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Abstract The triple-transgenic (3xTg-AD) mouse strain is a valuable model of Alzheimer’s
disease (AD) because it develops both amyloid-beta (AB) and tau brain pathology. However, 1-
year-old 3xTg-AD males no longer show plaques and tangles, yet early in life, they exhibit diverse
signs of systemic autoimmunity. The current study aimed to address whether females, which
exhibit more severe plaque/tangle pathology at 1 year of age, show similar autoimmune
phenomena and if so, whether these immunological changes coincide with prodromal markers of
AD pathology, markers of learning and memory formation and epigenetic markers of
neurodegenerative disease. Six-month-old 3xTg-AD and wild-type mice of both sexes were
examined for T-cell phenotype (CD3", CD8" and CD4" populations), serological measures
(autoantibodies, hematocrit), soluble tau/phospho-tau and A levels, brain-derived neurotrophic
factor (BDNF) expression, and expression of histone H2 variants. Although no significant group
differences were seen in tau/phospho-tau levels, 3xTg-AD mice had lower brain mass and showed
increased levels of soluble AP and downregulation of BDNF expression in the cortex.
Splenomegaly, depleted CD* T-splenocytes, increased autoantibody levels and low hematocrit
were more pronounced in 3xTg-AD males than in females. Diseased mice also failed to exhibit
sex-specific changes in histone H2 variant expression shown by wild-type mice, implicating
altered nucleosome composition in these immune differences. Our study reveals that the current
3xTg-AD model is characterized by systemic autoimmunity that is worse in males, as well as
epigenetic changes of unknown origin. Given the previously observed lack of plaque/tangle
pathology in 1-year-old males, an early, sex-dependent autoimmune mechanism that interferes
with the formation and/or deposition of aggregated protein species is hypothesized. These results
suggest that more attention should be given to studying sex-dependent differences in the

immunological profiles of human patients.
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1. Introduction

Alzheimer’s disease (AD) is an age-related, neurodegenerative disorder that
disproportionately affects women, both in prevalence and severity [1, 2]. The causes of this sex
discrepancy remain poorly understood but may involve risk factors beyond longevity, including
genetic and functional variations between females and males [3-6]. Frequently reported functional
imbalances in patients' immune system suggest that immunity plays an important role in the
etiology of AD [7] and support immunization as a promising treatment strategy [8]. However,
progress has been hampered by the lack of an appropriate animal model in which cause-effect
relationships can be studied in a controlled, systematic manner. This has made it difficult to
elucidate whether immune cell activation reflects a neuropathogenic or alternatively, a brain
reparative process.

Triple-transgenic 3xTg-AD (PSImia6v, APPswe, taur3oiL) mice have proven to be an
invaluable tool for studying the etiology, pathogenesis, and treatment of AD [9]. This is primarily
due to evidence of age-related learning/memory deficits that emerge in parallel with intraneuronal
pathology around 4 months of age, and the aggregation of amyloid-beta (AB) plaques and
neurofibrillary tangles in the cortex and hippocampus between 12 and 15 months of age [10, 11].
In this model, soluble AP precedes and contributes to the accumulation of tau pathology [12, 13],
and inflammation potentiates neuropathology [14-16]. However, little effort has been made to
assess behavioral changes in the context of immunity. In 3xTg-AD males, we observed that
behavioral deficits similar to mild cognitive impairment (MCI) appear as a prodrome to subsequent
age-related decline in spatial learning/memory performance [17]. In particular, these mice display
anxiety-like behaviors (e.g., “acrophobia” in the step-down test, thigmotactic response in a

swimming pool), altered olfactory discrimination, and impaired “cognitive flexibility” in reversal
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trials of the water maze within the first 6 months of life. More complex performance deficits in
learning/memory tasks develop between 6 and 12 months, yet not a full-blown AD-like
“dementia.” Behavioral alterations are accompanied by age-dependent increases in autoimmune
manifestations that include splenomegaly, elevated serum autoantibody levels, low hematocrit and
reduced numbers of CD4*/CD8" T-cells. Most importantly, the brains of these 1-year-old males
do not show AD-like neuropathology [17]. This loss of AD phenotype was independently

confirmed by the donating investigator (https://www.jax.org/strain/004807) and contrasts with the

pronounced A and tau pathology in 1-year-old 3xTg-AD females [18].

This sex-dependent shift is interesting in light of recent reports suggesting that male 3xTg-
AD mice perform worse than females on learning/memory tasks at 6 months of age [19, 20]. Given
these sex differences in behavioral performance and plaque/tangle pathology at later ages, the
present study was designed to examine whether 6-month-old 3xTg-AD males and females exhibit
similar discrepancies in the severity of autoimmune manifestations, in the levels of soluble AD-
associated protein species, and in the expression of markers related to learning/memory and to
epigenetic alterations in neurodegeneration. We assayed T-cell phenotype (CD3", CD8" and CD4"
populations), serological measures (autoantibodies, hematocrit), prodromal AD markers (soluble
tau/phospho-tau and Ap), brain-derived neurotrophic factor (BDNF) mRNA, and histone H2
variant expression in the cortex, thus revealing cellular/molecular targets for future mechanistic

studies.

2. Methodology

2.1. Animals



Kapadiaetal. - 6

Colonies of homozygous 3xTg-AD mice (PSImi46v, APPswe, taurzoir) and B6129SF2 wild-
type (WT), non-transgenic controls were established from breeders purchased from the Jackson
Laboratories (Bar Harbor, ME, USA). 3xTg-AD breeders were obtained in September 2014 and
WT breeders were obtained in March 2015. Tissues were harvested at 6 months of age, a time
point that coincides with MCI-like behavior in 3xTg-AD males [17], cortical pathology [21] and
sex-dependent performance deficits [19, 20]. Tissues from 67 mice were analyzed: 3xTg-AD
females (n = 18), 3xTg-AD males (n = 25), WT females (n = 15) and WT males (n = 9). Mice
were housed in groups of 2-4 mice/cage and maintained under standard laboratory conditions. All
mice were kept in polypropylene cages (7 12” x 11 122” x 57, Ancare Corp., Bellmore, NY, USA)
covered with micro-filter tops (Ancare Corp.) under reversed lighting conditions (light from 7
P.M.-7 A.M.), room temperature ~22°C, humidity ~62%, low fat rodent chow (Teklad 22/5 rodent
diet, Envigo, Somerset, NJ, USA), tap water available ad libitum, and Beta Chip bedding changed
twice per week. All experimental protocols were performed in compliance with the local Animal

Care Committee and the Canadian Council on Animal Care.

2.2. Hematocrit assessment
Retro-orbital blood samples were collected in heparinized Fisher microhematocrit capillary
tubes prior to sacrifice. Sealed tubes were centrifuged for 10 min and read in a Critocaps reader

as described previously [17].

2.3. Tissue collection
Six-month-old mice were killed with ketamine/xylazine and tissues were harvested as

previously described [17]. Whole blood was collected from the peritoneal cavity within 15 sec of
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severing the inferior vena cava. Following centrifugation (5 min at 10,000 x g, Eppendorf
MiniSpin Plus; Fisher Scientific Canada, Ottawa, ON, Canada), serum was collected and stored at
—20°C for quantification of autoantibodies. Extracted organs were weighed immediately using an
analytical balance (Mettler Toledo AB54-S; VWR Scientific of Canada, Mississauga, ON,
Canada). Wet spleen mass was recorded as a measure of splenomegaly, a reliable indicator of
systemic autoimmunity in diseased mice [22]. Spleens were wet weighed, collected in cold
phosphate-buffered saline (PBS), kept on ice and then processed for flow cytometry analysis of T-
splenocyte distribution. Brains were wet weighed before removing cortical hemispheres which

were flash frozen in liquid nitrogen and stored at —80°C for further processing.

2.4. Anti-nuclear antibody (ANA) immunofluorescence assay

The ANA test was performed in a fully-automated slide processor (IF Sprinter). Serum
samples were diluted 1:50 in sample buffer (pH 7.2), and 30 pl of the diluted serum was pipetted
onto HEp-2 cell slides (EUROIMMUN Canada, Mississauga, ON). Slides were incubated for 30
min at room temperature and washed four times with phosphate-buffered saline solution
containing 0.2% Tween-20 (PBS-T). Thirty microliters of 1:100 diluted rabbit anti-mouse IgG-
fluorescein isothiocyanate (FITC) conjugate (Sigma-Aldrich, Oakville, ON, Canada) were
pipetted into each well. The slides were washed again as above after 30 min incubation with the
conjugate. Ten microliters of mounting medium were added to each well and the slide was sealed
with a cover glass. Results were obtained by viewing slides under an LED-fluorescence

microscope (EUROStar III).

2.5. Anti-double-stranded DNA (anti-dsDNA) enzyme-linked immunosorbent assay
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Anti-dsDNA autoantibodies in serum were quantified in a fully-automated ELISA analyzer
(EUROIMMUN Analyzer I). Briefly, 100 pl of each serum sample (1:200 dilution in sample
buffer) were transferred into the corresponding microtiter plate well coated with antigen substrate
of dsDNA complexed with nucleosomes and coupled to the solid phase (EUROIMMUN pre-
coated microtiter plate). Samples were incubated for 30 min at room temperature and then washed
three times with 450 pl of working strength wash buffer (EUROIMMUN). One hundred
microliters of 1:2000 diluted rabbit anti-mouse IgG-horseradish peroxidase (HRP) conjugate
(Promega, Madison, WI, USA) were added to microtiter plate wells and left to incubate for 30
min. The plate was washed to remove unbound HRP enzyme conjugate, and 100 ul of 3,3,5,5
tetramethylbenzidine enzyme/substrate solution was pipetted into each well and incubated for 20
min at room temperature. One hundred microliters of stop solution (EUROIMMUN) were added
to each well, and the microtiter plate was shaken for 5 sec at 20 Hz. Optical density was determined
at a wavelength of 450 nm and a reference wavelength of 620 nm. Results are expressed as relative

optical densities.

2.6. Flow cytometry analysis of T-cells in spleen

Splenocyte single cell suspensions were prepared as described earlier [17] and stained for
T-cell surface markers: APC-anti-CD3 (BD Pharmingen, San Diego, CA, USA), FITC-anti-CD4,
and PE-anti-CD8 (eBiosciences, San Diego, CA, USA). Data were acquired with a BD
FACSCanto (Becton Dickinson, Mississauga, ON) flow cytometer and analyzed using FlowJo
software (TreeStar, Ashland, OR, USA). Compensation controls were set up with single staining
for each of the antibodies, including a negative control, using BD CompBeads (BD Biosciences,

San Diego, CA, USA). Debris were excluded, and lymphocytes included, using a forward scatter
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area (FSC-A) versus side scatter area (SSC-A) gate. Single cells (singlets) were then selected on

a FSC-A versus FSC-W plot. For each sample, 100,000 events were acquired.

2.7. Protein extraction

Extraction of soluble tau and AP species were based on published methods [23]. In brief,
cortical samples (approx. 100 mg) were sonicated in tris-buffered saline (TBS) with protease
(cOmplete™ ULTRA Tablets, Mini, EASYpack Protease Inhibitor Cocktail) and phosphatase
(PhosSTOP™ EASYpack, Phosphatase Inhibitor Tablets) inhibitors (Roche, Mississauga, ON).
The samples were then kept on ice for 10 min, followed by centrifugation for 10 min at 14 000 X
g at 4°C. Supernatants were collected, aliquoted and frozen at -80°C for subsequent analysis.
Protein concentration was measured using a detergent-compatible (DC) protein assay (Bio-Rad

Laboratories, Mississauga, ON).

2.8. Western blotting for soluble tau and phospho-tau

Twelve percent sodium dodecyl sulfate-polyacrylamide gels were used to separate 20 pg
of total protein under reducing conditions before transferring to polyvinylidene fluoride (PVDF)
membranes (Immobilon, Millipore, MA, USA). Transfer was followed by membrane blocking
with a 1:1 solution of PBS (pH 7.4) and Odyssey Blocking Buffer (Cedarlane, Burlington, ON,
Canada) for one hour at room temperature. After blocking, membranes were probed overnight at
4°C using mouse monoclonal 39E10 (total tau; Covance, Princeton, NJ, USA; diluted 1:2000),
rabbit monoclonal phospho-tau Thr181 (1:1000 dilution; Cell Signaling Technology, Danvers,
MA, USA) and rabbit monoclonal phospho-tau Ser202 (1:1000 dilution; Cell Signaling

Technology). Samples were normalized using mouse -actin monoclonal antibody (BioLegend,
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San Diego, CA, USA; dilution 1:10 000). Probing was followed by washes using PBS containing
0.5% Tween-20. Membranes were then incubated with secondary antibodies IRDye 680-
conjugated goat anti-rabbit and IRDye 800CW-conjugated goat anti-mouse (LI-COR Biosciences,
Lincoln, NE, USA; diluted 1:8000) for one hour at room temperature, washed with 0.1% PBS-T,
and scanned using an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE,
USA). Samples were run in duplicate, and band intensities were quantified by densitometry with

local background subtraction using LI-COR Odyssey Software, version 2.0.

2.9. AP ELISA

Levels of AP42 and AP4o in the TBS-soluble fraction were assayed using Colorimetric
BetaMark B-Amyloid x-42 or x-40 ELISA kits per manufacturer's instructions (Biolegend, San
Diego, CA, USA). APz and AP4o concentrations were acquired with a MultiskanGO and Skanlt
software (Thermo Scientific, Nepean, ON, Canada) at 620 nm. Values are presented as pg f-

amyloid per mg of total protein.

2.10. Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

Frozen cortical tissue from transgenic mice was sonicated (Sonic Dismembrator Model
100, Fisher Scientific) in a 1:10 w/v ratio in Trizol® (Invitrogen, Burlington, ON). Sonicates were
centrifuged and RNA was extracted using Invitrogen’s protocol through the collection of the RNA-
containing aqueous phase. The RNA was further purified and DNase treated using an RNeasy®
Mini Kit (Qiagen, Mississauga, ON) according to the manufacturer’s instructions. RNA
concentration and purity were determined by Multiskan GO and SkanIT software at 260/280 nm.

RNA integrity was visualized by agarose gel electrophoresis.
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One microgram of each RNA sample was reverse transcribed in a 20 pl reaction using
Superscript III® (Invitrogen) following the manufacturer’s protocol. Negative controls lacking
reverse transcriptase were included to confirm lack of genomic DNA contamination. Each 20 pl
real-time PCR reaction contained 300 nM each forward and reverse BDNF primers [GenBank:
NM 001048139.1] (forward 5°-GCG GCA GAT AAA AAG ACT GC-3’, reverse 5’-CTT ATG
AAT CGC CAG CCA AT-3’, Mobix, Hamilton, ON, Canada) or B-actin primers [GenBank:
NM 007393.5], forward 5’-AGC CAT GTA CGT AGC CAT CC-3’, reverse 5’-CTC TCA GCT
GTG GTG GTG AA-3"), 10 ul of SYBR® Green gPCR SuperMix UDG (Invitrogen), 30 nM of
reference dye ROX (Invitrogen) and 1 ul cDNA. Standards for absolute quantification of BDNF
were PCR products generated using target-specific primers. PCR products were gel purified using
a Qiagen kit and quantified by spectrophotometry (Thermo Scientific NanoDrop 2000c; Fisher
Scientific, Toronto, ON, Canada). Standards for B-actin were generated from a commercially
available plasmid (Invitrogen). Real-time amplifications were carried out in triplicate using the
MX3000P PCR system (Stratagene, La Jolla, CA, USA) and the following thermal profile: 2 min
at 50°C, 2 min at 95°C followed by 40 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 45 s
for BDNF. The thermal profile for B-actin was: 95°C for 15 s, 58°C for 30 s, and 72°C for 30 s.
Standard curve R? values were > 0.995 and efficiencies were > 90%. Following 40 cycles of
amplification, a dissociation curve was added to determine if any secondary products had formed.
mRNA copy numbers of BDNF are presented as a ratio to copy numbers of the housekeeping gene
B-actin, which did not vary between groups.

Expression of two H2A variants, macroH2A and H2A.X were analyzed by qRT-PCR,
performed as described previously [24]. Genes of interest were normalized against the geometric

mean of Gapdh and HPRT, and relative enrichment was normalized to WT females. Forward and
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reverse primers used were as follows: H2afy [GenBank: NM_001159513.1], 5’-CCC GGA AGT
CTA AGA AGC AGG G-3’ and 5’-AGG ATT GAT TAT GGC CTC CAC C-3’; H2afy2
[GenBank: NM_207000.2], 5’-CGT TCC CCA GTG GCA GAA ACT-3’ and 5’-CCT GCA CGT
AGA TGC CGA T-3’; H2afx [GenBank: NM 010436.2], 5’-TCG CAG GCC TCT CAG GAG
TA-3’ and 5’-CGA AGT GGC TCA GCT CTT TCT- 3’; Gapdh [GenBank: NM_001289726.1],
5’-GTG GAG TCA TAC TGG AAC ATG TAG-3’ and 5’-AAT GGT GAA GGT CGG TGT G-
3’; HPRT [GenBank: NM 013556.2] 5’-GGA GTC CTG TTG ATG TTG CCA GTA-3’ and 5°-

GGG ACG CAG CAACTG ACATTT CTA-3".

2.11. Statistical analysis

Statistical analyses were performed using SPSS 20 software (IBM Corp., Armonk, NY,
USA). Multi- and univariate analysis of variance (ANOVA), Tukey's HSD, Kruskal-Wallis H and
Mann—Whitney U tests were used for group comparisons with the criterion for statistical
significance set at p < .05. Groups were treated independently for post-hoc analysis and
conceptually meaningful significant differences are marked on the graphs with mean values + SEM

(p <.05,p <.01 and p <.001 are shown as *, ** and ***, respectively).

3. Results

3.1. Body and organ weights

Six-month-old WT females weighed less than age-matched WT males, but this sex
discrepancy was not detected in the 3xTg-AD group (Genotype x Sex: Fi,63 = 4.156, p = 0.046;

WT Males vs WT Females: Tukey’s HSD = 6.651, p = 0.008, Figure 1A). 3xTg-AD males and
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females also exhibited comparable brain weight, which was lower than in sex-matched WT
controls (Genotype: F1,62=32.951, p<0.001, Figure 1B). Spleen enlargement was more profound
in 3xTg-AD males than in females of the same strain (Genotype x Sex: Fi,63 = 6.647, p = 0.012;
3xTg Males vs 3xTg Females: Tukey’s HSD = 303.1, p < 0.001, Figure 1C). These findings
suggest that lower brain mass in 3xTg-AD mice is not associated with lower body mass, yet

coincides with strain- and sex-specific splenomegaly.

3.2. T-lymphocyte phenotypes

The loss of CD4/CD8 markers and the emergence of “double-negative” clones of T-cells
are well-established phenomena in many systemic autoimmune diseases [25, 26]. Considering
that the spleen is a major source of immune cells [27], we investigated whether 3xTg-AD males
and females exhibit sex-dependent alterations in splenic T-cell populations. Representative dot
plots of spleen-derived CD3" (top), CD3"CD8" (middle), CD3"CD4" cells (bottom) from
individual mice in each group are shown in Figure 2A. Quantitative assessment of means from
each group revealed that T-lymphocyte populations were not equal across the groups (Genotype X
Sex: Wilk's A =0.511, F3,12 =3.825, p = 0.039). Further analysis of subpopulations revealed that
3xTg-AD males showed more pronounced reduction in cells expressing CD3 (Genotype % Sex:
F1.15=10.424, p = 0.006; 3xTg Males vs 3xTg Females: Tukey’s HSD = 9.203, p = 0.004, Figure
2B) and CD3/CD8 markers (Genotype x Sex: Fi15 = 5.324, p = 0.036; 3xTg Males vs 3xTg
Females: Tukey’s HSD = 5.622, p = 0.002, Figure 2C). However, this interaction did not reach
statistical significance with the current sample size, but merely revealed an overall reduction in

CD3*CD4" cells in 3xTg-AD mice (Genotype: Fi.15 = 54.163, p < 0.001, Figure 2D). Thus, the
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3xTg-AD strain in general, and males in particular, develop a significant reduction in spleen-

derived CD" clones by 6 months of age.

3.3. Serological measures

Although 6-month old females from both groups were mostly negative for ANA staining,
serum samples from 3xTg-AD and WT males showed ANA positivity to differing degrees (Chi-
Square test p < 0.01, ¥? = 12.060, df = 3, Figure 3A). 3xTg-AD males exhibited either
homogenous (4/5), or spindle fiber (1/5) staining patterns, while sex-matched WT controls (2/3)
displayed weaker staining of nucleoli. Quantification of anti-dsDNA antibodies by ELISA
revealed significant differences across groups, with 3xTg-AD males having higher levels than
females (H = 10.425, df = 3, p = 0.015; 3xTg Males vs 3xTg Females: Mann-Whitney U = 15, p
=0.049, Figure 3B) or WT controls. The elevation in serum autoantibodies coincided with lower
hematocrit in 3xTg-AD males than in 3xTg-AD females (H = 12.352, df = 3, p = 0.006; 3xTg
Males vs 3xTg Females: Mann-Whitney U = 15, p = 0.0014, Figure 3C), suggesting the early
development of autoimmune hemolytic anemia, as observed previously in some 1-year-old males
[17]. Considering that the severity of splenomegaly and the reduction of T-lymphocytes are also
more profound in 3xTg-AD males than in females, these results suggest sex is an important factor

in determining the magnitude of immunological perturbations.

3.4. Tau, Ap, and BDNF

Although sex differences were originally described in plaque-bearing 3xTg-AD mice [21],

there is a growing consensus that neuronal dysfunction in AD is triggered by soluble species, rather
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than insoluble tangles and plaques [28, 29]. Cortex was selected as the primary tissue of interest,
as it is the site of initial intracellular and extracellular neuropathology in 3xTg-AD mice [10, 21].
Representative western blots assessing TBS-soluble total tau and phosphorylated tau levels in the
cortex of 6-month-old mice are shown in Figure 4A. With the current sample size, densitometric
analysis revealed comparable total tau protein levels between 3xTg-AD and WT mice at this time
point (Genotype: Fi1,0=1.164, n.s., Figure 4B). TBS-soluble phospho-tau levels were also similar
between all groups for both Thr181 (Genotype: Fi9 = 0.464, n.s., Figure 4C) and Ser202
(Genotype: F1,9=0.638, n.s., Figure 4D) phosphorylation sites. Conversely, AB4o levels in TBS-
soluble fractions were elevated in the cortex of 3xTg-AD mice in comparison to WT controls (325
pg/mg tissue vs 200 pg/mg tissue), irrespective of sex (Genotype: Fi30=16.421, p <0.001, Figure
4E). APa42 levels were similarly raised in 6-month-old 3xTg-AD mice (Genotype: Fi30=41.994,
p <0.001, Figure 4F). However, there were no differences in A4z levels between 6-month-old
3xTg-AD males and females and no genotype effects when the ratio of AP42/APao was calculated

(data not shown).

Tau [30] and AP species [31, 32] may exert their neurotoxic effects at least in part by
downregulating BDNF, which is crucial for synaptic plasticity and for memory consolidation [33].
Given the essential role of BDNF downregulation in AD [34-36] and its regulation by histone
modifications [37], we investigated whether 3xTg-AD mice exhibit soluble tau- and AB-associated
declines in BDNF expression. BDNF mRNA was significantly downregulated in 3xTg-AD mice
compared to WT (Genotype: Fi36=6.213, p < 0.05, Figure 4G), without affecting one sex more
than the other. Collectively, the results suggest that by 6 months of age and independent of sex,
increased production of soluble A species is associated with downregulation of BDNF expression

in the cortex of 3xTg-AD mice.
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3.5. Expression of histone H2A variants

Histone variants, which replace canonical histones in nucleosomes, were recently
implicated in neural plasticity [24, 38, 39] and neurodegeneration [40-42], but their roles in AD
have not been studied. Recent evidence suggests that transcriptional regulation of histone variant
expression by stable and transient environmental conditions is functionally relevant [24, 38, 39],
prompting us to investigate their expression levels as an initial step in evaluating a potential novel
role of histone variants in AD. The expression of H2afy, which encodes the histone variant
macroH2A.1, was lower in WT males compared to WT females, whereas sex differences were not
found for 3xTg-AD mice (Genotype x Sex: Fi,16=4.8, p=0.04; WT Males vs WT Females, p <
0.05; 3xTg Males vs WT Males, p < 0.05, Figure SA). Moreover, H2afy levels were higher in
3xTg-AD males compared to WT males. In contrast, no sex or genotype differences were observed
in the expression of H2afy2, which codes for the histone variant macroH2A.2 (Figure 5SB). The
histone variant H2A.X, encoded by H2afx, was increased in 3xTg-AD mice compared to WT
controls, irrespective of sex (Genotype: Fi1,15 = 10.15, p = 0.006; Figure SC). Taken together,
these findings suggest that genes encoding variants of the canonical histone H2A are altered in a
histone-specific manner in the 3xTg-AD model. In contrast to WT, where histone H2A variants

differ in a sex-specific manner, in 3xTg-AD mice there are no such sex differences.

4. Discussion

The present study aimed to compare the immune status, soluble AD-like pathology and
expression of cortical markers implicated in learning/memory and neurodegenerative processes in

male and female 3xTg-AD mice. Six-month-old 3xTg-AD mice of both sexes exhibited spleen
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enlargement that was accompanied by a reduction in subpopulations of CD3", CD8", and CD4" T-
lymphocytes. The severity of the splenomegaly and the paucity of spleen-derived CD" clones
were more pronounced in 3xTg-AD males than in females. Similar sexual dimorphism was noted
with respect to serum autoantibodies and hematocrit, suggesting autoantibody-induced hemolytic
anemia in some adult 3xTg-AD males. Despite the aforementioned sex-dependent changes in
immunophenotype, 3xTg-AD males and females showed comparable alterations in established
AD-like markers. In particular, both sexes had smaller brains, produced similar loads of soluble
AP42and displayed similar downregulation of BDNF in comparison to age- and sex-matched WT
controls. In contrast, the expression of histone variants in 3xTg-AD mice was altered in a histone-
specific manner, whereas the sex-specific differences in histone variant expression seen in WT
mice were not present in the 3xTg-AD mice. These results implicate epigenetic alterations in
nucleosome composition as potential regulators of sex-specific outcomes. These findings
demonstrate that 3xTg-AD mice exhibit an early, systemic autoimmune response prior to overt
AD-like pathology and that sex is a key factor in determining the magnitude of immunological
perturbations. Based on our earlier observation of the lack of AD-like pathology in one-year-old
3xTg-AD males [17] and the confirmatory claims by the donating investigator
(https://www.jax.org/strain/004807), it is clear that the current 3xTg-AD phenotype has drifted
from its original phenotype described more than 15 years ago. Therefore it is possible that the
observed sex-dependent autoimmune manifestations may interfere with the deposition of plaques
and tangles (Figure 6). The origins, timing in ontogenesis and molecular mechanisms of this sex-
dependent autoimmunity require further studies.

The current results are consistent with an increasing number of observations pointing to

immunological dysfunction in the 3xTg-AD substrain [17, 43-50]. However, previous reports
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have focused exclusively on advanced stages of the disease [43, 44, 48, 49] or failed to address the
role of sex [45, 48, 50]. Our findings of sex-dependent alterations in splenic leukocyte populations
are distinct from those of Subramanian and colleagues, who reported that the expression of certain
lymphoid and myeloid markers (different than the population investigated here) is affected in 5-6-
month-old 3xTg-AD females, but not males [47]. In support of a sex-dependent discrepancy that
favors more severe manifestations in males, it has been reported that 6-month-old 3xTg-AD males
exhibit premature thymic involution (a sign of immunosenescence) in comparison to age-matched
females [49]. This dissimilarity in immune status is exacerbated at later stages of the disease [43,
44], suggesting sex-specific signs of immunological dysfunction in the 3xTg-AD strain are
progressive in nature [46].

The currently observed sexual dimorphism in the severity of autoimmune manifestations
is consistent with recent studies revealing dissimilar progression of behavioral changes [19, 20,
51-55], neuropathology [21, 55-57] and longevity [58] between male and female 3xTg-AD mice.
Although the direction and magnitude of functional differences seem to vary across testing age
and procedures, ~6-month-old 3xTg-AD males perform more poorly than age-matched females in
learning/memory tasks including the radial [20] and Barnes mazes [19]. Yet, the emergence of
plaques and tangles in male 3xTg-AD mice currently does not occur until at least 15 months of
age [59]. In the case of tau, neurofibrillary tangles are only present in a relatively small population
of cells in CA1l and the subiculum by 15 months of age and are not present throughout the
hippocampus until 26 months of age. While the classical phenotype of these animals is delayed
by at least 9 months compared to the original report [10], they may still exhibit intraneuronal
species of AP and hyperphosphorylated tau as early as 2 and 6 months of age, respectively [59].

The protracted delay in the production of Af and tau does not seem to occur in 3xTg-AD females,
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which exhibit a more rapid and aggressive progression of AD-like disease [21, 55, 56]. However,
our current analysis revealed that APso and A4z levels in 6-month-old 3xTg-AD females were
comparable to age-matched 3xTg-AD males. The lack of a sex discrepancy at this age is consistent
with previous findings suggesting that 3xTg-AD females show more pronounced AP pathology
during the plaque-bearing phase of the disease [21]. However, sex-dependent behavioral deficits
at such an advanced stage are likely to reflect not only AB accumulation but also other epigenetic
events [60, 61] and pathological changes, including tau hyperphosphorylation, glial activation,
impaired long-term potentiation [10] and loss of neurotrophic support [62].

Our finding of BDNF downregulation in 3xTg-AD mice is in agreement with previous
studies that point to a reduction in BDNF expression in AD [35, 36, 63], MCI [36], and the onset
of AD-like disease in transgenic mice [32, 64], including 3xTg-AD males [60]. The early loss of
BDNF expression in 3xTg-AD mice is associated with higher levels of soluble A species in the
absence of tau pathology, suggesting neurotrophic deficits in this strain are a consequence of AP
accumulation [31, 32] or alternatively, a driver of AP pathology [65, 66]. Targeting of
neurotrophic signaling pathways has therapeutic potential for treating synaptic and
learning/memory deficits in older 3xTg-AD mice [62], but the beneficial effects may not depend
on alterations in AP or tau pathology [62, 67]. This suggests that BDNF loss in 3xTg-AD mice is
downstream of AP pathology [31] and that neither increased A nor decreased BDNF (comparable
between males and females at this time point) accounts for sex differences in behavioral
performance [19, 20].

Epigenetic factors are involved in establishing and maintaining immune responses [68],
and chromatin dysregulation (particularly in immune-response genes in the hippocampus) has been

implicated in AD in both humans and mice [69, 70]. Although most studies have focused on DNA
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methylation and post-translational modifications of histones, histone variants were recently
identified as essential regulators of neural function [24, 38, 71]. MacroH2A.1, a variant of histone
H2A, is upregulated in the blood and cortex of Huntington’s patients and mice in relation to disease
severity [40, 41], linking this variant to neurodegeneration. Consistent with these data, we found
that macroH2A.1 is upregulated in 3xTg-AD mice, but only in males. Interestingly, WT females
exhibit higher levels of macroH2A.1 than WT males, such that levels in WT females were
comparable to the levels seen in 3xTg-AD males. H2A.X is another H2A variant that is rapidly
phosphorylated in response to dSDNA breaks and plays a key role in DNA damage repair [72].
Increased levels of phosphorylated H2A.X are found in cortical and hippocampal astrocytes of AD
patients [42]. Our data reveal that overall levels of H2A.X transcript are similarly increased in
3xTg-AD mice, irrespective of sex. It is unclear whether these changes occurred spontaneously
(e.g. allowing for more rapid repair of accumulating double-strand breaks in AD [73]), or if they
contribute to brain pathology. Taken together, these results suggest that altered availability of
specific histone variant subtypes contributes to altered nucleosome composition in 3xTg-AD mice.
Given that our analyses were limited to mRNA levels of these histone variants, it is not clear if
changes in gene expression reflect alterations in their incorporation into chromatin. However,
recent studies showed that transcriptional regulation of histone variants in the brain is associated
with altered behavioral outcomes [24, 38, 39], and on this basis, our data implicate macroH2A.1
and H2A.X as novel targets for future epigenetic studies of AD. Indeed, full-scale studies
investigating genome-wide chromatin binding patterns and functional implications of these histone
variants are currently underway.

The nature of the sex-dependent autoimmune response in the 3xTg-AD strain prior to

plaque and tangle development remains unknown. The delay of AD-like neuropathology in males



Kapadia et al. - 21

suggests that early systemic autoimmunity may constitute an immune response to systemic
amyloidosis and plaque deposition. In particular, our initial study with 1-year-old males revealed
both splenomegaly and hepatomegaly [17], which are common markers of amyloidosis. Indeed,
immunization of 3xTg-AD mice with a DNA epitope vaccine induces high titers of anti-Af
antibody, which in turn inhibits the accumulation of A, reduces glial activation, and prevents
behavioral deficits [74]. Yet, post-vaccination improvements in behavioral performance do not
seem to rely exclusively on robust reduction in A burden in the brain [75, 76]. This suggests that
the accumulation of AP may not be sufficient to cause dementia but could represent a trigger to
activate the immune system [77]. Although sex-specific differences in immune function in our
study may be linked to sex-specific differences in behavior, our results suggest that immune-
mediated reduction in AP is not the mechanism. Although the precise mechanisms underlying the
beneficial effects of immunization remain unknown, studies support the role of antibody-mediated
plaque clearance via microglial phagocytosis [78]. This is consistent with the delay in plaque
deposition in male 3xTg-AD mice, which exhibit greater autoimmunity than females. Females
may not be able to readily mount such an immune response, rendering them vulnerable to plaque
accumulation at earlier ages. Currently, we do not know the origins of systemic autoimmunity or
the identity of key factors accounting for the difference between the sexes in their immune status.
Future experiments involving manipulations of systemic autoimmunity in pregnant dams and/or
hormonal treatments in neonates may help in addressing these research questions. While the
Thy1.2 promoter drives transgene expression predominantly in the CNS and expression hasn’t
been documented in peripheral tissues [10], further studies are required to confirm whether signs

of systemic involvement are epiphenomena or consequences of transgene expression in other
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organs. Although more research is needed on the origins of autoimmunity, it is clear that sex

should be included as a main factor when designing future experimental and clinical studies.
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Figure Captions

Figure 1: Body and organ weights at 6 months of age. (A) WT females weighed significantly
less than age-matched WT males and 3xTg-AD mice. (B) Post-mortem assessment of wet brain
mass revealed that 3xTg-AD males and females had smaller brains than WT controls. (C)
Enlargement of the spleen, a reliable indicator of autoimmunity, was more severe in 3xTg-AD
males than in females. 3xTg-AD females (n = 18), 3xTg-AD males (n =25), WT females (n = 15)
and WT males (n =9). Overall group comparisons were carried out using two-way ANOVA (sex

x genotype) followed by post-hoc Tukey's HSD test. Error bars = SEM, **p <0.01, ***p <0.001.

Figure 2: T-cell phenotypes. Single cell suspensions of spleens from 6-month-old 3xTg-AD and
WT mice were stained for APC-anti-CD3, FITC-anti-CD4, and PE-anti-CD8 and analyzed by flow
cytometry. (A) Representative dot plots of triplicate experiments highlighting the gating strategy
and relative percentage of cellular subsets of interest in the top and bottom right corners are shown.
(B-D) Mean + SEM values of CD3", CD3"CD8" and CD3"CD4" cells as a percentage of total cells
are shown. Both sexes of 3xTg-AD mice displayed a significant reduction in T-cells in comparison
to age- and sex-matched WT controls, but the severity of the loss of CD3" and CD3"CD8" T-cells
was exacerbated in males compared to females. Overall group comparisons (n = 3-5/group) were
carried out using two-way ANOVA (sex x genotype) followed by post-hoc Tukey's HSD test.

Error bars = SEM, **p < 0.01, ***p < 0.001.

Figure 3: Serological markers of systemic autoimmunity at 6 months of age. (A) Representative

images of serum autoantibodies against cell nuclei (ANA) revealed increased ANA positivity in
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3xTg-AD males (white arrows), but not females. Serum from age-matched WT males exhibited
nucleoli-positive staining (white arrowheads), which was not seen in samples from WT females or
3xTg-AD males. (B) Despite this positivity in controls, serum levels of anti-dsDNA were
particularly elevated in 3xTg-AD males in comparison to age-matched females. (C) Increased
levels of autoantibodies in the serum of 3xTg-AD males were associated with a significant
reduction in the volume percentage of red blood cells in blood. 3xTg-AD females (n = 6-11),
3xTg-AD males (n = 12), WT females (n = 6) and WT males (n = 3-4). Group comparison was
carried out using Kruskal-Wallis non-parametric test followed by pair-wise Mann—Whitney U

tests. Error bars = SEM, *p < 0.05, **p < 0.01.

Figure 4: Tau, Af, and BDNF in cortical samples from 6-month-old mice. (A) Representative
western blots illustrating tau, phosphorylated-tau and B-actin protein levels in TBS-soluble
homogenates extracted from the cortex of 6-month-old mice. (B-D) Densitometric analyses of
western blots (normalized to B-actin) revealed equal intensities for total tau probed with 39E10
and for tau phosphorylated at Thr181 and Ser202 sites. Samples were run in duplicate and band
intensities were normalized across 2 blots. (E-F) TBS-soluble AP0 and AB42 were elevated in the
cortex of 3xTg-AD mice compared to WT, irrespective of sex. (G) Downregulation of BDNF
mRNA expression (normalized to B-actin) in 3xTg-AD mice compared to WT, as analyzed by
qRT-PCR. Abbreviations: AP, amyloid beta; BDNF, brain-derived neurotrophic factor; mRNA,
messenger RNA; pTau, phosphorylated tau; tTau, total tau; TBS, tris-buffered saline. Overall
group comparisons (n = 3-4/group for western blot analysis, n = 6-10/group for Ap ELISAs and
BDNF qRT-PCR) were carried out using two-way ANOVA (sex X genotype) followed by post-

hoc Tukey's HSD test. Error bars = SEM, *p < 0.05, ***p <0.001.
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Figure 5: Expression of histone H2A variants in cortical samples from 6-month-old mice. (A)
Compared to WT males, 3xTg-AD males exhibited increased levels of macroH2A.1. (B) The
expression of #2afy2, which encodes the histone variant macroH2A.2, was comparable between
all groups. (C) H2A.X levels were increased in 3xTg-AD mice irrespective of sex. Overall group
comparisons (n = 3-9/group) were carried out using two-way ANOVA (sex x genotype) followed

by post-hoc Tukey's HSD test. Error bars = SEM, *p < 0.05, **p <0.01.

Figure 6: Proposed network in the current 3xTg-AD model. MCl-like behavior in 3xTg-AD mice
may result from the transfer of human gene(s) that regulates the immune system in a sex-dependent
manner. Enhanced systemic autoimmunity in young males may reflect an early, immune
mechanism that interferes with the deposition of plaques and tangles. Given that sex clearly
determines the severity of immunological perturbations, further studies are required to elucidate if

sex chromosomes, sex hormones, and/or intrauterine environment drive systemic autoimmunity in

the AD-like disease.
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