
Cells infected with herpes simplex virus 1 export to
uninfected cells exosomes containing STING, viral
mRNAs, and microRNAs
Maria Kalamvoki, Te Du, and Bernard Roizman1

Marjorie B. Kovler Viral Oncology Laboratories, The University of Chicago, Chicago, IL 60637

Contributed by Bernard Roizman, October 8, 2014 (sent for review September 18, 2014)

STING (stimulator of IFN genes) activates the IFN-dependent innate
immune response to infection on sensing the presence of DNA in
cytosol. The quantity of STING accumulating in cultured cells
varies; it is relatively high in some cell lines [e.g., HEp-2, human
embryonic lung fibroblasts (HEL), and HeLa] and low in others
(e.g., Vero cells). In a preceding publication we reported that
STING was stable in four cell lines infected with herpes simplex
virus 1 and that it was actively stabilized in at least two cell lines
derived from human cancers. In this report we show that STING is
exported from HEp-2 cells to Vero cells along with virions, viral
mRNAs, microRNAs, and the exosome marker protein CD9. The
virions and exosomes copurified. The quantity of STING and CD9
exported from one cell line to another was inoculum-size–dependent
and reflected the levels of STING and CD9 accumulating in the cells in
which the virus inoculum was made. The export of STING, an innate
immune sensor, and of viral mRNAs whose major role may be in
silencing viral genes in latently infected neurons, suggests that the
virus has evolved mechanisms that curtail rather than foster the
spread of infection under certain conditions.
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The stimulator of IFN genes (STING) is a sensor of cytoplasmic
DNA and activates immune responses to intracellular patho-

gens (1–3). Knockout of STING exacerbates the pathogenicity
of herpes simplex virus (HSV-1) and of other pathogens in mice
(2, 3). Two observations reported earlier add to the role of STING
in HSV-1 infected cells. Specifically, (i) STING was readily de-
tectable and stable in four different cell lines infected with wild-
type virus (4). The stability of STING in cells infected with an
HSV-1 mutant lacking the gene encoding ICP0 (infected cell
protein no. 0), a key viral regulatory protein, varied. STING was
stable in ΔICP0 mutant virus infected cells derived from normal
tissues but was rapidly degraded in infected cells derived from
human cancers (4). Implicit in this observation is that ICP0 is
required to stabilize STING, although STING could also be sta-
bilized in the absence of ICP0 by a cellular function. (ii) Depletion
of STING increased wild-type virus yield 10-fold in cells derived
from normal tissues but decreased the yield by the same amount in
cells derived from human cancer (4). Thus, at least in cells derived
from normal tissues, HSV-1 expresses ICP0 that enables the sta-
bilization of STING even though STING is inimical to virus
growth. The results of these studies suggest that HSV-1 recruits
STING for a specific function, even though the persistence of
STING is not beneficial to virus growth, at least in cells derived
from normal tissues (4).
Here we report that STING, along with viral RNAs contained

in structures that coprecipitate with exosome marker proteins, is
exported from the cells in which virus is produced to uninfected
cells. The quantities introduced into uninfected cells are dose-
dependent and reflect the amounts produced in donor cells.
Cells continuously secrete a large number of microvesicles,

macromolecular complexes, and small molecules into the extra-
cellular space (5, 6). Of the secreted microvesicles, exosomes are
30–120 nm in diameter, containing nucleic acid and proteins, and
are perceived to be carriers of this cargo between diverse locations.

They are distinguished in their genesis by being budded into
endosomes to form multivesicular bodies (MVBs) in the cyto-
plasm. The exosomes are released to extracellular fluids by fusion
of these multivesicular bodies with the cell surface, resulting in
secretion (7–10).
Several pathogens use the exosomes to manipulate their mi-

croenvironment (11, 12). Viruses, especially small retroviruses such
as HIV, use the exosome pathway for egress and immune evasion
(13–15). The hepatitis C virus uses exosomes for invasion and
spread (16–18). EBV-infected cells release exosomes containing
the latent membrane protein 1 to induce T-cell anergy (19–23). In
the case of human cytomegalovirus the exosomes carrying viral
antigens exacerbate the transplant rejection process (24). It is likely
that viruses that establish long-term, latent, or chronic infections
modulate exosomes to enhance their persistence (11).
Here we report that the exosomes secreted by HSV-1–infected

cells deliver to uninfected cells the innate immune sensor STING
along with viral RNAs. We speculate that in the long run the
strategy serves the virus to fulfill its mission: to spread effectively
from person to person.

Results
Accumulation of STING in Vero Cells Infected with HSV-1(F) Produced
in HEp-2 Cells. In an earlier report we showed that STING is stable
in HEp-2, HeLa, HEL, and HEK-293T cells infected with wild-
type HSV-1(F) virus. STING was rapidly degraded in HEp-2 and
HeLa cells but not in HEL or HEK-293T cells infected with
ΔICP0 mutant virus (4). The studies reported here began with the
observation that Vero cells contain little endogenous STING. In
contrast, STING accumulated rapidly in cells infected with wild-
type virus made in HEp-2 cells but not in cells infected with ΔICP0
mutant virus. In this experiment, mock-infected or cells infected
with HSV-1(F) or ΔICP0 were harvested at the times shown and
then solubilized, subjected to electrophoresis in denaturing gels,

Significance

The stimulator of IFN genes (STING) is an important innate
immune response to infection by herpes simplex virus 1 (HSV-1).
STING’s impact may be deduced from the observation that HSV-1
replicates significantly better in normal immortalized cells de-
pleted of STING. Nevertheless, published evidence shows that
STING is stabilized by the virus in infected cells, and this report
shows that STING is exported from infected cells in exosomes
along with viral microRNAs (miRNAs) and mRNAs. Some miRNAs
have been reported to suppress reactivation of latent virus. The
results suggest that HSV-1 in special circumstances may control
the spread of infection from cell to cell and support the hy-
pothesis that HSV-1 controls its virulence to enable effective
person-to-person transmission.

Author contributions: M.K., T.D., and B.R. designed research; M.K. and T.D. performed
research; M.K., T.D., and B.R. analyzed data; and B.R. wrote the paper.

The authors declare no conflict of interest.
1To whom correspondence should be addressed. Email: bernard.roizman@bsd.uchicago.
edu.

www.pnas.org/cgi/doi/10.1073/pnas.1419338111 PNAS | Published online November 3, 2014 | E4991–E4996

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1419338111&domain=pdf
mailto:bernard.roizman@bsd.uchicago.edu
mailto:bernard.roizman@bsd.uchicago.edu
www.pnas.org/cgi/doi/10.1073/pnas.1419338111


and reacted with antibodies to STING, ICP0, US11, or β-actin. As
shown in Fig. 1, lanes 7 through 26, a faster migrating faint band is
readily seen in both mock-infected and infected cells. A slower
migrating, more intense band representing STING is seen in cells
infected with HSV-1(F) but not in mock-infected cells or in cells
infected with ΔICP0 mutant. This slower migrating STING was
present only in cells infected with HSV-1(F), appearing as a faint
band 30 and 60 min after HSV-1(F) infection (Fig. 1, lanes 2 and
5), but increasing in amount and not changing much at later times
after infection. Last, the absence of the slow migrating band in
ΔICP0-infected cells comes as no surprise. As noted in the in-
troduction, STING is rapidly degraded in HEp-2 cells infected with
ΔICP0 mutant viruses (4).
The appearance of a STING protein of slower mobility in

Vero cells infected with HSV-1(F) raised questions regarding its
origin. To test the hypothesis that STING is brought into Vero
cells in the course of infection with HSV-1(F), Vero cells were
mock-treated or exposed to cycloheximide (100 μg/mL) at the
time of infection (0 h) or at 1, 3, or 7 h after exposure to 10 (Fig.
2, lanes 5–10) or 50 (Fig. 2, lanes 13–18) pfu/cell. The results
shown in Fig. 2 indicate the following: (i) The amounts of STING
accumulating in infected cells reflected the multiplicity of in-
fection and (ii) cycloheximide had no effect on the accumulation
of STING. The results indicate that STING was brought to the
infected cells in the course of exposure of the cells to the virus.

Amounts of STING Accumulating in Infected Cells Reflect the Cells in
Which the Virus Was Produced and the Quantity of STING Present in
Recipient Cells. In this series of experiments, HSV-1(F) produced
in HEp-2 cells was passaged serially in Vero cells. After two
passages, the virus was used to infect HEp-2 cells. In each case
the cells were exposed to 10 pfu of virus per cell. The cells were
harvested at 6 h after exposure to the virus. The results show that the virus stock produced in HEp-2 cells introduced in Vero cells

(Fig. 3, lane 2) relatively large amounts of STING. The stock
produced on first and second passage in Vero cells (Fig. 3, lanes
3 and 4) introduced relatively little STING into recipient Vero
cells. Finally, Vero cells infected with virus passaged first in Vero
and then in HEL cells accumulated relatively large amounts of
STING (Fig. 3, lane 5).

In Infected Cells the Patterns of Accumulation of CD9, an Exosome
Marker, Reflect Those of STING. One hypothesis that could explain
the data is that infected cells secrete exosomes that carry STING.
Several experiments were done to test this hypothesis. In the first
experiment, illustrated in Fig. 4, we examined the accumulation
of tetraspanin CD9, an abundant membrane protein present in
exosomes and exosome-like structures (9). Specifically, virus
made in HEp-2 cells introduced relatively large amounts of CD9
into Vero cells (compare Fig. 4, lanes 1 and 2); virus passaged in
HEp-2 cells again introduced large amounts of CD9 (Fig. 4,
lane 3). On serial passage in Vero cells the amounts of CD9
decreased to the levels seen in mock-infected Vero cells (com-
pare Fig. 4, lane 1 with Fig. 4, lanes 3, 4, 5, and 6). Last, the stock
made in Vero cells was used to infect HEp-2 cells. The amounts
of CD9 accumulating in HEp-2 cells were similar to those
present in mock-infected HEp-2 cells (Fig. 4, lanes 7 and 8).
We conclude that STING and CD9 accumulate in tandem and

reflect the cells in which the virus inoculum was made. On serial
passage of virus the amounts of STING and CD9 reflect the
amounts present in mock-infected cells. In essence, HSV-1
enables the export but does not induce accumulation of STING
or CD9 in infected cells.

STING Coprecipitates with CD9 from HSV-1(F) Stock Purified by
Centrifugation in Dextran 10 Gradients. In this series of experi-
ments we sought to determine the source of STING in the virus
inoculum. The objective of the experiments described here was
to discriminate between two hypotheses, i.e., whether STING was
present in high-order structures that copurify with herpes virions
or whether it was incorporated into virions. To differentiate be-
tween these hypotheses, Dextran 10 gradient-purified materials

Fig. 1. Accumulation of STING in Vero cells exposed to the wild-type virus
made in HEp-2 cells. Vero cells seeded in 6-well plates were either mock-
infected, exposed (10 pfu/cell) to HSV-1(F) virus propagated in HEp-2 cells, or
to the ΔICP0 mutant virus propagated in U2OS cells. The cells were harvested
at 30 min or at 1, 2, 3, 4, 5, 6, 8, or 18 h after exposure to the viruses. Ap-
proximately 60 μg of total proteins per sample were subjected to electro-
phoresis in a 10% (vol/vol) denaturing polyacrylamide gel, transferred to
a nitrocellulose sheet, and immunoblotted with the ICP0 rabbit polyclonal an-
tibody or with the STING, US11, and β-actin mouse monoclonal antibodies. The
STING protein was visualized with ECL detection reagent, whereas the ICP0,
US11, and β-actin proteins were visualized with the BCIP-NBT reagents, as de-
scribed in the Materials and Methods.

Fig. 2. The accumulation of STING in HSV-1(F)–infected Vero cells is in-
dependent of protein synthesis. Vero cells seeded in 6-well plates were ei-
ther mock-infected or exposed to HSV-1(F) virus propagated in HEp-2 cells at
10/pfu/cell (Left) or at 50 pfu/cell (Right). Cycloheximide (100 μg/mL) was
added to the cultures the time of exposure to the virus. The cells were
harvested at 0, 1, 3, or 7 h after exposure to the virus. Protein analyses were
done as described in Fig. 1.
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were reacted with antibody to CD9. The supernatant fluids and
the precipitates were analyzed for the presence STING, ICP0, and
US11 proteins. As shown in Fig. 5, the precipitates obtained with
the anti-CD9 antibody were enriched with STING. The precip-
itates also contain ICP0 and US11 proteins, consistent with the
hypothesis that exosomes could be expected to contain virion
proteins present in multivesicular bodies in which they are made.
We conclude that STING copurifies with HSV virions in separate

structures, which are rich in CD9, a well-known exosome marker (9).

Neutralization of Virus in Extracellular Medium with Anti-Glycoprotein
D Antibody Reduced the Expression of Viral Gene Products but Has
Little or No Effect on Accumulation of STING. In this series of
experiments, HSV-1(F) made in HEp-2 cells was mock-treated or
reacted for 2 h at 4 °C with anti-glycoprotein D (gD) antibody.
HEp-2 cells were then exposed for 2.5 h alone or in the presence of
cycloheximide (100 μg/mL) to 10 pfu of mock-treated or 10 pfu
equivalent of neutralized virus per cell. At the end of the exposure
interval the cells were harvested, solubilized, electrophoretically
separated in denaturing gels, and reacted with antibody to STING,
ICP27, ICP4, ICP0, US11, and β-actin. The results shown in Fig. 6
were as follows:
STING formed a single band in all electrophoretically sepa-

rated lysates of mock-infected cells (Fig. 6, lanes 1–3). In lysates
of infected cells (Fig. 6, lanes 4–6), STING formed two bands,
a fast migrating band corresponding to that seen in uninfected
Vero cells and a slow migrating form corresponding in electro-
phoretic mobility to that seen in lysates of Vero cells shown in
Fig. 1. The intensities of the STING bands in mock-treated
infected cells or cells infected with neutralized virus in the pres-
ence or absence of cycloheximide were similar.

Viral gene products, i.e., ICP27, ICP4, ICP0, and US11, were
present in lysates derived from cells infected with mock-treated
virus (Fig. 6, lane 4). They were barely detected in cells exposed to
neutralized virus alone (lane 5) or in the presence of cyclohexi-
mide (Fig. 6, lane 6).
We conclude that STING was contained in structures whose

entry into cells is less amenable to neutralization by anti-gD
antibodies than that of virions.

Exosomes Carry Viral microRNAs and mRNAs. In this series of
experiments, Vero cells were exposed to 10 pfu/cell of Dextran 10
gradient-purified virus (25) or standard inoculum prepared as
described elsewhere (26). The cultures were mock-treated or ex-
posed to actinomycin D (10 μg/mL) or cycloheximide (100 μg/mL).
Samples were taken at the time of infection (0 h) and at 1, 3, 6,
or 12 h after exposure of cells to the virus. The samples were
analyzed for ICP27 and virion protein 16 (VP16) mRNAs and
for latency-associated transcript (LAT), miR-H3, miR-H5, or
miR-H6. The copy numbers were analyzed based on duplicates.
The results were as follows:

i) The amounts accumulating in the presence of actinomycin
D (Fig. 7) represent the minimal amounts of mRNAs, LAT,

Fig. 3. Accumulation of STING in newly infected Vero cells reflects the abun-
dance of the protein in which the virus inoculumwasmade. Vero cells were either
mock-infected (lane 1) or exposed to (lane 2) HSV-1(F) (10 pfu/cell) virus stock
made in HEp-2 cells or to (lanes 3 and 4) virus that was propagated in HEp-2
followed by passages in Vero, or to (lane 5) virus that was propagated in Vero
followed by passage in HEL cells. The cells were harvested at 6 h after exposure to
the virus, and equal amounts of total proteins were analyzed as described in Fig. 1.

Fig. 4. CD9 exosomal marker protein is carried with the virus inoculum to
target cells. Lysates of mock-infected or infected cells (10 pfu/cell) were ana-
lyzed for the presence of ICP0, US11, and CD9 protein. In each case, β-actin
served as a loading control. (lane 1)Mock-infected Vero cells; (lane 2) Vero cells
infected with stock made in HEp-2 cells; (lane 3) Vero cells infected with virus
stock serially passaged in HEp-2 cells; (lane 4) Vero cells infected with virus
stock made in Vero cells (first Vero cell passage); (lanes 5 and 6) Vero cells
infected with virus serially passaged two and three times in Vero cells; (lane 7)
mock-infected HEp-2 cells; and (lane 8) HEp-2 cells infected with virus stock
made in Vero cells. The CD9 protein was visualized with ECL detection reagent,
whereas the ICP0, US11, and β-actin proteins were visualized with the BCIP-NBT
reagents, as described in the main text.
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and microRNAs (miRNAs) that entered and accumulated in
infected cells.

ii) ICP27 and VP16 are α and γ genes, respectively (27). It would
be expected that ICP27 mRNA would accumulate in the
presence of cycloheximide, whereas VP16 mRNA would
not. We did not detect a significant difference in the accumu-
lation of ICP27 mRNA in the presence or absence of cyclo-
heximide (Fig. 7A). In contrast, VP16 mRNA accumulated to
at least 100-fold higher levels in the absence of cycloheximide.

iii) LAT was reported to accumulate late in infection (27). The
results shown in Fig. 7C indicate that optimal accumulation
of LAT required prior protein synthesis and, moreover, un-
like that of VP16 mRNA, the accumulation of LAT did not
level off between 6 and 12 h after infection.

iv) The accumulation of miR-H6 required prior protein syn-
thesis. Moreover, the accumulation of this miRNA did not
level off between 6 and 12 h after infection, suggesting that
the kinetics of its synthesis are that of a late (γ) gene, in
contrast to the accumulation of miR-H5. The infected
cells did not show a substantive increase in miR-H3 be-
tween 1 and 12 h after infection either in the presence or
absence of cycloheximide.

v) Last, both the crude and Dextran 10 gradient-purified virus
were made in HEp-2 cells as previously described (25, 26).
The studies presented here suggest that the relative ratios of
mRNAs, and miRNAs in crude virus inoculum and in the
Dextran 10 gradient-purified virus, were not substantially
different.

Discussion
HSV-1 encodes at least 84 proteins and numerous long non-
coding RNAs, stable introns, and miRNAs. Most of the proteins
examined in detail to date perform multiple functions. In es-
sence, HSV-1 encodes several hundred functions directed to one
objective: to replicate and disseminate (27). Most of the func-

tions encoded by the virus focus on suppressing innate and
adaptive immune responses to infection (27). In many instances,
multiple viral functions target a single innate immune response.
In a colloquial sense, HSV is a control freak. In an earlier re-
port we showed that depletion of STING in normal immor-
talized cells increases virus yield 10-fold (4). Hence the
evidence that HSV-1 stabilizes STING in a selected number of
cell lines raises the question as to how HSV-1 could possibly
use this sensor of cytosolic DNA. This report adds a hitherto

Fig. 5. Immunoprecipitation of STING with CD9 antibody from Dextran
10 gradient-purified preparations. Dextran 10 gradient-purified fraction
containing virions was diluted in 300 μL PBS and reacted with the CD9 rabbit
polyclonal antibody. The immunoprecipitated proteins and the proteins in
the supernatant fluid were separated in an 11% denaturing polyacrylamide
gel and transferred to a nitrocellulose sheet, and the proteins were visual-
ized as in Fig. 1.

Fig. 6. The neutralizing gD antibody blocks virus entry but does not affect
STING entry. (A) HSV-1(F) made in HEp-2 cells was mock-treated or reacted
with neutralizing anti-gD antibody for 2 h at 4 °C. Vero cells grown in 6-well
plates were mock-infected or exposed to 10 pfu of virus (untreated) or the
equivalent amount of neutralized virus per cell in the presence or absence of
cycloheximide (100 μg/mL). The cells were harvested at 2.5 h after exposure
to the virus. (B) Equal amounts of proteins were electrophoretically sepa-
rated in an 11% denaturing polyacrylamide gel, transferred to a nitrocellu-
lose sheet, and immunoblotted with the STING, ICP27, ICP4, ICP0, US11, and
β-actin antibodies. The procedures were as described in Fig. 1 and in Materials
and Methods.
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unrecognized dimension to the problem. In essence the studies
reported here demonstrate the following:

i) Vero cells contain demonstrably less STING or the exoso-
mal marker CD9 protein than HEp-2 cells. Vero cells
infected with virus stock made in HEp-2 cells acquire
STING in amounts proportional to the size of the virus in-
oculum. Virus stocks made in Vero cells contain significantly
less STING or CD9 protein than stocks made in HEp-2 or
HEL cells. One hypothesis that could explain the tandem
distribution of CD9 and STING is that STING is contained
in exosomes.

ii) Standard methods of virus purification using Dextran
10 gradients (25) did not separate STING from virions.
However, immune precipitates obtained with antibody to
CD9 contained STING. Similarly, exposure of virus inocu-
lum to neutralizing anti-gD antibody had no appreciable
effect on delivery of STING to recipient cells but diminished
the amount of infectious virus. These results suggest that
STING is delivered in exosomes.

iii) Last, exosomes are known to contain RNA (5, 6, 8). Both crude
and purified stocks of virus contain viral miRNAs as well
as viral mRNAs. The probes used in these studies were the
same as those used to detect viral mRNAs and miRNAs in
ganglia harboring latent or reactivating virus (28). It is of interest
to note that the data we collected indicate that the require-
ments and kinetics of accumulation of LAT and miRNAs are
not synchronous or identical. Thus, the accumulation of
LAT and miR-H6 requires prior protein synthesis and does
not level off between 6 and 12 h after infection. The synthe-
sis and accumulation of miR-H5 does not require protein
synthesis but neither does it level off between 1 and 12 h

after infection. The kinetics of synthesis or miR-H3 remains
a puzzle. Although it was readily detected in ganglia harbor-
ing latent virus, we have no unambiguous evidence of its
synthesis in Vero cells during the first 12 h of infection.

As defined by its name, STING is an activator of IFN pathway
(3). At least some of the viral miRNAs target viral mRNAs (29).
A central question posed by these studies is why HSV-1 would
stabilize STING and export in exosomes both STING and
miRNAs because the constellation of these macromolecules
could impede rather than facilitate virus spread. The biology of
virus infection in humans suggests one situation in which HSV
would evolve a function that would limit rather than facilitate
spread: In brief, following initial infection at a portal of entry
into the body, HSV-1 is transported retrograde to a sensory
neuron in which it establishes a latent—silent—infection. Peri-
odically, the virus reactivates in some neurons. The reactivated
virus is then transported anterograde to a site at or near the
portal of entry into the body. At this site the virus is available for
transmission by physical contact to another person (27). Lateral
dissemination of virus from the neuron in which the virus reac-
tivated to satellite cells and dissemination to CNS would reduce
the likelihood of transmission of virus from person to person—
the primary mission of HSV-1—because individuals with CNS
impairments are less likely to transmit the virus (27). Sensory
neurons are coated by and are intimately involved with sur-
rounding satellite cells via vesicular traffic. Export of STING,
miRNAs, and other macromolecules could significantly impact
the lateral spread of infection.
The hypothesis we are presenting is that uncontrolled replica-

tion increases virulence and diminishes person-to-person spread.
HSV controls its replication. Consistent with this hypothesis is the
finding reported earlier that the virulence of HSV-1 defined by
virus spread and lethal infections in the mouse could be signifi-
cantly increased by the insertion of a dominant-negative RE1-
silencing transcription factor (REST) into the viral genome. The
dominant-negative REST competed with wild-type REST to
prevent the repression of viral gene expression and the establish-
ment of latent state (30). The same effect could have been gen-
erated by mutations in REST response elements (31). In the same
vein, reactivation of latent virus in neurons results from simulta-
neous expression of all viral genes—a process likely to significantly
decrease virus yields (28). The findings reported here and earlier
suggest that HSV controls its ability to replicate and spread to
achieve a high rate of transmission of virus from person to person.
Last, our laboratory reported earlier on the presence of viral

and cellular mRNAs in virions (32). Because it is now apparent
that purified preparations of virions contain exosomes and that
precipitates obtained with antibody to exosomal protein contain
viral mRNAs, it is likely that the mRNAs we reported were
present in exosomes rather than in virions. It should also be noted
that virions have been reported to contain ICP0 and even β-actin
(33–38). The question remains whether these proteins are actually
packaged in virions or are present in contaminating exosomes.

Materials and Methods
Cells and Viruses. The sources and cultivation of HEp-2 and Vero and the
Telomerase-transformed human embryonic lung fibroblasts were reported
elsewhere (4). HSV-1(F), a limited passage isolate, is the prototype strain
used in our laboratory (39). The properties of R7910, an ICP0 null mutant
virus, were reported elsewhere (40).

Purification of Virions by Dextran 10 Gradient Centrifugation and
Immunoprecipitation. The procedures were done as described elsewhere
(25) with minor modifications. Briefly, HEp-2 cells (6 × 108) grown in roller
bottles were infected with HSV-1(F), at 10 pfu/cell. The cells were harvested
at 30 h after infection and centrifuged at 800 × g for 10 min in an Allegra
6R centrifuge equipped with a GH-3.8 rotor (Beckman Coulter, Inc.). The su-
pernatant fluids and the infected cell pellets were collected and processed
separately. Virus particles in the supernatant fluids were recovered by centri-
fugation at 70,000 × g for 1 h at 4 °C in an Optima LE-80K ultracentrifuge
equipped with an SW28 rotor (Beckman Coulter, Inc.). The cell pellet was

Fig. 7. Delivery of viral mRNAs and miRNAs by crude virus preparations or
Dextran 10 gradient-purified virus to Vero cells. Vero cells were exposed to
10 pfu of virus per cell alone or in the presence of cycloheximide (100 μg/mL)
or actinomycin D (10 μg/mL). At indicated times after exposure to the virus the
cells were harvested and analyzed for the relative amounts of ICP27 mRNA
(A), VP16 mRNA (B), LAT mRNA (C), mir-H3 (D), mir-H5 (E), and mir-H6 (F). Viral
mRNAs and LAT levels were normalized to 50 ng cellular RNA, which is de-
termined by the 18S ribosomal RNA internal control, and viral miRNAs were
normalized to 3 ng of small RNAs quantified by cellular miRNA lethal-7a.
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resuspended in 1 mM phosphate buffer and disrupted in a glass homogenizer.
Extracellular and cytoplasmic fractions were layered on a 14-mL Dextran 10
gradient (1.04–1.09 g/cm3) in 1 mM phosphate buffer. The gradient was
centrifuged for 1 h at 68,000 × g at 4 °C in an Optima LE-80K ultracentrifuge
equipped with an SW41 rotor. After centrifugation, the virion-containing
band was collected and diluted in 10 mM phosphate buffer. Purified virions
were concentrated by pelleting at 75,000 × g for 2 h, as described above. The
pellet was resuspended in 300 μL of 10 mM phosphate buffer and stored at
−80 °C before processing.

For the immunoprecipitation assay, virions were diluted in 300 μL PBS
(pH: 8), and 1 μg CD9 rabbit polyclonal antibody (Abcam) was added. The
samples were incubated overnight at 4 °C on a rotating platform, and
protein A beads were added for 2 h. Finally, the proteins in the supernatant
fluid and those bound to beads were analyzed by immunoblotting, as
described below.

RNA Isolation and Assays. Vero cells were exposed to 10 pfu of Dextran
10 gradient-purified virus or to standard laboratory virus inoculum prepared
as described elsewhere (25, 26). Infected cells were collected at 0, 1, 3, 6, and
12 h following exposure to the inoculum. Cycloheximide (100 μg/mL) or
actinomycin-D (10 μg/mL) were added to the cultures at the same moment
as the inoculum. RNAs depleted and enriched of small RNAs (<200 nt) were
extracted by mirVana miRNA isolation kit (Ambion), according to manu-
facturer’s instructions. Quantifications of the LAT, VP16, and ICP27 tran-
scripts and of the HSV-1(F) miRNAs (miR-H3, miR-H5, and miR-H6) were done
as previously described (28, 41, 42).

Immunoblot Analyses. The procedures have been described elsewhere (43). The
cells were solubilized in lysis buffer and briefly sonicated (43). The protein
concentration in total cell lysates was determined with the aid of Bio-Rad
protein assay (Bio-Rad Laboratories). Approximately 60 μg of proteins per
sample were separated in denaturing polyacrylamide gels, transferred to
a nitrocellulose sheet, and reacted overnight at 4 °C with the appropriate
primary antibodies, as before. The rabbit polyclonal antibody to ICP0 (40) and
the mouse monoclonal antibodies to ICP4, ICP27, and US11 (Goodwin Institute
for Cancer Research) were used at a 1:1,000 dilution. The mouse monoclonal
antibodies to STING (R&D Systems), to β-actin (Sigma), or the rabbit
polyclonal antibody to CD9 (Abcam) were used in a 1:800 dilution. Finally,
protein bands were visualized with 5-bromo-4-chloro-3-indolylphosphate
(BCIP)-nitrobluetetrazolium (NBT) (Denville Scientific, Inc.) or with ECL
Western blotting detection reagents (Amersham Biosciences).

Neutralization Assay. HSV-1(F) virus made in HEp-2 cells was reacted with
neutralizing anti-gD mouse monoclonal antibody (Goodwin Institute for Cancer
Research) for 2 h at 4 °C. Next, Vero cells grown in 6-well plates were exposed
(10 pfu/cell) to mock-treated or equivalent amounts of neutralized virus in the
presence or absence of cycloheximide (100 μg/mL). The cells were harvested at
2.5 h after exposure to the virus and analyzed as described above.
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