Molecular Cell

Extracellular Vesicles from Neural Stem Cells

Transfer IFN-vy via Ifngri

to Activate Stat1 Signaling in Target Cells

Chiara Cossetti,'-:'2 Nunzio Iraci,’-%>'2 Tim R. Mercer,® Tommaso Leonardi,’->* Emanuele Alpi,> Denise Drago,®
Clara Alfaro-Cervello,'-? Harpreet K. Saini,* Matthew P. Davis,* Julia Schaeffer,'-2 Beatriz Vega,'-> Matilde Stefanini,?-2
CongdJian Zhao,® Werner Muller,” Jose Manuel Garcia-Verdugo,® Suresh Mathivanan,® Angela Bachi,>'! Anton J. Enright,*

John S. Mattick,'? and Stefano Pluchino®-2*

1John van Geest Centre for Brain Repair, Department of Clinical Neurosciences, and NIHR Biomedical Research Centre, University of

Cambridge, CB2 OPY Cambridge, UK

2Wellcome Trust-Medical Research Council Stem Cell Institute, Cambridge, UK

SInstitute for Molecular Bioscience, University of Queensland, St Lucia QLD 4072, Australia

4The EMBL-European Bioinformatics Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1SD, UK
5Biomolecular Mass Spectrometry Unit, Division of Genetics and Cell Biology, San Raffaele Scientific Institute, 20132 Milano, ltaly
8Southwest Hospital, Southwest Eye Hospital, Third Military Medical University, Chongging 400038, China

“Faculty of Life Sciences, University of Manchester, Manchester M13 9PT, UK

8Departamento de Neurobiologia Comparada, Instituto Cavanilles, Universidad de Valencia, 46980 Valencia, Spain

9Department of Biochemistry, La Trobe Institute for Molecular Sciences, La Trobe University, Bundoora, Victoria 3086, Australia

10The Garvan Institute, Darlinghurst, NSW 2010, Australia

1Present address: IFOM-FIRC Institute of Molecular Oncology, Via Adamello 16, 20139 Milan, Italy

12Co-first author
*Correspondence: spp24@cam.ac.uk
http://dx.doi.org/10.1016/j.molcel.2014.08.020

SUMMARY

The idea that stem cell therapies work only via
cell replacement is challenged by the observation of
consistent intercellular molecule exchange between
the graft and the host. Here we defined a mechanism
of cellular signaling by which neural stem/precursor
cells (NPCs) communicate with the microenviron-
ment via extracellular vesicles (EVs), and we eluci-
dated its molecular signature and function. We
observed cytokine-regulated pathways that sort pro-
teins and mRNAs into EVs. We described induction of
interferon gamma (IFN-vy) pathway in NPCs exposed
to proinflammatory cytokines that is mirrored in
EVs. We showed that IFN-y bound to EVs through
Ifngr1 activates Stat1 in target cells. Finally, we
demonstrated that endogenous Stat1 and Ifngr1 in
target cells are indispensable to sustain the activation
of Stat1 signaling by EV-associated IFN-y/Ifngri
complexes. Our study identifies a mechanism of
cellular signaling regulated by EV-associated IFN-vy/
Ifngr1 complexes, which grafted stem cells may use
to communicate with the host immune system.

INTRODUCTION

The systemic injection of neural stem/precursor cells (NPCs) in
laboratory animals with immune-mediated experimental CNS
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demyelination, stroke, or injuries of the spinal cord leads to
remarkable neuroprotection and functional recovery (Martino
et al., 2011; Uccelli et al., 2011). While a comprehensive under-
standing of the mechanisms by which stem cell grafts work is
still lacking, it is becoming increasingly accepted that they exert
some of their therapeutic effects by secreting a complex array
of homeostatic molecules (stem cell secretome) with immune
regulatory and tissue trophic functions that ultimately reduce
tissue damage and/or enhance endogenous repair (Drago
et al., 2013).

Partly as drugs and partly as devices, stem cell medicines
work like naturally occurring disease-modifying agents that
sense signals, migrate to specific areas of the body, make
decisions, and execute complex response behaviors—always
in the context of specific microenvironments (Fischbach et al.,
2013).

Communication between grafted stem cells and the host
is delivered via secreted cytokines and/or growth factors or
through cellular (Gap) junctional transfer of electrical, metabolic,
and immunological information. Furthermore, early work also
suggests that extracellular vesicles (EVs) may play a key role
when transferred from grafted stem cells to target host neural
and nonneural cells (Pluchino and Cossetti, 2013).

EVs are complex membranous structures composed of a lipid
bilayer that contain transmembrane proteins and enclose solu-
ble hydrophilic components derived from the cytosol of donor
cells. EV is a general term that defines different types of vesicles,
including exosomes, microparticles, gesicles (Mangeot et al.,
2011), and human endogenous retroviral particles (Balaj et al.,
2011). Cells secrete EVs simultaneously, although there are yet
no established criteria to distinguish one type of vesicle from

193


mailto:spp24@cam.ac.uk
http://dx.doi.org/10.1016/j.molcel.2014.08.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2014.08.020&domain=pdf

Cell’ress

another or physical means to separate them once released
(Witwer et al., 2013). EVs capture bioactive molecules respon-
sible for direct stimulation (Al-Nedawi et al., 2008) and increased
survival of target cells (Friihbeis et al., 2013; Lopez-Verrilli et al.,
2013), transmission of infectious agents (Mattei et al., 2009), and
horizontal transfer of membrane and/or cargo molecules, which
are enriched in specific proteins (Antonyak et al., 2011) and
nucleic acids (Mittelbrunn et al., 2011; Valadi et al., 2007).

It is well established that this transfer of information affects
the physiology of recipient cells in various ways, from the activa-
tion versus suppression of immune responses, to promotion
of tissue repair and cancer progression (Breakefield et al.,
2011; Théry et al., 2009). Furthermore, experimental therapeu-
tics with either unmodified or functionalized EVs/exosomes
collected from mesenchymal stem cells (MSCs) or immune cells
are being established as a promising anti-inflammatory (Yu et al.,
2013; Zhuang et al., 2011), tissue-protective (Xin et al., 2013),
stem cell-free alternative approach for brain repair.

Here, we focused on defining whether the form of communi-
cation mediated by EVs exists for NPCs, on elucidating its
molecular signature and functional relevance to target cells,
and on identifying the key elements responsible for this mecha-
nism of cellular signaling.

We show that NPC EVs primarily consist of exosomes and
observe cytokine-regulated pathways that sort proteins and
mRNAs into EVs. Moreover, we describe a highly specific induc-
tion of the interferon gamma (IFN-vy) pathway in parental NPCs
exposed to proinflammatory cytokines that is mirrored in EVs.
We determined that activation of Stat1-dependent signaling
in target NIH 3T3 cells occurs as a result of the intercellular
transfer of IFN-y bound to interferon gamma receptor 1 (Ifngr1)
on the surface of EVs. Finally, we demonstrate that endogenous
Stat1 and Ifngr1 in target cells are indispensable to sustain
the activation of Stat1 signaling by EV-associated IFN-vy/Ifngr1
complexes.

Our study sheds light on the mechanisms of intercellular
information exchange and demonstrates that EV-mediated cyto-
kine signaling is an important mechanism by which NPCs may
propagate some of their immune modulatory activities (Pluchino
and Cossetti, 2013).

RESULTS

NPCs Secrete EVs

NPCs were established from the subventricular zone (SVZ)
of adult mice, as described (Pluchino et al., 2005). Scanning
electron microscopy (SEM) of NPC surface revealed polarized
membranous structures of small and medium size, which
included long nanotubes and round membrane vesicles (Figures
1A and 1B). Transmission electron microscopy (TEM) showed
the budding of electron-dense vesicle-like structures directly
from the NPC plasma membrane and the presence of cytoplasm
electron-transparent vesicles (Figure 1C).

EVs were isolated from NPC supernatants by differential
centrifugation (Théry et al., 2001). We verified the heterogeneity
and size of the EVs collected by combination of flow cytometry
(FCM) and TEM. FCM analysis showed that the majority of
EVs were around 1 um in size (data not shown), while TEM
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confirmed the heterogeneity of the EV fraction (Figure 1D).
Negative TEM staining indicated the presence of a subfraction
of cup-shaped vesicles in the range of 40-120 nm, consistent
with previous descriptions of exosomes (Théry et al., 2001) (Fig-
ure 1E). Nanoparticle-tracking analysis (NTA) (Dragovic et al.,
2011) supported the presence of a multimodal size distribution
of EVs, with a major peak corresponding to smaller exosome-
like vesicles (diameter 167 + 2.82 nm) and a smaller peak con-
sisting of larger microparticle-like vesicles (diameter 342.4 +
36.65 nm) (Figure 1F).

To enrich for exosomes, we applied sucrose gradient density
centrifugation and pooled the EV fractions in the range between
1.13 and 1.20 g/ml (Exos), as described previously (Théry et al.,
1999). NTA of Exos indicated a strong enrichment in particles
with a peak diameter around 100-150 nm, which corresponds
to described exosomes (Figure 1F). Biochemical and FCM ana-
lyses further confirmed that purified Exos were specifically en-
riched in several markers associated with exosomes, compared
to EVs and NPCs (Théry et al., 2001) (Figure 1G).

Proinflammatory Cytokine Signaling Induces the Export
of Specific Protein Cargoes in EVs

To further assess NPC-derived EVs as conveyors of functional
(immune) responses (Théry et al., 2009), as well as the potential
role of the microenvironment in modulating EV-mediated transfer
of information between cells, we examined whether the expo-
sure of NPCs to inflammatory cytokines would affect the protein
composition of EVs and Exos.

NPCs were grown in culture media alone (basal) or enriched
with cytokine cocktails that mimic a proinflammatory (Th1-like,
hereafter referred to as Th1) or anti-inflammatory (Th2-like, here-
after referred to as Th2) microenvironment (Pluchino et al., 2008).
Treatment of NPCs with either pro- or anti-inflammatory cytokine
cocktails had no effect on expression levels of their cognate
receptors, compared to basal (Figure S1, available online). In
addition, there was no difference in the EVs/Exos in terms of
size, concentration, and total protein content (Figure S2),
suggesting that cytokine signaling had minimal impact on the
overall protein loading from NPCs into EVs/Exos.

To provide quantitative profiling of the EV proteins, we next
performed heavy-light double stable isotope labeling of amino
acids in cell culture (SILAC), comparing EVs and Exos collected
from NPCs grown in basal, Th1, or Th2 media, as before. Given
that we observed a strong (~65%-70%) overlap between the
EVs and Exo protein data sets (Table S1), for clarity from here
we will only discuss the EV protein content. Data from Exo SILAC
are showed in Figure S3.

We identified a total of 914 and 893 proteins in Th1 and Th2
EVs, with more than 90% being quantified, and a large (75%)
overlap between the two cytokines treatments (727/965),
compared to basal (Figures 2A-2C).

We next found that ~12%-15% of proteins were differentially
expressed (p < 0.05) in Th1 (124/855) and Th2 (102/837) EVs,
with only moderate (27%) overlap between these two differen-
tially expressed data sets (48/178) (Figure 2C). We ultimately
identified a set of 76 proteins that were significantly regulated
in Th1 EVs only and a smaller set of 54 proteins regulated in
Th2 EVs only (Figure 2C). Among the 42 upregulated proteins

194 Molecular Cell 56, 193-204, October 23, 2014 ©2014 Elsevier Inc.



Molecular Cell
NPC EVs Signal through Ifngr1

Figure 1. NPCs Secrete EVs

(A) Scanning electron microscopy (SEM) of a NPC
with long adherent expansions, and numerous
membrane protrusions on the surface. Scale
bars, 5 um.

(B) SEM of the NPC surface, where membra-
nous nanotubes and circular membrane vesicles
are observed (magnified in the inset). Scale
bars, 5 um.

(C) Magnified TEM detail of a NPC secreting two
small-sized vesicles. Scale bars, 500 nm.

(D) TEM of NPC EVs. EVs appear as heteroge-
neous population of differently sized vesicles
(range 40-200 nm in diameter) surrounded by a
double-layer membrane (arrowheads). Scale bars,
500 nm.

(E) TEM of negative stained EVs, showing cup-
shaped vesicles (80-120 nm). Scale bars, 100 nm.
(F) Particle-size distribution of EVs (red line)
and Exos (black line) obtained by NTA. Data are
represented as mean + SEM from n = 5 indepen-
dent replicates and are normalized to 1 for size
comparison.

(G) Western blot of exosomal markers in NPCs,
EVs, and Exos. Exos correspond to pooled

F G EV fractions (sucrose gradient) . X )
12 oe fractions 6-9, having a density between 1.13 and
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ciated glycoprotein or tapasin (Tapbp)
and B2-microglobulin (B2m) (Figure S3).

We concluded that proinflammatory—

that were enriched in Th1 EVs, 18 (43%) were categorized as
protein metabolism (Table S1).

We then applied Reactome Functional Interaction (Fl) Cyto-
scape plugin to build a pathway-based protein functional inter-
action subnetwork of the Th1 EV protein metabolism GO terms.
From this analysis, we identified that Th1 EVs were enriched for
T-complex protein 1 subunit gamma and delta (Cct3 and Cct4)
(Figure S3), which have previously been associated with mast
cell-derived EVs (Valadi et al., 2007). Reactome pathways
enrichment data are available in Table S2.

To examine whether changes in the EV proteome reflect those
of the parental NPC protein expression in response to cytokines,
we performed SILAC in NPCs as above. We observed a notable
difference in NPC protein expression in response to both Th1
and Th2 cytokines compared to basal conditions (Figure S3).
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and to a much lesser extent anti-inflam-
matory—cytokine signaling pathways
regulate the NPC proteome and induce a specific export of pro-
tein cargoes in EVs and Exos.

Th1 EVs Are Enriched in mRNAs Coding for the IFN-y
Signaling Pathway
Due to the limitations of SILAC for quantifying low-abundance
proteins (Lubec and Afjehi-Sadat, 2007), we next employed
RNA sequencing (RNA-seq) on poly(A)-selected RNAs for in-
depth analysis of the transcriptome of NPCs, EVs, and Exos.
Total RNA levels in NPCs, EVs, and Exos remained constant
between basal, Th1, and Th2 conditions (Figure S2); however,
we found 686 genes upregulated and 477 genes downregulated
(FC > 5)in Th1 NPCs (versus basal; Figure S4). Overall, we found
that the transcriptome of both Th1 and Th2 EVs and Exos
mirrored that of parental NPCs, with only Th1 EVs and Exos
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Figure 2. Th1 Cytokine Signaling Upregulates the IFN-y Pathway in NPCs that Is Exported to EVs

(A-C) SILAC quantification of proteins expressed in Th1 and Th2 EVs. Scatter plots of the identified and quantified proteins in EVs Th1 (A) and Th2 (B) together with
a color-coded quantitation significance as provided by MaxQuant software. Protein ratios are plotted against summed peptides intensities. (C) Venn diagrams
of the numerical values for the indicated common and unique proteins quantified and differentially expressed in Th1 (green) and Th2 (blue) EVs versus basal EVs.

p < 0.05.

(D) Bar chart showing the score of the top 20 most enriched GO terms in Th1 NPCs versus basal from RNA-seq data. Color coding indicates the adjusted p value.
(E) Western blot of the Jak/Stat pathway in NPCs, EVs, and Exos. B-actin (Actb) was used as a loading control. This panel is representative of n = 4 independent

protein preparations showing the same trends.
See also Figures S2-S4 and Tables S1 and S2.

showing remarkable upregulation of MRNAs belonging to inflam-
matory pathways (Figures 2D and S4).

GO enrichment analysis on the differentially expressed genes
revealed that the most altered pathways in Th1 NPCs were
response to IFN-y (p = 3.8 x 10722) and antigen processing
and presentation (p = 2.1 x 10~'7; Figure 2D). Th2 NPCs
showed differential expression of only a small number of RNAs
(Figure S4).

Therefore, proinflammatory cytokine signaling triggered regu-
lation of genes downstream of the IFN-y pathway in NPCs, which
were ultimately exported to EVs and Exos.

We next validated, by western blot analysis, some of the com-
ponents of the IFN-y pathway (including Stat1) identified by
RNA-seq. The rationale behind this choice was based on three
factors: (1) the largely immune-like effects of the proinflamma-
tory cytokine signaling on the NPC, EV, and Exo proteomes (Fig-
ure S3 and Table S1); (2) the evidence that EVs traffic proteins
and RNAs, often belonging to the very same pathways (Valadi
et al., 2007); and (3) the well-known role of the Stat1 pathway
in promoting diverse cellular responses to IFN- y (Ramana
et al., 2002).

Th1 NPCs upregulated total and phosphorylated Stat1 (pStat1)
at both Y701 and S727 sites, whereas Th1 EVs—and to a much
lesser extent Th1 Exos—showed a specific increase in total
Stat1 and pStat1 (Y701) only. Th1 NPCs, EVs, and Exos were
all enriched with the downstream element of Stat1 pathway
B2m (Fellous et al., 1982) (Figure 2E), also confirming a similar
enrichment identified by SILAC. Both Jak1 and Jak2 were en-
riched in EVs, but neither these tyrosine kinase proteins nor their
phosphorylated forms underwent upregulation in Th1 samples
(Figure 2E), likely reflecting fast activation kinetics of Jaks (Igara-
shi et al., 1994). We did not observe changes in the expression of
either total Stat6 or pStat6 after Th2 treatment (data not shown).

We concluded that proinflammatory cytokine signaling in
NPCs activates signal transduction along the IFN-v/Statl
pathway and governs the export of specific components of this
pathway to EVs and Exos.

Th1 EVs Transfer Specific Signal Transduction along the
Stat1 Pathway to Target Cells

To investigate the impact of the transfer of NPC-derived EVs
enriched in IFN-vy signaling elements to target cells, we exposed
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Figure 3. EVs Rapidly Adhere to and Are Incorporated into Target Cells via Plasma Membrane
(A) CD63-RFP EV uptake in fEGFP target cells (in green) as early as 2 hr after transfer. EVs are in red under confocal and magenta under super-resolution STED

microscopy. Scale bars: top left, 5 um; top right, 2 um; bottom, 1 um.

(B) FCM analysis of EGFP internalization by target cells treated with increasing quantities of EVs. Data are represented as mean relative fluorescence intensity +
SEM from n = 3 independent experiments. A representative confocal image of a NIH 3T3 cell (red) exposed to fEGFP EVs (green) is shown. The lower panelis a Z

stack of n = 5 optical slices taken at 1 um intervals. Scale bar, 10 um.
Nuclei in (A) and (B) were stained with DAPI (blue). See also Movie S1.

NIH 3T3 cells to increasing quantities of EVs collected from
NPCs that expressed either a farnesylated enhanced green fluo-
rescent protein (fEGFP) or the tetraspanin CD63 fused to red
fluorescent protein (RFP; Figure 3). We used the NIH 3T3 cell
line as a model of target cells, with the key advantages of being
robust in terms of reproducibility of outcomes, easy to handle,
and very informative for high-throughput approaches investi-
gating the global cellular response to type | and Il interferons
(Dolken et al., 2008).

We showed, by FCM, confocal, stimulated emission depletion
(STED) super-resolution microscopy, and TEM, the rapid adhe-
sion and incorporation of EVs in target cells (peak of fluores-
cence at 9 hr after exposure; Figure 3 and Movie S1). The lack
of association between EVs and the lysosomal-associated mem-
brane protein 1 (LAMP-1) excluded direct orimmediate degrada-
tion in target cells (data not shown). Whole transcriptome and
proteome analyses were carried out on NIH 3T3 cells incubated
with EVs (20:1 ratio; ~30 ng of EV proteins/treatment) harvested
from NPCs cultured in basal, Th1, or Th2 conditions (Figure 4A).

The exposure of target cells to Th1 EVs led to the differential
expression of 443 genes (B > 3, compared to NIH 3T3 not
exposed [NE]) and 130 proteins (p < 0.01, compared to NIH
3T3 NE). The majority of these genes and proteins were similarly
regulated in Th2 and basal EVs with 24 genes and 95 proteins
specifically regulated by Th1 EVs only. In contrast, Th2-induced
changes were similar to those elicited by basal EVs (Figures 4B
and 4C and Table S3).

To understand the functional trends elicited by these EV prep-
arations, we applied GeneMANIA (Mostafavi et al., 2008) and
generated an integrated pathway analysis that combined micro-
array and SILAC data (Table S3).

When generating the GeneMANIA network for the specific
response to Th1 EVs (Figure 4D), we found that the most signifi-
cantly enriched GO term was antigen processing and presenta-
tion (p = 3.19 x 10~ '%). Additionally, we found a smaller, but
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significant, enrichment of genes/proteins for the GO terms
response to interferon beta (p = 2.17 x 10~%), response to inter-
feron gamma (p = 5.26 x 1077), and response to cytokine
stimulus (p = 1.57 x 1077) (Table S3). Interestingly, these Th1
EV-specific changes broadly overlapped with the changes
induced by Th1 cytokines in parental NPCs. On the other hand,
we did not find any significant GO enrichment in the Th2-specific
GeneMANIA network, which suggested that basal and Th2 EVs
elicit broadly similar effects on target cells (Table S3).

Next, we used gPCR to confirm the significant upregulation of
the key elements of the Stat1 pathway arising from the Th1-spe-
cific GeneMANIA network upon exposure of NIH 3T3 cells to Th1
EVs (Figure 4E). We also found, by western blot analyses, that Th1
EVs specifically induce Stat1, pStat1 (both Y701 and S727), and
B2m, but not Stat6 and pStat6 (Y641), in NIH 3T3 cells. As above,
neither Jak1 nor Jak2 showed differences in expression, or
detectable levels of phosphorylation, in any sample. All changes
observed in target cells exposed to EVs were mirrored, although
to a lower extent, in cells exposed to Exos (Figure 4F).

Thus, the activation of this Stat1-specific response in NIH 3T3
cells suggests that Th1 EVs/Exos loaded with specific compo-
nents of the Stat1 pathway may signal either directly via gene
(Valadi et al., 2007) and/or protein transfer (Kwon et al., 2014)
or indirectly via gene and protein induction (Li et al., 2013).

The EV-Associated IFN- y/Ifngr1 Complex Activates
Signal Transduction along the Stat1 Pathway in

Target Cells

To assess the relevance of the direct mRNA and protein transfer
via Th1 EVs on target cells, we analyzed the levels of Stat1 and
key proteins of the IFN-y pathway in Stat1~/~ target cells treated
with wild-type (WT) Th1 EVs. Using a probe specifically designed
to detect exogenous Stat1, we observed dose- and time-depen-
dent increase of Stat?1 by qPCR. The observed linear correlation
between the levels of mMRNA and the incubation time (p < 0.001;
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Figure 4. Th1 EVs Activate Signal Transduction along the Stat1 Pathway in Target Cells at Gene and Protein Levels

(A) Experiment overview of whole transcriptome and proteome analyses in target cells exposed to NPC EVs.

(B) Heatmap of the relative fold changes of genes in target cells exposed to 20:1 NPC:NIH 3T3 ratios of basal, Th1, or Th2 EVs for 24 hr in vitro.

(C) Heatmap of the relative fold changes of proteins in target cells treated as in (B).

(D) Integrated GeneMANIA network of differentially expressed Th1-specific genes and proteins identified using microarray and SILAC, respectively, by comparing

target cells exposed to Th1 EVs versus basal EVs.

(E) gPCR analysis of Stat1, Igtp, Psmb9, and B2M expression in target cells treated as in (B). Data are represented as mean log2 fold change + SEM over target
cells not exposed (NE) to EVs from a total of n = 3 independent experiments. *p < 0.05, compared to NE.
(F) Western blot of the Jak/Stat pathway in target cells treated as in (B). This panel is representative of n = 4 independent protein preparations showing the same

trends. B-actin (Actb) was used as a loading control.
See also Table S3.

R? =0.7684 and R? = 0.6061 for 20:1 and 80:1 ratio, respectively)
further supported a likely active uptake of EV-derived mRNA by
Stat1~/~ target cells. However, we failed to detect convincing
levels of exogenous Stat1 by western blot, which suggested
that the translation of the transferred mRNA and the quantity of
exogenous Stat1 from Th1 EVs were both below the detection
limits (Figure S5).

These data also suggest a requirement for endogenous Stat1
to sustain the activation of the Stat1 signaling in target cells
exposed to Th1 EVs.

Next, to better define the relative contribution of the different
components of the Stat1 pathway in the EV-induced activation
of signal transduction in target cells, we discriminated between
the effects of the Th1 proinflammatory cytokine cocktail and
those elicited by IFN-y alone.

We observed that IFN-y only induced comparable activation
of signal transduction along the Stat1 pathway in NPCs and
EVs (Figure S5), as well as in NIH 3T3 cells, when exposed to
EVs from NPCs treated with IFN-y only (Figure 5A).

To clarify which component of the IFN-y pathway was
responsible for the effect of EVs on target cells, we generated
NPCs from mice lacking Stat1 (Durbin et al., 1996), Ifngr1 (alpha
chain) (Huang et al., 1993), or Ifngr2 (beta chain). The treatment
of Stat1™/~, Ifngr1~~, and Ifngr2~'~ NPCs with Th1 cytokines
or IFN-y only failed to activate signal transduction along the
Stat1 pathway at both RNA and protein levels (Figure S5). Inter-
estingly, both Stat1 ™~ and Ifngr2~'~ Th1 and IFN-y EVs were still
capable of activating the Stat1 pathway in target cells (Figures
5A and 5B). In contrast, we found that Ifngr1 ~~ Th1 and IFN-y
EVs failed to elicit the activation of Stat1 in NIH 3T3 (Figure 5B),
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Figure 5. The IFN-y/Ifngr1 Complex via EVs Activates Signal Transduction along the Stat1 Pathway in Target Cells

(A and B) Western blot of the Stat1 pathway in target cells treated with WT, Stat1™~ (A) and Ifngr1™~ and Ifngr2™~ (B) EVs as in Figure 4F. These panels are
representative of n = 3 independent protein preparations showing the same trends.

(C) Ccl8 release by target cells exposed to EVs as in (A) and (B), as measured by ELISA.

(D) Western blot of the Stat1 pathway in target cells exposed to basal EVs pretreated with 100 ng/ml IFN-y (basal '™"7; same concentration used for NPCs). This
panel is representative of n = 3 independent protein preparations showing the same trends.

(E) Ccl8 release by target cells exposed to EVs as in (D), as measured by ELISA.

Data in (C) and (E) are represented as mean + SEM from a total of n < 3 independent experiments. *p < 0.01, **p < 0.001, ***p < 0.0001, compared to NE target
cells not exposed (NE) to EVs. B-actin (Actb) was used as a loading control in (A), (B), and (D). See also Figures S5 and S6.

demonstrating that Ifngr1 is indispensable for the propagation of
the IFN-y-dependent signaling by EVs.

Further, the activation of Stat1 signaling in target cells was also
paralleled by secretion of the chemokine monocyte chemoat-
tractant protein 2 (Mcp-2)/C-C motif ligand 8 (Ccl8), as described
(Struyf et al., 2009). Again, we did not find any increase in the
secretion of Ccl8 by target cells exposed to /fngr1~~ Th1 or
IFN-y EVs (Figure 5C). These data demonstrated that Ifngr1,
but not the enriched mRNAs and proteins in Th1 EVs, is medi-
ating the transfer of proinflammatory signaling to target cells.

To establish whether IFN-y bound to its cognate receptor on
EVs is transferred to target cells, we first measured (by ELISA)
the concentration of IFN-y in the amount of EVs used for the
transfer experiments and found no significant differences be-
tween WT, Stat1~'~, and Ifngr2~’~ Th1 and IFN-y EVs (range
52.13-210.3 pg/ml, corresponding to ~15 pg of IFN-y per
~30 pg of EV proteins). Notably, IFN-y was below the detection
limits in both Th1 and IFN-y Ifngr1 ~/~ EVs (Figure S6). In addition,
stimulation of NIH 3T3 cells with ~100-fold more free (soluble)

Molecular Cell 56, 193-204, October 23, 2014 ©2014 Elsevier Inc.

IFN-y than that estimated by ELISA as being bound to EVs led
to lower activation of Stat1-dependent signaling, compared to
that induced by IFN-y bound to EVs via Ifngr1 (Figure S6 and
Supplemental Experimental Procedures).

This evidence suggested that IFN-y bound to its cognate
Ifngr1 on EVs has much higher stability compared to the free (sol-
uble) cytokine.

Next, we used EVs treated directly with IFN-y to confirm that
IFN-y can bind to the Ifngr1 on the surface of EV. We showed
that pretreatment of WT, but not Ifngr1~/~, basal EVs with
IFN-y (basal ™) conferred to basal EVs the very same sig-
naling ability of Th1 or IFN-y EVs, in terms of both activation of
the Stat1 pathway and Ccl8 secretion by target cells (Figures
5D and 5E).

Altogether, these data excluded the possibility that nonspe-
cific IFN-y binding to EVs plays any role in the observed signaling
response of NIH 3T3 and demonstrated that the IFN-y/Ifngr1
complex on EVs is indispensable to promote intercellular induc-
tion of Stat1 signaling.
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Figure 6. The EV-Associated IFN-y/Ifngr1 Complex Requires Ifngr1 on Target Cells to Sustain the Activation of the Stat1 Pathway
(A and B) Western blot of the Stat1 pathway in Ifngr1 /= (A) or WT (B) target cells treated with different ratios (range 30-300 pg EV protein/treatment) of WT IFN-vy-
induced and basal "™ EVs for 24 hr in vitro. Panels are representative of n = 3 independent protein preparations showing the same trends. p-actin (Actb) was

used as a loading control.

(C) Proposed model of recycling of soluble (free) IFN-y by EV-associated Ifngr1 and retargeting to Ifngr1-expressing target cells.

Ifngr1 on Target Cells Is Required to Sustain the
EV-Mediated Activation of the Stat1 Pathway

Next, to investigate whether the IFN-vy/Ifngri complex on
EVs was functionally transferred in target cells, we analyzed
the activation of Stat1 signaling in Ifngr1~'~ somatic fibro-
blasts treated with WT IFN-y and basal '™ EVs (20:1, 80:1,
and 200:1 NPC:target cell ratios). We observed a slight
and dose-dependent upregulation of total, but not phos-
phorylated, Stat1 and downstream target B2m by western
blot (Figures 6A and 6B). We therefore postulated that Ifngr1
on target cells is required to sustain the activation of the
Stat1 pathway.

Finally, we wondered how EV-loaded IFN-y would activate
Stat1 signaling in target cells if already bound to a high-affinity
receptor. Consulting previously published data on the kinetics
of IFN-y/Ifngr1 complex dissociation, specifically the ks rate,
it was possible to estimate that the half-life of the ligand-
receptor complex would be 139 s (Sadir et al., 1998). Thus,
approximately every 2 min half of the IFN-y/lfngri complexes
dissociates with the now-free IFN-y allowed to be sequestered
by another high-affinity receptor. As IFN-y-bearing EVs are
incubated in the continuous presence of high affinity receptor-
expressing target cells for 24 hr, it is plausible to anticipate
that within this time frame and experimental set up enough
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IFN-v is released from an EV to equilibrate with cell-based IFN-y
receptors (Figure 6C).

All together, our results suggest that the most likely mecha-
nism underlying the EV-mediated activation of the Stat1 pathway
in target cells is the direct transfer of IFN-y from the Ifngr1 asso-
ciated to EVs to the Ifngr1 exposed on the membrane of target
cells.

DISCUSSION

The evidence that secreted EVs provide signals of information
that are capable of inducing multiple functional responses in
adjacent and distant target cells has only recently emerged
(Théry, 2011). EVs are actively secreted by most cell types and
have been identified in body fluids working as key players in
the regulation of immune responses (Théry et al., 2009).

We show that this form of communication mediated by EVs ex-
ists for NPCs, and we elucidate the molecular signature of NPC-
derived EVs and their functional relevance on target cells. We
also demonstrate that the inflammatory microenvironment,
which we mimicked in vitro with two different proinflammatory
(Th1-like) and anti-inflammatory (Th2-like) cytokine cocktails,
plays a critical role in the regulation of specific RNA and protein
sorting toward EVs. We specifically focused on the effect of the
cytokine milieu on the function of NPCs as proinflammatory cy-
tokines, such as interferon-gamma (IFN-y) and tumor necrosis
factor alpha (TNF-a), regulate the phenotype, the release of sol-
uble factors, and ultimately the function of stem cells, both
in vitro and in vivo (Pluchino and Cossetti, 2013).

Our data show that NPC-derived EVs and Exos are enriched
with a composite suite of RNAs and proteins. We observe a sig-
nificant modification of the EV RNA and protein cohorts under
both pro- and anti-inflammatory cytokine treatments. Among
the upregulated proteins that were enriched in Th1 EVs only,
half were categorized as belonging to the protein metabolism
cohort (Valadi et al., 2007). Interestingly, these modifications
only minimally overlapped with the changes observed in NPCs
in the same conditions. Such a specific enrichment of environ-
ment-associated protein cargoes in EVs suggests a link between
cytokine receptors, downstream signaling pathways, and a yet
to be identified machinery that would sort proteins and eventu-
ally regulate the loading of nucleic acids into membrane vesicles,
as it has been anticipated in other cellular systems (Villarroya-
Beltri et al., 2013). On the other hand, we observed a significant
modification of the EV and Exo cohorts in Th1, but not Th2, frac-
tions that mirrored the content of parental NPCs. This category
was enriched into genes downstream of the IFN-y signaling
pathway and was paralleled by significant enrichment into pro-
teins of the Stat1 pathway.

While other reports have described that EVs/Exos traffic pro-
teins and RNAs (Balaj et al., 2011; Mittelbrunn et al., 2011; Muller
et al., 2011; Valadi et al., 2007), we provide evidence that mem-
brane vesicles broadly sample the parental cellular response to
the microenvironment via cytokine receptors and functionally
transfer membrane vesicles that include exosomes. Through
SILAC and RNA-seq analyses of NPCs, EVs, and exosomes,
we have uncovered a comprehensive list of candidate genes
and proteins, which may be useful in understanding the mecha-

nisms of EV-mediated cell-to-cell communication via either
direct gene (Valadi et al., 2007) and/or protein transfer (Kwon
etal., 2014) or indirect gene and protein induction (Li et al., 2013).

We then assessed the ability of NPC-derived EVs to modulate
the phenotype and function of target cells. Combining a set of
high-sensitivity imaging techniques, we first show the rapid
adhesion and incorporation of EVs in target cells.

High-throughput protein and RNA analyses revealed that
exposure of NIH 3T3 cells to EVs induced broad changes in
both gene and protein expression, comprising significant regula-
tion of the expression of cell-cycle regulators, which was compa-
rable between Basal, Th1, and Th2 EVs. We also observed a
Th1 EV-specific response of target cells, broadly overlapping
with the changes induced by Th1 mix onto parental NPCs and
subsequently exported to EVs and Exos. This Th1 EV-specific
modulation of target cell function was also associated with the
acquisition of a proinflammatory phenotype of target cells, as
suggested by the increased secretion of the chemokine Ccl8
(Struyf et al., 2009).

Specifically, the capacity of Th1 EVs to activate signal trans-
duction in target cells appeared more effective than that of
Exos. Whether this implies (1) enrichment of relevant signaling
molecules in specific subcellular compartments or (2) a bias in
the extraction protocol (e.g., Exos require an extra day to be
purified) remains to be fully established.

To clarify the direct contribution of the different key signaling
elements of the IFN-y pathway, we then generated both NPCs
and target cells (somatic fibroblasts) from mice lacking Stat1
(Durbin et al., 1996), Ifngr1 (Huang et al., 1993), or Ifngr2.

We demonstrated that the direct transfer of Th1 EV-enriched
mRNAs and proteins was not responsible for the activation of
Stat1 signaling in target cells, which disagrees with previously
published data (Deregibus et al., 2007; Valadi et al., 2007). This
may be due to differences in technique sensitivity, absolute
versus relative protein abundance, and/or EV uptake by different
target cell types. We also cannot exclude that what we show
to be just dispensable in somatic fibroblasts, would play a
different role when NPC-derived EVs (or EVs from other cell
types) are transferred to target cells (or contexts) other than
the one studied here.

We show that nonspecific IFN-y binding to EVs played a
negligible role in our system and that EVs use Ifngr1 to recycle
free IFN-v, thus contributing to the perpetuation of the down-
stream signaling response in target cells. The observation that
the direct addition of IFN-vy to target cells at a concentration of
~100-fold more than that bound to EVs led to minimal activation
of Stat1-dependent signaling also suggests that IFN-y bound to
its cognate Ifngr1 on EVs has stability much higher than that of
the free (soluble) cytokine.

We also establish that both endogenous Stat1 and Ifngr1 in
target cells are indispensable to sustain the activation of Stat1
signaling by EV-trafficked IFN-y/Ifngr1 complexes. The observa-
tion that NPCs use EVs to recycle and deliver IFN-y only to fully
equipped target cells highlights the innate target selectivity po-
tential of this mode of intercellular communication. This feature
makes EVs capable of delivering functional bioactive ligands in
close proximity of cognate receptors on the surface of target
cells, thus allowing parental cells to propagate specific and
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cell-type-restricted signals (Broderick and Hoffman, 2014).
These findings may have important implications for the exploi-
tation of either unmodified or functionalized EVs in CNS inflam-
matory diseases using cell-free technologies (EL Andaloussi
et al., 2013).

While our study also demonstrated that Ifngr1 in target cells is
indispensable to sustain the responsiveness to EV-bound IFN-v,
more work is required to clarify the relevance of alternative
(versus complementary) mechanisms of EV-mediated signaling,
as well as its intracellular fate. These include (1) signaling upon
membrane-to-membrane interaction or (2) signaling after recep-
tor-mediated endocytosis (Sorkin and von Zastrow, 2009).

Future studies will elucidate whether stem cells possess
some intrinsic capacities to engage EV-mediated functional in-
teractions with immune cells—including T lymphocytes, macro-
phages or microglia, and dendritic cells—and to what extent this
type of intercellular communication explains the immune regula-
tory effects of NPCs when transplanted in laboratory animals
affected by experimental CNS inflammatory diseases (Martino
et al., 2011; Pluchino and Cossetti, 2013).

In conclusion, our results describe that IFN-vy is exchanged via
stem cell-derived EVs and induces specific activation of proin-
flammatory cytokine signaling in target cells. This work further
highlights a surprising role for stem cell-derived EVs in the
propagation of cellular signaling, and it represents a significant
advance in the understanding the multiple levels of interaction
that are established between endogenous versus grafted stem
cells and the host immune system (Pluchino and Cossetti, 2013).

EXPERIMENTAL PROCEDURES

NPC Preparations

NPCs were prepared from the subventricular zone (SVZ) of 7- to 12-week-old
mice, as described (Pluchino et al., 2008). Conditions for NPC preparation,
cell culture, and lentiviral transductions are described in the Supplemental
Experimental Procedures.

Collection of EVs and Exos from NPC Media

NPCs were single-cell dissociated and plated overnight at the concentration
of 12 x 10° cells/10 ml medium/T75 culture flask. Tissue culture supernatants
were collected and centrifuged for 15 min at 1,500 rpm (300 x g) and for 15 min
at 2,500 rpm (1,000 x g) to remove cellular debris. EVs were collected by
centrifugation at 100,000 x g for 70 min at 4°C using a Beckman Type 70.1
Ti Fixed-Angle Rotor. Pellets were washed with PBS and subjected to an
additional centrifugation at 100,000 x g for 1 hr at 4°C using a Beckman
Type TLA-55 Fixed-Angle Rotor. For Exo fractionation, pellets of crude EVs
were resuspended in 0.5 ml 0.32 M sucrose. The pellet was layered on a
10 ml continuous sucrose density gradient (0.32-2 M sucrose, 5 mM HEPES
[pH 7.4]) and centrifuged overnight at 100,000 x g (SW41 rotor; Beckman
Coulter). Fractions (1 ml) were collected from the top (low density) to the bot-
tom of the tube (high density) of the sucrose gradient. Fractions ranging from 6
to 9 (density between 1.13 and 1.20 g/ml) from the gradient were harvested,
diluted in 0.32 M sucrose, centrifuged at 100,000 x g for 60 min (TLAS55 rotor;
Beckman Instruments), and then processed for either RNA or protein detection
and analyses. Conditions for EV/Exo collection from Th1 versus Th2 cytokine
media and transfer experiments are described in the Supplemental Experi-
mental Procedures.

RNA and Protein Analyses

Conditions for RNA and Protein extraction, quantification, and detection from
isolated NPCs, EVs, and Exos (Witwer et al., 2013), or from transfer experi-
ments, are described in the Supplemental Experimental Procedures. Gene
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nomenclature is consistent with that of the Uniprot database (http://www.
uniprot.org).

ACCESSION NUMBERS

The NCBI Gene Expression Omnibus (GEO) accession number for RNA-seq
data is GSE33527. Vesiclepedia accession numbers are 359, 360, 361, 362,
363, and 364.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, three tables, and one movie and can be found with this article online
at http://dx.doi.org/10.1016/j.molcel.2014.08.020.
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