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Abstract

Neurotrophic herpes simplex virus type | (HSV-1) establishes lifelong latent infection in humans. Accumulating studies indi-
cate that HSV-1, a risk factor of neurodegenerative diseases, exacerbates the sporadic Alzheimer’s disease (AD). The analysis
of viral genetic materials via genomic sequencing and quantitative PCR (qPCR) is the current approach used for the detection
of HSV-1; however, this approach is limited because of its difficulty in detecting both latent and lytic phases of the HSV-1 life
cycle in infected hosts. RNAscope, a novel in situ RNA hybridization assay, enables visualized detection of multiple RNA tar-
gets on tissue sections. Here, we developed a fluorescent multiplex RNAscope assay in combination with immunofluores-
cence to detect neuronal HSV-I transcripts in various types of mouse brain samples and human brain tissues. Specifically,
the RNA probes were designed to separately recognize two transcripts in the same brain section: (1) the HSV-1 latency-asso-
ciated transcript (LAT) and (2) the lytic-associated transcript, the tegument protein gene of the unique long region 37 (UL37).
As a result, both LAT and UL37 signals were detectable in neurons in the hippocampus and trigeminal ganglia (TG). The quan-
tifications of HSV-1 transcripts in the TG and CNS neurons are correlated with the viral loads during lytic and latent infection.
Collectively, the development of combinational detection of neuronal HSV-1 transcripts in mouse brains can serve as a val-
uable tool to visualize HSV-1 infection phases in various types of samples from AD patients and facilitate our understanding of
the infectious origin of neurodegeneration and dementia.
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its DNA into the nucleus to establish latency during which the
viral DNA is chromatinized and only latency-associated tran-
scripts (LATs) and several microRNAs (miRNA) are
expressed. These LATs and miRNAs cooperate closely to
suppress HSV-1 propagation, inhibit host apoptosis, and con-
tribute to the stimulation of viral reactivation (Gupta et al.,
2006). The common symptom of HSV-1 infection is cold
sores at the oral mucosa, while a severe form of diffused
acute infection can result in a rare herpes simplex encephalitis
(HSE) in the brain (Nicoll et al., 2012). Periodic reactivations
of HSV-1 from latency contribute to viral spreading in the
central nervous system (Doll et al., 2019; Marcocci et al.,
2020). This latent inflectional spread to the brain is also sup-
ported by clinical evidence which shows HSV-1 genome
detection in postmortem brain samples from patients who
failed to show any clinical HSE symptoms (Baringer &
Pisani, 1994; Fraser et al., 1981). HSV-1 reactivation from
latency usually occurs by multiple stimuli, including repeated
HSV-1 infection, physical or emotional stress, brain insults, or
immunosuppression, which have been attributed to neurode-
generative diseases, such as sporadic Alzheimer’s disease
(AD) (Bourgade et al., 2016; Doll et al., 2019; Itzhaki et al.,
2016; Kumar et al., 2016; Marcocci et al., 2020).

An increasing number of studies indicate that microbial
infection accelerates the formation of amyloid-beta (Af)
plaque and hyperphosphorylated tau, hall-markers of AD
(Alvarez et al., 2012; Bourgade et al., 2016; Ezzat et al.,
2019; Heneka et al., 2015; Itzhaki et al., 2016; Kumar et al.,
2016), further implicating the causative role of HSV-1 in
AD pathogenesis (Eimer et al., 2018; Ezzat et al., 2019;
Readhead et al., 2018; Santana et al., 2012). However, the
understanding of how HSV-1 latent infection and its reactiva-
tion promote AD progression is largely unknown. Thus, it is
crucial to employ a practical and accurate detection approach
of HSV-1 infection status to develop an effective disease
treatment for human patients. Currently available diagnostic
tools mainly rely on serological and molecular-based
methods (Anderson et al., 2014), both dependent on the pro-
duction of HSV-1 antibody, which can be detected by immu-
noassays or through a variety of standard or modified
quantitative PCR. These diagnostic approaches can detect
HSV-1 infection, but the detection limit, in particular for
latent genes with minimum expression levels, becomes an
obstacle in distinguishing phases of the HSV-1 life cycle
present in brain tissues. The detection of herpesviruses in
AD brains by shotgun sequencing and modified Viromescan
bioinformatics analysis also raised questions on the sensitivity
and specificity of the detection methods (Allnutt et al., 2020;
Chorlton, 2020; Readhead et al., 2018). Therefore, the devel-
opment of an accurate, direct, and practical detection method
to: (1) detect low levels of HSV-1 latent gene expression on
time; and (2) distinguish between HSV-1 latency and reacti-
vation in human patients is an urgent demand.

RNAscope, a type of in situ RNA hybridization assay, has
been developed to meet the need for high sensitivity and

specificity (Jolly et al., 2019; Wang et al., 2012). Compared
to conventional fluorescence in situ hybridization (FISH)
with long probes (Cohen et al., 2020), RNAscope probes
are ~20 pairs of double Z probes designed specifically for
each transcript, and therefore, the signals are more specific
and sensitive for the low level of transcripts in the forms of
puncta. This method is particularly suitable for detecting the
latency and reactivation status of HSV-1 in the brain. In addi-
tion, the most intriguing feature of the RN Ascope is to simul-
taneously visualize the detection of multiple RNA targets on
various tissue samples. The present study is the first attempt to
develop the fluorescent multiplex RNAscope approach, com-
bining immunofluorescence with neuronal markers to detect
neuronal HSV-1 latent LAT and lytic UL37 transcripts in
mouse brain tissues. This advanced detection method war-
rants the detectability of HSV-1 latent genes and enables
the distinction between latency and lytic replication status at
the single-cell level in brain tissues. The RNAscope-based
combinational detection tool in mouse brain tissues can be
applied to human brain samples for multiple diseases such
as HSV-1 potentially induced neurodegeneration.

Materials and Methods

Cells and Viruses

Vero cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin solution at 37 °C in a
5% CO, humidified incubator. Human herpesvirus 1 (strain
17) (HSV-1) viruses were amplified by routine propagation
on Vero cell monolayer as we previously described (Zhang
et al., 2018). Infected Vero cells were collected at 48 h post
infection, frozen, and thawed three times in PBS. A filtered
viral-containing solution was titrated by plaque assays on a
Vero cell monolayer. Stocks were aliquoted and stored at
—80 °C for further use.

Infection of Mice

The 5xFAD transgenic mice are commonly used mouse
models to study the role of HSV-1 infection in AD as contin-
uously reported (Eimer et al., 2018; Ezzat et al., 2019; Sait
et al., 2021). To better represent the infection status of
HSV-1 in the AD brain, we chose to use 5SXxXFAD mice for
the RNAscope assay. A total of 8 age- and gender-matched
5 X FAD transgenic mice (12-14 weeks old) were used for
mock- (n=3) and HSV-1 (n=5) infection. The infection
group was challenged with 5 x 10° PFU of HSV-1 via intrave-
nous injection, a reliable HSV-1 invasion in the brain as pre-
viously reported to achieve latency in neurons (Kulu et al.,
2009; Nicoll et al., 2016; Yao et al.,, 2014). At one- and
five- weeks post infection, infected mice were euthanized,
and trigeminal ganglia (TG) and brains were collected for
later analysis. To represent the acute infection resulting
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from HSV-1 lytic replication, mice (n=23) were challenged
with 5x 10° PFU of HSV-1 via intravenous injection. TGs
and brains were collected at 4 days post infection.

Human Tissue

Human brain cortex samples from AD subjects were obtained
from National Disease Research Interchange (NDRI), US.
Fresh tissue was either stored at —80 °C or fixed in 10%
neutral buffered formalin for one week prior to being embed-
ded in paraffin. Samples were further prepared according to
the manufacturer’s instruction (Formalin-Fixed
Paraffin-Embedded (FFPE) Sample Preparation and
Pretreatment, Document #322452, ACD, Inc.). Briefly, all
experimental procedures were performed under relevant
guidelines and regulations.

Quantification of Viral Genome and Transcripts by
Real-Time PCR

Brains and TGs of infected mice were homogenized in PBS
by a mini-beads beater (Biospec) and genomic DNA was
extracted using the salt precipitation protocol (Chen et al.,
2015), and HSV-1 genome copy numbers were determined
by real-time PCR. Cycle conditions were as follows: 95 °C
for 10 min and 95 °C for 15 s followed by 60 °C for 1 min
(40 cycles) (Kubat et al., 2004). Genome copies were normal-
ized to host constitutive housekeeping genomic f -actin.
Purified plasmid DNA was used for generating the standard
curve. The cutoff CT value was set at 34 cycles as determined
by running a series of diluted standard curves using plasmid
DNA. RNA was extracted using TRIzol reagent
(Invitrogen). RNA was first digested with DNase I (New
England Biolabs) to remove genomic DNA. One microgram
of total RNA was used for reverse transcription with
RNA-dependent DNA polymerase for cDNA synthesis
(Promega) according to the manufacturer’s instruction.
Briefly, RNA mix with 0.5 ug corresponding primers
(Oligo(dT) or random primers) was incubated at 70 °C for
5 min followed by incubation at 4 °C for 5 min. A reverse
transcriptase reaction mix (15 uL. per reaction) was added to
the RNA mix for incubation at 25 °C for 5 min and 42 °C
for 60 min. Approximately 10 ng of the cDNA was used as
a template in each quantitative real-time PCR (qRT-PCR)
reaction with SYBR master mix (Applied Biosystems).
Primers for qRT-PCR are included in Table 1.

Table 1. Primers of Interested Genes for RT-PCR.

RNAscope In-Situ Hybridization

To examine HSV-1 mRNA on different types of samples,
RNAscope was performed on fixed frozen tissue sections
(mouse tissue) and FFPE-fixed brain slices (mouse and
human tissues). To prepare fixed frozen slides, mouse brains
were perfused with PBS-1% EDTA buffer and fixed in 4% para-
formaldehyde overnight at 4 °C in the dark. Fixed tissues were
dehydrated by sequentially merging in 10% and 30% sucrose
solutions (Grabinski et al., 2015), followed by freezing in
O.C.T. at —80 °C. Sections of 10 pm were cut from frozen biop-
sies, dried for 10 min at RT for further processes, and 8 pm sec-
tions were cut from FFPE blocks. In situ hybridization (ISH)
was performed according to the detection protocols (details
are included below), RNAscope Multiplex Fluorescent
Reagent Kit v2 (ACD. Inc, Cat. No. 323100) and RNAscope
2.5 HD Detection Reagent Kit (ACD. Inc, Cat. No. 322360)
with modifications of IF staining protocol.

Briefly, slides from fixed frozen brains were dried in an
oven at 60 °C for 30 min prior to incubation in cold 4%
PFA for 15 min. RNAse control slides were incubated with
100 pg/mL. RNAse (Sigma) for 30 min at 30 °C. Slides
were washed with PBS buffer twice and dehydrated in 50%,
70%, and 100% ethanol for 5 min each at room temperature
(RT). H,O, (provided by the manufacturer) was added to
the air-dried samples for 10 min at RT. Slides were washed
with distilled water twice and treated with protease IV (pro-
vided by the manufacture) for 30 min at RT. For combined
ISH and IF treatment, prior to the fixation and ethanol dehy-
dration for RNAscope pretreatment, frozen brain sections
were first stained with primary antibody overnight, e.g.,
anti-NeuN antibody (1:200 dilution; Abcam, ab177487), fol-
lowed by the secondary antibody to confirm the staining.
Notably, to enhance the quality of IF staining, re-probing
with anti-NeuN antibody and secondary antibody following
RNAscope assay is recommended.

For FFPE-fixed sections, slides were baked at 60 °C for 1 h
before deparaffination in xylene and 100% ethanol, 5 min each
at RT. H,O, was added to the air-dried samples for 10 min at
RT. For antigen retrieval, slides were incubated in the boiling
antigen retrieval buffer (>98 °C) for 15 min, washed in distilled
water twice, then dehydrated in 100% ethanol. Protease Plus
was added to the samples for 40 min at 40 °C in the HybEZ oven.

RNAscope assays were performed on pretreated samples
according to the manufacturer’s instructions. In summary,
pretreated slides were incubated with probe mixtures for 2 h
at 40 °C. C1 probes were designates for HSV-1 UL37

Gene Target Forward (5'-3")

Reverse (5'-3)

B-actin TCTACGAGGGCTATGCTCTCC TCTTTGATGTCACGCACGATTTC
uL37 GGAGCTGTACGTGATCTCCA CCAGGGCGTACATGCTAATC
LAT GGCCGGTGTCGCTGTAAC CCAGGCAGTAAGACCCAAGC
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mRNA (customized probes, targeting the region 1,793- 3,332
bp of UL37 mRNA) (Cat # 892001; ACD. Inc), detected with
Opal 520 fluorophore. C2 probes were assigned for HSV-1
LAT mRNA (Probe - HSV-1-LAT, Cat # 315651; ACD.
Inc), targeting the region from 118,806 bp to 125,028 bp of
LAT, which covers the stable 2.0-kb intron region (Jaber
et al., 2009). C2 probes were detected with Opal 570 fluoro-
phore. C3 probes (Cat # 431158; ACD. Inc) were set to Map?2
mRNA and detected with Opal 690 fluorophore. Each probe
contains 36 to 50 bases. After probe hybridization, slides
were washed twice using wash the buffer provided in the
kit. The preamplification step was performed to allow
binding of preamplification probe to RNAScope probes.
The second and third amplification steps were conducted by
incubating slides with amplification buffer containing exces-
sive amplifiers which bind to the multiple binding sites on
each preamplifier. All three amplification steps were per-
formed at 40 °C for 30 min followed by washing twice with
wash buffer. To develop a fluorescent signal for probe Cl,
HRP solution was added to the section for 15 min at 40 °C.
After 2 min washing, the section was probed with opal dye
for 30 min at 40 °C, followed by the HRP blocker for
15 min at 40 °C. This process was repeated for the fluores-
cence development for probes C2 and C3. Lastly, DAPI
was added to the section for nucleus staining prior to mount-
ing the slide. For IF with anti-NeuN marker, Alexa 647 secon-
dary antibodies were used. Positive probe (Mouse PPIB; Cat #
313911; ACD. Inc), encoding peptidyl-prolyl cis-trans isom-
erase B, is a housekeeping gene. Ppib has been recognized as
a common reference gene for RT-PCR normalization
(Bruckert et al., 2016) and a technical assay control for
RNAScope. Escherichia coli DapB serves as a negative
probe (Cat # 310043; ACD. Inc).

Confocal Imaging

Tissue sections were evaluated and captured under an inverted
confocal microscope (Nikon Eclipse Ti2) at 10-60 X

objective. Imaging settings were adjusted based on the posi-
tive and negative controls. The negative control slide was
assessed first to eliminate the imaging background. The pos-
itive control slide was assessed to determine the signal
strength. To increase the sensitivity for detecting HSV-1
mRNA signals, 60 X objective was used to better visualize
the images. Fiji software was used for particle analysis and
auto-segmentation process.

Results

Limitation of HSV-1 Detection via RT-PCR in Tissue
Samples

The most common form of HSV-1 infection in the human
population is latent infection. To establish the latent infection
model in mice and study its role in the diseased condition, we
infected 5 X FAD transgenic mice (12—14 weeks old) with 5 X
10° PFU of HSV-1 via intravenous injection. Hunched pos-
tures and paralysis were observed at 5-7 days post infection,
which is likely because of the lytic replication of HSV-1 in the
nervous system (Doll et al.,, 2019). However, the infected
mice soon recovered and showed no such signs at five
weeks post infection (data not shown). After one week of
acute infection, we detected approximately 1.7x10*
genome copies of HSV-1 per million actin copies in 10 ng
total DNA from infected mouse brains (Figure 1A). The pres-
ence of high HSV-1 DNA load demonstrates the successful
invasion of HSV-1 in the mouse brain. At five-week post
infection, the viral genome load reduced by 8-fold to 2.1 X
10* copies (Figure 1A), suggesting an overall transition
from lytic replication to latency regarding HSV-1 infection
status.

To further validate the latent and lytic status of HSV-1
infection, we extracted the total RNA from the mouse brain
and performed Reverse-Transcription PCR (RT-PCR) to
quantify the LAT and UL37 transcripts, respectively.
Unfortunately, the levels of both transcripts were close to
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Figure |. RT-PCR has limitations in detecting HSV-| transcripts in mouse brains. (A) Genome copies of HSV-1 in the infected mouse brains
at one- and five-weeks post infection (w.p.i). A total of 10 ng DNA was used for real-time RCR quantification. Genome copies were

normalized to host constitutive housekeeping genomic /8 -actin (x10°). The cutoff CT value was set at 34 cycles as determined by running a
series of diluted standard curves using plasmid DNA.**#*P < 00| were calculated by Student’s t test. (B) UL37 and (C) LAT transcripts in

the infected mouse brain at one and five w.p.i.
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the detection limits (Figure 1B and C). Such detection limits
of the HSV-1 transcripts in infected mouse brains were con-
sistently observed in previous studies (Kelly et al., 2008;
Menendez & Carr, 2017). Therefore, it is important to
develop a better quantitative detection means to directly
reveal the status of HSV-1 infection.

RNAscope Assay Detects HSV-1 mRNA in Mouse and
Human Brain Tissues

RNAscope assay (Figure 2A) has been applied as a semiquan-
titative tool for infectious diseases, including human papillo-
mavirus (HPV) infection in human head and neck cancer, and
Epstein-Barr virus (EBV) infection (Cimino et al., 2014;
Ukpo et al, 2011; Wang et al, 2012). To test the
RNAscope-based detection for HSV-1, we first examined
the specificity and sensitivity of the probes targeting HSV-1
UL37 or LAT on mouse frozen brain sections. Positive and
negative controls were used for image acquiring settings as
described in the Methods and Materials (Figure 2B). As
such, the signal for neither UL37 nor LAT transcripts was
observed in mock-infected samples (Figure 2B) or the
RNAse control (Figure 2C).

In the hippocampus of the HSV-1 infected mice
(Figure 2D), we observed green and red puncta representing
the mRNA signals of UL37 and LAT, respectively.
Interestingly, three types of infected cells can be observed:
(1) UL37 positive (17.3%), (2) LAT positive (46.4%), and
(3) UL37 and LAT double-positive cells (13.1%) per total
cells (Figure 2G), indicating the different infection stages of
HSV-1 (lytic active, latent, and transition between lytic and
latent stages). Average numbers of LAT and UL37 puncta
in each infected cell are calculated as 3.5 and 2.8, respectively
(Figure 2H), suggesting the heterogenicity of HSV-1 infection
status in the brain, which could not be reflected by the tradi-
tional diagnostic methods. The colocalization of LAT tran-
scripts and UL37 transcripts is observed, suggesting the
formation of stress granules and perhaps the low level of
spontaneous reactivation of HSV-1 as previously reported
(Wilson & Mohr, 2012). This suggestion is also supported
by the fact that HSV-1 is capable of regulating stress
granule formation in the infected host (Gaete-Argel et al.,
2019). The ability to detect both transcripts is a valuable
strength of the current multiplex approach, compared to con-
ventional RNA-DNA FISH which detects LAT alone, or
immunostainings which can only recognize viral antigens.

To further validate this RNAScope detection approach, we
performed an HSV-1 acute infection on 5XFAD and WT mice
(Figure 3 and Figure S1). Besides the brain collection, TGs
were also collected at 4 days post infection since the
sensory neurons of TGs are the primary infection site of
HSV-1 (Figure 3A). The level of viral transcripts during
acute infection is much higher than that during latency, indi-
cating the active lytic replication of HSV-1 (Figure 3B and C),

particularly in TGs. The viral loads based on genome copies
in extracted tissues showed a more than 10-fold reduction in
HSV-1 level in both the TG and brain during latency
(Figure 3D) when compared to the acute phase, which is
largely consistent with previous observations (Cherpes
et al., 2008; Li et al., 2020; Rock & Fraser, 1983). Based
on RNAscope analysis, there was nearly a 3-fold reduction
in the number or percentage of neurons carrying HSV-1
UL37 and/or LAT transcripts in latency (37.3%)
(Figure 3E), as well as a 2-fold reduction in an average
number of puncta (2.3 per cell) in neurons carrying HSV-1
transcripts (Figure 3F), indicating that the RNAscope analysis
is reflecting the genome quantification data. Similar results
were obtained from RNAScope analysis of the infected TG,
which is consistent with previous findings (Burgos et al.,
2005; Menendez et al., 2016). HSV-1 infected TG exhibits
neuron-to-neuron heterogeneity (Mehta et al., 1995) in that
some neurons harvest much more signals of HSV-1 tran-
scripts than others during acute infection, but the average
numbers of puncta per HSV-1 positive cells are still compara-
ble to that in the hippocampus. Yet, the spatial resolution and
sensitivity, particularly in detecting latent transcripts, can only
be obtained using RNAscope. These findings also provide a
valuable reference for future HSV-1 detection in related
studies.

We also validated the probes on the mouse and human
FFPE samples using the RNAscope chromogenic detection
kit. The mouse FFPE samples were collected at one week
post infection and the low level of LAT signals could be
observed (Figure 4A), indicating the high sensitivity of
the RNAscope assay. As for human brain tissue sections,
we also successfully detected the LAT mRNA signals
from four cortex samples infected with HSV-1(Figure 4B
and Figure S2), but not in HSV-1 negative samples
(Figure 4C). More LAT signals can be observed in the
sample with a higher viral load (Figure 4B and
Figure S2A). Our results above suggest the feasibility of
applying the RNAscope approach for the detection of
HSV-1 infection in humans.

Combining RNAscope and Immunofluorescence to
Specify HSV-1 Infected Neurons

To further identify the cell type infected by HSV-1, we
applied a combined RNAscope and immunofluorescence
approach to simultaneously visualize the mRNA signals and
cell markers. As a neurotrophic virus, HSV-1 primarily
targets neurons. Hence, we selected two neuronal markers,
Map?2 by RNAscope and NeuN by immunofluorescence, for
neuron identification (Table 2). Both Map2 RNAscope
probe and anti-NeuN antibody successfully recognized
neurons in the mouse hippocampus (Figure SA and B).
Compared to the Map2 probe, combined RNAscope and
immunofluorescence with anti-NeuN antibody staining
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Figure 2. RNAscope assay enables the detection of HSV-1 mRNA on mouse fixed frozen samples. (A) lllustration of RNAscope working
mechanism. (B) Positive control and negative control (left), and mock control (right). (C) RNAse treated control to digest RNA (left panel)
and nontreated (right panels) control. UL37 and LAT mRNA in mock (B) and HSV-1 infected (D-E) mouse brains at five w.p.i. by RNAscope
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exhibited much distinct and stronger signals, which can be Interestingly, the activities of HSV-1 transcription were diver-
applied to the fragmented individual cells for further quantifi-  gent in Dentate Gyrus (DG) and Cornu Ammonis (CA) regions
cation analysis. in the hippocampus (Figure 5B). For example, UL37
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Figure 4. Detection of HSV-1 mRNA using FFPE samples. (A) LAT mRNA in the infected mouse brain. C57BL/6] mouse was infected with
5% 10® HSV-1 via intravenous injection. The brain was collected at 5 days post infection. (B) LAT mRNA in AD patient brain tissue section
(ID number is 877. Additional information of donor is listed in Figure S2A). (C) LAT mRNA in normal brain tissue section (ID number is

ND12975). Scale bar =20 pm; 10 pm for magnification images i) and ii).

Table 2. Combined RNAscope and/or Immunohistochemistry Staining on Brain Tissues.

RNAscope targeted IHC targeted cell RNAscope targeted cell Tissue sample

transcript marker marker Organ type Reference

SNAP25 Map2 Human FFPE (Jolly et al., 2019)
brain

Apoe Itgam Mouse Fresh frozen  (Sala Frigerio et al.,
brain 2019)

Cd22 Tmem| 19 Mouse Fresh frozen  (Pluvinage et al,, 2019)
brain

Tir7 Tmem| 19 Mouse Fresh frozen  (Michaelis et al., 2019)
brain

MS4A7 Ibal TmemI |9 Human FFPE (Bennett et al., 2018)
brain

Vin or Ifitm| Pdgfrb Mouse Fresh frozen  (He et al, 2016)
brain

Cd5 NeuN Rat brain Fixed frozen (Lanfranco etal., 2018)

Cc5 GFAP

Cc5 Ibal

Cd5 Nkx2.2

FFPE: Formalin-fixed paraffin-embedded.
IHC: Immunohistochemistry.

Neuron marker: Map2, NeuN.

Microglia marker: Tmem| 9. Ibal, ltgam.
Astrocyte marker: GFAP.

Pericyte marker: Pdgfrb.

Oligodendrocyte progenitor marker: Nkx2.2.
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Figure 5. RNAscope multiplex fluorescent assay to detect HSV-I mRNA in labeled neurons. (A) UL37 and LAT mRNA in Map2 positive
cells in mock and HSV-1 infected mouse brains. (B) UL37 and LAT mRNA in NeuN positive cells in mouse hippocampus. Fiji software was
used for particle analysis and auto-segmentation process. Scale bar =10 pm.

transcription was much more active in CA neurons compared to
DG neurons. A recent study on neuronal vulnerability in AD
indicates that different neuronal cells display different levels of
vulnerabilities contributing to AD pathogenesis (Roussarie
et al., 2020). Specifically, in terms of gene regulation of
p-amyloid aggregation and neurofibrillary tangles, CAl
neurons were characterized as vulnerable cells, while DG
neurons were characterized as resistant.

Discussion

Herpesviruses are ubiquitous human pathogens and are recog-
nized as emerging risk factors underpinning diverse chronic

diseased conditions, including atherosclerosis and neurode-
generation (McQuillan et al., 2018). Recent studies estimate
that in the US, the percentage of humans infected with
HSV-1 increases consistently with age from 47.8% in adults
(14-49 years) to 65% among those >70 years old
(McQuillan et al., 2018; Xu et al., 2002). Periodic reactivation
and replication of HSV-1 in elders can increase the risk of
neuroinflammation, neuronal damage, and cognitive impair-
ment, predisposing the brain to AD (Katan et al., 2013;
McManus & Heneka, 2017). Given the prevalence of
HSV-1 infection in the general population, the clinical diag-
nosis of HSV-1 has been developed for a long time. To our
best knowledge, molecular- and serological-based assays are
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the major methods for clinical HSV-1 diagnosis (Anderson
etal., 2014). However, these commonly used assays have lim-
itations in detecting low levels of HSV-1 transcripts in the
infected host. Although the low level of gene expression
can be achieved by RNAseq and the existence of HSV-1 in
AD have been recently confirmed (Roussarie et al., 2020),
only a handful of reads can be mapped to the HSV-1
genome. This is caused by a very low level of HSV-1 tran-
scription in only a small set of cells in the brain and the abun-
dance of these transcripts is incomparable to endogenous
genes. The low copies of HSV-1 transcripts in a given
single cell may not be significant; it has been shown both clin-
ically and preclinically that HSV-1 latency is common in our
general population without causing detrimental consequences
in brain health (Readhead et al., 2018). However, both HSV-1
latent transcripts have been shown to have a much broader
influence on the epigenetic regulation and posttranslational
modification of host cells, which has become more widely
recognized. More importantly, local reactivation in the brain
may act as a trigger for neurodegenerative or pathological cas-
cades, e.g., the seeding of amyloid (De Chiara et al., 2010).
Therefore, we developed the HSV-1 detection method with
high sensitivity and specificity based on the RNAscope tech-
nology, which enables the direct detection of low-expressed
multiple HSV-1 latent or lytic transcripts in infected brains,
providing a better and in-depth understanding of the infec-
tious origin of neurodegeneration.

Both serological and molecular-based methods have been
commonly utilized to perform clinical HSV-1 diagnosis
(Anderson et al., 2014). A serology-based method, an
HSV-1 antibody-dependent immunoassay, mainly includes
whole-antigen- and IgG-based detection tools; the latter is a
relatively newer one to fulfill HSV type-specific diagnosis.
While it is of value primarily in the determination of post
exposure to HSV-1 and prenatal screening, the sensitivity of
the serological assay is potentially affected by the timing
after HSV-1 primary infection. So far, multiple molecular
tests have been developed based on principal amplification
and detection of HSV-1 viral genome target (Reil et al.,
2008; Tong et al., 2012). Notably, the three tests including
the PCR-based MultiCode-RTx, HSV Q, and IsoAmp HSV
are FDA-approved for HSV-1 or —2 in a variety of swab
samples (Anderson et al., 2014). Specifically, the sensitivity
of PCR is capable of detecting HSV-1 genomic DNA,
which is enough to diagnose the HSV-1 existence in clinical
samples. But it is usually difficult to quantitatively detect
either HSV-1 latent or lytic transcripts in human or mouse
tissues. For example, the RT-PCR that we employed in the
present study failed to detect the transcripts of both the
LAT, a latent gene, and the UL37, a lytic gene in HSV-1
infected mouse brains (Figure 1C and D). Given that cellular
HSV-1 infection status is the result of delicate regulation
between the virus and the host, both latency and reactivation
statuses are likely to co-exist in different or even the same
neural cell. Unfortunately, both serological or molecular-

based methods fail to achieve more accurate diagnostic pur-
poses such as simultaneous detection of latent and lytic
genes in clinical samples. The RNAscope-based assay with
high sensitivity and specificity applied in this study enables
simultaneous, visualized detection of multiple RNA targets
on mouse tissue sectioning (Figure 2 and 4). Specifically,
the LAT and UL37 signals were detectable in different or
even the same neuronal cell mostly in the hippocampus
(Figure 5), demonstrating heterogenicity of HSV-1 infection
status in the brain. Importantly, we developed a fluorescent
multiplex RNAscope in combination with immunofluores-
cence to detect neuronal HSV-1 transcripts in the brains of
mouse models, which can be extended to detect multiple
HSV-1 transcripts in different cell types, such as microglia
(IHC marker: TMEM119, Ibal), pericyte (IHC marker:
PDGFRB), and astrocytes (GFAP) (Table 2). The developed
RNAscope-based assay can be potentially applied in detecting
HSV-1 in cultured cells and brain cell-specific HSV-1 latent
and/or lytic infection in tissues.

The property of the lifelong latent infection and the exis-
tence of the latency-to-reactivation phases is the basis for
the hypothesis that HSV-1 reactivation is causally linked to
aging-associated diseases, including neurodegenerative AD.
The interior complexity on both aspects of virus neuro-
infection and host immuno-regulation contributes to the exis-
tence of the neural cell- or the phase-specific regulatory mech-
anisms in HSV-1 infected brains. The developed RNAscope
assay can be applied to simultaneously detect HSV-1 latent/
Iytic genes and other AD-related targets in specific brain
cells when combined with cell markers in the brain sections
of laboratory mouse models or AD patients. Such a combina-
tional assay helps to understand neural cells- or the HSV-1
infection phase-specific mechanisms underlying AD patho-
genesis. In addition, delicate quantification of HSV-1 latent
and lytic transcripts in specific brain cell types should be
further explored with the developed RNAscope assay,
which is useful in understanding the correlation between the
HSV-1 infection phase and the disease progression of AD.

Conclusive Remarks

The association between infectious agents and AD has been
greatly recognized; however, the mechanistic understanding
is largely unknown. The different infection statuses of the
microbes, such as the latency and lytic replication of
HSV-1, further complicate the pathogenesis of AD promoted
by microbial pathogens. The development of a practical and
sensitive detection assay can provide the valuable reference
necessary to determine accurate infection phases and appro-
priate therapeutic approaches. We applied a modified
RNAscope assay to quantitatively detect latent and lytic
infected HSV-1 in AD mouse brains. The successful utiliza-
tion of this detection assay will ensure the identification of
pathogen specificity for other neurodegenerative disorders.
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