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A B S T R A C T

Herpes simplex virus-1 (HSV-1) is a widespread neurotropic virus that can reach the brain and cause a rare but
acute herpes simplex encephalitis (HSE) with a high mortality rate. Most patients present with changes in
neurological and behavioral status, and survivors suffer long-term neurological sequelae. To date, the patho-
genesis leading to brain damage is still not well understood. HSV-1 induced encephalitis in the central nervous
system (CNS) in animals are usually very diffuse and progressing rapidly, and mostly fatal, making the analysis
difficult. Here, we established a mouse model of HSE via intracerebral inoculation of modified version of neural-
attenuated strains of HSV-1 (deletion of ICP34.5 and inserting a strong promoter into the latency-associated
transcript region), in which the LMR-αΔpA strain initiated moderate productive infection, leading to strong
host immune and inflammatory response characterized by persistent microglia activation. This viral replication
activity and prolonged inflammatory response activated signaling pathways in neuronal damage, amyloidosis,
Alzheimer's disease, and neurodegeneration, eventually leading to neuronal loss and behavioral changes char-
acterized by hypokinesia. Our study reveals detailed pathogenic processes and persistent inflammatory responses
in the CNS and provides a controlled, mild and non-lethal HSE model for studying long-term neuronal injury and
increased risk of neurodegenerative diseases due to HSV-1 infection.

1. Introduction

Herpes simplex virus-1 (HSV-1) infects most adults worldwide and
accounts for approximately 50%–75% of viral encephalitis cases (Tyler,
2018). Herpes simplex encephalitis (HSE) is a rare but severe condition,
with 70% mortality in untreated patients (Whitley, 1991), and most
survivors show various degrees of neurological sequelae, including
memory impairment and behavioral abnormalities (McGrath et al., 1997;
Tyler, 2004), but the detail of the progression of this rapid advancing and
deadly disease is not well understood.

HSV-1 antigen in the brain of HSE appears predominantly in the
medial and inferior temporal lobes, hippocampus, etc. (Esiri, 1982). The
mechanism by which HSV enters the central nervous system (CNS) is

unclear, but one possible route is retrograde transport through peripheral
nerve fibers. HSV-1 is able to establish infection in the peripheral nervous
system (PNS) such as the trigeminal ganglion and olfactory bulb after
primary infection of mucosal tissue, and then enter the CNS via the
anterior commissure (Kastrukoff et al., 1982; Stroop et al., 1984). During
primary infection, a proportion of inoculated mouse and, to a lesser
extent in tree shrews, exhibit behavioral abnormality indicative of CNS
infection (Armien et al., 2010; Li L. et al., 2015). However, virological
process and pathogenesis are difficult to study due to the rapid pro-
gression of the disease and most of the affected animals perish within
days after the onset of symptoms. Although several mouse models for
HSE have been developed to study the pathogenesis of the disease, the
precise mechanisms leading to HSE remain unanswered (Mancini and
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Vidal, 2018). One possible reason is that HSV-1 establishes more diffused
infection patterns in mice than observed in HSE patients, making the
mouse model only inadequately mimicking natural infection (Barker
et al., 2014).

HSV-1 encoded protein ICP34.5 is a neurovirulence factor in mice
(Chou et al., 1990). ICP34.5 deficient virus fails to replicate in neurons
and unable to cause encephalitis in mice, but it can grow normally in
tumor and tissue culture (McKie et al., 1996). To study how HSV-1
infection unfold in the CNS and solve the problem of uncontrolled
infection by other methods, we injected a modified, neural-attenuated
HSV-1 strain (based on ICP34.5 deletion strain 1716) into the cerebral
cortex region of C57BL/6 mice. We found that the insertion of a gene
expression cassette into the latency-associated transcript (LAT) region
produced enhanced expression of viral lytic genes, and moderate pro-
ductive infection in vivo. This moderate activity of HSV-1 proved to be
non-lethal, but led to persistent activation of microglia cells and in-
flammatory response in the mouse CNS, resulting in neuronal loss over
the time course of 90 days post-infection and behavioral consequences.
Here, we present our analyses of this slow progressing, controllable
model to study the pathogenesis of HSE.

2. Materials and methods

2.1. Generation of recombinant mutated viruses

Construction and purification of LMR-α and LMR-αΔpA recombinant
viruses have been described previously (Huang X. et al., 2022). Briefly,
the Chicken β-actin short promoter (cBh) and red fluorescent protein
(RFP) gene were inserted into the Sty1 site of the first exon in LAT of
HSV-1 1716 strain (ICP34.5 deletion mutant) by CRISPR/Cas9-mediated
homologous recombination method.

The difference between the LMR-α and LMR-αΔpA strains is that the
latter lacks a poly A sequence after the RFP gene. HSV-1 1716 strain and
both recombinant viruses were amplified in Vero cells (ATAC) and the
viral titers were determined by the plaque assay. Vero cells were cultured
in DMEM medium containing 10% FBS and 1% penicillin–streptomycin,
and grown in a humidified (37 �C, 5% CO2) incubator.

2.2. Intracerebral inoculation of mice

C57BL/6 female 8-week-old mice were purchased from Hunan SJA
Laboratory Animal Co., Ltd (China), and were used to establish themouse
encephalitis model. The method of intracranial injection has been
described previously (Huang X. et al., 2022). Briefly, mice were first
anesthetized with ketamine hydrochloride (100 μg/g) and the scalp was
dehaired. After mice entered a state of deep anesthesia, they were fixed to
the brain localizer (RWD Life Science, Shenzhen China, Cat No. 68002).
The mouse scalp was sterilized with iodophor, then a 3–5 mm incision
was cut in the middle of the skull. After that, the incision was sterilized
with hydrogen peroxide, then the skull was exposed using cotton swabs.
Position the microdrill at the cruciate suture of the brain, moved it 1.7
mm caudally and 1.25 mm to the right, and then drill a 0.5 mm hole. A
10 μL microsyringe (Hamilton Company, Reno, NV, USA) was used to
inject 2 μL virus solution or 2 μL 1 � phosphate-buffered saline (PBS)
deep into the well. Finally, the wound was sutured with absorbable
surgical thread, and cefuroxime sodium (500 μg/g) was injected for
anti-inflammatory. This experimental animal operation has been
approved by the Ethics Committee of Kunming Medical University, and
the approval number is KMMU-2021-541.

2.3. Transcriptional data collection

At the indicated time points, animals were sacrificed using isoflurane
overdose, and then the mouse brains were dissected. Along the coronal
plane of the brain, tissue sections of 3 mm thickness were taken at the
injection needle hole. Total RNA was extracted using TRIzol reagent

(Takara, Dalian, China, Cat No. 9109) according to the manufacturer's
instructions. After that, the RNA samples were sent to the Novogene
(Beijing, China) for construction of a cDNA library and sequencing.
Briefly, the Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit;
Agilent Technologies, Santa Clara, CA, USA) was mainly used for quality
control of total RNA samples, and oligo (dT) magnetic beads were used to
enrich mRNA, and then random primers were used for reverse tran-
scription, and fragments of about 300 bp were screened as the
sequencing library, finally followed by Paired-end sequencing using an
Illumina HiSeq X-Ten sequencer.

2.4. Read mapping, statistical analysis of differential gene expression and
functional enrichment analysis

Transcriptomic profiling has been described previously (Wang E.
et al., 2020). In brief, the sequencing data were aligned to host genome
(Mus musculus, NCBI Assembly: GRCm39) or virus genome (HSV-1,
NCBI Assembly: ViralProj15217) by using HISAT2 (version 2.1.0) and
sorted with Samtools (version 1.9). Then, Gene expressionwas quantified
using the featureCounts (version 2.0.0) (Liao et al., 2014). Gene-level
differential expression analyses were performed using DESeq2 (Love
et al., 2014), and genes with a log2 fold change �1 and FDR-adjusted
p-value � 0.01 were considered differentially expressed. Gene set
enrichment analysis (GSEA) was performed using gene expression data of
RNA-seq by GSEA v4.2.3 App from Broad Institute (http://software.broa
dinstitute.org/gsea/index.jsp).

2.5. Quantification of viral genome and viral transcript by real-time PCR

For viral genome quantification, tissue DNA was extracted (TIAN-
GEN, Beijing, China, Cat No. DP304) as templates. For transcript quan-
tification, total RNA was extracted (Takara, Cat No. 9109) and then
reverse transcribed into cDNA (Takara, Cat No. RR047Q) as templates.
During this procedure, a NanoDrop 2000 Spectrophotometer (Thermo-
fisher, Wilmington, DE, USA) was used to assess the quantity and quality
of DNA or RNA samples. Note that both viral genome and ICP27 tran-
scripts were quantified using primers and probe specific for ICP27 gene,
while LAT transcripts were quantified using primers and probe for the
LAT gene. Absolute quantitative real-time PCR analysis was performed
using TaqManMix (Thermofisher, Cat No. 4369016) with a final reaction
volume of 20 μL. The PCR mix contains 10 μL TaqMan® Gene Expression
Master Mix, 0.75 μL TaqMan probe (10 μmol/L), 1 μL Primer mix (10
μmol/L), and 2 μL Template. The results were monitored using a
QuantStudio® 5 System (Thermofisher) with one cycle of 15 min at 95
�C, followed by 45 cycles of 15 s at 95 �C and 1 min at 60 �C. DNA se-
quences from ICP27 and LAT were cloned into the pMD19-T vector
separately and used as a standard for quantification. All primers used in
quantitative PCR are listed in Supplementary Table S1.

2.6. Immunohistochemistry and immunofluorescence

Mouse brains were fixed in 4% paraformaldehyde at 4 �C for 24 h,
then embedded in paraffin and cut into 4-μm slices. After that, the sec-
tions were deparaffinized in xylene and rehydrated through a graded
ethanol series. For antigen retrieval, the sections were heated in EDTA
buffer (pH 9.0) for 20 min at 100 �C. After cooled to room temperature
(25 �C� 5 �C), the sections were washed by 1� PBS, then permeabilized
with 0.3% Triton-X 100 in PBS for 10 min, washed with 1 � PBS again
and blocked with 5% donkey serum (Millipore, Billerica, MA, USA) in
PBS at 37 �C for 60min. The primary antibodies (Abcam, Cambridge, UK;
anti-HSV-1, Cat No. ab9533; anti-Iba1, Cat No. ab178846; anti-NeuN, Cat
No. ab177487) were diluted in 3% donkey serum according to the
manufacturer's instructions and incubated overnight at 4 �C, then the
sections were washed. For immunohistochemical, the immunoreactivity
was detected using horseradish peroxidase (HRP)-labeled anti-rabbit IgG
antibody (Cell Signaling Technology, Danvers, MA, USA, Cat No. 8114)
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for 1 h at room temperature, and diaminobenzidine (DAB) staining
(Cell Signaling Technology, Cat No. 8059) for 3 min, then the slides were
counterstained with hematoxylin and mounted with neutral balsam. For
immunofluorescence, Alexa Fluor 488-conjugated anti-rabbit secondary
antibody (Invitrogen, USA, Cat No. A31627) was used for fluorescent
labeling for 1 h at room temperature and washed with 1 � PBS, then the
slides were mounted with mounting medium with DAPI (Abcam, Cat No.
ab104139). Finally, Slides were visualized using a confocal microscope
(Carl zeiss, Jena, Germany, LSM880).

2.7. Behavioral analysis

To study possible effects that may be associated with viral encepha-
litis, open field test was used to evaluate spontaneous locomotor
behavior of mice. Mice were placed in a chamber (50 � 50 � 40 cm) and
monitored for movement for 25 min using an infrared camera placed
above the box. The collected data was blindly analyzed for the last 20min
of activity. Experimental tests were performed in the same room, with
lights turned off and after 60 min minimum of space acclimatization.

2.8. Statistical analysis

All quantitative PCR data were analyzed using GraphPad Prism 8
(GraphPad Software Inc, San Diego, CA, USA.) and hypothesis tests were
performed by two-tailed t-test. For GSEA analysis, the Benjamini-
Hochberg (BH) correction was applied to the P-values to account for
multiple hypothesis testing (adjusted P-values). In addition, specific
statistical analysis methods were also described in the figure legends

where results were presented. Values were considered statistically sig-
nificant for P-values or adjusted P-values < 0.05.

3. Results

3.1. Intracranial infection by modified, neural-attenuated HSV-1 viruses in
mice

Since HSE is a result of productive infection of HSV-1 in the CNS, we
explored direct intracranial injection of attenuated HSV-1 to study how
pathogenesis ensues. We introduced the neural-attenuated strain 1716
(wild-type strain 17þ with a 759 bp deletion in ICP34.5 gene) (MacLean
et al., 1991), or modifications of 1716 by intracranial injection. The
modifications were made by inserting in the StyI site downstream of the
LAT promoter a cBh promoter driven RFP gene, either with (LMR-α) or
without (LMR-αΔpA) a 30 poly A signal (Fig. 1A) (Huang X. et al., 2022).
Wild-type or modified virus was injected into the cerebral cortex of
C57BL/6 mice (Fig. 1B), and the effect of viral infection on mouse sur-
vival was then evaluated. All animals injected with 1716, LMR-α and
LMR-αΔpA survived, while the wild type 17þ strain was 100% lethal
within 48 h even at a low dose of only 103 PFU (Fig. 1C), preventing these
mice to be analyzed subsequently, which also indicated that wild type
strain caused stronger and uncontrollable encephalitis. The lethality in
the wild-type virus was due to the neurovirulence of ICP34.5 (Chou et al.,
1990), and ICP34.5 deficient virus, often used for gene delivery, is
avirulent on intracerebral inoculation of mice (Robertson et al., 1992;
McKie et al., 1996). The survival of 1716 and the two modified viruses
injected animals permitted the analyses of the infection and pathogenesis
in a controllable manner.

Fig. 1. Establishment of encephalitis model of neural-attenuated HSV-1 in mice. A Schematic diagram of ICP34.5 deficient recombinant viruses. 17þ is the wild-type
HSV-1 strain, and 17þ variant 1716, which has a 759 bp deletion in ICP34.5 gene. The two RFP gene expression elements shown in the figure were recombined into
the first STY1 restriction site of LAT exon of strain 1716 to obtain LMR-α and LMR-αΔpA strains. CBh, chicken β-actin short promoter; RFP, red fluorescent protein;
poly A, human growth hormone poly A signal. B Establish and validate the intracranial injection mouse model. By intracranial injection, the virus is precisely localized
in the cerebral cortex. The figure shows the wild-type virus infection for 24 h, the green signal indicates HSV-1, and the blue signal indicates nuclear staining. C
Survival rates of mice after intracranial infection. P-values between 17þ and ICP34.5 deficient viruses were calculated by a log-rank (Mantel-Cox) test.
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3.2. ICP34.5 deficient viruses elicited distinct transcriptional responses in
the mouse brain

To analyze how the infection by the three injected viruses unfolded,
and how they differed in infection and host responses over time, we
analyzed the transcriptomes of 5-, 15- and 30-days post-infection (dpi)
samples (Fig. 2A), and found that these samples showed dynamic
changes following infection, and based on these changes, the patterns
could be grouped into mock infected, 5 dpi and 15–30 dpi. To quantify
the effects of virus infection on the host CNS, we subsequently performed
a longitudinal study to correlate quantitative variations in host gene
transcription with the time of virus infection, and found that the largest
impacts of the infection on host genome were on 5 dpi, which decreased
over time, but this trend was not obvious in LMR-αΔpA infection
(Fig. 2B). Therefore, these modified viruses were phenotypically similar
to the 1716 parental strain, that is, they caused minimal or no disease
symptoms but they altered the host transcriptome to varying degrees.

We speculated that the differences were due to early events during
infection, when host responses were strongest, and further analyzed the
biological pathways affected by the infection at 5 dpi by gene set
enrichment analysis (GSEA) (Fig. 2C). We found that these viruses shared
61% of common transcriptome changes, whereas LMR-αΔpA infected
transcriptomes were more diverse compared to the other viruses, with

17.9% of unique changes. Functional analysis showed that during acute-
phase infection at 5 dpi, strong inflammatory responses were induced,
including Toll-like receptor activation, RIG-I activation, and NF-κB acti-
vation (Fig. 2D). When comparing transcriptional changes in these
immunologically relevant gene sets, LMR-αΔpA has the strongest re-
sponses and LMR-α, the weakest (Supplementary Fig. S1A-B). These re-
sults revealed that the neural-attenuated strain could induce strong
innate immune response in treated animals, an expected characteristic of
encephalitis.

To explain why LMR-αΔpA strain elicits a stronger host inflammatory
response, we investigated the biological processes affected, and found
that translation initiation, DNA replication and regulated necrosis were
up-regulated in LMR-αΔpA infected transcriptomes compared to the
other two (Fig. 2E, Supplementary Fig. S1C). Specifically, genes related
to cell cycle and DNA replication, such as Cyclin-A2 (Ccna2),
cyclin-dependent kinase Cdk2, DNA replication initiation protein Cdc45,
etc., and genes related to protein translation, such as polyadenylate-
binding protein Pabpc1, translation initiation factor Eif1 and Eif5, etc.,
and genes related to necroptosis, such as Ripk1 kinase, Caspase-8 and
tumor necrosis factor Tnfsf10, etc., were all up-regulated (Fig. 2F). The
observed genome replication and increased protein production, as well as
host cell death are indicative of viral productive infection in LMR-αΔpA
infected mice CNS.

Fig. 2. ICP34.5 deficient viruses elicit distinct transcriptional responses in mouse brains. A Principal component analysis of the encephalitis model transcriptomic
data. The graph shows clustering of samples under two factors, infection group and time, with each point representing transcriptomic data from one mouse brain. B
Trend analysis of host transcriptional homeostasis under virus infection. The distribution of absolute log2 fold changes for host genes between adjacent time points in
each infection group is shown, which was used to measure changes in the host transcriptome. Lines represent medians, boxes represent 25%–75% intervals, and
whiskers represent 5%–95% intervals. Outliers are not shown. Differences in fold changes were tested by ANOVA. C Venn diagram showing the proportion of GO terms
shared among virus infected samples. Identification of virus infection (5 dpi)-associated biological processes by gene set enrichment analysis, and significantly differed
GO terms (hypergeometric P-value < 0.005) were selected for analysis. D The enrichment network shows shared biological processes of infection by different strains.
Each significantly enriched gene set (hypergeometric P value < 0.005) is represented by a node. Node sizes are proportional to the number of genes within the
respective gene set, and the edges indicate overlapping member genes. Highly similar gene sets tend to form clusters, which were manually circled and labeled with
appropriate summarizing terms. Visualization of GO term networks were performed with the Cytoscape Enrichment Map plug-in (v3.3) (Merico et al., 2010) using a
Jaccard coefficient cutoff of >0.5. Clusters of gene sets were manually marked and named according to their GO annotation using the Cytoscape Word Cloud plug-in
(v3.1). E The enriched network shows biological processes unique affected by the LMR-αΔpA strain. The analysis procedure is as in panel (D). F Heatmap showing
significantly differentially transcribed genes in biological processes unique affected by LMR-αΔpA. Adjust P -value � 0.05 and absolute log2 fold change �2 were used
as thresholds.
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3.3. LMR-αΔpA could establish productive infection in vivo

The ICP34.5 deficient 1716 virus grows normally in tissue culture
cells, but fails to grow following intracerebral inoculation of mice
(Robertson et al., 1992; McKie et al., 1996). To examine whether our
modification render the LMR-αΔpA strain characteristics of productive
infection, we analyzed viral gene expression profiles at 5 dpi, and noted
that, unlike 1716 and LMR-α strains, LMR-αΔpA infected CNS expressed
most viral transcripts (Fig. 3A) in a manner similar to wild-type virus
infected mouse trigeminal ganglia at 3–7 dpi via ocular route, and also to
wild-type virus infected cultured cells (Wang E. et al., 2020). Moderate
levels of a few viral transcripts, such as envelope glycoprotein E (Us8)
and envelope glycoprotein L (Us1), were also observed in 1716 infected
CNS tissues, but were mostly absent in LMR-α infected animals, and
expression of viral transcripts dropped dramatically after 15 dpi
(Fig. 3B). The relative high expression of the entire viral genome indi-
cated a productive infection during acute phase, and, at 30 dpi, very low
levels of viral transcripts suggested that the virus appeared to have
become latent or lost (Robertson et al., 1992; Whitley et al., 1993). To
exclude the possibility that the variation among the three strains were
due to input dosage differences, we measured viral genome copies in
treated animal, and no differences were observed (Fig. 3C).

Next, we measured the viral genome copy number over time, and
found that LMR-αΔpA strain showed an increase of genome copy
numbers at 5 and 15 dpi, indicating that there was indeed viral genome
replication in infected CNS, while the other two strains, 1716 and LMR-α
did not show evidence of replication (Fig. 3D). After 30 days, LMR-αΔpA
genome copies died down to a level similar to the rest. Taken together,
these results suggest that the LMR-αΔpA strain could establish productive
infection, and consequently, caused stronger brain inflammation in

infected CNS indicative of HSE. The LMR-αΔpA specific transcriptome
changes presented earlier were therefore specific to productive infection
in the CNS, and thus represent a typical HSE transcriptome.

3.4. Transcription from an exogenous promoter within the LAT region
caused productive infection of LMR-αΔpA in the CNS

LMR-α and LMR-αΔpA strains are identical except that the latter does
not have the poly A signal and could potentially cause transcriptional
read through, producing more transcripts downstream of the insertion
site. This could be the cause of the observed lytic infection in the CNS,
and subsequent stronger host innate immune response.

The latency-associated transcript (LAT) produces a stable intron and
could be detected in both lytic and latent phase of infection (Farrell et al.,
1991). Normally, the LAT promoter (LAP) drives the 8.5 kb noncoding
RNA that extend all the way through (Perng et al., 1996), but poly A
signal would stop this transcript in the modified strain LMR-α, resulting
in the loss of LAT intron transcript. While in LMR-αΔpA, transcription
would go uninterrupted and produce perhaps more LATs (Fig. 4A). As
expected, in 1716 strain, LAT intron became detectable at 5 dpi, and
accumulated to a much higher level in 15 dpi and only dropped slightly at
30 dpi. In contrast, essentially no LAT intron was detectable in LMR-α
strain infected CNS. On the other hand, in LMR-αΔpA infected CNS,
extremely high level of LAT intron was seen in 5dpi samples, likely due to
the higher expression driven by the inserted promoter, and as a result of
viral replication, however the LAT RNA unexpectedly dropped to a much
lower levels at 15 and 30 dpi (Fig. 4B). We further analyzed the tran-
scriptional coverage in the LAT coding region and found that LMR-αΔpA
had relatively high transcriptional activity not only in the intron region
but also in the entire LAT region (Supplementary Fig. S2A). When

Fig. 3. LMR-αΔpA could establish a productive infection in vivo. A Coverage profiles of viral genome from each infection group. Bedtools (v2.27.1) software and
‘genomecov’ arithmetic was used to compute the depth over the entire HSV-1 genome. Viral genome elements are indicated at the bottom and infection time (dpi) are
shown in the right. Data represents the average count from three biological replicates. B Heatmap reflecting expression intensity of viral genes. C Absolute quanti-
fication of viral genome copy number used for intracranial injection. Data are represented as mean � SD. ns, not significant, * P < 0.05, ** P< 0.01 by two-tailed t-test.
D Quantitative real-time PCR enumeration of viral genome copy number at the indicated time points. The statistical method is the same as in panel (C).
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comparing the ratio of LAT intron transcript amounts to viral genome
copy numbers, LMR-αΔpA also maintained a relatively stable LAT tran-
scriptional activity during infection and was significantly higher in early
infection time than in other infected groups (Supplementary Fig. S2B). In
addition, another unexpected observation was the lack of fluorescence in
LMR-αΔpA infected sample, indicating that the RFP gene was not prop-
erly processed (Huang X. et al., 2022). These evidence suggest that the
exogenous promoter indeed changes the transcriptional activity of the
LAT region.

Additional analyses were done to examine viral gene expression, as
shown before and in Fig. 4C, the number of viral genes above the
threshold of detection was 12 for LMR-αΔpA, 6 for 1716 and only 3 for
LMR-α, suggesting that the loss of LAT intron expression due to the poly A
signal in the insertion cassette resulted in reduction of viral transcription,
while increase intron transcription by the insertion led to more viral gene
expression (Fig. 3A and B). Among these genes, two immediate early
genes, ICP22 and ICP27 were seen consistently expressed in 1716 and
LMR-αΔpA infected brain tissues (Fig. 4D and E, and Supplementary
Fig. S3), while ICP8, essential gene for viral DNA replication, was also
detected, suggesting that LMR-αΔpA was undergoing lytic replication.
This was also confirmed by HSV-1 antigen staining of the infected cere-
bral cortex region (Fig. 4F). These analyses suggest that transcription
through a strong exogenous promoter within the LAT region resulted a
high level of LAT intron and, as a consequence, resulted in productive
infection in infected mouse CNS.

3.5. LMR-αΔpA induced persistent neuroinflammatory responses

To characterize the host immune and inflammatory response
following the infection of 1716, LMR-α and LMR-αΔpA strains, we
analyzed the host transcriptome over the time course of infection, and
found that unlike the gradually diminishing immune response in 1716 and
LMR-α infected animals, LMR-αΔpA infectedmice had persistent immune
activation in theCNS (Fig. 5A). Sincemicroglia is a key innate immune cell
in the CNS that are activated in encephalitis (Wheeler et al., 2018), we
analyzed microglia activation during the course of the infection, and
found that all three strains of viruses activated microglia during early,
acute stage at 5 dpi, but only LMR-αΔpA exhibited persistent activation as
shown by microglia specific genes (Fig. 5B). Analysis of other resident
cells in the CNS, oligodendrocytes, astrocytes and endothelial cells (Zhang
Y. et al., 2014; Sharma et al., 2015) suggested that microglia activation
was specific, and over timemicroglia population increase,while other cell
types remain unchanged (Fig. 5C). Immunostaining of Iba1, a marker for
microglia and recruited monocytes (Chhatbar and Prinz, 2021), which
would differentiate into microglia following infection (Getts et al., 2008),
also confirmed that LMR-αΔpA infectedmouseCNShaddramatic increase
of microglia (Fig. 5D). We conclude that LMR-αΔpA infection resulted in
persistent neuroinflammation.

The persistent inflammation gradually winded down as viral activity
died down. Towards the end of the experiment around 70–90 dpi, HSV-1
genome and LAT intron levels were measured, and found to have

Fig. 4. Functional diffusion of exogenous promoter causes productive infection of LMR-αΔpA. A Schematic representation of the functional diffusion of exogenous
promoter. Regulatory relationships among LAT promoter (LAP), chicken β-actin short promoter (cBh) and LAT intron were shown. LAP, LAT promoter. B LAT intron
transcript numbers were detected by absolute quantification. Data are represented as mean � SD. ns, not significant, ** P < 0.01 by two-tailed t-test. C Line chart
representing the total number of viral genes (read count >10) at the indicated time points. Data are represented as mean � standard deviation (SD), and means were
labeled around points. D Heatmaps reflecting expression intensity of differentially transcribed viral genes. Viral genes with log2 fold change＞ 0 and adjusted P value
� 0.01 were considered differentially expressed and were displayed in the heat map by red color. White areas indicate viral genes that below the differentially
expressed genes (DEGs) threshold. log2FC: log2 fold change. E Absolute quantitative real-time RT-PCR was used to detect the transcription level of ICP27 gene. Data
are represented as mean � SD. ns, not significant, * P < 0.05, ** P < 0.01 by two-tailed t-test. F Detection of HSV-1 antigen in injection sites of mouse brain. The graph
shows the test results at 5 dpi. The red box marks the virus-infected region, and the red arrow marks the virus antigen signal. The HSV-1 antigen-positive cells were
quantified by counting at a one square millimeter frame of view within the injection site. Data are represented as mean � SD. * P < 0.05, and ** P < 0.01 by two-tailed
t-test.
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diminished over time, suggesting that the viruses could not persist over
extended period of time in mouse CNS (Fig. 5E and F).

3.6. Neurological disease risk genes were activated following HSV-1
infection

Since persistent neuroinflammation may lead to neuronal damage
and risk of neurological diseases (Klein et al., 2017), we asked what
specific damages and disease risks would entail after LMR-αΔpA infec-
tion in the CNS, and therefore analyzed the transcriptomes of 30 dpi
tissue samples from LMR-αΔpA infected mouse CNS. We found that at
least 725 genes were specifically altered (Fig. 6A). Functional enrichment
analysis revealed that up-regulated genes were concentrated in immu-
nity, positive regulation of transcription, while down-regulated genes
were related in behavior and neural system function, indicating possible
behavioral decline (Fig. 6B). Indeed, genes related to nervous system
function, such as synaptic adhesion protein Lrrc4b, Neuregulin 1 (Nrg1),
calcium channel Cacng8, and vesicular GABA transporter (Slc32a1) were
all down-regulated in LMR-αΔpA infected groups as compared to control,
1716 or LMR-α infected samples (Fig. 6C, and Supplementary Fig. S4A).
Among up-regulated genes, Ripk1 and Ripk2 kinases (Li J. et al., 2012),
and tumor necrosis factor-alpha converting enzyme (ADAM17) (Asai
et al., 2003) are involved in amyloid formation in addition to necroptosis
(Fig. 6C and Supplementary Fig. S4B-F). Further, we found strong in-
crease in abnormal leukocyte morphology and immunity induced by
LMR-αΔpA infection.

Importantly, encephalitis, memory impairment, amyloidosis, Alz-
heimer's disease, and neurodegenerative pathways were also increased

(Fig. 6D), suggesting that persistent neuroinflammation induced by LMR-
αΔpA infection could not only trigger acute neurological damage but also
increase neurodegenerative disease risk in the CNS. Thus, HSV-1 infec-
tion is indeed a risk factor for these diseases.

3.7. LMR-αΔpA infection caused neuronal damage and abnormal
autonomic behavior

ICP34.5 is a strong inhibitor of host autophagy, and its deletion will
make the virus and infected cells easily cleared from the nervous system
(Alexander and Leib, 2008). This likely explains why these viruses could
not persist over extended period of time in these experiments, while the
wild-type virus establishes lifelong infection in human. To examine
whether there is indeed neuronal loss in infected animals as a result, we
did NeuN staining in the cerebral cortex section near the injection sites of
infected animals at 60 dpi, when viruses were almost entirely removed
(Fig. 5E and F). We observed a severe reduction of the number of neurons
in the LMR-αΔpA group, while a slight reduction in 1716 and LMR-α
groups were also noted (Fig. 7A). Therefore, HSV-1 productive infection
and persistent inflammation caused neuronal loss.

To measure the spontaneous behavioral consequences of the neuronal
loss from the cerebral cortex, we did open field test (Smialowski, 1989) to
quantify the total distance moved (Fig. 7B), average speed (Fig. 7C),
duration of movement (Fig. 7D), distance in the central area (Fig. 7E),
distance in the outer ring (Fig. 7F), totally rest time (Fig. 7G), and finally,
rest time in the corners (Fig. 7H). We found that both 1716 and
LMR-αΔpA infected mice showed prolonged rest time in the corners,
indicating decline of motor neuron function (Fig. 7H). LMR-αΔpA

Fig. 5. LMR-αΔpA induces persistent neuroinflammatory response. A Heatmap shows trends in host immune response following viral infection. Gene set enrichment
analysis based on the KEGG pathway database, and immune signaling pathway were selected. B Heatmap analysis of transcriptional changes in microglia marker
genes. The list of microglia signature genes in the mouse brain was obtained from the CellMarker database (Zhang X. et al., 2019). C The bar graph represents the
changes in the mean percentages of selected brain cells. Differences between LMR-αΔpA infection and PBS-treated groups were analyzed, and two-tailed t tests were
conducted to test significance. D Microglial cells were identified with immunofluorescence staining. The brains of infected mice were harvested at 30 dpi to detect the
enrichment of microglia at the injection site in cerebral cortex, and graphs show the difference between 1716 and LMR-αΔpA infection. Iba1, microglial marker. The
Iba1-positive cells were quantified by counting at a one square millimeter frame of view within the injection site. E Absolute quantification of viral genome copy
number in late-phase infection. Data are represented as mean � SD. ns, not significant. F Absolute quantification of LAT intron transcripts in late-phase infection. Data
are represented as mean � SD. * P < 0.05, ** P < 0.01 by two-tailed t-test.
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infected mice also showed tendency to move less (Fig. 7B), although not
significant, to spend less time in the central area (Fig. 7D), and increased
total rest time (Fig. 7G). These analyses revealed that in LMR-αΔpA, and
less so in 1716 infected mice, neuronal losses led to behavioral changes
characteristic of less autonomous activity and functional decline in
affected region of the cortex.

4. Discussion

In this study, we analyzed the ICP34.5 deficient strain of HSV-1,
together with two modified versions of this virus, in an attempt to
create a controllable, non-lethal HSV-1 infection in the CNS to mimic
pathogenesis of HSE. We found that the modified strain, LMR-αΔpA,
initiated a moderate level of lytic replication, which activated stronger
host immunity and neuronal inflammation characterized by persistent
microglia activation that last over 30 days. This resulted in the activation
of pathways leading to amyloid protein production, neural damage,

Alzheimer's disease and neurodegeneration, and ultimately the animals
suffered neuronal loss and decreased spontaneous motor capacity.

So far, mouse models for HSE are generally established by intranasal
or intracerebral infection (Kollias et al., 2015; Mancini and Vidal, 2018).
After intranasal infection with wild-type HSV-1 17þ, necrotic foci and
mild neuroinflammation were observed in the trigeminal ganglion and
olfactory bulb one week post infection, and about half of the mice died
within 10 dpi, exhibiting multiple, diffused regional infection and in-
flammatory responses in the CNS (Armien et al., 2010). Considering the
strong virulence of wild-type HSV-1 in the mouse CNS, a pseudorabies
virus mutant has been used to create a more controllable mouse model of
HSE via intranasal route and caused mild to moderate clinical signs, and
infected mice also exhibited abnormalities in behavior and activity levels
(Sehl et al., 2020; Sehl-Ewert et al., 2022). However, these models of
infection produced unpredictable foci of infection, making precise anal-
ysis of infected tissue impossible. The clinical symptoms and neurological
sequelae caused by HSE can vary depending on the infected brain zones

Fig. 6. Potential neurological risk is activated during viral infection. A Venn diagram indicates shared DEGs among the three ICP34.5 deficient viruses at 30dpi;
heatmap represents an expression pattern of 725 genes that were differentially expressed only in LMR-αΔpA infected samples. B The enriched network shows bio-
logical processes of the 725 genes in panel (A). Gene functional enrichment analysis was performed using g:Profiler (Raudvere et al., 2019), and the network diagram
was drawn in the same way as described in panel (Fig. 2B). C Heatmap reflecting expression intensity of key genes of LMR-αΔpA infection-related biological functions.
D Gene-disease phenotypic association analysis of host transcriptome affected by viral infection. The mouse genes were mapped to their human orthologs, and then
disease pathway enrichment was analyzed by gene set enrichment analysis.
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(Bohmwald et al., 2021). The HSEmodel established by indirect infection
is hard to achieve HSV-1 infection in specific CNS regions, while direct
intracranial injection of wild-type virus results in rapid death of all ani-
mals (Fig. 1C). Although intracranial injection of ICP34.5-deficient virus
can ensure animal survival, the virus fails to replicate in CNS and unable
to cause encephalitis (McKie et al., 1998). The modified
ICP34.5-deficient virus we used has the ability to undergo lytic replica-
tion in vivo, and induce encephalitis symptoms and neuronal loss.
Therefore, with precise infection and pathogenic location, our encepha-
litis model enables a more controllable viral infection progression, which
could easily be reproduced and manipulated for different purposes.
Future studies could be focused on the details from viral activation to
neuronal inflammation and finally neuronal damage.

ICP34.5 is the major HSV-1 neurovirulent factor (Chou et al., 1990;
MacLean et al., 1991) that prevents host protein shutoff mediated by
PKR/eIF-2α pathway by recruiting protein phosphatase 1 (PP1) (Cassady
et al., 1998; He et al., 1998). It also inhibits autophagy by antagonizing
PKR/eIF-2α pathway (Talloczy et al., 2006) and interacting with Beclin-1
(Orvedahl et al., 2007), which enables HSV-1 to replicate in neurons in
vivo (Alexander and Leib, 2008). ICP34.5 deletion renders HSV-1 inca-
pable to replication in the CNS (Robertson et al., 1992) and thus this
deletion strains, has been used as vectors in gene delivery in clinical
therapy (McKie et al., 1996). Our modification, i.e., inserting a strong
promoter driving RFP gene in the LAT region, partially reversed the effect
of ICP34.5 deletion, allowing the virus to be moderately active without
producing the lethal effect as do by the wild-type HSV-1. This is likely
due to the activation of genome-wide transcription and the expression of
other viral genes including ICP0 (Waisner and Kalamvoki, 2019) and
US11 (Lussignol et al., 2013), which also inhibit host autophagy and
could compensate for the loss of ICP34.5 function, allowing viral repli-
cation to proceed. Overall, we demonstrated that the exogenous pro-
moter and the poly A sequence deletion produced read-through effects

and altered viral gene transcription, which eventually led to the notable
differences among the ICP34.5 deficient viruses.

As infection progress, we noted that viral transcription gradually died
down, possibly as a result of host immune responses, including activation
of PKR/eIF-2α pathway and interferon pathway (Gale and Katze, 1998),
which inhibit viral activity. The virus could also be removed by host
autophagy leading to its ultimate disappearance from the infected CNS
(Alexander and Leib, 2008). These viral-host interactions are likely to
play out in the natural HSE pathogenesis among viral factors, including
ICP34.5, ICP0 and US11, as well as host autophagy, host interferon
responses.

In the LMR-αΔpA infected samples, we observed significant neuronal
loss. We speculate that this is due to lytic infection induced necroptosis.
The ICP6 protein is known to activate necroptosis (Wang X. et al., 2014),
and the difference in mouseMLKL gene (from human) makes mouse cells
more susceptible to necroptosis (Huang Z. et al., 2015). Indeed, tran-
scriptomic data revealed the expression of necroptotic genes, conse-
quently, neuronal cell death and strong inflammatory activation is seen.
Another factor leading to persistent inflammatory responses is the
expression of viral immediate early genes ICP22 and ICP27, which are
expressed at high levels (Fig. 4D and E), the former promotes viral
transcription while inhibits host transcription (Orlando et al., 2006), the
latter inhibits host mRNA processing while ensures viral mRNA export
from the nucleus (Sandri-Goldin, 1998). Both work together to allow
viral transcription program to proceed. Interestingly, both ICP22 and
ICP27 are located near the insertion site in the LAT gene, and the strong
promoter driving the RFP gene could potentially render the local chro-
matin more active, leading to high level of transcription of these two IE
genes.

The symptoms and neurological sequelae of encephalitis can vary
depending on the brain zone affected (Bohmwald et al., 2021) and the
duration of infection. In our study, the neuronal loss in the cerebral

Fig. 7. LMR-αΔpA infection causes neuronal damage and abnormal autonomic behavior. A Neurons were identified with immunofluorescence staining. Brain tissues
were collected at 60dpi and density of neurons at the injection site were detected. NeuN, neuron marker. The NeuN-positive cells were quantified by counting at a one
square millimeter frame of view within the injection site. Data are represented as mean � SD. ns, not significant, ** P < 0.01 by two-tailed t-test. B–H Changes in
autonomic behavior of mice after virus infection were assessed using open field test. Open field testing was performed at 90 dpi and each group contained at least 8
mice. B, Total distance moved in the open field; C, Average moving speed in the open field; D, Time in the central sector of the open field; E, Total distance moved in
the central area; F, Total distance moved in the out ring; G, Total time resting; H, Total time resting in the four corners. Data are represented as mean � SD. P value is
calculated by two-tailed t-test.
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cortex near the injection site mainly affected autonomous motor activity
(Fig. 7). We also tested the effect on learning and memory function by
Barnes maze tests (data not shown), but these animals did not show any
decline, likely due to the fact that the injection site was in the cortex and
the hippocampus are spared. However, this study has paved the way to
future analysis on the effects of HSV-1 infection in the hippocampus and
how it may impact learning and memory, and cognitive function by
simple alteration of the injection site.

Accumulating evidence links HSV-1 infection, neuronal inflammation
and neurodegenerative diseases. People with untreated herpes reac-
tivation tended to have a higher risk of developing Alzheimer's disease
(Tzeng et al., 2018), suggesting that HSV-1 activity is a key risk factor. In
a mouse model, induction of HSV-1 repetitive activation by thermal
stimulation results in Alzheimer's disease pathology in the CNS and
changes in animal behavior (De Chiara et al., 2019). Our study demon-
strated that the modified HSV-1 could induce pathways leading to
amyloidosis, Alzheimer's disease and neurodegenerative diseases in wild
type mouse. Previous studies also using Alzheimer's disease mice model
shows that HSV-1 catalyzed the aggregation of the amyloid β-peptide
(Ezzat et al., 2019). In our model, viruses disappear over time, likely
cleared by immune system, together with inflammation and neuronal
damage. Whether these events occur in human infection is not possible to
study, but repeated viral reactivation from trigeminal ganglia could
provide repeated infection in the CNS, and overtime, lead to lasting
damage and onset of neurodegenerative disease including Alzheimer's
disease. We predict that repeated injection in of the modified HSV-1 into
the hippocampus could lead to stronger stimulation of genes associated
with Alzheimer's disease, amyloidosis, and neurodegenerative diseases,
and possible development of Alzheimer's disease in mice.

5. Conclusions

In this study, we characterized viral activity and persistent neuro-
inflammation caused by intracerebral inoculation of a modified ICP34.5
deficient stain of herpes simplex virus. The modification introduced an
RFP gene with poly A signal deletion driven by an exogenous promoter,
which induced viral ICP22 and ICP27 expression, and a moderate pro-
ductive infection from an otherwise relatively dormant mutant strain.
The viral activity induced by this modification resulted in a month-long
inflammatory response characterized by microglia activation and
neuronal damage, and behavioral changes characteristic of motor func-
tion decline. The virus also induced gene expression in the pathways of
amyloidosis, Alzheimer's disease and neurodegeneration. Therefore, this
modification created a model to study herpes simplex encephalitis, and
potentially the causal relationship between herpes simplex virus infec-
tion and neurodegenerative diseases.
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