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ABSTRACT Herpes simplex virus 1 (HSV-1) establishes a lifelong latent infection in
peripheral nerve ganglia. Periodically, the virus reactivates from this latent reservoir
and is transported to the original site of infection. Strains of HSV-1 have been noted
to vary greatly in their virulence and reactivation efficiencies in animal models.
While HSV-1 strain 17syn� can be readily reactivated, strain KOS(M) shows little to
no reactivation in the mouse and rabbit models of induced reactivation. Addition-
ally, 17syn� is markedly more virulent in vivo than KOS. This has raised questions re-
garding potential strain-specific differences in neuroinvasion and neurovirulence and
their contribution to differences in the establishment of latency (or ability to spread
back to the periphery) and to the reactivation phenotype. To determine if any differ-
ence in the ability to reactivate between strains 17syn� and KOS(M) is manifest at
the level of neurons, we utilized a recently characterized human neuronal cell line
model of HSV latency and reactivation (LUHMES). We found that KOS(M) established
latency with a higher number of viral genomes than strain 17syn�. Strikingly, we
show that the KOS(M) viral genomes have a higher burden of heterochromatin
marks than strain 17syn�. The increased heterochromatin profile for KOS(M) corre-
lates with the reduced expression of viral lytic transcripts during latency and im-
paired induced reactivation compared to that of 17syn�. These results suggest that
genomes entering neurons from HSV-1 infections with strain KOS(M) are more prone
to rapid heterochromatinization than those of 17syn� and that this results in a re-
duced ability to reactivate from latency.

IMPORTANCE Herpes simplex virus 1 (HSV-1) establishes a lifelong infection in neu-
ronal cells. The virus periodically reactivates and causes recurrent disease. Strains of
HSV-1 vary greatly in their virulence and potential to reactivate in animal models. Al-
though these differences are phenotypically well defined, factors contributing to the
strains’ abilities to reactivate are largely unknown. We utilized a human neuronal cell
line model of HSV latency and reactivation (LUHMES) to characterize the latent infec-
tion of two HSV-1 wild-type strains. We find that strain-specific differences in reacti-
vation are recapitulated in LUHMES. Additionally, these differences correlate with the
degree of heterochromatinization of the latent genomes. Our data suggest that the
epigenetic state of the viral genome is an important determinant of reactivation that
varies in a strain-specific manner. This work also shows the first evidence of strain-
specific differences in reactivation outside the context of the whole animal at a hu-
man neuronal cell level.
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Herpes simplex virus 1 (HSV-1) is an important human pathogen that is estimated
to infect two-thirds of the world’s adult population (1). One of the key features of

HSV-1 is the virus’s ability to establish a lifelong latent infection within peripheral nerve
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ganglia. Periodically, the virus reactivates from this latent reservoir and is transported
anterogradely back to the original site of infection, typically the mucosal epithelia of
the oral cavity or the corneal epithelium. The capacity of the latent virus to reactivate
may be essential for reseeding of the host, as well as for dissemination to additional
hosts. Therefore, the molecular understanding of the events that control reactivation is
key to developing improved therapeutic approaches to reduce recurrent episodes as
well as the spread of the virus through the population.

Current understanding of HSV-1 latency and reactivation has been gained by
utilizing a variety of well-characterized wild-type laboratory strains. Among the most
commonly used wild-type strains, 17syn� and KOS(M), there are key differences re-
ported in the frequency and extent of reactivation in vivo (2–7). While HSV-1 strain
17syn� has been described as a high reactivator, strain KOS(M) displays little to no
reactivation when induced to reactivate in vivo (2). Previous work investigating factors
that influence the difference observed in reactivation found that HSV-1 strain KOS(M)
establishes latency with a lower viral genome copy number than 17syn� in vivo (6). It
was suggested that this difference in latent viral genome load between the two virus
strains explains the reduced reactivation frequency of KOS(M) compared to 17syn� (6).
While this conclusion correlates well with the reduced reactivation phenotype of
KOS(M), it has been difficult to prove, since KOS(M) also exhibits a reduced neuroin-
vasion and neurovirulence phenotype (8). Therefore, the question remains whether
strain 17syn� is inherently more efficient at reactivating in neurons or whether a
decreased establishment of latency or decreased ability to spread following reactiva-
tion was responsible for the reduced ability to reactivate in animal models for KOS(M).

HSV-1 latency and reactivation have been studied primarily in rabbit and mouse
models, which has made dissociating reactivation from the neuroinvasion phenotypes
challenging (9). Recent advances have made available neuronal cell models that
support the latent phase of HSV-1 infections (10–15). These models offer the oppor-
tunity to study latency and reactivation at a neuronal cell level independent of outside
factors, such as the immune system and spread between the neuronal and epithelial
compartments. In this study, we examined the establishment and reactivation effi-
ciency of HSV-1 strains 17syn� and KOS(M) in the Lund human mesencephalic neuronal
cell line (LUHMES) (10). We observe that HSV-1 strain KOS(M) establishes latency with
a higher number of viral genomes per cell than strain 17syn�. We also show that these
viral genomes have a higher burden of the heterochromatin marker H3K27me3 on their
histones during both latency and upon induced reactivation than strain 17syn�.
Furthermore, this increased heterochromatin profile for KOS(M) correlates with reduced
viral transcription and infectious virus release following chemically induced reactivation
from latency compared to that of 17syn�. Our findings suggest that the increased
heterochromatinization of KOS(M) latent genomes accounts for the reduced reactiva-
tion phenotype compared to that of strain 17syn�.

RESULTS
Differences between HSV-1 strains 17syn� and KOS in LUHMES cells during

acute infection. The LUHMES cell line is an engineered human neuronal precursor line
that expresses the v-myc gene under the control of a TET-off promoter (16). The cells
can be efficiently differentiated into postmitotic neurons by the addition of tetracycline,
dibutyryl-cyclic AMP, and glial cell-derived neurotrophic factor (GDNF) to the growth
medium and express markers of mature (dopaminergically fated) neurons within 5 days
of differentiation (17). We have previously demonstrated that HSV-1 can establish a
latent infection in LUHMES cells, and reactivation can be induced using an inhibitor of
the phosphoinositide 3-kinase (PI3K) pathway (10). In the present study, we investi-
gated potential strain-specific differences between HSV-1 strains 17syn� and KOS(M)
both during the acute infection and then during PI3K inhibitor-induced reactivation
from a latent state in LUHMES neurons.

LUHMES cells were infected with 17syn� or KOS(M) at a multiplicity of infection
(MOI) of 5, and quantitative PCR (qPCR) was performed to monitor viral genome
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accumulation during the course of the acute infection. The experimental design,
including the differentiation of the LUHMES cells and the acute infection time points
that were examined, are illustrated in Fig. 1A. Surprisingly, immediately following the
1-h adsorption of virus with the cells (t � 0), 10-fold higher genome copies were
measured for KOS(M)-infected LUHMES cells than to 17syn�-infected cells (Fig. 2A).
Additionally, this 10-fold difference in genome copies between KOS(M) and 17syn� was
consistent across all time points during 24 h of the acute infection (Fig. 2A). Interest-
ingly, these findings suggest that KOS(M) has a higher particle-to-PFU ratio, with an
incoming genomic burden around 10-fold higher than that of 17syn�. We also found
that 17syn� genome copies do not reach KOS(M) genome levels during the first 24 h
of an acute infection.

When we examined genome copies during the acute infection compared to that at
0 h postinoculation, we found additional differences between strains 17syn� and
KOS(M) (Fig. 2B and C). At 12 h postinfection, a 2-fold decrease in 17syn� genomes was
seen, which was not observed for KOS(M) (Fig. 2B and C). Additionally, at 24 h
postinfection, while an increase in genomes was seen for both strains 17syn� and
KOS(M), 17syn� had a 4-fold induction, while KOS(M) had a 2-fold induction (Fig. 2B and
C). These results suggest that during an acute infection in LUHMES cells, the replication
kinetics of HSV-1 genomes is restricted in general but is more pronounced in the case
of strain KOS(M) compared to the fold increase of total genomes 24 h postinfection.
Furthermore, these results reveal notable strain-specific differences in genome copy
number between 17syn� and KOS(M) and point to a potential genome dose-
dependent effect on replication at later time points.

To further understand the biological implications of viral genome copy number
during an acute infection of LUHMES neurons, we quantified viral RNA for select genes
and analyzed the relationship between genomic copies and the relative gene expres-
sion during acute infection. RNA was reversed transcribed, and primers and probes
specific for the viral targets ICP4, TK, and the LAT intron were assayed by qPCR (see
Table 2). We chose to present the data as transcripts per genome to accurately reflect

FIG 1 Experimental timeline of neuronal differentiation, infection, latency, and reactivation. (A) Experimental
timeline of acute infection. LUHMES neuronal cells were plated and allowed to proliferate for 3 days, followed by
5 days of differentiation, as described in Materials and Methods. Once differentiated, cells were infected with either
17syn� or KOS(M) at an MOI of 5 for 1 h, with harvesting of DNA/RNA at the indicated times. (B) Experimental
timeline of latency and reactivation. LUHMES neuronal cells were plated and allowed to proliferate for 3 days,
followed by 5 days of differentiation. Once differentiated, cells were pretreated for 2 h in medium containing 50 �M
acyclovir (ACV). Following pretreatment with ACV, cells were infected with either 17syn� or KOS(M) at an MOI of
5 in medium containing 50 �M ACV. Forty-eight hours later, the medium was changed to medium without ACV and
the infection was allowed to proceed, with harvesting at the latent time point 8 days postinfection (labeled 0 hours
postreactivation). Reactivation was induced at day 8 postinfection (labeled as day 16) with 10 �M final concen-
tration of Ly294002, and reactivation samples were harvested at the indicated times.

HSV-1 Reactivation Is Strain Specific in Human Neurons Journal of Virology

August 2020 Volume 94 Issue 15 e00796-20 jvi.asm.org 3

https://jvi.asm.org


transcripts made from an equal number of genomes. Analysis of relative gene expres-
sion of the essential immediate-early gene ICP4 per genome reveals higher ICP4
messages being made per genome for 17syn� than KOS(M) (Fig. 3A). Interestingly, we
also find that the expression of the early gene TK relative to viral genomic content in
the neurons is also strain dependent, as we measured higher TK expression for 17syn�

than for KOS(M) at 3 and 24 h postinfection (Fig. 3B). Lastly, when we look at relative
LAT Intron expression, we saw higher expression per vial genome at 0, 6, and 24 h
postinfection with 17syn� (Fig. 3C). These results indicate that during an acute infec-
tion, HSV-1 transcription is more restricted in the case of KOS(M) than for 17syn�.

Establishment of HSV-1 latency by strains 17syn� and KOS in LUHMES cells.
HSV-1 strains 17syn� and KOS(M) have been shown to vary in their respective rate of
viral shedding during the establishment of a latent infection in vivo in the rabbit ocular
model (2). In addition, murine trigeminal ganglia neurons latently infected with strain
KOS in vivo have been shown to contain fewer HSV genomes than latently infected
17syn� neurons (6). These differences in the establishment of latency were noted
in both the mouse and rabbit models; therefore, differences in viral replication and
efficiency of neuronal invasion to the sensory ganglia could play a role in the efficiency
of the establishment of latency. In light of these earlier in vivo findings, we wanted to
determine if we could detect strain-specific differences in either the shedding/produc-

FIG 2 HSV-1 genome copies during acute infection. (A) HSV-1 strain KOS(M) delivers and maintains
significantly higher genome copies than 17syn� during the acute infection of LUHMES neurons. HSV-1
genome copy numbers were tracked by qPCR using primers and probes designed against UL30 over a
24-h time course of infection of LUHMES cells with either 17syn� or KOS(M) at an MOI of 5. (B) HSV-1
strain 17syn� genome copies were determined as described above. A significant difference in genome
copies was seen 12 and 24 h postinfection compared to levels at 0 h. Interestingly, at 12 h postinfection,
genomic copies were reduced compared to those at 0 h, and input genomes appear to have replicated
by 24 h postinfection. (C) HSV-1 strain KOS(M) input genomes undergo statistically signification replica-
tion by 24 h postinfection compared to levels at 0 h. For each time point, significance was determined
by ordinary two-way ANOVA with Sidak’s multiple-comparison test across 6 biological replicates (*,
P � 0.05; ***, P � 0.0001) (n � 6).
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tion of infectious virus during the establishment of latency or in the genomic load
during latency and if this is recapitulated in human LUHMES neuronal cells. This would
allow us to assess the establishment of latency within neurons directly, as opposed to
indirectly through infection of the neurons from the periphery, as in the case of the
mouse and rabbit models.

To assess differences in the shedding/production of infectious virus between strains
17syn� and KOS(M) during the establishment of latency, we assayed cell supernatants
for infectious virus during the establishment period. In an effort to increase the
sensitivity of the traditional HSV plaque assay, we incubated the entire cell culture
supernatant from infected LUHMES cells with rabbit skin cell monolayers and did not
remove the inoculum following the adsorption period. We detected fewer infectious
particles in the supernatant for KOS(M) than for 17syn� at 4 days postinfection (Fig. 4).
Additionally, following 4 days postinfection, we did not detect infectious virus for strain
KOS(M) compared to 17syn�, in which we see low levels of spontaneous reactivation.

These data suggest that either KOS(M) establishes latency more quickly than 17syn� or
that it establishes latency less efficiently than 17syn�. To differentiate between the two
possibilities, PCR to assess HSV-1 genomes was performed. As indicated in Fig. 5A (0-h time
point), KOS(M) established latency as efficiently as 17syn�, and the latent KOS(M) cultures
contained �2-fold more genomes than the 17syn� latent cultures. These results suggest
that KOS(M) establishes latency more efficiently than strain 17syn�.

HSV-1 strain KOS(M) displays reduced reactivation compared to that of strain
17syn�. HSV-1 strains 17syn� and KOS(M) have been shown to differ in their reactivation
frequency during in vivo infections of mice and rabbits (2–6). To determine if there were
strain-specific differences in the efficiency of reactivation, we established a latent infection
in LUHMES cells with 17syn� and KOS(M). Following establishment of a latent infection, we
chemically induced reactivation using a 10 �M final concentration of the PI3K inhibitor
Ly294002 and assayed cell supernatant for evidence of entry into the productive viral lytic

FIG 3 More transcription is occurring per genome for strain 17syn� than KOS(M) during acute infection of
LUHMES. Shown are the relative gene expression profiles for HSV-1 ICP4 (A), TK (B), and LAT intron (C) expressed
as copies per genome following a 24-h time course of infection of LUHMES with 17syn� or KOS(M) at an MOI of
5. RT-qPCR was performed with primers and probes against the indicated genes (Table 2). Interestingly, on a
per-genome basis, higher gene expression is seen for all three transcripts measured when LUHMES cells are
infected with 17syn� versus KOS(M). For each time point, significance was determined by ordinary two-way ANOVA
with Sidak’s multiple-comparison test across 6 biological replicates (*, P � 0.05; ***, P � 0.0001) (n � 6).
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phase by plaque assay. We found that following the induction of reactivation, strain KOS(M)
did not productively reactivate, as measured by plaque production, compared to strain
17syn� (Table 1). Importantly, during all time points of reactivation studied, no infectious
virus was detected for strain KOS(M) compared to various levels of lytic reactivation for
17syn� (Table 1). These results show an impaired reactivation phenotype for KOS(M)
compared with that of 17syn� in human LUHMES neurons.

The striking difference in reactivation between these strains led us to query whether
the inability of KOS(M) to reactivate was due to a reduced induction of lytic gene
transcription and/or genome replication compared to those of strain 17syn�. DNA and
RNA were extracted following induced reactivation, as depicted in Fig. 1B. An analysis
of genome copies upon the induction of reactivation revealed roughly 3-fold higher
numbers of genome copies for KOS(M) than for strain 17syn� at all time points studied
(Fig. 5A). When comparing genome copies during reactivation to our latent time point
(0 h), we find that a significant increase in genomes for 17syn� occurs at 12 h following
inhibition of PI3K, which was not observed for strain KOS(M). The amplification of
genomes and production of infectious virus was only observed for 17syn� following
induced reactivation, implying that strain 17syn� reactivates more efficiently than
KOS(M).

We then quantified viral transcript levels following Ly294002-induced reactivation.
We chose to look at a gene from each kinetic class, as well as LAT intron levels during

TABLE 1 HSV-1 strain KOS(M) is not competent for full reactivation from latencya

Time (h) postreactivation

Cultures positive for plaques [% (no.
positive/total no.)]

17syn� KOS(M)

0 8.3 (1/12) 0 (0/12)
3 0 (0/12) 0 (0/12)
6 50 (6/12) 0 (0/12)
12 66 (8/12) 0 (0/12)
18 16 (2/12) 0 (0/12)
24 42 (5/12) 0 (0/12)
aThese data demonstrate a pronounced difference in phenotypic reactivation for two different strains of
HSV-1. Remarkably, KOS(M) fails to produce infectious virus upon PI3K inhibitor-induced reactivation.
17syn�, in contrast, readily reactivates under the same conditions. We see spontaneous reactivation in
latent cultures of 17syn� LUHMES of around 4 to 6% (unpublished data). For these experiments, around 8%
of the latent cultures (0 h) were also able to enter the lytic phase. LUHMES culture supernatants were
harvested at the indicated time points following reactivation with Ly294002. The latent time point is 8 days
postinfection (labeled 0 h postreactivation). Shown are the percentages of each LUHMES culture (150,000
cells) for a total population of 1.8 � 106 cells that were positive for plaques during reactivation.

FIG 4 Time course plaque assay during establishment of latent infection. KOS(M) appears to enter
latency earlier than 17syn�, as measured by less infectious virus production during the course of latency
establishment. The data are represented as the number of infectious particles per LUHMES culture
containing 150,000 cells. For each time point, significance was determined by ordinary two-way ANOVA
with Sidak’s multiple-comparison test across 12 biological replicates (**, P � 0.01) (n � 12).
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reactivation, to determine if differences in gene expression between the two strains
correlate with the reactivation phenotypes described thus far. The immediate-early
transcript ICP4 was detected at higher relative expression levels for strain 17syn� than
for KOS(M) at early time points (Fig. 6A). The same trend is seen for the early gene TK
and the late gene US3 (Fig. 6B and D). Interestingly, higher levels of LAT intron
expression were seen for strain KOS(M) than for strain 17syn� (Fig. 6C). Overall, we find
that the treatment of latently infected LUHMES cells with a PI3K inhibitor to induce
reactivation results in more robust expression of lytic transcripts for 17syn� than is seen
for KOS(M) (Fig. 6). It is not clear to what degree the increased expression of the LAT
is contributing to the inability of KOS(M) to reactivate from latency, but this is clearly
an area of great interest and is currently being investigated in the LUHMES neuronal
model.

The structure and conformation of the HSV-1 chromatin in LUHMES cells have not
yet been determined. The differences we see in relative expression levels of HSV-1
transcripts between the two strains indicate that a reactivation phenotype is tied to
chromatin modifications affecting the accessibility of viral genomes. To answer this
question, we assayed facultative heterochromatin marks on the genomes of these two

FIG 5 KOS(M) genomes are maintained at higher copies overall during latency and reactivation than with
17syn� but are not significantly replicated following PI3K inhibitor-induced reactivation. (A) HSV-1 strain
KOS(M) maintains significantly higher genome copies than 17syn� during latency as well as during PI3K
inhibitor-induced reactivation in LUHMES. Reactivation was induced at day 8 postinfection (0 h) with
10 �M Ly294002, and cultures were harvested for qPCR at the indicated times using primers and probes
against UL30. (B) 17syn� genome copies have been significantly replicated by 12 h postreactivation
(compared to 0 h). (C) HSV-1 strain KOS(M) genome copies were determined as described above. We
found no significant difference in genomes copy number during reactivation compared to that at 0 h,
implying fewer genomes were replicated. For each time point, significance was determined by ordinary
two-way ANOVA with Sidak’s multiple-comparison test across 6 biological replicates (*, P � 0.05; ***,
P � 0.0001) (n � 6).
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strains. Following reactivation with 10 �M Ly294002, we performed chromatin immu-
noprecipitation (ChIP) reverse transcription-qPCR (RT-qPCR) on the facultative hetero-
chromatin mark H3K27me3 at various time points (Fig. 1B). H3K27me3 was chosen
because it occupies the HSV-1 genome during latency, and removal of this mark has
been found to be key to the ability of the virus to reactivate (18–20). We found that,
both during latency and following induced reactivation, KOS(M) genomes were more
enriched for H3K27me3 than 17syn� genomes (Fig. 7). Collectively, these data point to
a more heterochromatinized genome state for KOS(M) than for 17syn�. This chromatin
inaccessibility for KOS(M) likely leads to the reduced reactivation phenotype we dem-
onstrate here.

DISCUSSION

HSV-1 strains 17syn� and KOS(M) are known to have key differences in the fre-
quency and magnitude of reactivation in vivo (2–7). The reduced neuroinvasive and
neurovirulence phenotype of KOS(M) compared to that of 17syn� has made it difficult
to determine whether strain-specific differences in reactivation occur at a neuronal cell
level or are mediated by indirect effects of the neuroinvasion and neurovirulence that
reduce the efficiency of amplification and spread of the virus after it reactivates (8). In
this study, we demonstrate that the ability of HSV-1 to reactivate is strain dependent
in human neurons. We found that HSV-1 strain KOS(M) has a reduced reactivation
phenotype compared to that of strain 17syn� in LUHMES cells. Additionally, while
KOS(M) actually establishes latency with a greater number of genomes than 17syn�, the
KOS(M) genomes are more epigenetically silenced and have lower expression of lytic
transcripts than 17syn�. These results suggest that the reduced reactivation phenotype

FIG 6 Transcripts produced per genome during the latent infection and following PI3K inhibitor-induced reactivation differ between
17syn� and KOS(M). Relative ICP4 (A), TK (B), LAT intron (C), and US3 (D) expression calculated during latency and following
reactivation are expressed on a per-genome basis. Reactivation was induced at day 8 postinfection with 10 �M Ly294002, and
reactivation samples were harvested at the indicated times. RT-qPCR was performed as described in Materials and Methods and Table
2. For each time point, significance was determined by ordinary two-way ANOVA with Sidak’s multiple-comparison test across 6 to
12 biological replicates (*, P � 0.05; **, P � 0.001; ***, P � 0.0001) (n � 6 to 12).
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of KOS(M) in vivo is due to a more epigenetically silenced genome that does not
reactivate efficiently at a neuronal cell level.

Unexpectedly, we found that at the same multiplicity of infection (MOI) for strains
17syn� and KOS(M), there was higher incoming genomic burden for KOS(M) than
17syn� (Fig. 2). Interestingly, previous data have shown that immediately following
intracerebral inoculation of mice with either KOS(M) or 17syn� at the same MOI, there
was an increase in viral yield for KOS(M) compared to 17syn� at 0 h postinfection (8, 21).
HSV-1 particle-to-PFU ratios have been known to differ between cell types and strains
(22). These results suggest that KOS(M) and 17syn� may have different particle-to-PFU
ratios, which results in the increased genomic load for KOS(M). Another interpretation
of the data suggests that KOS(M) enters LUHMES cells more efficiently than 17syn�.
One explanation for the difference in entry could be the difference in the structure of
gB between strains 17syn� and KOS(M) (23). Studies have found that gB is one of the
key glycoproteins thought to mediate cell fusion (24). If the fusion rates of HSV-1 strains
17syn� and KOS(M) are different, this could explain the increased genomic burden at
1 h postinfection. Further studies are needed to determine if differences in genomic
burden at the same MOI in LUHMES cells are mediated by differences in the particle/
PFU ratio, gB-mediated fusion, or other mechanisms and whether this difference may
be manifested in a neuron-specific manner.

Here, we show that the higher genomic burden for KOS(M) than 17syn� is seen not
only during acute infection but also during latency (Fig. 5). In striking contrast to our
observations, it was previously reported that 17syn� has a higher genomic burden than
KOS(M) in mouse trigeminal nerve ganglion (6). However, one of the key differences
between that study and the current study was that it was performed in vivo. Since
KOS(M) is known to exhibit reduced neuroinvasion and neurovirulence in vivo, it has

FIG 7 HSV-1 strain KOS has increased H3K27me3 marks compared to those of strain 17syn� during latency and
PI3K inhibitor-induced reactivation in LUHMES. Chromatin immunoprecipitation was performed to measure
heterochromatin formation on HSV-1 genomes from cultures of LUHMES cells infected with 17syn� or KOS(M) at
8 days postinfection (latency) or following Ly294002-induced reactivation from latency. Shown are three regions
of the HSV-1 genome queried by qPCR following ChIP. (A to C) ICP4 (A), the LAT promoter (B), and the late gene,
gC (C). Heterochromatin was assessed by immunoprecipitation with an antibody recognizing H3K27me3. ChIP-
qPCR data were normalized to percent input over total H3. Reactivation was induced at day 8 postinfection with
10 �M Ly294002, and reactivation samples were harvested at the indicated times. These data point to a significant
reason why KOS(M) fails to reactivate. As shown here, 17syn� genomes are associated with fewer heterochromatin
marks than KOS(M), indicating less accessibility of the KOS genome for replication and transcriptional activities. For
each time point, significance was determined by ordinary two-way ANOVA with Sidak’s multiple-comparison test
across 3 biological replicates (*, P � 0.05; **, P � 0.001; ***, P � 0.0001) (n � 3).
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been difficult to tease apart the factors that lead to the impaired reactivation pheno-
type described thus far for this strain (8). For the first time, we can compare the two
strains in an in vitro latency model, independent of nonneuronal host factors, which
may contribute to a difference in establishment between the strains. Using this model,
we find that KOS(M) establishes latency equal to, if not better than, that of strain
17syn�, meaning that another factor besides genome load likely influences the effi-
ciency of reactivation. In addition, the accumulation of heterochromatic marks occurs
earlier for KOS(M) than 17syn�, suggesting that KOS(M) establishes a latent state earlier.

Our data show that HSV-1 strain KOS(M) reactivates less frequently and with less
infectious virus release, which is consistent with what has been seen in animal model
data (2–7). Specifically, our data tracks most closely with models where reactivation is
induced in vivo. In both the rabbit eye model, where reactivation is adrenergically
induced, and in the murine ocular model, where reactivation is induced by hyperther-
mic stress, the reduced KOS(M) reactivation phenotype observed is consistent with the
data we report here from human LUHMES neurons (2, 6). Interestingly, when we
examine data from explant-induced reactivation models of murine sensory nerve
ganglia latently infected with KOS(M) and 17syn�, KOS(M) still reactivates less efficiently
than 17syn�; however, there is a much smaller difference between the strains than that
seen in the LUHMES or the in vivo models (21, 25). One thing to note when comparing
these data is the various methods of inducing reactivation and the methods of
detection. It remains unknown whether there are differences in efficiencies between
different inducers of reactivation (26, 27). For example, adrenergic or hyperthermic
stress may activate different pathways than the stressors that induce reactivation in
explanted ganglia. An additional caveat to consider when comparing these data sets is
that, in the mouse and rabbit ocular models, reactivation is measured by productive
virus shed rather than molecular reactivation. All these variables make it difficult to
directly compare one system to another. However, here we were able to control some
of these variables through the use of a human neuronal cell culture model that allowed
us to measure reactivation at the cellular level, independent of the host.

From the studies we presented here, the number of incoming viral genomes during
infection of the LUHMES cells does not appear to dictate the ability of HSV-1 to
establish and maintain latency, and it does not appear to correlate with reactivation
potential. It is, however, possible that the regulation of latency is, in fact, influenced
during the establishment phase by a genome dose-dependent mechanism. It is con-
ceivable that a higher incoming genomic burden leads to more tightly repressed
genomes and, therefore, a lower frequency of reactivation. One could envision that a
higher level of genomic burden could heighten host antiviral responses, which could
result in a more transcriptionally repressed chromatin state. Additionally, it is possible
that incoming defective genomes compete for host factors needed for reactivation.
Further work needs to be done to characterize the effects of incoming genomic load on
the outcome of infection in human neurons, and it will be interesting to juxtapose
these data with effective incoming genome burdens that one sees during an in vivo
infection.

In summary, we report the differences in the establishment and reactivation of
HSV-1 strains KOS(M) and 17syn� in a human neuronal cell culture system. Overall, we
find that although KOS(M) establishes a higher genomic burden than strain 17syn�,
those genomes are more epigenetically repressed and do not reactivate to the same
extent as 17syn�. An association between the increased facultative heterochromatin
histone marks and the decrease in reactivation seen for strain KOS(M) suggests that the
epigenetic state of the latent genomes plays a role in overall reactivation. Since
H3K9me3 has also been shown to play a role in reactivation, it will be interesting to
examine the levels of H3K9me3 on strains KOS(M) and 17syn� in future studies to see
if it has an effect on reactivation efficiency (28–30). Further investigation is necessary to
determine the mechanism of the increased heterochromatin profile on KOS(M) and
how that contributes to reactivation efficiency.
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MATERIALS AND METHODS
Viruses and cells. HSV-1 viral strains 17syn� and KOS(M) were used in this study, and they were

previously plaque purified 3 times. Low-passage-number stocks of these viruses were obtained from J.
Stevens and propagated in rabbit skin (RS) cells. RS cells, obtained from B. Roizman, were maintained in
minimum essential medium (MEM; no. 11095-098; Gibco) supplemented with 5% bovine serum (no.
26170-043; Gibco) and 1% PSG (100 U penicillin, 100 mg/ml streptomycin, 0.292 mg/ml L-glutamine; no.
SV30082.01; HyClone) at 37°C, 5% CO2. For plaque assays, whole supernatants were harvested at the
corresponding time points and added to 6-well plates of RS cells. Following 48 h of incubation, cells were
fixed and stained with crystal violet solution (8 mg/ml crystal violet [no. 18640; Sigma], 20.9% final
concentration of ethanol [no. 2801G; Decon Labs], 79.1% final concentration of distilled H2O). Lund
human mesencephalic (LUHMES) cells were obtained from the ATCC (no. CRL-2927) and were cultured
as described previously (10). All experiments performed in this study utilized LUHMES cells at passages
3 to 5 from the original ATCC stock. Briefly, LUHMES cells were cultured in flasks, on plates, and on dishes,
which were coated with poly-L-ornithine hydrobromide (no. P3655; Sigma) overnight at room temper-
ature followed by fibronectin (no. F2006; Sigma) overnight at 37°C. Flasks, plates, and dishes then were
rinsed with phosphate-buffered saline (no. SH30256.01; HyClone) and allowed to dry overnight. For
proliferation, LUHMES cells were propagated in Dulbecco’s modified Eagle’s medium/Ham’s F12 (DMEM/
F12; no. 12-719F; Lonza) supplemented with 1% N2 supplement (no. 10378016; ThermoFisher Scientific),
1% PSG, and a 40-ng/ml final concentration of recombinant human fibroblast growth factor (FGF)-basic
(no. 100-18B; PeproTech) added fresh to medium before use. Cells were switched to DMEM/F12
supplemented with 1% N2 supplement (no. 10378016; ThermoFisher Scientific), 1% PSG, a 1-�g/ml final
concentration of tetracycline hydrochloride (no. T7660; Sigma), 1 mM final concentration N6,2=-O-
dibutyryladenosine 3=,5=-cyclic monophosphate sodium salt (no. D0627; Sigma), and a 2-ng/ml final
concentration recombinant human glial cell-derived neurotrophic factor (GDNF) (no. 212-GD-010; R&D
Systems) at 70% confluence to induce differentiation as previously described (10).

LUHMES cell infections. LUHMES cells were grown and differentiated on poly-L-ornithine/
fibronectin-coated coverslips as previously described (10). The timeline of acute, latent, and reactivation
experiments is described in Fig. 1. Briefly, LUHMES cells were plated at 25,000 cells per well (24-well
plates) or 2 � 106 cells (100-mm dishes) and allowed to proliferate for a period of 3 days, followed by 5
days of differentiation. For the acute infection, the postmitotic neurons were infected at a multiplicity of
infection (MOI) of 5 with either HSV-1 viral strain 17syn� or KOS(M) in complete medium containing
50 �M (ACV; no. PHR1254; Sigma) for 1 h. Following the 1-h inoculation, cells were rinsed with
phosphate-buffered saline (no. SH30256.01; HyClone) and overlaid with differentiation medium (see
“Viruses and cells,” above). Cultures were harvested at the time points described for Fig. 1A. For the latent
and reactivation infection, the postmitotic neurons were pretreated with 50 �M ACV for 2 h and infected
with HSV-1 viral strain 17syn� or KOS(M) at an MOI of 5. After 48 h, medium was removed and replaced
with differentiation medium without ACV. Supernatants were harvested starting at 3 days postinfection
until reactivation, as described for Fig. 1B. Harvesting was done at the latent time point 8 days
postinfection, and reactivation was induced with differentiation medium containing 10 �M Ly294002
(no. 9901S; Cell Signaling Technology). Samples were harvested at the time points described for Fig. 1B.

DNA/RNA extraction, reverse transcription, and qPCR. Genomic DNA and RNA were extracted
using a Quick-DNA/RNA miniprep kit (no. D7001; Zymo Research) by following the manufacturer’s
recommended instructions. To remove DNA contamination, RNA samples were DNase treated with a
TURBO DNA-free kit (no. AM2239; ThermoFisher). Reverse transcription was performed using a high-
capacity cDNA reverse transcription kit (no. 4368813; ThermoFisher) with the addition of 250 ng of RNA
per reaction. Genomic DNA/cDNA was then subjected to qPCR (StepOnePlus real-time PCR system; no.
4376600; ThermoFisher/Applied Biosystems) with TaqMan fast universal PCR master mix (2�) (no.
4352042; ThermoFisher/Applied Biosystems) and custom primer probes (Table 2). Controls for RT-qPCRs
included no-template and no-reverse transcriptase wells for each plate for each gene analyzed.

ChIP-qPCR. Chromatin immunoprecipitations (ChIP) were performed as previously described, with
the following modifications (31). Briefly, approximately 1 � 107 LUHMES cells were infected, latency was
established, and cells were reactivated with Ly294002 (see “LUHMES cell infection,” above). Cells were
fixed by adding formaldehyde (no. BP531-500; ThermoFisher) to the culture medium at a final concen-
tration of 1%. After 10 min, the reaction was quenched with 1.15 M glycine (G8898; Sigma) for 5 min at
room temperature. Chromatin from fixed cells was sonicated using a Bioruptor Twin (no. UDC-400;

TABLE 2 Custom TaqMan primer/probe sequences

Transcript

Sequencea

Forward primer Reverse primer Probe

ICP4 CACGGGCCGCTTCAC GCGATAGCGCGCGTAGA CCGACGCGACCTCC
TK CACGCTACTGCGGGTTTATATAGAC GGCTCGGGTACGTAGACGATAT CACCACGCAACTGC
LAT intron CGCCCCAGAGGCTAAGG GGGCTGGTGTGCTGTAACA CCACGCCACTCGCG
UL30 AGAGGGACATCCAGGACTTTGT CAGGCGCTTGTTGGTGTAC ACCGCCGAACTGAGCA
gC CCTCCACGCCCAAAAGC GGTGGTGTTGTTCTTGGGTTTG CCCCACGTCCACCCC
US3 GTATACCACGACCGTCGACAT ACGGCAGTCTCGAAGATCAC CAGACCGGCGCTCCAA
LAT promoter CAATAACAACCCCAACGGAAAGC TCCACTTCCCGTCCTTCCAT TCCCCTCGGTTGTTCC
aThe primer and probe sequences are in the 5=-to-3= orientation.
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Diagenode) with 30-s on and 30-s off cycles on high to produce chromatin fragments between 200 and
500 bp. Immunoprecipitations were performed with 2.5 �g of chromatin per IP reaction at 4°C overnight
with shaking. Anti-triMe H3K27 (39155; Active Motif) and anti-histone H3 (no. AB12079; Abcam) anti-
bodies were used at a concentration of 1 �g per sample. For immunocapture, protein A/G magnetic
beads (no. 26162; ThermoFisher) were added to the samples and incubated for 4 h at 4°C. The beads then
were washed in a series of salt buffers before elution (31). Samples were de-cross-linked and digested
with RNase A (no. EN0531; ThermoFisher) and proteinase K (no. P4850; Sigma). DNA was purified
according to the manufacturer’s recommendations using ChIP DNA Clean & Concentrator (no. D5201;
Zymo). All ChIPs were also conducted using a negative-control antibody (anti-rabbit IgG; no. Ab46540;
Abcam) to assess background levels of pulldown. qPCR was performed (see “DNA/RNA extraction, reverse
transcription, and qPCR,” above), and samples were analyzed as percent input over total histone H3.
Samples were determined for significance using a two-way analysis of variance (ANOVA).
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