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Signaling of Epstein-Barr Virus LMP1
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ABSTRACT The tetraspanin protein CD63 has been recently described as a key fac-
tor in extracellular vesicle (EV) production and endosomal cargo sorting. In the con-
text of Epstein-Barr virus (EBV) infection, CD63 is required for the efficient packaging
of the major viral oncoprotein latent membrane protein 1 (LMP1) into exosomes and
other EV populations and acts as a negative regulator of LMP1 intracellular signal-
ing. Accumulating evidence has also pointed to intersections of the endosomal and
autophagy pathways in maintaining cellular secretory processes and as sites for viral
assembly and replication. Indeed, LMP1 can activate the mammalian target of rapa-
mycin (mTOR) pathway to suppress host cell autophagy and facilitate cell growth
and proliferation. Despite the growing recognition of cross talk between endosomes
and autophagosomes and its relevance to viral infection, little is understood about
the molecular mechanisms governing endosomal and autophagy convergence. Here,
we demonstrate that CD63-dependent vesicle protein secretion directly opposes in-
tracellular signaling activation downstream of LMP1, including mTOR-associated pro-
teins. Conversely, disruption of normal autolysosomal processes increases LMP1 se-
cretion and dampens signal transduction by the viral protein. Increases in mTOR
activation following CD63 knockout are coincident with the development of serum-
dependent autophagic vacuoles that are acidified in the presence of high LMP1 lev-
els. Altogether, these findings suggest a key role of CD63 in regulating the interac-
tions between endosomal and autophagy processes and limiting cellular signaling
activity in both noninfected and virally infected cells.

IMPORTANCE The close connection between extracellular vesicles and viruses is be-
coming rapidly and more widely appreciated. EBV, a human gamma herpesvirus that
contributes to the progression of a multitude of lymphomas and carcinomas in im-
munocompromised or genetically susceptible populations, packages its major onco-
protein, LMP1, into vesicles for secretion. We have recently described a role of the
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latently infected with EBV, much remains to be understood about how EBV interacts
with its host to contribute to tumorigenesis. Growing evidence has implicated the
exosome pathway as a major system of interaction between host cells and viruses.
Indeed, many viruses, including human herpesviruses, hepatitis viruses (A, B, C, and E
viruses), human papillomaviruses, and human immunodeficiency virus (HIV), can hijack
and use the host cell exosome pathway to facilitate secretion of viral and altered
cellular cargo (1-10).

Importantly, circulating extracellular vesicles (EVs), including exosomes, have re-
cently emerged as players in cell-to-cell communication (11-15) and viral transmission
(1-4, 16). While knowledge of the molecular mechanisms governing exosome biogen-
esis is similarly incomplete, recently, our work has revealed that the cluster of differ-
entiation 63 (CD63) is a major player in small vesicle production (17-19). CD63 is a
member of the tetraspanin superfamily (20, 21), a group of proteins with four trans-
membrane domains and a series of conserved amino acid residues (22). Assembly into
tetraspanin-enriched microdomains (TEMs) allows tetraspanin proteins such as CD63 to
interact with other integral membrane proteins, including integrin molecules, immu-
noglobulins, proteoglycans, cadherins, and signaling molecules, on the cell surface (21,
23, 24). These protein interactions likely have implications in guiding cellular functions,
including motility, adhesion, proliferation, and immune response. Cell surface CD63
also may be endocytosed into clathrin-coated vesicles and subsequently delivered to
early endosomes (25). As a result, CD63 is often enriched in late endosomal and
lysosomal compartments and readily secreted into exosomes following enrichment in
intraluminal vesicles (ILVs) that bud into multivesicular bodies (MVBs). Both endosomal
sorting complex required for transport (ESCRT) machinery and ceramide accumulation
have been demonstrated to guide CD63 incorporation into ILVs (26, 27).

Based on interaction of CD63 with other TEM proteins and its route of trafficking
into endosomes, multiple studies have suggested a role of CD63 in intracellular
transport of cell surface proteins into the endosomal system. CD63 may aid in chap-
eroning major histocompatibility complex (MHC) class Il molecules from the plasma
membrane into endosomal compartments (28-30) and is additionally recruited to
phagocytic vacuoles containing foreign cargo that is internalized and subsequently
trafficked to endosomes (31). Several studies have also elucidated an interaction of
CD63 with viral cargo within the endosomal system (32-34). Recently, for instance, we
have demonstrated that CD63 is necessary for trafficking the Epstein-Barr virus (EBV)-
encoded oncoprotein LMP1 into exosomes for secretion (19). Following CD63 knock-
out, LMP1 packaging into EVs and intracellular localization was dramatically disrupted,
supporting a role of CD63 in vesicular protein sorting. Furthermore, in the context of
LMP1-mediated signal transduction, CD63 negatively regulates the activation of
mitogen-activated protein kinase (MAPK)/ERK and noncanonical NF-«B pathways (19,
34). Altogether, these data suggest that CD63-dependent exosomal secretion of sig-
naling molecules and of the viral protein limits intracellular signal transduction by EBV.
Transport of signaling proteins to recipient cells may also potentiate paracrine activa-
tion of similar cellular processes. It is clear that a better understanding of the intricacies
of cellular exosome machinery is necessary to understanding the interactions of viral
cargo with the host endosome system.

It is also likely that intersection of the endosomal system and autophagy compo-
nents will shed additional light on regulating intracellular processes during viral
infection. Basal levels of autophagy serve to turn over long-lived or damaged organ-
elles, diminish reactive oxygen species, and recycle macromolecule building blocks
when cellular nutrient supplies are low (35, 36). Recent findings have described
convergence of the exosome and macroautophagy pathways that appears critical for
secretory function in certain cells (37). The macroautophagy pathway is initiated by
many cellular signals, including nutrient deprivation, growth factor restriction, or viral
infection, and results in the engulfment of cytoplasmic material following formation of
a partially membrane-bound phagophore that matures into a completely membrane-
enclosed autophagosome. Conversion of the cytosolic protein LC3-l into LC3-Il is
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required for closure of the phagophore to create the autophagosome. Autophago-
somes can then fuse with lysosomes where cargo is degraded and recycled back into
the cytoplasm or can fuse with late endosomes to form amphisomes, an intermediate
organelle whose function is unknown but can also fuse with lysosomes for degradation
of contents (38). An alternative pathway of autophagy, called chaperone-mediated
autophagy (CMA), relies upon a 70-kDa heat shock protein (HSC70) to traffic cytosolic
proteins into lysosomes for degradation (39). Interestingly, HSC70 is also enriched in
many EV populations as well as late endosomal compartments and is believed to guide
endosomal microautophagy, a process that has molecular similarities to lysosomal CMA
(40). Together, autophagosome fusion to MVBs through macroautophagy processes
and direct endosomal delivery of cytosolic proteins by microautophagy represent two
major mechanisms of endosome-mediated protein sorting and degradation.

Accumulating evidence has implicated the role of host autophagy in multiple
antiviral immunity processes (41, 42). Degradation of microbes by autophagy pathways,
called xenophagy (43), provides an innate immune response by directly engulfing
invading pathogens, such as virions, for lysosomal degradation. In addition, transport of
viral proteins through the autophagy pathway can deliver pathogen-associated mo-
lecular patterns to toll-like receptors (TLRs) that reside in the endosome, triggering the
secretion of type | interferons (IFNs) and proinflammatory cytokines (44). Autophago-
somes may also aid in adaptive immune responses by delivering viral antigens to MHC
class Il loading compartments for antigen presentation (45, 46).

However, as with many other host defense mechanisms, viruses have coevolved to
evade the autophagic machinery driving antiviral immune responses (41). Particularly
well adapted to suppress autophagy are the herpesviruses, likely contributing to their
ability to maintain lifelong persistent infections. Viruses such as herpes simplex virus 1
(HSV-1), cytomegalovirus (CMV), Kaposi’s sarcoma-associated herpesvirus (KSHV), HIV,
and influenza A virus antagonize host autophagy activation that may be partially due
to stimulation of the mammalian target of rapamycin (mTOR) pathway (47-52). Stim-
ulation of mTOR reduces levels of autophagic activity (53) through interaction with
lysosomal adaptor and MAPK and mTOR activator/regulator (LAMTOR) and MAPK/ERK
signaling proteins that are recruited to late endosomal and lysosomal surfaces (54-57).
Activation of mTOR signaling by nutrient abundance or viral infection can promote
energy metabolism, enhance protein and lipid synthesis, and increase cellular prolifer-
ation, facilitating viral replication and survival (58, 59).

Many viruses additionally have evolved to take advantage of autophagic machinery.
Picornaviruses, hepatitis C virus, HIV, and several herpesviruses can induce levels of
early, nondegradative autophagy components, perhaps as membranous scaffolds for
virion production or to facilitate transport to multivesicular bodies for release (60-65).
EBV further utilizes host autophagy to regulate levels of its oncoprotein LMP1 within
cells (66). High levels of LMP1 expressed in cells may trigger apoptosis or cytostasis,
while lower levels can induce proliferation of host cells (66). Thus, exploitation of the
autophagic degradation pathway may allow EBV to monitor and regulate levels of
LMP1. We previously suggested that exosomal secretion of LMP1 similarly provides a
balance of the levels of viral protein in cells. Given the close connection between the
endosomal and autophagic pathways, it is likely that an understanding of the molecular
mechanisms involved in the intersection of exosomal secretion and autophagy main-
tenance will shed further light on these intrinsic biological processes, especially in the
context of viral infection.

In this study, we aimed to further investigate the endosomal cargo dependent upon
CD63 for sorting into exosomes. We demonstrate the requirement of CD63-dependent
exosome trafficking in negatively regulating the LAMTOR/mTOR pathways downstream
of LMP1, determine the role of the LMP1 CTAR1 domain for mTOR activation and
increased vesicle production, and provide a novel role of CD63 in the maintenance of
autophagic activity during viral infection. Finally, we reveal new evidence of intersect-
ing molecular mechanisms of exosome and autophagosome interaction that regulate
intracellular signaling activity in the context of EBV infection.
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RESULTS

CD63 is required for proper protein packaging into small extracellular vesicles.
We have previously demonstrated that depletion of CD63 in HEK293 cells results in a
decrease in small exosome-sized vesicle production (17), suggesting a key role of the
tetraspanin protein in the endosomal pathway. In addition, CD63 is likely required for
specific sorting of proteins into exosomes for secretion, including LMP1, in the context
of Epstein-Barr virus infection. To assemble a global scope of CD63-dependent protein
trafficking into exosomes, vesicles were harvested and purified from control or CD63
CRISPR knockout HEK293 cells by iodixanol density gradient, as described previously
(17, 67). Immunoblot analysis of purified density fractions revealed the majority of EV
protein from CD63 CRISPR cells to be in fraction 6, similar to what we have previously
observed in control cells (Fig. 1A) (67). Electron microscopy of fraction 6 confirmed
small vesicle-shaped particles ranging from 50 to 250 nm in size (Fig. 1B). Nanoparticle
tracking analysis of fraction 6 showed the mode and mean sizes of EVs to be between
150 and 250 nm (Fig. 1C). Subsequent mass spectrometry analysis of three biological
replicates identified a total of 1,200 unique proteins, 331 of which were specific to
control EVs compared to CD63 CRISPR cell-derived EVs (Fig. 1D; see also Table S1 in the
supplemental material). Comparison to the Vesiclepedia database confirmed consider-
able overlap of the data set with known vesicular proteins. Identified proteins were
enriched in exosome, lysosome, and cytoplasmic subcellular compartments (Fig. 1E and
Table S2). Further examination revealed many proteins to be decreased by greater than
2-fold in CD63 knockout EVs, including proteins involved in ribosomal, endosomal,
phagosomal, and general vesicular pathways (Fig. 1F). In addition to decreased pack-
aging of many proteins involved in protein translation and vesicle transport, key
proteins involved in signal transduction pathways, including mitogen-activated protein
kinase 1 (MAPK1), proteasome proteins involved in NF-kB protein activation, and
regulator complex proteins LAMTOR1 and LAMTOR2, were observed to be decreased in
EVs following CD63 knockout (Fig. 1G). As evident in the case of LMP1 exosomal
packaging, CD63-mediated trafficking into exosomes may serve to regulate intracellular
protein activity (19, 34). We previously demonstrated increases in MAPK/ERK and
noncanonical NF-kB signaling activation by the EBV protein LMP1 following impaired
exosomal trafficking in the absence of CD63 (19). These findings altogether support
that exosomal protein packaging may be tightly linked to the negative regulation of
intracellular signaling pathways.

Moreover, many proteins were observed to be more highly secreted in EVs derived
from CD63 knockout cells, representing cargo that is packaged into vesicles indepen-
dent of CD63-mediated trafficking (Table S1). These components were predominately
involved in cell adhesion and cytoskeletal function, including integrin subunits ITGAT,
ITGA3, ITGA4, ITGAV, and ITGBS5, fibronectin, actin, and collagen proteins. We previously
proposed that many cytoskeletal proteins were associated with the production of
vesicles not dependent on CD63 (17). These vesicles may comprise other exosome
subpopulations or nonexosomal vesicles.

CD63 negatively regulates LMP1-mediated mTORC1 activation. Recently, LMP1
has similarly been shown to activate the mTOR pathway (68, 69). It is likely that EBV
hijacks mTOR signaling to promote host cell growth and lipid synthesis for viral
replication and the establishment of latency while subduing host autophagic antiviral
response. Cellular proliferation by LMP1-induced mTOR activation may also contribute
to EBV-associated tumorigenesis. Here, we found key mTOR-associated proteins to be
decreased in EVs following CD63 knockout (Fig. 2A), suggesting CD63 similarly provides
a means to negatively regulate mTOR activation by LMP1 through vesicle sorting and
secretion.

Two distinct signaling complexes have been identified within the mTOR pathway.
The mTORC2 complex is not well understood but is likely dependent upon upstream
Akt phosphorylation for activation and consists of mTOR, GBL, rapamycin-insensitive
companion of mTOR (Rictor), and other associated proteins (70-73). In contrast, the
mTORCT complex has been characterized as a major regulator of autophagy in cells.

March 2018 Volume 92 Issue 5 e01969-17

Journal of Virology

jviasm.org 4


http://jvi.asm.org

Autophagy Is Linked to LMP1 Exosomal Trafficking Journal of Virology

A Density B Cc
e 301 @ Mean
kba 12345678910 11 12 Fraction 555 ® Hode
63 €
CcD63 £ 200 1
48 - S
o 150
Q
2
48 ,
1 - | TsG101 SR CS
AT T N o5 50
75 | Hscro
Fraction 6

o
m

Cell compartment analysis

o 707
. . £
Vesiclepedia g 09
Control o o
313 s Y1
& 301
7199 g 204
& 10
04
S @ «© @ \ @
A AV A R e
9) =) =) O O
CD63 CRISPR RS sl S off o
e
F Pathway analysis G Biological process analysis
Synaptic vesicle cycle Multivesicular body assembly
Vesicular SNARE interactions Clathrin-mediated endocytosis
Spliceosome Regulation of macroautophagy
Phagosome NIK/NF-kappaB signaling
Proteasome TNF-mediated signaling pathway
Epstein-Barr virus infection Protein polyubiquitination
ER protein processing MAPK cascade
Endocytosis Vesicle-mediated transport
Ribosome Cell-cell adhesion
0 2 4 6 8 10 12 14 ERto Golgivesicle-mediated transport
Percentage of proteins Protein transport
Translation
0O 2 4 6 8 10 12 14

Percentage of proteins

FIG 1 CD63 is required for proper sorting of protein cargo into small extracellular vesicles. Small EVs derived from HEK293 control or CD63 CRISPR cells were
purified by iodixanol density gradient ultracentrifugation for mass spectrometry analysis. (A) The presence of EVs in the fractions was determined by
immunoblot analysis for common EV markers. A representative gradient of EVs purified from CD63 CRISPR cells is shown, with equal volumes loaded. The
presence of EVs in fraction six of the gradient was confirmed by electron microscopy (B) and nanoparticle tracking analysis (C). (D) Overlap of proteins found
in control or CD63 CRISPR cell-derived EVs identified by mass spectrometry compared to the Vesiclepedia database of EV proteins. (E) FunRich analysis of cellular
compartments enriched in all proteins identified. Analysis of pathways (F) and biological processes (G) enriched in the data set of proteins decreased by 2-fold
or greater in CD63 CRISPR EVs. Size bar, 250 nm.

There are many upstream signals known to activate mTORC1, including the MAPK/ERK
pathway (74), previously shown to be hyperactivated in the absence of CD63 (19). The
mTORC1 complex consists of several protein components, including the catalytic
subunit mTOR, regulatory-associated protein of mTOR (Raptor), and GpBL protein (70,
72). In addition, translocation of mTORC1 protein components require Rag GTPase and
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FIG 2 CD63 negatively regulates mTORC1 signaling by Epstein-Barr virus LMP1. (A) LC-MS/MS spectral count quantification of LAMTOR
proteins secreted in EVs from control and CD63 CRISPR cells. (B) HEK293 control or CD63 CRISPR cells were grown in serum-free medium
and transfected with GFP or GFP-LMP1 for 24 h before cytoplasmic fractions were isolated, lysed, and analyzed by immunoblot analysis,
with equal protein mass loaded. (C) Wild type (LMP1) and LMP1 C-terminal mutants containing the CTAR1 domain but lacking CTAR2
(CTAR1) or containing the CTAR2 domain but lacking CTART (CTAR2) were induced by doxycycline in HK1 cells. Cell lysates were analyzed
by immunoblotting for mTOR activation. All blots are representative images from 3 independent experiments. Quantitation of bands is
based on averages from all experiments. (D) EVs were collected from HK1 cells following LMP1 mutant induction, and total vesicles were

quantitated by nanoparticle tracking analysis. Un, uninduced. **, P < 0.01; *, P < 0.05.

LAMTOR proteins to dock on the surface of lysosomes for signaling (56, 57). Once on
the lysosomal membrane, v-type H* ATPases associate with the complex and appear
to be important for relaying signals induced by the accumulation of amino acids in the
lysosomal lumen (75).

Here, we observed that introduction of LMP1 into cells resulted in an increase in
phosphorylation of the mTOR protein at the Ser2448 site, consistent with activation of
the mTORC1 complex (76), where no change was detected in Ser2481 phosphorylation
to activate mTORC2 (Fig. 2B). Noticeably, we observed increases in mTORC1 phosphor-
ylation and subsequent increases in levels of phosphorylated and total p70 S6 kinase,
a downstream target of mTOR, following CD63 knockout, augmented by the presence
of the viral protein. In addition, increased accumulation of LAMTORT1, the major protein
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transfected into HEK293 control or CD63 CRISPR cells. Cell lysates and EVs were collected for immunoblot analysis of mTOR-associated

protein levels 24 h after transfection. All blots are representative images from independent experiments.

responsible for anchoring the mTORC1T complex to the lysosomal membrane, was
observed in the absence of CD63 (Fig. 2B), correlating with a decrease in amount of
secretion (Fig. 2A).

To determine which signaling domains of LMP1 are responsible for mTORC1 acti-
vation, inducible HK1 cell lines containing wild-type (WT) LMP1 or signaling-defective
mutants CTART and CTAR2 were analyzed following doxycycline induction and com-
pared to uninduced or parental cell lysates. These data revealed that the mutant lacking
CTAR2 in the C-terminal tail (called CTAR1) is sufficient to activate mTORC1, whereas
the mutant lacking the CTAR1 domain (CTAR2) lost this ability (Fig. 2C). These data were
not surprising, as CTAR1 is important for the activation of PI3K/AKT and MAPK/ERK, two
pathways upstream of mTORC1 (77). Interestingly, LMP1-induced vesicle secretion was
seen in the presence of the CTAR1-containing mutant but not with the mutant lacking
CTAR1 (CTAR2) (Fig. 2D). These findings suggest that activation of mTOR and induction
of vesicle secretion by LMP1 are connected and regulated through the CTART domain.

To confirm the reduced levels of mTOR-associated proteins packaged into EVs from
CD63 knockout cells (Fig. 2A), immunoblot analysis of vesicles was performed (Fig. 3).
Reduction of total mTOR, Raptor, and LAMTOR1 proteins secreted in EVs following
CD63 knockout was seen, with little difference in HSC70 loading control levels. In
attempts to rescue mTOR protein packaging, C-terminal BirA-fused CD63 protein was
introduced into CD63 knockout cells to restore CD63 levels. Notably, CD63 levels were
detectable in EVs secreted from cells containing CD63-BirA. Rescue or overexpression
of CD63 using the fused protein increased mTOR and Raptor secretion into EVs from
cells with or without LMP1. LAMTOR1 secretion was also rescued following introduction
of CD63-BirA into CD63 CRISPR cells. Altogether, these findings strongly suggest that
CD63 is important for trafficking components of the mTORC1 pathways, perhaps as a
mechanism to negatively regulate hyperactive signaling. Interestingly, LMP1 expression
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FIG 4 CD63 CRISPR cells develop large nonlysosomal cellular compartments. (A) HEK293 control or CD63 CRISPR cells were transfected
with GFP to visualize large cellular structures by confocal microscopy. Hoechst stain was used to identify nuclear compartments. (B)

Orthogonal projection of a representative CD63 CRISPR cell. (C) Cells were stained by LysoTracker to examine acidified compartments
within cells. (D) Quantification of total LysoTracker-positive compartments in cells (n = 20 cells). Size bars, 20 um.

also resulted in increased EV release of LAMTOR1, mTOR, and Raptor that was further
increased when cotransfected with the CD63 construct. Overexpression of CD63 with
LMP1 also resulted in enhanced LMP1 secretion, providing further evidence for the
importance of CD63 in LMP1 exosomal trafficking and secretion.

CD63 knockout disrupts cell vacuolar sorting processes. The mTOR signaling
pathway is well known to regulate activity of macroautophagy. We have shown that
CD63 acts as a negative regulator of mTORC1 (Fig. 2), and that many proteins involved
in autophagic processes are not packaged efficiently into secreted vesicles in the
absence of CD63 (Fig. 1). For instance, multiple H™ ATPase proteins involved in
macroautophagy were found to be decreased in EVs secreted from CD63 knockout
cells (Fig. 1 and Table S1), suggesting these proteins are more active within the cell.
Strikingly, in addition to disruptions to endosomal protein trafficking and exosome
secretion, morphological changes to cells were apparent following CD63 knockout. In
the absence of CD63 protein, cells developed large vacuole-like compartments visible
by light (data not shown) and confocal microscopy (Fig. 4A). Orthogonal projections
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confirmed the absence of green fluorescent protein (GFP) localized to these vacuoles
(Fig. 4B). Based on our previous findings noting reductions in small vesicle secretion,
and because MVBs are known to traffic either to the plasma membrane for exosome
secretion or conversely to fuse to lysosomes for degradation, we hypothesized that
these large cellular compartments are endocytic or lysosomal organelles. However,
interrogation of the identity of the organelles with a lysosome stain (LysoTracker)
suggested the vacuoles are not primarily lysosomal in origin (Fig. 4C). Notably, no
significant difference was seen in the number of lysosomes following CD63 knockout
(Fig. 4D).

Vacuolar compartments following CD63 knockout are linked to autophagy.
Closer inspection of these structures within CD63 knockout cells by electron micros-
copy revealed highly electron-lucent compartments much larger in size than observed
MVBs (Fig. 5A to D) and largely resembling vacuolar organelles. Although vacuoles
historically have been examined in plants and fungi, mammalian cells can develop
these subcellular structures as well (78). Subcellular compartments induced by CD63
depletion contained occasional intraluminal membranes (Fig. 5D). Interestingly, follow-
ing serum starvation, CD63 knockout-induced vacuolar compartments largely disap-
peared from cells (Fig. 5E and F), suggesting these structures are nutrient dependent.
Of note, under conditions of serum starvation, LMP1 secretion was not observed to
decrease (data not shown). As endosomal pathways within the cell are known to
intersect the autophagy pathway, we examined levels of an autophagosomal protein
marker, LC3, in CD63 knockout cells compared to those of controls (Fig. 5G). Levels of
LC3-lI, the activated cleaved form of LC3-I, appeared slightly but reproducibly increased
following CD63 knockout. This increase in LC3-Il protein was augmented in the pres-
ence of a lysosome acidification inhibitor, chloroquine, indicating a relatively higher
level of autophagic flux in CD63 knockout cells, even after treatment with the phos-
phoinositide 3-kinase (PI3K) inhibitor wortmannin. These findings suggest that CD63
plays a direct or indirect role in regulating levels of autophagosome turnover by
bridging the endosomal and autophagy pathways within the cell. To determine the
origin of the vacuolar compartments, cells were stained with mono-dansylcadaverine
(MDC), a marker for autophagic vacuoles (79) (Fig. 5H). Large vacuoles in CD63
knockout cells were observed to stain positive as autophagic vacuoles, confirming the
role of CD63 in maintaining both endosomal and autophagic processes (Fig. 5I).
Quantitation of MDC-positive and total large vacuoles in cells revealed 80% of vacuoles
stained with MDC. Under serum-starved conditions, membrane-bound LC3-Il was seen
to localize to small MDC-positive vacuoles, as previously reported (Fig. 5J) (80). How-
ever, under full-serum conditions, LC3-GFP remained diffuse and did not localize to the
large vacuoles seen in CD63 knockout cells (Fig. 5J), supporting a unique identity of
these vacuoles. Finally, introduction of the CD63 CRISPR in a nasopharyngeal carcinoma
line (HK1 cells) demonstrated the development of similar large MDC-positive vacuoles
(Fig. 5K).

Inhibition of autophagy increases vesicular protein secretion and limits intra-
cellular LMP1 signaling. MVB secretion of ILVs into the extracellular milieu is generally
believed to oppose MVB fusion to lysosomes and subsequent degradation. However,
directional trafficking of endosomes to lysosomes or to the plasma membrane are not
well understood. Here, we demonstrate altered cellular trafficking of autophagy-
associated proteins and the appearance of autophagic vacuoles following CD63 knock-
out. As increasing evidence suggests exosome secretion and autophagy processes are
tightly linked, we examined vesicular secretion of proteins in the presence of the
autophagy inhibitors chloroquine and wortmannin. Chloroquine disrupts lysosomal
acidification, preventing autophagosome fusion and degradation, while wortmannin
inhibits PI3K-dependent autophagic sequestration of cytoplasmic contents into phago-
phores (81, 82). Inhibition of auto- and endolysosomal processes by chloroquine
treatment resulted in a buildup of small MDC-positive vacuoles in control cells that
were increasingly apparent in CD63 CRISPR cells (Fig. 6A). Treatment of cells with
wortmannin produced large swollen compartments seen under bright field that were
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FIG 5 CD63 knockout induces the development of large autophagic vacuoles. HEK293 control (A and B) or CD63 CRISPR (C and D) cells were fixed and stained
for transmission electron microscopy to visualize large intracellular vacuoles. Black arrows denote vacuoles, and white arrows denote MVBs. Size bar, 1 um.
HEK293 control (E) or CD63 CRISPR (F) cells were transfected with GFP following serum starvation for 24 h. (G) Cells were treated with chloroquine or
wortmannin under serum-deprived conditions for 2 h. LC3 levels were measured by immunoblot analysis. Blots are representative of three independent
experiments. (H) Cells were transfected with GFP and stained with mono-dansylcadaverine (MDC) to examine the morphology and localization of autophagic
vacuoles. (I) Orthogonal sections of CD63 CRISPR cells stained with MDC. (J) HEK293 CD63 CRISPR cells were transfected with GFP-LC3 and grown under
full-serum or serum-free conditions before staining with MDC to visualize vacuoles by confocal microscopy. (K) Nasopharyngeal carcinoma cells (HK1) and an
HK1 CD63 CRISPR derivative cell line were transfected with GFP and stained with MDC to visualize autophagic vacuoles. Size bars, 20 um.

largely MDC negative (Fig. 6B). These compartments likely are enlarged late endosomal
compartments, as previously described (82-84). Disruption of autophagy processes by
treatment of control cells with chloroquine or wortmannin resulted in increases in
vesicular protein present in the media of control cells, including CD63 and LMP1, as well
as ESCRT-associated vesicular proteins TSG101 and Alix (Fig. 6C). Degradation of
vesicular LMP1 was repeatedly noted to be increased following wortmannin treatment,
perhaps due to increases in other active proteases secreted into vesicles. Cellular levels
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FIG 6 Extracellular vesicle secretion and autophagic processes regulate LMP1-mediated intracellular signaling. Confocal microscopy of GFP-LMP1-transfected
control or CD63 CRISPR cells following chloroquine (A) and wortmannin (B) treatment. Vacuoles were stained with MDC before live-cell imaging. Size bars, 20
um. N, nuclear compartments. (C) Immunoblot analysis of EVs derived from HEK293 control or CD63 CRISPR cells following transfection of GFP-LMP1 and
treatment with chloroquine or wortmannin for 24 h, with equal volumes loaded. (D) Immunoblots of corresponding cell lysates, with equal protein mass loaded.
Nanoparticle tracking analysis of the quantity (E) and size (F) of EVs from cells following treatment with autophagy inhibitors. (G) Immunoblot analysis of
cytoplasmic cellular fractions of cells transfected with GFP-LMP1, with equal protein mass loaded. Blots are representative images from repeated independent

experiments. ***, P < 0.001; *, P < 0.05.

of LMP1 were decreased in the presence of autophagy inhibitors, corresponding to
concurrent increases in vesicle secretion (Fig. 6D). Following CD63 knockout, chloro-
quine treatment rescued some secretion of LMP1, presumably into an alternative
CD63-negative vesicle population (Fig. 6C). Wortmannin treatment did not increase
LMP1 secretion from these cells, perhaps due in part to decreased cellular LMP1 (Fig.
6C). Nanoparticle tracking analysis of EVs released from cells treated with autophagy
inhibitors demonstrated no significant change in EV secretion from control cells (Fig.
6E). However, inhibition of autophagic processes in CD63 knockout cells rescued EV
secretion in CD63 knockout cells, likely by shunting endosomal vesicles toward secre-
tion. Thus, it is conceivable that increases in vesicle protein secretion (Fig. 6C) are due
to both increased cargo loading into EVs as well as increases in vesicle number.
Importantly, no difference in size was seen in EVs secreted from control or CD63
knockout cells of either treatment group, suggesting that under these conditions the
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EV preparations did not contain increased numbers of larger microvesicles or apoptotic
bodies and that cell viability was not compromised (Fig. 6F). This was further supported
by no significant difference in the percentage (<5%) of cells undergoing apoptosis
between control and treated cells as well as the absence of apoptotic body marker
calnexin in EVs (data not shown). Finally, activated levels of phosphorylated mTOR at
the Ser2448 site, the mTOR substrate p70 S6 kinase, and the canonical NF-«B protein
IkBa by LMP1 were observed to decrease following treatment of cells with chloroquine
or wortmannin (Fig. 6G). Altogether, these findings demonstrate that autophagic
processes directly oppose vesicular secretion of proteins. In the context of EBV, block-
ing autophagic processes increases vesicle secretion of LMP1 and results in subsequent
decreases in intracellular protein signaling.

Activation of autophagy by trehalose increases CD63-independent LMP1 se-
cretion. We similarly sought to examine secretion of the viral protein in the presence
of an autophagy activator. Trehalose is a disaccharide that can induce autophagy
through blockade of membrane glucose transporters, thereby triggering a starvation-
like response. This mechanism is, at least in part, believed to be independent of mTOR
inhibition (85-88). Upon trehalose treatment, the large MDC-positive vacuoles in CD63
CRISPR cells were mitigated (Fig. 7A). LC3-l levels were notably increased in trehalose-
treated cells following GFP or GFP-LMP1 transfection, supporting an increase in au-
tophagic flux (Fig. 7B). Strikingly, treatment of both control and CD63 knockout cells
with trehalose resulted in reproducible increases in LMP1 secretion with no significant
changes in other cases of EV protein secretion (Fig. 7C). We therefore propose that
activation of autophagic flux can increase CD63-independent LMP1 release that may
traffic through autophagic vacuoles.

Autophagic vacuoles acidify in the presence of LMP1. In this study, we observed
LMP1 secretion to increase following disruption of autolysosomal processes, indicating
an antagonism between exosome secretion and autolysosomal degradation. Further-
more, depletion of CD63 results in a decrease in vesicle production and concomitant
accumulation of large intracellular vacuolar compartments. However, these vacuolar
structures appeared to be nonacidic and instead are intermediate compartments
representing endosome and autophagosome intersection. At high levels, LMP1 has
been shown to promote late stages of autophagy, evident by increased acidic lyso-
somes and autolysosomes (66). Here, GFP-LMP1 similarly localized to the perinuclear
area in control cells, but localization was disrupted following CD63 knockout, as
previously described (Fig. 8A) (19). In the presence of high levels of GFP-LMP1,
MDC-positive vacuoles again were observed in CD63 CRISPR cells (Fig. 8B). Notably,
MDC-positive vacuoles appeared larger in both cell lines transfected with GFP-LMP1
than in control GFP-transfected cells (Fig. 5H). Furthermore, introduction of LMP1 into
CD63 CRISPR cells resulted in a slight increase in the number of total large vacuoles and
a significant increase in the number of MDC-positive vacuoles (Fig. 8C and D). An
increase in the number of vacuoles in HK1 cells was similarly seen following infection
with EBV (Fig. 8E). We also observed GFP-LMP1 to correspond and colocalize with
increased LysoTracker signal, indicating increases in lysosomal compartments at the
site of LMP1 localization (Fig. 8F). Strikingly, in the presence of LMP1, CD63 knockout-
induced vacuole membranes were stained with LysoTracker, indicating acidification of
these compartments (Fig. 8F). In fact, in the presence of LMP1, CD63 knockout cells
contained a significantly greater number of lysosomes (Fig. 8G). These findings suggest
that increased autophagic flux induced by LMP1 results in subsequent acidification of
the autophagic vacuoles in CD63 knockout cells.

DISCUSSION

Interactions between the host exosome pathway and viruses have recently emerged
as important mechanisms of viral replication, assembly, and spread. However, many of
the molecular mechanisms surrounding these interactions remain to be understood.
Recently, we demonstrated that a commonly used exosome marker, tetraspanin pro-
tein CD63, plays an important role in small EV secretion and trafficking of a viral protein,
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FIG 7 Autophagy activation by trehalose drives CD63-independent LMP1 release. (A) Confocal microscopy of GFP-LMP1-transfected control or CD63 CRISPR
cells following trehalose treatment. Vacuoles were stained with MDC before live-cell imaging. Size bars, 20 um. N, nuclear compartments. (B) Immunoblot
analysis of cytoplasmic lysates from HEK293 control or CD63 CRISPR cells following transfection of GFP or GFP-LMP1 and treatment with trehalose for 24 h, with
equal protein mass loaded. (C) Immunoblots of corresponding cell-derived EVs, with equal volumes loaded. Blots are representative images from repeated
independent experiments. Quantitation of LMP1 secreted following trehalose treatment was normalized to parental cell secretion over multiple experiments.

LMP1, into exosomes (19). However, few studies have focused on the mechanisms of
CD63 trafficking into vesicles and the role of the tetraspanin in EV production, partic-
ularly in the context of viral infection. In this study, we further illuminate the role of
CD63 in global vesicle protein trafficking. Mass spectrometry analysis of small EVs
derived from CD63 knockout cells revealed the packaging of many proteins to be
impaired in the absence of CD63. Previously, Kowal and colleagues performed a mass
spectrometry analysis of proteins in CD63-positive vesicle populations using a pull-
down assay (89). A number of proteins identified in CD63-positive vesicles in the study
were present in our wild-type EVs but absent from our CD63 CRISPR EVs, including
autophagy-related proteins (ATG9A), vesicular integrin-membrane protein (LMAN2),
multiple proteasome regulatory units, sorting nexins (SNX2), transmembrane proteins
(TMED7 and TMED9), and vesicle-associated membrane proteins (VAMP2 and VAPA).
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FIG 8 LMP1 promotes acidification of CD63 knockout-induced autophagic vacuoles. HEK293 control and CD63 CRISPR cells were
transfected with GFP-LMP1 and stained with Hoechst (A) and MDC (B). (C) MDC-positive and total vacuoles were quantified for each cell
(n = 30 cells). (D) Proportion of MDC-positive over total vacuoles per CD63 CRISPR cell. (E) HK1 control and CD63 CRISPR cells were
transfected with GFP to visualize vacuoles. EBV-infected HK1 (HK1 + EBV) control cells and cells containing CD63 CRISPR were treated
similarly to visualize autophagic vacuoles. (F) Cells were transfected with GFP-LMP1 and stained with LysoTracker. Arrowheads represent
colocalization of LMP1 with lysosomal compartments. (G) LysoTracker-positive compartments quantitated for each cell (n = 20 cells). N,
nuclear compartments. *, P < 0.05.

This comparison further supports the dependence of many vesicular proteins upon
CD63 for secretion. On the other hand, numerous proteins involved in cytoskeletal or
adhesion functions were quantitatively increased in EVs following CD63 knockout. One
explanation for the observation of increases in specific proteins or the presence of
some proteins in vesicles only after CD63 knockout may be that CD63-independent
vesicle cargo is relatively more abundant in the absence of CD63-dependent cargo
sorting. As such, mass spectrometry analysis of equal vesicular protein can detect
increases in abundance of these proteins. Another possibility is that increases in other
vesicle populations provides a means of compensatory cargo secretion. It is worth
noting that the vast majority of proteins secreted only in CD63 knockout cell-derived
EVs are known vesicular proteins (Fig. 1D) and therefore likely do not represent
artifactual nonvesicular cargo. Future investigation of EV subpopulations, including
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those dependent on CD63 trafficking, will aid in understanding global vesicle loading
and secretion.

Interestingly, a number of proteins inefficiently sorted into vesicles following CD63
depletion play important roles in intracellular signal transduction, particularly in the
context of EBV-associated cancers. Previous findings revealed CD63 to negatively
regulate MAPK/ERK and noncanonical NF-kB pathways downstream of the viral onco-
protein LMP1. Here, we found MAPK1, tumor necrosis factor (TNF) receptors, and
proteasomal proteins involved in NF-kB activation to be decreased in vesicle secretion
in the absence of CD63. Similarly, we demonstrate detectable decreases in LAMTOR1/2
and v-type H™ ATPases in EVs, corresponding to increases in mTORC1 activation in
CD63 knockout cells. It is likely that vesicular packaging of signal transduction mole-
cules activated by EBV limits their activity in the cell, and vesicle secretion may be a
major cellular mechanism of regulating intracellular activity. These data also support
the utility of EV cargo in monitoring the biological activity occurring within progenitor
cells. As accumulating evidence has implicated EVs as important mediators of cell-to-
cell communication, transfer of signaling molecules may additionally serve as a means
to relay the status of cellular activity or viral infection to neighboring cells and also
reflect the progenitor cell status. Here, we demonstrate that vesicular secretion of signal
transduction molecules is often inversely related to activation of corresponding path-
ways within the cell. Decreasing EV secretion by CD63 knockout results in hyperacti-
vation of intracellular signaling pathways such as mTOR and NF-«B, while increases in
EV secretion through autolysosomal inhibition conversely results in decreased signal
transduction.

In addition to its role in endosomal protein sorting and EV production, CD63 also
appears to be central in regulating endolysosomal and autophagic flux (Fig. 9). These
pathways appear to be particularly important in trafficking LMP1. Altogether, we
propose that CD63 provides a key link between the regulation of exosome secretion
and autophagy activation, perhaps through the modulation of mTOR activity. In the
absence of CD63, the autophagy-suppressing mTORC1 complex is hyperactivated,
concurrent with the development of large nutrient-dependent autophagic vacuoles
and increases in autophagy marker LC3-Il. These findings suggest a disruption to basal
autophagy levels within the cell. Recently, the convergence of endosomal and au-
tophagy organelles has been identified (37). Fusion of late endosomes with autopha-
gosomes can form an intermediate amphisome, also known as an autophagic vacuole,
the function of which is not well understood (37, 90). Furthermore, late endosomes,
autophagosomes, and amphisomes all can undergo lysosomal fusion and therefore
may represent essential redundant machinery to regulate important processes, such as
organelle, RNA, and protein turnover, signal transduction, cell-to-cell communication,
and maintenance of global cellular homeostatic processes. Disruption of exosome
production and cargo secretion by CD63 knockout may consequently result in partial
compensation or accumulation of intersecting pathways, which may explain increases
in LC3-Il levels as well as accruing autophagic vacuoles that overburdens lysosomal
fusion and degradation. Hyperactivation of the mTORC1 complex may also serve to
inhibit the completion of autophagic processes, contributing to the increases in
nonacidic endosomal-autophagic intermediates. In the presence of high levels of LMP1,
a viral protein known to induce late stages of autophagy in host cells, these vacuoles
appear to be acidified and driven toward lysosomal degradation. Induction of lyso-
somal degradation by the viral protein may explain why we do not observe marked
increases in levels of intracellular LMP1 following decreased secretion by CD63 deple-
tion.

In light of recent evidence revealing dependence of the EBV oncoprotein LMP1 on
CD63 for exosome packaging, the link between CD63-mediated exosome secretion and
autophagic processes also has significant implications in further understanding viral
replication and transmission. In the case of EBV infection, LMP1 can specifically activate
the mTORC1 complex, leading to increased cellular proliferation and therefore enhanc-
ing the ability of the virus to establish latency. CD63 acts as a negative regulator of this
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FIG 9 Proposed model of CD63-mediated intersection between endosomal and autophagic processes. Endosomal intraluminal vesicles (ILVs) are dependent
in part upon CD63 for secretion as exosomes into the extracellular space. Alternatively, multivesicular bodies (MVBs) carrying ILVs can fuse to lysosomes for
degradation, where mTORCT is activated. The autophagy pathway also converges on endosomal processes. Once autophagosomes mature from phagophores,
they may fuse with MVBs to form amphisomes or autophagic vacuoles (AVs). AVs may also traffic to the plasma membrane to release EVs. Treatment of cells
with chloroquine or wortmannin increases Epstein-Barr virus LMP1 secretion by inhibiting lysosomal acidification or phagophore formation, respectively, and
results in decreased mTORC1 activation. Wortmannin also blocks EV uptake. Activation of autophagy by trehalose drives secretion of CD63-independent vesicles
containing LMP1. Depletion of CD63 results in decreased EV secretion, likely shunting MVBs toward lysosomal or autophagosomal fusion. As a result, mTORC1
activation is increased and AVs accumulate in cells. Introduction of high levels of LMP1 drives late stages of autophagy and results in the acidification of AVs.

signaling by LMP1, likely through enhancing the packaging of many signal transduction
molecules into exosomes for secretion from the cell. Moreover, EBV most likely hijacks
both host cell endosomal and autophagic processes to limit intracellular levels of LMP1.
It has been demonstrated that EBV-infected B cells containing intermediate levels of
LMP1 comprise the majority of the clonal population of cells; cells with high levels
induce later acidic stages of autophagy, while cells expressing low levels of LMP1
contain fewer autolysosomes (66). We have previously shown high and low levels of
LMP1 to display the same pattern in inducing exosome secretion (19). Together, it is
likely that both exosomal secretion and autophagic turnover regulate levels of LMP1
within cells to control intracellular signaling activation, and the endolysosomal tetras-
panin CD63 plays a key role in coordinating these pathways.

Interestingly, disruption to several processes of autolysosomal activity led to in-
creases in vesicle-associated LMP1 secretion. Chloroquine treatment predictably in-
creased LMP1 release by inhibiting lysosomal-MVB degradation events. Treatment with
the PI3K inhibitor wortmannin similarly increased secretion of the viral protein from
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control cells. However, despite increased total vesicles produced by CD63 CRISPR cells,
LMP1 was not detected in these EVs. It is worth noting that PI3 kinases have been
implicated in the uptake of EVs into cells, and that wortmannin treatment can inhibit
vesicle uptake in a dose-dependent manner (91, 92). It is possible that the increase in
secreted LMP1 seen from control cells is due in part to decreased vesicle uptake of EVs
containing LMP1. Augmented LMP1 degradation observed in these vesicles may be
explained by longer half-lives of EVs in the supernatant. Inhibition of vesicular LMP1
uptake may also in part explain lower levels of the viral protein in cells. Interestingly,
treatment with the autophagy activator trehalose also produced increases in LMP1
secretion from both control and CD63 knockout cells. These findings suggest that
autophagic activation leads to different populations of vesicles released that are not
reliant upon CD63. We propose these vesicles are secreted directly from autophagic
vacuoles following membrane fusion. Alternatively, LMP1 may be released directly from
the cell surface in microvesicles (93). Overall, the complexities of these currently
enigmatic cellular systems likely reflect the heterogeneity of EV populations and govern
essential processes regulating intracellular signaling. Future investigation of the role of
CD63 in endosomal and autophagic processes will help to understand the direct and
indirect impacts of CD63 in mediating these intricately intersecting pathways in both
noninfected and virally infected cells.

MATERIALS AND METHODS

Cell culture. HEK293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; 12-604Q;
Lonza) supplemented with a 10% final concentration of fetal bovine serum (FBS; 1400-500; Seradigm), 2
mM L-glutamine (25-005-Cl; Corning), 100 IU penicillin-streptomycin (30-002-Cl; Corning), and 100
rg/ml:0.25 pg/ml antibiotic-antimycotic (30-004-Cl; Corning). HK1 cells were grown in RPMI 1640 cell
culture medium (12-702Q; Lonza) with equivalent supplements added. The CD63 CRISPR was introduced
into HK1 or EBV-infected HK1 cells as described previously (19). Serum used for extracellular vesicle
enrichment experiments was depleted of EVs by ultracentrifugation at 100,000 X g for 20 h and then
filtered through a 0.2-um filter. HEK293 CD63 CRISPR and HEK293 GFP-LMP1 tetracycline-inducible cells
were constructed as previously described (17, 19). To induce LMP1 expression in HEK293-inducible cells,
1 pg/pl doxycycline was added to cells for 24 h before cell lysate and EV collection. For baseline
measurements of LC3-Il levels in cells (Fig. 5G), medium was changed to serum-free DMEM for 24 h, and
final concentrations of 50 uM chloroquine (50-63-5; Invivogen) and 5 uM wortmannin (19545-26-7;
Invivogen) were added to cells for 2 h before cells were collected. For live cell imaging and EV
enrichment following autophagy inhibition or activation, cells were transfected with GFP-LMP1 and
incubated with 50 uM chloroquine, 5 M wortmannin, or 100 mM trehalose dihydrate (T0167; Sigma) for
24 h before medium was harvested. HEK293 control or CD63 CRISPR cells were transfected with GFP or
GFP-LMP1 plasmids using JetPrime transfection reagent (114-15; Polypus) as previously described (13).
Cell viability was determined after staining cells with acridine orange (AO)-propidium iodide (PI)
(CS2-0106; Nexcelom Bioscience) with an automated cell counter (Cellometer Vision, version 2.1.4.2;
Nexcelom Biosciences).

DNA constructs. GFP and GFP-LMP1 constructs were generated as described previously (19).
Mutants were subcloned into the pQCXP vector (number 17386; Addgene) from pBabe-expressing
plasmids previously constructed (77) (kind gifts from Nancy Raab-Traub). CD63-BirA plasmid was
constructed for CD63 rescue experiments by fusing an Escherichia coli protein (BirA) to CD63 sequence
obtained by PCR amplification from RFP-CD63 PQCXP vector. PCR products and the PCDNA3.1 MCS-
BirA(R118G)-HA vector were cut using Nhe and EcoRl restriction enzymes and gel purified. Ligation was
performed overnight using T4 DNA ligase at 16°C. Ligation products were used to transform DH5«
competent cells, which were plated on LB agar plates with ampicillin and grown overnight at 37°C. DNA
from transformed colonies was purified by miniprep and confirmed by diagnostic digest and sequencing.
Following the generation of CD63-BirA, the target site of the guide RNA was mutated from human to
mouse CD63 sequence [GCCTGTGCAGTGGGA(C to T)TGAT(T to C)GCC(G to A)TGGGTGTCGGGGCAC]
using the GeneArt mutagenesis kit. Only the G-to-A mutation resulted in a change in the amino acid
coding sequence (V to M).

Retrovirus production. HEK293-T cells were transfected with expression plasmids (pQCXP GFP
LMP1, pQCXP GFP-LMP1 CTAR1, pQCXP LMP1 CTAR2, and pQCXP LMP1 A5Y384G), packaging plasmid
pMD2.G (number 12259; Addgene; a gift from Didier Trono), and gag/pol (plasmid 14887; Addgene; a gift
from Tannishtha Reya) to produce retroviral particles for transduction. Medium was collected at 48, 72,
and 96 h posttransfection, centrifuged for 10 min at 1,000 X g, filtered through a 0.45-um filter, and
frozen at —80°C until use.

Generation of LMP1 wild-type and mutant-inducible cells. HK1 cells were initially transduced with
lentivirus particles containing pLenti CMV TetR BLAST (number 17492; Addgene), and blasticidin (ant-
bl-1; Invivogen) was used for selection. The generated stable cells were then transduced with retrovirus
particles (pQCXP GFP LMP1, pQCXP GFP-LMP1 CTAR1, pQCXP LMP1 CTAR2, and pQCXP LMP1 A5Y384G).
The subsequent stable cells were selected with medium containing blasticidin and puromycin. LMP1
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expression was induced for 24 h with the addition of doxycycline (D3447; Sigma) to a final concentration
of 1 ug/ul.

EV enrichment and purification. For mass spectrometry analysis, EVs from HEK293 control or CD63
knockout cells were harvested using a modified ExtraPEG method (94) and subsequently purified on an
iodixanol density gradient as previously described (17). Briefly, cell-conditioned medium was centrifuged
at 500 X g for 5 min, 2,000 X g for 10 min, and then 10,000 X g for 30 min before incubating with a
1:1 volume of 2X PEG solution (16%, wt/vol, polyethylene glycol, 1 M NaCl) overnight. Solutions then
were centrifuged for 1 h at 10,000 X g to obtain crude EV pellets. Pellets were resuspended in
phosphate-buffered saline (PBS), ultracentrifuged at 100,000 X g for 2 h, and then layered on top of a
stepwise 5 to 40% iodixanol density gradient. Vesicles were recovered from fraction 6 of the gradient,
corresponding to a density of approximately 1.10 g/ml, washed in PBS, and repelleted at 100,000 X g for
2 h. Pure EV isolates were lysed in strong urea-containing lysis buffer (5% SDS, 10 mM EDTA, 120 mM
Tris-HCI [pH 6.8], 8 M urea) with the addition of a protease inhibitor cocktail (Thermo). Equal volumes of
fraction lysates were analyzed by immunoblotting to confirm EV protein purification. Protein concen-
trations were obtained by quantification using the fluorescence-based EZQ protein quantification kit
(R33200; Thermo).

For immunoblot analysis of EV proteins, the post-PEG EV pellet was resuspended in 1 ml PBS and
ultracentrifuged for 70 min at 100,000 X g before lysis in 2X nonreducing Laemmli sample buffer (4%
SDS, 100 mM Tris-HCl [pH 6.8], 0.4 mg/ml bromophenol blue, 20% glycerol).

Nanoparticle tracking analysis. Nanoparticle tracking was performed using a Malvern NanoSight
LM10 instrument, and videos were processed using NTA 3.1 software as previously described (17).

Confocal microscopy. HEK293 or HK1 control and CD63 knockout cells were seeded at a density of
0.2 X 10° in 35-mm glass-bottom plates (627860; Greiner Bio-One) for live cell imaging. Cells were
transfected with 1 wg GFP, GFP-LMP1, or EGFP-LC3 (number 11546; Addgene) 24 h before imaging to
visualize cellular structures. For serum starvation experiments, medium was changed to serum-free
DMEM at the time of transfection. Hoechst 33342 nuclear staining (5 wg/ml; 62249; Thermo Scientific)
was added 15 min before imaging. Lysosomal stain (LysoTracker Red DND-99; L7528; Invitrogen) was
added to cells for 15 min at a final concentration of 50 nM before medium was changed. Mono-
dansylcadaverine (MDC; 30432; Sigma) was added to cells at a final concentration of 50 nM for 15 min
before medium was changed for visualization of autophagic vacuoles. Confocal images were taken using
a Zeiss LSM 880 microscope with 488-nm and 594-nm lasers and processed using Zen 2.1 Black software.
Numbers of lysosomes and vacuoles per cell were quantified using ImageJ software.

Transmission electron microscopy. EVs for electron microscopy were prepared as described
previously (19). HEK293 control and CD63 CRISPR cells were fixed in a warmed 1:1 solution of complete
culture medium and fixative (2.5% glutaraldehyde-2% paraformaldehyde in 0.1 M PBS) for 10 min.
Solution was removed and fresh fixative was added for another 1 h. Cells were scraped into fixative and
then centrifuged at 300 X g for 5 min. Supernatant was removed and cells were resuspended in fresh
fixative until postfixation. Cells were postfixed in 1% osmium tetroxide for 45 min, dehydrated in
increasing concentrations of ethanol (10 min in 50%, 10 min in 70%, 10 min in 80%, 15 min in 95%, and
15 min in 100%), and cured in epoxy resin (1:1 with propylene oxide). Sections were cut between 30 and
50 nm thick, stained with uranyl acetate and lead citrate, and imaged on an FEI CM120 BioTwin
transmission electron microscope.

Immunoblot analysis. Whole-cell lysates were prepared by washing cells and then scraping them
into cold PBS before pelleting at 1,000 X g for 10 min and lysis by radioimmunoprecipitation assay (RIPA)
buffer as described previously (19). Insoluble material was pelleted and discarded prior to immunoblot
analysis as previously detailed (19). To measure signaling activity in cells, growth medium was changed
to serum-free medium at the time of GFP or GFP-LMP1 transfection. Cell pellets were harvested 24 h later,
and cytoplasmic fractions were isolated as described previously (19). Total protein levels were deter-
mined by Ponceau S stain. Blots were probed using the following antibodies: Alix (Q-19; Santa Cruz
Biotechnology), HSC70 (B-6; Santa Cruz), TSG101 (C-2; Santa Cruz), CD63 (TS63; Abcam), LMP1 (CS1-4;
Dako), phospho-IkBa (2859; Cell Signaling), GFP (600-101-215; Rockland), beta-actin (629630; GeneTex),
phospho-mTOR Ser2481 (2974; Cell Signaling), phospho-mTOR Ser2448 (5536; Cell Signaling), mTOR
(2983; Cell Signaling), Raptor (2280; Cell Signaling), Rictor (2114; Cell Signaling), GBL (3274; Cell
Signaling), LAMTORT1 (8975; Cell Signaling), RagA (4357; Cell Signaling), RagB (8150; Cell Signaling), RagC
(5466; Cell Signaling), RagD (4470; Cell Signaling), phospho-p70 S6 kinase Thr389 (9205; Cell Signaling),
p70 S6 kinase (9202; Cell Signaling), LC3B (3868; Cell Signaling), Calnexin (H-70; Santa Cruz), CD81
(SC-9158; Santa Cruz), rabbit anti-mouse IgG (26728; GeneTex), rabbit anti-goat IgG (26741; GeneTex),
and goat anti-rabbit IgG (Fab fragment) (27171; GeneTex). Blots were imaged with an ImageQuant
LAS4000 (General Electric) and processed using ImageQuant TL v8.1.0.0, Adobe Photoshop CS6, and
CorelDraw X5.

Mass spectrometry. Equal masses (20 ng) of iodixanol density gradient-purified EV protein were run
in a 4 to 20% polyacrylamide gel (59511; Lonza) for purification and separation by SDS-PAGE. Gels were
fixed and stained with a Coomassie staining protocol as described previously (95). Samples were
fractionated, trypsin digested, submitted to the Florida State University Translational Science Laboratory
for liquid chromatography-tandem mass spectrometry (LC-MS/MS), and analyzed as previously described
in detail (94). Spectral counts were analyzed in Scaffold, version 4.7.1, using a 99.0% protein threshold,
and a minimum of 2 peptides was required for identification. The protein false discovery rate was 0.7%.
Spectral counts were normalized across the experiment using Scaffold protein normalization. Before
enrichment analyses were performed, fold changes were calculated between control and knockout EVs
after grouping biosamples.
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Enrichment analysis. Proteins identified by mass spectrometry were compared to the Vesiclepedia

database of known EV proteins using FunRich, v3. Cellular compartment enrichment of all identified
proteins was performed using FunRich. Proteins decreased by 2-fold in CD63 knockout cell-derived EVs
were analyzed with The Database for Annotation, Visualization and Integrated Discovery (DAVID), v6.8,
to identify pathways (KEGG) and biological processes (GOTERM_BP_DIRECT) enriched in control EVs.

Statistical analysis. Significance of results was determined by Student’s two-sample t test. Figures

were assembled by using Microsoft Excel, Adobe Photoshop CS6, and CorelDraw X5 software programs.

Accession number(s). The mass spectrometry data have been deposited in the ProteomeXchange

Consortium via the PRIDE partner repository (96) with the data set identifiers PXD006514 and 10.6019/
PXD006514.

SUPPLEMENTAL MATERIAL
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