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Abstract: Bovine alpha-herpesvirus 1 (BoHV-1) is a significant problem for the cattle industry, in part
because the virus establishes latency, and stressful stimuli increase the incidence of reactivation from
latency. Sensory neurons in trigeminal ganglia and unknown cells in pharyngeal tonsils are important
sites for latency. Reactivation from latency can lead to reproductive problems in pregnant cows, virus
transmission to young calves, suppression of immune responses, and bacterial pneumonia. BoHV-1
is also a significant cofactor in bovine respiratory disease (BRD). Stress, as mimicked by the synthetic
corticosteroid dexamethasone, reproducibly initiates reactivation from latency. Stress-mediated
activation of the glucocorticoid receptor (GR) stimulates viral replication and transactivation of
viral promoters that drive the expression of infected cell protein 0 (bICP0) and bICP4. Notably,
GR and Krüppel-like factor 15 (KLF15) form a feed-forward transcription loop that cooperatively
transactivates immediate early transcription unit 1 (IEtu1 promoter). Two pioneer transcription
factors, GR and KLF4, cooperatively transactivate the bICP0 early promoter. Pioneer transcription
factors bind silent viral heterochromatin, remodel chromatin, and activate gene expression. Thus, we
predict that these novel transcription factors mediate early stages of BoHV-1 reactivation from latency.

Keywords: Bovine alpha-herpesvirus 1 (BoHV-1); reactivation from latency; glucocorticoid receptor
(GR); Krüppel-like factor (KLF); specificity protein 1 (Sp1); Wnt/β-catenin/Akt signaling axis

Recent reviews by our lab discussed the role BoHV-1 plays during BRD, how infection
influences host immune responses [1], and the role stress plays during reactivation [2].
Although these topics are summarized in this review, the focus of this review is to dis-
cuss differences between viral gene expression during early stages of reactivation in the
pharyngeal tonsil and trigeminal ganglia. Furthermore, we provided a new discussion
summarizing how cell cycle regulators (E2F1, E2F2, and E2F3) and specificity protein 1
(Sp1) cooperate with GR to cooperatively transactivate the immediate early transcription
unit 1 promoter. This promoter drives the expression of the two most important viral
transcriptional regulatory proteins.

1. Pathogenesis of BoHV-1

Bovine respiratory disease (BRD) is initiated by stress and/or virus infection, including
by bovine alpha-herpesvirus 1 (BoHV-1), bovine respiratory syncytial virus (bRSV), bovine
parainfluenza type 3 virus (PI3V), bovine coronavirus (BoCV), influenza D virus (IDV), and
bovine viral diarrhea virus (BVDV), which are reviewed in [3].

Approximately 75% of morbidities and 50% of mortalities in feedlot cattle are linked
to BRD [4–7]. The most common bacterial strains associated with BRD are Mannheimia
haemolytica, Pasteurella multocida, Histophilus somni, and Mycoplasma bovis [8]. Mannheimia
haemolytica is a commensal bacterium [9] that is present in the normal flora in the upper
respiratory tract of healthy ruminants [10]. Hence, BRD is a polymicrobial disease that
continues to be the most economically important disease affecting beef and dairy cattle.
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Stress that can lead to immune suppression and/or co-infections disrupt this commen-
sal relationship [11]. Consequently, Mannheimia haemolytica is frequently present in
bronchopneumonia in BRD cases [12–15].

BoHV-1 acute infection generally causes upper respiratory tract disease [16,17], erodes
mucosal surfaces of the upper respiratory tract, enhances colonization of Mannheimia
haemolytica in the lower respiratory tract [12–14], and promotes interactions between the
Mannheimia haemolytica leukotoxin and bovine peripheral blood mononuclear cells, in-
cluding neutrophils [18,19]. Co-infection of calves with BoHV-1 and Mannheimia haemolyt-
ica consistently leads to life-threatening pneumonia [20].

In addition to BRD, BoHV-1 is the most frequently diagnosed cause of viral abortion
in cattle located in North America [21–25]. These studies also concluded that BoHV-1
modified live vaccines can induce abortions. While acute infection is responsible for certain
abortions, it is likely that reactivation from latency plays a major role in abortions and other
reproductive issues.

2. BoHV-1 Productive Infection

High levels of virus production occur during acute BoHV-1 infection, which induces
apoptosis and inflammation, as reviewed in [3]. Viral gene expression occurs in three
well-defined phases: immediate early (IE), early (E), and then late (L). IE transcription
unit 1 (IEtu1) encodes two transcriptional regulatory proteins (bICP0 and bICP4), which
stimulate productive infection [26–28]. IEtu2 encodes the bICP22 protein [27]. A tegument
protein, VP16, interacts with two cellular proteins, Oct-1 and host cell factor 1 (HCF-1),
and this complex interacts with and specifically transactivates all IE promoters [29,30].
E proteins are generally non-structural and are involved with viral DNA replication. L
proteins comprise the infectious virus.

The genomes of Alphaherpesvirinae subfamily members, BoHV-1 and Herpes Simplex
Virus 1, for example, generally have a high GC content. Many viral promoters within
these genomes include Sp1 consensus binding sites and additional GC-rich motifs [31,32].
Sp1 is a zinc-finger transcription factor expressed in all cells, and is an important basal
transcription factor for many promoters [33]. Sp1 is bound to Herpes Simplex Virus 1 IE, E,
and early/late (E/L) promoters throughout the viral genome, and there are higher levels
of binding prior to the onset of viral DNA replication [32,34]. Furthermore, infection of
permissive cells with BoHV-1 or Herpes Simplex Virus 1 increases Sp1 and Sp3 steady-
state protein levels, and, as expected, these proteins were primarily detected in nuclear
extracts of infected cells [35,36]. Silencing Sp1 expression with a specific siRNA or with
Mithramycin A, an antibiotic with anti-tumor activity that preferentially interacts with
GC-rich DNA, significantly reduced Herpes Simplex Virus 1 replication, indicating that it
has antiviral activity [35,36].

3. BoHV-1 Inhibits Immune Responses During Productive Infection

BoHV-1 impairs immune responses during acute infection because it suppresses cell-
mediated immunity [37–39], CD8+ T-cell recognition of infected cells [40–43], and CD4+
T-cell functions. CD4+ T-cell function is impaired during acute infection of calves because
BoHV-1 infects CD4+ T cells and induces apoptosis [44,45]. Fluorescence-activated cell
sorting analyses revealed that CD4+ and CD8+ T cells decreased in lymph nodes and
PBMCs after infection. The decrease in CD4+ T cells correlates with increased apoptosis.

Infected cell protein 0 (bICP0) inhibits interferon signaling by more than one mech-
anism [46,47]. For example, the C3HC4 Zinc RING finger domain of bICP0 is crucial for
inducing IRF3 degradation, suggesting that bICP0 ubiquitinates interferon response fac-
tor 3 (IRF3). A functional proteasome is important for bICP0-induced IRF3 degradation,
which supports the role of the bICP0 RING finger in mediating IRF3 degradation [47].
The capacity of bICP0 to inhibit transactivation of IRF7 of the IFN-β promoter suggests
that bICP0 directly impacts IRF7 functions [48]. Interactions between bICP0 and p300 or
p300-containing complexes may also interfere with IFN-β promoter activity because p300



Viruses 2024, 16, 1675 3 of 16

is essential for stimulating IFN-β promoter activity [49]. BoHV-1 infection also impairs
the phagocytic activity of macrophages and their antibody-dependent cellular cytotoxicity
function [50,51].

BoHV-1, BoHV-5, and EHV-1 encode a glycoprotein G (gG) that is secreted from in-
fected cells and binds to a broad range of chemokines [52]. Interactions between gG and
chemokines block chemokine activity by preventing their interactions with specific recep-
tors and glycosaminoglycans. By disrupting chemokine–glycosaminoglycan interactions,
gG alters chemokine gradients, thereby influencing the local environment surrounding an
infected cell. A BoHV-1 gG deletion mutant exhibits reduced virulence, in part because gG
is a viral immune evasion gene [53]. In summary, BoHV-1 contains multiple means of im-
pairing immune responses, which plays an important role in viral replication, pathogenesis,
and transmission to other cattle.

4. Establishment and Maintenance of a Latent Infection in Sensory Neurons
4.1. Viral Gene Expression During Establishment and Maintenance of Latency

Viral particles produced during acute infection of mucosal surfaces enter the pe-
ripheral nervous system via cell–cell spread. Sensory neurons in trigeminal ganglia (TG)
are a primary site for latency when infection is initiated in the oral, nasal, or ocular cav-
ity [46,54–57]. Limited lytic cycle viral gene expression and virus production initially occur
when sensory neurons are infected; however, sensory neurons do not support high levels of
viral replication. Viral spread to the central nervous system occurs via synaptic connections
from TG [58]. Viral gene expression is subsequently extinguished, and a subset of infected
neurons survive. Infected neurons that survive initial infection harbor viral genomes, and
latency is established [54]. Following the establishment of latency, viral shedding is not
readily detected.

The latency-related (LR) gene is the only BoHV-1 gene abundantly expressed in latently
infected neurons that overlaps with bICP0 coding sequences located in immediate early
transcription unit 1 (IEtu1; Figure 1). The LR gene is complicated because polyA+ LR-RNA
is alternatively spliced, and the start site for transcription is further upstream in the TG of
latently infected calves relative to productive infection [59]. Since LR-RNA is alternatively
spliced [60], it can encode several ORF2 family members, and ORF-1 if LR-RNA is not
spliced. Part of reading frame B (RF-B) and RF-C may comprise the C-terminus of ORF-2
depending on how LR-mRNA is spliced. ORF-E [61] coding sequences are located in the
LR promoter, and over-expression of ORF-E in murine neuroblastoma cells (Neuro-2A)
promotes neurite sprouting and neuronal differentiation [62]. The LR gene locus also
encodes two micro-RNAs located near the 5′-teminus of the LR-RNA transcript that are
expressed during latency.

An LR mutant virus with three stop codons at the N-terminus of ORF2 exhibits
reduced clinical symptoms in acutely infected calves because virus shedding from the TG,
pharyngeal tonsil (PT), and ocular cavity of infected calves is reduced [63]. Wild-type (wt)
BoHV-1, but not the LR mutant virus, reactivates from latency after DEX treatment [64],
in part because the LR mutant induces high levels of TG neuronal death during the
establishment of latency [65]. Since LR gene expression is repressed during reactivation
from latency [17,66,67], they may not directly stimulate reactivation from latency.

However, several LR gene products are predicted to promote the establishment and
maintenance of latency. For instance, ORF2 interacts with certain cellular transcription
factors: for example, Notch family members [68], a complex containing β-catenin and a
β-catenin coactivator (High-Mobility Group AT-Hook 1 Protein) [69], and c/EBP-α [70].
ORF-2 interferes with Notch-1-mediated transcriptional activation [67,68,71,72], which
may impair reactivation from latency because Notch is stimulated during this process [73].
ORF-2 promotes neuronal differentiation in Neuro-2A cells transfected with a Notch family
member, which may promote the maintenance of latency because Notch family members
impair neuronal differentiation to maintain a pool of neuronal stem cells [67]. ORF-2
also preferentially interacts with single-stranded DNA versus double-stranded DNA, but
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sequence-specific binding was not observed [74]. The anti-apoptosis activity of ORF2 is
predicted to promote the survival of infected neurons, which is crucial for establishing and
maintaining a life-long latent infection [75].
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Figure 1. Schematic of latency-related (LR) gene products. Map of a Pst-I fragment containing the LR
promoter, 5′ terminus of LR transcript, 3′-terminus of bICP0, and ORF-E gene. ORF-E is antisense
relative to the LR gene. Arrow denotes start sites for LR-RNA transcription during latent and lytic
infections (nucleotides 360 and 724). Position of LR micro-RNA #1 and #2 are denoted by stars. Stop
codon for bICP0 translation and polyA+ addition site of bICP0 are shown. Location of ATG and
ORF2 stop codon are also denoted. Nucleotide numbers denote the PstI 5′ terminus of the LR gene.

The LR gene and Herpes Simplex Virus 1 latency-associated transcript (LAT) both have
anti-apoptosis functions [76,77]. Notably, a chimeric virus (CJ-LAT) that contains the BoHV-
1 LR gene inserted at the location of the LAT in an LAT null mutant increased the incidence
of reactivation from latency relative to the parental LAT null mutant (dLAT2903) [78,79].
These studies also revealed that CJLAT has enhanced virulence in mice and rabbits when
compared to dLAT2903 and the parental wt McKRae strain. Expression of BoHV-1 ORF2
was crucial for these studies [78]. Over-expression of the LR gene micro-RNAs reduces
steady-state levels of bICP0 proteins in transient transfection studies [17]. Another non-
coding RNA in the LR gene promoter inhibits stress-induced activation of key BoHV-1
promoters [80]. In summary, LR gene products encode several factors that promote the
establishment and maintenance of latency.

4.2. Activation of the Canonical β-Catenin/Wnt Signaling Axis Promotes the Establishment and
Maintenance of Latency

RNA-sequencing studies demonstrated that the canonical Wnt/β-catenin signaling
pathway is more active in the TG of latently infected calves when compared to TG from
uninfected calves or during early stages of reactivation from latency [81]. The Wnt family
is comprised of 19 known Wnt genes and 15 Wnt receptors or co-receptors [82,83]. Four
distinct families of Wnt antagonists have also been identified. Interestingly, the levels of
seven Wnt antagonists were significantly increased during the early stages of reactivation
from latency by DEX [81].

If the Wnt pathway is active, Wnt family members interact with the Wnt co-receptor/
receptor complex (Figure 2) [82,83]. These interactions increase disheveled (DVL) protein
levels and the formation of a complex comprising glycogen synthase kinase 3β (GSK3β),
casein kinase 1α (CK1α), Adenomatous polyposis coli gene (APC), and a scaffold protein
Axin. Consequently, GSK3β is phosphorylated and its intrinsic kinase activity is turned
off, culminating in increased cytoplasmic steady-state β-catenin protein levels. Unphos-
phorylated β-catenin in the cytosol subsequently enters the nucleus and interacts with
T-cell-specific factor (TCF)/lymphoid enhancer-binding factor (LEF) and additional coacti-
vators; consequently, β-catenin-dependent gene expression is induced. In the absence of a
Wnt ligand, β-catenin interacts with the complex of GSK3β, Axin, APC, and CK1α. CK1α
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subsequently phosphorylates β-catenin, which leads to proteasome-dependent proteolysis
and the inhibition of β-catenin-dependent gene expression.
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Approximately 100 genes associated with the canonical Wnt/β-catenin signaling path-
way are significantly reduced during DEX-induced reactivation from latency (30, 89) and
180 min after DEX treatment) [81]. The nucleotide-binding protein alpha-Q (GNAQ), (42-
fold reduction), Wnt 16 (54-fold reduction), bone morphogenetic protein receptor 2 (BMPR2;
44-fold reduction), and Akt3 (51-fold reduction) were significantly reduced versus samples
from latently infected calves. In general, these genes enhance canonical Wnt signaling
via multiple mechanisms. Akt signaling stimulates the Wnt/β-catenin signaling pathway
by phosphorylating β-catenin on serine 552, which enhances β-catenin-dependent tran-
scription [84,85]. The Phosphoinositide 3-kinase signaling pathway (PI3K)/AKT signaling
pathway also stimulates nuclear β-catenin localization [86]. Activated Akt interacts with
the Axin–GSK3β complex in the presence of DVL, thus increasing β-catenin steady-state
protein levels [87]. The three Akt family members are serine/threonine protein kinases that
play significant roles in cell survival and growth, as reviewed in [88,89].

The expression of five soluble Wnt antagonists is significantly increased during reacti-
vation from latency: for example, Dikkopf-1-like protein (DKKL1), Dikkopf-1 (DKK1), Wnt
inhibitory factor 1 (WIF-1), and secreted frizzled-related protein 4 (SFRP4). Many Wnt reg-
ulators, positive and negative, are soluble secreted factors, suggesting they have multiple
effects on TG neurons and support cells, regardless of whether they are latently infected.

The canonical Wnt/β-catenin signaling pathway (Figure 2) enhances neurogenesis
and neuronal survival [90–92], crucial for a life-long latent infection following acute BoHV-
1 infection. Based on these observations, we predict that the ability of BoHV-1 LR gene
products to directly or indirectly co-opt the PI3K/Akt/Wnt/β-catenin signaling axis is
crucial for mediating the establishment and maintenance of latency. Notably, several studies
have concluded that the PI3K signaling pathway is linked to the Herpes Simplex Virus 1
latency–reactivation cycle [93,94].
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5. Stress-Induced Reactivation from Latency Leads to Rapid Changes in Cellular
Signaling Pathways That Correlate with Viral Gene Expression
5.1. Sensory Neurons in Trigeminal Ganglia Are Important Sites for BoHV-1 Latency and
Reactivation from Latency

Stress, as mimicked by the synthetic corticosteroid hormone DEX, consistently induces
BoHV-1 reactivation from latency [57,66,95]. Notably, synthetic corticosteroids also stimu-
late reactivation from latency in beagles latently infected with canine herpesvirus 1 [96–99].
Furthermore, DEX stimulates Herpes Simplex Virus 1 reactivation in TG explants [100,101].
Generally, a stressful stimulus triggers cortisol secretion via the hypothalamic–pituitary–
adrenocortical (HPA) axis, as reviewed in [102]. Corticosteroids regulate cell growth,
development, metabolism, and in certain situations, apoptosis. Inactive GR is engaged
with a heat shock protein (HSP) complex located in the cytoplasm, as reviewed in [102,103]
(Figure 3A). Increased cortisol levels lead to enhanced diffusion into cells. The GR–hormone
complex disengages from the HSP complex; consequently, the GR–hormone complex en-
ters the nucleus. A GR–hormone homodimer binds to a consensus GR response element
(GRE), remodels chromatin, and stimulates transcription via a ligand-dependent mech-
anism [104,105]. A GR monomer can also stimulate transcription by binding to certain
½ GREs [106,107]. GR activation occurs within minutes and does not require de novo
protein synthesis, which is important for rapidly inducing BoHV-1 promoters. Notably, GR
can also stimulate gene expression via a ligand-independent mechanism [108] (Figure 3B).
GR must be phosphorylated at serine 134 [108] for this process to occur. Serine 134 is
hyperphosphorylated following glucose starvation, oxidative stress, UV irradiation, and
osmotic shock. GR can be phosphorylated by mitogen-associated protein kinases (MAPKs),
cyclin-dependent kinases (CDKs), and glycogen synthase kinase 3 beta (GSK3β) [108]. It
is likely that other protein kinases also phosphorylate GR. Corticosteroids exhibit anti-
inflammatory and immune-suppressive effects, in part by inactivating AP-1 and NF-κB,
which are two transcription factors that stimulate the expression of inflammatory cytokines,
as reviewed in [109]. Finally, activated GR induces apoptosis in certain lymphocytes, which
also contributes to immune suppression and the anti-inflammatory properties of GR.

5.2. Pharyngeal Tonsil Contains Viral DNA in Latently Infected Calves and Supports
Virus Reactivation

Viruses or bacteria that infect the nasal, ocular, or oral cavity drain into the throat and
have the potential to infect pharyngeal tonsil (PT) cells. The nasal–lacrimal duct system
allows tears from ocular surfaces to drain into the nasal cavity and then the throat; hence,
BoHV-1 shedding from ocular or nasal surfaces drain to the PT. BoHV-1 DNA is consistently
detected in the PT of latently infected cattle [110–112]. The DNA of Pseudorabies virus [113]
and canine herpesvirus 1 [114] are also detected in the PTs of their respective hosts. For
these α-herpesvirinae subfamily members, their respective hosts were not shedding the
infectious virus and thus fit the criteria for being latently or quiescently infected.

BoHV-1 lytic cycle viral gene expression is readily detected in the PT by in situ
hybridization 6 h after latently infected calves are given an IV injection of DEX [112].
RNA-sequencing studies demonstrated that the essential BoHV-1 regulatory transcript
(bICP4) is expressed within 30 min in the PT after DEX treatment of latently infected calves
(Figure 3C) [110]. As expected, lytic cycle viral gene expression is not detected in the PT
of calves latently infected with BoHV-1. Within 90 min after DEX treatment, bICP0 and
bICP4 were the only viral genes detected (Figure 3C). Surprisingly, LR-RNA is not readily
detected in the PT of latently infected calves but is abundantly detected in the TG of latently
infected calves. By 3 h after DEX treatment, all viral genes were readily detected in the PT.
Based on these studies, the PT fit the criteria for being a novel site for BoHV-1 latency and
not a “smoldering persistent infection”. In addition to distinct differences in viral gene
expression in TG versus PTs during early stages of reactivation from latency, additional
differences were identified. RNA-sequencing of the total PT, but not TG, readily detects
viral RNA during the early stages of reactivation from latency, suggesting more cells in the
PT are latently infected.
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GR-P). A phosphorylated GR dimer or GR monomer enters the nucleus, binds to a consensus GRE or
½ GRE, respectively, and transactivates promoters containing a ½ GRE. Panel (C): Comparison of
viral gene expression in TG versus PT during early stages of DEX-induced reactivation from latency.

During reactivation from latency, virus transmission via the PT may be more efficient
than TG because virus shedding directly spreads to the oral cavity or lower respiratory tract.
Reactivation from latency via TG neurons requires that viral particles travel anterogradely
from TG toward nerve terminals where innervated cells are subsequently infected prior to
virus shedding and transmission to other cattle.

5.3. Viral Gene Expression in Trigeminal Ganglia During Reactivation from Latency Differs from
That in Pharyngeal Tonsils

The expression of key viral regulatory proteins (bICP0, bICP4, bICP22, and VP16),
but not glycoprotein C or E, is detected in TG neurons within 90 min after DEX treat-
ment [115–117]. Consistently, bICP0 and VP16 are detected prior to bICP4 and bICP22
(Figure 3C). The expression of several cellular transcription factors is stimulated during
reactivation from latency [73]. These include promyelocytic leukemia zinc finger (PLZF),
Slug, SPDEF (Sam-pointed domain containing Ets transcription factor), Krüppel-like tran-
scription factor 4 (4), KLF15, KLF6, and GATA6. These stress-induced transcription factors
stimulate productive infection and key viral promoters as discussed below [73,118–123].



Viruses 2024, 16, 1675 8 of 16

Interestingly, certain KLF family members (KLF4, KLF6, KLF15, and PLZF) and Sp1 are
detected in more TG neurons after latently infected calves are treated with DEX to initiate
reactivation from latency [36,73].

5.4. Stress-Induced Transcription Factors Stimulate IEtu1 and bICP0 E Promoters

The IEtu1 promoter, which drives bICP0 and bICP4 protein expression [27,28,124]
(Figure 4A), contains two consensus GR response elements (GREs) and is stimulated
by DEX [117,121] (Figure 4B). GR stimulates KLF15 expression, these two transcription
factors interact, and they cooperatively transactivate the IEtu1 promoter via a feed-forward
transcription loop [120]. The BoHV-1 genome is GC-rich, and many viral promoters,
including the IEtu1 promoter, contain Sp1 consensus binding sites and other GC-rich
motifs, suggesting KLF binding sites span the entire viral genome [31]. Silencing expression
of the KLF15 protein hindered Herpes Simplex Virus 1 productive infection, and KLF15
protein levels increase during productive infection. KLF15 was predominantly localized
in the nucleus after BoHV-1 or Herpes Simplex Virus 1 infection of cultured cells [125].
When cells were transfected with a KLF15 promoter construct and subsequently infected
with Herpes Simplex Virus 1, there was a significant increase in promoter activity. The
Herpes Simplex Virus 1 ICP0 gene, and to a lesser extent, bICP0, transactivates the KLF15
promoter in the absence of other viral proteins [125]. Krüppel-like factors (KLFs) and
specificity protein 1 (Sp1) are closely related zinc-finger proteins that bind GC- or CA-rich
sequences and form a superfamily of transcription factors [31,126]. KLF proteins and Sp1
family members play a crucial role in the transcriptional machinery of eukaryotic cells and
influence cell proliferation, apoptosis, differentiation, and neoplastic transformation, as
reviewed in [31,126,127]. KLF4, like several other KLF family members, has pro-apoptotic
and anti-apoptotic functions, which are dependent on the cell type and whether these cells
are normal or cancerous [128].

The E2F family of transcription factors regulates the cell cycle. They contain a con-
served DNA-binding domain, an acidic transcriptional activation domain, and a binding
site for the retinoblastoma (Rb) protein [129]. The phosphorylation of Rb family members
by cyclin-dependent kinase–cyclin complexes releases E2F family members. E2F1, E2F2,
and E2F3 activate transcription, whereas other members repress transcription or have little
effect on it [130–132]. Remarkably, consensus E2F binding sites are found in the promoters
of many genes that regulate cell cycle progression [130]. Previous studies demonstrated
that E2F family members stimulate replication and gene expression of α-herpesvirinae sub-
family members. For instance, silencing E2F1 reduces BoHV-1 and Herpes Simplex Virus
1 replication in cultured cells, and E2F1 or E2F2 transactivate the IEtu1 and early bICP0
promoters [35,133,134]. Interestingly, E2F1 also activates the Herpes Simplex Virus 1 thymi-
dine kinase promoter via a GC-rich motif, rather than a consensus E2F binding site [135].
Sp1 over-expression can also stimulate [136,137] apoptosis, and other studies demonstrated
that Sp1 and Sp3 impair apoptosis [138]. Interestingly, apoptosis was reported to accelerate
reactivation from latency [99,139] suggesting certain KLF family members and Sp1 and Sp3
expression can enhance reactivation by enhancing BoHV-1 [36] and Herpes Simplex Virus 1
replication [35] or inducing apoptosis.

Recent studies revealed that E2F2, unlike other E2F transcriptional activators (E2F1,
E2F3a, and E2F3b), significantly enhanced the transactivation of the CRM-derived IEtu1
promoter that contains both glucocorticoid response elements (GREs) when synthetic
corticosteroid DEX was added to mouse neuroblastoma (Neuro-2A) or African Green
monkey kidney (CV-1) cell cultures. Novel tandem Sp1 binding sites within the IEtu1GREs
CRM were identified (see Figure 4B). Mutating these tandem Sp1 binding sites within
the IEtu1GREs CRM significantly reduced E2F2-mediated transactivation in Neuro-2A
and established CV-1 [140]. Chromatin immunoprecipitation studies revealed that E2F2
occupies IEtu1 promoter sequences in cultured cells.
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Figure 4. Schematic of IEtu1 promoter and bICP0 E promoter. Panel (A). The BoHV-1 genome
contains a unique long (L), unique short (S), and two repeats denoted by the rectangles. Location of
IE transcripts and LR transcript (LR-RNA) are denoted. IE/4.2 is the IE bICP4 transcript. IE/2.9 is the
IE mRNA that encodes the bICP0 transcript. The IEtu1 promoter activates expression of IE/4.2 and
IE/2.9 and is denoted by a black rectangle (IEtu1 pro). E/2.6 is the early transcript that encodes bICP0,
and a separate early promoter regulates the expression of the E/2.6 transcript (E pro). Exon 2 (e2) of
bICP0 contains all the protein-coding sequences. The origin of replication (ORI) is located between
IEtu1 and IEtu2. The IEtu2 promoter (IEtu2 pro) controls the expression of the bICP22 protein.
Solid lines in the transcript are exons (e1, e2, e3) and dashed lines are introns. Panel (B): Schematic
of full-length IEtu1 promoter. Location of GREs, TATA box, and the start site for transcription
are denoted by the arrow, and potential binding sites are shown for cellular transcription factors.
Panel (C): Schematic of bICP0 E promoter and location of potential cellular transcription binding
sites. Blue ovals denote consensus Sp1 binding sites, black triangles are consensus KLF CACCC-rich
motif, orange triangles are KLF4-like binding sites, and red ovals are ½ GRE-like binding sites. The
yellow oval is a potential KLF15 binding site.

The bICP0 E promoter is also synergistically transactivated by GR and KLF4, both
of which are pioneer transcription factors that bind silent chromatin and activate gene
expression [119] (Figure 4C). KLF15 also transactivates the bICP0 E promoter, but it had
no effect on the gC promoter [73]. GR can function as a “pioneer” transcription factor
because it can interact with silent heterochromatin, and under certain circumstances, can
remodel silent chromatin, culminating in increased transcription [141]. The ability of GR
to function as a pioneer factor, it is typically associated with a cellular ATPase, BRG1,
which associates with at least 10 other transcriptional coactivators [142]. KLF4 is also a
pioneer transcription factor, which coregulates GR-mediated gene expression [143], and
KLF4 expression is stimulated by heat stress [144]. Since it is likely that BoHV-1 DNA is
organized as silent heterochromatin in latently infected cells, pioneer transcription factors
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are predicted to play a key role in initiating viral gene expression during early stages of
reactivation. Corticosteroid-mediated immune repression [106,145,146] is also predicted to
increase virus spread during reactivation from latency.

6. Correlation Between BoHV-1 Reactivation from Latency and Disease

BoHV-1 reactivation from latency does not generally cause serious recurrent disease.
However, reactivation from latency transiently suppresses immune responses, disrupts the
integrity of mucosal surfaces, and is essential for virus transmission. Thus, reactivation
from latency can expedite Mannheimia haemolytica colonization and bacterial replication
in the lower respiratory tract, leading to pneumonia. Current modified live vaccines used
in the US readily reactivate from latency and trigger abortion [21,25] by the hematogenous
spread of virus from the placenta to the liver via the umbilical vein, and then to all organs
via fetal blood vessels [147]. For example, we performed a study with Pfizer (now Zoetis)
where calves were vaccinated with a temperature-sensitive BoHV-1 modified live vaccine
(RLB 106). When vaccination was performed in the nasal cavity, DEX treatment of latently
infected calves consistently led to reactivation from latency, as judged by the shedding of
the infectious virus from oral, nasal, and PT swabs [148]. The establishment of latency in
TG or sacral dorsal root ganglia did not occur when calves were vaccinated intramuscularly.
This study highlights complications associated with the reactivation of BoHV-1 from latency
in current modified live vaccines in feedlots and dairy farms. Thus, mechanistic studies
designed to identify cellular and viral factors that trigger the early stages of reactivation
from latency may lead to new strategies for designing a modified live vaccine that does not
reactivate from latency or that exhibits reduced incidence of reactivation from latency.

7. Conclusions

BoHV-1 continues to be a significant pathogen in the cattle industry because it is
an important cofactor for BRD and it causes abortions. There are several commercially
available modified live vaccines. However, the current modified live vaccines can reactivate
BoHV-1 from latency and cause disease, including abortions. The ability of stress to induce
BoHV-1 reactivation from latency in TG neurons and certain cells in pharyngeal tonsils
continues to be a significant problem. Our findings show that GR directly stimulates viral
gene expression and viral replication, directly linking stress to BoHV-1 reactivation from
latency. Furthermore, our study revealed that pioneer transcription factors, including GR
and KLF4, are crucial for activating viral gene expression during early stages of reactivation
from latency. Since GR activation also interferes with normal antiviral responses, immune
suppression enhances BoHV-1 virus shedding. Identifying viral and cellular genes that
initiate reactivation will provide new therapeutic strategies designed to prevent reactivation
from latency.

Author Contributions: C.J. and F.E.-M. wrote different sections of the original draft. Furthermore,
both authors reviewed and edited this manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by grants to C.J. from the USDA-NIFA Competitive Grants
Program (2021-67015, and 2023-07864), funds from the Oklahoma Center for Respiratory and Infec-
tious Diseases (National Institutes of Health Centers for Biomedical Research Excellence Grant #
P20GM103648), and Sitlington Endowment.

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Viruses 2024, 16, 1675 11 of 16

References
1. Jones, C. Bovine herpesvirus 1 counteracts immune responses and immune-suveillance to enhance pathogenesis and virus

transmission. Front. Immunol. 2019, 10, 1008. [CrossRef] [PubMed]
2. Ostler, J.B.; Jones, C. The Bovine Herpesvirus 1 Latency-Reactivation Cycle, a Chronic Problem in the Cattle Industry. Viruses

2023, 15, 552. [CrossRef] [PubMed]
3. Jones, C.; Chowdhury, S. A review of the biology of bovine herpesvirus type 1 (BHV-1), its role as a cofactor in the bovine

respiratory disease complex, and development of improved vaccines. Adv. Anim. Health 2007, 8, 187–205. [CrossRef]
4. Johnson, K.K.; Pendell, D.L. Market impacts of reducing the prevalence of bovine respiratory disease in United States beef cattle

feedlots. Front. Vet. Sci. 2017, 4, 189. [CrossRef]
5. Edwards, A.J. Respiratory diseases of feedlot cattle in the central USA. Bov. Pract. 1996, 30, 5–7. [CrossRef]
6. Griffin, D. Economic impact associated with respiratory disease in beef cattle. Vet. Clin. N. Am. Food Anim. Pract. 1997, 13,

367–377. [CrossRef]
7. Kapil, S.; Basaraba, R.J. Infectious bovine rhinotracheitis, parainfluenza-3, and respiratory coronavirus. Bovine respiratory disease

update. Vet. Clin. N. Am. Food Anim. Pract. 1997, 13, 455–461. [CrossRef] [PubMed]
8. Andrés-Lasheras, S.; Jelinski, M.; Zaheer, R.; McAllister, T.A. Bovine Respiratory Disease: Conventional to Culture-Independent

Approaches to Studying Antimicrobial Resistance in North America. Antibiotics 2022, 11, 487. [CrossRef]
9. Songer, J.G.; Post, K.W. The Genera Mannheimia and Pasteurella; Duncan, L., Ed.; Elsevier Saunders: St. Louis, MO, USA, 2005.
10. Frank, G.H. Bacteria as etiologic agents in bovine respiratory disease. In Bovine Respiratory Disease; Loan, R.W., Ed.; Texas A&M

University Press: College Station, TX, USA, 1984.
11. Rice, J.A.; Carrasco-Medina, L.; Hodgins, D.C.; Shewen, P.E. Mannheimia haemolytica and bovine respiratory disease. Anim. Health

Res. Rev. 2008, 8, 117–128. [CrossRef]
12. Highlander, S.K.; Fedorova, N.D.; Dusek, D.M.; Panciera, R.; Alvarez, L.E.; Renehart, C. Inactivation of Pasteurella (Mannheimia)

haemolytica leukotoxin causes partial attenuation of virulence in a calf challenge model. Infect. Immun. 2000, 68, 3916–3922.
[CrossRef]

13. Highlander, S.K. Molecular genetic analysis of virulence in Mannheimia (Pasteurella) haemolytica. Front. Biosci. 2001, 6, D1128–D1150.
[PubMed]

14. Zecchinon, L.; Fett, T.; Desmecht, D. How Mannheimia haemolytica defeats host defense through a kiss of death mechanism. Vet.
Res. 2005, 36, 133–156. [CrossRef] [PubMed]

15. Hodgins, D.C.; Shewen, P.E. Pneumonic pasteurellosis of cattle. In Infectious Disease of Livestock, 2nd ed.; Coetzer, J.A.W., Tustin,
R.C., Eds.; Oxford University Press: Cape Town, South Africa, 2004.

16. Hodgson, P.D.; Aich, P.; Manuja, A.; Hokamp, K.; Roche, F.M.; Brinkman, F.S.L.; Potter, A.; Babiuk, L.A.; Griebel, P.J. Effect of
stress on viral-bacterial synergy in bovine respiratoryt disease: Novel mechanisms to regulate inflammation. Comp. Funct. Genom.
2005, 6, 244–250. [CrossRef] [PubMed]

17. Jaber, T.; Workman, A.; Jones, C. Small noncoding RNAs encoded within the bovine herpesvirus 1 latency-related gene can reduce
steady-state levels of infected cell protein 0 (bICP0). J. Virol. 2010, 84, 6297–6307. [CrossRef] [PubMed]

18. Rivera-Rivas, J.J.; Kisiela, D.; Czuprynski, C.J. Bovine herpesvirus type 1 infection of bovine bronchial epithelial cells increases
neutrophil adhesion and activation. Vet. Immunol. Immunopathol. 2009, 131, 167–176. [CrossRef]

19. Leite, F.; Kuckleburg, C.; Atapattu, D.; Schulz, R.; Czuprynski, C.J. BHV-1 infection and inflammatory cytokines amplify the
interaction between Mannheimia haemolytica lukotoxin with bovine peripheral blood mononuclear cells in vitro. Vet. Immunol.
Immunopathol. 2004, 99, 193–202. [CrossRef]

20. Yates, W.D.; Babiuk, L.A.; Jericho, K.W. Viral-bacterial pneumonia in calves: Duration of the interaction between bovine
herpesvirus 1 and Pasteurella haemolytica. Can. J. Comp. Med. 1983, 47, 257–264.

21. Chase, C.; Fulton, R.W.; O’Toole, D.; Gillette, B.; Daly, R.F.; Perry, G.; Clement, T. Bovine herpesvirus 1 modified live vaccines for
cattle reproduction: Balancing protection with undesired effects. Vet. Microbiol. 2017, 206, 69–77. [CrossRef]

22. O’Toole, D.; Miller, M.M.; Cavender, J.L.; Cornish, T.E. Pathology in Practice. Vet. Med. Today 2012, 241, 189–191. [CrossRef]
23. O’Toole, D.; Van Campen, H. Abortifacient vaccines and bovine herpesvirus-1. J. Am. Vet. Med. Assoc. 2010, 237, 259–260.
24. Miller, J.M.; Van der Maaten, M.J. Early embryonic death in heifers after inoculation with bovine herpesvirus-1 and reactivation

of latency virus in reproductive tissues. Am. J. Vet. Res. 1987, 48, 1555–1558.
25. Perry, G.; Zimmerman, A.D.; Daly, R.F.; Butterbaugh, R.E.; Rhoades, J.; Schultz, D.; Harmon, A.; Chase, C. The effects of

vaccination on serum hormone concentrations and conception rates in synchronized naive beef heifers. Theriongenology 2013, 79,
200–205. [CrossRef] [PubMed]

26. Fraefel, C.; Zeng, J.; Choffat, Y.; Engels, M.; Schwyzer, M.; Ackermann, M. Identification and zinc dependence of the bovine
herpesvirus 1 transactivator protein BICP0. J. Virol. 1994, 68, 3154–3162. [CrossRef]

27. Wirth, U.V.; Vogt, B.; Schwyzer, M. The three major immediate-early transcripts of bovine herpesvirus 1 arise from two divergent
and spliced transcription units. J. Virol. 1991, 65, 195–205. [CrossRef] [PubMed]

28. Wirth, U.V.; Fraefel, C.; Vogt, B.; Vlcek, C.; Paces, V.; Schwyzer, M. Immediate-early RNA 2.9 and early RNA 2.6 of bovine
herpesvirus 1 are 3′ coterminal and encode a putative zinc finger transactivator protein. J. Virol. 1992, 66, 2763–2772. [CrossRef]
[PubMed]

https://doi.org/10.3389/fimmu.2019.01008
https://www.ncbi.nlm.nih.gov/pubmed/31134079
https://doi.org/10.3390/v15020552
https://www.ncbi.nlm.nih.gov/pubmed/36851767
https://doi.org/10.1017/S146625230700134X
https://doi.org/10.3389/fvets.2017.00189
https://doi.org/10.21423/bovine-vol1996no30p5-7
https://doi.org/10.1016/S0749-0720(15)30302-9
https://doi.org/10.1016/S0749-0720(15)30308-X
https://www.ncbi.nlm.nih.gov/pubmed/9368989
https://doi.org/10.3390/antibiotics11040487
https://doi.org/10.1017/S1466252307001375
https://doi.org/10.1128/IAI.68.7.3916-3922.2000
https://www.ncbi.nlm.nih.gov/pubmed/11532607
https://doi.org/10.1051/vetres:2004065
https://www.ncbi.nlm.nih.gov/pubmed/15720968
https://doi.org/10.1002/cfg.474
https://www.ncbi.nlm.nih.gov/pubmed/18629190
https://doi.org/10.1128/JVI.02639-09
https://www.ncbi.nlm.nih.gov/pubmed/20410286
https://doi.org/10.1016/j.vetimm.2009.04.002
https://doi.org/10.1016/j.vetimm.2004.02.004
https://doi.org/10.1016/j.vetmic.2017.03.016
https://doi.org/10.2460/javma.241.2.189
https://doi.org/10.1016/j.theriogenology.2012.10.005
https://www.ncbi.nlm.nih.gov/pubmed/23127919
https://doi.org/10.1128/jvi.68.5.3154-3162.1994
https://doi.org/10.1128/jvi.65.1.195-205.1991
https://www.ncbi.nlm.nih.gov/pubmed/1845884
https://doi.org/10.1128/jvi.66.5.2763-2772.1992
https://www.ncbi.nlm.nih.gov/pubmed/1313901


Viruses 2024, 16, 1675 12 of 16

29. Misra, V.; Bratanich, A.C.; Carpenter, D.; O’Hare, P. Protein and DNA elements involved in transactivation of the promoter of the
bovine herpesvirus (BHV) 1 IE-1 transcription unit by the BHV alpha gene trans-inducing factor. J. Virol. 1994, 68, 4898–4909.
[CrossRef]

30. Misra, V.; Walker, S.; Hayes, S.; O’Hare, P. The bovine herpesvirus alpha gene trans-inducing factor activates transcription by
mechanisms different from those of its herpes simplex virus type 1 counterpart VP16. J. Virol. 1995, 69, 5209–5216. [CrossRef]

31. Kaczynski, J.; Cook, T.; Urrutia, R. Sp1- and Kruppel-like transcription factors. Genome Biol. 2003, 4, 206.1–206.8. [CrossRef]
32. Jones, K.A.; Tjian, R. Sp1 binds to promoter sequences and activates herpes simples virus ‘immediate-early’ gene transcription

in vitro. Nature 1985, 317, 179–182. [CrossRef]
33. O’Connor, L.; Gilmour, J.; Bonifer, C. The Role of the Ubiquitously Expressed Transcription Factor Sp1 in Tissue-specific

Transcriptional Regulation and in Disease. Yale J. Biol. Med. 2016, 89, 513–525.
34. Dremel, S.; DeLuca, N.A. Herpes simplex viral nucleoprotein creates a competitive transcriptional environment facilitating robust

viral transcription and host shut off. Elife 2019, 8, e51109. [CrossRef] [PubMed]
35. El-Mayet, F.S.; Santos, V.C.; Wijesekera, N.; Lubbers, S.; Harrison, K.S.; Sadeghi, H.; Jones, C. Glucocorticoid receptor and

specificity protein 1 (Sp1) or Sp3, but not the antibiotic Mithramycin A, stimulates Human alpha-herpesvirus 1 (HSV-1) replication.
Antivir. Res. 2024, 225, 105870. [CrossRef] [PubMed]

36. El-Mayet, F.; Jones, C. Specificity protein 1 (Sp1) and glucocorticoid receptor (GR) stimulate bovine alpha-herpesvirus 1 (BoHV-1)
replication and cooperatively transactivate the immediate early transcription unit 1 promoter. J. Virol. 2024, 98, e01436-23.
[CrossRef] [PubMed]

37. Carter, J.J.; Weinberg, A.D.; Pollard, A.; Reeves, R.; Magnuson, J.A.; Magnuson, N.S. Inhibition of T-lymphocyte mitogenic
responses and effects on cell functions by bovine herpesvirus 1. J. Virol. 1989, 63, 1525–1530. [CrossRef]

38. Griebel, P.J.; Ohmann, H.B.; Lawman, M.J.; Babiuk, L.A. The interaction between bovine herpesvirus type 1 and activated bovine
T lymphocytes. J. Gen. Virol. 1990, 71, 369–377. [CrossRef]

39. Griebel, P.J.; Qualtiere, L.; Davis, W.C.; Gee, A.; Ohmann, H.B.; Lawman, M.J.; Babiuk, L.A. T lymphocyte population dynamics
and function following a primary bovine herpesvirus type-1 infection. Viral Immunol. 1987, 1, 287–304. [CrossRef]

40. Koppers-Lalic, D.; Reits, E.A.J.; Ressing, M.E.; Lipinska, A.D.; Abele, R.; Koch, J.; Rezende, M.M.; Admiraal, P.; van Leeuwen, D.;
Bienkowska-Szewczyk, K.; et al. Varicelloviruses avoid T cell recognition by UL49.5-mediated inactivation of the transporter
associated with antigen processing. Proc. Nat. Acad. Sci. USA 2005, 102, 5144–5149. [CrossRef]

41. Nataraj, C.S.E.; Hariharan, M.J.; Sur, J.H.; Perry, G.; Srikumaran, S. Bovine herpesvirus 1 downregulates the expression of bovine
MHC class I molecules. Viral Immunol. 1997, 10, 21–34. [CrossRef]

42. Hariharan, M.J.; Nataraj, C.; Srikumaran, S. Down regulation of murine MHC class I expression by bovine herpesvirus 1. Viral
Immunol. 1993, 6, 273–284. [CrossRef]

43. Hinkley, S.; Hill, A.B.; Srikumaran, S. Bovine herpesvirus-1 infection affects the peptide transport activity in bovine cells. Virus
Res. 1998, 53, 91–96. [CrossRef]

44. Winkler, M.T.; Doster, A.; Jones, C. Bovine herpesvirus 1 can infect CD4(+) T lymphocytes and induce programmed cell death
during acute infection of cattle. J. Virol. 1999, 73, 8657–8668. [CrossRef] [PubMed]

45. Eskra, L.; Splitter, G.A. Bovine herpesvirus-1 infects activated CD4+ lymphocytes. J. Gen. Virol. 1997, 78, 2159–2166. [CrossRef]
[PubMed]

46. Henderson, G.; Zhang, Y.; Jones, C. The bovine herpesvirus 1 gene encoding infected cell protein 0 (bICP0) can inhibit interferon-
dependent transcription in the absence of other viral genes. J. Gen. Virol. 2005, 86, 2697–2702. [CrossRef] [PubMed]

47. Saira, K.; Zhou, Y.; Jones, C. The infected cell protein 0 encoded by bovine herpesvirus 1 (bICP0) induces degradation of interferon
response factor 3 (IRF3), and consequently inhibits beta interferon promoter activity. J. Virol. 2007, 81, 3077–3086. [CrossRef]
[PubMed]

48. Saira, K.; Jones, C. The infected cell protein 0 encoded by bovine herpesvirus 1 (bICP0) associates with interferon regulatory
factor 7 (IRF7), and consequently inhibits beta interferon promoter activity. J. Virol. 2009, 83, 3977–3981. [CrossRef]

49. Jones, C. Regulation of innate immune responses by bovine herpesvirus 1 and infected cell protein 0. Viruses 2009, 1, 255–275.
[CrossRef]

50. Forman, J.; Babiuk, L.A. Effect of Infectious Bovine Rhinotracheitis Virus Infection on Bovine Alveolar Macrophage Function. J.
Virol. 1982, 35, 1041–1047. [CrossRef]

51. Forman, J.; Babiuk, L.A.; Misra, V.; Baldwin, F. Susceptibility of Bovine Macrophages to Infectious Bovine Rhinotracheitis Virus
Infection. J. Virol. 1982, 35, 1048–1057. [CrossRef]

52. Bryant, N.A.; Davis-Poynter, N.; Vanderplasschen, A.; Alcami, A. Glycoprotein G isoforms from some alpha-herpesvirus function
as broad-spectrum chemokine binding proteins. EMBO J. 2003, 22, 833–846. [CrossRef]

53. Kaashoek, M.J.; Fijsewijk, F.A.M.; Ruuls, R.C.; Keil, G.M.; Thiry, E.; Pastoret, P.P.; Van Oirschot, J.T. Virulence, immunogenicity
and reactivation of bovine herpesvirus 1 mutants with a deletion in the gC, gG, gI, gE, or in both the gI and gE gene. Vaccine 1998,
16, 802–809. [CrossRef]

54. Jones, C. Alpha-herpesvirus latency: Its role in disease and survival of the virus in nature. Adv. Virus Res. 1998, 51, 81–133.
[PubMed]

55. Jones, C. Herpes simplex virus type 1 and bovine herpesvirus 1 latency. Clin. Micro Rev. 2003, 16, 79–95. [CrossRef] [PubMed]

https://doi.org/10.1128/jvi.68.8.4898-4909.1994
https://doi.org/10.1128/jvi.69.9.5209-5216.1995
https://doi.org/10.1186/gb-2003-4-2-206
https://doi.org/10.1038/317179a0
https://doi.org/10.7554/eLife.51109
https://www.ncbi.nlm.nih.gov/pubmed/31638576
https://doi.org/10.1016/j.antiviral.2024.105870
https://www.ncbi.nlm.nih.gov/pubmed/38556059
https://doi.org/10.1128/jvi.01436-23
https://www.ncbi.nlm.nih.gov/pubmed/38084958
https://doi.org/10.1128/jvi.63.4.1525-1530.1989
https://doi.org/10.1099/0022-1317-71-2-369
https://doi.org/10.1089/vim.1987.1.287
https://doi.org/10.1073/pnas.0501463102
https://doi.org/10.1089/vim.1997.10.21
https://doi.org/10.1089/vim.1993.6.273
https://doi.org/10.1016/S0168-1702(97)00128-7
https://doi.org/10.1128/JVI.73.10.8657-8668.1999
https://www.ncbi.nlm.nih.gov/pubmed/10482619
https://doi.org/10.1099/0022-1317-78-9-2159
https://www.ncbi.nlm.nih.gov/pubmed/9292002
https://doi.org/10.1099/vir.0.81109-0
https://www.ncbi.nlm.nih.gov/pubmed/16186222
https://doi.org/10.1128/JVI.02064-06
https://www.ncbi.nlm.nih.gov/pubmed/17215277
https://doi.org/10.1128/JVI.02400-08
https://doi.org/10.3390/v1020255
https://doi.org/10.1128/iai.35.3.1041-1047.1982
https://doi.org/10.1128/iai.35.3.1048-1057.1982
https://doi.org/10.1093/emboj/cdg092
https://doi.org/10.1016/S0264-410X(97)00269-7
https://www.ncbi.nlm.nih.gov/pubmed/9891586
https://doi.org/10.1128/CMR.16.1.79-95.2003
https://www.ncbi.nlm.nih.gov/pubmed/12525426


Viruses 2024, 16, 1675 13 of 16

56. Jones, C.; Geiser, V.; Henderson, G.; Jiang, Y.; Meyer, F.; Perez, S.; Zhang, Y. Functional analysis of bovine herpesvirus 1 (BHV-1)
genes expressed during latency. Vet. Micro 2006, 113, 199–210. [CrossRef]

57. Jones, C. Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons. In Herpesviridae; Omgradi, J., Ed.; InTech: Berlin,
Germany, 2016. [CrossRef]

58. Marin, M.S.; Leunda, M.R.; Verna, A.E.; Morán, P.E.; Odeón, A.C.; Pérez, S.E. Distribution of bovine herpesvirus type 1 in the
nervous system of experimentally infected calves. Vet. J. 2016, 209, 82–86. [CrossRef]

59. Hossain, A.; Schang, L.M.; Jones, C. Identification of gene products encoded by the latency-related gene of bovine herpesvirus 1.
J. Virol. 1995, 69, 5345–5352. [CrossRef]

60. Devireddy, L.R.; Jones, C. Alternative splicing of the latency-related transcript of bovine herpesvirus 1 yields RNAs containing
unique open reading frames. J. Virol. 1998, 72, 7294–7301. [CrossRef]

61. Inman, M.; Zhou, J.; Webb, H.; Jones, C. Identification of a novel bovine herpesvirus 1 transcript containing a small open reading
frame that is expressed in trigeminal ganglia of latently infected cattle. J. Virol. 2004, 78, 5438–5447. [CrossRef]

62. Perez, S.; Meyer, F.; Henderson, G.; Jiang, Y.; Sherman, S.; Doster, A.; Inman, M.; Jones, C. A protein encoded by the bovine
herpesvirus 1 ORF E gene induces neurite-like morphological changes in mouse neuroblastoma cells and is expressed in trigeminal
ganglionic neurons. J. Neurovirol. 2007, 13, 139–149. [CrossRef] [PubMed]

63. Inman, M.; Lovato, L.; Doster, A.; Jones, C. A mutation in the latency-related gene of bovine herpesvirus 1 leads to impaired
ocular shedding in acutely infected calves. J. Virol. 2001, 75, 8507–8515. [CrossRef]

64. Inman, M.; Lovato, L.; Doster, A.; Jones, C. A mutation in the latency-related gene of bovine herpesvirus 1 disrupts the latency
reactivation cycle in calves. J. Virol. 2002, 76, 6771–6779. [CrossRef]

65. Lovato, L.; Inman, M.; Henderson, G.; Doster, A.; Jones, C. Infection of cattle with a bovine herpesvirus 1 (BHV-1) strain that
contains a mutation in the latency related gene leads to increased apoptosis in trigeminal ganglia during the transition from acute
infection to latency. J. Virol. 2003, 77, 4848–4857. [CrossRef] [PubMed]

66. Rock, D.; Lokensgard, J.; Lewis, T.; Kutish, G. Characterization of dexamethasone-induced reactivation of latent bovine her-
pesvirus 1. J. Virol. 1992, 66, 2484–2490. [CrossRef]

67. Sinani, D.; da Silva, L.F.; Jone, C.s. A bovine herpesvirus 1 protein expressed in latently infected neurons (ORF2) promotes neurite
sprouting in the presence of activated Notch1 or Notch3. J. Virol. 2013, 87, 1183–1192. [CrossRef] [PubMed]

68. Workman, A.; Sinani, D.; Pittayakhajonwut, D.; Jones, C. A Protein (ORF2) Encoded by the Latency Related Gene of Bovine
Herpesvirus 1 Interacts with Notch1 and Notch3. J. Virol. 2011, 85, 2536–2546. [CrossRef]

69. Zhu, L.; Workman, A.; Jones, C. A potential role for a beta-catenin coactivator (high mobility group AT-hook 1 protein) during the
latency-reactivation cycle of bovine herpesvirus 1. J. Virol. 2017, 91, e02132–e20136. [CrossRef]

70. Meyer, F.; Perez, S.; Geiser, V.; Sintek, M.; Inman, M.; Jones, C. A protein encoded by the bovine herpes virus 1 (BHV-1) latency
related gene interacts with specific cellular regulatory proteins, including the CCAAT enhancer binding protein alpha (C/EBP-α).
J. Virol. 2007, 81, 59–67. [CrossRef] [PubMed]

71. Liu, Y.; Jones, C. Regulation of Notch-mediated transcription by a bovine herpesvirus 1 encoded protein (ORF2) that is expressed
in latently infected sensory neurons. J. Neurovirol. 2016, 22, 518–528. [CrossRef] [PubMed]

72. Sinani, D.; Jones, C. Localization of sequences in a protein encoded by the latency related gene of bovine herpesvirus 1 (ORF2)
that inhibits apoptosis and interferes with Notch1 mediated trans-activation of the bICP0 promoter. J. Virol. 2011, 85, 12124–12133.
[CrossRef]

73. Workman, A.; Eudy, J.; Smith, L.; da Silva, L.F.; 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 herpesvirus 1
productive infection and certain viral promoters. J. Virol. 2012, 86, 2459–2473. [CrossRef]

74. Pittayakhajonwut, D.; Sinani, D.; Jones, C. A protein (ORF2) encoded by the latency related gene of bovine herpesvirus 1 interacts
with DNA. J. Virol. 2013, 87, 5493–5501. [CrossRef]

75. Shen, W.; Jones, C. Open reading frame 2, encoded by the latency-related gene of bovine herpesvirus 1, has antiapoptotic activity
in transiently transfected neuroblastoma cells. J. Virol. 2008, 82, 10940–10945. [CrossRef] [PubMed]

76. Inman, M.; Perng, G.-C.; Henderson, G.; Ghiasi, H.; Nesburn, A.B.; Wechsler, S.L.; Jones, C. Region of herpes simplex virus type 1
latency-associated transcript sufficient for wild-type spontaneous reactivation promotes cell survival in tissue culture. J. Virol.
2001, 75, 3636–3646. [CrossRef] [PubMed]

77. Perng, G.-C.; Jones, C.; Ciacci-Zanella, J.; Stone, M.; Henderson, G.; Yukht, A.; Slanina, S.M.; Hoffman, F.M.; Ghiasi, H.; Nesburn,
A.B.; et al. Virus-induced neuronal apoptosis blocked by the herpes simplex virus latency-associated transcript (LAT). Science
2000, 287, 1500–1503. [CrossRef]

78. Mott, K.; Osorio, N.; Jin, L.; Brick, D.; Naito, J.; Cooper, J.; Henderson, G.; Inman, M.; Jones, C.; Wechsler, S.L.; et al. The bovine
herpesvirus 1 LR ORF2 is crucial for this gene’s ability to restore the high reactivation phenotype to a Herpes simplex virus-1
LAT null mutant. J. Gen. Virol. 2003, 84, 2975–2985. [CrossRef]

79. Perng, G.-C.; Maguen, B.; Jin, L.; Mott, K.R.; Osorio, N.; Slanina, S.M.; Yukht, A.; Ghiasi, H.; Nesburn, A.B.; Inman, M.; et al. A
gene capable of blocking apoptosis can substitute for the herpes simplex virus type 1 latency-associated transcript gene and
restore wild-type reactivation levels. J. Virol. 2002, 76, 1224–1235. [CrossRef] [PubMed]

80. Zhao, J.; Wijesekera, N.; Jones, C. Inhibition of Stress-Induced Viral Promoters by a Bovine Herpesvirus 1 Non-Coding RNA and
the Cellular Transcription Factor, beta-Catenin. Int. J. Mol. Sci. 2021, 22, 519. [CrossRef]

https://doi.org/10.1016/j.vetmic.2005.11.009
https://doi.org/10.5772/63750
https://doi.org/10.1016/j.tvjl.2015.10.034
https://doi.org/10.1128/jvi.69.9.5345-5352.1995
https://doi.org/10.1128/JVI.72.9.7294-7301.1998
https://doi.org/10.1128/JVI.78.10.5438-5447.2004
https://doi.org/10.1080/13550280701191459
https://www.ncbi.nlm.nih.gov/pubmed/17505982
https://doi.org/10.1128/JVI.75.18.8507-8515.2001
https://doi.org/10.1128/JVI.76.13.6771-6779.2002
https://doi.org/10.1128/JVI.77.8.4848-4857.2003
https://www.ncbi.nlm.nih.gov/pubmed/12663791
https://doi.org/10.1128/jvi.66.4.2484-2490.1992
https://doi.org/10.1128/JVI.02783-12
https://www.ncbi.nlm.nih.gov/pubmed/23152506
https://doi.org/10.1128/JVI.01937-10
https://doi.org/10.1128/JVI.02132-16
https://doi.org/10.1128/JVI.01171-06
https://www.ncbi.nlm.nih.gov/pubmed/16987965
https://doi.org/10.1007/s13365-015-0394-3
https://www.ncbi.nlm.nih.gov/pubmed/26846632
https://doi.org/10.1128/JVI.05478-11
https://doi.org/10.1128/JVI.06143-11
https://doi.org/10.1128/JVI.00193-13
https://doi.org/10.1128/JVI.01289-08
https://www.ncbi.nlm.nih.gov/pubmed/18715935
https://doi.org/10.1128/JVI.75.8.3636-3646.2001
https://www.ncbi.nlm.nih.gov/pubmed/11264353
https://doi.org/10.1126/science.287.5457.1500
https://doi.org/10.1099/vir.0.19421-0
https://doi.org/10.1128/JVI.76.3.1224-1235.2002
https://www.ncbi.nlm.nih.gov/pubmed/11773398
https://doi.org/10.3390/ijms22020519


Viruses 2024, 16, 1675 14 of 16

81. Workman, A.; Zhu, L.; Keel, B.N.; Smith, T.P.L.; 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. Virol. 2018, 92, e01937-17. [CrossRef]

82. Clevers, H.; Nusse, R. Wnt/B-catenin signaling and disease. Cell 2012, 149, 1192–1205. [CrossRef]
83. Nusse, R.; and Clever, H. Wnt/beta-catenin signaling, diseases, and emerging therapeutic modalities. Cell 2017, 169, 985–999.

[CrossRef]
84. Tian, Q.; Feetham, M.C.; Tao, W.A.; He, X.C.; Li, L.; Aebersold, R.; Hood, L. Proteomic analysis identifies that 14-3-3zeta interacts

with beta-catenin and facilitiates its activation by Akt. Proc. Natl. Acad. Sci. USA 2004, 101, 15370–15375. [CrossRef]
85. Fang, D.; Hawke, D.; Zhang, Y.; Xia, Y.; Meisenhelder, J.; Nika, H.; Mills, G.B.; Kobayashi, R.; Hunter, T.; Lu, Z. Phosphorylation

of beta-catenin by AKT promotes beta-catenin transcriptional activity. J. Biol. Chem. 2007, 282, 11221–11229. [CrossRef] [PubMed]
86. Lee, G.; Goretsky, T.; Managlia, E.; Dirisina, R.; Singh, A.P.; Brown, J.B.; May, R.; Yang, G.-Y.; Ragheb, J.W.; Evers, B.M.; et al.

Phosphoinositide 3-kinase signaling mediates beta-catenin activation in intestinal epithelial stem and progenitor cells in colitis.
Gastroenterology 2010, 139, 869–881. [CrossRef] [PubMed]

87. Fukumoto, S.; Hsieh, C.-M.; Maemura, K.; Layne, M.D.; Yet, S.-F.; Lee, K.-H.; Matsui, T.; Rosenzweig, A.; Taylor, W.G.; Rubin,
J.S.; et al. Akt participation in the Wnt signaling pathway through dishevelled. J. Biol. Chem. 2001, 276, 17479–17483. [CrossRef]
[PubMed]

88. Manning, B.; Toker, A. AKT/PKB signaling: Navigating the network. Cell 2017, 169, 381–405. [CrossRef]
89. Scheid, M.P.; Woodgett, J.R. Unraveling the activation of protein kinase B/Akt. FEBS Lett. 2003, 546, 108–112. [CrossRef]
90. Lambert, C.; Cisternas, P.; Inestrosa, N.C. Role of Wnt signaling in central nervous system injury. Mol. Neurobiol. 2016, 53,

2297–2311. [CrossRef] [PubMed]
91. Rosso, S.B.; NInestrosa, C. Wnt signaling in neuronal maturation and synaptogenesis. Front. Cell. Neurosci. 2013, 7, 103. [CrossRef]
92. Salinas, P.C. Wnt signaling in the vertebrate central nervous system: From axon guidance to synaptic function. Cold Spring Harb.

Perpect. Biol. 2012, 4, a008003. [CrossRef]
93. Camarena, V.; Kobayashi, M.; Kim, J.K.; Roehm, P.; Perez, R.; Gardner, J.; Wilson, A.C.; Mohr, I.; Chao, M.V. Nature and duration

of growth factor signaling through receptor tyrosine kinases regulates HSV-1 latency in neurons. Cell Host Microbe 2010, 8, 320–330.
[CrossRef]

94. Wilson, A. Impact of Cultured Neuron Models on alpha-Herpesvirus Latency Research. Viruses 2022, 14, 1209. [CrossRef]
95. Jones, C. Reactivation from latency by alpha-herpesvirinae submfamily members: A stressful situation. Curr. Top. Virol. 2014, 12,

99–118.
96. Ledbetter, E.C.; Kim, S.G.; Dubovi, E.J.; Bicalho, R.C. Experimental reactivation of latenct canine herpesvirus-1 and induction of

recurrent ocular disease in adult dogs. Vet. Microbiol. 2009, 138, 98–105. [CrossRef] [PubMed]
97. Ledbetter, E.C.; Rice, N.C.; Matusow, R.B.; Dubovi, E.J.; Kim, S.G. The effect of topical ocular corticosteroid administration in

dogs experimentally induced latent canine herpesvirus-1 infection. Exp. Eye Res. 2010, 90, 711–717. [CrossRef]
98. Du, T.; Zhou, G.; Roizman, B. HSV-1 gene expression from reactivated ganglia is disordered and concurrent with suppression of

latency-associated transcript and miRNAs. Proc. Natl. Acad. Sci. USA 2011, 108, 18820–18824. [CrossRef]
99. 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. USA 2012, 109, 14616–14621. [CrossRef] [PubMed]
100. 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, e00418-19. [CrossRef]
101. Harrison, K.S.; Wijesekera, N.; Robinson, A.G.J.; Santos, V.C.; Oakley, R.H.; Cidlowski, J.A.; Jones, C. Impaired Glucocorticoid

Receptor Function Attenuates Herpes Simplex Virus 1 Production During Explant-Induced Reactivation from Latency in Female
Mice. J. Virol. 2023, 97, e01305-23. [CrossRef]

102. Oakley, R.H.; Cidlowski, J.A. The biology of the glucocorticoid receptor: New signaling mechanisms in health and disease. J.
Allergy Clin. Immunol. 2013, 132, 1033–1044. [CrossRef]

103. Smoak, K.L.; Cidlowski, J.A. Mechanisms of glucocorticoid receptor signaling during inflammation. Mech. Aging Dev. 2004, 125,
697–706. [CrossRef]

104. Wang, J.C.; Derynck, M.K.; Nonaka, D.F.; Khodabakhsh, D.B.; Haqq, C.; Yammamoto, K.R. Chromatin immunoprecipitation
(ChIP) scanning identifies primary glucocorticoid receptor target genes. Proc. Natl. Acad. Sci. USA 2004, 101, 15603–15608.
[CrossRef]

105. Giguere, V.; Hollenberg, S.M.; Rosenfeld, M.G.; Evans, R.M. Functional domains of the human glucocorticoid receptor. Cell 1986,
46, 645–652. [CrossRef] [PubMed]

106. Schonevild, O.J.L.M.; Gaemers, I.C.; Lamers, W.H. Mechanisms of glucocorticoid signalling. Biochem. Et Biophys. Acta 2004, 1680,
114–128. [CrossRef] [PubMed]

107. 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 Transduct. 2010, 30, 88–105.
[CrossRef]

108. Galliher-Beckley, A.; Williams, J.G.; Cidlowski, J.A. Ligand-Independent Phosphorylation of the Glucocorticoid Receptor
Integrates Cellular Stress Pathways with Nuclear Receptor Signaling. Mol. Cell. Biol. 2011, 31, 4663–4675. [CrossRef]

https://doi.org/10.1128/JVI.01937-17
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1073/pnas.0406499101
https://doi.org/10.1074/jbc.M611871200
https://www.ncbi.nlm.nih.gov/pubmed/17287208
https://doi.org/10.1053/j.gastro.2010.05.037
https://www.ncbi.nlm.nih.gov/pubmed/20580720
https://doi.org/10.1074/jbc.C000880200
https://www.ncbi.nlm.nih.gov/pubmed/11278246
https://doi.org/10.1016/j.cell.2017.04.001
https://doi.org/10.1016/S0014-5793(03)00562-3
https://doi.org/10.1007/s12035-015-9138-x
https://www.ncbi.nlm.nih.gov/pubmed/25976365
https://doi.org/10.3389/fncel.2013.00103
https://doi.org/10.1101/cshperspect.a008003
https://doi.org/10.1016/j.chom.2010.09.007
https://doi.org/10.3390/v14061209
https://doi.org/10.1016/j.vetmic.2009.03.013
https://www.ncbi.nlm.nih.gov/pubmed/19345521
https://doi.org/10.1016/j.exer.2010.03.001
https://doi.org/10.1073/pnas.1117203108
https://doi.org/10.1073/pnas.1212661109
https://www.ncbi.nlm.nih.gov/pubmed/22908263
https://doi.org/10.1128/JVI.00418-19
https://doi.org/10.1128/jvi.01305-23
https://doi.org/10.1016/j.jaci.2013.09.007
https://doi.org/10.1016/j.mad.2004.06.010
https://doi.org/10.1073/pnas.0407008101
https://doi.org/10.1016/0092-8674(86)90339-9
https://www.ncbi.nlm.nih.gov/pubmed/3742595
https://doi.org/10.1016/j.bbaexp.2004.09.004
https://www.ncbi.nlm.nih.gov/pubmed/15488991
https://doi.org/10.3109/10799891003614816
https://doi.org/10.1128/MCB.05866-11


Viruses 2024, 16, 1675 15 of 16

109. Rhen, T.; Cidlowski, J.A. Antiinflammatory action of glucocorticoids—New mechanisms of old drugs. N. Engl. J. Med. 2005, 353,
1711–1723. [CrossRef] [PubMed]

110. Toomer, G.; Workman, A.; Harrison, K.S.; Stayton, E.; Hoyt, P.R.; Jones, C. Stress Triggers Expression of Bovine Herpesvirus 1
Infected Cell Protein 4 (bICP4) RNA during Early Stages of Reactivation from Latency in Pharyngeal Tonsil. J. Virol. 2022, 96,
e01010-22. [CrossRef]

111. Perez, S.; Inman, M.; Doster, A.; Jones, C. Latency-related gene encoded by bovine herpesvirus 1 promotes virus growth and
reactivation from latency in tonsils of infected calves. J. Clin. Microbiol. 2005, 43, 393–401. [CrossRef]

112. Winkler, M.T.; Doster, A.; Jones, C. Persistence and reactivation of bovine herpesvirus 1 in the tonsil of latently infected calves. J.
Virol. 2000, 74, 5337–5346. [CrossRef]

113. Cheung, A.K. Investigation of pseudorabies virus DNA and RNA in trigeminal ganglia and tonsil tissues of latently infected
swine. Am. J. Vet. Res. 1995, 56, 45–50. [CrossRef]

114. Miyoshi, M.; Ishii, Y.; Takiguchi, M.; Takada, A.; Yasuda, J.; Hashimoto, A.; Okasaki, K.; Kida, H. Detection of canine herpesvirus
DNA in ganglionic neurons and the lymph node lymphocytes of latently infected dogs. J. Vet. Med. Sci. 1999, 61, 375–379.
[CrossRef]

115. Kook, I.; Doster, A.; Jones, C. Bovine herpesvirus 1 regulatory proteins are detected in trigeminal ganglionic neurons during the
early stages of stress-induced escape from latency. J. Neurovirol. 2015, 21, 585–591. [CrossRef] [PubMed]

116. Kook, I.; Henley, C.; Meyer, F.; Hoffmann, F.; Jones, C. Bovine herpesvirus 1 productive infection and the immediate early
transcription unit 1 are stimulated by the synthetic corticosteroid dexamethasone. Virology 2015, 484, 377–385. [CrossRef]
[PubMed]

117. Guo, J.; Li, Q.; Jones, C. The bovine herpesvirus 1 regulatory proteins, bICP4 and bICP22, are expressed during the escape from
latency. J. Neuovirol. 2019, 25, 42–49. [CrossRef]

118. El-Mayet, F.; El-Habbaa, A.S.; El-Bagoury, G.F.; Sharawi, S.S.A.; El-Nahas, E.M.; Jones, C. Transcription Factors Have the Potential
to Synergistically Stimulate Bovine Herpesvirus 1 Transcription and Reactivation from Latency. In Transcriptional Regulation; Kais,
G., Ed.; INTECH: Rejeka, Croatia, 2018.

119. El-Mayet, F.; Sawant, L.; Thunuguntla, P.; Zhao, J.; Jones, C. Two pioneer transcription factors, Krüppel-like transcription factor 4
and glucocorticoid receptor, cooperatively transactivate the bovine herpesvirus 1 ICP0 early promoter and stimulate productive
infection. J. Virol. 2020, 94, e01670-19. [CrossRef] [PubMed]

120. El-Mayet, F.S.; Sawant, L.; Thungunutla, P.; Jones, C. Combinatorial effects of the glucocorticoid receptor and Krüppel-like
transcription factor 15 on bovine herpesvirus 1 transcription and productive infection. J. Virol. 2017, 91, e00904-17. [CrossRef]

121. El-Mayet, F.S.; El-Habbaa, A.S.; D’Offay, J.; Jones, C. Synergistic activation of bovine herpesvirus 1 productive infection and
viral regulatory promoters by the progesterone receptor and Krüppel-like transcription factor 15. J. Virol. 2019, 93, e01519-18.
[CrossRef]

122. Ostler, J.B.; Jones, C. Stress induced transcription factors transactivate the herpes simplex virus 1 infected cell protein 27 (ICP27)
transcriptional enhancer. Viruses 2021, 13, 2296. [CrossRef]

123. Sawant, L.; Ostler, J.B.; Jones, C. A Pioneer Transcription Factor and Type I Nuclear Hormone Receptors Synergistically Activate
the Bovine Herpesvirus 1 Infected Cell Protein 0 (ICP0) Early Promoter. J. Virol. 2021, 95, e00768-21. [CrossRef]

124. Schwyzer, M.; Vlcek, C.; Menekse, O.; Fraefel, C.; Paces, V. Promoter, spliced leader, and coding sequence for BICP4, the largest of
the immediate-early proteins of bovine herpesvirus 1. Virology 1993, 197, 349–357. [CrossRef]

125. El-Mayet, F.S.; Harrison, K.S.; Jones, C. Regulation of Krüppel-Like Factor 15 Expression by Herpes Simplex Virus Type 1 or
Bovine Herpesvirus 1 Productive Infection. Viruses 2021, 13, 1148. [CrossRef]

126. Black, A.R.; Black, J.D.; Azizkhan-Clifford, J. Sp1 and Kruppel-like transcription factor family of transcription factors in cell
growth and cancer. J. Cell. Physiol. 2001, 188, 143–160. [CrossRef] [PubMed]

127. Bieker, J.J. Kruppel-like factors: Three fingers in many pies. J. Biol. Chem. 2001, 276, 34355–34358. [CrossRef] [PubMed]
128. Tetreault, M.-P.; Yang, Y.; Katz, J.P. Krüppel-like factors in cancer. Nat. Rev. Cancer 2013, 13, 701–710. [CrossRef]
129. Harbour, J.W.; Dean, D.C. The Rb/E2F pathway: Expanding roles and emerging paradigms. Genes Dev. 2000, 14, 2393–2409.

[CrossRef]
130. DeGregori, J.; Kowalik, T.; Nevins, J.R. Cellular targets for activation by the E2F1 transcription factor include DNA synthesis- and

G1/S-regulatory genes. Mol. Cell. Biol. 1995, 15, 4215–4224. [CrossRef]
131. Nevins, J.R.; DeGregori, J.; Jakoi, L.; Leone, G. Functional analysis of E2F transcription factor. Methods Enzym. 1997, 283, 205–219.
132. Ohtani, K.; DeGregori, J.; Nevins, J.R. Regulation of the cyclin E gene by transcription factor E2F1. Proc. Natl. Acad. Sci. USA 1995,

92, 12146–12150. [CrossRef]
133. Workman, A.; Jones, C. Bovine herpesvirus 1 productive infection and bICP0 early promoter activity are stimulated by E2F1. J.

Virol. 2010, 84, 6308–6317. [CrossRef]
134. Workman, A.; Jones, C. Analysis of the cell cycle regulatory protein (E2F1) after infection of cultured cells with bovine herpesvirus

1 (BHV-1) or herpes simplex virus type 1 (HSV-1). Virus Res. 2011, 160, 66–73. [CrossRef]
135. Shin, E.K.; Tevosian, S.G.; Yee, A.S. The N-terminal Region of E2F-1 Is Required for Transcriptional Activation of a New Class of

Target Promoter. J. Biol. Chem. 1996, 271, 12261–12268. [CrossRef]
136. Chuang, J.; Wu, C.H.; Lai, M.D.; Chang, W.C.; Hung, J.J. Overexpression of Sp1 leads to p53-dependent apoptosis in cancer cells.

Int. J. Cancer 2009, 125, 2066–2076. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMra050541
https://www.ncbi.nlm.nih.gov/pubmed/16236742
https://doi.org/10.1128/jvi.01010-22
https://doi.org/10.1128/JCM.43.1.393-401.2005
https://doi.org/10.1128/JVI.74.11.5337-5346.2000
https://doi.org/10.2460/ajvr.1995.56.01.45
https://doi.org/10.1292/jvms.61.375
https://doi.org/10.1007/s13365-015-0339-x
https://www.ncbi.nlm.nih.gov/pubmed/25860382
https://doi.org/10.1016/j.virol.2015.06.010
https://www.ncbi.nlm.nih.gov/pubmed/26226582
https://doi.org/10.1007/s13365-018-0684-7
https://doi.org/10.1128/JVI.01670-19
https://www.ncbi.nlm.nih.gov/pubmed/31776270
https://doi.org/10.1128/JVI.00904-17
https://doi.org/10.1128/JVI.01519-18
https://doi.org/10.3390/v13112296
https://doi.org/10.1128/JVI.00768-21
https://doi.org/10.1006/viro.1993.1596
https://doi.org/10.3390/v13061148
https://doi.org/10.1002/jcp.1111
https://www.ncbi.nlm.nih.gov/pubmed/11424081
https://doi.org/10.1074/jbc.R100043200
https://www.ncbi.nlm.nih.gov/pubmed/11443140
https://doi.org/10.1038/nrc3582
https://doi.org/10.1101/gad.813200
https://doi.org/10.1128/MCB.15.8.4215
https://doi.org/10.1073/pnas.92.26.12146
https://doi.org/10.1128/JVI.00321-10
https://doi.org/10.1016/j.virusres.2011.05.009
https://doi.org/10.1074/jbc.271.21.12261
https://doi.org/10.1002/ijc.24563
https://www.ncbi.nlm.nih.gov/pubmed/19588484


Viruses 2024, 16, 1675 16 of 16

137. Kavurma, M.M.; Khachigian, L.M. Sp1 inhibits proliferation and induces apoptosis in vascular smooth muscle cells by repressing
p21WAF1/Cip1 transcription and cyclin D1-Cdk4-p21WAF1/Cip1 complex formation. J. Biol. Chem. 2003, 278, 32537–32543.
[CrossRef] [PubMed]

138. Ryu, H.; Lee, J.; Zaman, K.; Kubilis, J.; Ferrante, R.J.; Ross, B.D.; Neve, R.; Ratan, R.R. Sp1 and Sp3 Are Oxidative Stress-Inducible,
Antideath Transcription Factors in Cortical Neurons. J. Neurosci. 2003, 23, 3597–3606. [CrossRef]

139. Hunsperger, E.A.; Wilcox, C.L. Caspase-3-dependent reactivation of latent herpes simplex virus type 1 in sensory neuronal
cultures. J. Neurovirol. 2003, 9, 390–398. [CrossRef]

140. El-Mayet, F.; Jones, C. A cell cycle regulator, E2F2, and glucocorticoid receptor cooperatively transactivate the bovine alpha-
herpesvirus 1 immediate early transcription unit 1 promoter. J. Virol. 2024, 98, e00423-24. [CrossRef]

141. Johnson, T.A.; Chereji, R.V.; Stavreva, D.A.; Morris, S.A.; Hager, G.L.; Clark, D.J. Conventional and pioneer modes of glucocorticoid
receptor interaction with enhancer chromatin in vivo. Nucl. Acids Res. 2018, 46, 203–2014. [CrossRef]

142. Hoffman, J.A.; Trotter, K.W.; Ward, J.M.; Archer, T.K. BRG1 governs glucocorticoid receptor interactions with chromatin and
pioneer factors across the genome. eLife 2018, 7, e35073. [CrossRef] [PubMed]

143. Sevilla, L.; Latorre, V.; Carceller, E.; Boix, J.; Vodák, D.; Mills, I.G.; Pérez, P. Glucocorticoid receptor and Klf4 co-regulate
anti-inflammatory genes in keratinocytes. Mol. Cell. Endocrinol. 2015, 412, 281–289. [CrossRef]

144. Liu, Y.; Wang, J.; Yi, Y.; Zhang, H.; Liu, J.; Liu, M.; Yuan, C.; Tang, D.; Benjamin, I.J.; Xiao, X. Induction of KLF4 in response to heat
stress. Cell Stress Chaperones 2006, 11, 379–389. [CrossRef]

145. Barnes, P.J. Anti-inflammatory actions of glucocorticoids: Molecular mechanisms. Clin. Sci. 1998, 94, 557–572. [CrossRef]
146. Funder, J.W. Glucocorticoids and mineralocorticoid receptors: Biology and clinical relevance. Annu. Rev. Med. 1997, 48, 231–240.

[CrossRef] [PubMed]
147. Crook, T.; Benavides, J.; Russell, G.; Gilray, J.; Maley, M.; Willoughby, K. Bovine herpesvirus 1 abortion: Current prevalence in the

United Kingdom and evidence of hematogenous spread within the fetus in natural cases. J. Vet. Diagn. Investig. 2012, 24, 662–670.
[CrossRef] [PubMed]

148. Jones, C.; Holt, T.J.N.T.; Doster, A.; Stone, M.; Ciacci-Zanella, J.; Webster, C.J.; Jackwood, M.W. Analysis of latency in cattle after
inoculation with a temperature sensitive mutant of bovine herpesvirus 1 (RLB106). Vaccine 2000, 18, 3185–3195. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1074/jbc.M305650200
https://www.ncbi.nlm.nih.gov/pubmed/12796485
https://doi.org/10.1523/JNEUROSCI.23-09-03597.2003
https://doi.org/10.1080/13550280390201678
https://doi.org/10.1128/jvi.00423-24
https://doi.org/10.1093/nar/gkx1044
https://doi.org/10.7554/eLife.35073
https://www.ncbi.nlm.nih.gov/pubmed/29792595
https://doi.org/10.1016/j.mce.2015.05.015
https://doi.org/10.1379/CSC-210.1
https://doi.org/10.1042/cs0940557
https://doi.org/10.1146/annurev.med.48.1.231
https://www.ncbi.nlm.nih.gov/pubmed/9046958
https://doi.org/10.1177/1040638712448187
https://www.ncbi.nlm.nih.gov/pubmed/22649159
https://doi.org/10.1016/S0264-410X(00)00106-7
https://www.ncbi.nlm.nih.gov/pubmed/10856798

	Pathogenesis of BoHV-1 
	BoHV-1 Productive Infection 
	BoHV-1 Inhibits Immune Responses During Productive Infection 
	Establishment and Maintenance of a Latent Infection in Sensory Neurons 
	Viral Gene Expression During Establishment and Maintenance of Latency 
	Activation of the Canonical -Catenin/Wnt Signaling Axis Promotes the Establishment and Maintenance of Latency 

	Stress-Induced Reactivation from Latency Leads to Rapid Changes in Cellular Signaling Pathways That Correlate with Viral Gene Expression 
	Sensory Neurons in Trigeminal Ganglia Are Important Sites for BoHV-1 Latency and Reactivation from Latency 
	Pharyngeal Tonsil Contains Viral DNA in Latently Infected Calves and Supports Virus Reactivation 
	Viral Gene Expression in Trigeminal Ganglia During Reactivation from Latency Differs from That in Pharyngeal Tonsils 
	Stress-Induced Transcription Factors Stimulate IEtu1 and bICP0 E Promoters 

	Correlation Between BoHV-1 Reactivation from Latency and Disease 
	Conclusions 
	References

