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SUMMARY

Tumor-derived extracellular vesicles (EVs) have been associated with immune evasion and tumor progression.
We show that the RNA-sensing receptor RIG-I within tumor cells governs biogenesis and immunomodulatory
function of EVs. Cancer-intrinsic RIG-I activation releases EVs, which mediate dendritic cell maturation and
T cell antitumor immunity, synergizing with immune checkpoint blockade. Intact RIG-I, autocrine interferon
signaling, and the GTPase Rab27a in tumor cells are required for biogenesis of immunostimulatory EVs. Active
intrinsic RIG-I signaling governs composition of the tumor EV RNA cargo including small non-coding stimula-
tory RNAs. High transcriptional activity of EV pathway genes and RIG-I in melanoma samples associate with
prolonged patient survival and beneficial response to immunotherapy. EVs generated from human melanoma
after RIG-I stimulation induce potent antigen-specific T cell responses. We thus define a molecular pathway
that can be targeted in tumors to favorably alter EV immunomodulatory function. We propose “reprogram-
ming” of tumor EVs as a personalized strategy for T cell-mediated cancer immunotherapy.

INTRODUCTION lignancies, yet response heterogeneity to ICB remains a clinical

challenge. Therefore, it is important to better understand the
Cancer immunotherapy by immune checkpoint blockade (ICB) mechanisms driving ICB-induced antitumor responses and ther-
has shown great clinical efficacy for solid and hematologic ma-  apy resistance. Engagement of type | interferon (IFN-I)-inducing
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cytosolic nucleic acid sensing pathways — particularly the cGAS/
STING and RIG-I/MAVS pathways—is critical in generating anti-
gen-specific antitumor immune responses.’™ The DNA sensor
cGAS and the downstream effector STING constitute a cytosolic
pattern recognition receptor system that recognizes cytosolic
DNA derivates from exogenous (microbial pathogens, dead
cells) and endogenous (e.g., mitochondrial damage) sources to
trigger innate immune gene transcription and IFN-I produc-
tion.>® The success of ICB with anti-CTLA-4 and anti-PD-1 are
both dependent on cGAS/STING signaling in the tumor microen-
vironment (TME)."*7"® The cytosolic RNA receptor RIG-I (en-
coded by DDX58) detects double-stranded 5’-triphosphate
RNA (BpRNA) from exogenous and endogenous sources (e.g.,
viruses, bacteria, non-coding RNAs [ncRNAs]).5%'° Down-
stream signaling via the adapter molecule MAVS and transcrip-
tion factors IRF3/IRF7 can induce potent IFN-I production. Ther-
apeutic targeting of cGAS/STING and RIG-I in the TME has
demonstrated strong antitumor effects mediated via IFN-I pro-
duction by host immune cells and simultaneous induction
of regulated cell death in malignant cells.>'" We recently
demonstrated that immunotherapy with anti-CTLA-4 and its
combination with anti-PD-1 or radiation therapy rely on tumor
cell-intrinsic activation of RIG-I but not STING signaling.'®'®
However, the mechanisms of tumor-host communication
following activation of these nucleic acid receptor pathways
within tumor cells remain elusive.

As a new paradigm in intercellular communication, informa-
tion exchange via extracellular vesicles (EVs) has become the
focus of intense research.'®'® EVs are a heterogeneous group
of membrane-encapsuled vesicles that are released from virtu-
ally all cells, including cancer cells. Depending on the mecha-
nism of EV biogenesis, distinct groups can be distinguished:
microvesicles/ectosomes are formed by direct outward
budding of the plasma membrane, while exosomes originate
from the endosomal system.'* EVs carry a vast bioactive cargo
consisting of proteins, lipids, metabolites, and nucleic acids,
which vary greatly by type and functional state of their cellular
source.'® Intrinsic properties of EVs in regulating complex intra-
cellular pathways in target cells have sparked widespread inter-
est in their potential utility in the therapeutic control of cancer.
EVs released within the TME have been predominantly re-
garded as immunosuppressive and adversarial to immuno-
therapy,'” yet the role of EVs in cancer is likely dynamic and
specific to cancer type, genetics, and stage. EVs were also
found to elicit potent immune reactions in a context-dependent
manner. Tumor-derived EVs can induce activation of dendritic
cells (DCs) via transfer of tumor-associated antigens (TAAs)
and subsequent cross-priming of specific T cells.'®'® However,
conditions under which cancer cells release such immunosti-
mulatory EVs, the involved signaling pathways, and their
impact on T cell-based antitumor immunity and, thus, interac-
tion with clinically established immunotherapies remain unclear.
We here systematically dissect key molecules governing the
biogenesis, cargo, and immunomodulatory function of tumor
EVs. We show that cancer-intrinsic cytosolic RIG-I/IFN-I
signaling can be harnessed for the generation of immunogenic
tumor EVs that trigger potent antitumor T cell responses and
synergize with ICB cancer immunotherapy.
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RESULTS

RIG-I signaling does not influence quantitative EV
release from tumor cells

To determine the role of tumor cell-intrinsic RIG-I signaling on EV
content and release, murine B16 melanoma cells expressing the
model antigen ovalbumin (B16.0VA) were transfected with a
well-established RIG-I ligand (in vitro transcribed 5'-triphos-
phorylated RNA, 3pRNA). Twenty-four hours later, melanoma-
cell-derived EVs were enriched from the culture supernatant
(SN) using mainly a precipitation-based assay. EV preparations
were termed by their cellular origin: RIG-I-EVs for EVs from SN
of B16.0OVA cells with active RIG-I receptor signaling (induced
by 3pRNA), and control EVs (Ctrl-EVs) from SN of untreated cells
under steady-state conditions. The enriched EV preparations
were analyzed by electron microscopy and quantified by nano-
particle tracking analysis (NTA). Particles were found to be homo-
genously sized with a median diameter of 130-140 nm and
showed a uniform distribution of number and concentration in
different samples (Figures S1A-S1D). Presence of EV marker
proteins that are generally associated with exosomes (Alix, Flotil-
lin 1, HSP70, CD81, CD63), and strong under-representation of
negative quality control markers (cytochrome c, calnexin) were
confirmed by western blot (Figures S1E and S1F), following the
MISEV2018 consensus guidelines by the International Society
for Extracellular Vesicles.?® Active tumor cell-intrinsic RIG-I
signaling did not impact on size, protein load, or the number of
released particles. By contrast, genetic loss of RIG-I activity did
notimpact on the abundance of EV protein markers (Figure S1G).

Tumor cell-intrinsic RIG-I signaling mediates the

release of immunogenic EVs

To assess the immunomodulatory capacity of tumor EVs
released during active RIG-I signaling, bone marrow-derived
DCs were exposed to B16.OVA melanoma-derived tumor EV
preparations. If not stated otherwise, the amount of EVs was
normalized to the amount of tumor cells that generated these
EVs and not the absolute particle numbers. Tumor cell-derived
EVs released under steady-state conditions (Ctrl-EVs) did not
result in detectable levels of IFN-1 in DC cultures (Figure 1A). In
contrast, EVs released by tumor cells undergoing RIG-I signaling
induced maturation and strong IFN-I production in DCs
(Figures 1A and S2A). EVs released by melanoma cells that
were transfected with a sequence-identical non-triphosphate,
synthetic RNA (synRNA) did not induce IFN-I production in
DCs. By similar precipitation of medium supplemented with
3pRNA complexed in liposomes in the absence of tumor cells
(mock-EVs), we excluded that 3pRNA-liposomes (used to acti-
vate RIG-I signaling in tumor cells) were co-purified within tumor
EV preparations. Activation of the cGAS/STING pathway re-
sulted in the release of poorly immunostimulatory cGAS-EVs
from melanoma cells with low-level IFN-I-inducing capacity in
DCs. The immunostimulatory potential of RIG-l-induced EV
preparations in DCs showed clear dose dependency (Fig-
ure S2B). Cationic lipids such as lipofectamine have previously
been applied to increase cellular uptake and, thus, bioactivity
of EVs.?" For in vitro experiments, we found that lipofectamine
could increase the bioactivity of low-dose EVs, while IFN-I
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Figure 1. Tumor cell-intrinsic RIG-I signaling mediates the release of immunogenic EVs

B16.0VA melanoma cells were transfected with a RIG-I ligand (3p-RNA, RIG-I-EVs), interferon-stimulating DNA (cGAS-EVs), or synthetic RNA (synRNA-EVs).
Extracellular vesicles (EVs) were enriched from the culture supernatant of treated and untreated (ctrl-EVs) cells. Precipitation of 3pRNA-liposomes in the absence
of tumor cells was performed as negative control (mock-EVs).

(A) IFN-B release (ELISA) by dendritic cells (DCs) exposed to tumor cell-derived EV samples. Some DCs were directly transfected with in vitro transcribed 3pRNA
as positive control.

(B-D) IFN-B release from DCs exposed to RIG-I-EV preparations: (B) prepared from different melanoma clones that lack specific downstream signaling com-
ponents of nucleic acid receptor pathways; (C) enriched from various murine tumor cell lines: mammary (4T1), pancreatic (Panc02), colon (C26) carcinoma; and
(D) enriched by precipitation or size-exclusion chromatography. All data are presented as mean values + SEM of at least quadruplicate technical replicates per
group and are representative of two independent experiments. Asterisks without brackets indicate statistical comparison with Ctrl-EV-treated cells.

(E) Presence of the antigen OVA (by western blot) in melanoma cell EV samples.

(F) Treatment model. C57BL6/j mice were repeatedly injected subcutaneously with tumor EV samples prepared from cultures of wild-type, RIG-I-deficient
(RIG-1"""), or IRF3/7-deficient (IRF3/7 /") B16.OVA melanoma cells.

(G) IFN-y release by CD8" T cells from draining lymph nodes after ex vivo OVA restimulation (flow cytometry).

Data are presented as mean values + SEM of n = 4-5 individual mice per group and were pooled from two independent experiments. Unstim, unstimulated. See
also Figures S1-S3.
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Figure 2. EVs released from RIG-I-activated tumor cells induce potent cytotoxic antitumor immunity and synergize with checkpoint in-
hibitors

(A) B16.0OVA-bearing mice were injected peritumorally with melanoma-cell-derived EV samples.
(B and C) (B) Tumor growth and (C) overall survival.

(D) Tumor growth after rechallenge with a second, contralateral injection of viable B16.0OVA cells in mice with initially complete tumor regression in response to EV
treatment.

(E and F) Abundance of activated tumor-infiltrating (E) DCs and (F) CD8" T cells (n = 8-12 mice per group).
(legend continued on next page)
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induction in DCs by exposure to high concentrations of EV
preparations could not be further enhanced by application of
lipofectamine (Figure S2B). If not stated otherwise, we used lip-
ofectamine for in vitro experiments to increase the efficiency of
low-dose EV treatment.

Next, we analyzed the molecular mechanisms downstream of
RIG-I in the induction of immunostimulatory EV (isEV) release.
The immunostimulatory capacity of tumor EVs released upon
RIG-I activation was abrogated in tumor cells deficient for IRF3/
7, two transcription factors central to the production of IFN-I (Fig-
ure 1B). We did not observe transfer of tumor cell-derived IFN-I in
enriched tumor EV preparations (Figure S2C), yet activation of the
RIG-I pathway within tumor cells can also induce an immunogenic
form of programmed cell death®*??* (Figure S2D). However,
tumor-intrinsic genetic deficiency for the central executioner pro-
teins of apoptosis (caspase-3) or necroptosis (MLKL), which pre-
vents tumor cells from undergoing programmed cell death in
response to RIG-I activation,'? did not impact on the release of
isEVs (Figure 1B). Furthermore, the immunostimulatory effect of
RIG-I-induced EV preparations was observed in various murine tu-
mor cell lines including mammary, pancreatic, and colorectal car-
cinomas, but also in non-transformed fibroblasts (Figure 1C).
These data suggest that biogenesis and release of isEVs is a
conserved cellular response pattern that requires coupling of can-
cer-intrinsic active RIG-I signaling to downstream IFN-I production
via IRF3/7, but it occurs independent of regulated cell death.

Most methods used for EV enrichment co-isolate different EV
populations of diverse biogenic origin.'* Utilizing size-exclusion
chromatography (SEC) or differential ultracentrifugation, we
found that the immunostimulatory nature of RIG-I-induced EVs
did not depend on the method used to enrich tumor EV prepara-
tions (Figures 1D and S2E-S2H). These very similar and overlap-
ping findings for different enrichment assays imply that the RIG-I-
induced immunostimulatory function is indeed mediated by isEVs
and not by products of specific particle preparation methods.

Tumor-derived EVs have been attributed with the potential to
induce efficient activation of DCs via transfer of TAAs and subse-
quent cross-priming of tumor-reactive T cells in vivo."® We found
that B16.OVA melanoma-derived EVs indeed contained OVA an-
tigen (Figure 1E). Shuttling of such TAA was not influenced by
active RIG-I signaling in the EV-releasing cells. To better charac-
terize the role of tumor cell-intrinsic RIG-I receptor pathway ac-
tivity on the immunogenicity of tumor cell-released EVs in vivo,
mice were immunized with B16.0OVA-derived EV preparations,
and T cell activation in draining lymph nodes was analyzed (Fig-
ure 1F). We found that immunization with isEVs released from
melanoma cells during active RIG-I signaling showed strong
immunogenic potential with potent activation of CD8* T cells
in vivo (Figures 1G and S3A). Application of tumor EVs in mice
was not associated with any clinically apparent signs of adverse
events or systemic organ toxicity (Figure S3B). In line with our
in vitro findings, the in vivo immunogenicity of RIG-I-induced
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isEVs was critically dependent on active RIG-I as well as IRF3/
7 signaling in the EV-releasing tumor cells (Figure 1G). Without
active simultaneous RIG-I signaling, in vitro treatment of tumor
cells with recombinant IFN-I (IFN-EVs) was not sufficient to
trigger the release of T cell-activating isEVs. Defective signaling
of the RIG-I/IRF3/7 axis in tumor cells did not impact on quanti-
tative EV release (Figure S3C). The potential of tumor cell-
derived isEV preparations to induce T cell responses in vivo
could be reproduced with complementary ex vivo EV enrichment
methods such as SEC (Figure S3D). Tumor cell EVs also shuttled
endogenous melanoma TAAs such as gp100 (Figures S3E and
S3F). RIG-I-induced isEV preparations from otherwise poorly
immunogenic B16-F10 melanoma were able to induce T cell im-
munity in the absence of artificial OVA antigen.

EVs released from RIG-I-activated tumor cells induce
potent cytotoxic antitumor immunity and synergize with
checkpoint inhibitors

Therapeutic application of isEVs enriched from in vitro RIG-1-acti-
vated B16.0OVA cells showed strong antitumor effects accompa-
nied by growth delay of melanomas in vivo with prolonged
survival of tumor-bearing mice (Figures 2A-2C). Intriguingly, ani-
mals with stable tumor control after isEV treatment were pro-
tected against a second challenge with viable melanoma cells,
indicating the formation of antitumor immunological memory
(Figure 2D). Treatment with RIG-I-induced isEV preparations
was associated with increased abundance of mature DCs as
well as activated CD4" and CD8* T cells in the TME (Figures 2E,
2F, and S3G). The potent antitumor activity of isEVs was
completely abrogated following antibody-mediated depletion of
CD8" cytotoxic T cells (Figure 2G). Depletion of NK1.1* natural
killer (NK) cells reduced the therapeutic efficacy of isEVs to a
similar extent. In a melanoma model of suboptimal-dosed anti-
PD-1/-CTLA-4, treatment with RIG-I-induced isEVs rendered tu-
mors susceptible to ICB under conditions otherwise associated
with tumor resistance to immunotherapy (Figure 2H). isV prepa-
rations from syngeneic pancreatic tumor cells also showed high
antitumor potency in a murine model of pancreatic carcinoma
(Figure 2l). In possible translational use of tumor-derived isEVs
as personalized tumor treatment, short-term culture of resected
tumors may serve as a potential source of autologous isEV prep-
arations. However, the composition of such ex vivo tumor cell cul-
tures would be much more complex than the monoclonal murine
tumor cell lines used here. At the same time, stromal-cell-derived
EVs from cancer-associated fibroblasts have been postulated to
harbor pro-tumorigenic function in the TME.?* To account for the
diversity of EVs within the TME, we generated EV preparations
from short-term cultures of freshly isolated bulk tumor tissue.
Similar to isEVs derived from homogeneous tumor cell lines,
RIG-I stimulation resulted in the enrichment of isEV preparations
from these heterogeneous cell cultures and subsequent induc-
tion of IFN-I in exposed DCs (Figure 2J).

(G and H) Tumor growth in mice additionally injected with (G) anti-CD8a- or anti-NK1.1-depleting antibodies, or (H) anti-PD-1/CTLA-4 checkpoint inhibitors.
(I) Panc02 pancreatic carcinoma growth in mice injected peritumorally with Panc02-cell-derived EV samples.

(J) IFN-B release from DCs exposed to RIG-I-induced EVs from either culture of B16.0VA melanoma cells or ex vivo cell suspensions of freshly isolated bulk
tumors (mean + SEM of n = 8 biological replicates pooled from at least three independent experiments).

All data are presented as mean tumor growth + SEM and are pooled from or representative of at least two independent experiments. See also Figures S3 and S4.
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As the basis for an alternative approach to harness the thera-
peutic potential of isEVs, we have previously shown that in situ
vaccination with intra-tumoral injection of a RIG-I ligand has
potent antitumor activity.'>?> By analyzing a set of genes whose
products were previously associated with vesicle secretion in tu-
mor cell lines,”® we found that targeted activation of RIG-I
signaling in bulk tumors in vivo resulted in high transcriptional ac-
tivity of vesiculation-associated genes (Figure 3A). The small
guanosine triphosphatase Rab27a has been shown to be
critically involved in the secretion of EVs of the endocytic
biogenesis pathway.?’ Indeed, Rab27a deficiency in melanoma
cells resulted in overall reduced numbers of released particles
(Figures 3B-3D). In accordance with the dose dependency of
isEV effects (Figure S2A), we found that reduced numbers of par-
ticles released by a fixed number of Rab27a~’~ melanoma cells
induced only low-level IFN-I production in DCs (Figure 3E). Mice
bearing bilateral melanomas were in situ vaccinated by unilateral
intratumoral injection of a RIG-I agonist (Figure 3F). The previ-
ously described'? expansion of circulating tumor-antigen-spe-
cific T cells and systemic regression of tumors in response to
RIG-I activation in the TME was largely diminished in mice
bearing Rab27a~’~ tumors (Figures 3G and 3H). These data sug-
gest that (1) antitumor effects of in situ vaccination via tumor-
intrinsic RIG-I activation rely in part on the production of EVs,
and (2) the release of RIG-I-induced isEVs (but also Ctrl-EVs) de-
pends on Rab27a-mediated EV biogenesis pathways.

Tumor cell-derived EVs are actively taken up by
dendritic cells via endocytic pathways

Different mechanisms of EV uptake in recipient cells can have
direct consequences for the distinct intracellular localization,
degradation, and functional outcomes of EV constituents.?®
Tumor EV particles labeled with a fluorescent membrane
marker showed rapid uptake by DCs, with an intracellular distribu-
tion pattern of the dye that suggested cytosolic delivery
(Figures S4A and S4B). Blocking clathrin- and caveolin-depen-
dent endocytosis (dynasore) or macropinocytosis (amiloride)
with chemical inhibitors abrogated internalization of labeled parti-
cles by DCs (Figures S4C and S4D). Only inhibition of particle up-
take via macropinocytosis prevented subsequent IFN-I induction
in recipient DCs (Figure S4E). These data suggest that (1) tumor-
derived EVs are actively ingested by DCs via endocytic pathways,
and (2) the immunostimulatory effect of RIG-I-induced isEV prep-
arations requires uptake via macropinocytosis in recipient cells. In
fact, macropinocytosis of EVs has been associated with cytosolic
delivery of cargo nucleic acids,”® where they could in principle be
detected by RIG-I/MAVS and/or cGAS/STING.

Immunogenicity of RIG-I-induced tumor isEVs is
mediated via host nucleic acid receptor signaling and
IFN-I activity in myeloid cells

Next, we aimed to identify the molecular pathways within host
cells that are targeted by RIG-I-induced isEVs and their constit-
uents. The importance of IFN-I signaling within host antigen-pre-
senting cells (APCs) for the induction of antitumor T cell immunity
has been widely acknowledged.***" Using antibodies to block
the common interferon-a. receptor subunit 1 (IFNaR1), we found
that T cell activation in vivo in response to RIG-I-induced EV
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preparations was critically dependent on host IFN-I signaling
(Figure 4A). Furthermore, we applied isEV preparations in
mice with conditional genetic deficiency that specifically lack
IFNaR1 in either CD11c* DCs or LysM* macrophages. Hereby,
we found that T cell activation by RIG-I-induced tumor isEVs de-
pends on IFN-I receptor activity in both APC types (Figure 4B).

Activation of nucleic acid receptor signaling within host im-
mune cells is a very potent stimulus for IFN-| release and has
been found to be critical in the induction of antitumor immunity.*
We treated mice that genetically lacked either the RIG-I adapter
MAVS (Mavs ") or the cGAS adapter STING (Sting®") with tu-
mor EVs, and found that isEV-induced T cell activation was
largely abrogated in the absence of functional MAVS signaling
within host cells (Figure 4C). Host cell deficiency for STING
partially reduced T cell immunity in response to RIG-I-induced
isEVs in vivo. To further characterize the role of host nucleic
acid receptors in the detection of isEVs and their cargo, DCs
derived from Mavs™~ or Sting”9' donor mice were exposed
to melanoma-cell-derived EV samples in vitro. Mavs~~ DCs
showed drastically reduced IFN-I production in response to
RIG-I-induced isEVs (Figure 4D), while STING-deficient DCs
only showed a partial defect in isEV detection in vitro. In contrast,
genetic deficiency for Toll-like receptor 3 (TLR-3) or MyD88 (the
adapter protein for the nucleic acid sensing TLRs 7-9) did not
impact on the ability of DCs to release IFN-I upon interaction
with RIG-I-induced isEVs (Figure 4E). These data suggest that
RIG-I activity within tumor cells fosters the release of particularly
immunogenic EVs that initiate IFN-I signaling within host APCs.
This presumably happens via the transfer of RIG-I/MAVS-acti-
vating (and to a lesser extent cGAS/STING-activating) ligands,
and subsequent activation of T cells.

Tumor-intrinsic RIG-I pathway activity mediates

shuttling of immunostimulatory RNA within EVs

To address the possible transfer ofimmunostimulatory tumor RNA
via EVs, we fluorescently labeled the bulk RNA cargo of tumor EV
samples prior to their exposure to DCs. We observed concentra-
tion-dependent transfer of labeled EV RNA cargo to DCs (Fig-
ure 5A). Next, we extracted nucleic acids from tumor cell-derived
EV samples and transfected DCs with liposome-bound EV RNA
in vitro. We found that only RNA purified from RIG-I-induced
isEV preparations induced potent IFN-I production in DCs (Fig-
ure 5B). Treatment of isEV-derived RNA with alkaline phosphatase
to cleave 5'-triphosphate groups and, thus, the RIG-I-activating
moiety significantly reduced its immunostimulatory capacity.
However, despite alkaline phosphatase treatment, EV-extracted
RNA still showed significant IFN-I induction in DCs, suggesting
that immunostimulatory isEV-RNA is heterogeneous and is
composed of both RIG-I-activating 3pRNAs and other non-RIG-
I-targeting stimulatory RNAs. Exposure of tumor EV preparations
to RNAse A, an endoribonuclease digesting single- and double-
stranded RNA, did not impact on IFN-I production of recipient
DCs (Figure S5A), suggesting that RNA in these samples was
indeed shuttled inside membranous particles, protecting it from
enzymatic degradation. Next, tumor cells were transfected with
fluorescently labeled 3pRNA, and subsequently released isEVs
were analyzed by imaging flow cytometry. We detected labeled,
in vitro transcribed 3pRNA only within a very small fraction of tumor
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Figure 3. Therapeutic in situ activation of the RIG-I pathway modulates tumor EV generation for systemic antitumor immunity

(A) RNA-seq of bulk tumor after a single intratumoral injection of 3pRNA in B16.0VA melanoma-bearing mice. Heatmap shows Z-transformed expression of
genes associated with tumor EV biogenesis and cargo loading.

(B and C) (B) Rab27a mRNA copy numbers of two different Rab27a-deficient (Rab27a~'~) clones and (C) corresponding protein expression (western blot).

(D and E) EVs were enriched from Rab27a~'~ B16 cell cultures. (D) Particle quantification within EV preparations by NTA. (E) IFN-I induction in DCs exposed to EVs
from Rab27a~/~ B16.0VA cells.

(F) Mice bilaterally bearing either wild-type or Rab27a/~ melanomas were injected with 3pRNA into right-sided tumors.

(G) Mean and individual frequency of H-2Kb-SIINFEKL tetramer* CD8* T cells in peripheral blood of n = 10 mice per group pooled from two independent ex-
periments.

(H) Mean volume of left-sided tumors + SEM of n = 15 individual mice per group pooled from three independent experiments.

All in vitro data show mean + SEM of at least quadruplicate technical replicates, representative of at least two independent experiments.

cell-derived EVs (Figures S5B and S5C). After EV lysis withadeter-  membranous EVs rather than unspecific protein aggregates (Fig-
gent the fluorescence signal was no longer detectable, indicating  ure S5D). Together with our findings that the generation of immu-
that the RNA-bound fluorescent dye indeed accumulated within  nostimulatory EVs is dependent on active RIG-I signaling
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Figure 4. Immunogenicity of RIG-I-induced isEVs is mediated via host cytosolic nucleic acid receptor signaling and IFN-I activity in myeloid
antigen-presenting cells

(A) Mice were treated with anti-IFNaR1 antibodies prior to immunization with B16.OVA melanoma cell EV samples. IFN-y release by CD8* T cells (flow cytometry).
(B and C) IFN-y release by CD8* T cells upon tumor EV immunization in mice with genetic deficiency (B) for IFNaR1 in DCs (CD117c-Cre Ifnarf’/ﬂ) or macrophages
(LysM-Cre Ifnar™), and (C) globally for MAVS (Mavs ") or STING (Sting9”"). Data represent the mean value + SEM of individual mice per group pooled from at
least two independent experiments.

(D and E) IFN-I production in (D) Mavs ™'~ or Stingg”gt DCs and (E) TLR-3-deficient (TIr3~/~) or Myd88-deficient (Myd88” ~) DCs exposed in vitro to melanoma EV
samples.

All in vitro data show mean + SEM of at least triplicate technical replicates, representative of at least two independent experiments. Asterisks without brackets
indicate statistical comparison to vehicle-treated control cells. See also Figure S4.
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Figure 5. Tumor-intrinsic RIG-I pathway activity mediates shuttling of immunostimulatory RNA within EVs

(A) Transfer of EV RNA to DCs after exposure to B16 melanoma EVs with fluorescently labeled RNA cargo (flow cytometry).

(B) IFN-B release by DCs upon transfection with tumor EV extracted RNA or in vitro transcribed 3pRNA. Some EV RNA was treated with alkaline phosphatase prior
to DC transfection (ELISA, mean value + SEM of at least triplicate technical replicates, representative of at least two independent experiments).

(legend continued on next page)
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in EV-releasing tumor cells (Figure 1G), these data speak
against passive transfer of in vitro transcribed 3pRNA used for mel-
anoma RIG-I activation into tumor isEVs in biologically relevant
abundance.

The amount of DNA that we were able to extract from tumor
cell EV preparations was drastically lower than for RNA (Fig-
ure S5E). We pooled the extracted DNA from very large numbers
of tumor EV samples and transfected DCs with liposome-bound
EV DNA. EV DNA induced IFN-I production in DCs via activation
of the STING pathway (Figure S5F). However, its immunostimu-
latory potential was independent of active RIG-I signaling in EV-
releasing tumor cells. Reduced IFN-I induction by EV prepara-
tions that were treated with DNase | prior to EV lysis for DNA
extraction suggested that some EV DNA was surface-bound
and not internal EV cargo. From this we concluded that RIG-I
signaling in tumor cells results in the shuttling of different endog-
enous immunostimulatory RNAs within EVs. The biological role
of tumor EV DNA is less clear. If anything, not qualitative but
quantitative changes in EV DNA cargo might alter EV immunos-
timulatory function; but these changes seem independent of tu-
mor cell-intrinsic RIG-I activity.

Cargo RNAs of EV include various biotypes that represent a
selected portion of the RNA content of the source cell, with a
strong bias toward small ncRNAs.*?> We performed next-gener-
ation sequencing of the endogenous RNA cargo extracted
from tumor EV preparations. Given the proposed role of small
nuclear RNA (snRNA) and small nucleolar RNA (snoRNA) as
endogenous RIG-I ligands and their accumulation in the cytosol
in tumor cells during cellular stress situations,*® we performed li-
brary preparation and RNA sequencing (RNA-seq) optimized for
the analysis of small RNAs. Hereby, we found that RIG-I signaling
in tumor cells indeed actively shaped the global EV RNA compo-
sition (Figure 5C). Short ncRNAs were abundant in all tumor EVs
(Figure 5D). However, active RIG-I signaling within the EV-
releasing melanoma cells altered subsequent EV cargo compo-
sition with a general enrichment of snRNAs (Figures 5E and S6A)
and a shift in the abundance of particular ncRNAs including
snoRNAs (Figure 5F and Table S1). Some of the snRNA tran-
scripts that were found to be particularly enriched in RIG-I-
induced isEV preparations, such as the U1 and U2 spliceosomal
RNAs (Figure 5G), have been implicated as endogenous ligands
for cytosolic RIG-I-like helicases in tumor cells.*® The RIG-I-acti-
vating endogenous ncRNA RN7SL1, which was previously
described to promote tumor growth, metastasis, and therapy
resistance in breast cancer cells after EV-mediated transfer,>*
was significantly less abundant in RIG-I-EVs (Figure S6B).

EVs can shuttle functional microRNA (miRNA) to regulate gene
activity in distant target cells. However, to the best of our knowl-
edge, none of the top hits among the 60 miRNAs we found to be
differentially regulated in the EV cargo of RIG-I-activated tumor
cells (Figure 5F and Table S2) have previously been linked to

Cell Reports Medicine

RIG-I-like receptor activity and/or EV function in the context of
cancer. Additionally, ncRNAs arising from repetitive elements
that are typically silenced yet often highly expressed in cancers
have been implicated in the activation of innate immunity.>* These
ncRNAs were not found to be enriched in RIG-I-EVs (Figure S6C).
Finally, even though our analysis was not designed to analyze
long RNA, we identified mRNA fragments within the tumor EV
cargo, the vast majority of which mapped to intronic regions (Fig-
ure 5D). For the mRNA exonic sequences, our data cannot eval-
uate whether they contain any full-length protein-encoding se-
quences or only mRNA fragments. Nevertheless, we performed
gene set enrichment analysis (GSEA) and found that significantly
enriched RNAs in the RIG-I-EV cargo mainly clustered inimmune-
related pathways (Figure S6D). Hereby, we found large overlap
with the cellular transcriptome of RIG-I-activated melanoma cells,
derived from a previously published GSEA of ex vivo bulk tumor
RNA-seq.'? These data confirm that the tumor EV RNA cargo re-
flects the cellular RNA content and show that RIG-I signaling ac-
tivity in tumor cells results in the preferred shuttling of specific
RNAs of different biotypes within tumor cell-derived EVs, thereby
contributing to their immunostimulatory potential.

RIG-I signaling dictates the immunogenicity of EVs
released by human melanoma cells

To assess translational relevance of our findings, we enriched
EVs from culture supernatants of the human melanoma cell
line DO4mel under steady-state conditions (Ctrl-EVs) or active
RIG-I signaling induced by 3pRNA (RIG-I-EVs). Peripheral blood
mononuclear cells (PBMCs) from healthy donors were exposed
to tumor EV preparations in ex vivo cultures. Uptake of carboxy-
fluorescein succinimidyl ester-labeled particles was largely
restricted to monocytes but could also be observed in NK cells
(Figure S7A). RIG-I-induced human tumor isEV samples stimu-
lated potent release of IFN-I and the IFN-I-induced chemokine
CXCL10 by the monocyte subpopulation within PBMCs (Fig-
ure 6A) but not of pro-inflammatory cytokines (Figures S7B
and S7C). RNA extracted from tumor isEV preparations enriched
from different RIG-I-activated human melanoma or non-malig-
nant human primary fibroblast cultures showed immunostimula-
tory potential in PBMCs, which was largely abrogated when EV-
extracted RNA was pretreated with 3pRNA-inactivating alkaline
phosphatase (Figures 6B and S7D). Human DCs also potently
produced IFN-I after exposure to RIG-I-induced melanoma
iSEV samples (Figure S7E). The immunostimulatory potential of
EVs released from 3pRNA-treated human tumor cells was criti-
cally dependent on active RIG-I and autocrine IFN-I signaling
but not cGAS/STING signaling (Figure 6C). Hereby, the level of
tumor cell-intrinsic RIG-I expression correlated with the immu-
nostimulatory capacity of released isEVs (Figure S7F). Tumor-
derived EVs released during active cGAS or STING signaling in
human tumor cells did not induce IFN-I in monocytic THP-1 cells

(C-G) RNA-seq of small RNA content extracted from B16.0VA melanoma cell EVs (n = 3 biological replicates per group). (C) Principal component analysis of the
RNA content of Ctrl-EVs vs. RIG-I-EVs. (D) Absolute (upper panel) and relative abundance (lower panel) of the indicated RNA biotypes. (E) Relative abundance of
the indicated short non-coding RNA. (F) Differential gene expression volcano plot of RNA content in RIG-I- vs. Ctrl-EVs. Significantly differentially expressed small
non-coding RNAs are color-coded by their respective biotypes. (G) Cumulative abundance of U1 and U2 splicesosomal RNA reads in the RNA content of EVs,

normalized to the overall library size.
See also Figures S5 and S6; Tables S1 and S2.
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DDX58 (RIG-I) expression level

(Figure 6D). However, IFN-I release induced by RIG-I-activated
tumor EV samples was partly reduced in STING-deficient
THP-1 cells (Figure 6D), suggesting that human tumor isEV prep-
arations also contain immunostimulatory DNA. Similar to our
findings in murine EVs, human melanoma EVs can shuttle
TAAs such as Melan A, which was independent of RIG-I signaling
in tumor cells (Figures S7G and S7H). Exposure of HLA-matched
immature DCs to RIG-I-induced isEV samples from DO5mel mel-
anoma cells and subsequent co-culture with autologous T cell
clones with receptor specificity for the melanoma antigens
Melan A or tyrosinase resulted in cross-priming of tumor-anti-
gen-specific T cells with potent IFN-vy release (Figure 6E).

DDX58 (RIG-I) expression level

number of vesicles secreted specifically
by tumor cells.® Indeed, we found for hu-
man melanoma samples in the TCGA that
24 genes of this predefined gene set were much more highly ex-
pressed in comparison to the remaining genome, and tended to
be more transcriptionally active in tumor cells than in healthy tissue
(Figures S8A and S8B). They were thus integrated as the Tumor EV
pathway gene set for further analysis. In line with the current under-
standing of often pro-tumorigenic EV functions in the TME,"” we
found that high expression of the Tumor EV pathway gene set
was associated with reduced overall survival in patients with ma-
lignant melanoma (Figure S8C). Patients with high Tumor EV
pathway gene set expression were additionally stratified by me-
dian DDX58 (the gene encoding for RIG-I) expression within the tu-
mor samples. Within this unfavorable patient cohort with poor
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overall survival, concomitantly high DDX58 expression in mela-
noma samples was associated with a significantly prolonged
survival (Figure S8D). In line with our previous findings on tumor-
intrinsic DDX58 transcript numbers,'? multivariable Cox regres-
sion identified both high Tumor EV pathway gene set expression
and low DDX58 expression in melanoma samples as independent
risk factors for death (Table S3A).

Based on the aforementioned challenges in the analysis of
transcriptional programs in the context of EV biogenesis with
no consensus on a universally defined “EV pathway” associated
gene set, we validated this data analysis with a second, recently
published, more broadly defined EV gene signature.®> While the
Tumor EV pathway signature adapted from Hurwitz et al.?® only
contains genes associated with EV production by tumor cells,
the signature by Fathi et al.*° represents multiple genes generally
linked to EV production in a variety of different malignant and
non-malignant cell types and is therefore hereafter referred to
as the Common EV pathway gene set. The two signatures only
overlap by two genes (RAB7A and RALB) and can thus be
considered independent gene sets. The Common EV pathway
gene set was not specifically active in human melanomas
(Figures S8E and S8F). In line with our data in murine tumor sam-
ples (Figure 3A), we found that both EV pathway gene signatures’
transcriptional activity in human melanoma samples strongly
correlated with DDX58 expression (Figure S8G), indicating a
close relationship of EV biogenesis and activity of the RIG-I
pathway. However, in contrast to the Tumor EV pathway, high
expression levels of the Common EV pathway in human mela-
noma samples were not associated with reduced overall survival
(Figure S8H). When analyzing the Common EV pathway and
concomitant transcriptional activity of RIG-l-encoding DDX58,
multivariable Cox regression did not identify high Common EV
pathway gene set expression in melanoma samples as indepen-
dent risk factor for death (Table S2B). These data suggest that
transcriptional activity of genes modulating EV biogenesis
seems to strongly differ between tumors and healthy tissue. In
two independent cohorts of melanoma patients, simultaneously
high transcriptional activity of both the Tumor EV pathway
gene set and RIG-I-encoding DDX58 was retrospectively associ-
ated with durable clinical response to ICB immunotherapy
(Figures 6F and 6G). However, high Tumor EV pathway genetic
activity was not an absolute predictive marker for treatment
response, which is in line with the known existence of multiple
other factors that co-drive treatment response.

DISCUSSION

Therole of EVsincancer progressionis likely dynamic and specific
to cancer type, genetics, and stage. Conditions under which can-
cer cells release immunostimulatory T cell-activating EVs remain
unclear, but seem be dependent on external “triggers” such as
genotoxic stress by chemotherapy or radiation therapy.***” We
here advance this concept and show that targeted activation of
cancer-cell-intrinsic RIG-I signaling induces the generation of
isEVs. These conditions of isEV release may be linked to each
other, as genotoxic stress has been shown to result in intrinsic
RIG-I activation by endogenous U1 and U2 RNA ligands in tumor
cells.®® In addition, tumor cell-intrinsic activation of the DNA re-
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ceptor cGAS and, possibly, downstream signaling via STING
have been implicated in tumor immunosurveillance and immuno-
therapy.”*® However, targeted activation of cGAS/STING in mel-
anoma cells only induced poorly immunostimulatory EVs. This
might be explained by the pathway’s generally low activity in mel-
anoma cells,”” as the magnitude of effective cGAS/STING
signaling in cancer cells has been shown to dictate effector re-
sponses.®? As we found that release of isEVs in response to strong
innate immune activation via RIG-l is a conserved cellular
response pattern of various human and murine tumor cells types,
cGAS/STING signaling may very well shape EV biogenesis and
cargo in tumors with more active DNA sensing. To what extent
suchinnate immune-regulated tumor EV release contributes toim-
munosurveillance during spontaneous tumor development (in the
absence of strong external stimuli) remains to be determined.

At this time, it is unclear whether packaging of nucleic acids
into EVs in response to active RIG-I signaling is a directed pro-
cess or a mere stochastic event dependent on the abundance
of certain nucleic acid sequences in the cytosol and/or endo-
some of tumor cells. Translocation of endogenous RIG-I ligands
from the nucleus to the cytosol, as described for tumor cell stress
situations,®® may account for their preferred packing into RIG-I-
EVs, as high abundance and cytoplasmic (vs. nuclear) location
favor EV incorporation of specific RNAs.*? The finding that active
RIG-I signaling in tumor cells favors the shuttling of immunosti-
mulatory RNAs within tumor EVs that subsequently engage the
same pathway in recipient (immune) cells may suggest that the
RIG-I protein or alternative RNA-binding proteins are actively
involved in transporting RNA motifs to the intracellular vesicula-
tion machinery.*? Indeed, we did find RIG-I protein within murine
B16 cell-derived EVs, but its abundance was independent of its
activation status in EV-releasing tumor cells, arguing against a
decisive RNA transporting function in regard to EV immunosti-
mulatory capacity. Furthermore, we found different immunosti-
mulatory RNA types within RIG-I-activated tumor-derived EVs
that likely do not bind to RIG-I. The importance of the down-
stream transcription factors IRF3/7 further implicate an impor-
tant role of active RIG-I and autocrine/paracrine IFN-I signaling
for the generation of isEVs. Several components of the RIG-I
pathway, including the receptor itself, are IFN-stimulated genes.
Feedback loops via the IFN-I receptor have been shown to prime
tumor cells for RIG--mediated effects.’ Together, our data sug-
gest that the RIG-I-IFN-I pathway in cancer cells regulates
biogenesis and content packaging of exosomal EVs, which are
subsequently released in a Rab27a-dependent manner.

Ctrl-EVs enriched from steady-state tumor cells had some
antitumor activity but failed to induce long-term tumor control.
This might suggest initiation of innate but not adaptive antitumor
immune responses, independent of the IFN-I/DC/T cell axis. The
involvement of NK cells in RIG-I-induced EV-mediated antitumor
immunity falls in line with our recent study demonstrating that
activation of RIG-I in melanoma cells results in the release of
EVs with an increased expression of the NKp30 ligand on their
surface, thus triggering NK-cell-mediated lysis of melanoma
cells.*” For RIG-I-induced isEVs, we observed potent antitumor
synergism with anti-CTLA4/-PD1. We have previously shown
that immunotherapy with ICB relies on both tumor and host im-
mune cell-intrinsic RIG-I signaling.'> Our current findings
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suggest that RIG-I-induced EVs may shuttle immunostimulatory
tumor-derived endogenous and exogenous RNAs to be de-
tected in host immune cells to boost ICB efficacy. Accordingly,
we found that high transcriptional activity of both RIG-I-encoding
DDX58 and a gene pattern associated with EV biogenesis in tu-
mor samples were associated with improved overall survival of
melanoma patients and beneficial clinical response to ICB with
either anti-CTLA-4 or anti-PD-1. For this analysis, we used a pre-
defined gene set whose gene products were identified to be
associated with high EV production by screening 60 tumor cell
lines.?® However, our approach remains restricted by current
limitations in the general understanding of EV biogenesis and
its regulation. Intersections of the EV biogenesis pathway with
other molecular pathways associated with the trafficking of intra-
cellular vesicles (e.g., endocytosis) will inherently confound the
interpretation of our gene expression studies, which will need
to be verified by alternative methods. Furthermore, the ligands
that activate RIG-I within tumor cells remain unclear and may
comprise endogenous tumor RNA leaked into the cytosol under
stress conditions, endogenous retroviral elements, or foreign
bacterial RNAs. Also, under which conditions these RNAs are
present in the cytosol and can activate RIG-I within tumor cells
(for downstream isEV biogenesis) remains to be determined.

Our data also highlight the context-dependent, contrasting
roles of EVs in the TME regarding immune activation and evasion.
Numerous previous reports highlighted adversary effects of tumor
EVs, which can inhibit immune cell function. In our study, gener-
ation of immunostimulatory EVs from various cancers strictly
required previous RIG-I stimulation. Interestingly, tumor EVs en-
riched during steady-state conditions of untreated cancer cells
did not actively promote tumor growth in our study. For future
translational application of isEVs it will be essential to understand
to which degree RIG-I signaling in tumor cells actively suppresses
these immune-inhibitory functions of EVs or whether they are
counterbalanced by strong immunostimulatory signals. Further-
more, endogenous ncRNAs in EVs also have the potential to acti-
vate cell-intrinsic pattern recognition receptors with detrimental
outcome and progressive tumor growth. EV-mediated transfer
of ncRNAs such as unshielded RN7SL1 RNA from stromal to
breast cancer cells can activate both the RIG-I and NOTCH3
pathways, resulting in tumor growth and therapy resistance.***
These data suggest that despite activation of the same pathway,
the cellular source of EVs and also the conditions under which
these EVs are generated can contribute to either immune evasion
or antitumor efficacy. Nonetheless, using bulk tumor cell cultures
isolated from freshly isolated melanoma tumor tissue, we confirm
that production of RIG-I-induced isEVs is robust and not princi-
pally impaired by the inclusion of stromal cells in the TME known
to potentially release inhibitory EVs.*°.

In sum, our findings uncover a hitherto unknown function of
cytosolic nucleic acid sensors in cancer cells for the production
and immunoregulatory function of tumor-derived EVs in both
mice and humans. We identify the tumor cell-intrinsic RIG-I
signaling pathway as a crucial mechanism to alter the composition
of endogenous RNA within EVs and, thus, the immunostimulatory
capacity of these vesicles. Given the availability of clinical-grade
RIG-l agonists which are currently undergoing early phase 1/2 clin-
ical testing (NCT03065023, NCT03739138, NCT02828098,
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NCT03203005, NCT03291002), targeting the RIG-I pathway in tu-
mor cells may be a promising approach to beneficially “repro-
gram” the functionality of tumor cell-derived EVs.

Limitations of the study

Several questions remain to be addressed before a possible
translational move of such “defined” cancer EV therapeutics
into the clinic can be considered. (1) A precise analysis of the mo-
lecular mechanisms in the TME that determine the secretion of
immunostimulatory vs. immunoinhibitory EVs upon stimulation
with defined RIG-I agonists is required. (2) More data on isEVs
in human subjects is needed to strengthen the translational rele-
vance of our findings (e.g., by using patient-derived tumor orga-
noid-immune cell co-cultures and/or xenograft models). (3) We
followed an exploratory approach to gather sufficient functional
information of murine and human tumor EVs in various different
scenarios. Therefore, both EV cellular source and target cells
differed for cell culture as well as in vivo systems to test tumor
cell EVs for cancer treatment. Thus, we had to carefully titrate
the amount of EVs for each experimental setting, even though
the differences between EV concentrations in similar experi-
mental scenarios were minimal. As effects of EV interactions
with recipient cells could be concentration- and time-dependent,
isEV dosages should be standardized for prospective use in
advanced preclinical model systems. (4) The general efforts on
standardizing the isolation and purification methods of EVs in
the overall field have not brought us to a point that can match
the potential of EVs for clinical use. At first, current challenges
of good manufacturing practice-compliant manufacturing of
cancer EVs, including insufficient large-scale manufacturing
technologies and low yield, will need to be solved.
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fgsea R package
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Patro et al.”®
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hendrik
Poeck (hendrik.poeck@ukr.de).

Materials availability
The CRISPR-Cas9-edited murine and human melanoma cell lines generated for this study may be requested under a material transfer
agreement as per institutional requirements from the lead contact.

Data and code availability
o RNA-sequencing of murine melanoma EV cargo data have been deposited to the European Nucleotide Archive (ENA) and are
publicly available. The accession number is listed in the key resources table. This paper analyzes existing, publicly available
data. The sources of these datasets are listed in the key resources table. Adjective data reported in this paper will be shared
by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Female C57BL/6J mice were purchased from Janvier. Mice genetically deficient for Mavs, Sting (Tmem173979Y), as well as Itgax-
Cre*lfnar1”* and LysM-Cre*Ifnar1”" transgenic mice have been described previously.***° Mice were at least six weeks of age at
the onset of experiments, had not been involved in previous procedures and were maintained in specific pathogen-free conditions.
Wild-type and genetically deficient mice included in the same experiments were either littermates from heterozygous breeding or
were co-housed for at least four weeks before the onset of experiments. Tumor growth of B16 melanoma has previously been re-
ported to be similar in male and female mice.®" Animal studies were approved by the local regulatory agency (Regierung von Ober-
bayern, Munich, Germany) and conformed to institutional and national guidelines and regulations. Mice genetically deficient for Tir3
or Myd88 were only used as bone marrow donors and have been described previously.**"

Cell lines
The B16 murine melanoma cell line expressing full-length chicken ovalbumin (here referred to as B16.0OVA; male) was cultured in a
complete DMEM medium supplemented with 400 pg/mL G418 (from Sigma-Aldrich). B16 F10 (male), CT26 (female), 4T1 (female),
Panc02 (male) and NIH3T3 (male) cells were cultured in complete DMEM medium or RPMI medium, respectively. Human melanoma
SK-MEL-5 (female), SK-MEL-29 (male), SK-MEL-30 (male), IGR-37 (male) and IGR-39 (male) cells were a gift from Barbara Schmidt
(University of Regensburg) and were cultured in complete DMEM medium. Further, the human melanoma cell lines D04mel (sex un-
specified), Ma-Mel-86b (female), or the ovarian cancer cell line Skov (female) were cultured in complete RPMI medium.
THP1-Dual KI-hSTING-R232 (Cat#thpd-r232, male) cells, THP1-Dual KO-STING (Cat#thpd-kostg, male) cells and HEK-Blue IFN-
o/B (Cat#hkb-ifnab, female) Cells were purchased from InvivoGen (Toulouse, France). RPMI-1640 medium (Invitrogen) and DMEM
(Invitrogen) were supplemented with 10% (v/v) FCS (EV-depleted by 100,000 G ultracentrifugation for 24 h at 4°C to minimize
possible contamination with xenogenous EVs), 3 mM L-glutamine, 100 U/mL of penicillin and 100 pg/mL of streptomycin (all from
Sigma-Aldrich). All cell lines were cultured in a humidified incubator with 5% CO, at 37°C.

METHOD DETAILS

Generation of Rab27a deficient murine melanoma cells

B16.0VA cells genetically deficient for Rab27a were engineered using the CRISPR-Cas9 system as described previously for clones
deficient for RIG-I, IRF3/7, Caspase 3 or MLKL.'? In brief, the Streptococcus pyogenes nuclease Cas9 in conjunction with various
single guide (sg)RNAs was used to genetically edit B16.OVA cells. The specific target sequences of sgRNAs were designed for
optimal on-target activity, and are listed in Table S4. The sgRNAs were cloned into pSpCas9(BB)-2A-GFP (pX458, a gift from
Feng Zhang; Addgene plasmid #48138), which is a bicistronic expression vector containing Cas9 and a sgRNA. These constructs
were transiently introduced into B16.0VA cells by lipofection using Lipofectamine 2000 in OptiMEM. After 6 h, the culture medium
was removed and cells were provided with fresh medium. 24 h post transfection, GFP-expressing single-cell clones were isolated
using fluorescence-activated cell sorting (FACS), and were expanded to monoclonal cell clines. Rab27a-deficiency was confirmed
by immunoblotting and mRNA PCR.
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Generation of gene deficient SK-mel-29 human melanoma cells

Gene-deficient SK-mel-29 cells (RIG-I, STING, cGAS, IFNAR1) were engineered using CRISPR-Cas9 technology. Two guide (Q)RNAs
(crRNAs, IDT, Leuven, Belgium) were designed to target each of the above genes, sequences are listed in Table S4 gRNAs were pre-
pared using respective crRNA (200 uM) and Alt-R CRISPR-Cas9 tracrRNA (200 pM, IDT). The mixture was incubated for 5 min at 95°C
in a ThermoCycler, and was cooled down to room temperature. Cas9 endonuclease protein (Thermo Fisher) was then mixed with two
respective gRNAs to form ribonucleoprotein (RNP) complexes at room temperature for at least 20 min. Melanoma cells were pre-
pared in P3 primary cell kit buffer (Lonza, Cologne, Germany). After mixing RNP complexes and cell suspensions in a PCR tube,
the mixture was transferred to Nucleocuvette Strip (Lonza), and nucleofection was performed on the Lonza 4days nucleofector
(Lonza) using program CM137. Then the cells were seeded in pre-warmed medium and cultured for 5-7 days. Bulk cells were
collected for DNA isolation, gene knockout efficacy was determined by targeted PCR, TIDE sequencing, and/or immunoblotting.

Reagents

OptiMEM reduced serum medium was from Invitrogen. Double-stranded in vitro-transcribed 3pRNA (sense, 5'- UCA AAC AGU CCU
CGC AUG CCU AUA GUG AGU CG -3') was generated as described.® Synthetic dsRNA lacking the 5'-triphosphate (synRNA) was
purchased from Eurofins (Ebersberg, Germany). A previously described 45-base pair non-CpG double-stranded DNA oligonucleo-
tide (interferon stimulatory DNA, ISD)* was used for activation of cGAS/STING signaling in tumor cells. ISD single-strand oligonu-
cleotides were purchased from Sigma-Aldrich (Munich, Germany) and were annealed by heating to 75°C for 30 min and re-cooling to
room temperature (RT).

Preparation of EVs and nucleic acid extraction

Tumor cells were harvested, washed twice with PBS and were then seeded at a fixed concentration of 5x10° cells per mL media
containing 10% (v/v) EV-depleted FCS (to ~90% cell density). For in vitro transfection of tumor cells, nucleic acids were complexed
with Lipofectamine 2000 (Life Technologies, Darmstadt, Germany) in OptiMEM (Invitrogen). Tumor cells were transfected with
3pRNA, synRNA (both 3 pg/mL) or ISD (6 ng/mL), or were left untreated. After 24 h, cell culture supernatants were collected, centri-
fuged at 400 G for 5 min, and subsequently 2,000 G for 30 min to remove cell debris and were then filtered through a Millex GV 220 nm
PVDF membrane (Merck Millipore). Each sample of cell-free culture supernatant was transferred to a fresh tube. For precipitation-
based EV purification, each sample was combined with %2 volume of "Total Exosome Isolation Reagent (from cell media)’ (Thermo
Fischer) and mixed well by vortexing or pipetting up and down until a homogeneous solution was formed. Typical cell media volume
utilized was 1 mL. The samples were incubated at 4°C overnight and then centrifuged at 4 °C at 10,000 G for 1 h. The supernatant was
aspirated and discarded, and the EV pellet was resuspended in PBS buffer and stored at —80°C. EV pellets purified from 1 mL
B16.0VA cell culture supernatant each were resuspended in 5 uL PBS (EV stock solution). Preparation of EVs by size-exclusion
chromatography was performed with the “Exo-spin” kit (Cell GS, Cambridge, UK). Cell debris-depleted media was combined
with %2 volume of “Exo-spin” precipitation buffer and mixed well, incubated overnight at 4°C and then centrifuged at 4°C and
16,000 G for 1h. The supernatant was discarded, and the EV-containing pellet was resuspended in PBS buffer before being applied
to the size-exclusion chromatography column according to the manufacturer’s instructions. Separation of EV subsets through dif-
ferential ultracentrifugation was performed by sequential centrifugation of cell debris-depleted media with 2,000 G for 20 min,
10,000 G for 40 min, and 100,000 G for 90 min at 4°C. After each centrifugation step, the EV pellet was washed at the same speed
for the same time before resuspension in 5 uL PBS buffer. EV-RNA was extracted with the ‘Total Exosome RNA and Protein Isolation
Kit’ (Thermo Fisher) according to the manufacturer’s instructions. RNA concentration was analyzed using the Qubit 1X dsDNA HS
Assay Kit (Thermo Fisher) and RNA quality was assessed using the TapeStation System (Agilent). DNA was obtained using DNAzol
reagent (Thermo Fisher) according to the manufacturer’s protocol. In brief, 1 mL of DNAzol was added to isolated EVs. EVs were
lyzed for 30 min at RT, and DNA was subsequently precipitated from the lysate with ethanol. Following an additional ethanol
wash, DNA was solubilized in water. For some experiments, EVs were purified from 1:1 co-culture of B16.OVA melanoma cells
and NIH3TS3 fibroblasts, or from short-term cultures of bulk melanoma tumor tissue. To this end, subcutaneous melanoma tumors
of approximately 1000 mm?® were dissected, finely minced and filtered through a 100 um nylon strainer (BD Bioscience), before single
cell suspensions were cultured in DMEM supplemented with 10% EV-depleted FCS.

Murine bone marrow-derived dendritic cell culture

Murine bone marrow-derived DCs were generated by culturing bone marrow cells in complete RPMI medium supplemented with
20 ng/mL GM-CSF (Immunotools, Friesoythe, Germany). For EV stimulation, DC cultures were supplemented with 7 pL EV stock so-
lution per 1 mL RPMI medium (corresponding to approximately 5 x 108 particles derived from 10° tumor cells per condition). In case of
EVs derived from size exclusion chromatography, the stock solution applied to DCs was calibrated to include EVs from 1.4 mL tumor
culture supernatant per TmL RPMI. In some experiments, tumor EVs were mixed with Lipofectamine 2000 prior to BMDC exposure.
As positive control, BMDCs were treated with in vitro transcribed 3pRNA (1 pg/mL) or ISD (2 ng/mL) using Lipofectamine 2000. As
negative control, DCs were cultured under steady-state conditions (‘Unstim.’), or with EVs enriched from tumor cell cultures exposed
to just the transfection reagent lipofectamine (Vehicle-EVs). IFN-I secretion was determined by ELISA after 24 h. The expression of
CDB86 on BMDCs was quantified by flow cytometry after 24 h. To analyze uptake patterns, DCs were exposed to tumor EV samples
that were labeled with the fluorescent membrane marker PKH67 (PKH67 Green Fluorescent Cell Linker Kit, Sigma-Aldrich). For some
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experiments, the inhibitors dynasore (Sigma-Aldrich), amiloride (Sigma-Aldrich), D-Mannose (Fisher Scientific) and EDTA (Thermo
Fisher) were added in the indicated concentrations. 10 pL of EV suspension were mixed with 50 uL of diluent and 0.4 uL PKH67
and incubated for 15 min at room temperature in the dark. Meanwhile Exosome Spin Columns (Invitrogen) were prepared according
to the manufacturer’s protocol. The labeled EVs were pipetted onto the Exosome Spin Columns and centrifuged at 750 G for 2 min.
EV uptake in DCs was visualized by confocal fluorescent microscopy. 7 x 103 BMDCs were seeded in 18-well flat p-slides (IBIDI) and
incubated with PKH67 labeled EVs for 3 h at 37°C and 5% CO.. Nuclei were stained with DAPI (2 uL/mL; Sigma-Aldrich) for 10 min
and the cell membrane of DCs was stained with CellMask Deep Red plasma membrane stain (Invitrogen) according to the manufac-
turer’s protocol. BMDCs were transfected with EV-extracted RNA (800 ng/mL) or DNA (140 ng/mL). For some conditions, RNA was
treated with alkaline phosphatase (Apex, Epicentre) according to the manufacturer’s protocol. In brief, 1 uL of Apex was added to
EV-RNA (up to 1 pg) and incubated for 10 min at 37°C. The phosphatase was inactivated by heat inhibition for 5 min at 70°C. For
RNA transfer experiments, EV RNA was labeled with SYTO RNASelect fluorescent cell stain (500 nM; Thermo Fisher) for 20 min
at 37°C. Afterward, excessive stain was removed via Exosome Spin Columns (Invitrogen) which were prepared according to the man-
ufacturer’s protocol.

Quantification of cytokines

IFN-B concentration in murine cell culture supernatants was determined with a custom-made ELISA, as described previously.'? In
brief, Flat-bottom 96-well plates (Nunc) were coated with rat anti-mouse IFN-$ antibody (PBL Assay Science Cat# 22400-1, RRI-
D:AB_387846; 1 ung/mL) in coating buffer (eBioscience) for 16 h at 4°C. After extensive washing with PBS +0.5% Tween, the plate
was blocked with PBS +10% FCS for 3 h on room temperature (RT). Samples were incubated on 4°C for 24 h, and plates were exten-
sively washed. Anti-mouse Interferon-beta rabbit serum (PBL Assay Science Cat# 32400-1, RRID:AB_387872; 620 ng/mL) was
added and incubated for 3 h at room temperature. After additional washing, polyclonal goat anti-rabbit IgG coupled with horseradish
peroxidase (Abcam Cat# ab6721, RRID:AB_955447; 56 ng/mL) was added and incubated for 1 h at room temperature. After intensive
washing, 100 uL of substrate solution (1XTBM Substrate, eBioscience) was added. When the reaction was complete, 100 pL of stop
solution (2N H,SO,4) was added to the substrate solution. Optical density of each well was immediately assessed, using a microplate
reader set to 450 nm (Tecan). IFN-B production in human THP-1 monocytic cells was determined using the THP1-Dual KI-hSTING-
R232 Cells reporter system (Invivogen). These cells are derived from the human THP1 monocyte cell line, which stably integrated a
secreted inducible reporter construct to monitor type | IFN pathway activation. THP1 reporter cells were incubated for 24 h with EVs
derived from control or 3pRNA-treated melanoma cells (40 ung/mL, determined via BCA assay), then type | IFN pathway activation
was measured according to the manufacturer’s instructions. PBMC culture supernatants were analyzed for cytokine secretion by
ELISA (BD OptEIA Kits) or IFN-I release with the reporter cell line HEK-Blue IFN-a/f Cells (Invivogen) according to the manufacturers’
protocol.

Western blot

Cells or EVs isolated from cell culture supernatants were solubilised in RIPA buffer (Pierce), separated by SDS-PAGE on 12% poly-
acrylamide gels and transferred onto a nitrocellulose blotting membrane (GE Healthcare). The membranes were blocked in 3-5%
blocking reagent (GE Healthcare) in PBS-Tween (PBST) for 1 h at room temperature and incubated with respective antibodies
(Abs) in 0.5-1% blocking reagent in PBST over night at 4°C. A list of antibodies used for Western blot can be found in Table S5. After
3 x 5 min washing in PBST, the peroxidase-conjugated secondary antibody was applied at 1:40,000 dilution in 1-2% blocking agent
in PBST for 1.5 h at room temperature. After 3 x 5 min PBST washes, the bands were detected by Amersham ECL plus and devel-
oped on Amersham ECL developing film (GE Healthcare).

Flow cytometry

Cell suspensions were stained in PBS with 3% FCS. Fluorochrome-coupled antibodies were purchased from eBioscience or
BioLegend and are listed in Table S6. For intracellular cytokine staining the Foxp3 Transcription Factor Fixation/Permeabilization
Kit (eBioscience) was used. Data were acquired on a FACSCanto Il (BD Biosciences) and analyzed using FlowJo software (TreeStar).

Immunization with EVs

For subcutaneous (sc) immunization, mice were injected sc in the hock of the hind leg with 6.25 pL EV stock solution (corresponding
to approximately 8 x 10° particles per condition, based on preliminary titration experiments) derived from the indicated tumor cell
cultures. The treatment was repeated at day 7. In some experiments, mice were pre-treated intraperitoneally (ip) with 400 ug anti-
murine IFNaR1 antibody (clone MAR1-5A3, BioXCell, West Lebanon, NH) one day prior to the above immunization. On day 14,
mice were sacrificed and draining lymph nodes and the spleen were removed. Lymphocytes of these organs were collected and
ex vivo plated on a tissue-treated cell culture plate and cultured in the presence of 1 ug/mL OVA protein in complete RPMI medium
for 72 h. IFN-y levels of CD8" T cells were analyzed by flow cytometry and ELISA from culture supernatant.

Tumor challenge and treatment

For tumor challenge with therapeutic treatment, mice were injected subcutaneously (sc) with 10° B16.0VA cells or 2 x 10° Panc02
cells in the right flank on day 0. When tumors were readily visible, 18.75 pL EV stock solution derived from corresponding tumor cell
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cultures (corresponding to approximately 2.4 x 10'° particles per condition, based on preliminary titration experiments) were injected
in PBS peritumorally (pt). To exclude only localized innate immune responses, in some experiments mice were treated with subcu-
taneous (sc) isEV applications in tumor distant sites. Generally, injections were repeated 2 times (days 6, 9 and 12). In some exper-
iments, anti-CTLA-4 (clone 9H10) and anti-PD-1 (clone RMP1-14) or appropriate isotype controls (200 ng, all from BioXCell, West
Lebanon, NH) were additionally administered intraperitoneally (ip) at the same time points. Treatment with anti-CD8a (clone 2.43,
BioXCell) or anti-NK1.1 (clone PK136) depleting antibodies was initiated two days prior to tumor induction (100 pg ip) and was
repeated twice weekly (50 ug ip). For tumor rechallenge experiments, mice were injected iv with 10° B16.0VA melanoma cells. Naive
mice were challenged with melanoma cells as controls. For in situ 3pRNA treatment, mice were injected sc with B16.0VA (2.4 x 10°
right flank, 0.8 x 10° left flank) cells on day 0. Starting when tumors were readily visible (volume approximately 100 mm?3), 25 jg
3pRNA complexed in 3.5 uL in vivo-jetPEl (Polyplus) were repeatedly injected into the right-sided tumors on day 6, 9 and 12. Gener-
ally, mice were euthanized when the maximum tumor diameter exceeded 15 mm according to standard legal procedure (responsible
state office Regierung von Oberbayern). Expansion of OVA-specific CD8 T cells was determined on day 15 after tumor induction us-
ing iTAg MHC-I murine SIINFEKL tetramers (Cat#TS-5001-1C, from MBL). At predefined time points, mice were sacrificed, and tu-
mors as well as tumor-draining (inguinal) lymph nodes were removed using forceps and surgical scissors. Tumors and lymph nodes
were minced and homogenized by filtering through a 100 um nylon strainer (BD Bioscience). The cell suspensions were washed in
PBS before subsequent analysis.

Sequencing of murine EV-RNA

RNA was extracted from EV samples using the miRNeasy Mini Kit (Qiagen) and eluted in 40 pL nuclease-free water. Prior to library
preparation, RNAs were gently dried in a centrifugal evaporator, resuspended in 10 uL water and analyzed using capillary electro-
phoresis (RNA 6000 Pico Assay, 2100 Bioanalyzer, Agilent Technologies). Sequencing libraries were constructed from 6 uL of
concentrated total RNA using the NEBNext Multiplex Small RNA Library Prep Set for lllumina (New England BiolLabs) as previously.®?
PCR products were subjected to size selection by high-resolution gel electrophoresis and purity of libraries was assessed by capillary
electrophoresis before running 50 cycles of single-end sequencing on the HiSeg2500 (lllumina). RNA-seq data was processed using
the nf-core rnaseq pipeline.”® In brief, sequencing reads were adaptor and quality trimmed using Trim Galore!,>* and aligned to the
GRCm38 reference genome using STAR.>° Gene expression was quantified using Salmon,*® and differential gene expression ana-
lyses were performed using DESeq2.°” Gene set enrichment analysis was performed using the fgsea R package®® and the Mouse
MSigDB hallmark gene set.®® To identify and quantify RNA biotypes in more detail, aligned sequencing reads were subjected to
MGcount,*® an RNA-seq quantification tool which hierarchically assigns reads to small RNA, long RNA exons, and long RNA introns
accounting for length disparities and thus quantifies coding and non-coding transcripts. In addition, RepeatMasker®® was run to iden-
tify and quantify interspersed repeats. If not stated otherwise, conservative thresholds for significantly regulated RNAs were set at a
log2 fold change > |1.5] and an adjusted p value of < 0.05.

Human PBMC EV stimulation

Preparation of human PBMCs, human melanoma cell lines, human tumor EV generation, culture conditions, antibodies, reagents,
and immunostimulatory oligonucleotides have been described before.*" In brief, PBMCs were prepared by density gradient centri-
fugation using Biocoll (Sigma-Aldrich, #L6113) from peripheral blood of healthy donors. Human melanoma cells lines were cultured in
RPMI with penicillin (1%) and streptomycin (1%) and 10% FCS (Gibco) in 10 cm dishes and at a confluence of 70-80% (5 x 10° cells),
and were transfected with 3pRNA or poly-A RNA (ctrl RNA) as control. Therefore, 24 ng RNA were complexed with 60 pL Lipofect-
amine 2000 according to the manual and cells were incubated for 3 h with the transfection complexes. Afterward, cells were washed
three times to remove lipofection complexes and cells were further cultured for 18 h in media supplemented with EV-reduced FCS for
production of EVs. Supernatant of cells for EV purification was centrifugated for 5 min at 400 G and twice for 15 min at 10,000 G.
Vesicles were pelleted twice at 100,000 G for 90 min with intermediate resuspension in PBS (SW32Ti Rotor, Beckman Coulter).
The amount of EV protein (approximately 20-100 ug from 5 x 10° cells, dependent whether cells were activated with RIG-I ligand
or not) was quantified by Bradford Assay (Carl Roth, #K015.2) or via Nanodrop (Peqglab, Erlangen, Germany). PBMCs were incubated
with 10 ng/mL EVs with incubation times between 24 h and 48 h. IFN-I release was measured by HEK-Blue IFN-o/f reporter cells
(Invivogen). To label particles released from human tumor cells, melanoma cells were incubated with 5 uM carboxyfluorescein suc-
cinimidyl ester (CFSE) (eBioscience, #65-0850-84). Subsequently, CFSE-positive particles were enriched from the melanoma culture
supernatant as described above, and were exposed to PBMCs. Uptake of labeled particles by monocytes, NK cells, or T- and B cells
was determined by flow cytometry. For generation of human immature DCs, Ficoll-separated PBMCs were used. In brief, PBMCs
were adjusted to a density of 5x10%/mL in RPMI medium and cells were plated for 1 h at 37°C. Later, non-adherent cells were
removed and plastic-adherent cells were cultured for additional 24 h in RPMI supplemented with rhGM-CSF (1000 U/mL) and
rhiL-4 (500 1U/mL), before EVs were added. 18 h later, the supernatant of DCs was analyzed for secretion of IFN-I using
HEK-Blue IFN-0/ reporter cells.

ELISpot

IFN-y ELISpot assays were performed as previously described.®® Briefly, immature DCs were generated from HLA-A2 matched
PBMC donors in the presence of IL-4 (500 IU/mL) and GM-CSF (1000 IU/mL) for 24 h, and were then exposed to EVs (75 ng/mL,
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derived from DO5mel human melanoma cells; EV dosage based on previously published experiments*') for additional 24 h. Melan A
or tyrosinase sensitive autologous T cell clones were thawed and kept for 24 h in AIM-V medium supplemented with 10% human
serum from healthy individuals and 250 IU/mL IL-2. ELISpot plates were coated with 10 pg/mL anti-human IFN-y antibody (Mabtech,
clone 1-D1K), and EV-loaded DCs (20,000 cells) were co-cultured with autologous T cells (10,000 cells) for 4 h. Control wells con-
tained effector cells alone or effector cells in the presence of tumor cells (DO5mel). Assay conditions were tested in triplicates.
Assay development was done according to standard procedures using the biotinylated monoclonal antibody anti-hIFN-y (Mabtech,
7-B6-1), and was analyzed using the KS ELISpot Automated Reader System. Spot numbers were determined with the use of a com-
puter-assisted video image analysis program (KS ELISpot, Zeiss, Jena).

RNA-seq analysis of human melanoma samples

RNA-seq data and clinical data from the Cancer Genome Atlas (TCGA) were downloaded for 472 cutaneous melanoma samples from
cBioPortal (study ID "skem_tcga")*® using the R package cgdsr.®® Excluding patients with multiple tumors and missing or invalid
overall survival data resulted in a cohort of 456 patients used for further analysis. Tumor EV pathway and Common EV pathway
gene sets have been defined previously.?®*> Of these, we excluded Myosin Light Chain 3 (MYL3), since we found it not to be ex-
pressed in the 456 human melanoma samples, resulting in a Tumor EV pathway gene set of 24 genes. The melanoma patient cohorts
under treatment with anti-CTLA-4*°° or anti-PD-1° for tumor RNA-seq analysis have been described previously. The gene expres-
sion level of each EV pathway gene was median centered and scaled by its median absolute deviation using its expression levels
across all tumors within the cohort. Then, the mean of the centered and scaled EV pathway gene expression levels for one tumor
sample was assigned as the mean EV pathway gene set expression value for that tumor sample. Using the median EV pathway
gene set expression values of one cohort as a cut-off, tumor samples were assigned to a low or high EV pathway gene set expression
subgroup for survival analysis. The significance of the association between concomitantly high transcriptional activity of DDX58 and
the Tumor EV pathway gene set with durable clinical response to either anti-CTLA-4 or anti-PD-1 (defined as complete response,
partial response or stable disease for at least 6 months) was calculated with Fisher’s exact test. Using an unbiased approach, median
expression of the gene set was used as cutoff to classify patients into low and high expression subgroups. The data used for compar-
ative RNA-seq analyses in healthy skin tissue were obtained from the Genotype-Tissue Expression (GTEx) Project.

Nanoparticle tracking analysis (NTA)

Sizing and quantification of EVs was performed with the NanoSight LM10 instrument, following the manufacturer’s protocol,
(NanoSight, Malvern Instruments Ltd, Malvern, UK). In brief, a 1 pL aliquot of obtained EV samples was diluted in 44qH2O (at least
1:1000) to achieve a uniform particle distribution, and 6 sequential measurements (1 min each) at 23°C (viscosity 0.09 cp) were per-
formed. The instrument settings were: camera shutter 25-32 ms, 24.98-24.99 frames/s; drift velocity 5011 to 6970 nm/s; analysis:
blur auto, detection threshold 5-6 multi, min track length auto and min expected size auto. At least 900 tracks were recorded per
measurement.

Transmission electron microscopy

EV samples were diluted 1:50 in PBS. 5 uL of each diluted sample were applied to glow-discharged carbon grids, incubated for 60 s,
blotted, briefly washed with 44H-O and subsequently stained in 1% w/v uranyl acetate for 40 s. Images were recorded immediately
using a CM200 at a nominal magnification of 50,000x on a Tietz4K camera. The pixel size on the specimen level was 0.21 nm.

Protein quantification with BCA assay

Protein load of EV samples was determined by bicinchoninic acid (BCA) assay using the Pierce BCA Protein Assay (Thermo Scientific)
according the manufacturer’s protocol. In brief, EVs were lyzed with RIPA buffer during an incubation time of 30 min onice. After 1 min
of vortexing, lysates were mixed with the kit reagents and incubated for 30 min on 37°C in the dark. The purple-colored reaction prod-
uct of this assay exhibits a strong absorbance at 562 nm, which correlates linearly with protein concentrations. The absorbance was
measured at or near 562 nm on a Tecan plate reader.

Quantifying gene expression by real-time PCR

Total RNA was isolated from cells lysed in TRIzol (Ambion) and was reversely transcribed using standard methods and kits according
to manufacturefs protocols (RNeasy Mini Kit, Qiagen; SuperScript Il Reverse Transcriptase, Invitrogen). The specific primer pair se-
quences are listed below. Transcript amplification was visualized with the gPCR Core kit for SYBR Green | (Eurogentec) using a
LightCycler 480 Il (Roche) real-Time PCR system. The relative transcript level of each gene was calculated according to the 2—AACt
method with normalization to B-Actin. The following mRNA primer sequences were used: mActin fwd 5'-CACACCCGCCAC
CAGTTCG-3, mActin rev 5'-CACCATCACACCCTGGTGC-3', mRab27a fwd 5-GCATTGATTTCAGGGAAAAGAGAG-3', mRab27a
rev 5'-TTCTCCACACACCGCTCCATCCGC-3'.

Bulk murine melanoma RNA-sequencing

RNA-seq library preparation, sequencing and archiving for this dataset have been published before.'? The data are publicly available
(European Nucleotide Archive, accession #: PRJEB32241). In brief, mice were injected subcutaneously with 2.4 x 10° B16.0VA
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melanoma cells. On day 6, 25 ug 3pRNA complexed in 3.5 pL in vivo-jetPEIl (Polyplus) were injected into the tumors. On day 7, tumors
were removed and total cellular RNA was extracted from bulk tumor cells. Gencode gene annotations M24 and the mouse reference
genome GRCm38 were derived from the Gencode homepage (EMBL-EBI). Drop-Seq tools v1.12%” was used for mapping raw
sequencing data to the reference genome. The resulting UMI filtered count matrix was imported into R v4.0.5 and lowly expressed
genes were subsequently filtered out. Prior differential expression analysis with DESeq2,>’ dispersion of the data was estimated with
a parametric fit using the group as response variable for the Generalized Linear Model (GLM). Apegim®® shrunken log2 foldchanges
were calculated afterward, and used as input for the GSEAPreranked method.®® Geneset definition was derived from a previous pub-
lication®® Data was variance stabilized via the rlog function as implemented in DESeq2 and leading-edge genes from the GSEA-
Preranked analysis were visualized as heatmap (z-transformed rlog expression values).

Imaging flow cytometry

In vitro transcribed 3pRNA was fluorescently labeled (FAM, excitation peak at 492 nm, emission peak at 518 nm) using the Silencer
siRNA Labeling Kit (Thermo Fischer). B16.0OVA cells were transfected with either unlabeled or FAM-labeled 3pRNA. After 48 h, EVs
were isolated from cell culture supernatants as described above. Prior to analysis, 5 uL aliquots of EV stocks were thawed and diluted
to a total volume of 50 pL by adding 45 pL of Dulbecco’s PBS (Gibco Invitrogen) to each sample. Samples were then mixed and the
total volume was acquired on an ImageStreamX MKl instrument (ISX; Amnis/MilliporeSigma) equipped with 5 lasers (70 mW 375 nm,
100 mW 488 nm, 200mW 561 nm, 150 mW 642 nm, 70 mW 785 nm, SSC). Only the 488 nm and 785 nm lasers were enabled at
maximum powers, and data was acquired with 60x magnification, a 7 um core size and low flow rate as described previously.”®""
FAM signals were collected in channel 2 (480-560 nm filter), and channel 6 (745-800 nm filter) was used for SSC detection. Data
analysis was performed using Amnis IDEAS software (version 6.1). The image display mapping was linearly adjusted on represen-
tative fluorescent particle/sEV images for each channel and then applied to all files of the respective experiment. Based on aforemen-
tioned previously described settings, optimized masking and gating settings were applied for data analysis.”>" For detergent lysis
controls, samples were incubated for 30 min at RT after adding the non-ionic detergent Nonidet P-40 to a final concentration of 0.5%
as described previously.”*"®

QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise, all data are presented as mean + SEM. Statistical significance of single experimental findings was assessed
with the independent two-tailed Student’s t test. For multiple statistical comparisons of a dataset the one-way ANOVA test with Bon-
ferroni or Dunnett’s post-test was used. Overall survival was analyzed using the Log rank test. Significance was set at p values <0.05,
p < 0.01, and p < 0.001 and was then indicated with an asterisk (*, ** and ***). If not stated otherwise, an asterisk without brackets
indicates statistical comparison to ‘Ctrl-EV’-treated cells. All statistical calculations were performed using Prism (GraphPad

Software).
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