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ABSTRACT Following acute infection, herpes simplex virus 1 (HSV-1) establishes lifelong
latency in neurons. The latency associated transcript (LAT) is the only viral gene abundantly
expressed during latency. Wild-type (WT) HSV-1 reactivates more efficiently than LAT
mutants because LAT promotes establishment and maintenance of latency. While sensory
neurons in trigeminal ganglia (TG) are important sites for latency, brainstem is also a site
for latency and reactivation from latency. The principal sensory nucleus of the spinal trigem-
inal tract (Pr5) likely harbors latent HSV-1 because it receives afferent inputs from TG.
The locus coeruleus (LC), an adjacent brainstem region, sends axonal projections to cortical
structures and is indirectly linked to Pr5. Senescent cells accumulate in the nervous system
during aging and accelerate neurodegenerative processes. Generally senescent cells un-
dergo irreversible cell cycle arrest and produce inflammatory cytokines and chemokines.
Based on these observations, we hypothesized HSV-1 influences senescence and inflamma-
tion in Pr5 and LC of latently infected mice. This hypothesis was tested using a mouse
model of infection. Strikingly, female but not age-matched male mice latently infected with
a LAT null mutant (dLAT2903) exhibited significantly higher levels of senescence markers
and inflammation in LC, including cell cycle inhibitor p16, NLRP3 (NOD-, LRR- and pyrin do-
main-containing protein 3), IL-1¢q, and IL-B. Conversely, Pr5 in female but not male mice
latently infected with WT HSV-1 or dLAT2903 exhibited enhanced expression of important
inflammatory markers. The predilection of HSV-1 to induce senescence and inflammation in
key brainstem regions of female mice infers that enhanced neurodegeneration occurs.

IMPORTANCE HSV-1 (herpes simplex virus 1), an important human pathogen, establishes
lifelong latency in neurons in trigeminal ganglia and the central nervous system. In contrast
to productive infection, the only viral transcript abundantly expressed in latently infected
neurons is the latency associated transcript (LAT). The brainstem, including principal sensory
nucleus of the spinal trigeminal tract (Pr5) and locus coeruleus (LC), may expedite HSV-1
spread from trigeminal ganglia to the brain. Enhanced senescence and expression of key
inflammatory markers were detected in LC of female mice latently infected with a LAT null
mutant (dLAT2903) relative to age-matched male or female mice latently infected with
wild-type HSV-1. Conversely, wild-type HSV-1 and dLAT2903 induced higher levels of senes-
cence and inflammatory markers in Pr5 of latently infected female mice. In summary,
enhanced inflammation and senescence in LC and Pr5 of female mice latently infected
with HSV-1 are predicted to accelerate neurodegeneration.

KEYWORDS brainstem, HSV-1, LAT, immune senescence, inflammation, latency

ollowing herpes simplex virus 1 (HSV-1) acute infection of craniofacial mucosal
surfaces, latency is established in neurons. For example, sensory neurons within tri-
geminal ganglia (TG) are a major site for latency (reviewed in 1, 2). Furthermore,
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FIG 1 Schematic of mouse brain, TG, and brainstem. (A) Sagittal section showing mouse brain, TG, LC, and Pr5.

(B) Coronal section of mouse brain and location of LC and Pr5 in brainstem.

neurons within the central nervous system also harbor viral DNA during latency (3-6).
In contrast to productive infection of cultured cells, abundant viral protein expression
and infectious virus are not readily detected during latency. The only abundantly
expressed viral transcript expressed during latency is the latency-associated transcript
(LAT) (1, 2). LAT is considered to be a noncoding RNA (2) because it expresses an unsta-
ble 8.3 kb transcript, a stable intron, six micro-RNAs, two small noncoding RNAs, and 3
transcripts antisense to the major LAT. LAT products promote lifelong latency by inhib-
iting apoptosis (7, 8), promoting neuronal differentiation (9, 10), and impairing produc-
tive infection (11, 12). Genes that inhibit apoptosis can substitute for LAT and restore
wild-type reactivation levels (13-15), confirming that the anti-apoptosis functions of
LAT are crucial for the latency-reactivation cycle. The latency-reactivation cycle is
operationally divided into three distinct steps: establishment, maintenance, and reacti-
vation (1, 2). In general, LAT promotes establishment and maintenance of latency (1, 2,
16): consequently, a pool of latently infected neurons can support reactivation from la-
tency in small animal models of infection.

HSV-1 encephalitis (HSE) has a predilection for temporal and frontal lobes but can
also affect the brainstem (17-20). Approximately 2/3 of HSE cases are due to reactiva-
tion from latency (21), which increases morbidity and reduces the effectiveness of anti-
viral treatment (22-24). Some patients with a predisposition of encephalitis in the
brainstem have mutations in the debranching RNA lariats 1 gene (DBR1), the only RNA
lariat debranching enzyme that has been identified (25). This study also revealed that
cells expressing the DBRT mutation are more susceptible to HSV-1 infection.

In mouse models of HSV-1 infection, brainstem is a significant site for viral replication
and reactivation from latency (3, 26, 27). Previous studies used the entire brainstem for
their studies and did not focus on brainstem regions that have synaptic connections with
TG. For example, the principal sensory nucleus of the spinal trigeminal tract (Pr5) receives
afferent projections from trigeminal ganglia (TG) (see Fig. 1A and B, for schematic), sug-
gesting HSV-1 readily spreads to this brainstem region. Synaptic connections exist between
the locus coeruleus (LC) and the spinal trigeminal tract, which contains Pr5 (28), suggesting
synaptic projections of LC are indirectly linked to TG. Notably, LC projections reach all parts
of the brain except basal ganglia (29). Furthermore, LC is the principal site for norepineph-
rine synthesis in the brain, and primarily contains medium-sized neurons with melanin
granules (30). Conversely, Pr5 contains many motor neurons (31). Threatening or stressful
stimuli trigger norepinephrine release from LC and adrenal production of glucocorticoids,
including cortisol (32, 33). These observations are relevant because HSV-1 productive
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FIG 2 Comparison of senescence in LC of mice latently infected with HSV-1 versus uninfected controls. Representative images of SA-
B-Gal staining showing positive cells in the LC of the brainstem in females (top panel) versus males (bottom panel). Age-matched
uninfected mice were compared to mice latently infected with wild-type HSV-1 (McKRae strain) or dLAT2903 (dLAT).

infection and reactivation from latency are enhanced by stress, as mimicked by the syn-
thetic corticosteroid dexamethasone (34, 35).

Based on the observations discussed above, the objectives of this study were
focused on addressing two questions: (i) Does HSV-1 influence senescence and neuro-
inflammation in Pr5 and LC brainstem regions; and (ii) Does LAT influence virus—host
interactions in Pr5 and LC? The logic for comparing the effects of a LAT null mutant
and that of wild-type (WT) HSV-1 is that LAT mediates the latency-reactivation cycle by
enhancing survival of infected neurons.

RESULTS

HSV-1 enhances senescence in the locus coeruleus of female mice. Initial studies
examined senescence in Pr5 and LC in 8-week-old C57BL/6 mice latently infected with
a neurovirulent strain of HSV-1 (McKrae strain) or a LAT null mutant (dLAT2903).
Cellular senescence is a multistep process by which proliferating cells, but generally
not neurons, undergo irreversible growth arrest and resistance to apoptosis (reviewed
in 36, 37). Senescence is induced by cellular damage or stress: for example, telomere
shortening, epigenetically induced senescence, oxidative stress, oncogene activation,
unresolved DNA damage, or mitochondrial dysfunction. Interestingly, many senescent
cells secrete proinflammatory proteins that produce chronic inflammation (reviewed in 38).
A recent study demonstrated glial cells are more likely to senesce during the aging process
(39). A senescence-associated (SA) B-gal staining procedure was used for these initial stud-
ies because it is a reliable method to identify senescent cells in tissue (40). When compared
to LC from brainstems of uninfected female (Fig. 2A) and male mice (Fig. 2D), SA B-gal
staining was clearly detected in LC of male and female mice latently infected with WT HSV-
1 (Fig. 2B and E). Approximately 40 times more B-gal+ cells were detected in LC of female
mice latently infected with dLAT2903 (Fig. 2C) when compared to LC from uninfected
mice. The number of SA B-gal+ cells in LC of female mice latently infected with dLAT2903
was approximately 2 times higher than LC of female mice latently infected with WT HSV-1.
In LC of male mice latently infected with dLAT2903, there were approximately 20-fold
more SA B-gal+ cells relative to uninfected mice. However, the difference between
dLAT2903 versus WT HSV-1 was not as dramatic in LC of latently infected male mice.

In contrast to LC, SA -gal staining was not as pronounced in Pr5 of female or male
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FIG 3 Comparison of senescence in Pr5 of mice latently infected with HSV-1 versus uninfected controls. Representative images of SA-
B-Gal showing positive cells in the Pr5 of the brainstem in females (top panel) versus males (bottom panel). Age-matched uninfected

mice were compared to mice latently infected with wild-type HSV-1 (McKRae strain) or dLAT2903 (dLAT).

mice latently infected with WT or dLAT2903 (Fig. 3). However, there appeared to be
slightly more SA B-gal+ cells in female or male mice latently infected with dLAT2903.
These findings revealed WT HSV-1 and dLAT2903 preferentially induced senescence in
the LC brainstem region of female mice and to a lesser extent in LC of male mice.

HSV-1 increases expression of key senescence markers in the LC of female
mice. Additional studies measured RNA levels of cellular genes (p16, p21, and p53) that medi-
ate senescence. The p16 and p53 genes encode proteins that inhibit cell cycle progression,
and these proteins are tumor suppressors. Hence, these genes are reliable markers for the se-
nescence phenotype (41, 42). Consequently, we tested whether HSV-1 (WT or dLAT2903)
induced expression of p16 or p21/p53. In females latently infected with WT HSV-1, there was
an approximately 20-fold increase in p16 mRNA expression in the Pr5 region, but only a 3-fold
increase in Pr5 of female mice latently infected with dLAT2903 (Fig. 4). Significant increases in
p21 or p53 RNA levels were not detected in Pr5 of male or female mice latently infected with
WT or dLAT2903.

In LC of female but not male mice latently infected with dLAT2903, there was a
striking 87-fold increase in p16 mRNA expression compared to a 10-fold increase with
WT virus. Significant increases of p21 mRNA expression in LC were not identified in
male or female mice latently infected with WT or dLAT2903. p53 RNA levels were sig-
nificantly upregulated in LC of female, but not male, mice latently infected with
dLAT2903. It was surprising to find that p53, but not p21, was stimulated in LC of
female mice latently infected with dLAT2903, because the p21 promoter is transacti-
vated by p53 (43). The ability of p53 to transactivate the p21 promoter, versus the Bax
or Fas promoter, is dependent on tissue- and cell-specific factors (44). For example, the
monocytic leukemia zinc finger (MOZ) transcriptional coactivator must interact with
p53 to activate p21 expression (45), confirming p53 expression can increase dramati-
cally but not activate p21 expression. In summary, these findings confirmed HSV-1
selectively induced senescence in LC of female mice latently infected with dLAT2903,
as judged by significant increased levels of p16 and p53 mRNA. These studies also
revealed that dLAT2903 preferentially induced senescence in LC of latently infected
female mice whereas dLAT2903 or WT HSV-1 induced expression of key senescence
genes in Pr5.
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FIG 4 Effects of HSV-1 latent infection on senescence in Pr5 or LC. Eight-week-old mice (males and females) were infected with ~2 x 10° infectious virus
particles as described in Materials and Methods. We compared gene expression between uninfected mice (U) and those infected with wild type (WT;
McKRae strain) or dLAT2903 (dLAT) using primers described in Table 1. Gene expression changes in senescence markers p16, p21, or p53 were examined
(n = 3-4 mice/group). * denotes significant difference (P < 0.05) between uninfected aged mice; ® denotes significant difference (P < 0.05) between WT.

Preferential increase of NLRP3 expression in LC of female mice latently infected
with dLAT2903. NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3) RNA lev-
els were examined because this mRNA is translated into an intracellular sensor that
detects pathogen associated molecular patterns (PAMPS) and damage associated mo-
lecular patterns (DAMPS), which can activate the NLRP3 inflammasome (reviewed in
46) (Fig. 5A). In addition to activation by viral infections (47, 48), NLRP3 activation cor-
relates with functional decline during aging, including Alzheimer’s disease (AD), inter-
feron-alpha induction (IFN-a), and increased levels of reactive oxygen species (ROS)
(46). NLRP3 inflammasome activation leads to caspase 1-dependent release of proin-
flammatory cytokines, interleukin 1 beta (IL-1), and IL-18, for example, and gasdermin
d-mediated pyroptotic cell death, a pro-inflammatory form of cell death. Strikingly,
NLRP3 RNA expression was significantly upregulated in the Pr5 region of female mice
latently infected with WT or dLAT2903 but not in age-matched males or uninfected
mice (Fig. 5B). Female mice latently infected with dLAT2903, but not WT HSV-1, exhib-
ited a significant increase in NLRP3 RNA expression (approximately 30-fold increase) in
LC. In male mice latently infected with dLAT2903, a modest but significant increase in
NLRP3 expression was detected in LC (Fig. 5B).

Preferential increase of senescence-associated secretory phenotype expression
in latently infected female mice. Senescent cells can affect neighboring cells in a para-
crine manner through the senescence-associated secretory phenotype (SASP; Fig. 1A) (41).
For example, interleukin-1 alpha (IL-1a), IL-13, and tumor necrosis factor alpha (TNF-«) are
key SASP and inflammatory markers. Since NLRP3 RNA levels were preferentially increased
in Pr5 and LC of female mice (Fig. 5), we predicted IL-1« and IL-18 would also be increased
in latently infected female mice but to a lesser degree in males. Monocyte chemoattractant
protein-1 (MICP1), another SASP factor, is an important chemokine that regulates migration
and infiltration of monocytes/macrophages (reviewed in 49), and was also examined.

To test these predictions, male and female C57BL/6 mice were infected with WT
HSV-1 or dLAT2903 and mRNA levels of the denoted SASP factors examined. IL-1«
mRNA levels were significantly increased in Pr5 of female mice latently infected with
WT HSV-1 when compared to males or females latently infected with dLAT2903 and
uninfected mice (Fig. 6). IL-13, TNF-&, and MCP1 mRNA levels were also significantly
higher in Pr5 of female mice latently infected with WT or dLAT2903.
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FIG 5 Effects of HSV-1 latent infection on NLRP3 expression in Pr5 or LC. (A) Schematic of key events
leading to NLRP3 activation and the resulting inflammation. (B) NLRP3 RNA expression (n = 3-4
mice/group) was examined using primers described in Table 1. Expression was compared between
uninfected mice (U) and those infected with WT HSV-1 (McKRae strain) or dLAT2903 (dLAT). *
denotes significant difference (P < 0.05) between uninfected aged mice; ® denotes significant
difference (P < 0.05) between WT.

In contrast to the results observed in Pr5, IL-1¢, IL-13, and TNF-a RNA levels were sig-
nificantly increased in LC of female mice latently infected with dLAT2903 but not WT HSV-
1. Conversely, MCP-1 RNA levels were not significantly different in LC of uninfected males
or females or latently infected males or females. Collectively, these studies revealed that
expression of inflammatory cytokines (IL-1¢, IL-13, and TNF-a) were detected in LC of
female mice latently infected with dLAT2903. Except for IL-1a, WT HSV-1 and dLAT2903
induced higher levels of inflammatory cytokines in Pr5 of latently infected female mice.
Male mice latently infected with WT or dLAT2903 did not induce dramatic differences in
the SASP factors that were examined. These studies support the concept that HSV-1 prefer-
entially induces expression of inflammatory cytokines in LC and Pr5 of female mice. These
studies also suggest LAT products impair expression of senescence and inflammatory cyto-
kines in LC, but not as consistently in Pr5, of latently infected female mice.

HSV-1 increases expression of a neuronal activity related gene and ROS in
brainstem. To test whether neuronal activity was altered in mice latently infected with HSV-
1, we measured Fos-related antigen 1 (Fra-1) RNA levels because it is a well-accepted marker
for neuronal activation (50). Significantly higher levels of Fra-1 mRNA expression were
detected in Pr5 of female C57BL/6 mice latently infected with WT HSV-1 or dLAT2903. In LC,
only females latently infected with dLAT2903 exhibited significantly higher levels of Fra-1
RNA levels (Fig. 7). HSV-1 infection was reported to increase reactive oxygen species ROS (51,
52). To investigate the defensive antioxidant response to viral infection, we measured expres-
sion of the master transcriptional regulator of ROS, nuclear factor erythroid 2-related factor 2
(Nrf2), and its target antioxidant gene, NAD(P)H:quinone acceptor oxidoreductase type 1
(NQOT1). Both Nrf2 and NQO1T mRNA expression were significantly upregulated in Pr5 of
female, but not male, mice latently infected with WT HSV-1 or dLAT2903. In contrast to the
Pr5 results, Fra-1, Nrf2, and NQO1 RNA expression was significantly higher in the LC of female
mice latently infected with dLAT2903, but not WT HSV-1.

Comparison of HSV-1 acute replication in males versus females. To examine
whether enhanced senescence and inflammation in LC of female mice infected with
dLAT2903 was merely due to sex-specific differences in viral replication during acute
infection, virus shedding was examined in the ocular cavity during acute infection
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FIG 6 Effects of HSV-1 latent infection on inflammation in Pr5 or LC. Gene expression of IL-1«, IL-18, TNF-¢, and
MCP1 (n = 3-4 mice/group) was compared in uninfected mice (U), and those infected with WT HSV-1 (McKRae
strain) or dLAT2903 (dLAT) using primers described in Table 1. * denotes significant difference (P < 0.05) between

uninfected aged mice; @ denotes significant difference (P < 0.05) between WT.

(Fig. 8). Significant differences in viral replication were not detected in females versus
males following infection with WT HSV-1 or dLAT2903. Furthermore, significant dif-
ferences in WT HSV-1 versus dLAT2903 replication were not observed, which is con-
sistent with previously published studies (53, 54).

Quantification of viral loads in TG, Pr5, and LC of latently infected mice.
Additional studies compared viral DNA levels in TG, LC, and Pr5 during acute infection,
4 days after infection (4 dpi) and latency. With respect to TG, there were no significant dif-
ferences in TG at 4 dpi or latency when males or females were infected with WT HSV-1
versus dLAT2903 (Fig. 9A). However, there were higher viral DNA levels at 4 dpi when com-
pared to latency, which is a trend we consistently find. With respect to LC, significantly
higher levels of viral DNA were detected in male mice infected with dLAT2903 at 4 dpi
when compared to male mice infected with WT HSV-1 (Fig. 9B). Furthermore, significantly

September 2022 Volume 96 Issue 17

Journal of Virology

10.1128/jvi.01081-22 7


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01081-22

HSV-1 Induces Inflammation and Senescence in Mice

Fra-1 NRF2

Male - Pr5 g0, Female - Pr5 & Male - Pr5 15, Female -Pr5
T T * ‘Jn? g *
<& 901 < & 607 <8 wf ol *
=< Z < Z< Z<
€O o . g € U]
E o 40 E o 40 Eo e
T o T o [N N
8.2 8.2 €2 54 2 54
“5 20 L5 5 Z3 zZ%
= e 2 e
*
P I 0 ol W o
Male -LC Female -LC
25+ 25+ Male -LC Female - LC
10+ 10 . a
T 294 T 204 2 P
g 2 <§ 20 e & ® 3 8
§ < Z2<q Lo <o
¢ 154 o (o 154 E( 6- E( 6
€ o € o € o g0
< 10 S 104 ~ S ~ 2
E% E% 2 4 a £ 4
° 54 ? 5- Zs Z8
£ £ s 2 ° 2
. U WT dLAT . 0= o=
s AN dEAT; U WT dLAT U  WT dLAT

NQO1 mRNA
(relative to GAPDH)

NQO1 mRNA
(relative to GAPDH)

20

10

154

10

5=

N

Male - Prd

Male - LC

U WT dLAT

S e 0-

Journal of Virology

QO1

_ Female - Pr5
—_— *
a
2 24 i
Eo
Eg
Se
> -
gg
g
Female -LC
15+
3 -
S 2 10
Eo
Eo
52
82
Zs
£
0
U  WT dLAT

FIG 7 Effects of HSV-1 latent infection on neural activity and ROS in Pr5 or LC. Gene expression of Fra-1, NRF2, and NQO1 was compared in uninfected
mice (U) and those infected with WT HSV-1 (McKRae strain) or dLAT2903 (dLAT) (n = 3-4 mice/group). * denotes significant difference (P < 0.05) between

uninfected aged mice; * denotes significant difference (P < 0.05) between WT.

more viral DNA was detected in LC of male mice versus females infected with dLAT2903.
During latency, significant differences in viral DNA levels were not observed in LC of males
or females regardless of whether mice were infected with WT HSV-1 or dLAT2903. We con-
sistently detected similar levels of viral DNA (WT or dLAT2903) in Pr5 of acutely infected
male mice (Fig. 9C). Conversely, viral DNA was only detected in 2 out of 5 female mice
acutely infected with HSV-1 (WT or dLAT2903). In summary, these studies revealed viral
DNA levels were not dramatically different in males and females of LC or TG during latency.
Conversely, viral DNA was sporadically detected in Pr5 of male and particularly in female
mice during latency.

DISCUSSION

These studies revealed that complex virus- and sex-specific interactions mediate
the effect HSV-1 has on senescence and inflammation in Pr5 and LC of latently infected
mice. Since Pr5 contains many motor neurons (31) but LC primarily contains medium-
sized neurons with melanin granules (30), these compelling differences are likely to
impact virus—host interactions. For example, detection of viral DNA in Pr5 during la-
tency was not as consistent as in LC. This result supports the prediction that differences
in neurons in Pr5 versus LC are important for mediating these differences. A schematic
that summarizes the salient features of female- and LAT-specific effects of these novel
findings is shown in Fig. 10. LC in female rats is larger, dendrites are denser and longer,
and they establish more synaptic contacts than in males (reviewed in 55, 56). With
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£ & WT Female

2 102 B dLAT2903 Male
o ® dLAT2903 Female

0 5 10 15 20 25 30
Days Post-Infection

FIG 8 Ocular swabs from HSV-1 infected mice. Eight-week-old C57BL/6 mice were ocularly infected with
~2 x 10° PFU either HSV-1 strain McKrae or dLAT2903 without scarification as previously described (34).
Ocular swabs were obtained every other day for 10 days and then every 5 days for a total of 30 days
postinfection (n = 5 mice/group). Samples were freeze-thawed three times prior to plaquing on Vero cells
to measure titers of infectious virus.
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FIG 9 Quantification of viral DNA in Pr5 and LC during acute infection and latency. Eight-week-old male (M) or female (F) C57BL/6 mice were ocularly infected with
WT HSV-1 (n = 10) or dLAT2903 (n = 10). At 4 or 30 days postinfection, mice were euthanized and TG (Panel A), LC (Panel B), and Pr5 (Panel C) were harvested as
described in materials and methods (n = 4 or 5 per group, per time point). DNA was prepared from tissues and qPCR performed using primers against HSV-1 gB
and mouse GAPDH. Data are shown as the ratio of gB to GAPDH, max to min. *, P < 0.05 using one-way ANOVA with Tukey's multiple-comparison test.

respect to functional differences, corticotropin-releasing factor (CRF) receptors are
expressed at higher levels in LC of female rats and mice (57, 58). This difference is sig-
nificant because stressful stimuli increase levels of norepinephrine (NE), CRF release,
adrenocorticotropic hormone (ACTH), and production of cortisol via the hypothalamic-
pituitary-adrenal axis (32, 33). Consequently, CRF is 10-30 times more potent with
respect to activating LC neurons in females following stressful stimuli (59). The
enhanced effects of CRF in female LC neurons also activate the cyclic adenosine mono-
phosphate (cAMP) and protein kinase A signaling cascade (60). Collectively, the height-
ened response to stressful stimuli in females is predicted to trigger viral activity in LC
of females because of increased stress (35, 61, 62), and cyclic AMP levels (63) can
increase viral replication and incidence of reactivation from latency. Although the mice
used for this study were not purposely stressed, handling of mice during cage chang-
ing or infection and confinement in cages will likely increase stress levels.

While increased glucocorticoid levels are typically associated with an anti-inflamma-
tory response (64), increased glucocorticoid levels transiently activate NLRP3 leading

Stressful
Stimuli
LAT independent Paracrine
inflammation Effects TCRF & cortisol

S p .
P\ levels via HPA axis
———

CPr5in@ )
\__~__,a ’x

N
-’
LAT restricts PCD, Enhanced NE & Reduced NE &
inflammation and/or ACTH > GCs ACTH  GCs
viral gene expression
Increased 4 -
, . Low Viral Activity
Viral Ac“v'?y & and Inflammation
Inflammation

FIG 10 Schematic of working model for virus-host interactions in Pr5 and LC. Following a stressful stimulus, LC in female
(¥) mice exhibit higher responses because they express higher levels of corticotropin-releasing factor (CRF) receptors.
Hence, they release more norepinephrine (NE), CRF, and adrenocorticotropic hormone (ACTH). This culminates in higher
levels of glucocorticoids, including cortisol via the hypothalamic-pituitary-adrenal (HPA) axis. Enhanced expression of “stress-
mediated” signaling pathways are predicted to increase lytic cycle viral gene expression and inflammation. Whether
reactivation from latency occurs is not known. LAT expression in LC neurons, but not Pr5 neurons, is important for
restricting programmed cell death (PCD), including apoptosis, inflammation, and viral gene expression. These differences in
LC neurons are predicted to enhance expression of key inflammatory and SASP transcripts relative to LC or Pr5 in males
(3). Paracrine effects are predicted to enhance inflammation in Pr5 of latently infected female mice.
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to production of IL-B and TNF-a (65). The proinflammatory properties of glucocorti-
coids are believed to sensitize innate immune responses following cellular stressors,
including viral infections. Increased glucocorticoid levels can also lead to apoptosis
(66), including neurons (67). The proximity of LC to Pr5 and other adjacent brainstem
regions is expected to increase stress in the brainstem of females due to paracrine
effects. Additional unknown sex-specific cellular factors in Pr5 and LC are also expected
to mediate the effects observed in our studies.

In addition to cellular factors mediating the sex-specific events described in this study,
expression of LAT products, directly or indirectly, restrict programmed cell death, inflamma-
tion, and viral gene expression in LC of female mice (Fig. 10). Support for this prediction comes
from higher expression of IL-1- 8, TNF-a, Fra-1, NLRP3, NRF2, and NQO1 in LC of female mice
latently infected with the LAT null mutant (dLAT2903) versus WT HSV-1. Conversely, these dra-
matic differences were not observed in LC of age-matched males latently infected with
dLAT2903 or WT HSV-1. Furthermore, a LAT-specific effect was not generally observed in Pr5
of latently infected mice, which correlates with sporadic establishment and/or maintenance of
latency in Pr5. Support for this prediction comes from studies demonstrating WT HSV-1 and
dLAT2903 induced expression of p16, p53, IL-, IL-1-B, TNF-«, Fra-1, NLRP3, NRF2, and NQO1
to similar levels in Pr5 of latently infected female, but not male, mice. Certain LAT functions
are predicted to restrict inflammation and cell death in LC of latently infected female mice.
For example, LAT influences the interferon response in mouse TG and a human neuronal cell
line (SK-N-SH), but not in human embryonic lung cells (68). This finding was confirmed by an
independent study that concluded LAT downregulates certain components of the type | inter-
feron pathway (69), which correlates with the ability of LAT to impair apoptosis (7, 8, 11).
Further support for the concept that LAT impairs innate immune responses comes
from the finding that LAT small noncoding RNAs interact with retinoic acid-inducible
gene | (RIG-]) (70), a cytosolic pattern recognition receptor that triggers type-1 inter-
feron responses (71). Finally, the ability of LAT to interfere with lytic cycle viral gene
expression (11, 12, 72) may reduce inflammation and senescence via an indirect
mechanism. Since inflammatory and senescence markers were consistently expressed
in Pr5 of latently infected mice regardless of LAT expression, we believe differences
in neuronal composition in LC versus Pr5 were important for the LAT-specific effects
observed. Additional studies are necessary to fully understand the complex virus
host interactions in Pr5 versus LC regions of brainstem during latency.

Emerging evidence suggests pathological changes in key brainstem regions occur
during early stages of AD development (73-76). For example, neurofibrillary tangles
are detected in LC of nondemented people decades prior to clinical onset of AD.
Furthermore, hyperphosphorylated tau, the major component of neurofibrillary tan-
gles and B-amyloid deposition in AD, is detected in LC prior to clinical onset of AD.
Disruption of LC functions would reduce neuronal survival because LC secretes brain-
derived neurotrophic factor (BDNF) and nerve growth factor (77-79). Notably, women
have a 1 in 5 chance of developing AD, whereas 1 in 11 men develop AD (80, 81).
Infectious agents, including HSV-1, have been suggested to contribute to neurodegen-
eration in a subset of AD cases (82, 83). This topic is controversial, and it is unlikely
HSV-1 is the primary causative agent of AD. However, HSV-1 may serve as a cofactor in
a small subset of people, in particular women with predisposing factors. While LAT null
mutants have not been identified in nature, we speculate the lifelong HSV-1 latency-
reactivation cycle in humans enhances senescence and neuroinflammation in LC and
Pr5 during the aging process.

In conclusion, these studies revealed a sexual predilection in LC and Pr5 regions of
brainstem in female C57BL/6 mice latently infected with HSV-1. Comparing virus—host
interactions in brainstem of mice infected with a LAT null mutant versus the parental
WT viral strain may provide new insight into LAT functions and how these viral prod-
ucts regulate the latency-reactivation cycle. Finally, these studies may identify addi-
tional cellular factors in LC and Pr5 that mediate HSE and neurodegeneration.
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TABLE 1 Primers used to compare RNA levels in Pr5 and LC in female versus male mice

Gene Forward primer Reverse primer Gene accession no.
GAPDH AAGGGCTCATGACCACAGTC GGATGACCTTGCCCACAG NM_001289726.1
Fral ACCTTGTGCCAAGCATCGAC CTGTACTGGGGATAGGCCAG NM_010235.2
IL-1a CAAGATGGCCAAAGTTCGTGAC GTCTCATGAAGTGAGCCATAGC NM_010554.4
IL-18 CACAGCAGCACATCAACAAG GTGCTCATGTCCTCATCCTG NM_008361.4
MCP1 GCAGTTAACGCCCCACTCA TCCAGCCTACTCATTGGGATCA NM_011333.3
NLRP3 GCCCGAGAAAGGCTGTATCC GAGGTCTCGCCTGTTGATCG NM_145827.4
NQO1 TATCCTTCCGAGTCATCTCTAGCA TCTGCAGCTTCCAGCTTCTTG NM_008706.5
Nrf2 CGAGATATACGCAGGAGAGGTAAGA GCTCGACAATGTTCTCCAGCTT NM_010902.4
p16 CGTACCCCGATTCAGGTGAT TTGAGCAGAAGAGCTGCTACGT NM_001040654.1
p21 GACAAGAGGCCCAGTACTTC GCTTGGAGTGATAGAAATCTGTC NM_007669.5
p53 CACAGCGTGGTGGTACCTTA TCTTCTGTACGGCGGTCTCT NM_001127233.1
TNF-a GGAACTGGCAGAAGAGGCACTC GCAGGAATGAGAAGAGGCTGAGAC NM_001278601.1

MATERIALS AND METHODS

Virus and cell lines. HSV-1 strain McKrae dLAT2903R (WT; LAT*") and dLAT2903 (LAT/") were
obtained from the late Dr. Steven Wechsler and grown in Vero cell (ATCC CCL-81) monolayers in minimal
essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/
mL penicillin, 100 wg/mL Streptomycin at 37°C, and 5% CO, until >80% CPE (cytopathic effect) was
observed. The dLAT2903R virus was rescued from dLAT2903 by restoring LAT sequences by homologous
recombination: this virus is identical to the parental WT McKrae strain of HSV-1 with respect to replica-
tion and reactivation from mice and rabbits (54, 84). Viral aliquots were obtained through serial freeze-
thawing of cells and subsequent centrifugation to remove cellular debris. Virus was titered on Vero cell
monolayers to determine PFU/mL for each stock prior to infection of mice.

Mouse studies. Eight-week old (male or female) C57BL/6J mice were purchased from Jackson
Laboratories. These mice were housed and handled in agreement with the Oklahoma State University
Institutional Animal Care and Use Committee, approved animal use protocol VM15-26. Mice were acclimated
to standard laboratory conditions (12 h light/dark cycles, 5 animals/cage) for 1 week prior to infection. Mice
were anesthetized via standard isoflurane/oxygen vaporization and infected with ~2 x 10° PFU WT HSV-1
(dLAT2903R) or the LAT /- mutant (dLAT2903, n = 50) in 2 uL MEM per eye without scarification. As
described previously (34), virus was instilled into the ocular cavity and then the eyelid was closed and rubbed
gently to enhance infection. After infection, mice were monitored for herpes simplex virus induced encephali-
tis (HSE)-related symptoms such tremors, swollen forehead, or weight loss. Animals exhibiting these symp-
toms were promptly and humanely euthanized via isoflurane overdose and subsequent cervical dislocation.
Infected mice were not allowed to reach HSE-induced death as an endpoint. Since C57BL/6J mice are highly
resistant to the effects of HSV-1 (85, 86), surviving animals frequently displayed symptoms of acute ocular
herpes infections such as redness, discharge, and fur loss at the site of inoculation. As needed, mice were
treated twice daily with Neomycin/polymyxin B/Bacitracin zinc triple antibiotic ophthalmic ointment (Bausch
and Lomb, Tampa, FL) to prevent secondary bacterial infection and minimize pain and distress. Mice infected
for 30 days were operationally defined as being latently infected.

Ocular swabs were obtained from mice at the designated times postinfection. Briefly, cotton-tipped
applicators were rotated superficially against the ocular cavity and immersed in 1 mL MEM containing L-
glutamine (2 mM), and antibiotics (penicillin [10 U/mL], streptomycin [100 wg/mL]), and fungizone
(5 mg/mL). Samples were freeze-thawed, vortexed, and plaqued on Vero cells as previously described
(34). Data are shown as mean for n = 5 mice at each time point.

Senescence associated beta-galactosidase (SA-B-Gal) staining. Senescence B-galactosidase stain-
ing kit (cat. no: 9860S) purchased from Cell Signaling Technology was used according to the manufacturer’s
instruction to perform SA-B-Gal staining on coronal brainstem sections containing the LC and Pr5 region.
Serial coronal sections (20 um thick) of LC and Pr5 brainstem regions were obtained from fixed brains on
super frost plus slides using a cryostat. These sections were allowed to air dry after removing them from a
—80° C freezer. After rinsing each slide with 1x phosphate-buffered saline (PBS), they were fixed with 1x
formaldehyde for 5 min at room temperature. X-Gal was dissolved in dimethylformamide (DMF) to prepare a
20 mg/mL stock solution. The B-Galactosidase staining solution was prepared using X-Gal stock solution, and
the final pH was adjusted to 6.0 as per the manufacturer’s instruction. The slides were then incubated in the
staining solution at 37 °C overnight in a carbon dioxide (CO,) free incubator. The endpoint for the reaction
was the development of blue color, which was then imaged using a light microscope.

Microdissection of key brainstem regions. Serial coronal sections (60 um thick) of brainstem (Fig.
1B) were obtained on super frost plus slides using a cryostat. The principal sensory nucleus (Pr5) of the
spinal trigeminal tract and locus coeruleus (LC) were microdissected by Palkovit’s technique. A mouse
brain stereotaxic atlas was used as a reference (87).

Real-time RT-PCR. Micropunches from brain regions were collected from either side of the 60-um
thick sections based on stereotaxic coordinates. Punches collected from Pr5 and LC were used for RNA
extraction and real-time PCR analysis. The tissue micropunches were lysed in TRIzol reagent and RNA
extraction performed using Direct-zol RNA microprep kit (Zymo Research, Irvine, CA, USA). A high-
capacity cDNA reverse transcription kit (Applied Biosystems) was used in cDNA conversion. Real time
PCRs were carried out using iTaq Universal SYBR Green Mix (Bio-Rad) with 10 ng cDNA per reaction. The
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mouse primers for p16, p21, p53, IL-1¢, IL-18, TNF-&, MCP-1, Fra-1, Nrf2, NQO1, NLRP3, and GAPDH (the
housekeeping gene) were designed using Primer-Blast software and synthesized by Integrated DNA
technologies (primer sequences are listed in Table 1). Data was analyzed by the 22T method.
Quantification of viral DNA in TG, LC, and Pr5 of latently infected mice. TG, LC, Pr5, and kidney
were isolated as described and DNA isolated according to the Jackson Laboratory DNA isolation protocols.
Briefly, tissues were digested in 50 mM Tris-HCl pH 8.0, 100 mM EDTA pH 8.0, 100 mM Nacl, and 1% SDS
with 0.5 mg/mL proteinase K overnight at 65 °C. DNA was isolated using phenol-chloroform/isoamyl alcohol
three times prior to ethanol precipitation. gPCR was performed on a Bio-Rad CFX Opus using PowerTRACK
Sybr Green Master Mix, 100 ng template DNA, 500 nM primers for HSV-1 gB Fwd: 5'-AACGCGACGCACA
TCAAG-3, Rev 5'-CTGGTACGCGATCAGAAAGC-3’ or GAPDH Fwd 5'-CATCACTGCCACCCAGAAGACTG-3’, Rev
5'-ATGCCAGTGAGCTTCCCGTTCAG-3'. 22T was calculated for brain sections compared to kidney and gB
compared to GAPDH (K. Harrison and C. Jones, data not shown). Data are shown as box and whisker plots for
each individual animal per group, Max to Min with center lines delineating the mean for duplicate wells.
Statistical analysis. All statistical analysis was performed using GraphPad Prism Version 9.3.1. All
data were analyzed using one-way ANOVA comparing the means of three groups (uninfected control,
WT HSV-1, and dLAT). The gene expression values were expressed as fold change relative to uninfected
control mice. A P value of <0.05 is considered statistically significant.
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