Con-Exo (100 pg), wtVSVG-Exo (100 ug), or PBS on days 6 and 7
after tumor inoculation. On day 18, the tumor-draining LNs isolated
from each mouse were mechanically dissociated into single-cell sus-
pensions. The percentage of H2kb-OVA™ in CD11c" DCs of tumor-
draining LNs cells was analyzed by flow cytometric analysis using
CD11c (clone: N418, fluorescent: APC) and H2kb-OVA (clone:
25-D1.16, fluorescent: PE) antibodies. IgG1 isotope (clone: MOPC-21,
fluorescent: PE) and Armenian hamster IgG isotype antibody (clone:
HTKS888, fluorescent: APC) served as controls.

Analysis of DC maturation

For in vivo DC maturation analysis, the tumor-bearing mice of EL4-
Ova were intratumorally injected with mVSVG-Exo (100 ug), Con-
Exo (100 pg), wtVSVG-Exo (100 pg), or PBS on days 6 and 7 after
tumor inoculation. On day 18, the tumor-draining LNs isolated from
each mouse were mechanically dissociated into single-cell suspen-
sions. The relative MFI (Mean Fluorescence Intensity) (relative
to control) of CD86 or CD40 on CD11c* DCs of the tumor-draining
LNs cells was analyzed by flow cytometry using CD11c (clone: N418,
fluorescent: APC) plus CD40 (clone: 3-23, fluorescent: PE) or CD86
antibody (clone GL-1, fluorescent: PE). Rat IgG2a isotope (clone:
RTK2758, fluorescent: PE) and Armenian hamster IgG isotype anti-
body (clone: HTK888, fluorescent: APC) served as controls.

Analysis of priming ability of DC and macrophage

The tumor-bearing mice of EL4-Ova were intratumorally injected
with mVSVG-Exo (100 pg), Con-Exo (100 ug), wtVSVG-Exo (100 ug),
or PBS on days 6 and 7 after tumor inoculation. On day 18, the ex-
tracted tumor tissues were enzymatically dissociated into single-cell
suspensions with a tumor dissociation kit (Miltenyi Biotec). DCs or
macrophages were magnetically enriched from single-cell suspensions
using CD11c- or F4/80-specific magnetic beads (MACS isolation systems),
respectively. DCs or macrophages were cocultured with OT-I cells
isolated from C57BL/6-Tg(TcraTcrb)1100Mjb/] mice in a 1:5 ratio
for 72 hours. The level of IFN-y in cell supernatants was evaluated
with the Mouse IFN-y Quantikine ELISA Kit (R&D Systems).

IFN-y production analysis

The tumor-bearing mice of EL4-Ova were intratumorally injected
with mVSVG-Exo (100 pg), Con-Exo (100 pg), wtVSVG-Exo (100 pg),
or PBS on days 6 and 7 after tumor inoculation. On day 10, 1 x 10°
splenocytes isolated from each mouse were seeded to a 24-well dish
and challenged with the Ova peptide (10 pg ml™) (SIINFEKL) at
37°C for 24 hours. The B-gal; TPHPARIGL and gp70; SPSYVYHQF
peptides were used as negative peptides. To evaluate whether the for-
mation of tumor-specific immunity is formed, the IFN-y Quantikine
ELISA Kit (R&D Systems) was used to measure the quantity of IFN-y
in the growth medium.

IFN-B production analysis

BMDCs (5 x 10°) seeded in 96-well dishes were treated with mVSVG-
Exo (50 ug ml ™), Con-Exo (50 ug ml™Y), wtVSVG-Exo (50 ug ml™), or
PBS for 24 hours at 37°C. To preblock the TLR4 receptor, BMDCs
were pretreated with anti-TLR4 antibodies (clone MTS510, 16-9924-
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82,10 ug ml™") for 1 hour before treatment of exosomes. To evaluate
whether the type I IFN-related response was formed, a Quantikine
ELISA for mouse IFN-B immunoassay (R&D Systems) was used to
measure the quantity of IFN-B in the growth medium.

CD8 or PD-L1 immunofluorescence staining

Tumor tissues were obtained from the tumor-bearing mice of EL4-Ova
on day 18 after the indicated treatment, embedded in OCT (Optimal
Cutting Temperature) compound (Leica Biosystems) in a cryomold, and
sectioned with a rotary microtome (at 10 pm). To remove nonspecif-
ic binding, sections were preblocked with PBS containing 3% BSA
(Affymetrix) for 2 hours. The sections were then labeled at 4°C for
overnight with CD8a (clone: 53-6.7) and PD-L1 (clone: 10F.9G2) an-
tibodies. The next day, the sections washed with PBS and labeled
with an Alexa Fluor 488-conjugated secondary antibody (Jackson
ImmunoResearch). Purified rat IgG2a isotype control antibody
(clone: R35-95) was used as a control. A fluorescence microscope
(Nikon) was used to detect the CD8 or PD-L1 signals. The Image]
program (National Institutes of Health) was used for quantifying the
number of CD8" T cells per mm? (10 to 12 separate areas of three
different tumors per group).

Measurement of intratumoral pH

BALB/c mice were implanted in the left flank with 1 x 10° CT26 cells.
After the tumor reached an average size of 100 to 200 mm”, pH 7.4
of PBS solution was administered via intratumoral injection. The
intratumoral pH was measured with a pH meter (Thermo Fisher
Scientific) with needles (Medical & Research Equipment Ltd., MI-
407B) at the indicated times according to the manufacturer’s instruc-
tions. Briefly, after calibrating the pH meter with a micro-electrode,
a central hole was drilled into the tumor. Then, the reference elec-
trode and pH measuring electrode were placed inside the tumor tis-
sues and pH measurement was performed.

Cellular cytotoxicity analysis

To measure tumor cell toxicity, CCK-8 assay (Dojindo Laboratory)
was performed. EL4-Ova or 4T1-Luc (5 x 10°) fused with 50 ug of
mVSVG-Exo was seeded at 96-well plates at 37°C for 24 hours. After
24 hours, 10 pl of CCK-8 solution was added to each well and then
cell viability was evaluated with a microplate reader (SpectraMax 34,
Molecular Devices).

Flow cytometry

Single-cell suspensions were preblocked with FcR antibody (clone:
2.4G2) and then labeled with fluorescence-conjugated antibodies
according to the manufacturer’s instructions. The data were analyzed
using the Flow]Jo software (Tree Star). For intracellular cytokine
staining of CD8" T cells, single cells of tumor tissues were resuspended
in BD Cytofix/Cytoperm solution (BD Biosciences) for 30 min at 4°C
and then labeled with the following fluorescence-conjugated anti-
bodies: anti-IFN-y (clone: XMG1.2, 505807), anti-TNF-a (clone:
MP6-XT22, 506305), and anti-IL-2 (clone: JES6-5H4, 503807) in
1x Perm/Wash buffer (BD Biosciences). For calculating the relative
MF], the MFI for each sample was divided by the MFI of the control
sample. The relative MFI in Fig. 1C and figs. S1 (D and F), S2, and
S3A was calculated by dividing the MFI for each sample by the av-
erage MFI of pH 7.4 samples. The relative MFI in Fig. 2E was calcu-
lated by dividing the MFI for each sample (mCh*, CD45", CD31",
or CD90.2") by the average MFI of matched control samples (mCh™,
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CD45", CD31", or CD90.2"). The relative MFI in Figs. 3B and 4F
and fig. S7B was calculated by dividing the MFI for each sample by
the average MFI of control samples.

Statistical analysis

The size of the sample was selected based on the relevant literature.
Student’s ¢ test using the SigmaPlot 10.0 software was used for com-
paring between two groups. The significance of differences among
more than two groups was decided by one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test with Prism 5.0
(GraphPad). The statistical comparison of survival data estimated
by Kaplan-Meier analysis was evaluated using the log-rank test with
Prism 5.0 (GraphPad). All error bars are presented by SD. P values <
0.05 were determined to be statistically significant, and P values are
further specified in the figure legends.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaaz2083/DC1

View/request a protocol for this paper from Bio-protocol.
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