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Abstract

Extensive research provides evidence that neuroinflammation underlies numerous brain disorders. However, the molecular
mechanisms by which inflammatory mediators determine synaptic and cognitive dysfunction occurring in neurodegenera-
tive diseases (e.g., Alzheimer’s disease) are far from being fully understood. Here we investigated the role of interleukin 1
(IL-1p), and the molecular cascade downstream the activation of its receptor, to the synaptic dysfunction occurring in the
mouse model of multiple Herpes simplex virus type-1 (HSV-1) reactivations within the brain. These mice are characterized
by neuroinflammation and memory deficits associated with a progressive accumulation of neurodegenerative hallmarks
(e.g., amyloid-p protein and tau hyperphosphorylation). Here we show that mice undergone two HSV-1 reactivations in the
brain exhibited increased levels of IL-1f along with significant alterations of: (1) cognitive performances; (2) hippocampal
long-term potentiation; (3) expression synaptic-related genes and pre- and post-synaptic proteins; (4) dendritic spine den-
sity and morphology. These effects correlated with activation of the epigenetic repressor MeCP2 that, in association with
HDACA4, affected the expression of synaptic plasticity-related genes. Specifically, in response to HSV-1 infection, HDAC4
accumulated in the nucleus and promoted MeCP2 SUMOylation that is a post-translational modification critically affecting
the repressive activity of MeCP2. The blockade of IL-1 receptors by the specific antagonist Anakinra prevented the MeCP2
increase and the consequent downregulation of gene expression along with rescuing structural and functional indices of
neurodegeneration. Collectively, our findings provide novel mechanistic evidence on the role played by HSV-1-activated
IL-1p signaling pathways in synaptic deficits leading to cognitive impairment.
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IL-1R Interleukin 1 receptor

iNOS Inducible nitric oxide synthase
MeCP2  Methyl CpG binding protein 2
TSs Thermal stresses
Introduction

Accumulating evidence indicates that neuroinflammation
plays a critical role in the onset and progression of many
neurodegenerative and neuropsychiatric illnesses [1].
Microglial activation and overexpression of pro-inflamma-
tory cytokines occurring in response to CNS insults may
disrupt synaptic plasticity, subsequently resulting in cog-
nitive decline [2]. Among the mediators of inflammation
leading to neuronal damage, the proinflammatory cytokine
interleukin-1p (IL-1p), produced and released in the brain by
activated astrocytes and microglia, has been demonstrated to
inhibit synaptic strength and long-term potentiation (LTP)
after binding its receptor (IL-1R) that is widely expressed in
the hippocampus [3, 4]. Elevated levels of IL-1§ have also
been detected in patients affected by memory deficits such
as mild cognitive impairment and Alzheimer’s disease (AD),
thus suggesting that IL-1p overproduction may be an early
factor concurring to AD pathogenesis and progression [5, 6].
Despite these clues, the molecular mechanisms triggered by
immune system activation and leading to synaptic dysfunc-
tion and cognitive deficits have not been fully understood
yet. To get insights into the role of IL-1f in synaptic dys-
function, we took advantage of a mouse model of recurrent
Herpes simplex virus type-1 (HSV-1) replication within the
brain, induced by thermal stress (TS). These mice exhibited
neuroinflammation (e.g., astrogliosis and elevated levels of
IL-1p and IL-6) and memory deficits along with accumula-
tion of amyloid-f protein (Ap), and hyperphosphorylated
tau (pTau) in several brain areas including hippocampus and
neocortex that increased with the number of viral reactiva-
tions [7].

The protocol of HSV-1 infection and reactivation, origi-
nally set up in BALB/c mice was subsequently applied to
C57BL/6 and APP knockout mice to study the effects of
HSV-1 on adult hippocampal neurogenesis [7—10]. Hal-
ford and co-workers also reported that HSV-1 enters, rep-
licates, spreads, and establishes latent infections with vir-
tually identical efficiencies in both C57BL/6 and BALB/c
mice [11]. These findings demonstrate that the effects of
HSV-1 and its ability to induce an AD-like phenotype are
not strain-dependent.

Here, we report that in C57BL/6 mice IL-1p negatively
impinges on synapse function and structure by upregulat-
ing the expression of the epigenetic repressor methyl-CpG
binding protein 2 (MeCP2), a DNA binding protein that
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promotes methylation-associated gene inactivation. Of note,
all molecular, structural, electrophysiological, and behavio-
ral indices of synaptic dysfunction in HSV-1-infected mice
were rescued by the pharmacological blockade of the IL-1R.
We also found that following HSV-1 infection the histone
deacetylase 4 (HDAC4), whose alterations are correlated
with synaptic dysfunction, memory impairment and inflam-
mation [12—14], accumulates in the nucleus and promotes
SUMOylation of MeCP2 thus contributing to the repression
of target genes and the synaptic dysfunction observed in this
mouse model of neuroinflammation.

Materials and methods
In vivo mouse model of recurrent HSV-1 infection

The mouse model of recurrent HSV-1 infection in the brain
was established in male C57BL/6 mice as already described
[7, 8]. Mock-infected mice were used as controls. For experi-
ments involving IL-1R blockade, both mock- and HSV-1-in-
fected mice were treated with Anakinra (30 mg/kg, i.p.) for
3 consecutive days close to each TS, specifically: the day
before, the same day, and the day after TS (Fig. S1).

Behavioral tests

Y maze, Novel Object Recognition (NOR) and Fear Con-
ditioning (FC) paradigms were performed as in [15-17]. In
the NOR test, on day one, animals were familiarized for
10 min to the test arena (45X 45 cm). On day 2 (training
session), two identical objects were placed symmetrically
in the central part of the arena and each mouse was allowed
to explore for 8 min. On day 3 (test session), a new object
replaced one of the old objects. The animals were allowed
to explore for 8 min and a preference index (PI), calculated
as the ratio between time spent exploring the novel object
and time spent exploring both objects, was used to measure
recognition memory. Associative learning was assessed by
contextual and cued FC test. On the first day (training), mice
were placed in the conditioning chamber for 2 min before
the onset of a discrete tone (conditioned stimulus, CS) at
2000 Hz, lasting for 30 s. In the last 2 s of the CS, mice
were given a foot shock (unconditioned stimulus, US) of
0.70 mA through metal floor bars. After the CS/US pairing,
mice were left in the conditioning chamber for 30 s and then
they were placed back in their home cages. On the second
day, the contextual fear learning was evaluated: mice were
placed back in the conditioning chamber, without CS pres-
entation, and their freezing behavior, defined as the absence
of all movements except for that necessitated by breathing,
was measured for 5 consecutive min. On the third day, cued
fear learning was evaluated: mice were placed in a novel
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context for 2 min (pre-cued) and then they were exposed to
the CS for 3 min (cued), and freezing was measured. Both
tests were recorded and analyzed using ANY-maze (Stoelth-
ing, Wood Dale, IL, USA) by an experimenter blind to treat-
ments. For the evaluation of spatial working memory we
employed the Y-maze test. Briefly, the animals were allowed
to explore the 3 arms of a Y-shaped apparatus for 8 min
made of non-transparent white plexiglas. The number and
order of entrances within the 3 different arms were recorded.
Spontaneous alternations behavior was then quantified as
percentage of the number of correct triplets, defined as
sequential entrances within the 3 different arms divided by
the number of total entrances minus 2. A higher percentage
of spontaneous alternations reflects an intact spatial working
memory ability. Between each animal, the apparatus was
cleaned using a 70% ethanol solution.

Electrophysiological recordings

LTP recordings were performed on 400 pm-thick hippocam-
pal coronal slices from mock- and HSV-1-infected 4-month-
old mice as in [18, 19]. To study LTP in CA3-CA1 syn-
apses, field excitatory postsynaptic potentials (fEPSPs) were
recorded in the CA1 stratum radiatum by a glass capillary
filled with artificial cerebrospinal fluid in response to stimu-
lation of the Schaffer collaterals by a bipolar tungsten elec-
trode. First, the input—output relationship was constructed
and the stimulation intensity that elicited one-third of the
maximal response was used for delivering test pulses every
20 s. After achieving a stable baseline response, LTP was
induced by using the High Frequency Stimulation (HFS)
protocol (one train of stimuli at 100 Hz, lasting 1 s, repeated
four times with an inter-train interval of 10 s). LTP magni-
tude (measured at 55—60 min after induction) was expressed
as the percentage change in the mean fEPSP peak ampli-
tude normalized to baseline values (i.e., mean values for
the last 10 min of recording before HFS). Recordings were
performed in current clamp I =0 mode, using a Multiclamp
700B/Digidata 1440 B system (Molecular Devices, San Jose,
CA, USA).

Western blot

Western blot (WB) analysis was performed on hippocam-
pal tissues as in [9, 10, 20-23]. Equal amounts of proteins
(30-50 pg) were diluted in Laemmli buffer, boiled, and
resolved by SDS-PAGE. The primary antibodies (Table S1)
were incubated overnight at 4 °C and revealed with HRP-
conjugated secondary antibodies (Cell Signaling Technol-
ogy Inc. Danver, MA). Protein expression was evaluated by
using UVItec Cambridge Alliance. Molecular weights were
identified using precision Plus Protein Dual Color Standards
(Bio-Rad, Hercules, CA, USA). Data are reported as “fold

induction” vs. control. WB experiments were performed in
four independent replicates. The total number of samples
analyzed (number of mice) for condition is reported in the
figure legends.

mRNA isolation and first strand cDNA synthesis

Hippocampal tissues from mock- and infected animals
treated and untreated with Anakinra were homogenized
in Trizol (Thermo Fisher Scientific, Waltham. MA, USA)
and total RNA was isolated according to the manufacturer's
instructions. cDNA was synthesized using a High-capacity
cDNA reverse transcription kit (Applied Biosystems, Foster
City, CA, USA) for real time PCR or using RT? PCR Array
First Strand Kit (Qiagen, Hilden, Germany) to perform RT?
Profiler PCR Array. See details in Supplementary Material
and Methods.

Real-time quantitative PCR

Quantitative real-time PCR amplifications were performed
as described in [8] using specific primers (Table S2) and
the Power SYBR™ Green PCR Master Mix (Applied Bio-
systems) on AB7500 instrument. Samples were run in trip-
licate and relative mRNA levels for genes of interest were
normalized to glyceraldehyde 3-phosphate dehydrogenase
and rRNA 18S and calculated by using the 2724 method.

Immunohistochemistry

Hippocampal slices were processed for immunofluorescence
(IF) as in [8]. See Supplementary Material and Methods for
details.

Golgi-Cox staining for spine density
and morphology

Immunocytochemistry and morphological spine classifica-
tion were carried out as in [24]. The number of dendritic
spines was counted in blind in both apical and basal den-
drites of CA1 pyramidal neurons. Images were captured
through a 100 X oil-immersion objective and analyzed by
Image J (NIH).

ELISA assay
Murine IL-1f concentration was determined by ELISA kit

(Immunological Sciences, Rome, Italy) according to the
manufacturer’s instructions.
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Co-Immunoprecipitation

Co-Immunoprecipitation (Co-IP) experiments and the
relative association between proteins were performed as in
[25]. Brain-isolated hippocampi were lyzed in RIPA buffer
(10 mM Tris—HCI1 (pH 7.4), 140 mM NaCl, 1% tritonX100,
0.1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) sup-
plemented with 1 mM PMSF and protease inhibitor cocktail.
Co-IP experiments were performed using 3 pg of antibody
for 400 pg of protein extract. Immune complexes were puri-
fied using the Ademtech's Bio-Adembeads paramagnetic
bead technology. Equal amounts of protein extract samples
were immunoprecipitated with the corresponding purified
IgG and used as a negative control (Santa Cruz; Dallas,
Texas, USA). Total sample inputs were run in the WB as
loading controls. In Co-IP experiments, the relative associa-
tion between proteins was performed calculating the band
OD ratio between the target proteins and the bait (HDAC4).

SUMOylation assay

Samples were extracted in RIPA buffer containing 1% SDS
plus a protease inhibitor mix and 50 mM N-Ethylmaleimide
(NEM) to block SUMO proteases. Lysates (500 ug of total
protein) were subjected to immunoprecipitation using anti-
MeCP2 antibody (3 pg/sample) crosslinked to paramagnetic
beads (Bioadembeads) over-night. The immune complexes
were washed and eluted according to the manufacturer’s
instruction and used in WB experiment to detect SUMO-
lylation using anti-SUMO-1 antibody and the amount
of bait (MeCP2) immunoprecipitated with anti-MeCP2.
SUMO-1-MeCP2 was identified as molecular bands above
75 KDa running slower than the unmodified protein. The
ratio of OD values from SUMO-1 and MeCP2 signals was
used to calculate the SUMOylation index.

Nuclear-cytoplasmic fractioning

Nuclear and cytosolic fractions were prepared from hip-
pocampi with the NE-PER kit (NE-PER ThermoFisher)
according to manufacturer’s instructions.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were car-
ried out as in [26]. Tissues were resuspended in 200 pl lysis
buffer containing 1% SDS, 50 mM Tris—HCI pH 8.0, and
10 mM EDTA and sonicated on ice with six 10-s pulses
with a 20-s interpulse interval. Sample debris was removed
by centrifugation and supernatants were precleared using
protein G-Sepharose 4B beads (Sigma-Aldrich) for 1 h at
4 °C. Two pg of HDAC4 antibody were added overnight
at 4 °C. Immune complexes were collected by incubation
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with protein G-Sepharose 4B beads for 2 h at 4 °C. After
seven washes, immunoprecipitated complexes were isolated
from beads by vortexing in 150 pL of elution buffer (1%
SDS and NaHCO3 0.1 M; pH 8.0). After addition of NaCl,
lysates were incubated overnight at 65 °C to reverse protein-
DNA cross-linking. PCR DNA fragments purification kit
was used to recover chromatin fragments (Geneaid Biotech
Ltd, Xizhi District, New Taipei City, Taiwan). PCR condi-
tions and cycle numbers were determined empirically, and
each PCR reaction was performed in duplicate. Data are
expressed as percentage of input calculated by the “Adjusted
input value” method according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific ChIP analysis). The C, value
of the input was subtracted by 6.644 to calculate the adjusted
input (i.e., log2 of 100). The percent input of control and IP
samples was then computed using the following formula:
100 %2 (adjusted input — C, (ChIP)). The percent input of
the No-antibody samples was calculated using the formula
100 %x 2 (adjusted input — C, (NoAb)). Primers used for pro-
moter analysis are indicated in Table S2.

Statistical analysis

Statistical significance was assessed by using the appropriate
statistical analysis for the various comparisons. The equal
variance between groups and normal distribution of data
was checked by the Shapiro—Wilk test before performing
statistical analysis. The statistical tests used (i.e., Student’s
t test, Mann—Whitney Rank Sum Test, two-way ANOVA)
are indicated in the main text and in the corresponding fig-
ure legends for each experiment. The number of repetitions
(n) for each experimental condition is reported in the figure
legends.

Two-way ANOVA test with Student—-Newman—Keuls
post-hoc correction was used to compare multiple groups,
whereas for experiments that included fewer than 10
observations, or for non-normally distributed data, the
Mann—Whitney Rank Sum Test or Kruskal-Wallis One
Way Analysis of Variance on Ranks were used. Data were
expressed as mean + SEM. The level of significance was set
at p less than 0.05. Statistical comparisons and analyses were
carried out with SigmaPlot software 14.0.

Results

HSV-1-induced increases of IL-1f impair
hippocampal-dependent memory in mice

We first checked whether repeated HSV-1 reactivations in
the brain of C57BL/6 mice, already demonstrated to be
vulnerable to hippocampal HSV-1 infection [11], triggered
neuroinflammation by focusing on the pro-inflammatory
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cytokine IL-1p, whose elevated levels have been reported
to impair neuronal plasticity and memory [27]. Hippocam-
pal tissues of HSV-1-infected mice analyzed 24 h after the
2nd TS (2TS) exhibited increased levels of IL-1p, evalu-
ated by ELISA assay, with respect to mock-infected ones
(20.9+1.1 vs. 5.8 +2.1 pg/mg, respectively; p=7.9x 107,
that returned to control values one week later (8.8 +0.8 vs.
9.2+ 1.6 pg/mg in mock- and HSV-1-infected mice, respec-
tively; p=0.63; Fig. 1A).

We previously reported in a different mouse strain
(BALB/c) that HSV-1 infection induced impairment of
cognitive functions but the underlying molecular mecha-
nisms were not investigated [7]. To address the link between
increased levels of IL-1p and cognitive dysfunction in our
experimental model we studied the effects of HSV-1 infec-
tion on cognitive function of C57BL/6 mice by an array of
behavioral tests assessing recognition, spatial working, and
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associative memory, i.e., NOR, Y-maze and FC paradigms,
respectively. By looking at recognition memory, one week
after 2TS the preference index (PI) for the novel object was
significantly decreased in infected mice compared to con-
trols (57.1+2.1 vs. 65.8 +2.1, respectively; p=1.2% 1073;
Fig. 1B), and this difference was still significant three weeks
later (52.24+1.8 vs. 62.0 +2.3, respectively; p=4.1 X 1074
Fig. 1C). Infected mice also exhibited altered spatial working
and associative memory, as demonstrated by a reduced per-
centage of spontaneous alterations in Y-maze test (59.4 +2.9
vs. 70.5+2.6, p=6.5X 107 Fig. S2A), as well as a lesser
freezing behavior (% time) in the contextual FC paradigm
(30.5+£3.0 vs. 41.9+3.1; p=1.1x107; Fig. S2B) with
respect to mock-infected ones. Instead, amygdala-dependent
memory, assessed in the same mice 24 h after contextual
FC, was not affected (Fig. S2C). Looking for a correlation
between the increased hippocampal levels of IL-1f and

(9]

[0 Mock

W HSV-1

[ Mock + A
HSV-1 + A

90,
801
70
60
50+
40
301
201
101

Preference index (%)
3 weeks post-2TS

eMock +A eHSV-1+A E

350 ﬂf V 4’\[’ V;mv

5ms

-10 0 10 20 30
Time (min)

Fig. 1 Inhibition of IL-1R restores LTP and hippocampal-dependent
memory in HSV-1-infected mice undergoing 2TS. A Bar graph show-
ing IL-1p levels in hippocampal homogenates from mock- and HSV-
l-infected mice sacrificed 24 h (n=5 for each group) and 1 week
(n=3 and 4, respectively) after 2TS; B, C Bar graphs showing the
mean values of PI for the novel object in NOR test performed: B
1 week after 2TS (n=16 mock, n=15 HSV-1, n=10 mock+ A and
n=12 HSV-1+A); C 3 weeks after 2TS in mock- and HSV-1-in-
fected mice treated and untreated with Anakinra (n= 13 mice/group);
D mean time course of fEPSP amplitude before and after high-fre-

50 60

quency stimulation (indicated by arrow) in hippocampal slices from:
mock- (n=15 slices from 7 mice) and HSV-1-infected mice (n=15
slices from 6 mice) and mice treated with Anakinra [mock+A (n=11
slices from 8 mice) and HSV-1+A (n=15 slices from 7 mice)]
sacrificed 1 week after 2TS; E Bar graphs showing mean LTP in
the last 5 min of recording in controls and infected mice. *p <0.05,
#p<0.01 and ***p<0.005 vs. mock; Sp<0.05 vs. mock+A;
#p<0.05 and #p <0.005 vs. HSV-1 assessed by Mann—Whitney Rank
Sum Test (A) and by two-way ANOVA followed by Student-New-
man-Keuls post-hoc (B-E). n.s. not significant difference
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memory impairment observed in HSV-1-infected mice, we
treated animals with Anakinra, a pharmacological inhibitor
of IL-1R, already used to treat chronic or acute inflamma-
tory diseases [28, 29]. The efficacious dose of Anakinra in
C57BL/6 mice (30 mg/kg) was identified by studying its
ability to counteract the IL-1f-dependent increase of the
inducible nitric oxide synthase (iNOS, [30]) observed in
the brain of infected mice (+ 128% with respect to controls;
p=4.0x1073; Fig. S3A, B). Before studying the effects of
Anakinra on memory of HSV-1-infected mice, we tested
whether this drug inhibited viral replication by evaluating
the virus titer in the supernatants of infected cultured murine
neurons in the presence or not of Anakinra (1.49 mg/ml)
that were 2.4 x 10% and 1.5 x 10? plaque forming units/ml,
respectively, 24 h post infection (p > 0.05, data not shown).

Recognition memory was not ameliorated by Anakinra
treatment one week after 2TS (49.3+3.9 vs. 66.0+2.5,
p=2.3%1073 in HSV-1- and mock-infected mice, respec-
tively; Fig. 1B) but it was significantly improved three weeks
later. At this time point, the PI of infected mice treated with
Anakinra was significantly higher than in HSV-1 mice
untreated with the IL-1R blocker (63.0+2.7; vs. 52.2+ 1.8,
p=1.8x10"*) and it was not significantly different from
that of mock-infected mice treated with Anakinra only
(60.4+3.0; p=0.45; Fig. 10).

HSV-1 infected mice exhibit structural
and functional synaptic defects induced by IL-1

To get insights on the detrimental effects of HSV-1 infec-
tion on memory, we studied LTP at CA3-CA1 hippocampal
synapse that is considered the cellular correlate of learn-
ing and memory [31]. In brain slices obtained from HSV-
1-infected mice one week after 2TS, synaptic plasticity was
significantly lower than in those from mock-infected mice,
with LTP being 47.3 +6.4% vs. 98.0 + 12.4% greater than
baseline, respectively (p=2.1x 107 vs. mock-infected ones;
Fig. 1D, E). Hippocampal LTP deficits in infected mice were
also associated with a significant downregulation of genes
related to synaptic functions. By using the mouse Syn-
aptic Plasticity RT? Profiler PCR Array, we analyzed the
expression of a panel of genes critical for LTP and long-
term depression, the expression of neuronal receptors and
synaptic remodeling. Out of 84 genes analyzed, 6 immedi-
ate early genes (ARC, EGR1, EGR2, FOS, NR4A1, PIM1)
and 2 postsynaptic density regulatory genes (ADAMI10,
ARC) were significantly decreased in hippocampal tissue
of infected mice undergoing 2TS (Table 1). Given that syn-
aptic plasticity relies on molecular and structural changes
occurring at the synapse [32], we further characterized our
mouse model of HSV-1 brain infection in term of synaptic
protein expression and dendritic spine density. WB analy-
ses revealed a significant reduction of synapsin-1 (SYN1)
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Table 1 Recurrent HSV-1 infection downregulates synaptic plastic-
ity-related genes

Synaptic plasticity genes Fold change p value
ADAM10*>¢ —-2.30 0.04
ARC*¢ —-6.56 0.0009
EGR1¢ —3.64 0.006
EGR2¢ —19.81 0.036
FOS¢ —11.69 0.035
NR4A1¢ —3.83 0.007
PIM1¢ —3.35 0.008

Mouse synaptic plasticity genes were downregulated in HSV-1
infected mice undergone 2TS: of out of 84 genes analyzed, catego-
rized in 10 groups, only the genes significantly downregulated were
shown in this table. p <0.05 vs. mock-infected mice

Cell adhesion
PExtracellular matrix and proteolytic processing
“Postsynaptic density

YImmediate-early response genes (IEGs)

and synaptophysin (SYP) expression in hippocampal tissue
from HSV-1-infected mice [— 64% (SYN1), p=2.0x 107>
and — 61%, (SYP), p=1.2X% 1073 vs. mock-infected ones;
Fig. 2A—C]. Similar results were obtained with IF experi-
ments (— 49% and — 41%, p=2.2x 10" and p=2.1x 107
vs. mock for SYN1 and SYP, respectively; Fig. S2D-M]. The
effects of viral infection and reactivation on the post-synap-
tic protein levels were assessed by studying the expression
of GluA1 subunit of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (— 71%), NR2B subunit of
N-methyl-p-aspartate receptors (— 64%) and PSD95 (— 64%,
p=1.0x10"and p=6.0x 10, p=3.3x 1073, respectively,
vs. mock-infected mice Fig. 2A, D-F).

Finally, we examined dendritic spine number and mor-
phology of hippocampal CA1 pyramidal neurons. We found
a significant reduction of spine density both in apical den-
drites (from 1.67 +0.06/um of dendrite length in the mock
to 1.34 +0.03/um in HSV-1-infected mice; p=9.0x 107)
and in basal ones (from 1.64 +0.06 to 1.43 +0.04/pm in
mock- and HSV-1-infected mice, respectively; p=9.3 x 107;
Fig. 3A, B). This reduction was associated with loss of spine
maturation in apical dendrites of infected CA1 pyramidal
neurons, as highlighted by a decrement in the percentage
of mushroom-shaped spines (from 61 +3 to 42 +4% of the
total spines, p=2.0x 107° vs. mock), paralleled by a signifi-
cant increment of immature, thin-type spines (from 39 +3 to
58 +4% of the total spines, p=2.0x 10~° vs. mock; Fig. 3C).
Instead, no significant differences were found in basal den-
drite spine morphology (p=0.08 for both mushroom and
thin-type spines, Fig. 3D).

In line with what we observed in behavioral experiments,
Anakinra treatment prevented all the functional, molecular
and structural detrimental effects observed in our model.
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Fig.2 Anakinra rescues synaptic deficits induced by IL-1p in HSV-
1-infected mice. A Representative WB images of pre- and post-syn-
aptic proteins in hippocampal lysates from mock- and HSV-1-infected
mice treated or untreated with Anakinra; B, C Bar graphs showing
the densitometric analysis of SYN1 (B) and SYP (C) in mock- (n=6
and n=7, respectively) and HSV-1-infected mice (n=6 and n=5),
and in Anakinra-treated mock- (n=6 and n=35) and infected mice
(n=6 and n=5); D-F Densitometric analysis of postsynaptic pro-
teins: D GluAl (n=6 mock, n=7 HSV-1, n=9 mock+ A and n=8

Indeed, no significant differences were found between
mock- and HSV-1-infected mice treated with Anakinra on:
(1) fEPSP potentiation (86.7 +7.3% vs. 77.5 + 8.2%, respec-
tively, p=0.48; Fig. 1D, E); (2) expression profile of synap-
tic plasticity-related genes (Table 2 and Fig. 2G) and pre- and
post-synaptic protein levels (p>0.05 vs. mock + Anakinra;
Fig. 2A—F); (3) spine density at apical and basal dendrites
(p=0.31 and p=0.62, respectively, vs. mock + Anakinra;
Fig. 3A, B) and their morphology (p=0.93 vs. Anakinra-
treated mock-infected mice and p=28.5x 107 vs untreated
HSV-1-infected mice for mushroom and thin-type spines,
Fig. 3D).

IL-1B upregulates MeCP2 expression
in HSV-1-infected mice

To investigate the causal link between increased levels of
IL-1p and synaptic dysregulation observed in HSV-1 mice,
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©
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°
o

HSV-1+A); E NR2B (n=7 for both mock- and HSV-I1-infected
mice, n=5 mock+A, n=6 HSV-1+A); and F PSD95 (n=6 mock,
n=7 HSV-1, n=6 mock+A and n=9 HSV-1+A); G Relative
expression of mRNA encoding for SYN1 (n=5 mock, n=6 HSV-1
infected mice, n=5 Anakinra-treated controls and n=3 Anakinra-
treated HSV-1-infected mice). *p<0.05, **p<0.01 and vs. mock,
#p<0.05 vs. HSV-1-infected mice assessed by Kruskal-Wallis One
Way Analysis of Variance on Ranks. n.s. not significant difference

we focused our attention on the epigenetic repressor MeCP2
which has been reported to bind the promoters of numer-
ous neural genes, including those coding for the vast major-
ity of synaptic proteins. Activation of MeCP2 can promote
the methylation of target genes thus explaining the synap-
tic impairment caused by neuroinflammation [33, 34]. We
found increased levels of MeCP2 24 h after 2TS in terms of
both protein (+59% vs. mock, p=2.8 x 107; Fig. 4A, B)
and mRNA expression (+4.8 folds vs. mock, p=6.9 X 107
Fig. 4C). Interestingly, both protein and mRNA levels of
MeCP2 were still significantly higher than controls (+ 128
and 4 5.5 folds, respectively vs. mock; p=4.6x 10~ and
p=6.0x107*; Fig. 4D-F) in infected mice sacrificed 1 week
after 2TS, when IL-1p levels had returned to normal val-
ues. The HSV-1-induced upregulation of the repressor was
mediated by IL-1p, as suggested by data obtained following
IL-1R antagonist treatment. Indeed, the levels of MeCP2
protein and mRNA in HSV-1-infected mice treated with
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Fig. 3 Dendritic spine density and morphology are restored in Anak-
inra treated HSV-1-infected mice. A Representative images of Golgi
staining of apical and basal dendrites of CAl pyramidal neurons of
mock- and HSV-1-infected animals with and without Anakinra treat-
ment (n=4 mice/group, at least 10 neurons/animal); B Bar graph
showing mean values of spine density in all neurons examined in A;

30 mg/kg Anakinra, were not significantly different from
those of mock-infected mice (Fig. 4D-F).

HDAC4 is part of a new MeCP2-containing molecular
complex

To understand how synaptic plasticity genes were nega-
tively regulated by MeCP2 under aberrant IL-1f signaling,
we investigated the components of the regulatory machin-
ery focusing our attention on HDACs that are important
co-repressors in MeCP2-containing complexes [35, 36].
Among HDACs, HDAC4 has gained much attention since
its dysfunction and nuclear accumulation occurring in
AD and in experimental model of neurodegeneration con-
tribute to synaptic dysfunction, memory impairment and
inflammation through the repression of several synaptic
genes and/or by post-translational modifications (PTMs)
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C, D Bar graphs showing the percentage of mushroom and thin spine
types of apical (C) and basal (D) dendrites in Anakinra treated and
untreated mice. **p<0.01 and ***p <0.005 vs. mock, *p <0.05 and
#5<0.005 vs. HSV-1, assessed by two-way ANOVA and Newman-
Keuls post-hoc. n.s. not significant difference. Scale bar 10 pm

[12-14]. First, to check the presence of HDAC4 alterations
induced by HSV-1 we performed a subcellular fractiona-
tion of hippocampal tissues of mock- and HSV-1-infected
mice that revealed similar levels of cytoplasmic HDAC4
in both conditions, but a significant nuclear HDAC4 accu-
mulation in hippocampal tissue from HSV-1-infected mice
(+59%, p=2.8%x 1073 vs. mock-infected ones; Fig. 5A, B).
To confirm the involvement of HSV-1 in HDAC4 nuclear
accumulation we used the SH-SYS5Y neuroblastoma cells
transfected to express HDAC4 and infected or not with
HSV-1. In basal condition, HDAC4 was distributed in both
cytoplasmic and nuclear compartments, however 24 h after
HSV-1 infection the amount localized in the nucleus signifi-
cantly increased as assessed by biochemical fractionation
(+75%, p=2.8 x 107 vs. nuclear mock, Fig. S4A, B) and
by confocal analysis (Mean Fluorescence Intensity [MFI]
29,445+ 1395 vs. 13,108 +513, p=2.9x 107, Fig. S4C, D).
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Table 2 Inhibition of IL-1R rescues synaptic genes downregulated in
HSV-1-infected mice

Synaptic plasticity genes Fold change p value
ADAM10*P€ - 1.63 0.11
ARC®¢ 1.30 0.87
EGR1¢ —1.13 0.59
EGR2¢ 1.35 0.78
FOS¢ 1.96 0.59
NR4A1¢ —1.61 0.44
PIM1¢ —1.84 0.41

Mouse synaptic plasticity genes, downregulated in HSV-1-infected
mice, were significantly rescued in HSV-1-infected mice treated with
Anakinra. p>0.05 vs. mock-infected mice treated with Anakinra
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“Postsynaptic density
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Fig.4 IL-1p upregulates the epigenetic repressor MeCP2 in HSV-
l-infected mice. A, B Representative images (A) and quantifica-
tion (B) of WB analysis for MeCP2 protein levels in hippocampal
homogenates from mock- (n=4) and HSV-1-infected mice (n=4)
sacrificed 24 h after 2TS; D, E Representative WB images (D) and
quantification (E) of MeCP2 protein levels in untreated mock- (n=6)
and HSV-1-infected mice (n=6) and in animals treated with Anak-
inra (n=4 for mock; n=6 for HSV-1-infected mice analyzed 1 week

0.0-

Moreover, similarly to what observed in vivo, HSV-1-treated
SH-SYSY cells showed increased MeCP2 protein expression
(+71%,p=2.8% 1073, Fig. S4E, F). Based on these results,
we reasoned that HDAC4 nuclear accumulation, induced by
HSV-1, could promote the formation of a MeCP2/HDAC4
complex responsible for the reduced transcription of syn-
aptic genes observed in HSV-1-infected mice. Co-immu-
noprecipitation (Co-IP) experiments revealed an increased
association of HDAC4 with MeCP2 in hippocampal extracts
of HSV-1-infected mice compared with mock ones (+59%,
p=2.8x 107, Fig. 5C, D). This complex also included
HDAC?2 that was previously demonstrated to be a MeCP2
partner [35].

HDAC4 regulates MeCP2 SUMOylation
in HSV-1-infected mice and acts as gene
co-repressor

The next step was to understand whether HDAC4 regu-
lated MeCP2 function by acting as co-repressor on the
promoter of target genes and/or by PTM. Indeed, MeCP2
DNA binding and repressive activity are controlled by

C
[ Mock

- B HSV-1
R B Mock + A
<$S EHSV-1+A
£3
EZ
N 5
a3
L
=

F

# 12.04 #
ns. 3 ns.
2210.0
T8 80]
>

Z 5

X c 6.0

Eo

%@ 4.0

= 2.01

0.0

after 2TS; C, F Relative expression of mRNA encoding for MeCP2
(n="7 for both) analyzed 24 h (C) and 1 week (F) after 2TS (n=38 for
untreated control mice and n=7 for untreated infected ones; n=4 and
n=3 for Anakinra-treated controls and HSV-1-infected mice). Tubu-
lin was used as a loading control. *p<0.05, **p<0.01 vs. mock,
#p<0.05 vs. HSV-1, assessed by Mann-Whitney Rank Sum Test (for
B, C) and Kruskal-Wallis One Way Analysis of Variance on Ranks
(for E, F). n.s. not significant difference
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Fig.5 In HSV-1-infected mice nuclear HDAC4 interacts with MeCP2
and promotes its SUMOylation. A, B Cellular fractioning showing
HDACH4 distribution in the nuclear and cytoplasmic compartments in
hippocampal extracts from mock- and HSV-1-infected mice and their
densitometric analyses (n=4 mice/group). Dotted line indicates the
cytoplasmic and nuclear levels of HDAC4 in the controls; C repre-
sentative Co-IP experiment showing HDAC4 interaction with MeCP2
in hippocampal tissues form mock- and HSV-1-infected mice (n=4

several modifications including SUMOylation [37], a PTM
able to modify the affinity, binding and stability of target
proteins [38]. Since we recently demonstrated that HDAC4
acts as conjugating enzyme in the SUMOylation cascade
[14], we investigated the role of HDAC4 in the SUMOyla-
tion of MeCP2. In preliminary experiments performed in
SH-SYSY cells we found that HDAC4 overexpression was
associated with higher amounts of: (1) total SUMOyla-
tion (SUMO-1) and (2) MeCP2 level in comparison with
control cells (+47% and +41%, respectively p=1.0x 107
for both, HDAC4 vs. GFP-control, Fig. S4E-I). Following
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©
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mice/group) and its quantification (D); HDAC2 was used as control
of interaction; E, F Co-IP showing SUMO-1-MeCP2 levels in mock-
and HSV-1-infected mice (n=35 mice/group) and its quantification; G,
H ChIP assay showing HDAC4 recruitment on c-fos and synl pro-
moters performed on HSV-1- and mock-infected animals (n=4 mice/
group). *p<0.05 vs. mock, assessed by Mann—Whitney Rank Sum
Test

treatment with LMK235, a specific inhibitor of HDAC4,
their expression returned to control values (p=4.6x 107>
for SUMO-1 and p=4.6 X 107 for MeCP2, HDAC4 vs.
HDAC4 + LMK235, Fig. S4G-I), suggesting a possible
contribution of HDAC4 to MeCP2 stability. Next, we
investigated by Co-IP the level of SUMO-1-MeCP2 in
cells expressing HDAC4 and we found that it was higher
than in control cells (+121% p=2.9x 10~ vs. mock;
Fig. S4J-L). Similarly, we discovered that the SUMO-
1-MeCP2 levels were greater in hippocampal tissues
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of HSV-1-infected mice than in mock-infected animals
(+45%, p=7.9% 107, Fig. 5E, F).

Finally, to address the contribution of HDAC4 as MeCP2
co-repressor in gene regulation we performed a chromatin
immunoprecipitation (ChIP) analysis evaluating HDAC4
recruitment on the promoters of some genes that we found
downregulated in HSV-1-infected mice: the immediate
early gene c-fos and the presynaptic gene synl (Table 1 and
Fig. 2G). The ChIP assay revealed that HDAC4 was enriched
on the promoters of c-fos, and syn/ in HSV-1-infected mice
compared with controls (+ 3.9 and + 2.5 folds, respectively,
p=2.9x 1073 for both, Fig. 5G, H) confirming that HDAC4
may function as co-repressor on MeCP2 target genes.

Discussion

Neuroinflammation, occurring in response to several types
of insults, plays a key role in different CNS disorders,
including neurodegenerative diseases, and has been asso-
ciated with synapse dysfunction and cognitive decline in
both animal models and patients [39]. In previous studies
we reported that HSV-1 reactivations within the mouse CNS
trigger neuroinflammation along with Af and pTau load in
the hippocampus and neocortex [7]. However, accumulation
of A and pTau becomes relevant only after several cycles of
virus replication whereas in the first rounds of reactivation
the phenotype is primarily characterized by neuroinflam-
mation (i.e., glial cell activation and increased levels of pro-
inflammatory cytokines). Our results are in agreement with
the literature reports indicating that IL-1p precedes amyloid
deposition by promoting the processing of APP [40—42] and
tau phosphorylation through aberrant activation of p38-
MAPK leading to tangle formation [43-46]. Therefore, in
the present study mice were subjected to 2TS to unveil the
specific role played by neuroinflammation in synaptic and
memory deficits of HSV-1-infected mice before the molecu-
lar hallmarks of AD exert their detrimental action.

Here we provide evidence that elevated levels of IL-1p,
one of the key mediators of the immune response, nega-
tively impinge on synapse structure and function, leading to
memory deficits. In infected mice, IL-1-mediated alterations
of hippocampal long-term potentiation and dendritic spines
were associated with decreased expression of pre- and post-
synaptic proteins and of synaptic-related genes which play
key roles in critical brain functions ranging from consolida-
tion of long-term memory to maintenance of synaptic den-
sity and dendritic architecture [47]. Notably, reduced gene
expression might depend on the HSV-1-activated mecha-
nisms of host mRNA degradation favoring virus survival
[48]. Moreover, since HSV-1 genome is maintained in epi-
somal form in the infected nuclei, we do not expect genetic
modifications due to random virus integration. Previous

studies [49] demonstrated that HSV-1 productive infection
caused only impairment of non-homologous end joining
pathway and DNA damage accumulation in primary neu-
rons that in the long run may contribute to virus induced
neurodegeneration.

Experimental findings support our contention that these
adverse effects mainly depend on IL-1f elevation given that
Anakinra, a pharmacological inhibitor of IL-1R, signifi-
cantly restored gene expression in HSV-1-infected animals
and ameliorated all molecular, structural and functional indi-
ces of synaptic plasticity. In HSV-1-infected mice, Anakinra
failed to rescue memory soon after the TS, but its benefi-
cial effects were evident during the following weeks. This
finding suggests that the impact of HSV-1 replication on
memory is complex and it is not limited to IL-1f down-
stream pathway only. However, when active virus replication
ends and it is replaced by latency, the beneficial effects of
IL-R blockade on memory were unveiled. We are tempted to
speculate that when reactivated HSV-1 is actively replicating
it can spread to brain regions that are important for learning
and memory, there exerting a detrimental action on memory
that is not fully due to IL-1R activation. Instead, when the
virus has likely gone into latency, blockade of the molecular
cascade downstream IL-1 is sufficient to rescue memory,
an effect that was not observed in infected mice not treated
with Anakinra. Notably, IL-1p may affect specific types and
particular stages of memory in cognitive performance [50].

Our results are consistent with literature data demonstrat-
ing that Anakinra reverses neuroinflammation and related
symptoms, including mental defects, in patients affected by a
rare autoinflammatory disease exhibiting intellectual disabil-
ity [51-53]. Similarly, treatments leading to reduced IL-1
levels (e.g., minocycline and FK506) counteracted neurode-
generative phenomenon in mice [54]. Our findings suggest
that the contribution of IL-1p to synaptic defects relies on
upregulation of the transcriptional repressor MeCP2 whose
dysregulation has been revealed in various neurological and
neurodevelopmental disorders [55]. Tomasoni et al. [33]
demonstrated that elevated expression of MeCP2 mediates
the alterations in spine morphogenesis, synaptic transmis-
sion and plasticity observed in the IL-1R8-KO mouse model
exhibiting exaggerated signs of inflammations. Also, a sig-
nificant increase of the complex Sin3a/HDACI, recruited
by MeCP2 to repress gene transcription, was reported in
experimental models of HSV-1 infection [56].

Here we found that HSV-1-induced IL-1f increment
determines a longer-lasting upregulation of MeCP2 that
is paralleled by the downregulated expression of its target
genes, such as c-fos and synl, and decreased protein levels
leading to synaptic and memory deficits. MeCP2 is reported
as an intrinsically disordered protein that acquires a local
secondary structures upon binding to other molecules [57].
As such, its target specificity and downstream function are
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determined by its molecular partners. We found that MeCP2
binds the chromatin remodeler HDAC4 whose alterations
induce synaptic dysfunction and gene repression in exper-
imental models of inflammation and AD [12-14]. In our
mouse model of HSV-1 infection HDAC4 accumulated in
the nuclei and triggered the formation of a MeCP2/HDAC4/
HDAC?2 molecular complex. The results of our ChIP experi-
ments also showed that HDAC4 was recruited on the pro-
moters of those plasticity-related genes that we found
downregulated in HSV-1-infected mice. Of note, PTM of
MeCP2 is another level of regulation that determines struc-
tural rearrangements, DNA binding, and stability. For exam-
ple, MeCP2 SUMOylation modulates its repressive activ-
ity [38] and is crucial for the recruitment of HDACI1 and
HDAC?2 on the chromatin [58]. We have recently demon-
strated that HDAC4, besides regulating protein acetylation,
may function as E3 conjugating enzyme promoting protein
SUMOylation [14, 59, 60]. Here we report that the associa-
tion of HDAC4 and MeCP2 in HSV-1-infected mice results
in the increase of MeCP2 SUMOylation which is consistent
with its higher repressive activity and downregulation of
target genes.

We also speculate that HDAC4-dependent MeCP2
SUMOylation, favoring its stability, may contribute to the
sustained protein levels of MeCP2 observed when IL-1f
levels drop. However, more research will be needed to fully
address this intriguing issue.

Collectively, our findings provide novel evidence that
following HSV-1 infection HDAC4 nuclear localization
promotes MeCP2 SUMOylation and its interaction with
HDAC members, thus unveiling a new pathogenic mecha-
nism triggered by IL-1f affecting chromatin remodeling
and gene expression. These results support the view that
in HSV-1-infected mice neuroinflammation activated by
repeated viral reactivations in the brain plays a prominent
role in synaptic failure, especially at early phases of neuro-
degeneration when accumulation of Af and pTau within the
brain is still limited.
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tary material available at https://doi.org/10.1007/s00018-023-04817-5.
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