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Abstract

Alzheimer’s disease (AD) manifests with loss of neurons correlated with intercellular deposition of amyloid (amyloid
plaques) and intracellular neurofibrillary tangles of hyperphosphorylated tau. However, targeting AD hallmarks has not as
yet led to development of an effective treatment despite numerous clinical trials. A better understanding of the early stages
of neurodegeneration may lead to development of more effective treatments. One underexplored area is the clinical correla-
tion between infection with herpesviruses and increased risk of AD. We hypothesized that similar to work performed with
herpes simplex virus 1 (HSV1), infection with the cytomegalovirus (CMV) herpesvirus increases levels and phosphorylation
of tau, similar to AD tauopathy. We used murine CMV (MCMYV) to infect mouse fibroblasts and rat neuronal cells to test our
hypothesis. MCMYV infection increased steady-state levels of primarily high molecular weight forms of tau and altered the
patterns of tau phosphorylation. Both changes required viral late gene products. Glycogen synthase kinase 3 beta (GSK3f)
was upregulated in the HSVI model, but inhibition with lithium chloride suggested that this enzyme is unlikely to be involved
in MCMV infection mediated tau phosphorylation. Thus, we confirm that MCMYV, a beta herpes virus, like alpha herpes
viruses (e.g., HSV1), can promote tau pathology. This suggests that CMV infection can be useful as another model system
to study mechanisms leading to neurodegeneration. Since MCMYV infects both mice and rats as permissive hosts, our find-
ings from tissue culture can likely be applied to a variety of AD models to study development of abnormal tau pathology.

Keywords Neurodegeneration - Herpesvirus - Murine cytomegalovirus (MCMYV) - Tau hyperphosphorylation - Glycogen
synthase kinase 3 (GSK3) - Lithium chloride (LiCl)

Introduction

Alzheimer’s disease (AD) is the third leading cause of death
for the geriatric population in the USA (NIA 2018). The main
symptom of AD is dementia brought about by a gradual loss
of neurons concomitant with development of intercellular
plaques of amyloid peptides and intracellular accumulation of
neurofibrillary tangles of the tau microtubule-binding protein
into neurofibrillary tangles (NIA 2018). Amyloid deposition
originating from the sequential cleavage of the transmembrane
amyloid precursor protein (APP) by p- and y-secretases is amy-
loidogenesis specific to AD. Tau tangles are prevalent in many
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additional neurological conditions including, but not limited
to, Pick’s disease, traumatic brain injury, aging-related tau
astrogliopathy, and chronic traumatic encephalopathy (Kovacs
2017). However, therapies targeting these pathological hall-
marks of AD have not been effective at treating the disease,
suggesting that treatments targeting earlier pathogenic events
in AD progression should be explored. An attractive hypothesis
is that co-morbid conditions, like viral infections, contribute
to AD onset. Worldwide, herpesvirus infections are rampant,
generally affecting 50-100% of the population depending on
location and socio-economic status. Cytomegalovirus (CMV)
is a beta herpesvirus with high rates of infectivity (up to 80%).
Particularly attractive for this work, both alpha (e.g. herpes sim-
plex virus 1 or HSV1) and beta (e.g. CMV) herpesviruses are
suggested to alter AD pathology including amyloid production
and tau phosphorylation. Of the two clinical hallmarks of AD,
tau has a higher correlation with pathology (Bloom 2014; La
Joie et al. 2020).
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Tau is a microtubule stabilizing protein expressed at
varying levels in different cell types (Avila et al. 2004). It
strengthens microtubules in axons for transport of cellular
cargo (Avila et al. 2004). There are six isoforms of tau
normally expressed in the adult human brain, all of which
can be post-translationally altered by phosphorylation and
other modifications (Buee 2000). Without modifications, the
six isoforms range in size between 35 and 46 kDa (Alonso
et al. 2010). Tau isoforms have as many as 80 potential serine/
threonine and five tyrosine phosphorylation sites (Buee 2000;
Johnson and Stoothoff 2004). Kinases known to phosphorylate
tau include glycogen synthase kinase 3 beta (GSK3), protein
kinase A (PKA), and mitogen-activated protein kinase
(MAPK). However, the specific roles these kinases play under
normal and neurodegenerative conditions are still debated
(Liu et al. 2004; Johnson and Stoothoff 2004; Rahman
et al. 2006; Carlyle et al. 2014; Ando et al. 2016). In AD,
tau proteins are abnormally hyperphosphorylated and
dissociate from the microtubules to form neurofibrillary
tangles that are not cleared by the proteasome (Kimura et al.
1996). Tau hyperphosphorylation can make the protein more
fibrillogenic, and phosphorylation on serines at position 202
and 396 is implicated in AD (Abraha et al. 2000, Haase et al.
2004). This not only interferes with intracellular signaling
and trafficking but also leads to a collapse of the cellular
cytoskeleton transport mechanisms and neuronal death.

There is clinical correlation between a variety of herpes
virus infections and neurodegeneration risk (Letenneur et al.
2008; Lurain et al. 2013; Barnes et al. 2015; Jackson et al.
2017; McQuillan et al. 2018; Hogestyn et al. 2018). DNA
from HSV1, herpes simplex virus 2 (HSV2), human cyto-
megalovirus (HCMV), human herpes virus 6A (HHV6A),
HHV6B, and HHV7 can be detected within plaques in
AD patient brains (Lin et al. 2002; Kammerman et al.
2006; Readhead et al. 2018). Furthermore, HSV1 can infect
central nervous system progenitor cells and, to a lesser extent,
mature neurons and astrocytes (Braun et al. 2006). Some
researchers have shown that HSV1 directly interacts with
APP and is associated with upregulated tau phosphorylation
at sites implicated in AD-associated paired helical filaments
(Shipley et al. 2005; Wozniak et al. 2009). Current antivirals
against HSV1 can reverse this pathology in tissue culture
(Wozniak et al. 2011; Powell-Doherty et al. 2020) and treat-
ment correlated with reduced risk of dementia in a retrospec-
tive human cohort study (Tzeng et al. 2018).

Cytomegalovirus (CMV) is also widely prevalent in
the human population (60-100% depending upon factors
such as socio-economic status) that can cause congenital
infection (Manicklal et al. 2013). CMV can become latent
and reactivate in response to triggers such as stress, aging,
or decreased immune surveillance (Cheeran et al. 2009;
Manicklal et al. 2013; Jackson et al. 2017). Direct or indirect
mechanisms have not yet been reported for CMV and its

possible role in neurodegeneration despite a clear association
with neuropathogenesis (60-90% children infected in utero
show long-term neurological sequelae; Cheeran et al. 2009).
CMYV infects neural progenitor cells, astrocytes, and immature
neurons, among other neuronal cell types (Cheeran et al.
2005, 2009). In addition to a clinical correlation in AD, Lurain
et al. (2013) have shown that AP42 staining is increased in
HCM V-infected human fibroblasts in tissue culture at 6 days
after infection (Lurain et al. 2013). We have not identified any
studies assessing the relationship between CMV infection and
tau regulation.

In the current work, we investigated MCMV-induced
changes in tau in NIH3T3 fibroblasts, a model used in the
majority of the previous studies. We confirmed very similar
tau modifications occurred in the relevant neuronal model,
primary cultures of neonatal rat cortical neurons (RCNs).
However, in another neuronal model, B35 neuroblastoma
cells (Otey et al. 2003), the virally induced modifications of
tau were more divergent. We found that MCMYV infection (1)
increased primarily high-molecular-weight forms of tau, (2)
promoted tau phosphorylation at S396 but not S202, and (3)
required expression of late viral gene products to induce tau
phosphorylation. Interestingly, GSK3f was not upregulated
and inhibition of activity had only modest effects on the
changes in tau. This result was different than that reported
with HSV1 infection. Together, these results suggest that
CMYV infection may play a role in the dysregulation of tau
seen in AD and establish the potential of CMV infection as
a model for investigating AD pathogenic mechanisms, both
in vitro (as reported here) and in vivo. The numerous rodent
models of neurodegeneration, coupled with the ease of CMV
infection in rodents, will allow development of sophisticated
models investigating the role of herpesvirus infection in AD
pathogenesis.

Materials and methods
Cell culture

Murine NIH3T3 fibroblasts (ATCC® CRL-1658™) were
maintained on a strict schedule of splitting every 3 days seed-
ing 3% 10° cells per 75 cm? flask. Rat B35 neuroblastoma
cells (ATCC® CRL-2754™) were maintained as described
by Seifert et al. (2009). Primary rat cortical neurons were iso-
lated from 1-day-old rat pups and maintained in neurobasal
media (Gibco-Life Technologies, MD) supplemented with
B-27 mitosis inhibitor (Thermo-Fisher Scientific, Waltham,
MA) and glutamine (Invitrogen, Waltham, MA) for 14 days
before infecting with virus. All experiments involving ani-
mals were performed with approval from the TWU Institu-
tional Animal Care and Use Committee in accordance with
the Guide for the Care and Use of Laboratory Animals. In
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brief, postnatal day 1 Sprague-Dawley rat pups from untimed
pregnant dams (Charles River, Wilmington, MA) were cold
anesthetized and quickly decapitated. Intact brains were
removed from crania and cleared of meninges. Cortices
were dissected from coronal slices (~ 1.0 mm), and subcor-
tical white matter was removed. Cortices were dissociated
using 2.0 mg/ml papain (Sigma, St. Louis, MO) for 30 min
at 37 °C followed by mechanical separation by trituration.
RCNs were plated on poly-D-lysine coated six well plates
for western blotting.

Viral infection and treatments

The virus used throughout was MCMV Smith strain
(ATCC® VR 194). Virus was maintained as previously
described (Hanson et al. 1999), and infectious titer was
quantified by standard plaque assay on murine NIH3T3
fibroblasts for all experiments. Infections were performed
without centrifugal enhancement, but with removal of the
inoculum after 1 h incubation. MCMYV infections in all cell
types were carried out at a multiplicity of infection (MOI)
of 2 plaque-forming units per cell (PFU/cell), based upon
the titer in NIH3T3 fibroblast cells. Cells were routinely
observed for cytopathic effect to infection through a green
filter at 10X magnification using a Zeiss light microscope.
In some cases, photomicrographs were captured for docu-
mentation. The cytopathic response to MCMYV infection
can vary by cell type, but generally includes cell rounding,
syncytia formation, and, in some cell types, alterations in
microtubules.

For evaluation of protein expression kinetics, fibroblasts
and neuroblastoma cells were seeded onto 60 mm tissue cul-
ture dishes at a density of 1x 10° cells/dish. Twenty-four
hours after plating, cells were infected with MCMYV at an
MOI of 2 PFU/cell, or mock infected by comparable media
changes without virus. In order to determine whether the
media change itself altered cellular proteins, an uninfected
sample of lysates from cells that had no media change was
included in all experiments (designated as U throughout). In
all cases, the 0 h is the sample collected at the same time as
the media change after 1 h, which allowed for viral binding
and entry followed by removal of residual unbound virus.
Primary RCNs extracted from 1-day-old pup brains were
seeded onto 60 mm tissue culture dishes at a similar cell
density and allowed to stabilize for 14 days. Half the media
was replaced with fresh media (Neurobasal-B27-glutamine;
Invitrogen/Fisher, Waltham, MA) every 4 days, and cells
were infected with MCMYV on day 15 using a MOI of 2
PFU/cell. For all three cell types, lysates were prepared at 0,
12, 24, 48, and 72 h post infection (HPI) by washing twice
with sterile phosphate-buffered saline (PBS), applying lysis
buffer (50 mM Tris, 1% SDS, pH 7.5) and scraping cells into
microfuge tubes for storage until analysis.
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For initial mechanistic studies, we inhibited viral DNA
replication with phosphonoformic acid (PFA; also known
as foscarnet) at a working concentration of 300 ug/ml and
GSK3 with 50 mM lithium chloride (LiCl, Sigma Aldrich,
St. Louis, MO) at the 0 h of infection (after viral binding) in
NIH3T3 fibroblasts. In some experiments, LiCl was added
at 24 HPI. Lysates were harvested at 0, 12, 24, 48, and 72
HPI in western lysis buffer to analyze major capsid protein
(MCP) expression and at 48 HPI to evaluate how inhibiting
GSK3p affected tau phosphorylation. Western blots were
performed for viral proteins, tau, phospho-tau S396, and
phospho-tau S202. Conditioned media from each sample
was used to titer infectious virus by standard plaque assay.

Western blot analysis

Lysates were subjected to western blot analysis as previously
described (Hanson et al. 1999), except that total protein con-
tent was determined using the DC protein assay kit (Bio-Rad,
Hercules, CA) and 20 pg total protein was loaded in each
lane, except for some RCN samples where 40 ul total lysate
was loaded. Antibodies and conditions used are shown in
Table 1. Primary antibodies included anti-a-tubulin (Sigma-
Aldrich, St. Louis, MO) and anti-p-actin (Sigma-Aldrich, St.
Louis, MO), made in mouse, and anti-tau (Sigma-Aldrich, St.
Louis, MO), anti-GSK3p (Sigma-Aldrich, St. Louis, MO),
anti-tau-phospho-S202 (Abcam, Waltham, MA), anti-tau-
phospho-S396 (Novus, Centennial, CO), anti-early protein
(E1; Ciocco-Schmitt et al. 2002), anti-major capsid protein
(MCP; Hanson et al. 2009), and anti-m143 (Hanson et al.
2005), made in rabbit (Table 1). The secondary antibodies
used were goat anti-rabbit and goat anti-mouse conjugated
to either IRDye 800CW or IRDye 680RD (both from Licor,
Lincoln, NE; Table 1). Image Studio software (LiCor, Lin-
coln, NE) was used to quantify density from single bands,
and NIH ImagelJ software (NIH, Bethesda, MD) was used to
analyze multiple tau bands. In both types of analyses, levels
were normalized to loading controls (f-actin or a-tubulin)
and normalized levels from mock infected samples set at 1.
Time points were compared to O HPI unless a mock-infected
condition at the same time point was included. For phos-
phorylated tau and total tau, lane profiles were background
subtracted using a horizontal baseline at the lowest point and
areas under the curve (AUC) for each band were determined.
The total amount of tau was calculated by adding the AUC of
each band, grouping bands less than 50 kDa (low molecular
weight forms) and those migrating at 50 kDa and higher
(high molecular weight forms).

Statistical analyses

Two-way repeated measures analysis of variance (ANOVA)
was performed followed by Fisher’s least significant
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Table 1 List of antibodies used for the studies and their use conditions?
Antibody Dilution  Catalog number Source Incubation conditions
Time Temperature

Primary antibodies

Mouse anti-a-tubulin 1:5000 T5168 clone B-5-1-2  Sigma-Aldrich l1h RT

Mouse anti-p-actin 1:5000 A1978 clone AC-15 Sigma-Aldrich l1h RT

Rabbit anti tau 1:1000 SAB4501826 Sigma-Aldrich 3h RT

Rabbit anti-GSK-3p 1:2000 G7914 Sigma-Aldrich 1h RT

Rabbit anti-tau phospho-S202 1:1000 Ab198387 Abcam Overnight 4 °C

Rabbit anti-tau phospho-S396 1:1000 NBP2 67,702 Novus 3h RT

Rabbit anti-early protein (E1) 1:1000 Ciocco-Schmitt et al. (2002) 1h RT

Rabbit anti-major capsid protein (MCP) 1:1000 Hanson et al. (2009) 1h RT

Rabbit anti-m143 1:1000 Hanson et al. (2005) 1h RT
Secondary antibodies

Goat anti rabbit IRDye 800CW 1:15,000 926 32,211 Li-Cor 1h RT (dark)

Goat anti mouse IRDye 680RD 1:15,000 926 68,070 Li-Cor 1h RT (dark)

2All antibody stock solutions were in the range of 0.9 to 1 mg/ml except for E1, MCP, and m143 which were serum from immunized rabbits and

G7914, anti-GSK-3p, which was 0.5 mg/ml

difference (LSD) test for comparisons of target protein lev-
els in uninfected and infected cells. For datasets that had
samples subjected to infection as well as foscarnet treat-
ment, three-way repeated measures ANOVA was performed
followed by Fisher’s LSD test. For viral titer comparison
between samples in the GSK3 inhibition experiment, one-
way ANOVA was performed followed by Fisher’s LSD test.
All statistical analyses were run in GraphPad Prism soft-
ware, version 8.1. For all analyses, a p-value of 0.05 was
considered to be significant and is indicated in the figures
as *p <0.05.

Results

Rat B35 neuroblastoma cells and primary RCN are
permissive for MCMV

Demonstration of successful MCMYV infection in rat neu-
ronal cells was done by analyzing for cytopathic effect,
detection of viral early protein 1 (E1), and late protein, i.e.,
major capsid protein (MCP), and titering infectious virus
from conditioned media taken from infected cells. Both B35
rat neuroblastoma cells and rat cortical neurons (RCNys)
exhibited cytopathic effect similar to that observed in fibro-
blasts after MCMYV infection (Fig. 1a). All four isoforms of
the viral E1 protein were expressed in neuroblastoma cells
and RCNs as determined by western blotting (Fig. 1b). Mean
titers obtained from MCM V-infected fibroblasts and B35
cells were similar (5% 10° and 4 x 10° PFU/ml, respectively:
Fig. 1b). For the RCNss, the titer was lower, 3 X 10* PFU/ml
(Fig. 1b), as reported previously (Braun et al. 2006). MCP

was also detected by western blotting in NIH3T3 and B35
cells at 48 HPI, but was below the level of detection in RCNs
at this time (Fig. 1c). However, MCP was detected in RCNs
by 72 HPI (Fig. 1d). This is not unexpected as primary neu-
rons are not the most permissive brain cell type for herpes
viruses. However, the cytopathic effect, along with expres-
sion of both early and late proteins, and production of infec-
tious virus, confirmed that MCMV can undergo a complete
replication cycle in rat neuronal cells.

MCMYV infection increases high molecular weight
tau protein levels

HSV-1 infection leads to changes in levels and modifications of
tau (Shipley et al. 2005; Wozniak et al. 2009; De Chiara et al.
2019; Powell-Doherty et al. 2020), but it is not known if other
herpes viruses can have a similar effect. We used western blot-
ting for total tau to determine whether MCMYV infection altered
its protein expression patterns (Fig. 2). Compared to unin-
fected or mock infected cells, tau was increased in response to
MCMV infection of murine fibroblasts at late times (48 and
72 HPI; Fig. 2a, b). Because unmodified tau protein isoforms
range from 35 to 46 kDa (Buee 2000), we grouped the detected
tau bands into low (below 50 kDa) and high (50 to 250 kDa)
molecular weight forms. From densitometric quantitation,
the increase in tau resulted primarily from changes in high
molecular weight forms (50-250 kDa; Fig. 2b).

Western blots for total tau in both rat neuronal cell models
showed similar results. In B35 cells, although less dramatic
than the change induced in fibroblasts, the increase was still
primarily in high molecular weight tau (Fig. 2c). In RCNs,
the change in the protein expression pattern was strikingly
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Fig. 1 Rat neuronal cells are permissive for MCMV infection. a
Photomicrographs showing that murine cytomegalovirus (MCMV)
infection at an MOI of 2 PFU/cell resulted in cytopathic effect in
NIH3T3 cells (top panel), which has previously been reported (Van
Den Pol et al. 2000) and similar cytopathic effect in B35 cells (mid-
dle panel) and rat cortical neurons (RCNs; bottom panel). b Measure-
ment of viral titers by standard plaque assay 48 h post-infection (HPI)
showed that NIH3T3 cells, B35 cells, and RCNs could each support
active MCMV infection with viral titers of 5.5x10°, 4.7x10°, and
3.7x10* plaque-forming units (PFUs)/ml, respectively. Data are

similar to that seen for the fibroblasts (Fig. 2d). In all three
cell types, a band of around 75 kDa was evident from 12 HPI
onward, while additional bands of 150 kDa or higher were
detectable by 48 h. These results support the possibility of
similar regulation and modifications of tau in the neuronal
and fibroblast cells.

Tau phosphorylation at serine 396, but not Serine
202, is increased during MCMYV infection

We next investigated whether there is an increase in tau

phosphorylated at two sites (S396 and S202) associated
with AD and after HSV-1 infection (Kimura et al. 1996;
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means + SEM from two separate experiments. ¢ Representative west-
ern blots showing protein levels of the late viral protein major capsid
protein (MCP; 120 kDa) and 4 isoforms of viral early protein 1 (E1)
with bands at approximately 33, 36, 38, and 87 kDa, as reported pre-
viously (Ciocco-Schmitt et al. 2002), from either mock infected (M)
or MCMV infected (I) cells. d Representative western blots showing
that MCP is expressed at levels measurable by western blot analysis
by 72 HPI in RCNs, while it is undetectable in MCMV infected
RCNs at 48 HPI or in mock (M) infected cells at either time point

Wozniak et al. 2009). Phosphorylation at these two sites was
induced during HSV-1 infection of human neuroblastoma
cells; however, the studies were performed only via immu-
nofluorescence at one time point (Wozniak et al. 2009). The
increase in HSV-1 induced tau phosphorylated at S396 was
confirmed in cultured murine hippocampal neurons, and tim-
ing of this particular change was analyzed by western blot
analysis, however not compared with levels of total tau or
other modifications (Powell-Doherty et al. 2020). We evalu-
ated over the same time course as total tau and analyzed cell
lysates by western blotting with antibodies against phospho-
tau S396 and S202. There was a clear increase in phospho-
rylation at S396 (Fig. 3a, b) from 24 HPI through 72 HPI
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Fig.2 Total tau is increased during MCMYV infection. a Representa-
tive western blots for total tau in NIH3T3 fibroblasts either untreated
(U) or receiving a media change without (mock infected, left blot) or
with an MOI of 2 PFU/cell of murine cytomegalovirus (MCMV) for
0 to 72 h showing increases in primarily high molecular weight forms
of tau. b Scanning densitometry analyses of western blotting for high
(50 to 250 kDa) and low (20 to 50 kDa) molecular weight forms of
tau in mock infected and infected cells show that MCMYV infection
significantly increases high molecular weight forms of tau at 48 and

in infected cells. The size of approximately 150 kDa is very
consistent with some of the bands detected with the total tau
antibody at the same time points.

The uninfected rat B35 cells had a greater variety of tau
forms that were phosphorylated at S396 (Fig. 3c). However,
as seen with the total tau, a similar high molecular weight
phospho-tau (S396) band around the size of 150 kDa became
enhanced at 48 and 72 HPI. In uninfected primary RCN,
there were 4 predominant bands for tau phosphorylated at
S396 in the size range of 70 to 100 kDa. With the progres-
sion of MCMYV infection, some alterations in the relative
intensities of the bands in this size range were observed and
additional high molecular weight bands were detectable
from 24 HPI onwards (Fig. 3d). Thus, as with the total tau,
all three cell types had increased phosphorylation at S396
on high-molecular weight forms of tau.

Considering that tau phosphorylation at serine 202
was also increased during HSV-1 infection (Wozniak
et al. 2009), we analyzed whether the same was true for

Time (HPI)

72 h post-infection (HPI). Data are expressed as mean=+SD normal-
ized to P-actin loading controls with the level for untreated cells (U)
set to 1.0. Significant differences compared to cells briefly exposed
to virus or media change (0 time point) are indicated by *p <0.05
(two-way repeated measures ANOVA with Fisher’s least significant
difference (LSD) post hoc; n=3). ¢ Western blots showing similar
increased in high molecular weight forms of tau after MCMYV infec-
tion in rat neuroblastoma B35 cells and primary rat cortical neuron
(RCN) cultures

MCMYV infection. In fibroblasts, there were more tau
bands detected with the anti S202 antibody than the anti
S396 antibody to begin with, and there was no difference
detected after infection (Fig. 4a, b). Thus, the virus may
selectively affect phosphorylation pathways or may be
upregulating phosphorylation by kinases targeting specific
sites on tau.

Using the same primary antibody, we did not detect
phosphorylation of tau at S202 in rat neuroblastomas B35
cells (Fig. 4c). This might be a common characteristic of
some neuroblastomas, as human SH-SYSY cells similarly
had low levels of S202 isoforms detected (Boban et al.
2019). The RCNs exhibited a pattern more like that of the
NIH3T3 fibroblast cells. There were a number of bands
detected with the anti-S202 antibody in the uninfected
cells that did not change in band pattern or intensities at
12 or 48 HPI (Fig. 4d). Thus, MCMYV likely affects tau
phosphorylation in neurons in a manner similar to that in
fibroblasts.
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Fig.3 Phosphorylation of tau at serine 396 is induced during CMV
infection. a Representative western blots for tau phosphorylated
at serine 396 (S396) from NIH3T3 fibroblasts either untreated (U),
mock infected (left blot), or infected (right blot) with MCMV for 0
to 72 h showing that increased phosphorylation of S396 is detectable
from 24 to 72 h post-infection (HPI). b Densitometric analyses of
western blots for tau phosphorylated at S396 in mock infected and
infected NIH3T3 fibroblasts showing significant increases in high
molecular weight forms (50 to 250 kDa) at 48 and 72 HPI, compared

Viral late gene products are involved in the changes
in tau

As the tau alterations were primarily detected at late time
points, we used foscarnet to inhibit viral late gene prod-
ucts (Crumpacker 1992) to investigate their importance.
Figure 5a shows the controls validating the inhibition of
viral late protein, MCP, and expression. The expression of
an early viral marker, m143, or of cellular protein -actin
were not affected. In the absence of viral genome replica-
tion and late gene products, most of the tau increase was
not detected (Fig. 5b, c¢). In some experiments, the levels of
some tau isoforms appeared to be decreased at early times,
or in the presence of foscarnet (Fig. 5b). In addition, the
approximately 75 kDa form was still detectable from 12
HPI onward. More detailed analysis of specific isoforms
or modifications may be warranted in the future to deter-
mine whether viral immediate-early or early products may
be affecting certain modifications. However, viral genome
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to the 0 HPI time point. Data are expressed as means +SD, normal-
ized for equal loading against p-actin with untreated cultures (U)
being set to 1.0. Significant differences compared to the 0 time point
are indicated by *p <0.05 (two-way repeated measures ANOVA with
Fisher’s least significant difference (LSD) post hoc; n=3). ¢ Western
blots for tau phosphorylated at S396 in rat B35 neuroblastoma cells
and cultured primary cortical neurons (RCNs) showing increased
S396 phosphorylation in high molecular weight immunoreactive
bands at 24 to 72 HPI

replication and late gene products are needed for most of the
increase in high-molecular weight tau protein levels.

As the increase in phosphorylation at S396 was seen at
late time points, we also examined the impact of foscarnet
on the phospho-S396 staining patterns. In the absence of
viral late proteins, the induced phosphorylation at S396 was
not present (Fig. 5c, d). The tau phosphorylation at S396 in
mock infected cells remained largely unchanged through 72
HPI, with or without foscarnet treatment (Fig. 5d). Thus,
CMYV infection induces tau phosphorylation at S396 and
viral late gene expression is required for this increase.

MCMYV infection does not affect levels of GSK33

CMYV is known to both upregulate phosphatase expression
and incorporate host phosphatases in its virion (Hakki and
Geballe 2008). Thus, the increase in high-molecular weight
forms of tau, including that detected with the anti-Ser396 anti-
body, is most likely due to altered kinase activity rather than
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Fig.4 Tau phosphorylation at S202 remains unaltered during MCMV
infection. a Representative western blots for tau phosphorylated at
serine 202 (S202) from NIH3T3 fibroblasts untreated (U), mock
infected (left blot), or infected (right blot) with MCMV for O to 72 h
showing that S202 phosphorylation did not appreciable change in
response to MCMV infection. b Scanning densitometric analyses of
western blots for tau phosphorylated at S202 in mock infected and
infected NIH3T3 fibroblasts confirms that the levels of tau phos-
phorylated at S202 did not differ with MCMV infection for up to
72 h post-infection (HPI), compared to the O HPI time point. Data

phosphatases (Rahman et al. 2006). There are numerous kinases
that may target tau, and we chose to investigate one cellular
kinase, glycogen synthase kinase 3 beta (GSK3p) that has been
implicated in AD (Utton et al. 1997). GSK3p can phosphorylate
tau at serine 396 and serine 202, as well as other sites (Utton
et al. 1997; Liu et al. 2004), and was increased upon HSV-1
infection (Wozniak et al. 2009). We tested whether there was
any change in steady state GSK3p protein levels during MCMV
infection in our three cell types and found that the levels were
not altered (Fig. 6). However, the virus could be modulating
tau phosphorylation by affecting the activity of GSK3p, which
might be reflected by the slightly slower migrating bands that
were detected in the NIH3T3 lysates at 48 and 72 HPI (Fig. 6a).
As we did not observe this for the B35 neuroblastoma cells
or the RCNs (Fig. 6¢), which have similar modifications, it is
unlikely that GSK3 is involved.

To further address this, we used lithium chloride
(LiCl) to inhibit GSK3 (targets both o and p isoforms;
Noble et al. 2005) and analyzed levels of total tau and its

37 -

37- e S em— = .3t

are expressed as means=+SD, normalized for equal loading against
B-actin with untreated (U) cells at O h being set to 1.0 (n=2). ¢ Rep-
resentative western blots for tau phosphorylated at S202 from B35
neuroblastoma cells either mock or MCMYV infected from O to 72 h
did not reveal immunoreactive bands despite the ability to immuno-
blot for a-tubulin. d Representative western blot for tau phospho-
rylated at S202 in rat cortical neurons (RCNs) did not reveal any
changes in immunoreactivity for MCMYV infected (Inf.) cultures,
compared to mock infected (Mock) cells at 12 (left blot) and 48 (right
blot) HPI

phosphorylation at S396 and S202 in MCMYV infected
murine fibroblasts. Decreases in tau phosphorylation lev-
els can be detected within four to 6 h after addition of LiCl
(Lovestone et al. 1999). We treated cells with 50 mM LiCl
and analyzed levels of total tau and tau phosphorylated at
S396 and S202 in uninfected or infected fibroblasts at 48
HPI. In this case, if GSK3 were important for sites other
than S396, we would expect to detect changes in the sizes
of tau bands. We also included samples where uninfected
and infected cells were given LiCl at 24 HPI instead of 0
HPI. LiCl has previously been reported to inhibit HSV and
pseudorabies virus, but this was an early effect, with little
impact if the LiCl was added after 13 h (Skinner et al. 1980;
Ziaie et al. 1994). In case LiCl could also inhibit MCMYV,
we chose the latter treatment time (24 HPI, when the modi-
fications of tau are largely just beginning) to give sufficient
time for LiCl to prevent or reverse GSK3-mediated modifi-
cations (Lovestone et al. 1999). Consistent with the possible
inhibition of MCMYV, if LiCl was present throughout the
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Fig.5 Viral late gene products are required for tau increase. a Rep-
resentative western blots for viral early protein m143 and viral late
protein major capsid protein (MCP) from NIH3T3 fibroblasts either
untreated (U), mock infected (left blots), or infected (right blots) with
MCMV for 0 to 72 h post-infection (HPI) demonstrate successful
MCMV infection (top blots). Treatment with the viral inhibitor fos-
carnet (lower blots) at the time of infection abolished the production
of the late viral gene product MCP. b Representative western blots
for total tau in NIH3T3 fibroblasts, untreated (U), mock infected (left
blots), or infected with MCMV (right blots) for O to 72 h show that
MCMV infection increased the levels of high molecular weight tau
(upper blots) and treatment with foscarnet prevented this increase
(lower blots). ¢ Scanning densitometry of 50-250 kDa tau immu-

48 h of infection, most of the changes in tau were absent
(Fig. 7a-b), whereas delaying the addition of LiCl until 24
HPI did not reverse or prevent most of the increase in tau
immunoreactive bands (Fig. 7a) and had only modest effects
on the phosphorylation of tau at S396 (Fig. 7b). In neither
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noreactive bands in samples from mock infected and infected fibro-
blasts either not treated or treated with foscarnet over 72 h show that
viral inhibition prevented the increase in high molecular weight tau.
d Representative western blots and scanning densitometry analysis of
50-250 kDa tau phosphorylated at serine 396 (S396) from the same
samples used in Fig. 5b and ¢ show that foscarnet inhibition of viral
late gene product expression also prevented the increase in tau phos-
phorylation at S396. Data in ¢ and d are expressed as means=+SD,
normalized for equal loading against f-actin with the level for
untreated (U) being set as 1.0. Significant differences between treat-
ment groups are indicated by *p <0.05, (two-way repeated measures
ANOVA with Fisher’s least significant difference (LSD) post hoc;
n=3)

treatment regimen did we detect altered banding patterns
for S202 (Fig. 7¢). Thus, these results are consistent with a
possible early inhibition of MCMYV by LiCl, and it appears
that GSK3 does not play a major role in MCMYV infection-
mediated modifications of tau.
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Fig.6 MCMYV infection does a
not affect levels of GSK3p. a

Mock Infected

Infected

Representative western blots
and b densitometric analysis
showing that the levels of
GSK3 in untreated (U), mock

(kDa) U 0

12 24 48 72 u o

12 24 48 72

infected, or murine cytomeg- — a-tubulin
alovirus (MCMV) infected 50—
fibroblasts from 0 to 72 h post- Levels of GSK3B in Fibroblasts
infection (HPI) are not affected
by MCMV infection in NIH3T3
fibroblasts. Data are plotted as 2 2.0+
means + SD, normalized for g -o- Mock Infected
equal loading against a tubulin, g -e- Infected
with the level for O h set to ° 1.5
1.0 (n=3). ¢ Representative ®
western blots showing levels of % 1.0
GSK3p does not change with E
MCMV infection in B35 neu- <A 05
roblastoma cells or rat cortical £
neurons (RCNs) 5
b
s 00 T T T T T T
L= U 0 12 M 48 72
Time (hours post infection)
Cc Infected
(kDa) U 0 12 24 48 72
PRI S PR b GSK3p
" S )
o
[ — _HM a-tubulin
50- | .
- i GSK3p
&
| a-tubulin

LiCl has been reported to inhibit HSV and pseudora-
bies virus, but not to our knowledge previously any beta or
gamma herpesvirus (Skinner et al. 1980; Ziaie and Kefalides
1989; Ziaie et al. 1994). To investigate this possibility, we
checked for expression of viral early E1 proteins and viral
late MCP by western blotting, and titered infectious virus
from conditioned media from all conditions (Fig. 8). When
LiCl was present throughout the 48 h of infection, there
was a reduction in all of the E1 isoforms, and MCP was
below the limit of detection (Fig. 8a). The titer of infectious
virus was decreased by 5 logs (Fig. 8b). Consistent with the
reports for HSV that LiCl inhibits it at an early stage, when
LiCl was added at 24 HPI, there was reduced but detectable
MCP expression (Fig. 8a). However, the infectious virus
production was still decreased by about a log compared to
infected cells without LiCl treatment (Fig. 8b). Based on
this, we inferred that LiCl is inhibitory to MCMYV, probably
at an early stage, like it is for HSV. The modest changes
when the LiCl addition was delayed to 24 h prior to harvest
support the hypothesis that GSK3 is unlikely to be involved
in MCMV-mediated tau phosphorylation and other kinases

must be considered for further investigation, such as the viral
early/late kinase M97, or PKA, which was also upregulated
in HSV-1 infected cells (Wozniak et al. 2009).

Discussion

Using MCMYV infection in mouse and rat cells, we dem-
onstrate that this can be a novel system to investigate early
steps leading to changes in tau that are associated with
increasing aggregation and Alzheimer’s disease. MCMYV is
able to infect both mice and rats as permissive hosts (Smith
et al. 1986). We have demonstrated that MCMYV can undergo
productive infection of rat neuronal models (B35 neuroblas-
toma cells and primary RCN) in vitro with kinetics of infec-
tion similar to mouse fibroblasts, although the delayed detec-
tion of MCP compared to CPE indicates a possibly slower
replication in RCNs. An early morphological change seen
in CMV-infected cells is multinucleated rounded cells that
function as virus replication factories (Van Den Pol et al.
2000). All three cell types demonstrated a similar altered
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Fig.7 Inhibition of GSK3 by LiCl minimally affects increase in tau
and phosphorylation at S396 Representative western blots and graphs
of densitometric analyses for total tau (a) or tau phosphorylated at
S396 (b) or S202 (c¢) in untreated (U), mock infected, and murine
cytomegalovirus (MCMV)-infected fibroblasts at 48 h post-infection
(HPI) treated with 50 mM LiCl at either the time of infection (applied
at the 0 h, 48 h of LiCl exposure) or 24 h later (24 h of LiCl expo-
sure). Compared to MCMV infected cells not exposed to LiCl, LiCl

morphology following MCMYV infection at a dose of 2 PFU/
cell as quantitated in NIH3T3 fibroblast cells. Expression of
MCMV early protein E1 and late protein MCP in B35 neuro-
blastoma cells along with production of infectious virus at a
titer similar to that seen from fibroblasts all confirmed suc-
cessful completion of CMYV replication. In the primary RCN,
a similar cytopathic effect was observed and all 4 isoforms
of E1 were detected. However, MCP was low but detectable
at 72 h, but below the limit of detection at 48 h, consistent
with the titer at 48 h that was 2 orders of magnitude lower,
compared to the fibroblasts or B35 cells. It has been reported
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exposure for the entire 48 h of infection or for the last 24 h of infec-
tion decreased the levels of total tau, but not its phosphorylation at
either S396 or S202. Data are plotted as means + SD, normalized for
equal loading against p-actin, setting the level for 0 h at 1.0. Signif-
icant differences compared to O HPI at p <0.05 are indicated by an
asterisk (*; two-way repeated measures ANOVA and Fisher’s least
significant difference (LSD) post hoc test; n=3)

that neurons are not the most permissive cells for CMV or
HSYV infection (Van Den Pol et al. 2000; Cheeran et al. 2005;
Braun et al. 2006; Sehrawat et al. 2018). Our data is consist-
ent with these studies, in that the more differentiated neurons
are less permissive. However, neuronal-type cells can clearly
be infected by MCMV.

While changes in tau phosphorylation during HSV-1
infection have been studied (Wozniak et al. 2009; De Chiara
et al. 2019; Powell-Doherty et al. 2020), we have not found
similar published analyses for total tau. Because increased
total tau levels have been fairly consistently detected in the
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Fig.8 Lithium chloride inhibits a
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cerebrospinal fluid of AD patients (reviewed in Hampel et al.
2010), and both intracellular tau levels and tau phosphoryla-
tion have been reported to have possible pathological effects
for AD (Hu et al. 2016; Igbal et al. 2016), it may be important
to assess total tau, as well as tau modifications. We used a
polyclonal antibody directed to the C-terminus of tau to visu-
alize changes during CMYV infection. Interestingly, some of
the lower molecular weight forms of tau appeared to decrease
with a concurrent increase in higher molecular weight forms
after CMV infection. Only the increase in tau forms of over
50 kDa was significantly different compared to uninfected
cells. This may reflect altered post-translational modifications
of specific isoforms. Recent studies have presented evidence
for current antivirals preventing induced tau hyperphospho-
rylation in HSV-1 infected cells (Wozniak et al. 2011; Powell-
Doherty et al. 2020). We used foscarnet, an FDA-approved
antiviral, to test whether this held true for CMV infected

. 0 24
Time of LiCl Addition (HP1)

cells. The levels of high-molecular weight tau forms were no
longer increased in the presence of foscarnet, nor did we see
the increased phosphorylation at Ser396. Although we did
not analyze individual bands, there are some changes which
may be of interest. Infection increased a protein migrating
around 75 kDa from 12 HPI in infected cells. The presence
of this band remains in foscarnet treated cultures (Fig. 4).
Thus, although the majority of the changes were dependent
on late gene expression, early gene products may also lead to
some alterations in tau. This could be important for treatment
paradigms proposing to use current antivirals in AD patients,
since most of the current therapies inhibit genome replication,
retaining early gene expression. In addition, Powell-Doherty
et al. (2020) reported an increase in tau phosphorylated at
S396 with acylovir treatment alone, which they pointed out
might be concerning for anti-AD therapy. We did not detect
any such increases due to foscarnet alone.
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Changes in tau phosphorylation specific to AD during
HSV-1 infection have been studied, including some western blot
analyses (Wozniak et al. 2009, De Chiara et al. 2019; Powell-
Doherty et al. 2020). Although total levels of tau phosphoryla-
tion at certain specific sites increased, it is not clear how much
was in high molecular weight forms of tau as Wozniak et al.
(2009) did not do western blot analysis, and the blots shown
in De Chiara et al. (2019) or Powell-Doherty et al. (2020) gen-
erally had a maximum molecular weight of 75 kDa. We have
shown that phosphorylation of tau at serine 396 is enhanced
during MCMYV infection and the hyperphosphorylated tau forms
migrate between 75 and 250 kDa (Fig. 3); the size range for most
increased total tau forms (Fig. 2). This result is similar to a study
on physiological tau from cerebrospinal fluid of patients that had
different dementias, including AD-specific dementia (Sjogren
et al. 2001). These authors published that the higher migrat-
ing tau forms were mostly hyperphosphorylated (as opposed to
having other types of post-translational modifications) and were
detected by antibodies specific for total as well as phosphoryl-
ated tau. We showed that slower migrating phospho-tau forms
were detected starting at 24 HPI which were enhanced at 48 HPI
and 72 HPI in fibroblasts and neurons. Based on this evidence,
we propose that viral late proteins may be involved in induc-
ing phosphorylation of tau, including at serine 396, by similar
mechanisms in these two cell types.

For B35 neuroblastoma cells, there were more phospho-
tau forms detected in uninfected cells as compared to fibro-
blasts and primary neurons. This was not surprising given
that tumor cells often have a higher level of global phospho-
rylation (Lee et al. 2016). A possible decrease in intensity
of all forms of tau was seen at 12 and 24 HPI, which could
be due to a global downregulation of phosphorylation by
CMV infection, although more studies are needed to evalu-
ate this. CMV is known to incorporate host phosphatases in
its virion, which are released into the host cell upon infec-
tion (Hakki and Geballe 2008). However, enhancement of
phospho-tau forms at~ 150 kDa was still detected during
CMV infection of B35 cells at later times points. Given the
amount of increase in size of tau immunoreactive bands, it is
highly unlikely that the changes are solely due to phospho-
rylation at one site, indicating that other sites on tau may be
significantly modified by phosphorylation or other modifica-
tions in all three cell types we tested.

Phosphorylation of tau at serine 202 was also shown
to be increased in HSV-1 infected human neuroblastomas
(Wozniak et al. 2009). In rat B35 neuroblastoma cells, there
was no detectable phosphorylation at serine 202 with or
without CMV infection. In mouse fibroblasts and primary
neurons, the levels did not change with MCMYV infection.
Based on this evidence, we concluded that MCMYV infec-
tion does not affect phosphorylation at serine 202 of tau in
our cell culture models. MCMYV infection, thus, selectively
upregulates phosphorylation at a key site involved in AD
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pathology (i.e., serine 396). This may be due to CMV affect-
ing specific kinase levels or activity. In studies using mutated
phosphorylation sites, it was consistently found that phos-
phomimetic mutations at S396 promote aggregation and/
or decrease association with the microtubules, while simi-
lar mutations at S202 did not have this effect (Abraha et al
2000; Haase et al. 2004; Ding et al. 2006). In addition, in
mouse cultured brain slice models, S396 phosphorylation
was particularly noted at plaque sites, which was not true
for other phosphorylation sites tested in that study (Foidl
and Humpel 2018). Identifying the mechanisms involved in
CMV-mediated tau hyperphosphorylation may be important
for finding therapies to target relevant pathways.

HSV-1 infection leads to increased levels of GSK3p and
protein kinase A (PKA; Wozniak et al. 2009). GSK3p is one of
several kinases that can phosphorylate tau at both serine 202
and serine 396 (Utton et al. 1997; Liu et al. 2004). We did not
find any evidence for a change in GSK3p levels during MCMV
infection, although there did appear to be a slightly slower
migrating band that was more pronounced in infected fibro-
blasts. However, as this was not observed in either the B35 neu-
roblastoma cells or the primary cortical neurons, it is unlikely
that it is required for the observed modifications of tau. When
we inhibited GSK3 activity by using lithium chloride, we found
that under conditions when the virus was minimally inhibited,
the changes in tau were largely retained. Thus, with no changes
in GSK3p levels, the differential effect on S202 and S396, and
the minimal effect of LiCl, it is likely that other kinases are
more important for the tau modifications in the context of
MCMV infection. The combination of late gene requirements
and changes in phosphorylation raises the intriguing possibility
that the viral kinase, M97 (UL97 homologue) could play a role
in phosphorylation of tau, as the mRNA is highly upregulated
at late times (Rawlinson et al. 1997). When Wagner et al. (2000)
did kinase assays on cells using an M97 deletion mutant, they
did observe loss of some bands in the lower molecular weight
ranges. However, several bands in the 50 to 100 kDa range were
evident in fibroblast samples infected with both the wild-type
virus and virus deleted of m97. Although the blots shown in
the Wagner et al. paper did not include forms above 100 kDa,
these results support that viral infection leads to phosphoryla-
tion changes which are not solely related to M97, but a role
in tau phosphorylation cannot be ruled out. In addition to the
up-regulation of PKA by HSV-1 reported by Wozniak et al.
(2009), and of p38 MAPK by MCMYV (Tang-Feldman
et al. 2013), alterations in phosphorylation of a variety of
kinases has been reported in HCMYV infected cells (Coute
et al. 2020). Several of these are also tau kinases reported to be
active in Alzheimer’s disease brains (Martin et al. 2013), such
as PKA, protein kinase C, casein kinase II, and p38 MAPK.
Identification of the kinase(s) involved in the tau phosphoryla-
tion following MCMYV infection remains to be determined,
however these are attractive candidates.
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Lithium chloride can inhibit alpha herpesvirus replication
(Skinner et al. 1980, Ziaie and Kefalides 1989, Ziaie et al.
1994), so it is not surprising that it can also inhibit beta
herpesviruses like MCMV. This may reflect a requirement
for GSK3 activity during early stages of herpesvirus infec-
tion or LiCl may affect the virus replication through some
other mechanism unrelated to GSK3. The impact of LiCl on
herpesviruses is intriguing in light of reports that people on
long-term lithium therapy had reduced risk of AD compared
to those on other mood stabilizers (Nunes et al. 2007), and
a small follow-up trial which supported that lithium could
be beneficial in some patients with mild cognitive impair-
ment (Forlenza et al. 2011). Further analysis on the infection
status of AD patients, whether they benefitted from treat-
ment with lithium chloride, and studies on the mechanism
of lithium inhibition of herpesviruses may be useful both to
determine the possible role of GSK3 or other functions of
lithium (Pan et al. 2018) and find new ways to control herpes
virus infections.

We have shown here that MCMYV is capable of induc-
ing alterations of tau similar to those associated with AD.
These mainly require viral late gene products, and are largely
preventable with antiviral drugs. Unlike animal models of
HSV (Webre et al. 2012; Sehrawat et al. 2018), MCMV
can be used in its natural murine host and compared with
the closely related permissive rat. A clinical trial is currently
underway to test anti-HSV drugs in patients with AD-related
dementias (Devanand 2019). While this is hugely encourag-
ing, mechanistic studies are ultimately needed to characterize
virus-host interactions for sustainable treatment or preventives
and hopefully to develop a better understanding of early steps,
direct and indirect viral effects including immune roles (Can-
ivet et al. 2019; De Chiara et al. 2019), which may lead to bet-
ter diagnostics before dementias develop, or improved inter-
ventions for different possible triggers and pathways of AD.
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