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ABSTRACT An earlier report showed that herpes simplex virus 1 (HSV-1) expresses
two microRNAs (miRNAs), miR-H28 and miR-H29, late in the infectious cycle. The
miRNAs are packed in exosomes and, in recipient cells, restrict the transmission of
virus from infected cells to uninfected cells. We now report that (i) miR-H28 induced
the synthesis of gamma interferon (IFN-) in both infected cells and cells transfected
with miR-H28, (ii) IFN-y accumulated concurrently with viral proteins in infected
cells, (iii) IFN-y was produced in HEp-2 cells derived from cancer tissue and in
HEK293T cells derived from normal tissue, and (iv) HSV-1 replication was affected by
exposure to IFN-y before infection but not during or after infection. The results pre-
sented in this report support the growing body of evidence indicating that HSV-1
encodes functions designed to reduce the spread of infection from infected cells to
uninfected cells, possibly in order to maximize the transmission of virus from in-
fected individuals to uninfected individuals.

IMPORTANCE In this report, we show that IFN-y is produced by HSV-1 viral miR-H28
and viral replication is blocked in cells exposed to IFN-y before infection but not
during or after infection. The inevitable conclusion is that HSV-1 induces IFN-y to
curtail its spread from infected cells to uninfected cells. In essence, this report sup-
ports the hypothesis that HSV-1 encodes functions that restrict the transmission of
virus from cell to cell.
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TABLE 1 Sequences of primers used to measure gene expression

Gene Forward primer Reverse primer

ATF3 5'-AAGGAAAAAGAGGCGACGAG-3’ 5'-TCAGTTCAGCATTCACACTTTCC-3'
cGAS 5'-ACCCAGAACCCTCAAGAC-3' 5'-GAGGCACTGAAGAAAGTATGTC-3’
CXCL10 5'-ACGTGTTGAGATCATTGCTAC-3' 5'-ATCTTTTAGACCTTTCCTTGC-3'
GADDA45y 5'-CCCGACAATGTGACCTTCTG-3' 5'-AAAGCCTGGATCAGCGTAAA-3’
HDAC1 5'-TTCAAGCTCCACATCAGTC-3’ 5'-GTCAGGGTCGTCTTCGTC-3'
HDAC4 5'-TCAAGAACAAGGAGAAGGGCAAAG-3’ 5'-TCCCGTACCAGTAGCGAGGGTC-3’
IFN6 5'-AAAGTTCCGAGGTGATGC-3’ 5'-TGACAGTGCTGCTTGTGG-3'

IFIT1 5'-CAACCAAGCAAATGTGAG-3' 5'-AGGGGAAGCAAAGAAAATGG-3'
IFN-a 5'-AGAGTCACCCATCTCAGCAAG-3’ 5'-CACCAGGACCATCAGTAAAGC-3’
IFN-B 5'-TTGTGCTTCTCCACTACAGC-3' 5'-CTGTAAGTCTGTTAATGAAG-3'
IFN-y 5'-ATGTCCAACGCAAAGCAATAC-3’ 5'-GCTCTTCGACCTCGAAACAG-3’
IL-6 5'-GCCACTCACCTCTTCAGAACG-3' 5'-CAGTGCCTCTTTGCTGCTTTC-3’
IRF3 5'-GCCGAGGCCACTGGTGCATAT-3’ 5'-TGGGTCGTGAGGGTCCTTGCT-3’
LGP2 5'-GAGCCAGTACCTAGAACTTAAAC-3' 5'-ATGGCCCCATCGAGTTTG-3’

LSD1 5'-CCGCTCCACGAGTCAAAC-3’ 5'-ATCCCAGAACACCCGATC-3’
MDA5 5'-AGGAGTCAAAGCCCACCATC-3' 5'-GTGACGAGACCATAACGGATAAC-3’
MYD88 5'-TACAAGGCAATGAAGAAAG-3’ 5'-CAAGGCGAGTCCAGAA-3’

PUM1 5'-CTTGCATTTGGACAAGGTCTG-3' 5'-CATTCACTACAAGGGCACCAG-3’
RIG-I 5'-AGAAGAGTACCACTTAAACCCAG-3' 5'-TTGCCACGTCCAGTCAATATG-3’
STING 5'-TCAGCATTACAACAACCTGCTAC-3’ 5'-TTATCCAGGAAGCGAATGTTG-3'
18S 5'-CTCAACACGGGAAACCTCAC-3’ 5’-CGCTCCACCAACTAAGAACG-3’

In this report, we show that IFN-y is produced in two human cell lines of diverse
origins, that IFN-+y is induced by miR-H28 but not by miR-H29, that IFN-y and infected
cell polypeptide 8 (ICP8) accumulate in the same cells, and, finally, that viral replication
is blocked in cells exposed to IFN-y before infection but not during or after infection.
The inevitable conclusion is that HSV-1 induces IFN-vy to curtail its spread from infected
cells to uninfected cells. In essence, this report supports the hypothesis that HSV-1
encodes functions that restrict the transmission of virus from cell to cell.

RESULTS

Accumulation of mRNAs for selected cellular genes at specific times after
HSV-1(F) infection. Replicate cultures of HEp-2 cells were mock treated or exposed to
5 PFU of HSV-1(F) per cell. At 7, 18, or 36 h after infection, the cells were harvested and
total RNAs from cell lysates were extracted and reverse transcribed to cDNA, as
described in Materials and Methods. The mRNAs encoding activating transcription
factor 3 (ATF3), cGMP-AMP synthase (cGAS), CXCL10, histone deacetylase 1 (HDAC1),
HDAC4, IFN-y-inducible protein 16 (IFI16), IFN-induced protein with tetratricopeptide
repeats 1 (IFIT1), IFN-a, IFN-B, IFN-v, interleukin 6 (IL-6), IFN regulatory factor 3 (IRF3),
LGP2, lysine-specific histone demethylase 1 (LSD1), MDA5, MYD88, PUM1, RIG-I, and
stimulator of IFN genes (STING) were normalized with respect to 185 RNA and results
were shown as fold changes compared with the mRNA levels measured in control
HEp-2 cells. The primers used for quantification of the mRNAs are listed in Table 1. The
results were as follows (Fig. 1).

The genes whose mRNAs were quantified in these assays fell into three groups. The
mRNAs of genes in group 1 increased in amount at 7 h and then decreased to basal
levels by 18 h after infection. The genes in this group included the ATF3, growth arrest
and DNA damage-inducible protein 45y (GADD45+), and IL-6 genes.

The genes in group 2 included genes whose mRNA levels remained unchanged or
decreased, relative to the levels observed in mock-infected cells, at 7 h after infection.
Examples of genes in this group were the cGAS, IFI16, IRF3, and LGP2 genes.

Lastly, group 3 contained two genes, the CXCL10 and IFN-y genes. The mRNAs of
both genes were barely detectable at 7 h after infection but significantly increased in
amount by 18 h. CXCL10 is activated by IFN-y (1-3). The accumulation of mRNAs
encoding IFN-y was unexpected and is the focus of the remainder of this report.

IFN-vy is produced in infected human cells independent of their origin. There are
at least three trivial explanations for the data presented above, as follows. (i) The
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FIG 1 Temporal patterns of accumulation of mRNAs for 20 genes associated with various aspects of innate immunity. Replicate cultures
of HEp-2 cells were mock treated (M) or exposed to 5 PFU of HSV-1(F) per cell. The cells were harvested at the indicated times after
infection, and total RNAs were extracted and reverse transcribed to cDNA as described in Materials and Methods. Levels of mRNAs for
ATF3, cGAS, CXCL10, HDACT, HDAC4, IFI16, IFIT1, IFN-«, IFN-B, IFN-v, IL-6, IRF3, LGP2, LSD1, MDA5, MYD88, PUM1, RIG-I, and STING were
normalized to those of 18S RNA, and results are shown as fold changes, compared with the mRNA levels measured in uninfected HEp-2
cells.

exposure of HEp-2 cells to 5 PFU of HSV-1 per cell was not sufficient to infect all cells,
and IFN-y was produced by uninfected cells. (ii) Production of IFN-vy is a characteristic
of infected HEp-2 cells and not a general characteristic of HSV-1-infected human cells.
(i) Even if all cells become infected, the cells producing IFN-y do not concurrently

November 2019 Volume 93 Issue 21 €01005-19

Journal of Virology

jviasm.org 3


https://jvi.asm.org

Huang et al.

IFNy

407 A. HEp-2 cells

30 1 ™= |Mock
= |nfected

20 4

10 -

0 .

1501 B. 293T cells

100-

50-

i
JHE BNl
0.

7 18

Hours after infection

Fold change relative to mock-infected cell MRNAs

FIG 2 Analyses of accumulation of IFN-y mRNA in HEp-2 and HEK293T cells after HSV-1(F) infection.
Replicate cultures of HEp-2 cells (A) and HEK293T cells (B) were mock treated or exposed to 20 PFU of
HSV-1(F) per cell. The cells were harvested at the indicated times after infection, and total RNAs from cell
lysates were extracted and reverse transcribed to cDNA as described in Materials and Methods. Levels of
mRNA encoding IFN-y were normalized to those of 185 RNA, and results are shown as fold changes,
compared with the mRNA levels measured in uninfected HEp-2 or HEK293T cells.

express viral gene products. We report two series of experiments to test these hypoth-
eses.

Briefly, replicate cultures of HEp-2 cells or HEK293T cells were mock treated or
exposed to 20 PFU of HSV-1(F) per cell, to saturate susceptible cells with virus. At 7 or
18 h after infection, the cells were harvested, total RNAs were extracted, and IFN-y
mRNAs was assayed as described above. The results showed that, at 20 PFU per cell,
IFN-y mRNA accumulated in both HEp-2 and HEK293T cells at 18 h after infection (Fig.
2). The key conclusions are that both HEp-2 and HEK293T cells exposed to 20 PFU of
virus per cell produced IFN-vy at late times after HSV-1 infection.

The objective of the second series of experiments was to test the hypothesis that
infected cells accumulated viral gene products or IFN-y but not both. In this series of
experiments, HEp-2 cells seeded on coverslips were mock infected or infected with 5
PFU per cell for 1 h. The inoculum was replaced with fresh culture medium. The cells
were fixed at 6 or 20 h after infection and were stained with 4',6-diamidino-2-
phenylindole (DAPI) or reacted with antibodies to ICP8 and or IFN-v, as indicated in Fig.
3. The images were captured at X63 magnification with the aid of a laser scanning
microscope. As expected, ICP8 was detected in the nuclei of the infected cells, whereas
IFN-y was detected in the cytoplasm; the two were detected in the same cells in
cultures stained with both antibodies (Fig. 3). Analyses of the infected cells fixed at 20
h after infection showed that slightly more than 50% of the cells accumulated both
ICP8 and IFN-y. Since ICP8 is made relatively early after infection, whereas IFN-y is made
relatively late, the results suggest that viral gene products and IFN-y are made
sequentially by the same cells.
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FIG 3 Accumulation of ICP8 (a viral gene product) and IFN-vy in the same cells. HEp-2 cells were mock
infected or infected with 5 PFU of HSV-1 per cell. After 1 h of exposure, the inoculum was replaced with
fresh culture medium. The cells were fixed at the times shown and were costained with an antibody to

ICP8 (green), an antibody to IFN-vy (red), and DAPI (blue). The images were captured using a confocal laser
scanning microscope. Magnification, X63.

Mock

HSV-1 miR-H28 transfected into HEp-2 cells induces the synthesis of IFN-y.
HSV-1 encodes numerous miRNAs made at different times throughout the replicative
cycle (8-11). Published studies focused on two miRNAs, miR-H28 and miR-H29, made
very late in infection (7). Both miRNAs are packaged into exosomes. Moreover, viral
replication was adversely affected in cells transfected with miR28 or miR29 mimics (7).
In light of the observation that induction of IFN-y and the synthesis of the two miRNAs
both take place late in the reproductive cycle, the question of whether the miRNAs
induce IFN-y on transfection into uninfected cells arose. To test this hypothesis,
replicate cultures of HEp-2 cells were mock treated or transfected with 100 nM
nontarget (NT), miR-H5-3p, miR-H6-3p, miR-H1-5p, miR-H26, miR-H27, miR-H28, or
miR-H29 mimics. At 7 and 18 h after transfection, the cells were harvested, total RNAs
were extracted and reverse transcribed into cDNA, and mRNAs encoding IFN-«, IFN-,
and IFN-y were normalized with respect to 185 RNA. The results are shown as fold
changes, compared with the mRNA levels detected in HEp-2 cells (Fig. 4). The results
shown in Fig. 4 indicate that miR-H28 activates significant but relatively low levels of
IFN-a and IFN-B and significantly higher levels of IFN-v. It is noteworthy that IFN-« and
IFN-B levels were higher at 7 h after transfection, whereas the levels of IFN-y were
higher at 18 h after transfection than at 7 h. The results suggest that miR-H28 activates
the synthesis of IFN-vy. The results obtained in these studies do not shed light on the
target of miR-H29. The results do not rule out the possibility that other HSV-1 gene
products also induce IFN-vy late in infection.

HSV-1 replication is blocked in cells exposed to IFN-y before infection but not
during or after infection. A central question posed by the studies described above is
whether cells infected with HSV-1 are affected by IFN-y at any time in the course of its
replication. We report two series of experiments.

In the first series of experiments, replicate cultures of HEp-2 cells were mock treated,
pretreated with IFN-y (250 ng/ml) for 24 h before infection, or treated concurrently with
1 PFU of HSV-1(F) per cell. The results shown in Fig. 5A indicated that viral replication
was inhibited in cells exposed to IFN-y before infection but not in cells exposed to IFN-y
during and presumably after infection.

In the second series of experiments, we examined the accumulation of viral proteins.
The design of the experiment was similar to that described above except that HEp-2
cells exposed to IFN-y and 5 PFU of HSV-1(F) per cell were harvested at 7 or 18 h after
infection, solubilized, subjected to electrophoresis in denaturing gels, and probed with
antibodies to ICPO, ICP4, ICP27, ICP8, VP16, and US11. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as a loading control. The results shown in Fig. 5B
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FIG 4 Accumulation of mRNAs for IFN-«, IFN-B, and IFN-y with HEp-2 transfection of miR-H28 mimics.
Replicate cultures of HEp-2 cells were mock treated or transfected with 100 nM NC, miR-H5-3p,
miR-H6-3p, miR-H1-5p, miR-H26, miR-H27, miR-H28, or miR-H29 mimic. The cells were harvested at the
indicated times after transfection, and total RNAs from cell lysates were extracted and reverse transcribed
to cDNA as described in Materials and Methods. Levels of mRNAs for IFN-« (A), IFN-B (B), and IFN-vy (C)
were normalized to those of 185 RNA, and results are shown as fold changes, compared with the mRNA
levels measured in HEp-2 cells. NC, miRNA mimic negative control.

indicated that IFN-vy affected the accumulation of viral proteins in cells exposed to IFN-vy
before infection but not after or during infection.

DISCUSSION

HSV-1 infects and establishes lifetime residence, in the form of latent infections, in
nearly 100% of the human adult population (12-14). The most frequent form of
transmission is by physical contact between small recurrent lesions induced by reac-
tivation of latent virus and mucous membranes of uninfected individuals (15-17). The
lesions caused by reactivated virus are usually small and associated with minimal
discomfort (18-20). Transmission of virus to uninfected individuals would likely be
greatly reduced if the lesions were large and associated with significant discomfort or
were repulsive in appearance. The central question posed in numerous studies is what
limits the spread of virus from cell to cell.

In principle, the mission of viruses is to replicate and to spread. Control of virus
replication and spread are generally the functions of innate and adaptive immunity
(21-30). What makes HSV-1 particularly interesting is that it has evolved functions that
specifically trigger an innate immune response designed to restrict the spread of virus
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FIG 5 Replication of HSV-1(F) and accumulation of viral proteins in HEp-2 cells exposed to IFN-vy. (A)
Replicate cultures of HEp-2 cells were mock treated or exposed to 250 ng/ml of IFN-vy for 24 h before
infection or concurrently with 1 PFU of HSV-1(F) per cell. After 1 h, the inoculum was replaced with fresh
medium. (B and C). The HEp-2 cells were mock treated or exposed to IFN-y 24 h before infection or
concurrently with 5 PFU of HSV-1(F) per cell. The cells were harvested at 7 or 18 h after infection,
solubilized, subjected to electrophoresis in denaturing gels, and probed with specific antibodies to ICPO,
ICP4, ICP8, ICP27, VP16, and US11. GAPDH served as a loading control.

i

from infected cells to uninfected cells in order to maximize the transmission of HSV-1
from infected individuals to uninfected individuals (15, 31-33).

The evidence that HSV evolved functions to control its replication and spread
emerged from several studies (7, 31, 34-37). Studies by Kalamvoki et al. (31) demon-
strated that STING is exported in exosomes from infected cells to uninfected cells and
the recipients of STING yield less virus than cells exposed to exosomes lacking STING.
These studies were followed by the aforementioned observation that HSV encodes two
miRNAs, miR-H28 and miR-H29, that are expressed very late in infection (7). The miRNAs
are packaged in exosomes and reduce virus yields and cell-to-cell spread in recipient
cells. In this report, we show that miR-H28 induces IFN-y expression; cells exposed to
IFN-y before infection become resistant to HSV-1. Our results do not rule out the
possibility of the existence of other viral functions designed to control viral yields and
the spread of virus from cell to cell.

The evolution of viral genes designed to limit pathogenicity is not unexpected (36,
38, 39). Viruses with high mortality rates in human populations do not survive unless
they are maintained in another host in which the spread of infection and virulence are
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TABLE 2 Sequences of miRNA mimics

miRNA mimic Sense Antisense

NT 5’-UUCUCCGAACGUGUCACGUUU-3’ 5'-ACGUGACACGUUCGGAGAAUU-3’
miR-H1-5p 5'-GAUGGAAGGACGGGAAGUGGA-3"  5'-CACUUCCCGUCCUUCCAUCUU-3’
miR-H5-3p 5'-GUCAGAGAUCCAAACCCUCCGG-3"  5'-GGAGGGUUUGGAUCUCUGACUU-3’
miR-H6-3p 5’-CACUUCCCGUCCUUCCAUCCC-3’ 5'-GAUGGAAGGACGGGAAGUGUU-3’

miR-H26 5'-UGGCUCGGUGAGCGACGGUC-3’ 5'-CCGUCGCUCACCGAGCCAUU-3’
miR-H27 5'-CAGACCCCUUUCUCCCCCCUCUU-3"  5'-GAGGGGGGAGAAAGGGGUCUGUU-3’
miR-H28 5'-CGAUGGUCGUCUGUGGAU-3’ 5'-CCACAGACGACCAUCGUU-3’
miR-H29 5'-CUGGAGGCGGGCAAGGACUACC-3"  5'-UAGUCCUUGCCCGCCUCCAGUU-3’

compatible with survival of the host and maintenance of the infectious agent (29, 39,
40). To remain stably associated with human populations, viruses must shed functions
that disable effective innate immune responses or, as in the case of HSV-1, evolve
functions designed to trigger a potent appropriate response.

MATERIALS AND METHODS

Cell lines and virus strains. HEp-2 cells, HEK293T cells, and Vero cells were obtained from the
American Type Culture Collection. HEp-2 cells were cultured in Dulbecco’s modified Eagle's medium
(DMEM) (high glucose) supplemented with 5% (vol/vol) fetal calf serum, and HEK293T cells were cultured
in DMEM supplemented with 10% (vol/vol) fetal calf serum. Vero cells were cultured in DMEM (high
glucose) supplemented with 5% (vol/vol) newborn calf serum. HSV-1(F) is a limited-passage prototype
HSV-1 strain used in our laboratories, as reported previously (41); it was amplified and titrated on Vero
cells.

RNA isolation and real-time quantitative PCR. Replicate cultures of HEp-2 cells in 6-well plates
were mock treated or exposed to 5 PFU of HSV-1(F) per cell for 7, 18, or 36 h (Fig. 1) or HEp-2 cells or
HEK293T cells in 6-well plates were mock treated or exposed to 20 PFU of HSV-1(F) per cell for 7 or 18
h (Fig. 2). The cells were then harvested at the indicated times after infection. Total RNA was isolated
using TRI Reagent solution (Invitrogen) and treated with DNase | (TaKaRa). cDNA was synthesized from
0.5 ug RNA with the aid of the ReverTra Ace gPCR RT kit (Toyobo), in accordance with instructions
provided by the suppliers. Gene expression was measured by real-time quantitative PCR analysis using
SYBR green Realtime PCR Master Mix (Toyobo) in step 1 and a real-time PCR system (AB Applied
Biosystems), using the primers shown in Table 1. Transcript expression was normalized to that of 18S
RNA, and relative expression changes were determined using the 2-22¢T method.

IFN-y protein and antibodies. Recombinant human IFN-y protein was purchased from Sino
Biological (product no. 11725-HNAS). Antibodies against ICPO, ICP4, ICP8 (Rumbaugh-Goodwin Institute
for Cancer Research, Inc.), ICP27 (42), VP16 (43), and US11 (44) have been described elsewhere. The
anti-GAPDH antibody (product no. 2118) and anti-IFN-y antibody (product no. AF-285-SP) were pur-
chased from Cell Signaling Technology and R&D Systems, respectively.

Immunofluorescence assays. Ep-2 cells (5 X 10%) seeded on slides and incubated for 16 h were
mock infected or exposed to 5 PFU of HSV-1(F) per cell for 1 h. The inoculum was replaced with fresh
culture medium. At the indicated times after infection, the cells were rinsed with phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde for 30 min at room temperature, and permeabilized with
0.1% Triton X-100. The cells either were reacted overnight at 4°C with anti-ICP8 antibody and then for
1 h at room temperature with anti-mouse IgG secondary antibody conjugated to Alexa Fluor Plus 488
(product no. A32766; Invitrogen) or were reacted overnight at 4°C with anti-IFN-y antibody and then for
1 h at room temperature with Cy3-labeled anti-goat IgG (H+L) secondary antibody (product no. A0502;
Beyotime). The cells were then washed with PBS and embedded in DAPI-containing mounting medium
(product no. 18961S; Cell Signaling Technology). The images were captured and processed using a
confocal laser scanning microscope, at a magnification of X63.

Transfection of miRNA mimics. miRNA mimics were purchased from GenePharma. The sequences
of miRNA mimics are shown in Table 2. The NT mimic was used as a negative control. For transfection
of miRNA mimics, HEp-2 cells (5 X 105 cells per well) seeded in 6-well plates were transfected with miRNA
mimics at a final concentration of 100 nM. At 7 or 18 h after transfection, the cells were harvested for
real-time PCR analyses. All transfections were carried out using Lipofectamine 2000 (Invitrogen), accord-
ing to the manufacturer’s instructions.

Immunoblotting. Replicate cultures of HEp-2 cells in 12-well plates were mock treated, pretreated
with 250 ng/ml of recombinant IFN-y for 24 h before infection, or posttreated with 250 ng/ml of
recombinant IFN-y at O h after infection and then were exposed to 1 PFU of HSV-1(F) per cell. Cells were
harvested at the indicated times after processing in experiments and were lysed with a RIPA lysis buffer
(Beyotime) supplemented with 1 mM protease inhibitor phenylmethyl sulfonyl fluoride (PMSF) (Beyo-
time). Cell lysates were heat denatured, separated by SDS-PAGE, and transferred to polyvinylidene
difluoride membranes (Millipore). The proteins were detected by incubation with appropriate primary
antibody, followed by horseradish peroxidase-conjugated secondary antibody (Pierce) and the enhanced
chemiluminescence (ECL) reagent (Pierce), and exposed to a film.

Virus titration. HEp-2 cells (7 X 10° cells per well) seeded in 6-well plates were mock treated,
pretreated with 250 ng/ml of IFN-vy for 24 h before infection, or posttreated with 250 ng/ml of IFN-y at
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0 h after infection and then were exposed to 1 PFU of HSV-1(F) per cell. The cells were harvested at 1,
7,14, 24, and 36 h postinfection. Viral progenies were titrated on Vero cells after three freeze-thaw cycles
and brief sonication.
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