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Abstract

Numerous studies observed a link between the herpes smplex virus-1 (HSV-1) and Alzheimer’s disease. However, the exact
viral and cellular dynamics that lead from an HSV-1 infection to Alzheimer’s disease are unknown. In this paper, we use the
microcompetition model to formulate these dynamics by connecting seemingly unconnected observations reported in the
literature. We concentrate on four pathologies characteristic of Alzheimer’s disease. First, we explain how an increase in the
copy number of HSV-1 during latency can decrease the expression of BECNI/Beclinl, the degradative trafficking protein,
which, in turn, can cause a dysregulation of autophagy and Alzheimer’s disease. Second, we show how an increase in the copy
number of the latent HSV-1 can decrease the expression of many genes important for mitochondrial genome metabolism,
respiratory chain, and homeostasis, which can lead to oxidative stress and neuronal damage, resulting in Alzheimer’s disease.
Third, we describe how an increase in this copy number can reduce the concentration of the NMDA receptor subunits NR1
and NR2b (Grinl and Grin2b genes), and brain derived neurotrophic factor (BDNF), which can cause an impaired synaptic
plasticity, AP accumulation and eventually Alzheimer’s disease. Finally, we show how an increase in the copy number of
HSV-1 in neural stem/progenitor cells in the hippocampus during the latent phase can lead to an abnormal quantity and qual-
ity of neurogenesis, and the clinical presentation of Alzheimer’s disease. Since the current understanding of the dynamics
and homeostasis of the HSV-1 reservoir during latency is limited, the proposed model represents only a first step towards
a complete understanding of the relationship between the copy number of HSV-1 during latency and Alzheimer’s disease.
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NFT Neurofibrillary tangles

BDNF Brain-derived neurotrophic factor
Introduction

Alzheimer’s disease (AD) is characterized by formation
of senile plaques in the hippocampus and cortex, cogni-
tive decline, and dementia. The plaques are mostly made
of amyloid B (Ap) and neurofibrillary tangles (NFTs) com-
posed of tau protein. The metabolism of AP is dependent on
autophagy, a process that leads to degradation of proteins
and organelles. This process is disrupted in AD, leading
to the main pathology, accumulation of A, and NFTs in
brain cells. The reason for the disruption in AD is unknown.
However, studies observed a link to abnormal expression
of the degradative trafficking protein BECN1/Beclinl, a
key autophagy regulator. In addition, AD patients present
reduced mitochondrial activity, enzymes, and biosynthesis
in neurons. This results in axonal and neuronal damage. A
third pathology is dysregulations of the synaptic transmis-
sion via NDMA receptors and brain-derived neurotrophic
factor (BDNF) activity in the hippocampus. Studies have
shown that these dysregulations result in impaired synap-
tic plasticity, and increased pathology of extracellular Ap
accumulation. A fourth pathology is impaired neurogenesis
in AD brains, and interrupted ability to repair hippocampal
damage.

Numerous studies observed a link between the herpes
simplex virus-1 (HSV-1) and Alzheimer’s disease (Harris
and Harris 2018). In this paper, we use the microcompetition
model to explain how a latent HSV-1 can cause the above
four pathologies observed in AD. Finally, we theorize what
is the deciding factor that makes an HSV-1 positive indi-
vidual develop AD.

HSV-1 and Alzheimer’s disease

Several animal studies showed that HSV-1 enters the brain
via the olfactory bulb, and then modifies the structures of
the limbic system, such as the entorhinal cortex and the
hippocampus, known to be greatly affected in AD (McLean
et al. 1993; Mori et al. 2005). A recent study on human
brains showed an increase in gene expression of the host
cell viral entry receptor proteins of HSV-1 in the hippocam-
pus, indicating that this area is particularly susceptible to
HSV-1 infection (Lathe and Haas 2017). Using polymer-
ase chain reaction (PCR) analysis, another study detected
the latent HSV-1 in the hippocampus, temporal and frontal
lobes of 70-100% of sporadic AD and normal elderly brains
(Jamieson et al. 1991). Wozniak et al. found HSV-1 DNA
in the amyloid plaques in 72% of AD patients, compared
to 24% of age equivalent healthy controls (Wozniak et al.
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2009). Postmortem analysis of elderly brains showed that
the combination of an HSV-1 infection and the APOE-e4
allele increased the risk of AD by a factor of 12 (Itzhaki
et al. 1997; Lin et al. 1998; Itabashi et al. 1997). A longi-
tudinal study of 512 elderly people showed a strong asso-
ciation between AD and HSV-1 infection and reactivation
(Letenneur et al. 2008). Postmortem analysis of 147 autop-
sies also uncovered HSV-1 DNA in 90% of AD patients
(Hill et al. 2008). Specific AD pathologies were also asso-
ciated with HSV-1 infection. A study observed an increase
in accumulation of Af and decreased Amyloid  Precursor
Protein (APP) levels both in vivo and in vitro after infection
with HSV-1 (Itzhaki et al. 2016).

Tzeng et al. (2018) preformed a population-based study
in Taiwan with over 33,000 participants aged 50 and older
and associated symptomatic HSV-1 with dementia. The
study included 8362 patients clinically diagnosed with HSV
(HSV-1 and HSV-2) and have made at least three outpatient
visits to the clinic within a one-year study period regarding
symptoms of HSV-1 or HSV-2. For each HSV diagnosed
patient, the study enrolled three controls without a clinical
history of HSV infection. The seropositivity of HSV-1 in the
adult population in Taiwan in over 90% (Shen et al. 2015);
hence, it is reasonable to assume that a large portion of the
asymptomatic controls were also seropositive. Therefore, it
is more accurate to consider study group as infected/symp-
tomatic, and the control group as infected/asymptomatic.
Tzeng et al. observed a 2.8-fold increase in the hazard ratio
of developing dementia of Alzheimer type in the infected/
symptomatic compared to the infected/asymptomatic indi-
viduals. The study also followed the infected/symptomatic
HSV-1 subjects who used anti-herpetic agents over a period
of 10 years. These subjects had a 5 times lower risk of devel-
oping dementia in comparison to infected/asymptomatic
participants. Considering that during the 10 years, the virus
remains mostly in the latent phase, this suggests a possible
association between the latent HSV-1 and AD. We propose
that the difference between the two groups is a higher copy
number of the virus during latency in the infected/sympto-
matic compared to the infected/asymptomatic individuals.
See more on copy number below.

In this paper, we use the microcompetition model to
describe the viral and cellular dynamics that may lead
from the copy number of HSV-1 during the latent phase to
the four pathologies commonly observed in AD patients:
reduced autophagy activity, mitochondrial dysfunction,
NMDA receptor and BDNF dysregulation, and unbalanced
neurogenesis.

We use the literature regarding the life cycle of HSV-1,
latency programs, gene expression, and latent copy number
to map the sequence of events that lead from the copy num-
ber of the latent virus to the development of AD. However, it
is important to state that latency is only partially understood.
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We do not aim to add observations about latency, but to con-
nect seemingly unconnected observations reported in the
literature to build the molecular dynamics that lead from the
copy number of HSV-1 in the hippocampus during latency
to AD.

The GABP transcription factor

The GA binding protein (GABP), also called the nuclear res-
piratory factor 2 (NRF2), is a ubiquitous transcription factor
operating from embryonic development until death. GABP
is a heterotetramer that consists of a pair of two subunits,
GA binding protein alpha (GABPa) and GA binding protein
beta (GABPp). The p subunit has three isoforms, including
two splice variants. GABP is a member of the ETS-domain
transcription factor family (ETS-TF) (Sharrocks 2001). It
binds genes through an ETS-binding site called the N box.

GABP has a variety of functions, one of which is to pro-
mote cell cycle progression through the S-phase by allowing
the transcription of DNA synthesis genes (Rosmarin et al.
2004). It cooperates with the two related histone acetyltrans-
ferases co-activators p300 and CBP (CREB binding protein),
together denoted p300/CBP, which levels are limiting in the
cell (Lee et al. 2010; Bhattacharyya et al. 2010; Polansky
and Schwab 2018a, b; Zhou et al. 2015) to form the limiting
GABPep300/CBP complex.

AD pathology number 1: impaired
autophagy in neurons

Neurons of AD patients have reduced autophagy, mainly
through the BECN1-dependent degradative pathways.

BECN1 and AD

BECNI is a key regulator of degradative trafficking path-
ways, including the endosomal pathway and autophagy. In
their study, Swaminathan et al. (2016) explored the role
of BECN1 in amyloid-f precursor protein (APP) traffick-
ing from the cell surface/plasma membrane. Using co-
immunoprecipitation (co-IP) on whole-cell extracts
(WCE) and rat cortical neurons, they demonstrated that
APP is a novel BECN1-interacting protein. Then, using
a BECNI1 deletion mutant, they discovered that the evolu-
tionary conserved domain (ECD) is indispensable for APP-
BECNI association.

Next, they tested the effect of BECN1 endocytosis of the
surface receptor APP and the sorting for lysosomal deg-
radation. To measure the effect of BECN1 on APP inter-
nalization, they labeled the N-terminal FLAG-APP695
on the surface of HeLa cells with a FLAG antibody. They
observed that BECN1 depletion decreased the surface APP

internalization and that ectopic BECN-1 expressing cells had
higher internalization of APP.

Then, they assessed the effect of BECN-1 on the posten-
docytic traffic of the internalized APP to the endolysoso-
mal and autolysosomal compartments. They overexpressed
BECNI1, and observed an increase in colocalization of
the internalized APP with GFP-LC3-positive autophago-
somes. This indicates that BECN1 assists APP sorting to
endosomes. Swaminathan et al. concluded that the BECN1
ECD interacts with APP and promotes APP internalization
and degradation via endosomes and autophagosomes.

The observations in Swaminathan et al. suggest that a
BECNI deficiency can cause impaired degradative sorting
of PM-APP, which is the precursor of the toxic amyloid-f§
(AP).

Other studies also noticed the relation between BECN-1
and AD pathology. For instance, Pickford et al. (2008)
observed a decrease in BECN-1 levels in the brains
of eight AD patients compared to healthy controls. They
also found that a BECN-1 deficiency in APP transgenic
mice decreased neuronal autophagy, disrupted lysosomes,
increased the accumulation of Ap intracellularly and extra-
cellularly, and ultimately caused neurodegeneration. Fur-
thermore, an increase in BECN-1 expression decreased the
amyloid pathology in the APP transgenic mice. Several more
studies have shown, both in vitro and in vivo, the importance
of BECN-1 dependent autophagy in neurodegenerative
diseases. By overexpressing BECN1, neuronal cytotoxicity
and death were prevented (Hung et al. 2009; Wang et al.
2009).

As the previous studies have shown, a decrease in BECN1
reduces autophagy and contributes to proteinopathies, such
as AP pathology, a characteristic of Alzheimer’s disease.

In the next sections, we will answer the question, what
causes the BECNI1 deficiency in AD, and how is it related
to HSV-1?

BECN1 and GABP

Although the cause of the decrease in BECN1 expression
in AD is unknown, a study by Salminem et al. (2013)
proposed a link with certain neurovirulent proteins, such
as those expressed by HSV-1. In this paper, we propose
a different link, using GABP.

Zhu et al. sought to discover the role of GABP in regu-
lating autophagy (Zhu et al. 2014). Using bioinformat-
ics analysis, Zhu et al. observed that genes encoding the
BECN1-PIK3C3 complexes contain ETS-TF core sequences,
the binding site for GABP, in their promoter regions. This
led them to believe that GABP might be regulating the
transcription of the BECNI-PIK3C3 complex. To test this
hypothesis, Zhu et al. used clones with sequences from the
promoter regions of BECN1, PIK3C3, UVRAG, and ATG14
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in luciferase reporter constructs, and compared the lucif-
erase activities of each promoter-luciferase construct with
constructs that had mutations in their GABP binding sites.
They discovered that mutations in the GABP sites on the
BECNI1 and PIK3C3 promoter fragments reduced the lucif-
erase activity by 90%. This indicates that GABP is respon-
sible for most of the transcriptional activities of these two
promoter fragments.

Next, Zhu et al. tested the binding of GABP to the pro-
moter regions of these autophagy regulatory genes, and the
effect of such binding on transcription. They performed
chromatin immunoprecipitation (ChIP) assays using an anti-
body to GABPa and discovered that GABP«a binds to the
promoter regions of BECNI, PIK3CS, PIK3R4, ATG14, and
UVRAG. Then, they knocked down GABPa using siRNA oli-
gonucleotides and examined the transcripts of the autophagy
genes using real-time quantitative PCR (qPCR). The results
showed that a 70% decrease in GABPax mRNA levels
caused a significant decrease in all of the autophagy gene
transcripts mentioned previously. From these results, Zhu
et al. concluded that GABP binds to the promoter regions of
autophagy regulatory genes and transactivates them. Using
western blots, Zhu et al. observed that a 75% decrease in
GABPa decreased BECN1-PIK3C3 complex protein lev-
els and autophagy. The decrease in GABPa also caused
a significant decrease in BECN1, PIK3C3, and UVRAG.
This indicates that GABP is important for maintaining the
levels of the BECN1-PIK3C3 complex protein, and the
cellular process of autophagy. Then, Zhu et al. tested the
effect of an increase in GABP on cellular autophagy. Zhu
et al. transfected GABP expression constructs into HeLa
cells, and measured some cellular autophagy markers. As
expected, the increase in GABP expression increased the
autophagosomal marker LC3-II and the levels of PIK3C3,
BECNI, and UVRAG. Using fluorescent microscopy and
western blot analysis, they observed that an increase in
GABPo or GABPp1 expression increased GFP-LC3. Using
transmission electron micrographs of HeLa cells, Zhu et al.
also observed an increase in cytoplasmic autolysosomes in
cells cotransfected with GABPa or GABPf1 expression con-
structs. From these observations they concluded that GABP
increases the expression of genes encoding BECN1-PIK3c3
complexes, which increases autophagy.

We conclude that GABP has a key role in BECN1 expres-
sion, and therefore, may have a role in autophagy abnormali-
ties associated with AD.

AD pathology number 2: mitochondrial
dysfunction

Mitochondria in neurons, mainly in the hippocampus, have
reduced activity and biogenesis in AD.
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Mitochondrial dysfunction in AD

Many studies demonstrated a reduced mitochondrial
function in AD patients, mostly in neurons located
in the hippocampus, see Wang et al. (2020). Using
fluoro-2-deoxyglucose positron-emission tomography
(FDG-PET), a decline in glucose metabolism was noticed
early in AD (Arbizu et al. 2018; Sorensen et al. 2019). Oxy-
gen metabolism rate, measured by oxygen-15 PET, was
greatly decreased in AD brains, with a correlation to the
severity of dementia (Tohgi et al. 1998; Lajoie et al. 2017;
Ishii et al. 1996), indicating a dysfunction in the oxidative
phosphorylation (OXPHOS) machinery in AD. Further-
more, using immunofluorescence analysis, studies observed
elevated levels of 8-hydroxyguanosine (8-OHG), a marker
for oxidative damage, in both DNA (including mitochon-
drial DNA) and RNA, in AD brain specimen, suggesting
excessive production of reactive oxygen species (ROS)
(Manczak et al. 2004; Nunomura et al. 2012). With an
increased oxidative stress, energy metabolism is impaired,
eventually leading to neuronal damage, neurodegeneration
pathologies, and AD (Keller et al. 1997; Manczak et al.
2006).

In the process of OXPHOS, five reciprocal enzymatic
complexes reduce oxygen molecules to initiate ATP pro-
duction. Several studies noticed a decrease in the enzymatic
activity in the hippocampus of all OXPHOS complexes,
especially cytochrome C oxidase (COX) (Parker and Parks
1995; Maurer et al. 2000; Bosetti et al. 2002). Some sug-
gested that the reason is reduced expression of the subunits
composing the functional OXPHOS complexes.

Eighty nuclear genes encode the OXPHOS complexes
subunits. Using postmortem analysis of AD hippocampus
tissue, Liang et al. (2008) found a decrease in 58% of the
nuclear-encoded genes for subunits composing OXPHOS
complexes and mitochondrial translocases. Particularly, they
observed a twofold decrease in the mRNA levels of 49 out
of the 80 (61%) nuclear-encoded genes for subunits compos-
ing complexes I-V. Protein levels of these genes were also
reduced. Similarly, a recent microarray study by Mastroeni
et al. (2017) found a decrease in hippocampal OXPHOS gene
expression in AD in comparison to age equivalent healthy
controls. All nuclear-encoded genes for complex I subunits
and complex II subunits SDHA/B/C/D were reduced by up
to 25% and 15%, respectively. With the exception of one
gene, all other COX nuclear coding genes were differentially
reduced in AD brains. For instance, COX5A, COX6C, and
COX7B genes were all decreased by more than 25%. The
expression of complex V (ATP synthase) F1 beta subunit
gene, ATP5B, was reduced by 25%, along with a decrease in
all other nuclear-encoded complex V genes. The data, sum-
marized in, suggest that there is a decrease in the expression
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of many OXPHOS nuclear genes, causing the oxidative stress
seen in AD.

The mitochondrial genome codes for 13 core OXPHOS
proteins that depend on nuclear encoded mitochondrial tran-
scription factors. The expression of some of these genes,
especially complex I, are reduced in AD brain tissues
(Manczak et al. 2004), suggesting that mtDNA metabolism
in the mitochondrial genome may be disrupted. As expected,
studies observed a decrease in mtDNA copy number both
in AD postmortem hippocampus tissue (Rice et al. 2014),
and in M17 cells transfected with a mutant APP gene
(Sheng et al. 2012). Another study (Coskun et al. 2004)
also observed a 63% average increase in mtDNA mutation
rate and lower mtDNA copy number in AD brains. It is also
interesting that patients carrying mtDNA mutations present
cognitive deficits similar to AD patients (Inczedy-Farkas
et al. 2014).

Various factors, such as mitochondrial transcription
factor A (TFAM), mitochondrial polymerase, TWINKLE
mtDNA helicase, participate in mtDNA metabolism. Some
are underexpressed in AD. For instance, TFAM, which has a
key role in mtDNA transcription, copy number, and stabi-
lizing the mtDNA (Campbell et al. 2012), was found to be
depleted in the course of AD. Sheng et al. reported a 50%
decrease in the protein levels of TFAM in AD hippocampus
autopsy tissue, and in a cell model of AD. A postmortem
study observed a decrease in mRNA levels of both TFAM
and mitochondrial polymerase subunit y (POLG) (Young-
Collier et al. 2012). Studies also observed lower TEFAM pro-
tein levels in mice models of AD carrying PS1 and ADg,,
mutations (Pedros et al. 2014; Petrov et al. 2016). Moreover,
overexpression of TFAM in a mouse model of AD resulted

in improved cognitive function, a reversal in mitochondrial
dysfunction, lower levels of the 8-OXG oxidative stress
marker, and less intracellular Ap accumulation (Oka et al.
2016). Similarly, overexpression of TFAM in in vitro mod-
els of AD neurons resulted in lower ROS formation, better
OXPHOS function, and higher mtDNA copy number (Xu
et al. 2009).

Another mitochondrial dysfunction is protein transport.
Since 99% of the mitochondrial proteins are of nuclear origin,
mitochondrial function depends on mitochondrial transport
(Wiedemann and Pfanner 2017; Harbauer et al. 2014; Chai
et al. 2018). This process is performed by translocase of the
inner membrane (TIM), and translocase of the outer membrane
(TOM) complexes. Interestingly, a study observed a decrease in
TOM?20 and TOM70 subunits levels in AD hippocampus. This
decrease was correlated with the decrease in complexes III, IV
(COX), and V proteins levels (Chai et al. 2018). Liang et al.
observed a 2.7-fold and 2.6-fold reduction in the mRNA of 3
out of 11 subunits for TIM, and in 4 out of 6 subunits for TOM
complexes, respectively (the exact genes found to be reduced
are not mentioned).

Hence, it is well documented that AD neurons in the hip-
pocampus suffer from mitochondrial dysfunction that seem
to start from underexpression of nuclear genes crucial for
mitochondrial function and homeostasis. Some of these
genes include many OXPHOS genes, as observed by Liang
et al. and Mastroeni et al. (see Table 1). Others include genes
that are necessary for mtDNA metabolism and protein trans-
portation into the mitochondria.

Table 1 lists genes found to be reduced in AD postmor-
tem hippocampus tissue. Data collected from the studies by
Liang et al. and Mastroeni et al. Liang et al. does not specify

Table 1 Mitochondrial OXPHOS and translocases genes are downregulated in AD

Liang et al Mastroeni et al
n(AD)= 33 18
Brain tissue used Brain tissues were extracted from six brain Hippocampus

regions. The data below refers only to the
results reported in the hippocampus

Oxidative phosphorylation

Category No. of subunits Average fold Top four genes with the greatest decrease ~% Change
change

Complex I 25/39 -2.5 NDUFA4, NDUFAS, NDUFABI, NDUFS5 >-20%

Complex 11 2/4 -2.7 SHDA™ ~—15%

Complex III 5/9 -2.8 CYCI, UQCRCI, UQCRFSI1, UQCRH >-10%

Complex IV 713 2.2 COX5A, COX6C, COX7A2, COX7B >-20%

Complex V 10/15 -2.7 ATP5B, ATP5D, ATP5G1, ATP5G3 >-20%

Transport and assembly proteins

TOM 4/6 -2.7

TIM 3/11 -2.6
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the exact genes: only the ratio of subunits’ genes found to be
significantly reduced (p < 0.01) in the category was reported
and is mentioned above. Mastroeni et al. collected microar-
ray data of OXPHOS genes. In the table, each category lists
only the top four genes with the greatest decrease in expres-
sion, along the minimal reduction in expression. More genes
found to be downregulated in AD are not listed, such as
TFAM and POLG were reduced in AD brains (see Young-
Collier et al. and Sheng et al.). *Only the reduction in SDHA
subunit mRNA stands out. The other three subunits were
reduced by less than 5%, and therefore not listed.

GABP and mitochondrial damage

It is well established that GABP is a regulator of nuclear mito-
chondrial genes (Gugneja et al. 1996). GABP binding sites
were found in several human genes involved in mitochondrial
homeostasis (Chen et al. 2009; Kelly and Scarpulla 2004),
including those that regulate OXPHOS, mtDNA metabo-
lism and transport into the mitochondria, functions that are
impaired in AD (see "Mitochondrial Dysfunction in AD").
To further examine the effect of GABP on the mitochon-
dria, Yang et al. used mouse embryonic fibroblasts (MEFs)
wild type (WT) and with floxed GABP (Yang et al. 2014).
They observed a decrease in mitochondrial mass, count, and
mtDNA copy number in the floxed GABP group. ATP pro-
duction and oxygen consumption were also noticeably lower,
indicating that OXPHOS activity is strongly dependent on
GABP.

An in vitro study by Ongwijitwat et al. examined the effect
of GABP on mitochondrial proteins and activity (Ongwijitwat
et al. 2006). Using RNAi, GABP was decreased by more than
50%. As a result, the transcripts of all ten nuclear encoded COX
genes in F2 cells were also decreased. Over 50% decrease was
seen in the mRNA levels of COX411, COX5A, COX6B, COX6C,
COX7A, COX7B, COX7C, and COX8. The group later found
that COX enzymatic activity was lower by 20%. Next, using
tetrodotoxin (TTX), a chemical known to induce transcrip-
tional downregulation and inhibition of COX activity, the group
observed a 60% decrease in the COX411 promoter activity. Over-
expression of GABP reversed the effect of TTX.

As noted, Yang et al. observed a decrease in mtDNA
copy number in floxed GABP cells. To further examine the
relationship between GABP and mtDNA metabolism, Bruni
et al. measured seven proteins involved in mtDNA tran-
scription and replication (Bruni et al. 2010). Using ChIP
analysis on human HeLa cells, they observed enrichments
in the promoters of five genes: mitochondrial termination
factor (nTERF), RNA polymerase POLRMT, TWINKLE,
mtSSB, and POLG-b genes. Later, GABP silencing using
RNAI resulted in up to 50% reduction the mRNA levels of
all five genes. Overexpression of GABP resulted in 2-2.6-
fold increase in the transcripts levels of these genes.
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Besides COX subunits, Ongwijitwat et al. observed a
decrease in the mRNA levels of many other genes follow-
ing GABP knock down: TFAM, mitochondrial transcription
factor B isoform 1 (TFBIM), surfeit 1 (SURFI), voltage-
dependent anion channel (VDACT), and TOM20 genes.

Put together, these results are consistent with the observa-
tions reported by Yang et al. regarding the effect of GABP
on mitochondrial biogenesis, mtDNA metabolism, and
OXPHOS function. Following a decline in the availability
of GABP, many mitochondria related genes show under-
expression (see), and a mitochondrial dysfunction typical
of AD. The low OXPHOS activity, ATP production, accu-
mulation of ROS, and inappropriate mitochondrial gene
expression profiles, are similar in both cases, suggesting
a possible link. In a study mentioned above, Sheng et al.
examined overexpression of PGC-1a in the M17 cells, a
model of AD, attempting to find out whether it resolves the
mitochondrial abnormalities found in these cells. PGC-1a
is known to upregulate GABP downstream. As expected,
GABP levels increased, which improved the deficient mito-
chondrial function. This study provides additional support
to a possible role of a GABP deficiency in the mitochondrial
abnormalities observed in AD. However, Table 2 includes
only human genes.

AD pathology number 3: impaired long-term
synaptic plasticity and neuronal survival

AD patients carry cognitive disabilities, which are explained
by impaired neuroplasticity and function. Interestingly, the
expression of three genes responsible for neuroplasticity is
decreased in AD brains: NMDA glutamate receptor subunits
NR1 and NR2b and BDNF.

NMDA receptor dysregulation in AD

The NMDA (N-methyl-D-aspartate) glutamate receptors are
widely spread in the CNS. In adults, they are composed of a
combination of two NR1 subunits and two NR2A-D subu-
nits (McBain and Mayer 1994). Synapses containing NMDA
receptors (NMDAR), particularly those composed of NR1 and
NR2b subunits, are involved in memory, learning and long-
term potentiation (LTP) (El Gaamouch et al. 2012; Tang et al.
1999). Abnormal regulation of the NMDAR subunits is impli-
cated in the pathophysiology of neurological diseases, such
as bipolar disorder (Fountoulakis 2012), schizophrenia (Balu
2016), depression, Huntington’s disease (Lakhan et al. 2013),
and Parkinson disease (Loopuijt and Schmidt 1998). A similar
dysregulation of NMDAR was found in AD.

In AD, brain cells die, and synapses are lost. Brain
regions in healthy individuals have high levels of
NMDARSs, especially in those severely affected in AD,
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Table 2 GABP transactivates over a dozen mitochondria-related genes
Chenetal. Kelly and Ongwijitwat Bruni
(2009) Scarpulla (2004) et al. (2006) et al.
(2010)
Oxidative phosphorylation
Complex I NDUFVI +
Complex II SDHB + +
SDHC + +
SDHD + +
Cyt C +
Complex IIT None
Complex IV (COX) COX411 +
COX5A + +
COX5B + + +
COX6A-L + + +
COX6B +
coxec + +
COX7A-L (COX7A2) + + +
COX7B + +
COX8 + +
Complex V (ATP synthase) ATP5B +
Mitochondrial genome replication, transcription, and translation
RNase MRP +
MTIF2 +
TFAM + + + +
TFBIM + + +
TFB2M + +
TWINKLE +
POLRMT +
POLG-b +
mtSSB +
mTERF +
MRPS12 +
Other (ion channels, protein import, shuttles, etc.)
GPD2 +
SURF1 + +
VDACI + +
TOM20 + +
TOM70 + +
TOM34 +

List of genes involved in mitochondrial function, homeostasis, and biogenesis GABP was found to upregulate. The data is based on four studies:
Chen et al. Kelly et al. Ongwijitwat et al. and Bruni et al. Both Chen et al. and Kelly et al. listed various mitochondria-related genes. Ongwijitwat
et al. listed only COX subunits nuclear-genes and some general maintenance genes they found to be dependent of GABP. Bruni et al. examined
genes involved in mtDNA metabolism. Note: Kelly et al. listed both human and rat genes GABP transcribes.

such as the hippocampus, entorhinal, and peripheral cor-
tices (Hyman et al. 1989; Suzuki et al. 1993; Utas and
Cotman 1997). The following three studies measured the
concentration of NMDAR in AD brains.

Utas et al. (Utas and Cotman 1997) showed a decrease
of up to 45% in the expression of the NR1 subunit gene
Grinl in AD postmortem brains. Hynd et al. (2004) reports

similar observations with the NR2b subunit. The study found
a threefold and fivefold decrease in the mRNA and protein
levels of NR2b (Grin2b gene), respectively. The decrease
was observed in AD pathologically susceptible regions only.

Sze et al. (2001), who examined the levels of several
NMDAR subunits in postmortem early and definite AD
patients, found a 53% decrease of NR1 protein levels in AD
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hippocampus tissue. In addition, the study found a 40% and
31% decrease in NR2b subunit levels in the hippocampus
and entorhinal cortex, respectively. However, the study
emphasizes that these changes were observed only with
definite AD, but not with early AD, that is, patients lacking
the clinical manifestation of dementia.

Another study examined the concentration of NMDAR
throughout AD clinical progression. Mishizen-Eberz et al.
(2004) examined postmortem hippocampus tissues of mild,
moderate, and severe AD patients. The results showed an
association between the disease stage and the decrease in
mRNA and protein levels of both NR1 and NR2b subunits.
In comparison to mild patients, moderate and severe patients
showed a 16% decrease in NR1 mRNA. The levels of NR1
protein were also reduced by 14% and 33% in moderate
and severe AD brain, respectively. A similar decrease was
observed with the NR2b subunit. The study observed a 16%
average decrease in mRNA levels in moderate and severe
AD patients, in comparison to mild cases. The study does
not report a comparison to healthy individuals. The results
in Mishizen-Eberz et al. implicate NMDARs, and especially
the NR1 and NR2b subunits, in the clinical progression of
AD.

As these studies showed, the levels of the NR1 and NR2b
subunits of the NMDAR are reduced in the course of AD.
One interesting question is: why are these subunits reduced?
Numerous studies showed that Ap induces synaptic NMDAR
internalization via endocytosis, both in vivo and in vitro
(Kurup et al. 2010; Dewachter et al. 2009; Lacor et al. 2007).
Surface levels of NR2b and NR1 were also reduced in AD,
mice overexpressing the human familiar Swedish mutation
(Snyder et al. 2005). Two studies have shown that knock-
ing down a protein involved in the internalization process
resulted in greater surface NMDAR levels, a reversal of cog-
nitive deficits, and improved hippocampal memory and LTP
(Zhang et al. 2010; Venkitaramani et al. 2011). However,
this explanation does not address the observed decrease in
levels of the NMDAR subunits mRNA.

Another interesting question is: how do low NMDAR
levels contribute to AD pathology?

Using different animal models, Vergas et al. (2011)
showed that low NMDARS activation leads to an increase
in the extracellular A levels, whereas high NMDAR activ-
ity results in up to a 50% decrease of the extracellular Ap.
The study suggested a mechanism involving the recruit-
ment of ERK (extracellular regulated kinase). Activation
of NMDAR, activates the ERK signaling cascade, which
eventually reduces the formation of AP via shifting to
the non-amyloidogenic a-secretase pathway (Marcello
et al. 2007). However, under normal conditions, the basal
NMDAR activity was sufficient in suppressing APP pro-
cessing to Ap. This suggests that healthy brains, which have
basal NMDAR activity, should normally suppress Af levels,
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whereas downregulation of NMDAR activity may lead to AP
accumulation and AD.

These studies showed that NMDARs, and particularly
NR1 and NR2b, are important in the etiology of AD. Low
NMDAR levels, as seen in AD brains, leads to impaired
synaptic plasticity and LTP, and greater accumulation of Ap.
This, eventually, results in AD and its clinical manifestation,
mainly dementia.

NMDA receptors and GABP

As shown above, the expression of NRI and NR2b subunits
is reduced in AD. Priya et al. tested the effect of GABP on
NMDAR subunits genes (Priya et al. 2013). To measure the
effect, the study performed several experiments.

ChIP Using murine N2a cells, ChIP showed GABP positive
bands for Grinl (NR1 subunit) and Grin2b (NR2b subunit)
genes only. Same results were found in an in vivo ChIP assay
over murine visual cortex extract, binding to the genes pro-
moters both in vivo and in vitro.

Promoter mutants Next, Priya et al. used N2a cells
mutants in their GABP binding sites. The cells showed
reduced Grinl/Grin2b promoter activity by 26% and 41%,
respectively.

Promoter mutants+KCl Priya et al. checked whether add-
ing KCI, known to stimulate NR1 and NR2b transcription,
restores the mutant promoters' expression. With the wild-
type (WT) group, addition of KCl enhanced Grinl and
Grin2b expression by 50%. In contrast, the mutants group
still presented reduced expression by 20-30%.

GABP knockdown Knocking down GABPa using RNA!I led
to an average of 55% decrease in GABPa mRNA and protein
levels. The decrease in GABPa reduced the mRNA levels of
both Grinl and Grin2b subunits by more than 38%.

GABP knockdown + KCl Next, Priya et al. repeated the proce-
dure adding KCI1 to GABP knockdown cells. The WT group
showed a greater than twofold increase in the subunits’
expression. In contrast, the knockdown group did not show
any increase with KCl addition. It showed an about 30%
decrease in the genes’ expression. These results highlight the
effect of GABP on the Grinl and Grin2b genes.

Over expression of GABP In N2a cells, an overexpression of
GABP (over 3.5-fold increase in GABP subunits levels) led
to a large increase in the subunits’ levels. The mRNA lev-
els of Grinl and Grin2b increased by 158.6% and 221.7%,
respectively, and the protein levels by 422% and 376%,
respectively.
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Over expression of GABP +TTX Tetrodotoxin (TTX) is
known to decrease the expression of the subunits (Dhar and
Wong-Riley 2009). The study examined the effect of an over
expression of GABP on the downregulation effect of TTX.
As expected, the addition of TTX decreased the expression
of Grinl and Grin2b by 79% and 48%, respectively. An over
expression of GABP reversed the effect of TTX.

The results reported in Priya et al. show that GABP
increases the expression of the NMDAR subunits.

BDNF and AD

Trophic factors are important for neuronal homeostasis and
function. Some, especially brain-derived neurotrophic factor,
were implicated early in AD. BDNF is an important player
in neuronal function. It contributes to stimulating acetylcho-
line release, sustaining neuronal survival and neuroplasticity
(Acheson et al. 1995). Similar to NMDARs, BDNF-mutant or
knockout mice have significantly reduced LTP (Olofsdotter
et al. 2000; Korte et al. 1995). Correspondently, admin-
istration of exogenous BDNF restored cognitive function
(Patterson et al. 1996).

A study showed that abnormal expression of BDNF may
cause cognitive decline typical of AD, and therefore, should
be considered as a therapeutic target (Fumagalli et al. 2006).
Interestingly, BDNF was also proven to take part in neuro-
genesis. It regulates the proliferation/differentiation balance
of neural stem cells (NSC) and progenitor cells (PC), and
controls the increase in the number of new adult-born neu-
rons (Park and Poo 2013). In a study by Blurton-Jones et al.
BDNF induced a cognitive recovery of AD mice models
upon NSC transplant to the hippocampus (Blurton-Jones
et al. 2009). BDNF is highly expressed in NSC/PC com-
pared to mature neurons (Kamei et al. 2007). Using tests that
measure gain and loss of function, Blurton-Jones et al. deter-
mined the basal expression of BDNF in NSC/PC, which is
necessary for their effects on cognition and synaptic density.

It is well established that both the protein and mRNA lev-
els of BDNF are reduced in AD brains. Hock et al. found a
decrease in BDNF protein levels in four AD brain regions
(Hock et al. 2000). The decrease was especially pronounced
in the hippocampus, with an up to twofold decrease. Connor
et al. (1997) also noticed a decrease. They observed a 70%
decrease in BDNF immunoreactivity in the dentate gyrus of
AD patients. The BDNF-immunopositive neurons count was
also strongly reduced in the CA1 region.

The reason for the decrease might be a transcriptional
downregulation. Several studies noticed a decrease in BDNF
mRNA levels in postmortem. Hybridization and RNase assay
revealed a fourfold and twofold decrease in BDNF expression

in the hippocampus, respectively (Phillips et al. 1991).
Another study noticed a 20-70% decrease in the mRNA lev-
els of BDNF in the hippocampus (Murray et al. 1994).

It is therefore clear that BDNF expression is down-
regulated in the course of AD. The mechanism suggested
includes downregulation of AP over the cAMP response
element (CRE) binding protein (CREB), a transcription
factor that regulates the BDNF gene. Phosphorylation by
Akt and Erk turns CREB into an active phosphorylated
CREB (pCREB), the form that recruits cellular coactiva-
tors to facilitate the transcription of the BDNF gene (Shieh
et al. 1998). AP was found to inhibit CREB phosphoryla-
tion, and therefore BDNF expression in vivo (Tong et al.
2001) and in vitro (Garzon and Fahnestock 2007). Hence,
through CREB, Ap can induce transcriptional downregula-
tion of BDNF and contribute to cognitive deficits in AD.
In this paper, we show how a latent HSV-1 may also lead
to a similar downregulation of BDNF in both NSC/PC and
mature neurons.

BDNF-IX, GABP

As reviewed by Zheng et al. the BDNF gene is composed
of nine exons in rodents and human (Zheng et al. 2012).
Exons I-VIII are noncoding exons, while exon IX is the
coding exon. Each exon has a promoter, referred to as
“promoter I-IX,” regulating transcription. Exons I-VIII
carry a regulatory role, while the end product is an identi-
cal mature BDNF protein. Interestingly, as all AD path-
ological genes reviewed in this paper, BDNF exon IX
(BDNF-IX) is also transregulated by GABP.

Nair and Wong-Riley showed that GABP upregulates
transcription from the coding exon IX (Nair and Wong-
Riley 2016). First, in silico analysis revealed four N-box
sequences in the IX promoter. EMSA and ChIP assays
showed that two out of the four binding sites interacted
with GABP. Mutating each of these sites decreased lucif-
erase activity by up to 62%. Next, Nair and Wong-Riley
knocked down GABPa using RNAI in visual cortical rat
neuronal cultures. The 50% decrease of GABPa protein
levels caused a 43% and 53% decrease in BDNF-IX mRNA
and BDNF protein levels, respectively. Addition of KCI,
known to stimulate the transcription, did not reverse the
effect. Finally, overexpression of GABPa and GABPp
increased the proteins’ levels by more than 1.8-fold. This
increased the BDNF-IX mRNA and BDNF protein lev-
els by 249% and 167%, respectively. Using TTX did not
reverse the effect. Finally, the study states that the two
active GABP biding sites are conserved between mice
and rats, and partially conserved in humans. Hence, Nair
and Wong-Riley concluded that GABP is a transcrip-
tional regulator of BDNF-IX exon, and decreasing its
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availability may lower BDNF levels, causing cognitive
deficits observed in AD.

AD pathology number 4: unbalanced
neurogenesis

Hippocampal neurogenesis is impaired in AD.

Neurogenesis and AD: the abortive birth of new
neurons

Neurogenesis is under intensive research, and not yet fully
understood. In the adult brain, neurogenesis is restricted
to two zones: the subventricular zone (SVZ), and the hip-
pocampus dentate gyrus (DG) in the sub region called the
sub granular layer (SGL). Neurogenesis originates in neural
stem cells (NSC), which proliferate to generate more NSC.
With a specific stimulus, NSC give rise to progenitor cells
(PC), which can proliferate a few more times, and then dif-
ferentiate (Zhao et al. 2008). Differentiated PC can divide
into neuroblasts (Nb) and glial cells, later migrating and
forming mature neurons and glia. Neurogenesis was pre-
viously associated exclusively with developmental stages
and youth. However, recent studies in animals and post-
mortem tissues showed that although moderately decreased
with age, neurogenesis continues to the 10th decade of life
(Moreno-Jiménez et al. 2019; Tobin et al. 2019).

Dentate gyrus (DG) neurogenesis is associated with
improved memory, learning, and cognitive ability during
aging (Richards and Frankland 2017; Lazarov and Hollands
2016). Neurogenesis abnormalities are linked with neuro-
cognitive disease, including Alzheimer’s disease.

An in vivo study by Demars et al. showed a decrease of
up to 36% in proliferating and differentiating cells in trans-
genic mice expressing the APP,. mutation (Demars et al.
2010). The reduction was observed early, before the onset of
AD symptoms. More studies observed similar results in PS1
(presenilin-1) knockdown mice (Lalonde et al. 2005; Wang
et al. 2004; Feng et al. 2001; Jankowsky et al. 2005).

Similar observations are reported in postmortem
studies. For instance, Moreno-Jiménez et al. observed
a decline in neurogenesis very early in AD, even before
the pathological presence of NFT and amyloid plaques
(1995). In 45 individuals, with Braak I to VI scores, they
observed a decline in neurogenesis with the progression of
the disease. Specifically, they observed an over 30% and
65% decrease in differentiating PC and Nb counts in indi-
viduals with Braak I and VI scores, respectively, showing
an inverse relationship between neurogenesis and clini-
cal progression in AD. Another study observed a direct
relationship between reduced neurogenesis and worsening
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cognitive scores and clinical symptoms in Mild Cognitive
Impairment (MCI) and AD patients (Patterson et al. 1996).

Briley et al. (2016) preformed a postmortem analysis
on the brains of healthy, AD, MCI, and nondemented with
Alzheimer’s disease neuropathology (NDAN) patients.
NDAN patients showed the full neuropathological features
of AD; however, they remained cognitively intact. Both
AD and MCI patients demonstrated a decrease in total
proliferating, differentiating cells, and immature neurons
cell counts. For instance, AD patients showed up to two-
fold decrease in proliferation cell markers. Interestingly,
NDAN patients showed increased counts of both prolif-
erating and immature cells. NDAN patients also showed
a decrease in the transcripts of miRNAs that downregu-
late neurogenesis, in contrast to AD and MCI patients.
Notably, higher ratios of undifferentiated NSC and newly
formed neurons were associated with higher cognitive
MMSE scores. This cannot be explained by a reduced
number of mature neurons, because the overall counts of
mature neurons were not significantly different among the
groups. Actually, a negative correlation was found between
mature neurons counts and MMSE scores, suggesting that
those neurons represent an older population of neurons,
associated with poor cognitive scores.

Briely et al. suggested that, occasionally, diseased brains
enhance the already impaired proliferation in an attempt
to fix the defects, an attempt that fails in AD brains. This
explains the controversial and inconclusive results found in
postmortem studies, regarding the up- or downregulation
of NSC/PC proliferation in AD brains (Gatt et al. 2019).

These studies suggest the existence of an association
between impaired neurogenesis and AD. By increasing
NSC proliferation, successful differentiation, and survival
of the newborn neurons, the brain tries to stop the pro-
gression of the disease, and prevent the cognitive decline,
as observed in NDAN patients. In support of this conclu-
sion, several in vivo and in vitro studies showed a trend
towards recovery from neurodegenerative diseases after
restoring neurogenesis (Cosacak et al. 2019; Diaz Brinton
and Ming Wang 2006; Papadimitriou et al. 2018). In
a study by Blurton-Jones et al. mentioned above, NSC
transplant to the hippocampus in AD transgenic mice was
beneficial in improving cognitive function, without alter-
ing AP pathology. The study credited the improvement to
BDNF activity, implying BDNF has a role in the quality
of neurogenesis.

Whether neurogenesis is successful (healthy/NDAN) or
unsuccessful (AD) depends on the balance between pro-
liferation, differentiation, and survival of the immature
neuron.

In the upcoming sections, we will explain how HSV-1
decreases NSC/PC proliferation, reducing the neurogenic
available pool, leading to the cognitive decline in AD.
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Neurogenesis and GABP

It is well established that GABP is involved in embryonic
stem cells’ proliferation and survival. In GABP-null embry-
onic stem cells, proliferation was strongly repressed, and the
cells died within 2 days (Ueda et al. 2017). However, until
recently, GABP was not examined in relation to neural stem/
progenitor cells (NSC/PC). A study by Liu et al. examined
this relationship in vitro and in vivo (Liu et al. 2019).

First, the study showed that GABP is functional in NSC/
PC both in vitro and in vivo. In fact, its expression levels
were twofold higher in NSC/PC than in mature neurons.
Next, the study knocked out certain splice variant of the
GABP subunit. The result was a decrease in the number
and size of the neurospheres. Next, they used in vivo models
of adult mice. They injected RNAI targeting GABPJ into
the right dentate gyrus (DG), and a control vector into the
left DG of the same mouse. The result was a 40% decrease
in proliferation markers. In addition, GABPf knock down
resulted in cell cycle arrest from G1 to S phase, followed by
quick differentiation. Based on these results, Liu et al. con-
cluded that GABP might alter the expression of cell cycle/
apoptosis/DNA replication genes. Quantitate PCR (q-PCR)
analysis revealed that GABPp knock down downregulates
most genes participating in cell cycle and DNA replica-
tion, and upregulates those participating in the PI3K/Akt,
p53, and tissue necrosis alpha (TNF) signaling pathways,
and apoptosis. Overall, a total of 810 genes were differen-
tially expressed, of which 510 were upregulated and 300
downregulated. See Table 3 for a list of 15 genes strongly
downregulated and 15 genes strongly upregulated following
GABPf knock down in NSC/PC.

The results in Liu et al. showed the effect of GABP on
NSC/PC life cycle, suggesting that GABP is crucial for
upregulating NSC/PC proliferation.

Another study examined hematopoietic stem/progeni-
tor cells. They observed that the GABPa subunit was cru-
cial for their differentiation and survival (Yu et al. 2011).
GABPa null mice bone marrow LSK cells and myeloid
progenitors demonstrated increased proliferation, whereas
GABPp knock out in NSC/PC results in rapid differen-
tiations and decrease in proliferation (according to Liu
et al.). This indicates that the different GABP subunits are
involved in different stem cells stages. By regulating the
expression of cell cycle/apoptosis/DNA replication genes,
GABP affects the proliferation/differentiation balance in
NSC/PC.

These results suggest that GABP is regulating the neu-
rogenic pool balance by affecting NSC/PC proliferation
and differentiation.

GABP transcription factor and the AD
pathologies

As described in the previous sections, the GABP transcrip-
tion factor regulates many genes associated with AD. Also,
GABP forms the GABPep300/CBP transcription complex,
which is limiting.

i. GABP upregulates the expression of BECN1, which,
in turn, regulates cellular degradative traffic includ-
ing autophagy. A decrease in the availability of the
limiting GABPep300/CBP decreases the expression
of BECNI1, and impairs autophagy in neurons. This
may lead Ap accumulation and AD.

ii. GABP dominates the regulation of many genes
involved in mitochondrial biogenesis and function
(see). A decrease in the availability of the limiting
GABPep300/CBP complex can cause oxidative stress,
which may disrupt synaptic transmission and neuronal
function in hippocampus neurons, and may, eventu-
ally, lead to the development of AD.

iii. GABP also upregulates the two NMDA receptor
subunits NR1 and NR2b genes Grinl and Grin2b.
A decrease in the availability of the limiting
GABPep300/CBP complex decreases the expression
of these two NMDAR. The decrease may disrupt syn-
aptic plasticity, causing accumulation of A plaques,
and AD.

iv. GABP, and p300/CBP dominate the expression of
BDNF gene exons IX in mature neurons and in NSC/
PC. A decrease in the availability of p300/CBP in
neurons may lead to memory impairment, neuronal
death and cognitive deficits, and hence eventually
AD. In addition, reducing BDNF in NSC/PC will
impair the potential neurogenesis has with prevent-
ing AD.

v. GABP subunits have a key role in neural stem/pro-
genitor cells proliferation and differentiation, which
determines the overall neurogenic pool. A decrease
in the availability of the limiting GABPep300/CBP
complex impairs the hippocampus ability to coun-
teract neuronal damage via neurogenesis. Therefore,
depleting GABPep300/CBP in NSC/PC may impair
the quantity and quality of neurogenesis (see list item
iv above). This may lead to cognitive defects and
dementia.

As these points suggest, a decrease in the availability of

the limiting GABPep300/CBP seems to be the link between
all four pathologies characteristic of AD.
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Latent HSV-1 and AD: the microcompetition
model

HSV-1 latency
The HSV-1 life cycle consists of three main phases:

i. Acute: HSV-1 is mostly acquired through the epi-
thelium, usually oral. After the initial infection, viral
components, proteins, and replicated genomes are
packed in capsids ready for to be released towards the
CNS. By 14 to 21 days pi, lytic genes levels are almost
undetectable.

ii. Latency: After being released from the epithelium,
viral capsids enter the nervous system via sensory neu-
ron axons terminals, and move retrograde to the soma.
This step takes about a week to complete. In mouse
models, the virus was observed in the trigeminal gan-
glia as early as 12 h post infection (pi) (Miller et al.
1998). At this point, 28 days pi, HSV-1 is present only
in the latent state (Perng et al. 1996). During latency,
the HSV-1 virus expresses the latency-associated
transcripts (LATs) (Held and Derfuss 2011). The viral
strategy during latency is to favor survival. First, stay-
ing quiescent helps the virus evade intrinsic and outer
immune systems. Second, it inhibits host’s apoptosis
using the LATs (Carpenter et al. 2007). In addition,
HSV-1 sets a latent infection in neurons. It should be
noted, that the current understanding of the molecular
dynamics during latency is limited, and research in this
topic is ongoing.

iii. Reactivation/lytic: Given a specific stimulus, such as
UV, fever, menstruation etc. (You et al. 2017), HSV-1
can reactivate from latency and become lytic. It has
to overcome the repression mechanisms set dur-
ing latency over lytic genes. The virus replicates its
genome, synthesizes virulence factors and viral pro-
teins. Eventually, the capsid moves anterograde, and
leaves the host. The target tissue is usually the epithe-
lium. In many cases, reactivation results in neuronal
destruction by apoptosis/phagocytosis (Doll et al.
2020; Olney et al. 2002; Henken et al. 1993).

Latency is the longest phase. It extends over 95% of the
time of the infection. The virus reactivates for short periods
of time only (matter of hours/days) (Mark et al. 2008). In
addition, not all neurons are capable of reactivating the
latent HSV-1 (Singh and Tscharke 2020).

Also, during latency, the virus interacts with host sign-
aling proteins, modifying transcription, and the balance
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between apoptosis and survival. For instance, studies
observed that LATs and viral glycoproteins inhibit the
apoptosis cascade via interacting with cellular factors
(Henderson et al. 2002; Jin et al. 2003; Nguyen and Blaho
2006; Peng et al. 2004; Jerome et al. 2001; Aubert et al.
2008).

In addition, the host has its own special signaling pro-
grams to maintain latency and cellular survival. HSV-1
uses NFG (neuronal growth factor), mTORCI1, Akt, and
PI3-K to maintain latency. Eliminating both NFG and
mTORC1 quickly resulted in reactivations (Kobayashi
et al. 2012; Camarena et al. 2010; Hill et al. 1997). Along
with LAT, these signaling programs take part in seques-
tration of transcriptional activators, epigenetic modifica-
tions, and recruitment of cellular repressors needed for
maintaining latency.

Lastly, extraneuronal factors also play a part in main-
taining HSV-1 latency. Glia and CD8 + T cells have an
active role in maintaining latency. CD8 + T cells pre-
vent reactivation and maintain latency with secreting
interferon-y and granzyme B (Knipe and Cliffe 2008;
Deshmane and Fraser 1989; Leger and Hendricks 2011;
Knickelbein et al. 2008).

ICP4 expression during latency

In this paper, we focus on the effect of HSV-1 on the host
during the latent period. Therefore, we concentrate on
the viral genes expressed during latency. Although ICP4
(infected cell polypeptide 4) is a member of the HSV-1 IE
genes, which are considered by many to be epigeneti-
cally silenced during latency, studies showed that ICP4 is
expressed during that time. For instance, Feldman et al.
reported expression of /CP4 in neuronal and non-neuronal
cells of latently infected trigeminal ganglia (TG) (Feldman
et al. 2002). Kwiatkowsky et al. reported that ICP4 had more
molecules per genome than tk and gC during HSV-1 latency
(Kwiatkowsky et al. 2009). Taus and Mitchell reported
that the /CP4 promoter was activated in a large number of
Schwann cells in the trigeminal ganglia during latent HSV-1
infection (Taus and Mitchell 2001). Furthermore, Kramer
and Coen reported an ICP4-specific RNA signal in latently
infected trigeminal ganglia at a level of 1.6 102 to 2.5x 104
molecules per ganglion (Kramer and Coen 1995). Studies
in the mouse detected ICP4 transcripts in ganglia during
latency (Preston et al. 2007). Also, consider the heteroge-
neity of genes expression levels and timing during HSV-1
latency observed in Yang et al. (2000) and Sawtell (1997).
To summarize, studies reported that the /CP4 promoter is
transactive during latency.



Journal of NeuroVirology (2021) 27:895-916

907

HSV-1 and GABP

The promoter of the ICP4 gene contains the cis-regulatory
element CGGAAR as a tandem repeat (LaMarco and
McKnight 1989). Binding of cellular transcription factors
to the CGGAAR site in the /CP4 promoter transactivates
the viral gene (Bzik and Preston 1986; Triezenberg et al.
1988). One of these factors is GABP (LaMarco et al. 1991;
Douville et al. 1995; Hagmann et al. 1995). Hagmann et al.
analyzed GABPo/f expression in mammalian cell lines and
neural tissues. They observed a ternary complex consisting
of a single GABPa/p heterodimer on a single CGGAAR
site in the /CP4 promoter (Hagmann et al. 1995). Another
study observed that GABP cooperatively interacts with the
Oct-1/VP16 transcription factor complex to facilitate tran-
scription controlled by the /CP4 HSV-1 promoter through
synergistic activation (Douville et al. 1995). Furthermore,
the immediate early (IE) enhancer core of HSV-1 was found
to have a neighboring binding site for GABP in several stud-
ies (Vogel and Kristie 2000; Narayanan et al. 2005; Nogueira
et al. 2004). Gel shift analysis, showed that GABP interacts
with the C1 factor, a vital coordinator of the HSV-1 enhancer
complex assembly. Although the study of latency is poor and
inconclusive, these studies indicate that GABP binds to the
HSV-1 promoter, and interacts with specific transcription
factors to enhance transcription of HSV-1 IE genes.

It should be noted that the sequestering effect occurs
every time there is an expression of viral genes that bind
GABBP, such as ICP4. Of course, this can happen both during
the latent and the lytic phases. We concentrate on the latent
phase since it is the longest period of the viral life cycle
and fits the slow development of AD. Also, during the lytic
phase, the cell most often dies, and therefore does not exhibit
the long term abnormal behavior typical of AD.

The microcompetition model

The microcompetition model was first described in Polansky
(2003). According to the model, the genome of certain viruses
includes a cis regulatory sequence called the N-box as part of
the viral promoter/enhancer sequence. This sequence binds
the cellular GABPep300/CBP transcription complex, which
is limiting. Therefore, the viral regulatory element competes
with the cellular genes over the p300/CBPeGABP transcrip-
tion complex. The competition causes the cellular genes that
are transactivated by the p300/CBPeGABP complex to express
fewer proteins, and the genes that are transsuppressed by the
complex to express more proteins. This abnormal expression
may lead to the development of a chronic disease. The micro-
competition model was previously used to map out the viral and
cellular dynamics of diseases such as breast cancer (Polansky
and Schwab 2019), classic Hodgkin lymphoma (Polansky and

Javaherian 2015a), and B-cell acute lymphoblastic leukemia
(B-ALL) (Polansky and Javaherian 2015b).

The cause of AD according to the microcompetition
model

During latency, the HSV-1 virus expresses the /CP4 gene.
The viral promoter binds to the limiting GABPep300/
CBP transcription complex (Bannert et al. 1999; Bush
et al. 2003). This sequesters the complex, which decreases
its availability to cellular genes, including the BECNI gene,
over a dozen genes critical to mitochondrial function, home-
ostasis and biogenesis (see Table 2), the NMDA receptor
subunits NRI and NR2b, and gene groups regulating neu-
rogenesis (see Table 3). The abnormal expression of these
genes may cause the development of AD. See Table 4.

First note: It is possible that other HSV-1 genes also bind
and sequester the limiting GABPep300/CBP transcription
complex during latency. This will enhance the effect of the
ICP4 gene on the host.

Second note: The HSV-1 proteins VP16 and ICPO
also sequester the limiting p300/CBP independently of
GABP (Du et al. 2013; Herrera and Triezenberg 2004;
Melroe et al. 2007). However, VP16 and ICPO are mostly
expressed during reactivation.

The microcompetition mechanism leading to AD. The
HSV-1 ICP4 gene sequesters the limiting GABPep300/CBP
transcription complex. This alters the expression of certain
cellular genes, resulting in Ap accumulation, mitochondrial
dysfunction, impaired synaptic transmission via NMDAR
and via BDNF signaling, and unbalanced NSC/PC prolifera-
tion/differentiation quantity as well and quality.

i. HSVI1, GABP, and BECN1

Many in vivo and in vitro studies observed extra-
and intracellular Ap accumulation following HSV-1
infection (Piacentini et al. 2011, 2015; De Chiara
et al. 2010). Consider the following viral and cellular
dynamics.

The competition between the N-box in the ICP4 IE
HSV-1 gene and the BECNI promoter for the limiting
GABPep300/CBP transcription complex decreases the
expression of BECNI, which decreases the level of the
BECN1-PIK3C3 complex. As reported in Swaminathan
et al. BECN1 modifies the internalization and degrada-
tion of APP via endosomes and autophagosomes. The
decrease in BECN1-PIK3C3 causes a decrease in the
breakdown of APP, the toxic precursor to Ap, leading
to Alzheimer’s disease.

ii. HSV1, GABP, and mitochondrial genes

ICP4 promoter competes with many promoters of
crucial mitochondrial genes over the limiting
GABPep300/CBP transcription complex, decreasing
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Table 3 Kno.ckdown. of GABPP Genes downregulated ~Fold change Genes upregulated ~Fold change
in NSC/PC differentially
regulates genes associated with Cell cycle PI3K/Akt signaling pathway
differentiation and proliferation E22 22 Pek2 +5

Ccne?2 =25 Tir4 +5.5

Skp2 -2 Sgkl +2

Ccna2 =22 Pdgfa +3

Plkl -23 Flt1 +12

Cdc7 -2 Epha2 +2

Ttk -24 Nrdal +2

Orcl -2 Atf4 +2

Cdc6 -22 Gadd45 +3.1

Ccnb2 =22 Lgfbp3 +3

DNA replication p53 signaling pathway

Ligl -2 Pmaipl +2.9

Mcm6 -2 Cdknla +3

Rfc5 -2 Cdkn2b +1.8

Priml -1.7 Mdm?2 +3

Pold] -1.7 Sesn2 +5

In the study by Liu et al. gene transcription was measured using qPCR, following GABPJ knockdown
using RNAI in mice dentate gyrus. A total of 810 genes were differentially expressed. Fifteen genes listed
in the two left columns are involved in cell cycle and DNA replication and were strongly downregulated.
Fifteen genes listed in the two right columns are involved in the PI3K/Akt and p53 signaling pathways
were strongly upregulated. Data was collected from the charts and proceed into a~ + X-fold average change

estimate. p <0.05

iii.

Table 4 Viral competition for

its availability to the mitochondrial genes, including
genes composing OXPHOS subunits, genes involved
in mtDNA metabolism, and genes participate in
mitochondrial homeostasis (see). The competition
leads to a decrease in their expression, resulting
in mitochondrial dysfunction, oxidative stress, and
mitochondrial damage in neurons, causing flaws in
synaptic communication, and eventually neuronal
damage. These abnormal changes may lead to neu-
rodegeneration and AD.

HSV1, GABP, and NMDA receptor subunits NR1/
NR2b genes

Both the promoters of HSV-1 ICP4 gene and the NR1
(Grinl) and NR2b (Grin2b) NMDA receptor subunits
genes compete for binding the limiting GABPep300/
CBP transcription complex. The competition results

iv.

V.

in lower expression of the cellular Grinl and Grin2b
genes. As shown by Priya et al. a 50% decrease in
GABP levels resulted in an over 80% decrease in NR1
and NR2b levels. The decrease in NMDARs levels
interrupts the synaptic plasticity, enhances AP amyloi-
dogenic pathway, leading to dementia and AD.

HSV1, GABP, and BDNF

BDNF is an important neuronal factor active in neu-
rons and highly expressed in NSC/PC. The seques-
tration effect by /CP4 reduces the allocation of
GABPep300/CBP to the promoters of BDNF exon IX.
This leads to lower BDNF protein levels. Low BDNF
levels are responsible for many cognitive defects,
including impaired memory, LTP and low quality
neurogenesis.

HSV1, GABP, and neurogenesis

The transcription complex

the limiting GABPep300/CBP
transcription complex reduces
its allocation to cellular genes

involved in AD

Category implicated in AD

The components that compete for
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pathogenesis transcription complex
Cellular genes Viral gene
GABPep300/CBP Autophagy BECNI1 ICP4

Mitochondrial function
Synaptic transmission

BDNF-dependent neuroplas-
ticity and neurogenesis

Neurogenesis

Numerous (see Table 2)

Grinl, Grin2b (NR1 and
NR2b subunits)

BDNF-exon IX

Numerous (see Table 3)
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Does HSV-1 establish a latent infection in neural stem/
progenitor cells? Li Puma et al. (2019) reports that 71.5%
of the cells in a cell culture of proliferating NSC showed an
HSV-1 infection, a sixfold higher percentage compared to
cultured hippocampal mature neurons.

As we explained above, the /CP4 sequesters the limit-
ing GABPep300/CBP transcription complex decreasing its
availability to genes regulating cell cycle/apoptosis/replica-
tion/cell signaling pathways (see), and to BDNF gene, hence
altering the neural stem/progenitor cells’ ability to success-
fully proliferate, and differentiate. This leads to impaired
neuronal regeneration in response to damage, and cognitive
defects typical of AD. Li Puma et al. also found an asso-
ciation between HSV-1 and neurogenesis. HSV-1 infection
increased AP levels in NSC, and inhibited NSC/PC prolif-
eration and differentiation, both in vivo and in vitro. The
group concluded that the inhibition of neurogenesis is asso-
ciated with AP accumulation, which was shown before to
decrease proliferation (Demars et al. 2013). Also, when the
group used APP-null mice, HSV-1 infection had no effect
on neurogenesis. It should be noted that these results are not
consisted with the observations collected in postmortem and
other in vivo studies described above that showed reduced
neurogenesis prior to the appearance of Af. It is possible
that the mice did not sustain a long enough latent infection
(the group used an infection protocol of around 10 weeks,
including a couple of thermal shocks during that period).
Also, the viral copy number was possibly too low (see next
section on copy number for details).

To summarize, according to the microcompetition model,
the initial event is a latent infection with HSV-1. The final
outcome is the development of Alzheimer’s disease.

HSV-1 and AD: why only a portion of the population
develop AD?

The HSV-1 virus is highly prevalent. An estimated 3.7 billion
people worldwide are infected, that is, around 67% of the global
population (World Health Organization 2018). Since the virus
is highly prevalent, why only a fraction of the infected people
develop AD?

A recent paper by Pandey et al. offers an explanation
(Pandey et al. 2020). They showed that homozygous indi-
viduals that carry the GM17 genetic variant of IgG1 gene
have a fourfold higher risk for developing AD, regardless of
the ApoE4 allele status. The GM17 variant allows HSV-1
to evade the host immune response by having lower levels
of IgG1, thus, making it easier for the virus to infect the
CNS and establish latency in the hippocampus. The study
explains, at least in part, why some HSV-1 positive indi-
viduals will be more likely to develop AD. In this paper,
we propose another answer that centers on the viral copy
number during latency. Only a high enough copy number

produces a strong enough sequestering effect that causes
AD. See Fig. 1.

Recently, a paper by Zuo et al. (2015) showed that
the copy number of latent EBV, another virus that binds
GABPep300/CBP during latency, is strongly associated with
oncogenicity (Lu et al. 2016; Polansky and Schwab 2018a).
What determines the copy number of the latent HSV-1?

An in vivo study showed that, during latency, the HSV-1
copy number can range from less than 10 to over 1000 cop-
ies per cell in mice (Thompson and Sawtell 1997). Sawtell
et al. also showed that the viral copy number depends on the
viral strain and dose (Sawtell et al. 1998). They showed that
the copy number of a latent HSV-1 in a single neuron can
range from 1 to 910 copies, depending on the viral strain. In
addition, frequent reactivations, starting with an acute repli-
cation, and during the latent stages of the infection might be
contributing to the reservoir of viral genomes during latency.

Our understanding of latency is limited and inconclusive.
Specifically, little is known about the dynamics and homeo-
stasis of the viral reservoir during latency. However, some
studies has shown that the steady state viral copy number is
strongly dependent on the immune response. Many events
can damage the immune system, including aging (Castelo-
Branco and Soveral 2014), certain medications (Beghi and
Shorvon 2011; Rgge et al. 2012), surgery (Decker et al.
2005; Brgchner et al. 2016; Angka et al. 2017), chemother-
apy, radiation (Ghiringhelli and Apetoh 2014), and stress
(Vitlic et al. 2014). Those immune-damaging events may
increase the HSV-1 copy number during latency. Perhaps,
individuals that carry the GM17 variant of IgG1 have an
inadequate immune response against HSV-1, resulting in
higher replication, higher copy number, and eventually, AD.
Zou et al. study showed that the EBV load in blood and
tumor tissues, and hence the copy number, is strongly associ-
ated with the clinical course of lymphoma and NPC, and its
prognosis. The microcompetition model based explanation
is consistent with this observation.

As recalled, in the population based study in Taiwan men-
tion above, HSV-1 infected/symptomatic patients were more
likely to develop AD in comparison to the infected/asymp-
tomatic individuals (Tzeng et al. 2018). Presumably, the
patients with the higher odds for AD had a weaker immune
system, resulting in a more severe viral disease. At the cel-
lular level, the weaker immune system might have led to a
higher viral copy number during the latent phase, and there-
fore increased odds of AD.

We conclude that the difference in copy number of HSV-1
during latency may distinguish between those who develop
AD from those who do not. Interestingly, AD patients were
found to have a weaker anti HSV-1 response. In a study by
La Rosa et al. (2019), the inner immune interferon lambda
(IFN-A) anti-viral pathway was ineffective in AD. IFN-A was
not successful in controlling HSV-1. It is therefore suggested
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Fig.1 How the latent HSV-1 causes Alzheimer’s disease according
to the microcompetition model. (A) Initial event, i.e., stress, surgery,
aging, etc. occurs. (— B) As a result, there is an increase in the copy
number of the latent HSV-1 in neurons and neural stem/progeni-
tor cells in the hippocampus. (— C) The HSV-1 ICP4 gene promoter
sequesters larger amounts of GABPep300/CBP, reducing its availabil-

that an inefficient anti HSV-1 response may lead to a larger
viral copy number, and a higher probability of developing
AD.

What is next?

We highly recommend considering using anti-viral agents

that target the latent HSV-1 as a preventive treatment. In
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F. Clinical manifistation of
Alzheimer's Disease

ity to cellular genes. (— D) The expression of cellular genes decreases:
these genes include the BECNI, Grinl (NR1), Grin2b (NR2b), and
BDNF exon IX, also genes that regulate mitochondrial function, and
genes responsible of proliferation (in neural stem/progenitor cells).
(—E) As aresult, neurons malfunction and neurodegeneration occurs.
(—F) Clinical aspects of Alzheimer’s disease are manifested

the Taiwan population wide study by Tzeng et al. (2018),
anti-herpetic agents significantly lowered the risk of devel-
oping dementia, including of Alzheimer type. Sawtell found
that treatment with acyclovir reduced the number of latently
infected neurons by a 20-fold, and equally, lowered the viral
latent copy number of under 10 copies per cell in 100% of
the examined pool (Sawtell 1997). Therefore, existing anti-
viral agents may lower the viral copy number, and prevent
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the establishment of a latent infection in the first place. How-
ever, the literature is insufficient, and we encourage further
research on the topic.

Another study by La Rosa et al. emphasized the impor-
tance of effective anti-viral response in stopping the progres-
sion to AD in Mild Cognitive Impairment (MCI) patients
over a 24 months follow-up (La Rosa et al. 2016; 2017).
During the two-year period, HSV-1 was mostly latent
(Ariotti et al. 2014). This study suggests that that an effec-
tive anti-viral response, which targets both latent and lytic
viruses, may be effective in stopping the progression of AD.

Along with anti-viral treatments, we recommend to assay
viral gene expression and copy number during latency as
a diagnostic, rather than settling for the common “HSV-1
positive” or “HSV-1 negative” tests. We believe that the
results of the new assays may useful in predicting the future
progression of the disease.

Our interpretation of the microcompetition model agrees
with Zuo et al. According to the model, the copy number
of HSV-1, and other viruses that sequester the limiting
GABPep300/CBP transcription complex, determines the
faith of the infected individual. Therefore, we believe that
the viral copy number and/or gene expression during latency
should be measured in clinical practice with at risk patients.
The greater the copy number, the more the virus seques-
ters GABPep300/CBP transcription complex from cellular
genes, including BECNI gene, many mitochondrial genes,
the NRI and NR2b subunits, and genes promoting balanced
neurogenesis, which together increase the risk of develop-
ing AD.

The sections above show how an increase in the copy
number of the latent HSV-1 can cause AD. However, since
the current understanding of the dynamics and homeostasis
of the viral reservoir during latency is limited, the proposed
model represents only a first step towards a complete under-
standing of the relationship between the copy number of the
latent HSV-1 and Alzheimer’s disease.

Conclusion

e In this paper, we use the microcompetition model to map
out the viral and cellular dynamics of a latent HSV-1
infection in the brain. These dynamics explain the
observed connection reported in many studies between
the virus and Alzheimer’s disease, and provide a frame-
work for further investigations.

e According to the model, an increase in the copy num-
ber of the latent HSV-1 increases the sequestering of the
limiting p300/CBPeGABP transcription complex. This
disrupts the allocation of the transcription complex to
cellular genes, specifically to BECNI, many important
mitochondrial genes, two NMDA receptor subunits

genes, BDNF gene, and genes promoting neurogenesis.
When this disruption is large enough, the host develops
AD.

e This paper presents a model that connects seemingly
unconnected observations on the copy number of the
latent HSV-1 and AD. However, current research on viral
latency and copy number homeostasis is limited, incom-
plete, sometimes contradictory, and therefore confusing.
We believe that future research will clear up some of
this confusion, and add important details to the proposed
model.

e How significant are models and theories in science? To
answer this question, we would like to quote Albert Einstein
(Calaprice 2000).

“The truly great advances in our understanding
of nature originated in a way almost diametrically
opposed to induction. The intuitive grasp of essen-
tials of a large complex of facts leads the scientist to
the postulation of a hypothetical basic law, or several
such laws. From these laws, he derives his conclusions,
... which can then be compared to experience. Basic
laws (axioms) and conclusions together form what is
called a “theory.” Every expert knows that the great-
est advances in natural science ... originated in this
manner.”
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