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Abstract
Background

Individuals with Down syndrome (DS) are at exceptionally high risk of developing early-onset Alzheimer’s
disease (AD) and exhibit age-associated cognitive decline and chronic immune dysregulation. Although
adaptive immunity can exert both protective and detrimental effects in neurodegenerative disorders, its
contribution to AD-related pathology in DS remains poorly understood.

Methods

We characterized amyloid pathology, behavioral performance, and adaptive immune alterations in aged
Dp1Tyb mice, a mouse model of DS. We further evaluated the effects of B-cell depletion using anti-CD20
antibody and active immunization against murine amyloid-beta (mAp). Statistical analyses included t-
tests, analysis of variance (ANOVA), and linear mixed-effects models, as appropriate.

Results

Aged Dp1Tyb mice exhibited increased soluble hippocampal and cortical mAB,, reduced mAB ;49
ratios, short- and long-term spatial memory impairments, altered exploratory behavior, and impaired
motor performance. These phenotypes were accompanied by systemic adaptive immune dysregulation,
characterized by reduced mature B-cell populations and increased T-cell representation across peripheral
and central nervous system (CNS)-associated immune compartments. B-cell depletion in male mice
reduced soluble mAB,, levels and selectively improved short-term spatial memory while inducing tissue-

dependent increases in CD4" and CD8* T-cell abundance. Active mAB immunization in female mice
reduced soluble mAB,q levels, partially normalized hippocampal microglial morphology, and was
associated with improved short-term spatial memory-related performance.

Conclusions

These findings support adaptive immunity as a modifiable component of AD-related pathology in DS.
Notably, B-cell depletion and active mAB immunization converged on reduced mA,, and favorable
short-term memory-related outcomes despite distinct effects on adaptive immune and microglial
phenotypes, suggesting that multiple immune pathways can influence AD-related outcomes in DS. These
findings are limited to a preclinical mouse model, and the mechanisms underlying the observed effects
require further investigation.

Background
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Down syndrome (DS), caused by trisomy of human chromosome 21 (Hsa21) [1], is associated with
widespread immune dysregulation and chronic inflammation [2-5], as well as a markedly increased risk
of early-onset Alzheimer’s disease (AD). The majority of individuals with DS develop dementia by
approximately 60 years of age [6, 7].

Adaptive immunity is increasingly recognized as a modulator of aging and AD-related
neurodegeneration. T cells have been detected in cerebrospinal fluid and AD-affected brain regions [8, 9].
B cells have been proposed to exert protective effects in AD, including through humoral responses
involving amyloid-beta (AB)-reactive antibodies (Abs) that could facilitate amyloid clearance [10].
However, experimental manipulation of adaptive immunity can modify neurodegenerative pathology. B-
cell depletion, commonly achieved using anti-CD20 Abs, is an established therapeutic strategy in
autoimmune diseases, including multiple sclerosis and rheumatoid arthritis [11, 12]. In AD mouse
models, B-cell deficiency or therapeutic B-cell depletion has been reported to reduce AB pathology,
improve cognitive outcomes, and alter microglial states [13, 14]. Conversely, profound impairment of
adaptive immunity can accelerate AD pathology [15], indicating that intact adaptive immune responses
may also contribute to central nervous system (CNS) homeostasis. In addition, active AR immunization
has been shown to promote AB clearance and engage microglial clearance mechanisms in patients with
AD and experimental models [16—19]. Thus, adaptive immunity can exert protective or detrimental
effects depending on the cellular and disease context and can modify interconnected features of AD
pathology.

The widespread adaptive immune abnormalities in DS include reduced transitional, naive, and switched-
memory B-cell populations, together with altered humoral responses [2, 20—22]. T-cell abnormalities
include reduced naive T-cell populations, accompanied by a shift toward activated, memory, and more
differentiated phenotypes [2, 23—-25]. These alterations have been linked to changes in immune
signaling, particularly heightened interferon signaling [5, 26, 27], as well as chronic immune activation [2,
4] and features of premature immunosenescence [28]. Consistent with broader adaptive immune
dysregulation, Dp1Tyb mice, a model of DS, exhibit an age-associated reduction in ectopic lymphoid-like
structures (ELS) in the dura mater, suggesting altered maintenance of adaptive immune niches at CNS
borders [29]. Additionally, previous analyses of Dp1Tyb mice found no significant increase in brain CD8*
T-cell numbers compared with WT controls, in contrast to amyloid-depositing AD mouse models [30].

However, whether and how adaptive immune dysregulation is functionally linked to AD-related pathology
in DS remains poorly understood. Here, we investigated whether interventions targeting adaptive
immunity, particularly B cells, can modify AD-related pathology in DS. For this purpose, we used aged
Dp1Tyb mice, which carry a duplication of the Lipi-Zbtb21 region of mouse chromosome 16
encompassing approximately 63% of the mouse orthologs of Hsa21 genes, including APP and Dyrk1a
[31]. We first characterized AB pathology, behavioral phenotypes, and B- and T-cell populations across
peripheral and CNS-associated immune compartments in aged Dp1Tyb mice. We then applied two
complementary immune-modulating interventions: B-cell depletion using an anti-CD20 antibody and
active DNA immunization against murine AR (mAR), building on our previous demonstration that DNA-
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based AB immunization can modulate glial homeostasis and cognition in Ts65Dn mice, a different DS
mouse model [32]. Following each intervention, we evaluated AB pathology, microglial morphology,
adaptive immune composition, and behavioral outcomes.

Our findings demonstrate that distinct manipulations of adaptive immunity improve selected AD-related
outcomes and identify the adaptive immune system, particularly the B-cell compartment, as a modifiable
contributor to AD-related pathology in the Dp1Tyb mouse model of DS.

Materials and methods

Animals

Male and female Dp1Tyb mice (provided by Dr. Frances Wiseman, UK Dementia Research Institute,
London, UK) were used as a mouse model of DS. Dp1Tyb mice carry a duplication of the Lipi-Zbtb21
region of mouse chromosome 16 (Mmu16), encompassing ~63% of the mouse orthologs of Hsa21
genes [31]. All mice were group-housed under specific pathogen-free conditions at the Bar-llan University
animal facility at 22°C on a 12 h light/12 h dark cycle, with adlibitum access to food and water.
Heterozygous Dp1Tyb males were crossed with C57BL/6J0laHsd females (Harlan) to generate Dp1Tyb
and wild-type (WT) littermates, with WT littermates serving as controls in all experiments. Mice were
randomly assigned to experimental treatment groups within each genotype. Animal care, genotyping,
and experimental procedures were approved by the appropriate animal ethics committee at Bar-llan
University and were conducted in accordance with institutional guidelines. Environmental enrichment,
including nesting materials and shelters, was provided in the home cages. The health and welfare of the
mice were monitored daily by the animal facility staff. At experimental endpoints, mice were
anesthetized with ketamine-xylazine (100 and 10 mg/kg, respectively) and transcardially perfused with
ice-cold phosphate-buffered saline (PBS).

Brain protein extraction

Following perfusion, the cerebral cortex and hippocampus were separated, immediately frozen on dry
ice, and stored at -80°C. Tissues were subjected to sequential extraction to obtain
Radioimmunoprecipitation assay buffer (RIPA)-soluble and formic acid-extracted insoluble protein
fractions for AB quantification. For the isolation of the soluble fraction of AB, tissues were mechanically
homogenized in RIPA buffer (150 mM NaCl, 5 mM EDTA (pH 8), 50 mM Tris (pH 8), 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), dH,0) with protease inhibitor cocktail (1:100,
Cat# P2714, Sigma) and phosphatase inhibitor cocktail (1:100, Cat# 524625, Sigma), at 150 mg of tissue
per ml of buffer, then incubated on ice for 30 min, followed by centrifugation at 17,000 x g for 2 h at 4°C.
The supernatant, containing soluble AB, was removed and stored at -80°C. The remaining pellet,
containing insoluble AB, was resuspended in 70% formic acid at 450 mg of tissue per ml of formic acid
and incubated on ice for 30 min, followed by centrifugation under the same conditions as above. The
formic acid supernatant was collected and neutralized with 1 M Tris pH 11 (20 times the volume of

formic acid), then stored at -80°C. Total protein concentration was determined in mg/ml using a
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bicinchoninic acid (BCA) assay at a dilution of 1:20 for soluble fractions, and 1:50 for insoluble fractions
(Cat# 23225, Thermo Fisher). AB concentrations were normalized to total protein content and expressed
as pg AB/mg total protein. Experimental protocol is shown in Fig. S1.

Murine AB measurements using a sandwich enzyme-linked immunosorbent assay(sELISA).

Assay protocol, development, calibration, antibody selection, and validation are described in Figs. S1-S3.
Brain-derived AB was quantified using 96-well polystyrene microplates (Cat# 655061, Greiner), pre-
coated with 50 pl of the appropriate capture Ab (Fig. S2a, b), diluted in carbonate-bicarbonate buffer (pH
9.6), and incubated overnight at 4°C. The plates were then washed four times with PBS containing 0.05%
Tween (PBS-T), blocked for 1 h at room temperature (RT) with 2% BSA in PBS-T, and washed fourtimes
with PBS-T. Subsequently, 50 ul of the appropriate dilution of soluble or insoluble protein homogenate
was added to each well (Fig. S2c), and the plates were incubated for 2 h at RT. Then, the plates were
washed five times with PBS-T, followed by the addition of 100 pl of the relevant detection Ab diluted in
blocking solution (Fig. S2a, b). Samples were further incubated for 2 h at RT. Following a final wash (5 x
PBS-T), 3, 3, 5, 5'-tetramethylbenzidine (TMB) substrate(Cat# 00-4201-56, eBioscience, Thermo Fisher)
was added to initiate the colorimetric reaction. The reaction was stopped by adding 50 pl of 2 M H,S0O,.
Absorbance was measured at 450 nm using a spectrophotometer. Quantification was based on standard
curves generated with known concentrations of recombinant murine AB,q and AB,, peptides (Fig. S2b,
d).

Flow cytometry

Antibody details are provided in Fig. S4a. Single-cell suspensions were prepared from peripheral blood,
spleen, dural meninges, superficial cervical lymph nodes (scLN), deep cervical lymph nodes (dcLN), and
mesenteric lymph nodes (mLN). Blood was collected into tubes containing ethylenediaminetetraacetic
acid (EDTA) (Cat# 450530, Greiner) and gently inverted to prevent coagulation. Red blood cells were
lysed with Ammonium-Chloride-Potassium (ACK) buffer (Cat# A1049201, Gibco) for 5 min in the dark,
followed by centrifugation at 300 x g for 5 min and washing with Roswell Park Memorial Institute (RPMI)
1640 medium (Cat# 01-100-1A, SARTORIUS). Samples were centrifuged again (300 x g, 5 min) and
resuspended in PBS. Spleens were collected into cold RPMI and gently dissociated by mechanical
disruption using the plunger of a sterile syringe on a 70 uym cell strainer. The cell suspension was
washed twice with 2 ml of RPMI, then centrifuged at 300 x g for 8 min. Red blood cells were lysed with
ACK lysis buffer for 5 min at RT in the dark, followed by centrifugation at 300 x g for 5 min. Cells were
then washed with RPMI, centrifuged again (300 x g, 5 min), and resuspended in PBS. Dural meningeal
tissue was digested for 15 min at 37°C with constant agitation using 0.5 ml of pre-warmed digestion
buffer containing RPMI medium with 2% fetal bovine serum (FBS), 0.5 mg/ml collagenase VIII, and 0.05
mg/ml DNase I. The digested material was then passed through a cell strainer cap (Cat# 352235, Fisher
Scientific), and enzymatic activity was neutralized with 1 ml of complete RPMI medium containing 10%
FBS. Cells were centrifuged at 400 x g for 5 min and resuspended in PBS.Lymph nodes were collected in
ice-cold RPMI supplemented with 5% FBS. Each node was carefully dissected and then mechanically
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dissociated by gently triturating the tissue through a cell strainer cap in RPMI. Remaining tissue
fragments on the strainer were washed twice with 1 ml of RPMI. Cell suspensions were centrifuged at
300 x g for 10 min and resuspended in PBS.Gating strategy is provided in Fig. S4b. For the ex vivo A
experiment,synthetic murine AB,_4, (Cat# ab120959, Abcam) was prepared in 1% NH,OH/water, diluted
to 100 uM in PBS, and incubated at 4°C for 48 h to promote oligomerization. Splenocyte and scLN
cultures were subsequently stimulated with 10 pg of oligomerized mAB,_4, per sample. Cells were
incubated for 24 h at 37°C in 5% CO, with either murine AB_4, or 1% NH,OH/water for non-activated

samples. Cells were cultured in RPMI supplemented with 10% FBS, 1% of 0.1 mM penicillin-streptomycin-
nystatin, and 2 mM L-glutamine. Following incubation, cells were collected by centrifugation for
subsequent staining. Gating strategy is provided in Fig. S5.For all experiments and tissues, cell viability
was determined by incubating cells with Ghost Dye diluted in PBS for 30 min at 4°C. To block
nonspecific interactions, cells were treated with 5% normal rat serum (Cat# sc-45135, Santa Cruz) in
PBS containing 1% bovine serum albumin (BSA) for 20 min at 4°C. Extracellular staining was then
performed using fluorophore-conjugated monoclonal Abs diluted in FACS buffer (PBS with 1% BSA and
2 mM EDTA), supplemented with 50 pl of Brilliant Stain Buffer (Cat# 563794, BD Horizon) as needed to
minimize fluorochrome-to-fluorochrome interactions.Staining was performed for 20 min at 4°C,
followed by washing and resuspension in 300 pl of FACS buffer prior to acquisition. All Abs were titrated
prior to use. To ensure proper compensation and gating, single-stained, unstained, and fluorescence
minus one (FMO) controls were included in each experiment. Data were recorded on a Cytek Aurora
spectral flow cytometer. For each tissue, an equal number of live cells, normalized to the number of
viable cells recovered from that tissue, was exported per sample and analyzed in FlowJo v10.10.0.

Immunohistochemistry and microglial morphology analysis

For microglial morphology assessment, one hemisphere from each Dp1Tyb and WT mouse brain was
collected in 4% paraformaldehyde (PFA) following perfusion. Hemi-brains were transferred to 20%
glucose overnight, then to 30% glucose overnight. Microtome sections (40 pm) containing the cortex and
hippocampus were obtained. Sections were washed three times in PBS containing 0.1% Triton (5 min
each), then blocked in a solution containing 10% normal horse serum (Cat# S-2000-20, Vector
Laboratories), 2% BSA, and 1% glycine in PBS containing 0.1% Triton for 1 h at RT and incubated
overnight with rabbit anti-lba1 Ab (1:1000, Cat# ab178846, Abcam). After primary incubation, tissues
were washed three times with 0.1% PBS-Triton for 5 min each, and incubated with secondary antibody
(1:500, Alexa Fluor® 568 goat anti-rabbit, Cat# A-11011, Invitrogen) for 1 h at RT. Sections were then
washed again (3 x 5 min in PBS-Triton 0.1%), followed by staining with nucleic acid dye (1:2000, Hoechst
33342, Thermo Fisher) for 10 min at RT. Finally, the sections were washed three times with PBS and
mounted on positively charged slides. For each sample, two fields of view (medial cortex and CA1 region
of the hippocampus) were acquired using a 40 x objective, a 1 x 1 image frame, and a z-stack spanning
~30 um. Image analysis was conducted in Imaris using the Filament Tracer module.

B-cell depletion
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B-cell depletion was achieved by intraperitoneal (i.p.) administration of an anti-mouse CD20 antibody
(clone MB20-11, Cat# BE0356, BioXcell) or an isotype-matched control Ab (mouse IgG2c, Cat# BE0366,
BioXcell). Mice received 150 pg of antibody in 200 pl of PBS by i.p. injection every 3 weeks for 4 months.

DNA vaccination

The ABCoreS pVAX1-based DNA vaccine was generated in this study, encoding the N-terminal fragment
of murine AB (AB+.11) fused to a Hepatitis B surface antigen (HBsAg) and core antigen (HBcAg). For
large-scale vaccine production, the NucleoBond Xtra Maxi-prep EF kit was used (Cat# 740424,
MACHEREY-NAGEL). DNA vaccination was administered with electroporation. Abdominal skin was
shaved, cleaned with 70% ethanol, and allowed to dry before immunization. Mice were injected
intramuscularly with 25 pg of DNA (50 pl) at three time points at 14-day intervals, followed by a fourth
injection 3 months after the initial injection. Immediately after DNA injection, electroporation was applied
at the injection site using a two-needle array electrode with 10-mm needles and an ECM830
electroporator. The electroporation configuration was one pulse of 450 V/cm, two repetitions, lasting
0.05 ms each at an interval of 0.125 s, followed by a second pulse of 110 V/cm, three repetitions lasting
10 ms each at an interval of 0.125 s.

Behavioral tests

Behavioral testing and analysis were performed by experimenters blinded to genotypes and treatment
groups. Mouse behavior was recorded and analyzed using ANY-maze software.

Long-term spatial memory

Long-term spatial learning and memory were assessed using a variant of the modified Barnes maze
(MBM) test [33], a hippocampus-dependent task in which mice learn to use spatial cues to locate an
escape hole across repeated training trials. Mice were placed on a circular platform 122 cm in diameter
with 40 randomly placed holes, one of which provided access to an escape chamber (target hole).
[llumination above the apparatus was maintained at 1300 lux throughout the test to motivate the
animals to search for the target hole, and four extra-maze visual cues were presented on the walls
surrounding the MBM table for spatial memory assessment. Mice underwent either three 120 s trials per
day or two trials per day with progressively reduced trial duration (from 45 s to 25 s), depending on the
performance of the mice, to locate the target hole. Trials were separated by a 30 s intertrial interval. This
procedure was repeated daily until test duration reached a plateau. Exploration trajectories were
classified into six spatial search strategies - Direct, Corrected, Long Correction, Circling, Accidental
Circling, and Random- using a convolutional neural network-based classifier previously developed and
validated in our laboratory [34]. Strategy utilization was expressed as the percentage of trials assigned to
each strategy. A cognitive score was calculated by weighting each strategy according to its previously
established cognitive value (Direct = 1, Corrected = 0.773, Long Correction = 0.618, Circling = 0,
Accidental Circling = 0.330, and Random = 0.109), with higher scores reflecting the use of more efficient
spatial strategies. To quantify cumulative strategy utilization across training, the area under the curve of
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the percentage use of each strategy across consecutive testing days was calculated using the
trapezoidal rule.

Short-term memory

To assess short-term spatial recognition memory, mice were tested in the Y-maze forced-choice [35, 36],
T-maze [37], and object location recognition (OLR) [38]tests. The Y- and T-maze forced-choice tests
exploit mice’'s spontaneous tendency to explore a previously inaccessible arm, and the T-maze's distinct
visual cues also enable assessment of spatial memory. The Y-maze consisted of three symmetrical
arms (40 x 8 cm), with 20-cm-high walls. The T-maze consisted of 30 x 15 cm-high walls covered with
different black-and-white patterns, with three extra-maze visual cues presented above and, on the walls,
surrounding the apparatus. Both tests consisted of a training phase followed by a test phase. During
training, one arm from each apparatus was blocked, and the mouse was allowed to explore the two open
arms of the maze for 5 min. During the test phase, the previously blocked arm was opened, and the
mouse could freely explore the maze for 3 min. In the OLR test, mice were placed in a 40 x 40 cm arena
with two different objects. During an acquisition trial, the mice were allowed to explore their
environment. Subsequently, the position of one object was changed.For all tests, novelty versus
familiarity preferences were assessed by monitoring the number of entries and the time spent in each
arm or object location. A preference index was calculated as the difference between the time spent in
the novel and familiar arm or location, divided by the total time spent in both. The illumination above the
apparatuses in all tests was maintained at 20 lux to minimize stress.

Exploratory behavior and anxiety assessment

Exploratory activity and anxiety-like behavior were assessed using the open field arena (OFA)task [39],
which measures spontaneous exploration of the center and peripheral areas of an unfamiliar arena.
Mouse exploration in a 40 x 40 cm arena was recorded, with the outer 8 cm defined as the periphery and
the inner 24 x 24 cm as the center. Mice were allowed to freely explore the arena for 5 min under 20-lux
illumination.

Motor coordination

Motorabilities were assessed using a modified beam-walking test protocol [40, 41]. Briefly, mice were
trained to cross a set of beams to reach a secure enclosed platform. Traversal latency, distance traveled,
and movement speed were quantified as each mouse crossed square and cylindrical beams toward a 20
x 20 x 20 cm black cube located at the end. The apparatus was positioned 50 cm above the ground and
set at a slight angle to encourage the mice to enter the target box. Each beam was 100 cm in length, and
analyses were conducted only on the middle 80 cm, defined by marking 10 cm from both the start and
end of each beam. lllumination above the apparatus was maintained at 1300 lux throughout the test to
further motivate the animals. On the first day, mice were placed in the target box for a 60 s habituation
period. Subsequently, all mice were tested on three square beams of decreasing width (28, 12, and 7
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mm), performing three 60 s trials on each beam. On the following day, the beams were replaced with
circular ones measuring 15, 20, and 30 mm in diameter.

Nesting behavior

To assess nesting behavior, mice were transferred into individual testing cages containing 1.8 g of
nesting material. Nests were documented after 48 h, 96 h, or 120 h, depending on the performance of
the mice. Nest-building performance was quantified as the mass of unshredded nesting material
remaining at the predefined endpoint [42].

Statistics

Statistical tests were selected according to the experimental design. Comparisons were performed
using Student’s t-test, the Mann-Whitney test, two-way analysis of variance (ANOVA), or two-way
repeated-measures ANOVA, as appropriate. Tukey’s or Sidék’s multiple-comparisons tests were applied
for post hoc analyses, where appropriate. Three-way ANOVA or three-way repeated-measures ANOVA
was used for experiments involving three factors and was performed in R (R Core Team). Where
appropriate, linear mixed-effects models were fitted, with fixed effects and interactions evaluated using
Type Il ANOVA with the Satterthwaite approximation for degrees of freedom. Post hoc comparisons
were performed using estimated marginal means with Benjamini-Hochberg false discovery rate (FDR)
correction for multiple testing. Normality was assessed using the Shapiro-Wilk test. Where indicated,
data were log,g-transformed before statistical analysis. One-tailed tests were used for predefined
directional comparisons. Outliers were identified and exluded using the robust regression and outlier
removal (ROUT) method (Q = 1%) or, for grouped datasets, Tukey’s fences (1.5 x interquartile range
(IQR)). Data are presented as mean + standard deviation (SD). Sample sizes were estimated a priori
using G*Power (effect size = 0.8; a = 0.05). Statistical significance was defined as p < 0.05,p < 0.01,p <
0.001, and p < 0.0001. Unless otherwise indicated, analyses were performed using GraphPad Prism
version 8.4.2 for Windows. The individual mouse was considered the experimental unit for all in vivo
analyses.

Schematic illustrations in Figs. 4-6 were generated using OpenAl ChatGPT and reviewed by the authors.

Results

Aged Dp1Tyb mice exhibit increased soluble mAB,, and reduced AB,, /4, ratios.

To characterize amyloid pathology, soluble and insoluble mAB,, and mAB,, were quantified in the
hippocampus and cortex of 10-15-month-old male and female Dp1Tyb and WT mice using an in-house
SELISA protocol (Fig. S1). Assay characterization, including capture and detection antibody
combinations, epitopes, recombinant AB,, and AB,, standard curves, assay controls, and cross-
reactivity assessment, is provided in Figs. S2, S3. Because no significant sex-dependent differences
were detected in this cohort (Fig. S6), data from male and female mice were pooled for subsequent
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analyses. In the hippocampus, soluble mAB,, was significantly increased in Dp1Tyb mice compared with
WT littermate controls (Fig. 1a, p < 0.05), whereas soluble mAB,, did not differ significantly between
genotypes (Fig. 1b). The insoluble hippocampal mAB,,,4q ratiowas significantly reduced in Dp1Tyb mice
(Fig. 1c, p < 0.05), indicating an altered relative distribution of the two AR species. Insoluble hippocampal
mAB4o and mAB,, levels were positively correlated in both genotypes, with a stronger association in
Dp1Tyb mice (WT: p < 0.05, R? = 0.32; Dp1Tyb: p < 0.0001, R? = 0.87; Fig. 1d). No significant genotype
difference was detected in the soluble hippocampal mAB,,,4¢ ratio (Fig. S7a), and soluble mAB,, and
mAR,, did not show a significant association in either genotype (Fig. S7b). Likewise, when insoluble
hippocampal mAB,, and mAB,, levels were examined separately, no significant genotype differences
were detected (Fig. S7c, d). A similar alteration in AB composition was observed in the cortex. Soluble
cortical mAB,q levels were significantly increased in Dp1Tyb mice relative to WT controls (Fig. 1e, p <
0.001), whereas soluble mAB,, levels did not differ significantly between genotypes (Fig. 1f). Both
soluble and insoluble cortical mAB 4,4 ratios were significantly reduced in Dp1Tyb mice (Fig. 1g, h, p <
0.07 and p < 0.05, respectively). Insoluble cortical mAB,q and mAR,, levels were significantly positively
correlated in Dp1Tyb mice but not in WT controls (Fig. 1i; Dp1Tyb: p < 0.0001, R? = 0.84). However, the
individual insoluble cortical mAB,5 and mAB,, levels did not differ significantly between genotypes (Fig.

S7e, f), and no significant relationship was observed between the soluble cortical mAB species in either
genotype (Fig. S7g).

Aged male Dp1Tyb mice exhibit impairments across multiple functional domains.

We next assessed behavioral performance across multiple functional domains.In the MBM test, Dp1Tyb
mice showed a non-significant trend toward longer escape latency and a lower success rate compared
with WT mice (Fig. 2a, b).Analysis of spatial navigation strategies [34] showed that WT mice
progressively increased their use of efficient, goal-directed strategies across training, whereas Dp1Tyb
mice showed greater persistence of less efficient search strategies (Fig. 2c, d; complementary MBM
measures are presented in Fig. S8a-f).

Short-term memory was subsequently evaluated using a Y-maze forced-choice test. Dp1Tyb mice
showed a significantly longer latency to first enter the newly accessible arm than WT controls (Fig. 2e, p
< 0.05; Fig. S89), consistent with impaired short-term spatial novelty preference. Exploratory and anxiety-
like behavior were next assessed in the OFA test. Dp1Tyb mice spent more time in the peripheral and
corner regions and less time in the center than WT mice (Fig. 2f; genotype x time interaction, p < 0.0001;
Fig. S8h-j), consistent with increased anxiety-like behavior. No significant genotype differences were
detected in overall locomotor activity (Fig. S8k-I). Finally, motor coordination was evaluated using the
beam-walking test. Dp1Tyb mice required more time to traverse the beams than WT controls (Fig. 2g;
genotype x beam-level interaction, p < 0.05). Consistently, Dp1Tyb mice traveled a longer distance and
moved at a lower speed during the task (Fig. S8m-q), further supporting impaired motor performance.

Adaptive immune cell composition is altered in aged Dp1Tyb mice.
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Having characterized the molecular and behavioral phenotypes of aged Dp1Tyb mice, we next examined
adaptive immune-cell composition. Immune-cell populations were characterized by flow cytometry in
blood, meninges, spleen, scLN, dcLN, and mLN. Total B-cell representation was reduced in the blood,
meninges, scLN, dcLN, mLN, and spleen of aged Dp1Tyb mice, accompanied by broad reductions in B2
cells and specifically in follicular (FO) B cells (Fig. 3). In contrast, CD3* T cells were increased in the
blood, meninges, dcLN, spleen and mLN, while CD4™ T cells were increased in the scLN, dcLN, mLN, and
spleen (Fig. 3). This recurring cellular pattern is consistent with the systemic adaptive immune
dysregulation associated with DS [3, 29]

B-cell depletion remodels T-cell abundance, reduces mAB,, levels, and improves short-term memory in
aged Dp1Tyb mice.

Given the prominent B-cell alterations observed in aged Dp1Tyb mice compared with controls, we
examined the consequences of sustained B-cell depletion. As B cells contribute to the regulation of T-cell
homeostasis and function [43, 44], we also examined whether B-cell depletion altered the T-cell
compartment. Aged male Dp1Tyb and WT mice received an anti-CD20 B-cell-depleting antibody or
isotype control every three weeks for four months (Fig. 4a). Flow cytometric analysis confirmed efficient
B-cell depletion (Fig. 4b). Quantification across tissues demonstrated a robust treatment effect on B-cell
numbers, with marked depletion in the blood, meninges, scLN, mLN, and spleen in both genotypes (Fig.
4c,p < 0.001).

Notably, B-cell depletion was accompanied by a tissue-dependent increase in T-cell abundance. CD4* T-
cell numbers increased in the blood, scLN, and mLN, whereas the splenic increase was significant only in
WT mice, with a non-significant trend in Dp1Tyb mice (Fig. 4d). Similarly, CD8" T-cell numbers increased
in the blood and scLN, and in WT mice in the mLN and spleen, with a non-significant trend toward
increased levels in Dp1Tyb mice in the spleen (Fig. 4e, p = 0.055). Neither CD4" nor CD8" T-cell numbers
were significantly altered in the meninges. Consistent with these changes, total CD3* T-cell numbers
increased in the blood, scLN, mLN, and spleen (Fig. S9a), whereas CD4™ CD8™ T-cell increases were
restricted to the spleen (Fig. S9b). Plasma-cell changes were more limited, with increased numbers in
the scLN of both genotypes and in the spleen of B-cell-depleted Dp1Tyb mice (Fig. S9c). These findings
support the context-dependent interplay between B- and T-cell compartments.

We next examined whether B-cell depletion altered behavioral outcomes in Dp1Tyb mice. In the Y-maze
forced-choice task, B-cell depletion significantly reduced the novel-to-familiar arm latency ratio,
consistent with improved short-term memory (Fig. 4f). Additional Y-maze measures revealed treatment-
and genotype-dependent effects on latency to familiar-arm entry and center occupancy in both Dp1Tyb
and WT mice (Fig. S10a, b). In the OLR task, B-cell depletion increased entries into the novel-object
location zone in both genotypes (Fig. 4g), with a corresponding reduction in exploration of the previous
object location (Fig. S10c, d). In contrast, anxiety-like behavior in the OFA task remained predominantly
genotype-dependent (Fig. S10e-g). Similarly, reduced nesting behavior (Fig. S10h) and impaired motor

performance (Fig. S10i-n) were not rescued by B-cell depletion. These findings indicate that B-cell
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depletion selectively modifies short-term spatial-memory-related performance, with evidence of benefit
in Dp1Tyb mice.

B-cell depletion also significantly reduced soluble hippocampal mAB,, across genotypes (Fig. 4h;
treatment effect, p < 0.05). A similar reduction was observed as a non-significant trend in insoluble
hippocampal mAR,, (Fig. S100).

Microglial morphology parameters remained largely unchanged in both the hippocampus and cortex
(Fig. S11), indicating that the observed cognitive and biochemical changes were not accompanied by
detectable changes in the measured microglial morphology parameters.

Female Dp1Tyb mice exhibit multi-domain behavioral impairments.

Before evaluating active mAB immunization, we characterized the baseline behavioral phenotype of
middle-aged (5-7-month-old) female Dp1Tyb mice. Immunization was initiated at 9-12 months, with post-
immunization behavioral testing performed at 10-13 months and biochemical analyses at 13-15 months
(Fig. 5a). During MBM acquisition, escape latency decreased across training days in both genotypes,
whereas Dp1Tyb females showed poorer overall performance than WT controls (Fig. 5b). Dp1Tyb mice
showed a significantly lower success rate and lower cognitive scores, reflecting reduced use of efficient
spatial search strategies (Fig. 5c, d, respectively). Search-strategy analysis further demonstrated greater
reliance on less efficient strategies in Dp1Tyb mice relative to WT mice (Fig. 5e), and a lower overall
contribution of goal-directed search strategies (Fig. 5f). Additional MBM measures and representative
trajectories are shown in Fig. S12a-g. In the forced-choice Y-maze, female Dp1Tyb mice showed reduced
novel-arm preference, consistent with impaired short-term spatial memory (Fig. 5g; Fig. S12h-k). In the
OFA, female Dp1Tyb mice displayed increased peripheral and corner activity, reduced center activity,
greater distance traveled, and higher average speed, consistent with hyperactivity (Fig. 5h-j; Fig. S12l-0).
Female Dp1Tyb mice also showed impaired nest-building behavior, reflected by greater residual
unshredded nesting material (Fig. 5k), and impaired motor coordination, requiring more time and moving
more slowly across the beams (Fig. 5I; Fig. S12p-t). Thus, middle-aged female Dp1Tyb mice exhibited
behavioral abnormalities overlapping those observed in aged males, including spatial-memory and motor
deficits, together with prominent hyperactivity and impaired nesting behavior.

Anti-mAB immunization partially restores microglial homeostasis, improves short-term memory and
reduces mAR,, pathology.

Having established the baseline behavioral phenotype of female Dp1Tyb mice, we next examined the
behavioral, pathological, and immunological effects of active mAB immunization (Fig. 6a). Vaccination
significantly reduced soluble and insoluble mAB,, in the hippocampus and cortex across genotypes,
with a greater reduction in Dp1Tyb mice (Fig. 6b; Fig. S13a-c). To determine whether vaccination elicited
a mAB-responsive adaptive immune response, we assessed lymphocyte activation following ex vivo
stimulation with oligomeric mAR. Vaccination induced tissue- and cell type-dependent changes in
surface CD69 expression. In the spleen, increased CD69 expression was observed across all examined
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populations, with the strongest response in plasma cells, whereas the scLN showed prominent plasma
cell and CD4 CD8" T-cell responses accompanied by reduced CD69 levels in B cells, suggesting that
immunization elicited a broad, compartment-specific adaptive immune response in aged mice (Fig. 6c).
Next, short-term spatial memory was assessed using the T-maze test. Vaccinated Dp1Tyb mice showed
a significantly greater novel-arm preference during the first 30 s of the test (Fig. 6d), accompanied by
increased entries into the novel arm and a lower preference index for the familiar arm (Fig. S13d, e),
supporting a vaccination-associated improvement of short-term spatial memory. In the OFA, behavioral
responses differed between vaccinated Dp1Tyb and WT mice, with vaccinated Dp1Tyb mice showing
fewer peripheral entries and more center entries (Fig. 6€; Fig. S13f), without significant differences in
overall locomotor activity (Fig. S13g, h). In addition, mAB immunization did not rescue nesting behavior
or motor deficits (Fig. S13i-0), indicating that its behavioral effects were restricted to specific functional
domains.

Finally, we examined whether mAB immunization altered microglial morphology by quantifying features
reflecting morphology and process complexity (Fig. 6f). In the hippocampus, naive Dp1Tyb mice
exhibited a more complex microglial morphology than WT controls, characterized by increased filament
area, filament length, and branching. Vaccination, however, reduced these morphological measures in
Dp1Tyb mice toward WT levels, consistent with a partial normalization of hippocampal microglial
morphology (Fig. 6g-h; Fig. S14a-c). In contrast, cortical microglia did not show significant morphological
differences between genotypes or vaccination groups (Fig. S14d-i). Thus, the effect of mAR
immunization on microglial morphology was predominantly observed in the hippocampus rather than
uniformly across brain regions.

Discussion

In this study, we identified adaptive immunity, particularly the B-cell compartment, as a modifiable
component of AD-related pathology in DS. Aged male and female Dp1Tyb mice showed increased
hippocampal and cortical soluble mAB,, and reduced insoluble hippocampal and soluble and insoluble
cortical MABy,4q ratios (Fig. 1). Separate behavioral findings showed that aged male Dp1Tyb mice
exhibited altered spatial-search behavior, short- and long-term memory impairments, anxiety-like
behavior, and impaired motor performance (Fig. 2), whereas middle-aged females showed additional
spatial-memory, nesting and hyperactivity abnormalities (Fig. 5). These changes were accompanied by a
systemic shift in adaptive immunity in aged male and female Dp1Tyb mice, with reduced B-cell
representation, particularly B2 and FO B cells, and increased CD3* and CD4* T-cell representation across
peripheral and CNS-associated compartments (Fig. 3). Notably, the two mechanistically distinct immune
interventions converged on selected disease-relevant outcomes. B-cell depletion in male mice reduced
soluble hippocampal mAR,,, improved short-term-memory-related performance, and increased CD4*

and CD8" T-cell abundance in a tissue-dependent manner (Fig. 4). Active mAB immunization in female
mice reduced soluble mAB,,, improved short-term memory and anxiety-related performance, and
partially normalized hippocampal microglial morphology (Fig. 6). These findings suggest that adaptive
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immunity in DS is not simply globally impaired but is remodeled in ways associated with, and
experimentally linked to AD-related phenotypes.

The absence of overt amyloid plaques in Dp1Tyb mice [31] does not preclude the presence of AD-
relevant pathology. Using the optimized sELISA, we identified a distinct amyloid phenotype characterized
by increased soluble mAB,, in the hippocampus and cortex and reduced ABy,/4q ratios in aged Dp1Tyb
mice (Fig. 1). The predominance of soluble mA,, rather than mAB,, is compatible with a non-plaque
amyloid phenotype, given the greater aggregation propensity of AB,, and its stronger association with

fibrillary amyloid deposition [45, 46]. The coexistence of AB dysregulation and multi-domain functional
impairment (Fig. 2) in the absence of overt plaque pathology supports using Dp1Tyb mice for
investigating pre-plaque AD-related processes in DS.

The adaptive immune alterations observed in aged Dp1Tyb mice (Fig. 3) closely resemble the immune
dysregulation described in individuals with DS [2, 3, 5]. Total B-cell, B2-, and FO B-cell representation was
reduced across peripheral and CNS-associated compartments, whereas CD3* and CD4* T-cell
representation was increased in multiple tissues. A similar imbalance has been described in individuals
with DS, where contraction of the B-cell compartment coexists with chronic activation and phenotypic
remodeling of CD4* T-cell populations [25]. Thus, rather than representing an isolated B-cell defect, our
findings support broader adaptive immune remodeling involving opposing changes in B- and T-cell
compartments across multiple tissues. The extension of these changes to the meninges was consistent
with our previous observation of reduced numbers and complexity of dural ELS in aged Dp1Tyb mice
[29], suggesting that DS-associated adaptive immune dysregulation also affects organized immune
niches at the brain-immune interface.

Previous studies have shown that adaptive immune depletion can have divergent effects on AD
pathology, emphasizing the importance of immune-cell context [13, 15]. Our findings extend this
complexity to the Dp1Tyb model of DS. Despite the reduced B-cell compartment in Dp1Tyb mice (Fig. 3),
further B-cell depletion (Fig. 4b, c) was associated with reduced hippocampal mAB,, and improved
short-term memory performance (Fig. 4f-h). This apparent paradox suggests that B-cell abundance
alone may not determine their contribution to AD-related pathology, and that the identity and functional
state of the remaining B cells may be particularly important.

One potential candidate is the age-associated B-cell (ABC) compartment. ABCs accumulate during aging
and chronic inflammatory conditions and can exhibit enhanced antigen-presenting, inflammatory, and
autoreactive properties [47-49]. Importantly, individuals with DS show enrichment of CD11c¢* T-betMdh
CD21'°" B cells with features overlapping ABCs despite an overall contraction of the B-cell compartment
[25]. Activated B-cell populations have also been implicated in microglial reactivity and amyloid-
associated pathology [10, 13, 50]. Thus, the reduction of conventional B2 and FO populations observed
in Dp1Tyb mice may coexist with relative preservation or enrichment of activated B-cell states,
potentially shifting the functional balance of the residual B-cell compartment toward a more pathogenic

phenotype. B-cell depletion treatment may therefore exert beneficial effects not simply by reducing B-cell
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numbers, but by removing B-cell subsets that disproportionately contribute to inflammatory or amyloid-
related pathology. Although our current flow-cytometry panel did not allow direct identification of ABC-
like populations (Fig. S4), determining whether such populations are enriched in aged Dp1Tyb mice,
particularly within CNS-associated immune compartments, will be important for resolving this
possibility.

B-cell depletion also increased CD4* and CD8"* T-cell abundance in a tissue- and genotype-dependent
manner, extending its effects beyond B-cell removal to broader adaptive immune remodeling (Fig. 4d, e).
These increases occurred in parallel with reduced mAB,y and improved short-term memory-related

performance (Fig. 4f-h), although this association does not establish that T-cell expansion mediated
these effects. B cells can shape T-cell differentiation through antigen presentation, costimulatory
signaling, and cytokine production [49, 51, 52], and B-cell depletion has been reported to shift T cells
toward more naive and less inflammatory states [53]. In aged mice, B-cell deficiency or anti-CD20
treatment reduced T-cell immunosenescence, particularly within the CD4" compartment, and was
associated with improved health-span outcomes [53]. These findings raise the possibility that the
increased T-cell populations observed here reflect functional remodeling rather than simply
compensatory expansion. This distinction may be particularly relevant in AD, where T cells can exert both
detrimental and protective effects, and profound adaptive immune deficiency can exacerbate amyloid
pathology [15]. Determining the phenotype and antigen specificity of the expanded T-cells will be
important for establishing whether they contribute to the beneficial effects of B-cell depletion.

The vaccination experiment provides a complementary view of this immune complexity (Fig. 6). Active
mAB immunization, which relies on adaptive immune recognition rather than elimination of a lymphocyte
compartment, also reduced mAp,, and improved short-term memory (Fig. 6b, d-e). Vaccination also
induced compartment- and cell-type-dependent CD69 responses in plasma cells and selected T-cell
populations after ex vivo mAR stimulation (Fig. 6¢), and partially restored hippocampal microglial
morphology (Fig. 6g-h).

The apparent overlap between B-cell depletion and vaccination as beneficial interventions is not
necessarily paradoxical, because B cells are heterogeneous and may exert both pathogenic and
protective effects. In AD mouse models, activated B-cell populations displaying an inflammatory
phenotype, including increased expression of IFN-y and IL-6, have been associated with disease
progression, while genetic B-cell deficiency or anti-CD20/B220-mediated B-cell depletion reduced AB
pathology and ameliorated behavioral abnormalities [13]. Conversely, AB vaccination can induce anti-AB
antibodies and reduce amyloid pathology [54], with antibody-mediated clearance proposed to occur
through mechanisms including Fc receptor-dependent microglial phagocytosis [55] and peripheral
sequestration of soluble AB [56]. Thus, B-cell depletion may be beneficial by removing activated disease-
associated B-cell populations implicated in disease progression [13], whereas vaccination may instead
harness an AB-specific humoral response to promote AR clearance.
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The microglial findings further suggest that B-cell depletion and mAB immunization may engage partly
distinct biological pathways. B-cell depletion reduced mAB,, and improved short-term memory without
detectable changes in the microglial morphological parameters examined, whereas mAB immunization
shifted the increased filament area, length, and branching of Dp1Tyb hippocampal microglia toward WT
levels. The absence of morphological changes following B-cell depletion, however, does not exclude
functional microglial remodeling. B cells can directly modulate microglial activity through cytokines,
immunoglobulins, and other soluble mediators [10, 49, 57]. In AD models, B-cell depletion has been
shown to alter disease-associated microglial states while reducing Ap pathology and improving
behavioral outcomes [13], and ABCs have been shown to directly promote microglial reactivity,
inflammatory states, and impaired microglial AB phagocytosis, further supporting a functional B-cell-
microglia axis in AD [50]. Importantly, these interactions are likely context- and subset-dependent, as
regulatory B-cell-derived signals can restrain neuro-inflammation, whereas other B-cell populations or
their products may promote microglial dysfunction and impaired AB clearance [10, 13, 50, 57, 58]. Thus,
the reduction in mA,q following B-cell depletion may involve changes in microglial phagocytosis,
cytokine production, or transcriptional state that morphology alone does not capture. In contrast, AR
immunization may more directly engage antibody-associated microglial clearance mechanisms, which
could contribute to the morphological normalization observed following vaccination.

Limitations

Several limitations should be considered. Dp1Tyb mice carry murine APP and other triplicated mouse
genes and do not develop the progressive amyloid plaque pathology characteristic of human AD in DS
[31]. In addition, depletion and vaccination were examined in different sexes, restricting direct
comparison between the interventions. Finally, some vaccination-related analyses included only
vaccinated Dp1Tyb and WT mice, without corresponding unvaccinated controls, preventing vaccination-
specific effects from being distinguished from genotype-dependent differences.

Conclusion

Overall, our data support a model in which adaptive immunity in DS, particularly the B-cell compartment,
is remodeled rather than uniformly deficient. B and T cells may be protective and pathogenic, depending
on cellular state, age, disease state, and tissue context. Both B-cell depletion and mAB immunization
reduced soluble mAB,y and improved short-term memory-related performance, despite their distinct
effects on T cells and microglia, suggesting that multiple immune pathways can modify early AD-related
phenotypes in DS. Defining the B-cell states involved and their interactions with T cells, microglia, and AB
may clarify the mechanisms linking adaptive immunity to AD-related pathology in DS and support the
development of more selective immune-targeted interventions.
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Figure 1

Aged Dp1Tyb mice exhibit increased soluble mAB,, and altered mARB,,,,, ratios. (a) Soluble
hippocampal mAR,, levels were significantly increased in Dp1Tyb mice compared with WT controls (p <
0.05; n = 13 per group). (b) Soluble hippocampal mAR,, levels did not differ significantly between
genotypes (Dp1Tyb: n = 15; WT: n = 13). (c) The insoluble hippocampal mAB4,,4q ratio was significantly
reduced in Dp1Tyb mice compared with WT controls (p < 0.05; Dp1Tyb: n = 7; WT: n = 12). (d) Insoluble

hippocampal mAB,, and mAB,, concentrations were significantly associated in both genotypes
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(Dp1Tyb: p < 0.0001, R? =0.87,n = 10; WT: p < 0.05, R? = 0.32, n = 12). (e) Soluble cortical mAB,, levels
were significantly increased in Dp1Tyb mice compared with WT controls (p < 0.001; Dp1Tyb: n=11; WT:
n =9). (f) Soluble cortical mAB,, levels did not differ significantly between genotypes (Dp1Tyb: n = 13;
WT: n =11). (g) The soluble cortical mAB,,4q ratio was significantly reduced in Dp1Tyb mice compared
with WT controls (p < 0.01; Dp1Tyb: n =9; WT: n = 7). (h) Dp1Tyb mice showed a significantly reduced
insoluble cortical MAB 45,4 ratio compared with WT controls (p < 0.05; Dp1Tyb: n = 12; WT: n = 9). (i)
Insoluble cortical mAB,, and mAB,, concentrations were significantly positively associated in Dp1Tyb
mice (p < 0.0001, R? = 0.84), whereas no significant association was detected in WT mice (Dp1Tyb: n =
13; WT: n = 6). Normality was assessed using the Shapiro-Wilk test. Between-genotype comparisons
were performed using an unpaired Student’s t-test or the Mann-Whitney test, as appropriate. Linear
regression was used to assess relationships between mAB,, and mAB,, concentrations. Data are

presented as mean % SD. Each point represents an individual mouse. Statistical significance is denoted
as*p < 0.05,* p<0.01,**p<0.001, and **** p < 0.0001.
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Aged male Dp1Tyb mice show deficits across long- and short-term memory, anxiety-related behavior,
and motor coordination. (a-d) MBM. Long-term spatial learning was tested in aged male Dp1Tyb and WT
mice (Dp1Tyb: n = 5; WT: n = 6). Dp1Tyb mice showed a non-significant trend toward (a) longer escape
latency and (b) lower success rate. (¢) Search-strategy composition across training is shown for WT (c,)
and Dp1Tyb (c,) mice using six predefined strategies (Direct, Corrected, Long Correction, Circling,
Accidental Circling, and Random). (d) The summed area under the curve (AUC) of random (Circling,
Accidental Circling, and Random) and goal-directed (Direct, Corrected, and Long Correction) strategy use
across training illustrates greater persistence of random search behavior in Dp1Tyb mice. Data were
analyzed using two-way repeated-measures ANOVA with genotype and training day as factors, followed
by Sidak’s post hoc test where appropriate. (e) Y-maze forced-choice. Dp1Tyb mice showed a
significantly longer latency to first enter the newly accessible arm than WT mice (p < 0.05; n = 6 per
group). Normality was assessed using the Shapiro-Wilk test, followed by an unpaired t-test. (f) OFA.
Cumulative time spent in the periphery, corners, and center is shown at 30 s intervals across the 5 min
session. Dp1Tyb mice spent more time in peripheral and corner regions and less time in the center (GE x
PE interaction, p < 0.0001; n = 6 per group). Two-way repeated-measures ANOVA with genotype and test
phase as factors, followed by Sidak’s post hoc test. (g) Beam-walking. Dp1Tyb mice required more time
to traverse the beams in the beam-walking test (GE x LE interaction, p < 0.05). Post hoc analysis revealed
a significant difference at the medium beam width (p < 0.05; Dp1Tyb: n = 5; WT: n = 6). Data were
analyzed using two-way repeated-measures ANOVA with genotype and beam width as factors, followed
by Sidak’s post hoc test. Data are presented as mean * SD. Each point represents an individual mouse.
GE, genotype effect; LE, level effect; PE, phase effect. Statistical significance is denoted as * p < 0.05, **
p < 0.01,**p<0.001, and **** p < 0.0001.
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Figure 3

Aged Dp1Tyb mice exhibit systemic remodeling of adaptive immune cell composition. Adaptive immune
cell populations were profiled by spectral flow cytometry in aged Dp1Tyb mice and WT controls using the
antibodies and gating strategy described in Fig. S4. The relative representation of total B cells; B1, B1a,
and B1b cells; B2 cells; FO B cells; marginal-zone (MZ) B cells; plasma cells; total CD3* T cells; CD4* T
cells; CD8" T cells; and CD4 CD8™ T cells was assessed in each tissue. All changes below refer to
relative cell representation in Dp1Tyb mice compared with WT controls. (a) Peripheral blood (n = 10 per
group): reduced total B-cell, B2-, and FO B-cell representation, and increased CD3" T-cell representation
(p < 0.001; GE x CE interaction, p < 0.0001). (b) Dural meninges (Dp1Tyb: n =9; WT: n = 11): reduced total
B-cell and B2-cell representation (p < 0.01), and increased CD3* T-cell representation (p < 0.001; GE x CE
interaction, p < 0.0001). (c) The scLN (Dp1Tyb: n = 10; WT: n = 12): reduced B-cell populations, including
B2 and FO B cells (p < 0.001), and increased CD4" T-cell representation (p < 0.01; GE x CE interaction, p <
0.0001). (d) The dcLN (Dp1Tyb: n =9; WT: n = 10): reduced total B cells, B2- and FO B cells (p < 0.001),
and increased CD3" and CD4" T-cell representation (p < 0.01 and p < 0.05, respectively; GE x CE
interaction, p < 0.0001). (e) Spleen (Dp1Tyb: n = 10; WT: n = 13): reduced total B-cell, B2- and FO B-cell

representation (p < 0.001), and increased CD3* (p < 0.001) and CD4" T-cell representation (p < 0.01; GE x
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CE interaction, p < 0.0001). (f) The mLN (Dp1Tyb: n = 10; WT: n = 13): reduced total B-cell, B2- and FO B-
cell representation (p < 0.05), and increased CD3* (p < 0.05) and CD4* T-cell representation (p < 0.001; GE
x CE interaction, p < 0.001). For each tissue, equal numbers of viable cells, normalized to the number of
viable cells recovered from that tissue, were exported. Cell frequencies are expressed as the percentage
of CD45" cells within each tissue; plasma-cell frequencies are expressed as the percentage of total live
cells. For each tissue, data were analyzed by two-way mixed ANOVA with genotype and cell type as
factors, and mouse ID as a random effect, followed by FDR-adjusted post hoc comparisons. Data are
presented as mean = SD. Each point represents an individual mouse. GE, genotype effect; CE, cell-type
effect. Statistical significance is denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 4

B-cell depletion increases peripheral T-cell abundance, improves short-term memory, and reduces
hippocampal mAR,q. (a) B-cell depletion experimental design. Aged male Dp1Tyb and WT mice received
intraperitoneal anti-CD20 antibody (150 yg/mouse) or an isotype-matched control every three weeks for
four months, generating four groups: WT isotype control, WT depletion, Dp1Tyb isotype control, and
Dp1Tyb depletion. Schematic illustration prepared with OpenAl ChatGPT. (b) Representative flow
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cytometry demonstrating efficient CD19* B-cell depletion in Dp1Tyb and WT mice following anti-CD20
treatment compared with isotype controls. (c-e€) Absolute immune-cell counts across blood, meninges,
scLN, mLN, and spleen. For each tissue, equal numbers of viable cells, normalized to the number of
viable cells recovered from that tissue, were exported (Dp1Tyb isotype control: n = 8-9; Dp1Tyb depletion:
n =7-10; WT isotype control: n = 6-7; WT depletion: n = 6-7). (¢) Anti-CD20 treatment markedly reduced
CD19" B220" B-cell abundance across the examined tissues. Significant treatment effects were detected
in blood, meninges, and scLN (TE, p < 0.001), while post hoc comparisons demonstrated significant
reductions in both genotypes in mLN and spleen (p < 0.001). (d) B-cell depletion increased CD4™ T cells
in the blood (TE, p < 0.05) and in the scLN (TE, p < 0.001), with no significant differences in the
meninges. In the mLN, CD4" T-cell abundance was significantly increased in both Dp1Tyb and WT mice
(b < 0.001). In the spleen, anti-CD20 treatment significantly increased CD4* T-cell abundance in WT mice

(b < 0.05), whereas a similar non-significant increase was observed in Dp1Tyb mice. (e) CD8* T-cell
abundance was similarly affected by B-cell depletion in a tissue- and genotype-dependent manner. In the
blood, a significant overall treatment effect was detected for increased CD8* T-cell abundance (TE, p <
0.05). No significant differences were detected in the meninges. In the scLN, anti-CD20 treatment
produced an overall treatment effect (TE, p < 0.001). In the mLN, CD8" T-cell abundance was significantly
increased following anti-CD20 treatment in WT mice (p < 0.001), whereas no changes were detected in
Dp1Tyb mice. In the spleen, CD8" T-cell abundance was significantly increased in WT mice (p < 0.001),
while Dp1Tyb mice showed a similar trend (p = 0.055). Three-way mixed ANOVA with genotype,
treatment, and cell type as factors, and mouse ID as a random effect, followed by FDR-adjusted post hoc
comparisons. Data are displayed on a log, scale. (f) Y-maze forced-choice. B-cell depletion significantly
reduced the latency ratio (novel-arm latency relative to familiar-arm latency) (TE, p < 0.05), with a
significant reduction in Dp1Tyb mice in post hoc analysis (p < 0.05). (g) OLR. B-cell depletion increased
entries into the novel-object location zone (TE, p < 0.01), with a significant increase in Dp1Tyb mice in
post hoc analysis (p < 0.05). For f-g: (Dp1Tyb isotype control: n = 8; Dp1Tyb depletion: n = 9; WT isotype
control: n = 6; WT depletion: n = 8). (h) B-cell depletion reduced soluble hippocampal mAB,, across
genotypes (TE, p < 0.05) (Dp1Tyb isotype control: n = 5; Dp1Tyb depletion: n = 5; WT isotype control: n =
7; WT depletion: n = 7). For f-h: Two-way ANOVA with genotype and treatment as factors, followed by
Tukey's post hoc test. Data are presented as mean + SD. Each point represents an individual mouse. TE,
treatment effect. Statistical significance is denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <
0.0001.
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Figure 5

Middle-aged (5-7-month-old) female Dp1Tyb mice exhibit impaired cognition, hyperactivity, reduced
nesting, and motor deficits. (a) Study timeline for the vaccination experiment. Baseline behavioral testing
was performed at 5-7 months of age, followed by vaccination at 9-12 months, post-vaccination
behavioral testing at 10-13 months, and biochemical analysis at 13-15 months. Schematic illustration
prepared with OpenAl ChatGPT. Panels b-| show pre-vaccination baseline behavioral measurements. (b-f)
MBM (Dp1Tyb: n = 7; WT: n = 10). (b) Test duration decreased across training days in both genotypes
and was significantly greater in Dp1Tyb mice than in WT controls (GE, p < 0.05). (c) Success rate was
lower in Dp1Tyb mice (GE, p < 0.01). (d) Cognitive score, which weights search strategies according to
their spatial efficiency, was reduced in Dp1Tyb mice (GE, p < 0.001). (e) Search-strategy composition
across training days is shown for (e;) WT and (e,) Dp1Tyb mice. (f) Summed AUC of random and goal-
directed strategies demonstrates lower cumulative use of efficient, goal-directed strategies in Dp1Tyb
mice. Two-way repeated-measures ANOVA with genotype and training day as factors, followed by
Sidak’s post hoc test. (g) Y-maze forced-choice (n = 10 per group). Dp1Tyb mice showed lower novel-arm
preference than WT mice (p < 0.01). Normality was assessed using the Shapiro-Wilk test, followed by a
Mann-Whitney test. (h-j) OFA (n = 10 per group). (h) Cumulative regional occupancy across the 5 min
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session revealed a significant GE x PE effect (p < 0.01). (i) Dp1Tyb mice traveled a greater total distance
(p <0.01) and (j) moved at a higher average speed (p < 0.01). Two-way repeated-measures ANOVA with
genotype and test phase as factors, followed by Sidak’s post hoc test. (k) Nesting (n = 10 per group).
Dp1Tyb mice used a smaller proportion of the provided nesting material than WT mice (p < 0.01). (I)
Beam-walking (n = 10 per group). Female Dp1Tyb mice required longer traversal times across wide,
medium, and narrow square beams, with significant LE and GE effects (p < 0.001 and p < 0.0001,
respectively). Post hoc analysis revealed elevated test duration in Dp1Tyb mice across all three beam
widths (p < 0.05 to p < 0.01). Two-way repeated-measures ANOVA with genotype and beam width as
factors, followed by Sidak’s post hoc test. Data are presented as mean + SD. Each point represents an
individual mouse. GE, genotype effect. LE, level effect. PE, phase effect. Statistical significance is
denoted as * p < 0.05,** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 6

mAB immunization improves short-term memory and anxiety-like behavior, reduces mAB,, levels, and

partially restores hippocampal microglial morphology. (a) Study timeline for the vaccination
experiment. Schematic illustration prepared with OpenAl ChatGPT. (b) mAB,, was quantified in naive WT
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(WT/N), vaccinated WT (WT/V), naive Dp1Tyb (Dp1Tyb/N), and vaccinated Dp1Tyb (Dp1Tyb/V) mice.
Soluble hippocampal mAB,, levels showed a significant GE x TE interaction (p < 0.05). Post hoc
analysis revealed significantly lower soluble mAB,, levels in vaccinated compared with naive mice
within both genotypes (p < 0.0001). Dp1Tyb/N mice also exhibited significantly higher soluble mAB,,
levels than WT/N mice (p < 0.05; Dp1Tyb/N: n = 8; Dp1Tyb/V: n =5; WT/N: n =7; WT/V: n = 8). (c)
Antigen-responsive lymphocyte activation following ex vivo mAB stimulation was assessed by the
frequency of surface CD69" cells in the spleen and scLN. For each mouse, ACD69 was calculated as the
stimulated CD69* (mAR stimulation) frequency minus the unstimulated CD69" frequency. Positive values
indicate increased CD69* expression following mAB stimulation, whereas negative values indicate

decreased CD69" expression. Heatmap values show the mean ACD69 for each immune-cell population
and genotype. (TE, p < 0.0001 for spleen; TE, p < 0.001 for scLN; Dp1Tyb/V: n = 4-5; WT/V: n = 2-5).
Statistical analysis was performed on the original CD69* frequencies using three-way mixed ANOVA with
genotype, cell type, and treatment as factors, and mouse ID as a random effect, followed by FDR-
adjusted post hoc comparisons. For each tissue, equal numbers of viable cells, normalized to the
number of viable cells recovered from that tissue, were exported. Cell frequencies are expressed as
percentages of CD45" cells within each tissue; plasma-cell frequencies are expressed as percentages of
total live cells. Heatmap visualization prepared with OpenAl ChatGPT. (d) T-maze (Dp1Tyb/V:n =9;
WT/V: n = 8). During the first 30 s of the test, Dp1Tyb/V mice showed greater preference for the novel
arm than WT/V mice (p < 0.05). Normality was assessed using the Shapiro-Wilk test followed by the
Mann-Whitney test. (e) OFA (Dp1Tyb/V: n = 9; WT/V: n = 8). Dp1Tyb/V mice made (e,) fewer entries into
the periphery (p < 0.05) and (e,) more entries into the center (p < 0.05) than WT/V mice. Normality was
assessed using the Shapiro-Wilk test followed by an unpaired t-test. (f) Schematic of microglial
morphometric features quantified using Iba1-labeled tissue and Imaris Filament Tracer, including
filament area, total filament length, branch-point-related measures, Sholl intersections, and segment
area. (g) Representative Iba1* hippocampal microglia and filament reconstructions from WT/N, WT/V,
Dp1Tyb/N, and Dp1Tyb/V mice, scale bar: 5 um. (h) Quantitative analysis of hippocampal microglial
morphology (Dp1Tyb/N: n = 4; Dp1Tyb/V: n = 4; WT/N: n = 3; WT/V: n = 3). (h,) Filament area showed a
significant GE x TE interaction (p < 0.05). Post hoc analysis revealed significantly elevated filament area
in Dp1Tyb/N mice compared with WT/N mice (p < 0.01), while vaccination significantly reduced filament
area in Dp1Tyb mice (p < 0.05). (h,) Filament length showed a significant GE x TE interaction (p < 0.05).

Post hoc analysis revealed significantly greater filament length in Dp1Tyb/N mice compared with WT/N
mice (p < 0.01), while vaccination significantly reduced filament length in Dp1Tyb mice (p < 0.05). (hs)
The number of segment branch points showed a non-significant trend toward a GE x TE interaction (p =
0.059). Post hoc analysis revealed significantly more segment branch points in Dp1Tyb/N mice
compared with WT/N mice (p < 0.01), while vaccination significantly reduced the number of segment
branch points in Dp1Tyb mice (p < 0.05). For b and h: Two-way ANOVA with genotype and treatment as
factors, followed by Tukey's post hoc test. Data are presented as mean * SD. Each point represents an
individual mouse. TE, treatment effect. GE, genotype effect. Statistical significance is denoted as * p <

0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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