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Abstract

Type-I Interferon (IFN) is essential for antiviral immunity in both mice and humans; thus,
we investigated whether LAT affects HSV-1 infectivity in the absence of IFN by infecting
IFN«BR~/~ and wild-type control mice with HSV-1 McKrae (LAT-plus) and dLAT2903
(LAT-minus) viruses. IFNaBR~/~ mice survived ocular infection with the LAT-plus virus,
while no infected mice survived infection with the LAT-minus virus. Increased death in
infected mice correlated with a higher expression in the neurovirulence y34.5 gene but not
with gB expression. To determine the region of LAT that contributed to higher mortality,
IFN«BR~/~ mice were infected with recombinant viruses expressing the first 1.5 kb or
the first 811bp region of 1.5 kb LAT. Similar to LAT-plus infected mice, IFNaBR ™/~ mice
infected with LAT1.5kb were protected from death, while infection with the LAT811bp virus
was similar to that of LAT-minus, suggesting that increased pathogenicity in the absence
of LAT depends on the second half of 1.5 kb LAT. To confirm the in vivo upregulation of
v34.5 expression in the absence of LAT, rabbit skin and Neuro2A cells were infected with
LAT-plus, LAT-minus, LAT1.5kb, or LAT811bp viruses. y34.5 expression was significantly
higher in LAT-minus- and LAT811bp-infected rabbit skin cells and Neuro2A cells than
in LAT-plus- and LAT1.5kb-infected cells, suggesting that sequences after the 811bp of
LAT contribute to y34.5 upregulation. However, except for y34.5 expression, ICPO, ICP4,
and gB expression were not affected by the absence of LAT or truncated forms of LAT. To
confirm that higher v34.5 expression contributes to higher mortality in the absence of LAT,
we infected IFNaBR~/~ mice with a recombinant virus lacking LAT and y34.5 expression,
and, in contrast to LAT-minus, all infected mice survived. Our results suggest that LAT
controls y34.5 expression and that higher y34.5 expression and mortality in infected mice
are associated with the second half of 1.5 kb LAT.

Keywords: type-1 IEN; survival; ICP35 (y34.5); LAT; gB; ICP0; ICP4

1. Importance

The latency-associated transcript (LAT) of HSV-1 has multiple functions, including
enhancing latency reactivation, anti-apoptotic activity, T cell exhaustion, and modulating
host immune responses to infection. However, the role of LAT relative to type-1 interferon
(IFN) signaling and its impact on virus pathogenicity are not well understood. Because
IEN signaling affects LAT functions, we infected IFNafR~/~ and wild-type mice with
different doses of HSV-1 McKrae (LAT-plus), dLAT2903 (LAT-minus—lacking 2-kb LAT),
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dLAT-3.3A (has one copy of 1.5 kb LAT), dLAT2.6A (has the first 811 bp of 1.5 kb LAT), and
dLAT2903-y34.5 (lacks both 2-kb LAT and y34.5) viruses. Our results showed for the first
time that LAT is required to reduce mortality in the absence of IFN. The higher mortality
in the absence of LAT is associated with increased vy34.5 gene expression as demonstrated
in vivo. Thus, LAT controls neurovirulence by blocking upregulation of y34.5 expression.
Further, the region of LAT that is required to block y34.5 expression is outside the region of
LAT that contributes to higher latency reactivation and reduced apoptosis.

2. Introduction

Herpes simplex virus type-1 (HSV-1) infection is one of the most common ocular
infections and a major cause of virus-induced blindness in the United States [1,2]. Fol-
lowing primary infection, the virus establishes lifelong latency in sensory neurons of
infected hosts [3-5]. The latency-associated transcript (LAT) is the only abundant viral
transcript detected in the neurons of infected hosts [3,4,6-9]. The primary 8.3 kb LAT
transcript is spliced into a stable 2 kb LAT and an unstable 6.3 kb LAT [4,7,8,10]. LAT
does not play a key role in initial infection or virulence, but is required to enhance latency
and reactivation [11-13] in at least three ways: First, anti-apoptotic functions of LAT are
essential to establish latency reactivation, and replacing LAT with other anti-apoptotic
genes restores its latency and reactivation functions [14-20]. Second, LAT controls the
expression of HSV-1 lytic cycle genes such as ICP0 and ICP4 to regulate productive viral
infection [14-17,21]. And third, LAT represses expression of the cellular herpes virus entry
mediator (HVEM) [22] and downregulates the type-1 interferon (IFN) pathway via the
Janus kinase (JAK) pathway [23].

Type-11FN is a major component of the innate immune response against viral infections
and is essential for antiviral immunity in both mice and humans [24-26]. Some viruses can
circumvent the IFN response to either prevent or block IFN signaling [27-29]. In both mice
and humans, the IFN gene family has at least 20 comparable members [30-34]. There are at
least 14 IFN« genes and a single IFN{3 gene [30,31], and IFNa/ 3 gene functions require
their binding to the same receptor, a heterodimer composed of the transmembrane proteins
IFNAR1 and IFNAR?2 [35,36]. IFN«/ (3 plays a significant role in HSV infection in vitro
and in vivo, and HSV-1 can evade IFN responses through several mechanisms [37-42].
IFN«BR~/~ mice (also known as IFNAR1~/~ or CD118 /") lack antiproliferative and
antiviral responses associated with IFN«/ 3 signaling [43,44]. Although the IFN« subtypes
and IFNf} use the same IFNARs, they exhibit functional differences [45]. IFNaBR~/~ mice
are highly susceptible to viral infection, including HSV-1 infection [39,43,44,46—48]. In
contrast to highly susceptible IFNaBR ™/~ mice, IFNa2A~/~ and IFNB~/~ mice are less
susceptible to HSV-1 infection [49,50]. Human studies have also shown that inborn genetic
errors in IFN genes can damage the ability to control viral infections, leading to increased
susceptibility to infectious disease [51-54].

Previously, we showed that LAT downregulates components of the IFN pathway [23].
LAT also interferes with ICP0 and ICP4 expression in infected cells [55,56]. Although, LAT
promotes neuronal survival in the trigeminal ganglia (TG) of infected rabbits [14] and
mice [20,57]. Neurons produce minimal IFNe /3 in response to wild-type (WT) HSV-1
infection [58]. Several HSV-1 genes including ICP27 [59], ICPO [60], US11 [61], virion host
shutoff (vhs) [62], US3 [63], and ICP34.5 (i.e., y¥34.5] [64] are known to inhibit IFN«/ 3
signaling. Among these HSV-1 genes, the y34.5 neurovirulence viral gene is central to
countering several components of the host IFN response [65]. Two copies of y34.5 exist
in the HSV-1 genome repeat regions and are antisense to LAT [66]. Although it has been
described as a late gene, Y34.5 counters the host response after late viral DNA synthesis as
well as in the first hours of infection [67-69]. y34.5 has been reported to specifically interfere
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with host shutoff of protein synthesis [70], inhibit autophagy by binding to Beclin 1 [71],
and prevent activation of the IFN response through TANK-binding kinase (TBK1] [72].

LAT regulates immune responses to infection, and no other studies have evaluated
the inter-relationship of LAT with IFNs and y34.5 in vivo or in vitro. To study these
relationships, we used IFN«BR~/~ mice that lack functional IFN expression along with
WT HSV-1 strain McKrae (LAT-plus), and four HSV-1 recombinant viruses derived from
WT McKrae (LAT-plus), and their schematic diagrams are shown in Figures 1 and 2 as
follows: dLAT2903 (LAT-minus, lacking the 2-kb LAT), dLAT3.3A (expressing one copy of
the first 1.5 kb of LAT inserted between the UL37 and UL38 genes), dLAT2.6A (expressing
one copy of the first 811 bp of LAT inserted between UL37 and UL38 genes), and dLAT2903-
v34.5 null (similar to dLAT2903, lacking both 2 kb of LAT as well as the y34.5 gene). Our
results suggest that: (1) all IFNaBR ™/~ mice survived infection with 1 x 10% pfu/eye of
LAT-plus virus, while none of the dLAT2903-infected mice survived infection at this dose;
(2) survival was similar in LAT1.5kb and LAT-plus infected mice, while mice infected with
LAT811bp and LAT-minus also showed similar survival, suggesting that increased survival
in LAT-plus and LAT1.5kb viruses requires the first 811 bp of the 1.5 kb LAT; (3) deleting
the v34.5 gene in the absence of LAT increased survival to that of the LAT-plus virus; (4) in
both rabbit skin (RS) and Neuro2A-infected cells, y34.5 expression was significantly higher
in LAT-minus- and dLAT2.6A-infected cells than in LAT-plus- and LAT1.5kb-infected cells;
(5) similar to in vitro results, y34.5, but not gB expression, was higher in TG, brain, and
brainstem of IEN«BR~/~ mice infected with the LAT-minus virus than in those infected
with the LAT-plus virus; and (6) except for y34.5 expression, ICP0, ICP4, and gB expression
were not affected by the presence or absence of LAT in infected RS or Neuro2A cells.
Opverall, the results of this study showed that higher y34.5 expression in the absence of LAT
correlated with higher mortality in infected mice. Despite the presence of anti-apoptotic
LAT functions in the first 811 bp of 1.5 kb LAT, functions in the second half of the 1.5 kb
LAT correlate with higher mortality and higher y34.5 expression in infected mice.
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Figure 1. Construction of HSV—1 recombinant viruses. (A) WT HSV—1 strain McKrae genome in the
prototypic orientation (LAT—plus). TRf, and IRy, represent the terminal and internal (or inverted)
long repeats. TRg and IRg represent the terminal and internal (or inverted) short repeats. Uy, and
Us represent the long and short unique regions, respectively. The solid rectangle represents the
highly stable 2 kb LAT, while the gray arrows represent the ICP35, also known as the y34.5 gene.
The arrow at +1 indicates the start site for LAT transcription. (B) dLAT2903 (LAT —minus) has a
deletion of LAT nucleotides —161 to +1667 relative to the start of LAT transcription in both copies
of LAT. The XXXX indicates no LAT RNA synthesis [11]. (C) dLAT3.3A (LAT1.5kb) was derived
from dLAT2903 by inserting the LAT promoter and DNA, encoding the first 1.5 kb of the 8.3 kb
primary LAT transcript into the unique long region between the UL37 and UL38 genes of HSV—1 [12].
(D) Similar to dLAT3.3A, dLAT2.6A (dLAT—811bp) retains the dLAT2903 deletion in both copies of
LAT and differs from dLAT2903 only in that it contains 811 bp of the 1.5 kb LAT inserted into the viral
unique long region between UL37 and UL38 rather than the normal LAT location. Like dLAT2903
(LAT—minus) and dLAT3.3A (LAT1.5kb), dLAT2.6A (LAT811bp) cannot make LAT transcripts from
the normal LAT location in the viral long repeats. Instead, dLAT2.6A transcribes only the first 811 nt
of the primary 8.3 kb LAT [73]. (E) dLAT2903—vy34.5 null virus does not transcribe LAT or the y34.5
gene [74]. Throughout the study, McKrae, dLAT2903, dLAT3.3A, and dLAT2.6A viruses are referred
to as LAT—plus, LAT—minus, LAT1.5kb, and LAT811bp, respectively.
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Figure 2. Detailed schematic diagram of LAT regions used to make recombinant viruses. WT includes
full-length 2 kb LAT between —161 nt and +1667 nt. The arrow at +1 indicates the start site for LAT
transcription. In dLAT2903, the LAT region between —161 nt and +1667 nt was deleted. In dLAT3.3A
(LAT1.5kb), the LAT region between —161 nt and +1499 nt was deleted. In dLAT2.6A (LAT811bp),
the LAT region between —161 nt and +811 nt was deleted. The effect of LAT on y34.5 expressions are
shown on the right side of figure.

3. Results
3.1. LAT Protects Against Neurovirulence in the Absence of Type-1 Interferons

In numerous studies over the past 40 years, we have infected C57BL/6 mice from
the Jackson Laboratory with McKrae (LAT-plus) and dLAT2903 (LAT-minus) viruses and
observed more deaths in mice infected with the LAT-minus virus than in those infected
with the LAT-plus virus. However, this trend never reached significant differences even
after combining many experiments, which may be because LAT can suppress components
of the IFN pathway in infected mice [23]. To identify contributions of IFNs to our WT mice
observations in the absence of LAT, we infected IFNocBR’/ ~ mice with 1 x 10%,1 x 103, and
1 x 10? pfu/eye of McKrae (LAT-plus) and dLAT2903 (LAT-minus, lacking the 2-kb LAT)
viruses (Table 1) (Figures 1 and 2). The WT C57BL/6 control group was infected with one
dose (1 x 10* pfu/eye) of each virus (Table 1, WT). Survival of ocularly infected mice was
recorded for 28 days. All WT mice infected with 1 x 10* pfu/eye of either LAT-plus or LAT-
minus viruses survived ocular infection (100% survival), while IFNaBR ™/~ mice infected
with the same dose of LAT-plus or LAT-minus did not survive (0% survival) (Table 1). At
a dose of 1 x 103 pfu/eye, 9 of 16 of IFNaBR~/~ mice infected with LAT-plus survived
ocular infection (56% survival), while only 1 of 16 IFN«BR~/~ mice infected with LAT-
minus virus survived ocular infection (6% survival). These differences were statistically
significant (Table 1, 1 x 10%, p < 0.001, Chi-square). At a dose of 1 x 10 pfu/eye, 10 of
10 IFN R~/ mice infected with the LAT-plus virus survived infection (100% survival),
while 0 of 10 IFN«BR~/~ mice infected with the LAT-minus virus survived infection (0%
survival) (Table 1, 1 x 102, p < 0.0001, Chi-square). Thus, despite the higher sensitivity of
IFNoBR ™/~ mice to HSV-1 infection, LAT appears to protect against mortality in infected
mice without inducing type I IFN expression.
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Table 1. Survival of mice infected with different doses of McKrae (LAT-plus) and dLAT2903 (LAT-
minus) viruses.

Survival/Total
PFU/Eye
IFN-apR~/— WT

Virus strain 1 x 104 1 x 103P 1 x 102Pb 1 x 10%P

McKrae o o'\ b o\ b o
(LAT-plus) 0/5(0%) 9/16 (56%) 10/10 (100%) 10/10 (100%)

dLAT2903 o o b o\ b o
(LAT-minus) 0/5 (0%) 1/16 (6%) 0/10 (0%) 10/10 (100%)

2 ITFNafBR~/~ and WT mice were infected ocularly with the specified dose of each virus, and survival was
monitored for 28 days.  Experiments were repeated twice.

3.2. The v34.5 Gene Is Upregulated in the Absence of LAT in LAT-Minus-Infected RS and
Neuro2A Cells in Vitro

LAT-minus-infected IFN«BR~/~ mice that do not express LAT have higher mortality
than LAT-plus infected mice (see Table 1). Because y34.5 has been shown to contribute
to HSV-1 neurovirulence [65], we investigated whether the increased mortality observed
in LAT-minus mice, in the absence of LAT, is associated with y34.5 expression. RS cells
were infected with one pfu/cell of LAT-plus or LAT-minus virus for 24 h, and y34.5
expression was measured using qRT-PCR. We found significantly higher y34.5 expressions
in LAT-minus-infected RS cells than in LAT-plus-infected cells (Figure 3, p = 0.0011, RS
cells). We next asked whether the absence of LAT affects y34.5 expression in Neuro2A
cells infected with viruses that express either LAT-plus or LAT-minus. Similar to RS cells,
v34.5 expression was significantly higher in LAT-minus-infected Neuro2A cells than in
LAT-plus-infected Neuro2A cells (Figure 3, p < 0.05, Neuro2A cells). Despite higher v34.5
expression in both LAT-minus-infected RS and Neuro2A cells than in uninfected cells, y34.5
expression was lower in infected Neuro2A cells than in infected RS cells for both LAT-plus
and LAT-minus viruses. Both of these viruses infect RS cells more efficiently than Neuro2A
cells, suggesting that y34.5 is upregulated in the absence of LAT.

To determine if, similar to y34.5, absence of the LAT sequence affects expression of
other viral genes, levels of LAT, gB, ICP0, and ICP4 expression were measured in infected
RS cells as described above (Figure 3). As expected, LAT expression was only seen in
LAT-plus-infected cells, not in LAT-minus-infected RS cells (Figure 4A, RS cells). In contrast
to v34.5 expression, no differences in gB (Figure 4B, p > 0.05, RS cells), ICPO (Figure 4C,
p > 0.05, RS cells), or ICP4 (Figure 4D, p > 0.05, RS cells) gene expressions were detected in
LAT-plus- and LAT-minus-infected groups. Thus, while the absence of LAT upregulated
v34.5 gene expression, it did not affect gB, ICP0, or ICP4 expression in RS cells. Similar
to RS cells, LAT expression was only detected in LAT-plus-infected Neuro2A cells and
not in LAT-minus-infected cells (Figure 4A, Neuro2A cells). Further, no differences in gB
(Figure 4B, p = 0.2), ICPO (Figure 4C, p = 1), or ICP4 (Figure 4D, p = 0.2) gene expressions
were seen in Neuro2A cells infected with LAT-plus or LAT-minus viruses. These results
show that the absence of LAT did not affect the expression of gB, ICPO0, or ICP4 in infected
RS and Neuro2A cells.
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Figure 3. Effect of LAT on y34.5 expression in vitro. RS and Neuro2A cells were infected with
LAT—plus or LAT—minus viruses at one pfu/cell for 24 h. TRIzol was added to infected-cell lysates,
and total RNA was extracted and amplified by qRT—PCR using y34.5 primers. The 2~22¢T method
was used to calculate fold changes in y34.5 gene expression relative to expression in uninfected
controls. Experiments were repeated twice. Each bar represents the mean + SEM of 6 samples from
two experiments.

Overall, our results with LAT-plus- and LAT-minus-infected cells suggest that the
absence of LAT affects y34.5 expression in both RS- and Neuro2A-infected cells, but not
gB, ICP0, or ICP4 expression. Thus, higher y34.5 expression in vitro correlates with higher
mortality in the absence of LAT.

3.3. Upregulation of v34.5, but Not gB, in the Absence of LAT in the CNS of Infected Mice

In vitro results above (Figures 3 and 4) suggest that the absence of LAT increases y34.5
expression in LAT-minus-infected RS and Neuro2A cells. Because the y34.5 neurovirulence
gene contributes to higher mortality [65,67,68], we next investigated whether the higher
mortality in IFNafR™/~ mice infected with the LAT-minus virus compared to those
infected with LAT-plus virus correlates with increased v34.5 gene expression in the CNS
of infected mice. IFN«BR~/~ mice were infected with 1 x 10% pfu/eye of LAT-minus or
LAT-plus viruses as described above and in Materials and Methods. On days 3 and 5 post
infection (PI), infected mice were sacrificed to collect TG, brains, brainstems, and eyes.
Total RNA was analyzed for v34.5 expression with gB expression as a control (Figure 5). On
day 3 PI, gB, and y34.5 expressions were not detected in the eye, TG, brainstem, or brain
of infected mice. gB and y34.5 expression were both seen in TG, brainstem, and brain of
infected mice (Figure 5). TG of LAT-plus- and LAT-minus-infected mice expressed similar
levels of y34.5 (Figure 5A, p = 0.8, TG), but significantly higher y34.5 expression was seen
in the brainstem (Figure 5A, p = 0.03, brainstem) and brain (Figure 5A, p = 0.01, brain) of
LAT-minus-infected mice than in LAT-plus-infected mice. In contrast, no y34.5 expression
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was detected in the whole eyes from LAT-minus- and LAT-plus-infected mice (Figure 5A,
whole eyes). While gB expression in TG of LAT-plus-infected mice was significantly higher
than in LAT-minus-infected mice (Figure 5B, p = 0.001, TG), gB expression in brainstem
(Figure 5B, p = 0.09, brainstem) and brain (Figure 5B, p = 0.2, brain) of LAT-plus- and LAT-
minus-infected mice was similar. Although y34.5 expression was not detected in whole
eyes from infected mice (Figure 5A), gB was detected in whole eyes of both LAT-plus- and
LAT-minus-infected mice. Differences were not statistically significant (Figure 5B, p = 0.1,
whole eyes). These results suggest that the higher mortality of LAT-minus-infected mice
than LAT-plus-infected mice was due to higher y34.5 expression rather than higher virus
replication in the CNS of infected mice.
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Figure 4. Absence of LAT sequences do not affect expression of gB, ICP0, and ICP4 transcripts in vitro.
Total RNA from infected RS and Neuro2A cells (see Figure 3) was used to measure the expression of
LAT, gB, ICP0, and ICP4 mRNA by quantitative real—time PCR (qQRT—PCR) using specific primer sets
for each gene. Each bar represents the mean &= SEM of 6 samples from two independent experiments.
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Figure 5. y34.5 and gB transcripts in TG, brains, brainstems, whole eyes, and after ocular infection.
IFNaBR~/~ mice were infected ocularly with 1 x 10% pfu/eye of LAT—minus or LAT—plus viruses
as described in Materials and Methods. After mice were euthanized on the indicated days, TG, brains,
brainstems, and whole eyes were removed on days 3 and 5 PI, and homogenized and total RNA
were extracted. y34.5 and gB expression were measured by qRT—PCR and normalized with GAPDH.
Relative gB RNA copy numbers were calculated using standard curves generated from plasmid
pAc-gB1 [75]. The 2722¢T method was used to calculate fold changes in y34.5 gene expression
relative to expression in uninfected controls. Each point represents the mean = SEM of 6 samples
from two independent experiments.
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3.4. Mapping the Neurovirulence Region of LAT That Contributes to Increased Mortality and
v34.5 Upregulation in Infected IFNa R/~ Mice

As described above, our results with LAT-plus and LAT-minus viruses suggested
that the absence of LAT contributes to higher mortality in infected IFNaBR~/~ mice. To
determine which region of LAT contributes to increased neurovirulence in LAT-minus
infected mice, IFNocBR’/ ~ mice were infected ocularly with 1 x 10%,1 x 103, and 1 x 102
pfu/eye of dLAT3.3A (expressing 1.5 kb of LAT) and dLAT2.6A (expressing the first 811
bp of 1.5 kb LAT) viruses, and WT C57BL/6 control mice were infected only with 1 X 10%
pfu/eye of each virus (Table 2) (Figures 1 and 2). Survival of ocularly infected mice was
recorded for 28 days. All WT mice infected with 1 x 10* pfu/eye of LAT1.5kb or LAT811bp
viruses survived ocular infection, while 100% of IEFNaBR~/~ mice infected with the same
dose of these viruses died (Table 2, 1 x 10* pfu/eye). Ata dose of 1 x 10% pfu/eye, 3 of 9
(33%) mice infected with LAT1.5kb survived ocular infection, while 0 of 8 infected with
LAT811bp survived ocular infection. These differences were statistically significant (Table 2,
1 x 103, p < 0.05, Chi-square). Ata dose of 1 x 10 pfu/eye, 9 of 9 (100%) mice infected with
LAT1.5kb survived infection, while 10 of 10 (100%) mice infected with the LAT811bp virus
died (Table 2, 1 x 10? pfu/eye, p < 0.001, Chi-square). Thus, in contrast to the LAT-plus
virus, which expresses two copies of LAT, the ability of LAT1.5kb and LAT811bp viruses,
which express only one copy of LAT, to protect against mortality is located after the 811 bp
of the 1.5 kb LAT.

Table 2. Survival of mice infected with recombinant viruses containing truncated regions of 2 kb LAT.

Survival/Total
PFU/Eye
IFN-afR~/~ WT

Virus strain 1 x 10 1% 10° 1 x 10? 1 x 10
dLAT3.3A . o b o b o
(LAT1.5kb) 0/5 (0%) 3/9 (33%) 9/9 (100%) 5/5 (100%)
dLAT2.6A . b b o
(LATS11bp) 0/5 (0%) 0/8 (0%) 0/10 (0%) 5/5 (100%)
dLAT2903-

y34-5null 0/5 (0%) 2/5 (40%) 5/5 (100%) 5/5 (100%)
(LAT-y34.5

minus)

2 IFNaBR~/~ and WT mice were infected ocularly with the specified dose of each virus and survival was
monitored for 28 days. P Experiments were repeated twice.

3.5. v34.5 Gene Is Upregulated in the Absence of the Second Half of LAT in LAT811bp-Infected RS
and Neuro2A Cells In Vitro

Survival studies reported in Table 2 for LAT1.5kb and LAT811bp showed that
LAT1.5kb behaves like the WT McKrae virus (LAT-plus), while LAT811bp behaves like the
LAT-minus virus. To determine if truncated LAT sequences affect y34.5 expression, RS cells
were infected with LAT811bp or LAT1.5kb viruses as described above, and y34.5 expression
was determined in LAT1.5kb- and LAT811bp-infected RS cells. Similar to the LAT-minus
virus described above (Figure 3), y34.5 expression was higher in LAT811bp-infected RS
cells than in LAT1.5kb-infected cells (Figure 6, p < 0.05). To evaluate y34.5 expression
in Neuro2A cells, they were infected with LAT1.5kb or LAT811bp viruses for 24 h, and
v34.5 transcripts were measured by qRT-PCR. y34.5 expression was significantly higher
in LAT811bp-infected Neuro2A cells than in LAT1.5 kb-infected cells (Figure 6, p = 0.003),
suggesting that LAT811bp behaves like LAT-minus, with the LAT region involved in up-
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regulating y34.5 and higher mortality located after bp 811 of the 1.5 kb LAT. However, in
contrast to higher y34.5 expression in RS cells infected with LAT-plus and LAT-minus than
in Neuro2A cells (Figure 3), y34.5 expression was similar in RS and Neuro2A cells infected
with LAT1.5kb and LAT811bp.

p<0.05 p<0.05

LAT811bp LAT1.5kb LAT811bp LAT1.5kb
RS cells Neuro2A cells

Figure 6. Effects of truncated LAT on y34.5 expression. RS and Neuro2A cells were infected with
1 pfu/cell of LAT811bp or LAT1.5kb viruses. Infected cells were collected at 24 h PI, total RNA
was extracted, and qRT—PCR was performed to quantify y34.5 RNA levels. Results are shown as
mean + SEM of 6 samples from two separate experiments.

Expression levels of LAT, gB, ICP0, and ICP4 transcripts from RS and Neuro2A cells
infected with LAT1.5kb and LAT811bp viruses were also determined by qRT-PCR. As
expected, LAT expression was higher in RS cells infected with the LAT1.5kb virus than with
the LAT811bp virus (Figure 7A, p < 0.0001, RS cells). Although expressions of gB (Figure 7B,
p = 0.2, RS cells) and ICP4 (Figure 7D, p = 0.6, RS cells) did not differ, ICPO expression
was significantly higher in RS cells infected with LAT811bp than in LAT1.5kb-infected RS
cells (Figure 7C, p = 0.03, RS cells). Similar to RS cells, LAT expression was also higher in
Neuro2A cells infected with the LAT1.5kb virus than with the LAT811bp virus (Figure 7A,
p < 0.0001, Neuro2A cells). Expressions of gB (Figure 7B, p < 0.0001, Neuro2A cells) and
ICP4 (Figure 7D, p < 0.003, Neuro2A cells) were significantly higher in LAT811bp-infected
Neuro2A cells than in LAT1.5kb-infected cells. In contrast, ICP0 expression did not differ
significantly in Neuro2A cells infected with LAT1.5kb or LAT811bp viruses (Figure 7C,
p = 0.3, Neuro2A cells).
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Figure 7. Effects of truncated LAT on expression of gB, ICP0, and ICP4 transcripts. Total RNA
from RS and Neuro2A cells infected with LAT811bp or LAT1.5kb viruses (see Figure 5) was used
to measure gene expression of LAT, gB, ICP0, and ICP4 by quantitative real-time PCR (qQRT—PCR).
Each bar represents the mean = SEM of 6 samples from two separate experiments.

3.6. Upregulation of y34.5 in the Absence of LAT Affects Survival in Infected Mice

The above results using both in vivo and in vitro experiments suggest that LAT sup-
pression of y34.5 expression reduces death in IFNaR~/~ mice. As a proof of concept,
IFNaBR~/~ mice were infected with 1 x 10%,1 x 10%,and 1 x 10% pfu/eye of a recombi-
nant virus lacking both LAT and y34.5 genes (dLAT2903-y34.5null). Similar to the results
with LAT-plus viruses shown in Tables 1 and 2, at 1 x 10* pfu/eye all infected mice died,
at 1 x 103 pfu/eye 40% (2 of 5) of infected mice survived, while at 1 x 10? pfu/eye all
infected mice survived (Table 2, dLAT2903-y34.5null virus). These results confirm our
overall hypothesis that LAT contributes to higher expression of the y34.5 neurovirulence
gene, thus increasing mortality in infected IFNBR ™/~ mice.

4. Discussion

Previous studies have reported that HSV-1 LAT is expressed in both acute and latent in-
fections and has multiple functions, including (1) suppressing the expression of lytic genes,
such as the immediate early genes ICP0 and ICP4 [56,76]; (2) enhancing latency reactivation
in an infected host [11]; (3) anti-apoptotic functions that contribute to enhancing latency
reactivation [14-20]; (4) downregulating the type-1 IEN pathway during latency [23,77];
(5) encoding two sncRNAs that interact with HVEM and affect latency reactivation in
infected hosts [78-80]; and (6) encoding multiple microRNAs, but their contributions to
HSV-1 pathogenesis are unclear [81-84]. However, the role of LAT in neurovirulence in the
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absence of antiviral immunity remains unclear. Thus, in this study, we evaluated the effects
of LAT on HSV-1 infectivity using IFNaBR~/~ mice, which lack type-1 IFN responses,
along with HSV-1 recombinant viruses that either lack LAT or express different regions of
LAT in vivo and in vitro.

The increased mortality in IFN«BR~/~ mice infected with the LAT-minus (dLAT2903)
virus, even at 1 x 102 pfu/eye, suggested the importance of LAT in protecting against
increased mortality in the absence of type I IEN. Increased mortality in LAT-minus-infected
IFNaBR~/~ mice correlated with higher v34.5 expression in the TG, brain, and brainstem
than that in LAT-plus-infected mice. However, similar gB expression in LAT-plus- and
LAT-minus-infected mice suggested that higher mortality is associated with increased
expression of the y34.5 neurovirulence gene rather than higher virus replication in LAT-
minus-infected mice. These results indicate that LAT may prevent enhanced y34.5 and
host innate immune responses in the absence of type-1 IFN expression. Thus, the higher
expression of the y34.5 gene, a major neurovirulence gene, could contribute to higher
mortality in the absence of LAT expression. Conversely, the absence of y34.5 may make
the virus less neurovirulent in the infected host [65,67,68]. Herpes simplex encephalitis
(HSE) is the most common form of viral encephalitis caused by HSV-1, and in this study,
despite similar levels of gB expression in the CNS of infected mice, all infected mice in the
LAT-minus and LAT811bp groups died between days 6 and 7 with a hunched posture and
minimal movement, typical symptoms of HSE. Thus, since type-1 IFN has both antiviral
and anti-inflammatory functions, the higher mortality in the absence of LAT could be due
to increased inflammatory responses in infected mice, as well as higher y34.5 expression.
Similar to our in vivo results in RS and Neuro2A cells, y34.5 expression was higher in the
absence of 2 kb LAT and in the absence of the second half of 1.5 kb LAT. Our in vitro and
in vivo results suggest that higher y34.5 expression correlates with the absence of 2 kb
LAT or truncated LAT. However, ICP0, ICP4, and gB expressions were not affected by
the presence or absence of LAT, suggesting that higher y34.5 expression is independent
of other viral transcripts both in vivo and in vitro. To confirm our in vitro results that
higher y34.5 expression was associated with more mortality in infected mice, we looked
at survival in mice lacking both LAT and y34.5 expression. As expected, and in contrast
to the LAT-minus—y34.5-plus virus, all mice infected with LAT-minus and y34.5-minus
viruses survived infection with 1 x 102 pfu/eye of the infected virus, suggesting that
LAT affects y34.5 expression and thus neurovirulence. HSV-2 has been reported to target
v34.5 expression by producing the viral microRNA, which is expressed from the LAT exon
2 [85]. These authors concluded that the microRNA was abundantly detected in the ganglia
of latently infected guinea pigs and was shown to reduce y34.5 expression specifically.
Additionally, microRNAs generated from the HSV-2 LAT region and microRNAs produced
from LAT that target y34.5 expression were conserved in HSV-1 [85]. Thus, similar to the
HSV-2 study, our results from the current HSV-1 study showed that the absence of 2 kb LAT
in the LAT-minus virus increased the suppressive effects of LAT on y34.5 expression in vitro
and, by extension, increased mortality in vivo, possibly due to increased inflammation
and/or cytokine storm.

Both LAT and y34.5 are located in long repeats of the HSV-1 genome and therefore
are present in two copies per genome [66]. The primary LAT transcript is 8.3 kb, and gives
rise to a family of LAT RNAs (LATs), including a very stable 2 kb LAT that appears to be
an intron spliced from the primary transcript [7,8,86]. The LAT-minus (dLAT2903) virus,
which lacks the 2 kb stable LAT, has less latency and reactivation in rabbits and mice [11,73],
and has more apoptosis [14] than the WT McKrae (LAT-plus) virus. We have shown
that expressing the first 1.5 kb of the 2 kb LAT is sufficient for WT levels of spontaneous
reactivation using the LAT1.5kb recombinant virus, even when the virus expresses only
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one copy of an LAT fragment [12]. This recombinant virus completely restored WT levels
of spontaneous reactivation to the LAT1.5kb mutant virus. Later, it was shown that the
spontaneous reactivation function of LAT is within the first 811 bp of the 1.5 kb LAT (i.e.,
dLAT2.6A virus) [73]. In our current study to fine map the region of LAT that contributes to
increased y34.5 expression in both RS and Neuro2A cells, we infected these two cell types
with LAT1.5kb and LAT811bp viruses. Our results showed that the ability of LAT1.5kb
to reduce v34.5 expression was similar to that of WT McKrae (LAT-plus). In contrast,
the ability of LAT811bp to upregulate y34.5 expression was identical to the dLAT2903
(LAT-minus) virus. These results suggest that the LAT region involved in increasing y34.5
expression in vitro and increasing mortality in infected mice is located in the second half of
the 1.5 kb LAT. Previously, it was shown that anti-apoptotic LAT functions are located in the
first 811 bp of LAT [12,14,73]. Thus, higher mortality in LAT-minus viruses is independent
of LAT anti-apoptotic function. LAT has been shown to play a role in heterochromatin
assembly, and a mutant virus lacking the 1.8 kb LAT region showed reduced levels of
H3K27me3 and H3K9me3 during latency [87]. However, the effect of various LAT mutant
viruses in the absence of type-1 IFN during primary infection may not be associated with
histone modifications. HSV-1 encodes at least 16 microRNAs (miRNAs) [81], while there
are at least 6 miRNAs within the 8.3 kb LAT, but no miRNA is detected within the 2 kb
LAT [88]. Thus, miRNAs do not play any role in higher mortality in the absence of stable
LAT in infected mice.

In the absence of LAT, increased mortality in mice infected with the LAT-minus virus
was associated with higher y34.5 expression in the CNS of infected mice. This increased
mortality occurred despite similar levels of gB transcript in the CNS of LAT-minus and
LAT-plus-infected mice, suggesting that increased mortality is associated with the increased
expression of the y34.5 neurovirulence gene. In this study, we also demonstrated that,
similar to LAT-plus-infected mice, in the absence of both the LAT and y34.5 genes, all
infected mice survived ocular infection. In our study, the presence of LAT affected y34.5
gene expression in the absence of type-1 IFN in mice infected with dLAT2903 (LAT-minus)
but not in McKrae (LAT-plus)-infected mice. These results indicate that LAT plays an addi-
tional role during HSV-1 infection. In terms of the host responses [22,23,89-95], published
studies have generated compelling evidence that, in contrast to T cells, macrophages, IFNY,
and DCs, LAT modulates the effects of type-I IFN response in infected mice. These results
are in line with the current studies that show type-1 IFN knockout mice are more sensitive
to infection with LAT-minus viruses than LAT-plus WT McKrae virus.

In conclusion, the results of this study establish a new role for LAT in regulating
type-1 IFN and, consequently, the v34.5 neurovirulence gene. Collectively, the absence
of LAT enhanced y34.5 expression in vitro, indicating that LAT plays a protective role
in vivo. As a result, the absence of LAT led to higher y34.5 expression, which consequently
increased mortality in infected mice. Using a series of recombinant viruses that lack LAT or
contain truncated parts of LAT in this study, we report that the second half of the 1.5 kb
LAT increased both mortality and y34.5 expression in infected mice. The importance of
v34.5 upregulation in the absence of LAT was further confirmed using a recombinant virus
lacking both LAT and y34.5 expression. To recap, this report’s results suggest a synergistic
role of LAT and y34.5 in HSV-1 infection, as well as enhanced neurovirulence in the absence
of type-1 IFN encoded within the second half of the 1.5 kb LAT. Despite the seriousness of
the recurrence of HSV-1 and the potential cause of the development of life-threatening HSE,
there are currently no FDA-approved medical countermeasures or therapeutic strategies
available to suppress the neuropathogenesis of HSV-1. Thus, the new findings of this study
highlight the critical need for the development of alternative approaches to prevent the
recurrence of HSE associated with HSV-1. Therefore, the discovery of a new crucial feature
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of LAT participating in the regulation of neuropathogenesis of HSV-1 is a necessary first step
in developing strategies for prevention or therapeutics for the devastating HSV-1-associated
neurological disease.

5. Materials and Methods
5.1. Ethics Statement

All animal procedures were performed in strict accordance with the Association for
Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research and the NIH Guide for the Care and Use of Laboratory Animals (ISBN
0-309-05377-3). Animal research protocols were approved by the Institutional Animal Care
and Use Committee of Cedars-Sinai Medical Center (Protocols #8837).

5.2. Structure of Recombinant Viruses

HSV-1 McKrae (LAT-plus) was used as the parental virus to construct all recombinant
viruses used in this study [11,12,17,73,74]. Schematic diagrams of WT McKrae and detailed
construction of the four McKrae-derived recombinant viruses are shown in Figures 1 and 2
and described in the Figures 1 and 2 legends.

5.3. Cell Lines and Mice

Plaque-purified HSV-1 strains of the McKrae and McKrae-derived recombinant viruses
were grown in rabbit skin (RS) cell monolayers in minimal essential medium (MEM)
containing 5% fetal bovine serum (FBS), as described previously [11,96]. Neuro2A cells
(CCL 131, American Type Culture Collection) were maintained in Dulbecco’s modified
Eagle medium (DMEM) with 10% FBS. Neuro2A has competent interferon responses
and, as they are susceptible to HSV-1 infection, they play a crucial role in regulating the
expression of IFN-«/ 3 genes, thereby generating an antiviral response. Neuro2A cells were
used for these studies because we previously found that LAT had a positive effect on cell
survival in these cell lines and are used as a representative tissue culture of neuronal type
cell for studying LAT’s effect on apoptosis. These cell lines serve as a model to investigate
how LAT’s anti-apoptotic function, a key aspect of immune evasion by viruses such as
Herpes Simplex Virus, is manifested at the cellular level. Neuro2a cells synthesize large
amounts of microtubules, which are involved in various neuronal processes, such as axonal
transport and neuronal development. This makes them useful for studying how proteins
like LAT might influence these processes. RS is a primary rabbit skin cell line, and HSV-1
grows on them very efficiently. Type-1-interferon-receptor-deficient (IFNaBR~/~) mice
(6-8 weeks of age, both sexes) in the C57BL/6 background and WT C57BL/6 mice were
purchased from the Jackson Laboratory (Bar Harbor, ME) and bred in-house.

5.4. Ocular Infection and Survival of Infected Mice

Mice were randomly infected ocularly with 1 x 10%, 1 x 103, and 1 x 10% pfu/eye of
each virus. A total of 129 IFN«f3R-/- and 41 WT C57BL/6 mice were used in the study,
and the number of mice per dose of infection ranged from 5 to 16 mice. Each virus was
suspended in 2 uL of tissue culture media and administered as an eye drop without prior
corneal scarification. All IFN«xBR™/~ mice infected with LAT-minus viruses died by day
10 post infection. We also performed eye swabs in mice infected with 100 pfu/eye of each
virus, but no infectious virus was detected by standard plaque assay in the eyes of infected
mice. However, viral transcripts in the eye, TG, brain, and brainstem of infected mice are
described below.
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5.5. In Vitro Infection of RS and Neuro2A Cells

RS and Neuro2A cell monolayers were infected with 1 pfu/cell of LAT-plus, LAT-
minus, LAT1.5kb, or LAT811bp for 24 h. TRIzol (Qiagen, Hilden, Germany) was added to
infected cell lysates, and cells were harvested and stored at —80 °C until processing.

5.6. RNA Extraction, cDNA Synthesis, and TagMan RT-PCR

Isolation and purification of total RNA from infected RS and Neuro2A cell lysates
described above were performed using RNeasy columns (Qiagen, Hilden, Germany)
as we described previously [97,98]. Following RNA extraction, 700 ng of total RNA
was reverse-transcribed using random hexamer primers and murine leukemia virus re-
verse transcriptase using a high-capacity cDNA reverse transcription kit (Applied Biosys-
tems, Foster City, CA, USA). Quantitative real-time PCR (qRT-PCR) was performed
using the TagMan gene expression assay kit in 384-well plates on an ABI QuantStu-
dio 5 (Applied Biosystems, Forster City, CA, USA). Expression of LAT, gB, ICP0, and
ICP4 were determined using the following custom-made primers and probes: (1) y34.5-
specific primers: forward 5-GGGCTGACCCCTCCCA-3', reverse 5'-TGCTCCGCGGTGACG-
3/, probe 5'-6-carboxyfluorescein [FAM]-CCCCTCGCGCCCCT-3' (amplicon length, 83 bp).
(2) LAT primers and probe: forward 5-GGGTGGGCTCGTGTTACAG-3'; reverse 5'-
GGACGGGTAAGTAACAGAGTCTCTA-3'; probe 5'-FAM-ACACCAGCCCGTTCTTT-3' (am-
plicon length =81 bp). (3) dLAT2.6A-specific primers: TagMan Assay ID: APWCIMM. (4) gB-specific
primers: forward 5-AACGCGACGCACATCAAG-3, reverse 5'-CTGGTACGCGATCAGAAAGC-
3/, probe 5'-6-carboxyfluorescein [FAM]-CAGCCGCAGTACTACC-3'; (5) ICPO-specific
primers: forward 5'-CGGACACGGAACTGTTCGA-3'; reverse 5'-CGCCCCCGCAACTG-
3’; probe 5-FAM-CCCCATCCACGCCCTG-3'. and (6) ICP4-specific primers forward,
5'-GCGTCGTCGAGGTCGT-3, reverse 5-CGCGGAGACGGAGGAG-3'; probe, 5'-FAM-
CACGACCCCGACCACC-3' (amplicon length, 69bp). Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) primers (ASSAY 1.D. m999999.15_G1; amplicon length, 107 bp;
Applied Biosystems) were used as an internal control in all experiments.

5.7. Isolation of RNA from TG, Brainstem, Brain, and the Whole Eye of Infected Mice

IFN&BR ™/~ mice were infected ocularly in both eyes with 1 x 10? pfu/eye of HSV-1
strain LAT-plus or LAT-minus viruses as described above. On days 3 and 5 PI, mice were
euthanized and the TG, brainstems, brains, and whole eyes were isolated and homogenized
individually as we have described previously [97,99,100]. Following RNA extraction,
700 ng of total RNA was reverse-transcribed as we described above. Primers and probes
used to determine expression levels of y34.5 and gB are described above.

5.8. Statistical Analysis

Student’s t tests, one-way analysis of variance (ANOVA), and Tukey’s multiple com-
parison tests were performed using the computer program Instat (GraphPad, San Diego,
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CA, USA). Results were considered statistically significant when the “p” value was <0.05.
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