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ABSTRACT Extracellular vesicles (EVs) are released by all types of cells as a means
of intercellular communication. Their significance lies in the fact that they can alter
recipient cell functions, despite their limited capacity for cargo. We have previously
demonstrated that herpes simplex virus 1 (HSV-1) infection influences the cargo and
functions of EVs released by infected cells and that these EVs negatively impact a
subsequent HSV-1 infection. In the present study, we have implemented cutting-
edge technologies to further characterize EVs released during HSV-1 infection. We
identified distinct EV populations that were separable through a gradient approach.
One population was positive for the tetraspanin CD63 and was distinct from EVs car-
rying components of the endosomal sorting complexes required for transport
(ESCRT). Nanoparticle tracking analysis (NTA) combined with protein analysis indi-
cated that the production of CD63" EVs was selectively induced upon HSV-1 infec-
tion. The ExoView platform supported these data and suggested that the amount of
CD63 per vesicle is larger upon infection. This platform also identified EV populations
positive for other tetraspanins, including CD81 and CD9, whose abundance decreased
upon HSV-1 infection. The stimulator of interferon genes (STING) was found in CD63™
EVs released during HSV-1 infection, while viral components were found in ESCRT*
EVs. Functional characterization of these EVs demonstrated that they have opposite
effects on the infection, but the dominant effect was negative. Overall, we have identi-
fied the dominant population of EVs, and other EV populations produced during HSV-
1 infection, and we have provided information about potential roles.
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studies (1-4). In 1983, electron microscopy studies demonstrated extracellular release
of the transferrin receptor within vesicles that were considered “trash bags” of cells,
used to eliminate unwanted plasma membrane proteins (5). Today, it has been estab-
lished that such vesicles are released by all types of cells, as they constitute a major
mechanism of intercellular communication and are important for cellular homeostasis
(6-11).

Extracellular vesicles (EVs) are highly heterogeneous in cargo, origin, and size, but
most investigators divide them into two broad groups (12-15). The first group includes
vesicles 30 to 150 nm in diameter that are formed as intraluminal vesicles (ILVs) within
endosomal multivesicular bodies (MVBs). After fusion of the MVBs with the plasma
membrane, ILVs are released to the extracellular space and are now referred to as exo-
somes. The other major group is comprised of larger vesicles (100 to 1,000 nm in diam-
eter) that are generated by outward budding of the plasma membrane. These vesicles
are referred to as microvesicles or ectosomes. A third group of vesicles (1,000 to
5,000 nm) that also bud from the plasma membrane are known as apoptotic bodies;
these vesicles are considered end-death products and are not a subject of this study
(12-15).

The cargo of EVs is a key determinant of their function; thus, it is of interest to iden-
tify mechanisms of cargo sorting. The endosomal sorting complexes required for trans-
port (ESCRT) were first identified in Saccharomyces cerevisiae and studied for their role
in sorting proteins into ILVs. This machinery is composed of four multisubunit com-
plexes, ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-IIl, that work in an orchestrated manner
to sort ubiquitinated cargo into late endosomes (16-20). However, silencing of ESCRT
components such as the tumor susceptibility gene 101 protein (TSG101), a core com-
ponent of the ESCRT-I complex, VPS22/EAP30, which is an ESCRT-Il factor, or Vps24/
CHMP3, which is an ESCRT-IIl factor, does not abrogate MVB formation, suggesting
that alternate mechanisms can regulate EV biogenesis (21). In support of this, ESCRT-in-
dependent pathways that involve tetraspanins, lipids, and certain Rab GTPases have
been proposed. Tetraspanins belong to a family of proteins with diverse roles in cell
adhesion, cell morphology and maotility, protein trafficking, and plasma membrane dy-
namics (22). They carry four transmembrane domains, have a short and a long extracel-
lular loop, and are clustered in tetraspanin-enriched microdomains (TEMs) in ceramide-
enriched membranes (23-26). TEMs are distinct from lipid rafts, and the implication is
that they constitute a new type of signaling platform. Tetraspanins interact with
numerous proteins through a hypervariable domain located within the large extracel-
lular loop that varies in sequence and length between family members and potentially
facilitate cargo sorting to ILVs (22-26).

In addition to the above-mentioned mechanisms, other, less characterized mecha-
nisms can contribute to cargo sorting (15). For example, proteins carrying late
domains, termed late to reflect their function late in virus budding, can interact with
proteins carrying WW domains (35 to 40 amino acids in length with two invariant tryp-
tophan residues) that provide a platform for assembly of multiprotein networks, which
can be sorted into MVBs (27, 28). Posttranslational modifications, including phosphoryl-
ation, glycosylation, and citrullination, can influence cargo sorting in the appropriate
context (15, 29). Analysis of various membrane anchors demonstrated that myristoyl-
ation has a great impact in the formation of microvesicles (30). SUMOylation could also
contribute to cargo sorting by exploiting the ESCRT complex (31). ISGylation has so far
been linked to attenuation of EV secretion by promoting aggregation and degradation
of ISGylated TSG101 (32). A bioinformatics analysis revealed an enrichment of EV cargo
in proteins with coiled-coil domains (33). Finally, the RNA content of EVs is very distinct
compared to the cytoplasm of the donor cells, which suggests active RNA sorting to
EVs. The current mechanism for RNA cargo sorting involves RNA-binding proteins tar-
geted to EVs by mechanisms similar to other proteins. Also, cis-acting elements appear
to control RNA sorting to the EVs (21, 34).

Pathogens often hijack EV biogenesis pathways for their assembly (hepatitis A virus
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and HIV), to package their virions (e.g., noroviruses and rotaviruses), genome (hepatitis
C virus), or selected factors that modulate the microenvironment of infection (herpes
simplex virus 1 [HSV-1]) (35-43). Other viruses (human herpesvirus 6 [HHV-6]) are
released via an exosomal release pathway (44). In support of this, we have previously
demonstrated that HSV-1 infection stimulates production of EVs that carry viral factors
(viral mRNAs, microRNAs [miRNAs], and proteins) and host factors such as the stimula-
tor of interferon genes (STING) (38, 39, 45). These EVs can activate innate immune
response in uninfected recipient cells and suppress a subsequent HSV-1 infection (45).
Our laboratory has developed procedures to separate EVs from virions that enabled us
to identify distinct EV populations. We found that during HSV-1 infection, the domi-
nant EV population is produced through the CD63 tetraspanin pathway. These CD63™
EVs carry STING but no viral proteins or ESCRT components. We also identified a popu-
lation of EVs that carries ESCRT components and viral factors, but not CD63, that we
termed ESCRT* EVs. Individually, these EV populations seem to have opposite effects
on the infection, but the net effect is negative. This is the first study to provide insight
into the nature of EVs populating the microenvironment of HSV-1 infection, with impli-
cations for virus dissemination and persistence in the host.

RESULTS

Separation of EV populations through an iodixanol/sucrose gradient during
HSV-1 infection. Previously we described a procedure to separate EVs from HSV-1 viri-
ons based on their density difference (45, 46). For this study, we adapted the same pro-
cedure but increased the volume of the sample loaded on the gradient (from ~300 ul
to 1.5ml). HEL cells were infected with HSV-1(F) (0.1 PFU/cell), and the supernatant
was collected at 48 h postinfection, subjected to two rounds of low-speed centrifuga-
tion to remove cell debris and nuclei, filtered through 0.45-um-pore size filters, con-
centrated through 100-kDa filters, and loaded on top of an iodixanol/sucrose discon-
tinuous gradient with the iodixanol concentration ranging between 6% and 18%
(increments of 1.2%) (Fig. 1A and B). Fractions (500 wl) were collected from the top to
the bottom of the gradient and analyzed by Western blotting using antibodies against
viral components such as the capsid protein UL38, the envelope proteins gM and gD,
the tegument proteins VP22, Us11, ICPO, and VP16, the component of the viral replica-
tion machinery, UL42, and different EV factors such as components of the ESCRT ma-
chinery Hrs and Alix, the tetraspanin CD63, and the small GTPase ARF6, which serves as
a marker of microvesicles (13, 47). Consistent with our previous findings, the viral com-
ponents concentrated in high-density fractions where infectious virus accumulates,
whereas all EV markers were found in light-density fractions (Fig. 1C). UL42 served as a
contamination control and was undetectable. Three major observations were made. (i)
The ESCRT components Hrs and Alix concentrated in lighter-density fractions than
CD63, suggesting that they belong to different EV populations. (ii) Selected viral pro-
teins (gD, VP16, and Us11) cofractionated with the ESCRT components. Since infectious
virus is absent from the light-density fractions, as we have previously described, it is
likely that some viral factors are packaged in EVs (43). Notably, these viral factors are
selectively packaged in ESCRT" but not in CD63" EVs (Fig. 1C). (iii) ARF6, a marker of
microvesicles, overlapped with CD63" EVs, suggesting that perhaps a small number of
microvesicles cofractionate with CD63" EVs.

To confirm that ESCRT components are in separate vesicles from CD63, we
increased the centrifugation time of our gradient from 135 min to 16 h. We observed
that Hrs (an ESCRT component) migrated to lighter-density fractions than CD63 (Fig.
2A). These distinct populations were also observed in EVs from human epithelial cells
(HEp-2). As shown in Fig. 2B, Alix, an ESCRT factor, separated from CD63* EVs.
Consistent with Fig. 1C, Us11 was enriched in ESCRT™" EVs (Fig. 2B). ARF6, a microvesicle
marker, was enriched in CD63* EVs as in HEL cells (47). However, we noticed that the
distribution of ARF6 in the gradient when using EVs from HEp-2 cells, compared to EVs
from HEL cells, was not as consistent as the other markers, perhaps because HEp-2 is a
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FIG 1 Separation of EVs from HSV-1 virions. (A and B) Schematic of the procedures used for EV
isolation. HEL cells were infected with HSV-1(F) (0.1 PFU/cell). At 48 h postinfection, the supernatant
was collected, centrifuged at 1,200rpm for 5min followed by a centrifugation at 3,500 rpm for
20 min, and filtered through a 0.45-um filter. The supernatant was concentrated using Centricon Plus
70 (100-kDa cutoff) (Millipore). The sample was then loaded on top of an iodixanol/sucrose gradient
ranging from 6 to 18%, with a 1.2% increment in the concentration of iodixanol for a total of 11
different concentrations. The 60% iodixanol was diluted in 10mM Tris (pH 8) and 0.25 M sucrose.
Samples were centrifuged in an SW41Ti rotor for 135min at 250,000 x g and 4°C in a Beckman
Coulter OPTIMA XPN-80 ultracentrifuge. Fractions of 500 ul were collected from the top to the bottom
of the gradient. (C) Equal volumes from the fractions were separated in denaturing polyacrylamide gels
and analyzed by immunoblot analysis using antibodies against EV components such as CD63, Hrs, Alix,
and ARF6, viral tegument proteins such as Us11, VP22, VP16, and ICPO, viral capsid proteins such as
UL38, viral envelope proteins such as glycoprotein M (gM) and gD, and a component of the viral
replication machinery, UL42. Numbers on the left are molecular weight markers.

cancer cell line and cancer cells are known to alter EV biogenesis pathways to facilitate
tumor growth (48, 49).

Previous studies have reported production of noninfectious light particles (L-par-
ticles) from HSV-1-infected cells that carry viral tegument and envelope proteins but
lack capsid proteins and viral genome (50). The L-particles appear to increase virus
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FIG 2 Separation of EV populations from HSV-1-infected cells. (A) Samples from HSV-1(F)-infected HEL cells prepared as for Fig. 1 were centrifuged either
for 135min or 16 h in an SW41Ti rotor in a Beckman Coulter OPTIMA XPN-80 ultracentrifuge. Fractions of 500 ul were collected from the top to the
bottom of the gradient, and equal volumes were electrophoretically separated in denaturing polyacrylamide gels, transferred to nitrocellulose sheets, and
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infectivity and provide immune evasion functions (50-52). Since the ESCRT* EVs carry
viral proteins like the L-particles, we wanted to determine if they are distinct or not.
Thus, after separating the ESCRT* EVs from the CD63* EVs through the gradient
described in Fig. 1, we analyzed them for viral proteins. In the ESCRT* EVs we detected
components of the viral entry and fusion machinery such as gD and gH, and the tegu-
ment protein Us11, but we did not detect ICP4 and VP22 proteins, which are abun-
dantly present in L-particles (Fig. 2C) (50-52). As discussed above, the CD63* EVs did
not carry viral proteins. The differences observed in the mobility of the glycoproteins
between EVs and cell lysates is most likely due to sucrose present in EV samples. These
data suggest that the ESCRT™ EVs are distinct from the L-particles.

During these studies, consistent detection of CD63 by immunoblot analysis was
found to be difficult, likely because CD63 is extensively and variably glycosylated. To
circumvent this issue, we tested increasing concentrations of the denaturing agents so-
dium dodecyl sulfate (SDS) and B-mercaptoethanol in the sample loading buffer, or
seminative conditions under which both agents were removed from the buffer. Consistent
detection of glycosylated CD63 was observed under seminative conditions, whereas the
presence of SDS in the loading buffer obstructed CD63 detection (Fig. 2D).

Overall, we have developed procedures to separate EVs from HSV-1 virions, to dis-
sect EV populations, and to consistently detect CD63 tetraspanin.

HSV-1 infection stimulates production of CD63* EVs. We performed qualitative
and quantitative comparisons of EVs isolated from uninfected and HSV-1(F)-infected
cells, as in Fig. 1C, focusing on gradient fractions enriched in EVs but devoid of infec-
tious virus. These fractions were pooled, EVs were quantified by nanoparticle tracking
analysis (NTA), and equal numbers of EVs were analyzed by Western blotting, probing
for selected EV markers. Consistent with our previous findings, CD63 was increased in
EVs from infected cells. However, no substantial difference was noted in the exocytosis
of ARF6 and Alix between infected and uninfected cells (Fig. 3A), suggesting that
microvesicle production (as indicated by ARF6) and EV production through the ESCRT
pathway (as indicated by Alix) are not affected (stimulated or inhibited) during HSV-1
infection.

Previously, we demonstrated that HSV-1-infected cells produce at least two times
more EVs than uninfected cells (46). These findings were recapitulated after quantify-
ing the EVs isolated as described above using NTA (Fig. 3B). A qualitative analysis of
EVs released by HSV-1-infected cells was performed using the ExoView platform
(NanoView Biosciences, USA). The ExoView tetraspanin kit features chips with immobi-
lized antibodies against the tetraspanins CD63, CD81, and CD9, which were used to
capture EVs from infected and uninfected cells followed by interferometric analysis
and detection of EVs with fluorophore-conjugated antibodies against the same tetra-
spanins. Representative images of captured EVs stained for the different tetraspanins
are depicted in Fig. 3C, and interferometric analysis is shown in Fig. 3D. The results of
this analysis can be summarized as follows. (i) After incubation with equal numbers of
EVs from infected and uninfected cells, the anti-CD63 capture spots captured more
EVs from infected than from uninfected cells (Fig. 3C, CD63 capture, compare panel
f to panel e), suggesting that HSV-1 infection stimulates release of CD63* EVs.
Interferometric analysis confirmed that infected cells produce almost two times more
CD63™* EVs than do uninfected cells (Fig. 3D). (ii) After incubation with equal numbers

FIG 2 Legend (Continued)

Journal of Virology

analyzed by immunoblot analysis using antibodies against CD63 or Hrs. (B) HEp-2 cells were infected with HSV-1(F) (0.1 PFU/cell), the supernatant was
processed as for Fig. 1, the fractions containing the ESCRT" EVs and the CD63" EVs were isolated separately, and equal numbers of EVs were analyzed by
immunoblot analysis using antibodies against Alix, CD63, ARF6, or Us11. (C) The supernatant of HSV-1(F)-infected cells (0.1 PFU/cell) was collected at 48 h
postinfection. CD63* EVs were separated from the ESCRT" EVs using procedures as for panel A, and the fractions of the gradient containing either CD63*
EVs or ESCRT" EVs were pooled. Protein analysis was performed on equal amounts of EVs. Total lysates served as a control. Differences in the mobility of
glycoproteins between virions and EVs are most likely due to sucrose present in EV samples. (D) HEL cells seeded in a 6-well plate were lysed using the
triple detergent buffer (see Materials and Methods), and equal amounts of cell lysates were mixed with different loading buffers (A, B, C, and D),
electrophoretically separated on a 12% SDS-polyacrylamide gel, and transferred to a nitrocellulose sheet, and immunoblot analysis was performed using an

anti-CD63 antibody. B-Actin served as a loading control. B8-ME, B-mercaptoethanol.
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FIG 3 Increased production of EVs upon HSV-1 infection. (A) Total EVs were isolated from the supernatant of infected or uninfected HEL cells as for Fig. 1.
The first seven fractions containing the EVs were pooled, washed with PBS, and quantified by NTA. Equal numbers of EVs were analyzed by immunoblot
analysis using antibodies against CD63, ARF6, Alix, and STING. The STING dimers are prevalent in EVs released from HSV-1-infected cells. (B) EVs were
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of EVs from infected and uninfected cells, the anti-CD81 capture spots captured fewer
EVs from infected than from uninfected cells (Fig. 3C, CD81 capture, compare panel d
to panel c). This corroborates our previous findings showing that the CD81 protein is
degraded late during HSV-1 infection (44). (iii) anti-CD81 and anti-CD9 capture spots
captured fewer EVs from infected cells than the anti-CD63 capture spots. These data
support the notion that CD63* EVs are the dominant population released during HSV-
1 infection. Also, most likely CD63* EVs are distinct from EVs carrying other tetraspa-
nins. Indeed, interferometric analysis showed that at least half of CD63™ EVs are devoid
of CD81 or CDY (Fig. 3D), indicating that CD81 and CD9 colocalize on the same EVs
more often, even though CD63 is the dominant tetraspanin, further supporting distinct
pathways of biogenesis. Also, a chip coated with the CD9 antibody captured more
CD81* EVs than CD63* EVs (Fig. 3C, CD9 capture). (iv) Analysis of mean fluorescence
intensity per EV of CD63" EVs from infected compared to uninfected cells revealed
that approximately 80% of CD63* EVs from infected cells display high fluorescent in-
tensity, indicating that they most likely carry more CD63 molecules per vesicle (Fig. 3E).
In contrast, about 75% of CD63" EVs from uninfected cells display low fluorescent in-
tensity (Fig. 3E). (v) The CD9 captured EVs displayed weaker staining with the CD9 anti-
body than with CD81 (Fig. 3C). Consistently, the CD81 captured EVs displayed weaker
staining with CD9 antibody than with CD81 (Fig. 3C). These data suggest that CD9 is
the least abundant of the three tetraspanins in EVs released from infected and unin-
fected fibroblasts. CD9* EVs are highly positive for CD81 but not for CD63.

Overall, HSV-1 infection stimulates biogenesis of EVs through the CD63 pathway,
and these EVs are enriched in CD63 tetraspanin.

Features of CD63* versus ESCRT+ EVs during HSV-1 infection. EVs from infected
and uninfected HEL cells were isolated through the gradient described earlier, and
CD63* EVs were separated from ESCRT* EVs (Fig. 1). Quantification of these EVs was
done by NTA. As shown in Fig. 4A and B, CD63* EV production was induced in infected
cells, but production of ESCRT* EVs was not. ExoView analysis of CD63* and ESCRT*
EVs from infected and uninfected cells demonstrated the following. (i) After incubation
with equal numbers of EVs from infected and uninfected cells, anti-CD63 capture spots
captured more CD63" EVs from infected than from uninfected cells (Fig. 4B, CD63 cap-
ture, compare panel f versus panel e). Comparison of the mean fluorescence intensity
per EV of CD63" EVs from infected versus uninfected cells suggested that CD63* EVs
from infected cells carry more CD63 molecules than CD63* EVs from uninfected cells
(Fig. 4CQ). (i) ESCRT* EVs are devoid of CD63 protein, further supporting the notion that
this population is distinct from the CD63* population (Fig. 4B and C). These results
also highlight the efficiency of separation of ESCRT* EVs from CD63* EVs using our
gradient. (iii) a chip coated with CD81 antibody captured fewer CD81* EVs when using
the CD63* population from infected than from uninfected cells (Fig. 4B, CD81 capture,
compare panel c to panel d, and Fig. 4D) supporting the idea that CD81" EVs are
down-modulated during infection. The same pattern was observed using ESCRT* EVs
(Fig. 4B and D), although CD81 was less prevalent in ESCRT* EVs. (iv) Only small
amounts of CD63, CD81, and CD9 were detected in ESCRT* EVs, suggesting that at
least in HEL fibroblasts the ESCRT biogenesis pathway does not involve these

FIG 3 Legend (Continued)

isolated as for Fig. 1 and quantified using NTA. The quantity of the EVs and their size distribution are depicted. Results represent the averages from three
independent EV isolations. The color-shaded regions are error bars that are used to show the variation in the concentration and size of EVs between
different EV isolations. (C) Chips coated with separate capture spots for anti-CD63, anti-CD81, anti-CD9, or mouse isotype control IgG1 were placed in the
center of separate wells in a 24-well plate. Diluted sample (40 ul) prepared as for Fig. 1 was applied to each chip. Sterile water was added to the void
space between wells to form a humidity chamber, and the plate was sealed and allowed to incubate for 16 h at room temperature. Subsequently, wells
containing chips were washed three times with buffer supplied by the manufacturer (NanoView Biosciences, USA). Anti-CD9-Alexa Fluor 488, anti-CD81-
Alexa Fluor 555, or anti-CD63-Alexa Fluor 647 was applied to the chips for 1 h at room temperature. After washing, the chips were dried and imaged using
an ExoView R100 reader on nScan2 2.7.6 software and analyzed using NanoViewer 2.8.9. (D) Interferometric detection of EVs from panel C, which were
captured using different anti-tetraspanin antibodies, was performed using NanoViewer 2.8.9 supplied by the manufacturer (NanoView Biosciences). Total
captured EVs on each chip were quantified. (E) Mean fluorescence intensity (MFI) of CD63 in single EVs from uninfected (mock) and infected (HSV-1)
samples was quantified using NanoViewer 2.8.9 supplied by the manufacturer (NanoView Biosciences). MFI values were divided in 3 arbitrary groups; the
percentage of EVs from mock or infected samples in each group is depicted. *, P=0.05; **, P=0.01; ***, P=0.001.
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FIG 4 Increased production of CD63" EVs during HSV-1 infection. A. EVs were isolated from the supernatant of infected or
uninfected HEL cells as for Fig. 1, and the ESCRT" EVs were collected separately from the CD63" EVs. Quantification of the two
EV populations derived from either infected or uninfected cells was done by NTA. The color-shaded regions are error bars that
are used to show the variation in the concentration and size of EVs between different EV isolations. (B) Chips coated with
separate capture spots for anti-CD63, anti-CD81, anti-CD9, or mouse isotype control IgG1 (shown in Fig. 3) were incubated with
either ESCRT" EVs or CD63" EVs, as for Fig. 3. Anti-CD9-Alexa Fluor 488, anti-CD81-Alexa Fluor 555, or anti-CD63-Alexa Fluor 647
was applied to the chips for 1 h at room temperature. After washing, the chips were dried and imaged using an ExoView R100
reader on nScan2 2.7.6 software and analyzed using NanoViewer 2.8.9. (C) MFI of CD63 in single EVs from ESCRT* and CD63*
fractions from mock or infected cells was quantified using NanoViewer 2.8.9 supplied by the manufacturer (NanoView Biosciences).
(D and E) The number of EVs on each chip from panel C was quantified using NanoViewer 2.8.9. *, P<0.05; **, P=<0.01; ***
P=0.001.

tetraspanins (Fig. 4B, D, and E). (v) CD9 is more prevalent in CD63* EVs from uninfected
cells than from infected cells (Fig. 4B, CD81 capture, compare panel a to panel b, and
Fig. 4E). The pattern of CD9 in CD63™ EVs and ESCRT* EVs from infected and unin-
fected cells resembles that of CD81 (Fig. 4, compare panel E to panel D).

Overall, we have developed a procedure to isolate the dominant EV populations
during HSV-1 infection. Furthermore, we have established that HSV-1 infection
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timulates production of EVs through the CD63 pathway. Production of EVs through the
ESCRT pathway is not altered during HSV-1 infection, although ESCRT components
may be utilized in virus-induced cargo sorting processes and for virion assembly.

STING is present in CD63* EVs released by HSV-1-infected cells. Earlier, we pub-
lished that STING is present in EVs released by HSV-1-infected cells (38, 39, 45). Thus,
we sought to determine the population of EVs in which STING is packaged. First, we
examined potential colocalization of STING with CD63. For this, we established a HEp-2
cell line expressing Flag-STING by using a lentiviral vector carrying the STING open
reading frame. The Flag-STING HEp-2 cells were transfected with a green fluorescent
protein (GFP)-CD63-expressing plasmid for 24 h, followed by HSV-1(F) infection (10
PFU/cell). The cells were fixed at 10 h postinfection, stained with an anti-Flag antibody,
and examined under a confocal microscope. STING and CD63 form globular structures
in the cytoplasm and appear to colocalize (Fig. 5A). Second, we isolated CD63* and
ESCRT* EVs produced by infected and uninfected cells as shown in Fig. 1 and analyzed
them for Hrs, CD63, and STING. EVs carrying either Hrs or CD63 were efficiently sepa-
rated, and STING was found exclusively in CD63" EVs derived from infected cells (Fig.
5B). Notably, it is the STING dimers that are predominantly detected in the CD63" EVs.
STING dimerization is a hallmark of STING translocation that occurs upon HSV-1 infec-
tion (Fig. 5C, lane 2 compare to lane 1). Antibody specificity was demonstrated using
STING knockdown (STING-KD) HEL cells (Fig. 5C, lanes 3 and 4).

We conclude that STING is exocytosed in CD63* EVs during HSV-1 infection.

Antiviral effect of CD63* EVs and proviral role of ESCRT+ EVs during HSV-1
infection. Using the entire population of EVs, we have demonstrated that EVs from
infected cells, but not from uninfected cells, negatively impact HSV-1 infection (45).
The goal of these studies was to determine the functions of the distinct EV populations
described above. First, we isolated the entire EV population from infected and unin-
fected cells as in Fig. 1C, quantified EVs by NTA, and used them to expose replicate cul-
tures of HEL cells (1,000 EVs/cell). At 2 h post-EV exposure, the cells were infected with
HSV-1(F) (0.01 PFU/cell). The cells were harvested at 24 h postinfection, and viral DNA
copy numbers were quantified by quantitative PCR (qPCR) analysis. Cells infected with
HSV-1(F) or uninfected cells treated with EVs served as controls. EVs derived from
infected cells caused a 70% reduction in viral DNA copy numbers in recipient cells
compared to EVs derived from uninfected cells (Fig. 6A). Treatment with EVs alone
served as a contamination control and showed that the viral genome is not detectable
in cells exposed to EVs derived from HSV-1-infected cells.

Second, we sought to determine the role of the different EV populations released
during HSV-1 infection. For this, EVs were isolated from HSV-1-infected or uninfected
HEL cells and ESCRT* EVs were separated from CD63* EVs by collecting separately the
corresponding fractions of the gradient. Quantification of each EV population was
done by NTA. Subsequently, those EVs were used to expose HEL cells. At 2 h after ex-
posure to EVs, the cells were infected with HSV-1(F) (0.01 PFU/cell). The cells were har-
vested at 48 h postinfection, and quantification of the viral genome was done by qPCR
analysis. As shown in Fig. 6B, CD63* EVs from infected cells downregulated HSV-1 rep-
lication, whereas CD63* EVs from uninfected cells did not. Treatment with CD63* EVs
from infected cells for 48 h showed negligible viral genome. In contrast, ESCRT" EVs from
HSV-1-infected cells enhanced viral replication, as opposed to ESCRT* EVs from uninfected
cells (Fig. 6C). Exposure to ESCRT* EVs without subsequent infection served as a contami-
nation control. Virus growth was determined under the same conditions using a plaque
assay (Fig. 6D). Consistent with the data above, CD63" EVs from infected cells caused a
decrease in virus yields by 70%, which was found to be significant. The ESCRT* EVs did
not interfere with the virus growth. Also, EVs from uninfected cells did not have a signifi-
cant effect on virus yields. The effect of CD63" EVs is dose dependent (Fig. 6E).

We conclude that CD63* EVs released from HSV-1-infected cells have an antiviral
effect on a subsequent infection, whereas ESCRT* EVs do not interfere with a subse-
quent infection and occasionally display a modest proviral effect. The total EV popula-
tion has an overall negative impact on HSV-1 infection.
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FIG 5 STING protein associates with the CD63" EVs released from HSV-1-infected cells. (A) The Flag-
STING-expressing HEp-2 cell line was transfected with a CD63-GFP-expressing plasmid. At 24 h
posttransfection, the cells were infected with HSV-1(F) (10 PFU/cell). The cells were fixed using 4%
paraformaldehyde at 10 h postinfection and stained with an anti-Flag antibody. Images were obtained
using a Leica confocal microscope. (B) HEL cells either left uninfected or infected with HSV-1(F) (0.1
PFU/cell) were harvested at 48 h postinfection, and CD63* EVs and ESCRT* EVs were isolated as for
Fig. 1 and 2. Equal numbers of EVs were analyzed in denaturing polyacrylamide gels, and immunoblot
analysis was performed using antibodies against Hrs, STING, and CD63. (C) HEL or STING-KD HEL cells
were either left uninfected or infected with HSV-1(F) (0.1 PFU/cell). The cells were harvested at 24 h
postinfection, and equal amounts of proteins were analyzed by immunoblot analysis using a mouse
monoclonal antibody against STING. B-Actin was used as a loading control.

Considering that innate immunity factors (i.e., STING) are involved in the antiviral
function of CD63* EVs, we sought to determine if EVs from HSV-1(F)-infected cells
exert broad antiviral activity and can impact infection by other viruses. Thus, CD63*
EVs isolated from uninfected and HSV-1(F)-infected HEL cells were used to pretreat
HEL cells (1,000 EVs/cell) for 2 h, followed by HSV-2(G) infection (0.01 PFU/cell). The
cells were harvested at 48 h post-EV exposure, and HSV-2(G) genome copy numbers
were determined using primer pairs against the HSV-2 gG sequence. The primers we
chose specifically amplify the HSV-2 genome, but not HSV-1. Exposure to EVs from
HSV-1-infected cells served as a control. We found that CD63* EVs from HSV-1(F)-
infected cells caused an approximately 1,000-fold decrease in HSV-2 genome copy
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FIG 6 Effect of EVs on HSV-1 infection. (A) EVs from infected or uninfected HEL cells present in the first seven
fractions of the gradient described in the legend for Fig. 1 were quantified by NTA and used to expose
uninfected HEL cells (1,000 EVs/cell). At 2 h post-EV exposure, the cells were infected with HSV-1(F) (0.01 PFU/
cell). The cells were harvested at 24 h postinfection, and quantification of the viral genome was done by
qPCR analysis as detailed in Materials and Methods. Cells exposed only to EVs or to virus served as controls.
(B and C) CD63* EVs (B) and ESCRT* EVs (C) were isolated from infected and uninfected HEL cells at 24 h
postinfection (0.01 PFU/cell), as for Fig. 1. Equal volumes of EVs were used to expose HEL cells for 2 h,
followed by HSV-1 infection (0.01 PFU/cell). The cells were harvested at 48 h postinfection, and viral genome
copy numbers were quantified as described above. Relative fold gene expression was calculated using the
delta-delta threshold cycle (C;) method. (D) CD63* and ESCRT* EVs were isolated from infected and
uninfected HEL cells at 24 h postinfection (0.01 PFU/cell), as for Fig. 2. Equal volumes of EVs were used to
expose HEL cells for 2 h, followed by HSV-1 infection (0.01 PFU/cell). The cells were harvested at 48 h
postinfection, and quantification of the infectious virus was done by plaque assay in Vero cells. (E) CD63* EVs
were isolated from HSV-1(F)-infected HEL cells as described above, and different doses were used to expose
HEL cells for 2 h prior to HSV-1(F) infection (0.01 PFU/cell). The cells were harvested at 48 h postinfection, and
viral genome copy numbers were quantified as described above. Exposure to CD63" EVs from infected cells
served as a contamination control. Fold change is relative to infected but non-EV-treated cells. (F) HEL cells
were exposed to CD63" EVs isolated from HSV-1(F)-infected or uninfected cells as for panel B, but infection
was done with HSV-2(G) (0.01 PFU/cell). The cells were harvested at 48 h postinfection, and viral genome
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numbers compared to the case with EVs from uninfected cells (Fig. 6G). Thus, EVs
derived from HSV-1-infected cells exert stronger antiviral activity against HSV-2.

Next, we asked if EVs from HSV-1-infected cells can affect RNA viruses, and for this
assay, we chose respiratory syncytial virus (RSV). We determined that RSV replicates in
HEL cells and that at 0.01 PFU/cell, onset of virus replication is observed after 48 h of
infection (Fig. 6G). To assess the impact of EVs from HSV-1 on RSV infection, we first
exposed HEL to RSV (0.01 PFU/cell), and at 48 h postinfection, the cells were exposed
to CD63* EVs from HSV-1-infected or uninfected cells. The cells were collected at 48 h
post-EV exposure and RSV genome copy numbers were determined by quantitative
PCR analysis using primer pairs targeting the NS1 sequence of RSV. We observed that
EVs from HSV-1-infected but not from uninfected cells caused a decrease in RSV ge-
nome copy numbers by almost 60% (Fig. 6H).

We conclude that CD63* EVs released from HSV-1-infected cells have a broader
antiviral activity and can downregulate both HSV-2 and RSV infection.

DISCUSSION

HSV-1 infection increases production of EVs that negatively impact the infection (38,
39, 45, 46). This increased production of EVs occurs postreplication and results in accu-
mulation of CD63" EVs in the milieu of the infection (46). One factor found in EVs
released from HSV-1-infected cells is STING. In our previous studies, we demonstrated
that EVs released by HSV-1-infected cells suppress virus replication in a STING-dependent
manner (38, 45).

The salient findings of this study can be summarized as follows.

Two major EV populations were found during HSV-1 infection that were separable
through our gradient approach. The first carries ESCRT components, such as Alix and
Hrs, and was found in lighter-density fractions than the second, which is enriched in
CD63. These two EV populations were present in uninfected cells too, but the produc-
tion of the CD63* EVs was substantially increased upon HSV-1 infection, whereas the
amount of ESCRT* EVs remained unaltered. The ExoView platform highlighted not
only that CD63* EVs are the dominant population during HSV-1 infection but also that
each vesicle carries multiple CD63 molecules.

In addition to this major EV population, other, minor populations were discovered.
These included CD81+ CD9* EVs, which cofractionate with CD63* EVs but appear to
constitute a separate population since they did not stain positive for CD63. CD81 was
reduced in EVs released by infected cells. This is consistent with our previous findings
showing that CD81 is degraded during the late stages of HSV-1 infection (46). The lev-
els of extracellular CD9 were also reduced during HSV-1 infection. EV populations car-
rying other combinations of the three tetraspanins cannot be excluded, but they
appear to be minor populations since at least half of the EVs released by infected cells
carry only CD63. Although the CD63* EVs produced during HSV-1 infection most likely
represent exosomes, the origin of the CD63~ EVs carrying CD81 and CD9 is not clear
yet. All three tetraspanins can be found in exosomes, but CD81 and CD9 are frequently
found in microvesicles produced from the plasma membrane (13). Microvesicle pro-
duction was not altered upon HSV-1 infection, as determined by the levels of ARF6 in
EVs. In the gradient, ARF6 had a distribution similar to that of CD63, but these markers
likely belong to separate EV populations since only CD63, and not ARF6, exocytosis
was induced upon infection.

A striking observation was that selected viral proteins were present in the ESCRT*

FIG 6 Legend (Continued)

copy numbers were quantified as described above using primer pairs targeting the gG region of HSV-2
genome. (G) HEL cells were infected with RSV (0.01 PFU/cell). The cells were harvested every 24 h up to 96 h
postinfection. Total RNA was extracted, reversed transcribed, and used to quantify the RSV genome. (H) HEL
cells were infected with RSV (0.01 PFU/cell) for 48 h, followed by exposure to CD63" EVs derived from HSV-1
(F)-infected or uninfected cells as for panel B for another 48 h. The cells were harvested at 96 h postinfection,
and viral genome copy numbers were quantified as detailed in Materials and Methods. All values are derived

from triplicate samples. *, P=0.05; **, P=0.01; ***, P=0.001.
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EVs released by HSV-1-infected cells. Among these proteins were VP16, a major viral
transactivator, Us11, a viral RNA-binding protein, and components of the HSV-1 entry
and fusion machinery such as glycoprotein D (gD), gH, and gB. Other viral proteins
such as the tegument protein VP22, the viral gM, and the ICP4 transactivator were
absent. ESCRT* EVs are free of infectious virus, as evidenced by the absence of viral ge-
nome or through a plaque assay using all the fractions of the gradient as previously
published (45). While ESCRT™ fractions carry viral proteins, CD63* fractions do not, sug-
gesting that viral proteins are preferentially packaged in ESCRT* EVs. This example
shows selectivity during EV cargo packaging. One mechanism by which these viral pro-
teins could be packaged into ESCRT* EVs is through their interaction with ESCRT acces-
sory proteins. Sequencing analysis of VP16 and gD identified putative late domains
through which they could interact with the ESCRT accessory protein Alix and sorted
into EVs. The Us11 protein does not carry late domains but it interacts with host pro-
teins known to be packaged into EVs, such as Hsp90 (53, 54).

The similarities of ESCRT™ EVs released during HSV-1 infection with previously
described light particles (L-particles) released from infected cells prompted us to fur-
ther analyze the ESCRT* EVs. We discovered that ESCRT* EVs are noninfectious like L-
particles, carry viral proteins, and play a proviral role. A substantial difference between
ESCRT* EVs and L-particles is that proteins abundantly present in L-particles, such as
VP22, gM, U 46, and ICP4, were absent from ESCRT* EVs. Both types of particles carry
components of the viral entry and fusion machinery and Us11. Considering that viral
proteins that distinguish L-particles from ESCRT* EVs (VP22, gM, U, 46, and ICP4) accu-
mulated only in high-density fractions, this suggests that L-particles overlap infectious
virions in our gradient. Also, since ESCRT components (Alix, Hrs, and TSG101) were
detected only in light-density fractions, this suggests that ESCRT* EVs and L-particles
are distinct particles and separable through our gradient. The host proteins present in
L-particles are unknown. An intriguing possibility is that L-particles represent a popula-
tion of extracellular vesicles generated by the virus egress pathway. Based on this sce-
nario, L-particles could be heterogeneous in composition and lighter L-particles (lack-
ing VP22, gM, U, 46, and ICP4) may comigrate with ESCRT components in our gradient.
Thus, further work is required to determine the nature, properties, and roles of these
particles. STING, one of the first host proteins that we discovered in EVs released by
HSV-1-infected cells, was found in CD63" EVs, but not in ESCRT* EVs (38, 39). STING
localizes to the membranes of the endoplasmic reticulum, and following ligand bind-
ing, a conformational change facilitates STING oligomerization and translocation to the
trans-Golgi network and perinuclear compartments (55-57). During HSV-1 infection, a
fraction of STING appears to enter the CD63 pathway of exocytosis and is packaged in
CD63* EVs. We noticed that the dimeric form of STING is preferentially detected in
CD63* EVs. The mechanism of STING exocytosis currently remains unknown, but it is
unlikely to involve STING downstream signaling since the virus has evolved multiple
mechanisms to obstruct this pathway (58, 59).

Previously, we found that EVs released by HSV-1-infected cells impact the infection
negatively in a STING-dependent manner (45). Since STING was found in the dominant
population of EVs produced by infected cells and viral proteins were found in a sepa-
rate, less abundant population, we speculated that these EVs may have different roles
during infection. Indeed, CD63* EVs were found to suppress virus replication, whereas
EVs carrying viral proteins were found to either enhance it or not affect it. The variabili-
ty observed with the ESCRT" EVs could be due to variability in the amount of proviral
cargo present in these EVs. Total EVs derived from HSV-1-infected cells had a suppres-
sive role in virus replication, suggesting that the dominant effect of these EVs is nega-
tive. This is perhaps because CD63" EVs are at least two times more in number than
ESCRT™ EVs in the entire EV population. An interesting observation is that the CD63*
EVs released by HSV-1-infected cells have an antiviral effect against other DNA and
RNA viruses e.g., HSV-2 and RSV. The extent of the effect may depend on the ability of
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FIG 7 Model of EV exocytosis during HSV-1 infection. STING is sorted into CD63" ILVs, whereas viral factors are
sorted into ESCRT* ILVs. The ILVs are released to the extracellular space after fusion of the MVBs to the plasma
membrane and are referred to as exosomes. Production of CD63" EVs is selectively enhanced during HSV-1
infection, but the quantity of ESCRT* EVs remains unaltered. Also, the production of the microvesicles released
from the plasma membrane is unaffected. CD81 is degraded during the late stages of HSV-1 infection and
therefore is underrepresented in EVs. A small population of EVs carrying CD81 and CD9 appears to be distinct
from the CD63" EVs. The CD63" EVs appear to have an antiviral role and suppress subsequent HSV-1 infection,
but the ESCRT" EVs seem to have an opposite effect.

these viruses to counteract antiviral responses. Notably, RNA viruses can be restricted
by the DNA sensor STING (60).

Overall, it appears that EVs with proviral and antiviral roles are released during HSV-
1 infection (Fig. 7). In the environment of the infection the outcome will depend on
multiple factors, including the time of release of each population, their efficiency of
uptake by recipient cells, whether both populations are taken up by the same type of
cells, and the relative stability of the cargo responsible for these effects. The EVs with
proviral roles (ESCRT™ EVs) appear to lack tetraspanins, and our previous studies dem-
onstrated that their production does not depend on ceramide (45). These data suggest
differences in targeting and uptake of these EVs. In addition, increased production of
CD63* EVs appears to require late gene expression, whereas viral factors could be
packaged in EVs as they are expressed. Nevertheless, our data indicate that intercellular
communication could be a key determinant of HSV-1 persistence and pathogenesis.

MATERIALS AND METHODS

Cell lines and virus. HEL cells (immortalized human embryonic lung fibroblasts, human telomerase
reverse transcriptase [hTERT] transformed) were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS). Vero, HEp-2, and HEK-293 cells (ATCC) were cultured accord-
ing to the manufacturer’s instructions. HSV-1(F) and HSV-2(G) are limited-passage isolates that have been
describe before (61). Human respiratory syncytial virus (RSV) strain A2 was obtained through the ATCC.

Extracellular vesicle purification. Isolation of EVs was done as detailed in the legend for Fig. 1 (45).
For functional assays, isolated EVs were washed with phosphate-buffered saline (PBS) through 100-kDa-
cutoff filters and used to expose cells for 2 h prior infecting them with HSV-1(F) or HSV-2(G) at 0.01 PFU/
cell or RSV (0.01 PFU/cell). For protein analysis, isolated EVs were mixed with either buffer A (Fig. 2) for
CD63 detection or buffer B (Fig. 2) for detection of other proteins.

NTA. Nanoparticle tracking analysis (NTA) was performed using the NanoSight LM10 instrument
(NanoSight, Salisbury, United Kingdom). For each sample, nine different acquisitions were obtained, of
60s each. NTA software version 2.3 was used to analyze 60-s videos of data collection to obtain the
mean, median, and mode of vesicle size and concentration. Results represent the averages of three inde-
pendent EV isolations.

Single-particle interferometric reflectance imaging sensing (NanoView) analysis. Samples were
diluted according to the manufacturer’s protocol for the ExoView tetraspanin kit (NanoView Biosciences;
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EV-TETRA) and incubated for 16 h on ExoView tetraspanin chips coated with antibodies against CD81,
CD63, or CD9 or the mouse IgG1 isotype control in triplicate. The chips were then washed four times in
incubation buffer on an orbital shaker for 3 min and incubated with conjugated antibodies for fluores-
cent labeling of the captured EVs (anti-CD9-Alexa Fluor 488 [AF488], anti-CD81-AF555, and anti-CD63-
AF647) for 1 h. After labeling, the chips were washed once with incubation solution, three times with
wash solution, and once with rinse solution. The chips were pulled dry from the rinse solution and
placed in the reader for analysis. All data were gathered using an ExoView R100 reader equipped with
nScan2 2.7.6 software and analyzed using NanoViewer 2.8.9.

Development of STING-expressing or STING-KD cells with the aid of lentiviral vectors. The
pLKO.1 plasmid expressing Flag-STING was developed by inserting the Flag-STING open reading frame
into the BamHlI/Sall/Klenow site of pLKO.1 GFP CMV Puro (658-5; Addgene). A HEp-2 cell line expressing
Flag-STING was developed as described before (46). The STING-KD HEL cell line has been described before
(62).

Immunoblot and immunofluorescence analyses. Cells were solubilized in triple detergent buffer
(50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40, 0.5% sodium de-
oxycholate, 100 ug ml~" of phenylmethylsulfonyl fluoride) supplemented with phosphatase inhibitors
(10mM NaF, 10mM B-glycerophosphate, 0.1 mM sodium vanadate) and protease inhibitor cocktail
(Sigma) and briefly sonicated. Protein concentration was determined with the Bradford method (Bio-Rad
Laboratories). Purified EVs were mixed with either buffer A (CD63 detection) or buffer B (all other pro-
teins) (Fig. 2C). The mouse monoclonal antibodies to ICPO, UL42, CD63, VP16, gD, Hrs (Santa Cruz),
B-actin, Flag epitope (Sigma), Alix (Cell Signaling Technologies), ARF6 (Thermo Fisher Scientific), and
STING (R&D systems) were used in a 1:1,000 dilution. The rabbit polyclonal antibodies against UL38,
VP22, and gM and the mouse monoclonal antibody against Us11 were gifts from B. Roizman (University
of Chicago) and were used in a 1:1,000 dilution. The mouse monoclonal antibody against gH was a gift
from R. M. Longnecker (Northwestern University). Proteins were visualized with 5-bromo-4-chloro-3-
indolylphosphate (BCIP)-nitroblue tetrazolium (VWR) or with ECL Western blotting detection reagents
(Amersham Biosciences). Procedures for immunofluorescence have been described before (63, 64).

Viral DNA or RNA quantification. Total DNA was extracted from the cells using the NucleoSpin
DNA RapidLyse kit (Macherey-Nagel). To detect HSV-1 DNA, we used primer pairs targeting the area of
the viral genome encoding gl. To detect HSV-2 DNA, we used primer pairs targeting the area of the viral
genome encoding glycoprotein G (forward, 5'-TAC GCT CTC GTA AAT GCT TC-3', and reverse, 5'-GCC
CAC CTC TAC CCA CAA-3’) (65). For normalization, we used primers targeting S-actin DNA. Both primer
pairs have been described before (45, 46). To detect RSV RNA, cells were lysed in 1 ml of TRIzol (Life
Technologies) and total RNA was extracted using phenol-chloroform procedures. DNase treatment was
performed using Turbo DNase enzyme (Ambion) according to the manufacturer’s instructions. cDNA syn-
thesis was performed using the Superscript IV first-strand synthesis system (Invitrogen). Semiquantitative
PCR analysis was performed using SYBR green master mix (Life Technologies) and cDNA that was generated
from 1 g of total RNA per sample. Primers against the NS1 sequence of RSV were used for quantification of
the RSV genome. Primer sequences were as follows: NS1 forward, 5'-GCTTTGGCTAAGGCAGTGAT-3’, and
NS1 reverse, 5'-TGGCATTGTTGTGAAATTGG-3'. 185 rRNA (Ambion) was used for normalization.

Statistical analysis. Prism 7 software (GraphPad) was used for statistical analysis of the NanoSight
and gPCR data. P values were calculated using either a standard unpaired Student t test or analysis of
variance (ANOVA). P values of =0.05 were considered significant. In figures, asterisks represent P values
as follows: *, P=0.05; **, P= 0.01; and ***, P =< 0.001. Statistical analyses were performed using biological
replicates.
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