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Abstract  
Purpose of Review  Numerous studies concluded stress (acute, episodic acute, or chronic) increases the incidence of human 
alpha-herpes virus 1 (HSV-1) reactivation from latency in neurons. This review will summarize how stress stimulates viral 
gene expression, replication, and reactivation from latency.
Recent Findings  Stress-mediated activation of the glucocorticoid receptor (GR) accelerates reactivation from latency, whereas 
a corticosteroid-specific antagonist impairs viral replication and reactivation from latency. GR and specific stress-induced cel-
lular transcription factors also stimulate viral promoters that drive expression of key viral transcriptional regulators: infected 
cell protein 0 (ICP0), ICP4, ICP27 and viral tegument protein (VP16). Hence, GR is predicted to initially stimulate viral 
gene expression. GR-mediated immune-inhibitory functions are also predicted to enhance viral replication and viral spread.
Summary  Identifying cellular factors and viral regulatory proteins that trigger reactivation from latency in neurons may 
provide new therapeutic strategies designed to reduce the incidence of reactivation from latency.

Keywords  HSV-1 · Life-long latent infections · Reactivation from latency · Recurrent disease · Stress · Glucocorticoid 
receptor (GR) · Krüppel-like factors

Introduction

Latency‑Reactivation Cycle Is Essential for Recurrent 
Disease

HSV-1 infection of oral, ocular, or nasal cavities leads to 
life-long latent infections in neurons within trigeminal gan-
glia (TG), brainstem, and other parts of the CNS, reviewed 
in [1, 2]. The latency-reactivation cycle is customarily 
divided into 3 stages: establishment, maintenance, and 
reactivation. The hallmark of establishing and maintaining 
latency is lytic cycle viral gene expression is silenced, infec-
tious virus is undetectable, and neurons survive infection. 
During maintenance of latency, viral DNA is organized 
as chromatin, which does not support high levels of lytic 
cycle viral gene expression [3], and the viral genome is 

circularized. In contrast to productive infection, the latency-
associated transcript (LAT) is the only viral transcript abun-
dantly expressed during latency. LAT is a complex locus 
that expresses several micro-RNAs, a stable long non-cod-
ing RNA, and 2 novel small non-coding RNAs, reviewed 
in [1, 2]. LAT gene products inhibit apoptosis [4–8] and 
expression of viral genes important for productive infection 
[8–10]. Hence, LAT promotes neuronal survival and sus-
tains a pool of latently infected neurons that can reactivate 
from latency multiple times in a mouse model of infection 
[11].

Approximately 400,000 individuals in the USA suffer 
from HSV-1 ocular disease. Recurrent eye disease, for exam-
ple, herpetic stromal keratitis [12, 13], causes tissue destruc-
tion and occasionally blindness [14]. Acyclovir treatment 
only reduces recurrent ocular disease by 41% [14] because 
most cases are due to reactivation from latency [15]. HSV-
induced encephalitis (HSE) is the most common cause of 
sporadic and fatal encephalitis [16, 17]. Although HSE gen-
erally occurs in the temporal and frontal lobes, HSE can also 
occur in the brainstem [18, 19]. The majority of HSE cases 
are due to reactivation from latency [16, 17].

 *	 Clinton Jones 
	 clint.jones10@okstate.edu

1	 College of Veterinary Medicine, Department of Veterinary 
Pathobiology, Oklahoma State University, Stillwater, 
OK 74078, USA

http://orcid.org/0000-0002-6656-4971
http://crossmark.crossref.org/dialog/?doi=10.1007/s40588-023-00202-9&domain=pdf


237Current Clinical Microbiology Reports (2023) 10:236–245	

1 3

Stressful Stimuli Correlate with Increased Episodes 
of Reactivation from Latency

Stress (acute, episodic acute, or chronic), fever, UV light, 
and heat stress increase the incidence of reactivation from 
latency in humans [20–22]. Surprisingly, these divergent 
stimuli activate the glucocorticoid receptor (GR). For 
example, stress increases cortisol, which activates GR via 
a liganded mechanism [23]. Furthermore, an inhibitor of 
cortisol production impairs heat-shock induced HSV-1 
reactivation suggesting heat stress increases cortisol 
levels [24]. Thirdly, UV light induces GR phosphoryla-
tion and transcriptional activation via ligand-independ-
ent mechanisms [25, 26]. UVB and UVC light, but not 
UVA, increase cortisol production in human skin cul-
tures, and UVB light increases corticosteroid production 
in C57BL/6 J mice [27, 28]. Finally, UV light triggers 
expression of certain enzymes regulated by GR activation. 
In summary, these different reactivation stressors share 
common signaling proteins, including GR activation.

The stress response is primarily mediated by secretion 
of glucocorticoids, including cortisol, via the hypotha-
lamic-pituitary adrenocortical (HPA) axis, reviewed in 
[23]. Cortisol diffuses across the plasma membrane and 

interacts with GR. The GR-hormone complex disengages 
from the heat shock protein (HSP) complex, and the GR-
hormone complex enters the nucleus. A GR-hormone 
homodimer binds to a consensus GR response element 
(GRE), remodels chromatin, and stimulates transcription, 
[29, 30] (Fig. 1A; ligand-dependent activation). This pro-
cess occurs within minutes and does not require de novo 
protein synthesis. A GR monomer can also stimulate tran-
scription by binding certain 1/2 GREs [31, 32]. Notably, 
GR can also stimulate gene expression via an un-liganded 
mechanism [25] (Fig. 1B). For example, GR phosphoryla-
tion at serine 134 is important for ligand-independent GR 
activation, culminating in gene expression (25). Serine 
134 is hyperphosphorylated following glucose starva-
tion, oxidative stress, UV irradiation, and osmotic shock 
suggesting cellular stressors directly induce GR phospho-
rylation at serine 134. The GR can be phosphorylated 
by mitogen-associated protein kinases (MAPKs), cyclin-
dependent kinases (CDKs), glycogen synthase kinase 3 
beta (GSK3B), and likely additional protein kinases [25]. 
Although the mineralocorticoid receptor (MR) can also 
bind cortisol, we predict MR is not as important during 
reactivation because MR does not activate transcription as 
efficiently as GR [33]. Approximately 50% of TG sensory 

Fig. 1   Activation Of Gr By Corticosteroids And Protein Kinases. A 
Schematic of key events that lead to GR activation by increased glu-
cocorticoids secreted via the HPA. Red nucleotides in the GRE are 
essential nucleotides, capital letters are well conserved nucleotides, 
small letters are flexible, and N can be any nucleotide. A GR-hor-
mone dimer specifically binds to a consensus GRE. A GR-hormone 
homodimer can also bind to a 1/2 GRE and stimulate transcription. B 

Certain protein kinases described in the text can phosphorylate GR, 
which promotes release of GR from the HSP complex (phosphoryl-
ated GR is denoted as GR-P). A phosphorylated GR dimer or GR 
monomer enters the nucleus, binds a consensus GRE or 1/2 GRE 
respectively, and transactivates promoters containing a 1/2 GRE. 
BioRender was used to generate this figure
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neurons express GR [34] suggesting GR activation has 
the potential to directly induce reactivation from latency 
by stimulating viral gene expression. For example, GR 
can function as a pioneer transcription factor in vivo by 
interacting with nucleosomal sites and recruiting Brg1, 
which culminates in remodeling nucleosomes [35]. The 
hallmark of a pioneer transcription factor is they bind 
silent chromatin, activate transcription, and cell repro-
gramming [36, 37].

Corticosteroids also have anti-inf lammatory and 
immune-suppressive effects, in part because GR binds 
two transcription factors: activator protein 1 (AP-1) and 
nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-KB), reviewed in [38, 39]. The AP-1 transcrip-
tion factor can be a homodimer or a heterodimer and is 
comprised of four sub-families of transcription factors: 
Jun (c-Jun, JunB, JunD), Fos (c-Fos, FosB, Fra1, Fra2), 
Maf (musculoaponeurotic fibrosarcoma; c-Maf, MafB, 
MafA, Mafg/f/k, Nrl), and ATF (activating transcription 
factors; ATF2, LRF1/ATF3, BATF, JDP1, JDP2) protein 
families. AP-1 transcription factors bind a consensus DNA 
sequence (TGA(G/C)TCA), and the most common het-
erodimer bound to the consensus site is c-Fos and c-Jun. 
AP-1 regulates numerous immune checkpoints, includ-
ing T cell activation, expansion of T helper subsets, and 
co-stimulation of T-cell responses, reviewed in [40]. 
GR-mediated inhibition of AP-1 transcriptional activity 
occurs, in part because GR directly interacts with the c-Jun 
subunit of Ap-1 [38, 39].

The NF-κB/Rel family includes NF-κB1 (p50/p105), 
NF-κB2 (p52/p100), p65 (RelA), RelB, and c-Rel, 
reviewed in [39, 41, 42]. Most members of this family can 
homodimerize or form heterodimers with each other. The 
most common activated form of NF-κB is a heterodimer 
consisting of p50 or p52 subunit and p65. NF-κB is gen-
erally localized in the cytoplasm and is inactive because 
it is associated with regulatory proteins called inhibitors 
of κB (IκB). In the canonical pathway, tumor necrosis 
factor-α for example, IκB is phosphorylated and subse-
quently degraded: consequently, NF-κB rapidly enters 
the nucleus, binds to promoters containing the consensus 
binding site 5′-GGGRNYY YCC-3′ (R is a purine, Y is a 
pyrimidine, and N is any nucleotide), and activates expres-
sion of numerous genes that encode innate immune or pro-
inflammatory regulators. GR inhibits NF-KB-dependent 
transcription by directly interacting with p60, recruiting 
histone deacetylases to NF-KB-dependent promoters, and/
or preventing phosphorylation of the C-terminus of RNA 
Pol II [38, 39]. Finally, corticosteroids can readily induce 
apoptosis in certain lymphocyte subsets, which will reduce 
immune responses [38, 39]. In summary, increased corti-
costeroid levels are predicted to increase the incidence of 
reactivation by more than one mechanism.

Viral Proteins Predicted to Mediate Early Stages 
of Reactivation from Latency

When TG cultures obtained from mice latently infected 
with HSV-1 are infected with an adenovirus vector that 
expresses ICP0, ICP4, or virion protein 16 (VP16), reacti-
vation from latency is induced [43]. These viral proteins are 
key viral transcriptional regulators and possess functions 
required to initiate lytic cycle viral gene expression during 
reactivation from latency. For example, ICP0 is a relatively 
large protein,110 kDa, that stimulates immediate early (IE), 
early (E), and late (L) HSV-1 gene expression (44); disrupts 
nuclear domain 10 structures [45]; and evades host intrinsic 
and innate antiviral defenses [46, 47]. Furthermore, ICP0 
possesses E3 ubiquitin ligase activity that is crucial for its 
functions, reviewed in [48]. The ICP4 protein, a 175 kDa 
phosphoprotein, specifically binds multiple sites on the viral 
genome [49] where it recruits the TATA box-binding protein 
and RNA pol II transcription factor IIB to activate early 
and late viral gene expression (50). Consequently, ICP4 is 
essential for productive infection [51], and its expression 
triggers production of infectious virus during reactivation 
from latency. ICP0 and ICP4 mRNA are expressed as IE 
genes during productive infection; hence, these viral pro-
teins are readily detected early after infection. The viral 
tegument protein (VP16) is expressed as a leaky-late protein 
that interacts with two cellular proteins: host cellular fac-
tor 1 (HCF-1) and Oct-1. This multi-protein complex binds 
specific sequences in IE promoters and transactivates all IE 
promoters, reviewed in [52–54]. Thus, expression of ICP0, 
ICP4, or VP16 could initiate lytic cycle viral gene expres-
sion and virus production during reactivation from latency.

HSV‑1 Models for Studying the Latency‑Reactivation 
Cycle

An in vivo heat-stress model of reactivation from latency in 
TG neurons of mice concluded VP16 is essential for reac-
tivation [55, 56]. A rat primary superior sympathetic neu-
ronal model of latency also concluded VP16 initially drives 
reactivation from latency [57, 58]. This model predicts two 
phases drive production of infectious viruses [58]. The hall-
mark of the first phase includes de-repression of silent lytic 
viral genes, and this phase does not require viral proteins. 
The hallmarks of the second phase include nuclear locali-
zation of VP16 and host cell factor 1 (HCF-1), an essential 
VP16 transcriptional coactivator. These two phases precede 
increased viral gene expression and production of infec-
tious virus. This same rat model reported ICP0 expression 
occurs after VP16 because ICP0 expression overcomes 
interferon treatment [59]. Additional rodent neuronal cell 
models of latency have provided insight into certain aspects 
of the HSV-1 latency-reactivation cycle, reviewed in [60]. 
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Human embryonic neuronal precursor cells, Lund human 
mesencephalic (LUHMES), proliferate when expression 
of a tetracycline-regulatable (Tet-off) v-myc transgene is 
induced, and these cells can support HSV-1 latency [61]. 
LUHMES can be readily differentiated into neuronal-like 
cells, and the virulent HSV-1 strain (17syn +) reactivates 
more efficiently than a less virulent strain (KOS) [62] indi-
cating cell culture model of latency is a useful model to 
compare to results from rodent neuronal models. Many of 
the cell culture models of latency require treatment of the 
antiviral drug, acyclovir, to stop viral gene expression and 
establish a quiescent infection.

When TG from mice latently infected with HSV-1 are dis-
sected, minced into smaller pieces, and then placed in media, 
virus shedding consistently occurs, and this procedure is 
referred to as explant-induced reactivation. During explant-
induced reactivation, LAT gene products are reduced [63], 
HCF-1 is rapidly recruited to IE promoters [64], chromatin 
remodeling of the ICP0 promoter occurs, ICP0 transcription 
occurs [65], and infectious virus is produced. The synthetic 
corticosteroid dexamethasone (DEX) accelerates explant-
induced reactivation [66, 67], and a GR-specific antagonist, 
CORT-108297, impairs reactivation [67] indicating GR 
activation is important for this process. Immunohistochem-
istry studies revealed VP16 is detected prior to ICP0 and 
ICP4 during DEX-induced reactivation from latency [67]. 
Assuming these antibodies are equally effective for detect-
ing viral proteins in formalin-fixed and paraffin-embedded 
thin sections, this finding appears to support the concept that 
VP16 is expressed early during reactivation from latency. An 
independent study using TG explants concluded that viral 
RNA expression is disordered during explant-induced reac-
tivation [63].

Rabbits latently infected with the McKrae strain, a neu-
rovirulent HSV-1 strain, undergo spontaneous reactivation 
from latency [68] or reactivation induced by iontophoresis 
[69]. UV light also triggers reactivation from latency in mice 
latently infected with HSV-1 [70]. Notably, DEX treatment 
of calves or rabbits latently infected with bovine alphaher-
pesvirus 1 (BoHV-1) is the only α-herpesvirus member 
where reactivation from latency is reproducibly initiated 
[71, 72]. Cell culture models of latency and explant-induced 
reactivation are important: however, they may not recapitu-
late all complex virus-host interactions that occur during 
in vivo reactivation.

Identification of Stress‑Induced Cellular 
Transcription Factors

Using transcriptomic approaches, stress-induced cellu-
lar transcription factors were identified in TG when calves 
latently infected with BoHV-1 are treated with DEX, which 

consistently initiates rapid reactivation from latency [73]. 
Expression of Krüppel like factor 4 (KLF4), KLF6, KLF15, 
promyelocytic leukemia zinc finger (PLZF), Slug (also 
referred to as Snail homolog 2), and Sam-pointed domain 
containing Ets transcription factor (SPDEF) [73] was signifi-
cantly increased when calves latently infected with BoHV-1 
were treated with DEX for 3 h to initiate reactivation from 
latency. Interestingly, KLF15, Slug, and SPDEF are also 
expressed in more mouse TG neurons following explant 
when treated with DEX confirming these cellular transcrip-
tion factors are part of the stress response [74]. In response 
to stress, GR and KLF15 regulate gene expression dynamics 
via a feed-forward loop [75, 76]. The hallmark of this feed-
forward loop is GR stimulates KLF15 expression and GR 
and KLF15 form a stable complex and activate expression of 
genes in specific pathways, including enhanced expression of 
amino acid metabolizing enzymes and adipogenesis [75, 76].

GR and Stress‑Induced Cellular Transcription Factors 
Activate ICP0, ICP4, and VP16 Promoter/Regulatory 
Sequences

The ability of GR and/or stress-induced transcription factors 
to transactivate promoter/regulatory sequences of the ICP0, 
ICP4, or VP16 genes was examined in transient transfec-
tion studies. The rational for these studies is that ectopic 
expression of these genes initiates reactivation from latency 
in TG cultures prepared from latently-infected mice [43]. 
An ICP0 promoter fragment spanning − 800 to + 150 rela-
tive to the transcription initiation site was initially exam-
ined (Fig. 2A) because this construct is stimulated by heat 
stress [77]. GR, KLF15, and DEX treatment cooperatively 
transactivate the full-length ICP0 promoter in spite of no 
consensus GREs [78]. Conversely, the other stress-induced 
transcription factors discussed in “Identification of Stress-
Induced Cellular Transcription Factors” section did not have 
a profound effect. Four cis-regulatory modules (CRMs) that 
span ICP0 promoter sequences upstream of the TATA box 
were inserted at the 5’ terminus of a simple promoter that 
drives luciferase activity (Fig. 2B). All but the CRM C frag-
ment was cooperatively transactivated by GR, KLF15, and 
DEX in Vero cells. Conversely, GR or KLF15 and DEX 
are sufficient for transactivation in Neuro-2A cells (Fig. 2B) 
[79]. Mutagenesis of Sp1 binding sites (GGG​CGG​ or CCG​
CCC​) in fragments A, B, and D reduced transactivation by 
GR, KLF15, and/or DEX to basal levels. GR and KLF15 
occupy ICP0 promoter sequences in transfected cells and 
early times after infection [78] supporting the concept that 
these transcription factors directly regulate ICP0 promoter 
activity (Fig. 2C). These studies do not preclude the pos-
sibility that Sp1 recruits the KLF15/GR complex to a Sp1 
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binding site (Fig. 2C), or other transcriptional cofactors 
mediate this process.

An ICP4 CRM inserted upstream of a minimal promoter 
in a luciferase reporter vector (Fig. 2D; denoted as pα4R) is 
cooperatively transactivated by GR, DEX, and PLZF, Slug, 
KLF15, or KLF4 in Neuro-2A or Vero cells [80]. Two KLF4 
binding sites and a variant KLF4 binding sites are in ICP4 
CRM sequences (Fig. 2D). These KLF4 binding sites con-
tain a consensus Sp1 binding site. GR-, DEX-, and KLF4-, 
KLF15-, or PLZF-mediated transactivation is reduced to 
basal transcriptional levels when the two consensus KLF4 
binding sites are mutated [80]. Interestingly, an enhancer 
box (E-Box), which Slug is known to bind to [81, 82], and 
the adjacent 3’ KLF4 binding site are essential for GR-, 

DEX-, and Slug-mediated transactivation. Notably, the 3’ 
KLF4 binding, but not the KLF4 site adjacent to the E-box, 
is important for GR, DEX, and KLF4, KLF15, or PLZF 
cooperative transactivation. Like GR, KLF4 is a pioneer 
transcription factor [36, 37]. Hence, we propose binding of 
GR and KLF4 with KLF4 consensus binding sites (Fig. 2E) 
may be particularly important for activating ICP4 expression 
following stressful stimuli. Sp1 and/or unknown transcrip-
tional coactivators may also play a role in GR, KLF4, and 
DEX cooperative transactivation following stress (Fig. 2E; 
denoted by X).

A recent study revealed that GR and Slug transactivate 
a VP16 CRM (Fig. 3A) in an additive fashion, and when 
Slug is silenced, productive infection is impaired [82]. 

Fig. 2   Summary of HSV-1 
IE promoter/regulatory 
sequences and how they are 
transactivated by (GR) and 
stress-induced transcription 
factors. A Schematic of ICP0 
promoter and location of GR/
KLF15 responsive region (GR/
KLF15 RR), transcription factor 
binding sites, and 1/2 GREs. B 
Four fragments (A–D) derived 
from ICP0 promoter sequences 
upstream of the TATA box were 
inserted upstream of a minimal 
promoter upstream that drives 
firefly luciferase expression. C 
Putative model depicting two 
potential scenarios demonstrat-
ing how GR and KLF15 or GR, 
KLF15, and Sp1 transactivate 
ICP0 CRMs. D Schematic of wt 
ICP4 CRM (pα4R) and consen-
sus binding sites of the denoted 
transcription factors. Nucleotide 
numbers (− 330 and − 110) are 
relative to the ICP4 transcrip-
tion initiation site. E Putative 
model depicting two possible 
scenarios describing how GR 
and KLF15 or GR, KLF15, and 
Sp1 transactivate ICP0 CRMs. 
BioRender was used to generate 
C and E in this figure
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DEX has no effect on GR- and Slug-mediated transactiva-
tion. In contrast to ICP0 and ICP4 CRMs, GR and stress-
induced KLF family members (KLF4, KLF15, or PZLF) 
do not transactivate the VP16 CRM in mouse fibroblasts 
(NIH3T3 cells) or Neuro-2A cells (Fig. 3A) [82]. Further-
more, mutating all 3 Sp1 binding sites had no effect on GR- 
and Slug-mediated transactivation. The consensus E-box, 
1/2 GREs, or NF-KB binding site were crucial for GR- and/
or Slug-mediated transactivation (Fig. 3B). Although Slug 
was originally defined as a transcriptional repressor, Slug 
can activate transcription by binding E-boxes upstream of 
certain promoters [81, 82].

Identification of Cellular Factors that Mediate HSV‑1 
Reactivation in Mouse Models of Infection

Various transgenic mouse strains are available that could 
provide insight into which cellular genes influence the 
HSV-1 latency-reactivation cycle. For example, a recent 
study tested whether HCF-1 plays a role in the latency-
reactivation cycle. HCF-1 interacts with Oct-1 and VP16 to 
initiate IE promoters during productive infection [64]. This 
complex also promotes formation of active histone modi-
fications, but impairs accumulation of repressive histone 
markers on IE promoters, reviewed in [83]. HCF-1 nuclear 
localization correlates with reactivation indicating this pro-
tein mediates reactivation from latency [84]. As expected, 
primary fibroblasts from HCF-1 knockout mice do not sup-
port efficient viral replication relative to primary fibroblasts 
from wild-type mice [85]. To test whether HCF-1 influences 
reactivation from latency, a mouse strain containing a 5’loxP 
site at Exon 2 with a selectable marker and 3’ loxP site at 
Exon 3 of HCF-1 was used to specifically knockout HCF-1 
expression in TG neurons [85]. HSV-1 recombinant viruses 
expressing the Cre recombinase under control of the HSV 
ICP0 or LAT promoter were used to delete exon 2 and 3 

of HCF-1 during acute infection of TG neurons. Explant-
induced reactivation was significantly reduced in HCF-1 
conditional knockout mice relative to wt C57Bl/6 mice 
when infected with ICP0 or LAT expressing CRE viruses. 
Utilizing an independent approach to knock out HCF-1 in 
TG neurons, reactivation from latency was also impaired 
confirming HCF-1 plays an important role during reactiva-
tion from latency.

A mouse strain where the murine GR contains a serine 
229 to alanine mutation (GRS229A) was compared to wt mice 
to examine the effect of GR transcriptional activity on viral 
replication during acute infection, establishment of latency, 
and explant-induced reactivation from latency [86]. The 
mouse GR serine 229, and its human homologue located 
at GR serine 211, must be phosphorylated for optimal GR-
mediated transcriptional activation, reviewed in [38]. Mutat-
ing serine 211 of the human GR also induces conformational 
changes in the GR activation function region 1, which cor-
relates with reduced transactivation of promoters contain-
ing GREs [39]. These studies revealed that explant-induced 
reactivation from latency is impaired in female, but not 
male GRS229A mice. As expected, wt HSV-1 McKrae strain 
induced the same levels of explant-induced reactivation in 
parental wt C57Bl/6 mice regardless of sex. Furthermore, 
HSV-1 replication in primary kidney fibroblasts prepared 
from GRS229A mice (females or males) was reduced rela-
tive to primary kidney fibroblasts prepared from parental wt 
mice. The reason why GR has a female-specific effect dur-
ing explant-induced reactivation is currently not understood.

Conclusions

While there is controversy about which viral protein initi-
ates reactivation from latency, it is reasonable to predict 
ICP0, ICP4, or VP16 can be a lead player in triggering 

Fig. 3   Schematic of VP16 CRM and how GR and Slug can transac-
tivate these sequences. A Schematic of the wt VP16 CRM construct 
and location of transcription factor binding sites. Nucleotide numbers 

(− 249 and − 30) are relative to the VP16 transcription initiation site. 
B Putative model summarizing how GR and Slug transactivate the 
VP16 CRM. BioRender was used to generate B in this figure
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reactivation from latency in different neurons. For exam-
ple, there are four known subtypes of TG neurons based 
on cell surface markers, and HSV-1 establishes latency 
in distinct populations of TG neurons versus HSV-2 [87]. 
Furthermore, HSV-1 establishes latency in neurons in 
brainstem [88], autonomic ciliary ganglia [89], and other 
neurons in the central nervous system. As discussed 
above, stress, fever, UV light, and heat stress increase 
the incidence of reactivation from latency in humans, 
and GR is induced by these cellular stressors via liganded 
or unliganded mechanisms. Hence, cellular stressors, 
neuron-specific stress-induced transcription factors, and 
cellular signaling pathways are likely to dictate whether 
ICP0, ICP4, or VP16 is initially expressed during reac-
tivation from latency.

During reactivation from latency, GR activation is pre-
dicted to play important roles by initially activating viral 
gene expression. The ability of GR to suppress immune 
responses and inflammation [41] is predicted to enhance 
viral spread to peripheral cells and tissue. GR, the pro-
gesterone receptor, and androgen receptor belong to the 
same family of nuclear hormones and can bind GREs [90, 
91] suggesting these receptors and their cognate hormones 
influence reactivation from latency in certain neurons and 
via sex-dependent mechanisms.

Although mammals, including humans, are exposed to 
daily stressors, HSV-1 does not reactivate from latency 
every day. Cellular factors and LAT-encoded gene prod-
ucts are predicted to actively maintain a latent infection. 
For example, immune-mediated processes will likely 
impair virus shedding and spread during reactivation from 
latency. Recent studies revealed serine-threonine protein 
kinases (Akt1 and Ak2) interfere with stress-induced tran-
scription [92]. While Akt3 did not impair stress-induced 
transcription, it promotes neurite formation when Neuro-
2A cells are differentiated by reducing serum levels in the 
media. Akt activation is enhanced by the phosphoinositide 
3-kinase signaling cascade [93], which is proposed to pro-
mote maintenance of latency in certain models of latency, 
reviewed in [60]. The Wnt/β-catenin signaling pathway 
also maintains Akt activation and is activated during 
HSV-1 and BoHV-1 latency [94, 95]. LAT gene products 
are predicted to impair expression of key lytic cycle viral 
genes and productive infection [1, 2, 8–10] suggesting 
these function promote establishment and/or maintenance 
of latency. Conversely, stress-induced transcription factors 
that are pioneer transcription factors, GR [35] and KLF4 
[37], for example, are predicted to play a crucial role dur-
ing early stages of reactivation from latency because viral 
promoters that drive expression of key transcriptional 
regulators exist as silent chromatin during latency [3].

Funding  The research in my lab is supported by grants from the 
National Institute of Neurological Disorders and Stroke of the NIH 
under Award Number R01NS111167, USDA-NIFA Competitive 
Grants Program (2018–06668 and 2021–67015), Oklahoma Center for 
Respiratory and Infectious Diseases (NIH for Biomedical Research 
Excellence Grant #P20GM103648), and the Sitlington Endowment.

Declarations 

Conflict of Interest  The author declares no competing interests.

Human and Animal Rights and Informed Consent  Since this was a 
review, no animals or human subjects were used.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Phelan D, Barrozo ER, Bloom DC. HSV1 latent transcription and 
non-coding RNA: a critical retrospective. J of Neuroimmunol. 
2017;308:65–101.

	 2.	 Perng G-C, Jones C. Towards an understanding of the herpes sim-
plex virus type 1 latency-reactivation cycle. Interdisc Perspect 
Infect Dis. 2010;2010:1–18.

	 3.	 Knipe DM, Cliffe A. Chromatin control of herpes simplex virus 
lytic and latent infection. Nat Rev Microbiol. 2008;6:211–21.

	 4.	 Perng G-C, Jones C, Ciacci-Zanella J, Stone M, Henderson G, 
Yukht A, Slanina SM, Hoffman FM, Ghiasi H, Nesburn AB, 
Wechsler SL. Virus-induced neuronal apoptosis blocked by the 
herpes simplex virus latency-associated transcript (LAT). Science. 
2000;287:1500–3.

	 5.	 Ahmed M, Lock M, Miller CG, Fraser NW. Regions of the herpes 
simplex virus type 1 latency-associated transcript that protect cells 
from apoptosis in vitro and protect neuronal cells in vivo. J Virol. 
2002;76(2):717–29.

	 6.	 Branco FJ, Fraser NW. Herpes simplex virus type 1 latency-asso-
ciated transcript expression protects trigeminal ganglion neurons 
from apoptosis. J Virol. 2005;79:9019–25.

	 7.	 Inman M, Perng G-C, Henderson G, Ghiasi H, Nesburn AB, 
Wechsler SL, Jones C. Region of herpes simplex virus type 1 
latency-associated transcript sufficient for wild-type spontane-
ous reactivation promotes cell survival in tissue culture. J Virol. 
2001;75(8):3636–46.

	 8.	 Shen W, Sa e Silva M, Jaber T, Vitvitskaia O, Li S, Henderson G, 
Jones C. Two small RNAs encoded within the first 15 kb of the 
herpes simplex virus type 1 (HSV-1) latency-associated transcript 
(LAT) can inhibit productive infection, and cooperate to inhibit 
apoptosis. J Virol. 2009(83):9131–9

http://creativecommons.org/licenses/by/4.0/


243Current Clinical Microbiology Reports (2023) 10:236–245	

1 3

	 9.	 Umbach JL, Kramer MF, Jurak I, Karnowski HW, Coen DM, Cul-
len BR. MicroRNAs expressed by herpes simplex virus 1 during 
latent infection regulate viral mRNAs. Nature. 2008;454:780–5.

	10.	 Umbach JL, Kramer MF, Jural I, Karnowski HW, Coen DM, 
Cullen BR. Analysis of human alphaherpesvirus microRNA 
expression in latently infected human trigeminal ganglia. J Virol. 
2009;83:10677–83.

	11.	 Thompson RL, Sawtell NM. The herpes simplex virus type 1 latency 
associated transcript is required for the maintenace of reactivation 
competent latent infection. J Neurovirology. 2011;17:552–8.

	12.	 Smith RE, McDonald HR, Nesburn AB, Minckler DS. Penetrating 
keratoplasty: changing indications, 1947 to 1978. Arch Ophthal-
mol. 1980;98(7):1226–9.

	13.	 Pavan-Langston D. Herpes simplex of the ocular anterior segment. 
Curr Clin Top Infect Dis. 2000;20:298–324.

	14.	 Acyclovir for the prevention of recurrent herpes simplex virus 
eye disease. Herpetic Eye Disease Study Group. N Engl J Med. 
1998;339(5):300–6.

	15.	 Shimeld C, Efstathiou S, Hill T. Tracking the spread of a lacZ-
tagged herpes simplex virus type 1 between the eye and the nerv-
ous system of the mouse: comparison of primary and recurrent 
infection. J Virol. 2001;75(11):5252–62.

	16.	 Yamada S, Kameyama T, Nagaya S, Hashizume Y, Yoshida 
M. Relapsing herpes simplex encephalitis: pathological con-
firmation of viral reactivation. J Neurol Neurosurg Psychiatry. 
2002;74(2):262–4.

	17.	 Sekizawa T, Openshaw H. Encephalitis resulting from reactivation 
of latent herpes simplex virus in mice. J Virol. 1984;50:263–6.

	18.	 Benbir G, Goskan B, Kocer N. Brainstem lesions in herpes 
encephalitis. Turk Norol Derg. 2010;16:211–4.

	19.	 Livorsi D, Anderson E, Qureshi S, Howard M, Wang YF, Franco-
Paredes C. Brainstem encephalitis: an unusual presentation of her-
pes simplex virus infection. J Neurol. 2010;257:1432–7.

	20.	 Glaser R, Kiecolt-Glaser JK, Speicher CE, Holliday JE. Stress, 
loneliness, and changes in herpesvirus latency. J Behav Med. 
1985;8:249–60.

	21.	 Glaser R, Kiecolt-Glaser JK. Stress-induced immune dysfunction: 
implications for health. Nature Reviews Immunol. 2005;5:243–51.

	22.	 Padgett DA, Sherida JF, Dorne J, Berntson GG, Candelora J, Gla-
ser R. Social stress and the reactivation of latent herpes simplex 
virus type 1. Proc Natl Acad Sci U S A. 1998;95:7231–5.

	23.	 Oakley RH, Cidlowski JA. The biology of the glucocorticoid 
receptor: new signaling mechanisms in health and disease. J 
Allergy Clin Immunol. 2013;132:1033–44.

	24.	 Noisakran S, Halford WP, Veress L, Carr DJJ. Role of the hypo-
thalmic pituitary adrenal axis and IL-6 in stress-induced reacti-
vation of latent herpes simplex virus type 1. J of Immunology. 
1998;160:5441–7.

	25.	 Galliher-Beckley A, Williams JG, Cidlowski JA. Ligand-inde-
pendent phosphorylation of the glucocorticoid receptor integrates 
cellular stress pathways with nuclear receptor signaling. Mol and 
Cell Biol. 2011;31:4663–75.

	26.	 Davies L, Karthikeyan N, Lynch JT, Sial E-A, Gkourtsa A, Demo-
nacos C, Krstic-Demonacos M. Cross talk of signaling pathways 
in the regulation of the glucocorticoid receptor function. Molec 
Endocrinology. 2018;22:1331–44.

	27.	 Skobowiat C, Postlethwaite AE, Slominski AT. Skin expo-
sure to ultraviolet B rapidly activates systemic neuroendocrine 
and immunosuppressive responses. Photochem Photobiol. 
2017;93:1008–15.

	28.	 Skobowiat C, Syre RM, Dowdy JC, Slominski AT. Ultraviolet 
radiation regulates cortisol activity in a waveband dependent man-
ner in human skin ex-vivo. Br J Dermatol. 2013;168:595–601.

	29.	 Wang JC, Derynck MK, Nonaka DF, Khodabakhsh DB, Haqq 
C, Yammamoto KR. Chromatin immunoprecipitation (ChIP) 

scanning identifies primary glucocorticoid receptor target genes. 
Proc Natl Acad Sci U S A. 2004;101:15603–8.

	30.	 Giguere V, Hollenberg SM, Rosenfeld MG, Evans RM. Func-
tional domains of the human glucocorticoid receptor. Cell. 
1986;46:645–52.

	31.	 Schonevild OJLM, Gaemers IC, Lamers WH. Mechanisms 
of glucocorticoid signalling. Biochemica et Biophysica Acta. 
2004;1680:114–28.

	32.	 Taniguchi-Yanai K, Koike Y, Hasegawa T, Furuta Y, Serizawa M, 
Ohshima N, Kato N, Yanai K. Identification and characterization 
of glucocorticoid receptor-binding sited in the human gneome. J 
Recept Signal Transduction. 2010;30:88–105.

	33.	 Funder JW. Glucocorticoids and mineralocorticoid receptors: biol-
ogy and clinical relevance. Annu Rev Med. 1997;48:231–40.

	34.	 DeLeon M, Covenas R, Chadi G, Narvaez JA, Fuxe K, Cintra A. 
Subpopulations of primary sensory neurons show coexistence 
of neuropeptides and glucocorticoid receptors in the rat spinal 
and trigeminal gnaglia. Brain Res. 1994;14:338–42.

	35.	 Johnson TA, Chereji VC, Stavreva DA, Morris SA, Hager GL, 
Clark DJ. Conventional and pioneer modes of glucocorticoid 
receptor interaction with enhancer chromatin in vivo. Nucl 
Acids Res. 2018;46:203–2014.

	36	 Iwafuchi-Doi M, Zaret KS. Pioneer transcription factors in cell 
reprogramming. Genes Dev. 2014;28:2679–92.

	37.	 Soufi A, Garcia MF, Jaroszewcz A, Osman N, Pellegrini M, 
Zaret KS. Pioneer transcription factors target partial DNA 
motifs on nucleosomes to initiate reprogramming. Cell. 
2015;161:555–68.

	38.	 Rhen T, Cidlowski JA. Antiinflammatory action of glucocor-
ticoids - new mechanisms of old drugs. New England J Med. 
2005;353:1711–23.

	39.	 Busillo JM, Cidlowski JA. The five Rs of glucocorticoid action 
during inflammation: ready, reinforce, repress, resolve, and 
restore. Trends Endocrinol Metab. 2013;24:109–19.

	40.	 Vasileios A, Leventaki V, Rassidakis GZ, Claret FX. AP-1 tran-
scription factors as regulators of immune responses in cancer. 
Cancers. 2019;11:1037.

	41.	 Cain DW, Cidlowski JA. Immune regulation by glucocorticoids. 
Nat Rev Immunol. 2017;17:233–47.

	42.	 Liu T, Zhang L, Joo D, Sun S-C. NF-κB signaling in inflamma-
tion. Signal Transduct Target Ther. 2017;2:e17023.

	43.	 Halford WP, Kemp CD, Isler JA, Davido DJ, Schaffer PA. ICP0, 
ICP4, or VP16 expressed from adenovirus vectors induces 
reactivation of latent herpes simplex virus type 1 in primary 
cultures of latently infected trigeminal ganglion cells. J Virol. 
2001;75(13):6143–53.

	44.	 Cai W, Schaffer PA. Herpes simplex virus type 1 ICP0 regulates 
expression of immediate-early, early, and late genes in produc-
tively infected cells. J Virol. 1992;66:2904–15.

	45.	 Maul GG, Everett RD. The nuclear location of PML, a cellular 
member of the C3HC4 zinc- binding domain protein family, is 
rearranged during herpes simplex virus infection by the C3HC4 
viral protein ICP0. J Gen Virol. 1994;75(Pt 6):1223–33.

	46.	 Mossman KL, Saffran HA, Smiley JR. Herpes simplex 
virus ICP0 mutants are hypersensitive to interferon. J Virol. 
2000;74(4):2052–6.

	47.	 Mossman KL, Macgregor PF, Rozmus JJ, Goryachev AB, 
Edwards AM, Smiley JR. Herpes simplex virus triggers and then 
disarms a host antiviral response. J Virol. 2001;75(2):750–8.

	48.	 Everett RD. ICP0, a regulator of herpes simplex virus during lytic 
and latent infection. BioEssays. 2000;22(8):761–70.

	49.	 Kristie TM, Roizman B. Alpha 4, the major regulatory protein of 
herpes simplex virus type 1, is stably and specifically associated 
with promoter-regulatory domains of alpha genes and of selected 
other viral genes. Proc Natl Acad Sci U S A. 1986;83:3218–22.



244	 Current Clinical Microbiology Reports (2023) 10:236–245

1 3

	50.	 Smith CA, Bates P, Rivera-Gonzalez R, Gu B, DeLuca NA. ICP4, 
the major transcriptional regulatory protein of herpes simplex 
virus type 1, forms a tripartite complex with TATA-binding pro-
tein and TFIIB. J Virol. 1993;67(8):4676–87.

	51.	 DeLuca NA, McCarthy AM, Schaffer PA. Isolation and charac-
terization of deletion mutants of herpes simplex virus type 1 in the 
gene encoding immediate-early regulatory protein ICP4. J Virol. 
1985;56(2):558–70.

	52.	 O’Hare P. The virion transactivator of herpes simplex virus. Semi-
nars in Virol. 1993;4:145–55.

	53.	 O’Hare P, Goding CR. Herpes simplex virus regulatory ele-
ments and the immunoglobulin octamer domain bind a com-
mon factor and are both targets for virion transactivation. Cell. 
1988;52(3):435–45.

	54.	 Kristie TM. Early pre-initiation of alphaherpesvirus viral gene 
expression. In: A. Arvin GC-F, E. Mocarski, P.S. Moore, R. Whit-
ley, and K. Yamanishi, editor. Human herpesviruses: biology, 
therapy, and immunoprophylaxis. 1. Cambridge, NY: Cambridge 
University Press; (2007) 112–27

	55.	 Sawtell N, Thompson RL. De novo herpes simplex virus VP16 
expression gates a dynamic programmatic transition and sets the 
latent/lytic balance during acute infection in trigeminal ganglia. 
PLoS Pathog. 2016;12(9):e1005877.

	56.	 Thompson RL, Preston CM, Sawtell NM. De novo synthesis of 
VP16 coordinates the exit form HSV latency in vivo. PLoS Pat-
hog. 2009;5:1–12.

	57.	 Camarena V, Kobayashi M, Kim JK, Roehm P, Perez R, Gardner 
J, Wilson AC, Mohr I, Chao MV. Nature and duration of growth 
factor signaling through receptor tyrosine kinases regulates HSV-1 
latency in neurons. Cell Host Microbe. 2010;8:320–30.

	58.	 Kim JY, Mandarino A, Chao MV, Mohr I, Wilson AC. Transient 
reversal of episome silencing precedes VP16-dependent tran-
scription during reactivation of HSV-1 in neurons. PLoS Pathog. 
2012;8:e1002540.

	59.	 Linderman JA, Kobayashi M, Rayannavar V, Fak JJ, Darnell RB, 
Chao MV, Wilson AC, Mohr I. Immune escape via a transient 
gene expression program enables productive replication of a latent 
pathogen. Cell Rep. 2017;18:1312–23.

	60.	 Wilson A. Impact of cultured neuron models on alpha-herpesvirus 
latency research. Viruses. 2022;14:1209.

	61.	 Edwards T, Bloom DC. Lund Human mesencephalic (LUHMES) 
neuronal cell line supports herpes simplex virus 1 latency in vitro. 
J Virol. 2019;93:e02210-e2218.

	62.	 Grams T, Edwards TG, Bloom DC. Herpes simplex virus 1 strains 
17syn and KOS(M) differ greatly in their ability to reactivate from 
human neurons in vitro. J Virol. 2020;94:e00796-e820.

	63.	 Du T, Zhou G, Roizman B. HSV-1 gene expression from reacti-
vated ganglia is disordered and concurrent with suppression of 
latency-associated transcript and miRNAs. Proc Natl Acad Sci U 
S A. 2011;108:18820–4.

	64.	 Whitlow ZW, Kristie TM. Recruitment of the transcriptional coac-
tivator HCF-1 to viral immediate-ealy promoters during initiation 
of reactivation from latency of herpes simplex virus type 1. J 
Virol. 2009;83:9591–5.

	65.	 Amelio AL, Giordani NV, Kubat NJ, O’Neil JE, Bloom DC. Dea-
cetylation of the herpes simplex virus type 1 latency-associated 
transcript (LAT) enhancer and a decrease in LAT abundance pre-
cede an increase in ICP0 transcriptional permissiveness at early 
times postexplant. J Virology. 2006;80:2063–8.

	66.	 Du T, Zhou G, Roizman B. Induction of apoptosis accelerates 
reactivation from latent HSV-1 in ganglionic organ cultures 
and replication in cell cultures. Proc Natl Acad Sci U S A. 
2012;109:14616–21.

	67.	 Harrison K, Zhu L, Thunuguntla P, Jones C. Antagonizing the 
glucocorticoid receptor impairs explant-induced reactivation 

in mice latently infected with herpes simplex virus 1. J Virol. 
2019;93(13):e00418-19.

	68.	 Perng G-C, Ghiasi H, Slanina SM, Nesburn AB, Wechsler SL. The 
spontaneous reactivation function of the herpes simplex virus type 
1 LAT gene resides completely within the first 1.5 kilobases of the 
8.3- kilobase primary transcript. J Virol. 1996;70(2):976–84.

	69.	 Kwon BS, Gangarosa LP, Burch KD, deBack J, Hill JM. Induc-
tion of ocular herpes simplex virus shedding by iontophoresis 
of epinephtine into rabbit cornea. Invest Ophthalmol Vis Sci. 
1981;21:442–9.

	70.	 Goade DE, Nofchissey RA, Kusewitt DF, Hjelle B, Kriesel J, 
Moore J, Lyons CR. Ultraviolet light induces reactivation in a 
murine model of cutaneous herpes simplex virus-1 infection. Phy-
tochem Photobiol. 2001;74:108–14.

	71.	 Rock D, Lokensgard J, Lewis T, Kutish G. Characterization of 
dexamethasone-induced reactivation of latent bovine herpesvirus 
1. J Virol. 1992;66(4):2484–90.

	72.	 Jones C. Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory 
Neurons. 2016. In: Herpesviridae [Internet]. In Tech. 1. [24].

	73.	 Workman A, Eudy J, Smith L, Frizzo da Silva L, Sinani D, 
Bricker H, Cook E, Doster A, Jones C. Cellular transcription 
factors induced in trigeminal ganglia during dexamethasone-
induced reactivation from latency stimulate bovine herpesvi-
rus 1 productive infection and certain viral promoters. J Virol. 
2012;86:2459–73.

	74.	 Sinani D, Cordes E, Workman A, Thunuguntia P, Jones C. Stress 
induced cellular transcription factors expressed in trigeminal gan-
glionic neurons stimulate the herpes simplex virus type 1 (HSV-1) 
infected cell protein 0 (ICP0) promoter. J Virol. 2013;87:1183–92.

	75.	 Sasse S, Mailoux CM, Barczak AJ, Wang Q, Altonsy MO, 
Jain MK, Haldar SM, Gerber AN. The glucocorticoid recep-
tor and KLF15 regulate gene expression dynamics and inte-
grate signals through feed-forward circuitry. Molec Cell Biol. 
2013;33:2104–15.

	76.	 Sasse S, Zuo Z, Kadiyala V, Zhang L, Pufall MA, Jain MK, Phang 
TL, Stormo GD, Gerber AN. Response element composition 
governs correlations between binding site affinity and transcrip-
tion in glucocorticoid receptor feed-forward loops. J Biol Chem. 
2015;290:19756–69.

	77.	 Kushnir AS, Davido DJ, Schaffer PA. Role of nuclear factor Y in 
stress-induced activation of the herpes simplex virus type 1 ICP0 
promoter. J Virol. 2009;84:188–200.

	78.	 Ostler J, Harrison KS, Schroeder K, Thunuguntla P, Jones C. 
The glucocorticoid receptor (GR) stimulates herpes simplex 
virus 1 productive infection, in part because the infected cell 
protein 0 (ICP0) promoter is cooperatively transactivated by 
the GR and Krüppel-like transcription factor 15. J of Virol. 
2019;93:e02063-e2118.

	79.	 Wijesekera N, Hazell N, Jones C. Independent Cis-regulatory 
modules within the herpes simplex virus 1 infected cell protein 0 
(icp0) promoter are transactivated by Krüppel-like factor 15 and 
glucocorticoid receptor. Viruses. 2022;14:1284.

	80.	 Ostler JB, Thunugutla P, Hendrickson BY, Jones C. Transactiva-
tion of herpes simplex virus 1 (HSV-1) Infected cell protein 4 
enhancer by glucocorticoid receptor and stress-induced transcrip-
tion factors requires overlapping Krüppel-like transcription factor 
4/Sp1 binding sites. J Virol. 2021;95:e01776-e1820.

	81.	 Ganesanb R, Malletsb E, Gomez-Cambroneroa J. The transcrip-
tion factors Slug (SNAI2) and Snail (SNAI1) regulate phospho-
lipase D (PLD) promoter in opposite ways towards cancer cell 
invasion. Molec Oncol. 2016;10:663–76.

	82.	 Santos VC, Ostler JB, Harrison KS, Jones C. Slug, a stress-
induced transcription factor, stimulates herpes simplex virus type 
1 replication and transactivates a cis-regulatory module within the 
VP16 promoter. J Virol. 2023;97(4).



245Current Clinical Microbiology Reports (2023) 10:236–245	

1 3

	83.	 Kristie TM. Dynamic modulation of HSV chromatin drives ini-
tiation of infection and provides targets for epigenetic therapies. 
Virology. 2015;479–480:555–61.

	84.	 Kristie TM, Vogel JL, Sears AE. Nuclear localization of the C1 
factor (host cell factor) in sensory neurons correlates with reacti-
vation of herpes simplex virus from latency. Proc Natl Acad Sci 
U S A. 1999;96:1229–33.

	85.	 Arbuckle JH, Vogel JL, Efstathiou S, Kristie TM. Deletion of the 
transcriptional coactivator HCF-1 in vivo impairs the removal of 
repressive heterochromatin from latent HSV genomes and sup-
presses the initiation of viral reactivation. mBio. 2023;14.

	86.	 Harrison KS, Wijesekera N, Santos VC, Oakley RH, Cidlowski 
JA, Jones C. Impaired glucocorticoid receptor function attenuates 
herpes simplex virus 1 reactivation from latency in female mice. 
J Virol. Submitted.

	87.	 Margolis TP, Imai Y, Yang L, Vallas V, Krause PR. Herpes sim-
plex virus type 2 (HSV-2) establishes latent infection in a different 
population of gnaglionic neurons than HSV-1: role of latency-
associated transcripts. J Virol. 2007;81:1872–8.

	88.	 Lewandowski G, Zimmerman MN, Denk LL, Porter DD, Prince 
GA. Herpes simplex type 1 infects and establishes latency in the 
brain and trigeminal ganglia during primary infection of the lip 
in cotton rats and mice. Arch Virol. 2002;147:167–79.

	89.	 Sungseok L, Ives AM, Bertke AS. Herpes simplex virus 1 reac-
tivates from autonomic ciliary ganglia independently from sen-
sory trigeminal ganglia to cause recurrent ocular disease. J Virol. 
2015;89:8383–91.

	90.	 Claessens F, Joniau J, Helsen C. Comparing the rules of engage-
ment of androgen and glucocorticoid receptors. Cellular and 
Molecular Biosciences. 2017;74:2217–28.

	91.	 Strahle U, Boshart M, Klock G, Stewart F, Schutz G. Glucocor-
ticoid- and progesterone-specific effects are determined by dif-
ferential expression of the respective hormone receptors. Nature. 
1999;339:629–32.

	92.	 Zhao J, Zhu L, Wijesekera N, Jones C. Specific Akt family mem-
bers impair stress mediated transactivation of viral promoters and 
enhance neuronal differentiation: important functions for main-
taining latency. J Virol. 2020;94:e00901-e920.

	93.	 Lee G, Goretsky T, Managlia E, Dirisina R, Singh AP, Brown 
JB, May R, Yang G-Y, Ragheb JW, Evers BM, Weber CR, Turner 
JR, He XC, Katzman RB, Li L, Barrett TB. Phosphoinositide 
3-kinase signaling mediates beta-catenin activation in intestinal 
epithelial stem and progenitor cells in colitis. Gastroenterology. 
2010;139:869–81.

	94.	 Harrison K, Zhu L, Thunuguntla P, Jones C. Herpes simplex 
virus 1 regulates beta-catenin expression in TG neurons during 
the latency-reactivation cycle. PLoS One. 2020;15:e0230870.

	95.	 Workman A, Zhu L, Keel BN, Smith TPL, Jones C. The Wnt 
signaling pathway is differentially expressed during the bovine 
herpesvirus 1 latency-reactivation cycle: evidence that two 
proteinkinases associated with neuronal survival, Akt3 and 
BMPR2, are expressed at higher levels during latency. J of Virol. 
2018;92(7):e01937-e2017.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Intimate Relationship Between Stress and Human Alpha-Herpes Virus 1 (HSV-1) Reactivation from Latency
	Abstract  
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Latency-Reactivation Cycle Is Essential for Recurrent Disease
	Stressful Stimuli Correlate with Increased Episodes of Reactivation from Latency
	Viral Proteins Predicted to Mediate Early Stages of Reactivation from Latency
	HSV-1 Models for Studying the Latency-Reactivation Cycle
	Identification of Stress-Induced Cellular Transcription Factors
	GR and Stress-Induced Cellular Transcription Factors Activate ICP0, ICP4, and VP16 PromoterRegulatory Sequences
	Identification of Cellular Factors that Mediate HSV-1 Reactivation in Mouse Models of Infection

	Conclusions
	References


