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SUMMARY

Blood factors transfer the benefits of exercise to the aged brain independent of physical activity. Here, we
show that the liver-derived exercise factor (exerkine) glycosylphosphatidylinositol (GPI)-specific phospholi-
pase D1 (GPLD1), a GPI-degrading enzyme, reverses aging- and Alzheimer’s-related memory loss by target-
ing the brain vasculature. GPLD1 has the potential to cleave over 100 putative GPl-anchored proteins, neces-
sitating the identification of downstream targets that mediate cognitive rejuvenation for translational
application. We identified GPIl-anchored tissue-nonspecific alkaline phosphatase (TNAP) on the brain vascu-
lature as a GPLD1 substrate. Mimicking age-related increases in cerebrovascular TNAP impaired blood-brain
transport and cognition in young mice and mitigated GPLD1-induced cognitive benefits in aged mice. Inhib-
iting TNAP recapitulated the benefits of GPLD1 in old age, restoring youthful hippocampal transcriptional sig-
natures and rescuing cognition. In an Alzheimer’s disease model, increasing GPLD1 or inhibiting TNAP
ameliorated Ap pathology and improved cognitive deficits. We thus identify brain vasculature as a mediator
of the cognitive benefits of a liver-to-brain exercise axis.

INTRODUCTION

Exercise can reverse broad cellular and molecular hallmarks of
brain aging, challenging long-standing views of age-related
cognitive dysfunction as a rigid process.’™ In the hippocam-
pus—a brain region important for memory and highly sensitive
to the detrimental effects of aging—running in aged mice in-
creases regenerative capacity, enhances synaptic plasticity, at-
tenuates neuroinflammation, and boosts associated cognitive
function.?*~" In animal models of Alzheimer’s disease (AD) pa-
thology, exercise has been shown to improve learning and mem-
ory.® In humans, increased physical activity is associated with
reduced risk of dementia,” '’ slowed cognitive decline with
age,"" and delayed dementia onset,'® even in autosomal domi-
nant forms of AD."'? Unfortunately, its consistent application is
often impeded in the elderly by physical and medical limita-
tions.'®'® Therefore, identifying alternative means to confer

the cognitive benefits of exercise without physical activity may
provide a unique and unexplored therapeutic approach.

We and others recently demonstrated that systemic adminis-
tration of blood plasma from exercised to sedentary mice can
transfer the benefits of exercise on the aged brain, independent
of physical activity.'®'® We identified glycosylphosphatidylino-
sitol (GPI)-specific phospholipase D1 (GPLD1), a liver-derived
GPI-degrading enzyme, as an exercise-induced circulating
blood factor (exerkine).'® While we demonstrated a striking
cognitive benefit of GPLD1 administration in aged mice,'®
GPLD1 has the potential to cleave over 100 putative GPI-
anchored proteins. Therefore, to pursue the therapeutic potential
of liver-derived GPLD1 in brain aging, it is important to identify
downstream cellular and molecular targets that mediate cogni-
tive rejuvenation for translational application to dementia-
related neurodegenerative disorders, such as AD. Interestingly,
increasing systemic GPLD1 improved cognitive function without
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readily entering the brain,'® highlighting yet unidentified periph-
eral mechanisms of action.

To investigate factors downstream of GPLD1, we used bioin-
formatics and targeted candidate-based testing to identify GPI-
anchored tissue-nonspecific alkaline phosphatase (TNAP) as a
GPLD1 substrate on brain vasculature that is strongly upregu-
lated during aging. Mimicking the age-related increase in cere-
brovascular TNAP expression impaired blood-brain barrier
(BBB) function and cognition in young mice and mitigated
GPLD1-induced cognitive benefits in aged mice, whereas inhib-
iting TNAP activity recapitulated the transcriptional and cognitive
effects of GPLD1 administration in aged mice. We found liver
GPLD1 increased following exercise in a 5XxFAD mouse model
of AD pathology, and TNAP was elevated in the brains of older
adults and AD individuals compared with healthy young humans.
Moreover, increasing liver-derived GPLD1, or inhibiting TNAP
activity, reversed AD-related hippocampal transcriptional signa-
tures, ameliorated AP pathology, and improved cognitive
deficits. These findings indicate that brain vasculature is an
important mediator of the restorative cognitive benefits of liver-
derived exercise blood factors.

RESULTS

GPIl-anchored TNAP is a GPLD1 substrate on the aged
hippocampal vasculature

To begin, we first validated increased GPLD1 expression in the
liver of aged mice in response to a voluntary exercise interven-
tion compared with sedentary controls (Figures S1A-S1E). We
mimicked the exercise-induced increase of GPLD1 in the liver
of aged mice using an in vivo hydrodynamic tail-vein injection
(HDTVI)-mediated overexpression approach. We assessed
health metrics and hippocampal-dependent memory using
novel object recognition (NOR) and Y-maze behavioral tasks
(Figures STF=S1L). Young control mice were biased toward a
novel object and a novel arm relative to a familiar condition dur-
ing NOR and Y-maze testing, respectively, while aged control
mice showed no preference (Figures S1G and S1H). However,
age-related cognitive impairments were reversed in GPLD1-
treated aged mice (Figures S1G and S1H). To identify potential
downstream peripheral cellular and molecular targets mediating
these cognitive rejuvenating effects of liver-derived GPLD1, we
focused our analysis on candidate GPIl-anchored proteins.
To begin, we leveraged publicly available single-cell RNA
sequencing (scRNA-seq) datasets'®?° and surveyed cellular
expression of 148 putative GPIl-anchored proteins across tis-
sues (Figure 1A; Table S1)."°?° We observed a high concentra-
tion of GPl-anchored proteins expressed on endothelial and
epithelial cells (Figure 1A), positing vasculature as a potential
GPLD1 target at the interface of the blood and brain.

We next analyzed age-related GPl-anchored protein expres-
sion changes on brain endothelial cells (BECs) using a publicly
available RNA-seq dataset of young and aged mice.?"?* We iden-
tified 11 upregulated and 2 downregulated genes, of which alka-
line phosphatase, biomineralization associated (Alpl) (encoding
TNAP) was among the most significantly increased with age
(Figures 1A and 1B). While its canonical function is still incom-
pletely understood, TNAP is one of four alkaline phosphatase
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(AP) isoenzymes whose canonical role is to promote tissue miner-
alization and vascular calcification.?®2° It was recently shown that
age-related increased cerebrovascular TNAP impairs blood-brain
transport, while TNAP inhibition restores youthful blood-brain
transport.?® Consequently, we elected to investigate whether
vascular TNAP is a GPl-anchored GPLD1 substrate.

In the hippocampus, we found an age-related increase in
TNAP vascular expression and AP activity staining (Figures
1C-1E, S1M, and S1N). Similar increases were observed in addi-
tional brain regions (Figures S2A and S2B). Additionally, we
observed a decrease in TNAP expression and AP activity in the
cerebrovasculature of exercised compared with sedentary
aged mice (Figures 1F-1H), while Alp/ mRNA expression in the
hippocampus remained unchanged (Figure S10).

To investigate the possibility of TNAP being a GPl-anchored
GPLD1 substrate, we opted to first leverage an in vitro approach.
The catalytic activity of GPLD1 is dependent on His133,?” with
His133—Asn (H133N) or His158—Asn (H158N) amino acid sub-
stitutions ablating its enzymatic activity, which we validated us-
ing a cleavage reporter assay of the known GPLD1 substrate
ALPP (Figure S2F).'%?® We next generated a constitutively ex-
pressing TNAP reporter cell line in which cleavage can be as-
sessed by measuring the AP activity of TNAP in the supernatant
upon its cleavage and release from the plasma membrane
(Figure 11). TNAP-expressing cells were treated with mouse or
human GPLD1, catalytically inactive H133N or H158N GPLD1,
or green fluorescent protein (GFP) control (Figures 11 and S2G).
We detected a significant increase in TNAP-mediated AP activity
in the supernatant from cells treated with mouse GPLD1 or hu-
man GPLD1 but not catalytically inactive H133N or H158N
GPLD1 or GFP controls (Figures 1J and S2G), establishing
TNAP as a direct GPl-anchored GPLD1 substrate.

To investigate whether vascular TNAP is a GPl-anchored
GPLD1 substrate in vivo, we assessed changes in vascular
TNAP expression and AP activity in the hippocampus of aged
mice following increased liver-derived GPLD1 (Figure 1K). Aged
male mice were given HDTVI with expression constructs encoding
GPLD1, catalytically inactive H133N GPLD1, or GFP, and TNAP
expression and AP activity were assessed on hippocampal vascu-
lature (Figures 1K-1M). Increased liver-derived GPLD1 resulted in
decreased vascular TNAP expression and AP activity staining in
the hippocampal vasculature compared with the catalytically inac-
tive H133N GPLD1 or GFP control treatment groups (Figures 1L
and 1M). Liver-derived GPLD1 also decreased AP activity staining
in additional brain areas surveyed (Figures S2C and S2D). Of note,
we observe that GPLD1 treatment does not alter the mRNA
expression of Alpl in the aged hippocampus (Figure S1P), indi-
cating that the decrease in TNAP protein expression observed in
GPLD1-treated aged mice is not due to changes at the mRNA
level. Additionally, we orthogonally measured levels of circulating
TNAP in blood plasma at baseline and following acute expression
of liver-derived GPLD1 in an independent cohort of aged mice and
observed an increase in circulating TNAP (Figures S2H and S2I).
Given that circulating TNAP by nature must be derived from the
plasma membrane protein that was cleaved, increased blood
levels following GPLD1 treatment provide further evidence of
TNAP cleavage in vivo. Collectively, these data indicate that cere-
brovascular TNAP is a GPl-anchored GPLD1 substrate.
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Figure 1. GPl-anchored TNAP is a GPLD1 substrate on the aged hippocampal vasculature

(A) Pie charts of murine GPl-anchored protein expression by major cell categories (left). Differential GPI-anchored protein expression in mouse brain endothelial
cells (BECs) (right; adapted from Yousef et al.’®).

(B) Volcano plot of GPl-anchored proteins in young and aged mouse BECs (adapted from Yousef et al.').

(C) Expression of the potential GPLD1 substrate ALPL/tissue non-specific alkaline phosphatase (TNAP) on BECs.

(D) Representative images and quantification of TNAP labeling (red) in the hippocampal dentate gyrus (DG) region of young (3 months) and aged mice (22—
24 months) (n = 4 mice/group).

(E) Representative images and quantifications of endogenous alkaline phosphatase (AP) labeling in the DG (dashed line, stitched overview image) of young and
aged mice (n = 3 mice/group).

(F) Aged mice (19-21 months) underwent a 6-week-long voluntary exercise intervention.

(G) Representative images and quantification of TNAP immunostaining in the DG of aged exercised mice (n = 5-6 mice/group).

(H) Representative images and quantifications of endogenous AP labeling in the DG of aged exercised mice (n = 9-11 mice/group).

(I and J) Schematic illustration (l) and quantification (J) of TNAP cleavage and secreted AP (SEAP) assay in the culture media of TNAP reporter cells following
treatment with mouse or human GPLD1, catalytically inactive GPLD1 with the histidine H133N (H133N) or histidine H158N (H158N) amino acid substitution, or
GFP control (n = 6 wells/condition).

(K) Aged mice (20-22 months) with liver overexpression of GPLD1, H133N, or GFP control using an HDTVI approach.

(L) Representative images and quantification of TNAP immunostaining in DG of aged mice following liver GPLD1, H133N, or GFP overexpression (n = 6-7 mice/
group).

(M) Representative images and quantification of endogenous AP labeling in the DG of aged mice following liver GPLD1, H133N, or GFP overexpression (n = 12-14
mice/group).

Data shown as mean + SEM. Scale bar, 200 pm. Statistical analysis was performed using t test (D, E, G, and H) and ANOVA with Sidak’s post hoc test (J, L, and M);
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figures S1 and S2.

Increasing liver-derived GPLD1 rejuvenates BBB increasing liver-derived GPLD1 on BBB function in the aged hip-
function in the aged hippocampus pocampus (Figure 2A). Aged mice were given retro-orbital injec-
Having identified TNAP as a GPLD1 substrate and given the role  tions of liver-specific adeno-associated virus (AAV) encoding
of increased cerebrovascular TNAP expression in blood-brain  GPLD1 or catalytically inactive H133N GPLD1 (Figures 2A and
transport dysfunction in aging, we next examined the effect of S2E). To establish a baseline for age-related changes in BBB
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Figure 2. Increasing liver-derived GPLD1 rejuvenates BBB function in the aged hippocampus

(A) Vascular function was analyzed in young (4-5 months) and aged (22-24 months) mice after AAV-mediated liver overexpression of GPLD1 or inactive H133N
GPLD1 using NHS-biotin tracer, fluorescently labeled transferrin (TF-647), immunohistochemistry, or scRNA-seq of BECs.

(B) Representative images and quantification of NHS-biotin leakage from hippocampal blood vessels.

(C) Representative images and quantification of TF-647 uptake by hippocampal blood vessels.

(D) Representative images and quantification of Caveolin-1 (Cav1) immunostaining in hippocampal blood vessels (n = 7-8 mice/group).

(E) Single-cell RNA-sequencing (scRNA-seq) analysis of hippocampal BECs from young and aged mice treated with GPLD1 or H133N control.

(F) Uniform manifold approximation and projection (UMAP) of BEC scRNA-seq analysis.

(G) Venn diagram (left) of the number of differentially expressed genes (DEGs) for the aging comparison (gray, young versus aged control) and GPLD1 comparison
(blue, aged GPLD1 versus aged control). Pie chart of 687 overlapping DEGs between aging and GPLD1 comparisons (top) separated by unidirectional versus
bidirectional changes. Overlapping bidirectional DEGs between the aging and GPLD1 comparisons are referred to as the rejuvenated signature. Scatterplot
(bottom) of overlapping genes between the aging (x axis) and GPLD1 comparisons (y axis).

(H) Top Gene Ontology (GO) terms of biological processes associated with rejuvenated DEGs.

Data shown as mean + SEM. Scale bar, 100 um. Statistical analysis was performed using ANOVA with Sidak’s post hoc test (B-D) and linear regression (G);
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figure S3.

26,29,30

function, an additional control group of young mice given In the aging cerebrovasculature, a shift from receptor-medi-

retro-orbital injections with liver-specific AAV encoding H133N
GPLD1 was included (Figure 2A). We assessed GPLD1 expres-
sion across several highly vascularized tissues and observed a
selective increase only in the liver, further validating the speci-
ficity of the AAV-delivery approach (Figure S2E).

To evaluate BBB permeability, a subset of animals was sys-
temically administered the small molecule tracer N-hydroxysuc-
cinimide (NHS)-biotin (Figure 2B). Consistent with age-related
dysfunctional blood-brain transport,® we detected numerous
hotspots of NHS-biotin leakage outside of blood vessels in the
hippocampi of aged compared with young control animals
(Figure 2B). However, increased liver-derived GPLD1 resulted
in significantly reduced NHS-biotin leakage from blood vessels
broadly across the aged hippocampus (Figure 2B).

4 Cell 189, 1-18, March 5, 2026

ated transport to caveolar transcytosis has also been reported.”®
To assess receptor-mediated transport, a subset of animals was
systemically administered with fluorescently labeled canonical
ligand transferrin (TF-647) (Figures 2A and 2C). An age-related
decrease in TF-647 transport was observed in the hippocampus
of aged compared with young control animals; however, this
decrease was in part blunted in the aged GPLD1 treatment group
(Figure 2C). Next, we examined ligand-non-specific caveolae by
measuring expression of Caveolin-1 (Cav1), a structural protein
of caveolae that increases with age.”®?° While increased Cav1
expression was detected on blood vessels from the hippocampi
of aged compared with young control animals, Cav1 expression
was significantly reduced in aged animals with increased liver-
derived GPLD1 (Figure 2D). Collectively, these data demonstrate
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that increased liver-derived GPLD1 improves BBB function in the
aged hippocampus.

To gain mechanistic insight into the molecular changes induced
in BECs by increased liver-derived GPLD1, we used scRNA-seq.
BECs were isolated from hippocampi of aged mice expressing
liver-derived GPLD1 or H133N GPLD1, or young mice expressing
liver-derived H133N GPLD1 (Figure 2E). Arterial, capillary, and
venous clusters were identified (Figures 2F and S3A-S3E). We de-
tected prominent transcriptional changes in BECs due to aging
(Figure 2G), of which over 38% were restored toward a youthful
profile following increased liver-derived GPLD1 (Figure 2G). Sub-
sequently, we focused our analysis on differentially expressed
genes (DEGs) that change in aging but are rescued following
GPLD1 treatment (Figures 1G and S3F-S3H). Gene Ontology
(GO) analysis of DEGs identified biological processes related to in-
flammatory processes, energy metabolism, and proteostasis
(Figure 2H). These single-cell transcriptomics data indicate that
increasing liver-derived GPLD1, in part, restores more youthful
transcriptional signatures in BECs from the aged hippocampus.

Mimicking the age-related increase in cerebrovascular
TNAP disrupts hippocampal BBB function and impairs
cognition

While increased TNAP expression on the aging cerebrovascula-
ture has been shown to impair proper blood-brain transport to
the aged brain,”® its impact on cognition has yet to be explored.
Therefore, we assessed the functional consequence of mimicking
an age-related increase in cerebrovascular TNAP expression on
BBB function and hippocampal-dependent memory in young
mice using a cell-type-specific, viral-mediated overexpression
approach.®’ Young mice were given retro-orbital injections of
BEC-specific AAV encoding TNAP or mRuby?2 (Ruby) as a control
(Figures 3A and S4A-S4C). Increased TNAP expression and AP
activity were confirmed on hippocampal vasculature following
AAV-TNAP injection (Figures 3B and S4C-S4E).

BBB function was assessed using NHS-biotin tracer and fluo-
rescently labeled transferrin (Figure 3A). Young animals overex-
pressing cerebrovascular TNAP exhibited increased NHS-biotin
leakage from blood vessels and decreased TF-647 transport in
the hippocampus compared with young control animals
(Figures 3C and 3D). Concurrently, we observed increased
Cav1 expression on blood vessels following TNAP overexpres-
sion (Figure 3E).

Hippocampal-dependent memory was assessed using NOR,
Y-maze, and radial arm water maze (RAWM) behavioral para-
digms (Figure 3F). During NOR testing, young control mice were
biased toward a novel object relative to a familiar object, while
young mice overexpressing cerebrovascular TNAP showed no
preference (Figure 3G). No differences were observed during
Y-maze testing between treatment groups (Figure 3H). In the
training phase of the RAWM paradigm, all mice showed similar
spatial learning ability (Figure 3l). However, young mice overex-
pressing cerebrovascular TNAP demonstrated impaired learning
and memory for the platform location, committing more errors
during the testing phase of the task compared with young control
mice (Figure 3l). No difference in health metrics was observed be-
tween groups (Figures S4F-S4L). These data indicate that
increased cerebrovascular TNAP impairs BBB function in the hip-
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pocampus and is a negative regulator of object and spatial
memory.

Restoring the age-related increase in cerebrovascular
TNAP mitigates cognitive benefits of liver-derived
GPLD1 in aging

We next examined whether cognitive benefits of increased liver-
derived GPLD1 in aged mice could be mitigated by restoring the
age-related increase in cerebrovascular TNAP expression. Aged
mice were given retro-orbital injections of liver-specific AAV en-
coding GPLD1 and BEC-specific AAV encoding either TNAP or
Ruby control (Figure 4A). Aged mice given retro-orbital injections
with liver-specific AAV encoding catalytically inactive H133N
GPLD1 and BEC-specific AAV encoding Ruby were included
as a negative control (Figure 4A). The observed GPLD1-medi-
ated decrease in vascular TNAP AP activity was abrogated
following viral-mediated overexpression of cerebrovascular
TNAP in aged mice (Figure 4B). Hippocampal-dependent
learning and memory were assessed using NOR, Y-maze, and
RAWM (Figures 4A-4E). Aged mice with increased liver-derived
GPLD1 and expressing vascular Ruby control exhibited a bias
for the novel object and the novel arm and committed fewer er-
rors locating a hidden platform compared with H133N GPLD1-
treated aged mice expressing vascular Ruby (Figures 4C—4E).
However, GPLD1-mediated cognitive benefits observed in
NOR and RAWM testing, but not those observed during
Y-maze testing, were abrogated in aged mice overexpressing
cerebrovascular TNAP (Figures 4C—4E). Similarly, TNAP expres-
sion abrogated some of the improvements in health metrics
observed in GPLD1-treated mice (Figures S4M-S4S). These
in vivo viral-mediated overexpression and behavioral data indi-
cate that targeting GPI-anchored cerebrovascular TNAP regu-
lates, in part, the cognitive benefits of increased liver-derived
GPLD1 on object and spatial memory in aged mice.

Targeting cerebrovascular TNAP reverses aging-related
cognitive impairments
To determine the effect of selectively targeting the age-related in-
crease in cerebrovascular TNAP expression on cognitive function,
we generated aged temporally controlled BEC-specific condi-
tional Alp/ genetic knockout mice using a viral-mediated in vivo
CRISPR-Cas9 approach. Aged inducible Cas9 transgenic mice
were given retro-orbital injections with BEC-specific AAV encod-
ing Cre and guide RNA sequences targeting Alp/ or a safe harbor
locus as a control (Figures 4F, S5A, and S5B). Decreased AP ac-
tivity was confirmed on hippocampal vasculature and additional
brain regions following AAV injection (Figures 4G, S5C, and
S5D). Hippocampal-dependent learning and memory were as-
sessed using NOR, Y-maze, and RAWM (Figure 4F). Abrogation
of cerebrovascular TNAP expression resulted in a bias for the
novel object during NOR testing and fewer errors committed
locating a hidden platform during RAWM testing compared with
aged control mice (Figures 4H and 4J). While no differences
were observed during Y-maze testing between groups, selective
improvements in overall well-being metrics were observed in the
conditional knockout mice (Figures 4l and S5E-S5).

Next, we compared the cognitive benefits of increased liver-
derived GPLD1 in aged mice with the effect of inhibiting the
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Figure 3. Mimicking the age-related increase in cerebrovascular TNAP disrupts BBB function and impairs cognition
(A) Assessment of brain vascular function and integrity in young (4-5 months) mice following selective AAV-mediated expression of TNAP on BECs.
(B) Representative images and quantification of endogenous alkaline phosphatase (AP) activity labeling in the DG region (dashed line; stitched overview image) of

the hippocampus (n = 10 mice/group).

(C) Representative images and quantification of NHS-biotin leakage from hippocampal blood vessels.

(D) Representative images and quantification of labeled transferrin (TF-647) uptake by hippocampal blood vessels.

(E) Representative images and quantification of Caveolin-1 (Cav1) immunostaining of hippocampal blood vessels (n = 9-10 mice/group).

(F) Behavioral assessment in young (4-5 months) mice following BEC-specific overexpression of TNAP.

(G) Object recognition memory was measured using novel object recognition (NOR) as percent time exploring the novel object (n = 14-15 mice/group).

(H) Spatial working memory was measured in the Y-maze task as the discrimination index for the novel arm. (n = 14-15 mice/group.)

() Hippocampal-dependent spatial learning and memory were evaluated by radial arm water maze (RAWM) as the number of errors committed while attempting

to find a hidden escape platform (n = 14-15 mice/group).

Data shown as mean + SEM. Scale bar, 100 pm. Statistical analysis was performed using t test (B-E), a one-sample t test versus 50% (G) or 0 (H), and a two-way
ANOVA with Sidak’s post hoc test (I); *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

See also Figure S4.

age-related increase in vascular TNAP activity using a more ther-
apeutically tractable pharmacological approach. Aged mice
given HDTVI with expression constructs encoding catalytically
inactive H133N GPLD1 were administered an orally bioavailable
non-brain penetrant TNAP inhibitor (TNAPi) (SBI-425)* or
vehicle control in the chow (Figure 4K). Aged mice injected
with expression constructs encoding GPLD1 and given control
food were included as a positive control for GPLD1-mediated
cognitive benefits (Figure 4J). Decreased AP activity was
confirmed on hippocampal vasculature following TNAPi treat-
ment (Figure 4L). Inhibition of TNAP activity resulted in cognitive

6 Cell 189, 1-18, March 5, 2026

improvements in object memory during NOR testing and spatial
memory during RAWM testing compared with aged control
mice, similar in magnitude to aged animals with increased
liver-derived GPLD1 (Figures 4M and 40). While aged GPLD1-
treated mice exhibited improvements in working memory during
Y-maze testing, no change was observed following TNAP; treat-
ment (Figure 4N). Selective improvements in overall well-being
metrics were detected in aged mice following inhibition of
TNAP activity or with increased liver-derived GPLD1
(Figures S5J-S5P). Collectively, these behavioral data indicate
that targeting vascular TNAP can in part rescue object and
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Figure 4. Increasing cerebrovascular TNAP mitigates the cognitive benefits of liver-derived GPLD1, whereas targeting TNAP reverses aging-

related cognitive impairments

(A) AAV-mediated liver overexpression of GPLD1 or inactive H133N GPLD1 in aged (22-24 months) mice in combination with BEC-targeted overexpression of

TNAP or Ruby2.

(B) Representative images and quantification of endogenous alkaline phosphatase (AP) activity labeling in the DG region (dashed line; stitched overview image) of

the hippocampus (n = 13-15 mice/group).

(C) Object recognition memory was measured using NOR as percent time exploring the novel object (n = 16-20 mice/group).
(D) Spatial working memory was measured in the Y-maze task as the discrimination index for the novel arm. (n = 16-20 mice/group).
(E) Hippocampal-dependent spatial learning and memory were evaluated by RAWM as the number of errors committed while attempting to find a hidden escape

platform (n = 16-20 mice/group).

(F) BEC-TNAP abrogation in aged transgenic mice (20-22 months) following AVV-mediated delivery of Alpl or safe harbor control gRNAs.
) Representative images and quantification of endogenous AP labeling in the DG (n = 8 mice/group).
) Object recognition memory was assessed using NOR (n = 14-15 mice/group)

) Spatial learning and memory were evaluated by RAWM (n = 14-15 mice/group).

G
H
(I) Spatial working memory was assessed using Y-maze (n = 11-13 mice/group).
W
(

K) Aged mice (22-24 months) with liver overexpression of GPLD1, inactive H133N GPLD1 (control), or systemic TNAP inhibition via SBI-425 administered in

specialized chow.

(L) Representative images of endogenous AP activity labeling in aged mouse brain sections treated with the TNAP inhibitor.
(M) Object recognition memory was assessed using NOR (n = 15-17 mice/group)
(N) Spatial working memory was assessed using Y-maze (n = 15-17 mice/group).

(O) Spatial learning and memory were evaluated by RAWM (n = 15-17 mice/group).

Data shown as mean = SEM. Scale bar, 200 pm. Statistical analysis was performed using one-way ANOVA with Sidak’s post hoc test (B), t test (G), one-sample t
test versus 50% (C, H, and M) or 0 (D, I, and N), and two-way ANOVA with Sidak’s post hoc test (E, J, and O); *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

See also Figures S4 and S5.
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spatial memory at old age, comparable with the cognitive bene-
fits of increased liver-derived GPLD1.

Inhibiting TNAP activity recapitulates hippocampal
transcriptional signatures of liver-derived GPLD1 in
aging

To gain mechanistic insight, we further compared the cellular
and molecular changes induced in both hippocampal BECs
and parenchyma of aged mice following vascular TNAP inhibi-
tion and increased liver-derived GPLD1 expression using
scRNA-seq and single-nucleus RNA sequencing (snRNA-seq)
(Figure 5A).

First, we isolated BECs from hippocampi of aged mice
following TNAPI treatment and detected prominent transcrip-
tional changes compared with BECs from aged controls
(Figures 5B and S3A-S3E). Subsequently, we focused our anal-
ysis on conserved DEGs following both GPLD1 and TNAPI treat-
ments and observed a significant overlap, with 65% of DEGs in
the GPLD1 treatment group conserved with the TNAPi group
(Figures 5B and 5C). GO analysis of conserved DEGs identified
inflammatory processes, energy metabolism, and proteostasis
as shared biological processes between the two interventions
(Figures 5D, S3H, and S3I). Moreover, we observed an overlap
of 530 DEGs between the aging, GPLD1, and TNAPi compari-
sons, of which 97.3% were restored to a more youthful level
(Figure 5E). Several of the DEGs identified in our scRNA-seq da-
taset, including Vcam1 and Ppia (cyclophilin A), have previously
been implicated in brain aging and vascular dysfunction
(Figure 5F)."%%%3% Collectively, these single-cell transcriptomics
data indicate that increasing liver-derived GPLD1 as well as
TNAP inhibition, in part, restores more youthful transcriptional
signatures in BECs from the aged hippocampus. Since interven-
tions that restore brain vascular dysfunction have been shown to
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regulate neuroinflammatory, regenerative, and cognitive func-
tion in the aged brain,'®?°°%% we next surveyed gene expres-
sion changes of cell types residing in the brain parenchyma using
a complementary snRNA-seq approach.

Nuclei were isolated from hippocampi of aged mice express-
ing liver-derived GPLD1, aged mice treated with TNAPi, or con-
trol mice expressing H133N GPLD1 and analyzed by snRNA-seq
(Figures 5A and 5G). A total of 22 cell clusters were identified,
and populations were compared across treatment groups
(Figures 5H and S6A-S6D). We detected prominent transcrip-
tional changes in neuronal populations and microglia in the hip-
pocampus of aged mice following either TNAPi treatment or
increased liver-derived GPLD1 expression compared with
aged control-treated mice expressing liver-derived H133N
GPLD1 (Figures 5H and 5I). Of the transcriptional changes
induced following TNAP inhibition, about 30% were conserved
with changes induced by increased liver-derived GPLD1
(Figures 5H, 51, S6E, and S6F). We found that transcriptional re-
sponses in the hippocampus are encoded in different cell types
with a combination of upregulated and downregulated genes,
with DEGs largely unique to cell type (Figures 5H and S6G-
S6l). GO analysis of DEGs between TNAPi and control treatment
groups identified synaptic plasticity-related biological pro-
cesses, consistent with changes observed following increased
liver-derived GPLD1 expression (Figures 5J, 5K, S6J, and S6K).

Focused analysis on conserved DEGs that change following
both TNAPi treatment and increased liver-derived GPLD1
compared with aged control-treated mice expressing liver-
derived H133N GPLD1 (Figures 5H and 5I) revealed that most
of the conserved transcriptional responses were unique to
cell type, with microglia and excitatory neuronal populations
(Cornu Ammonis, CA1/2/3) exhibiting the largest changes
(Figures 51, S6E, and S6l). GO analysis of DEGs identified

Figure 5. Inhibiting TNAP activity recapitulates hippocampal transcriptional signatures of GPLD1 treatment in aging

(A) Aged mice (22-24 months) with liver overexpression of GPLD1, inactive H133N GPLD1 (control), or systemic TNAP inhibition via SBI-425 administration in
specialized chow. Hippocampal BECs were profiled using scRNA-seq. Parenchymal gene expression was assessed using snRNA-seq of the hippocampus.
(B) Venn diagram (left) of DEGs in BECs for the GPLD1 (blue) and TNAPi comparisons (red). Pie chart (right) of 793 overlapping DEGs between GPLD1 and TNAPiI
comparisons separated by unidirectional versus bidirectional changes.

(C) Scatterplot of conserved DEGs in BECs for the GPLD1 (x axis) and TNAPi comparisons (y axis).

(D) GO terms of biological processes associated with conserved DEGs in BECs.

(E) Venn diagram (left) of the number of DEGs in BECs, including a young versus aged comparison. Pie chart (right) of the 530 rejuvenated DEGs, which are
restored toward a more youthful state in the GPLD1 and TNAPi comparisons.

(F) Dot plot of rejuvenated DEGs in BECs from GPLD1 and TNAPi treatment groups.

(G) UMAP of identified cell types in the hippocampal snRNA-seq analysis.

(H) Venn diagrams (top left) and bar graphs (bottom) of parenchymal DEGs by cell type for GPLD1 (blue) and TNAPi comparison (red). Pie chart (top right) of 147
overlapping DEGs between GPLD1 and TNAPi comparisons (top) separated by unidirectional (purple) versus bidirectional changes. Overlapping unidirectionally
changing DEGs between the GPLD1 and TNAPi comparisons are referred to as the conserved signature.

() Scatterplot (top) of conserved parenchymal DEGs for the GPLD1 (x axis) and TNAPi comparisons (y axis). Bar graph (bottom) of conserved parenchymal DEGs
by cell type.

(J) Top GO terms of biological processes associated with parenchymal DEGs for the GPLD1 comparison.

K) Top GO terms of biological processes associated with parenchymal DEGs for the TNAPi comparison.

L) Top GO terms of biological processes associated with conserved parenchymal DEGs.

M) Heatmap of DEGs selected from synapse-related GO terms.

N) Violin plots of conserved DEGs (Grik5, Camkv, and Gabra2) between the GPLD1 or TNAPi comparisons.

0O) Representative images and quantification of C1q immunolabeling in the DG region of the hippocampus (n = 12-13 mice/group). Scale bar, 200 pm.

P) Representative images and quantification of GFAP immunolabeling in the DG (n = 12-13 mice/group). Scale bar, 100 pm.

Data shown as mean + SEM. Statistical analysis was performed using linear regression (C and I), ANOVA with Sidak’s post hoc test (O and P), and Model-based
Analysis of Single-cell Transcriptomics (MAST) analysis for control versus GPLD1 treatment and control versus TNAPi treatment comparisons (N); *p < 0.05,
**p < 0.01, ***p < 0.0001.

See also Figures S3 and S6.
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Figure 6. Liver-derived GPLD1 increases with exercise and rescues hippocampal transcriptional signatures in models of AD pathology
(A) Adult 5xFAD mice underwent a 12-week-long voluntary exercise intervention, followed by behavioral testing (9-10 months).
(B) Object recognition memory was measured using NOR as the percent of time exploring the novel object.
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synaptic plasticity- and behavior-related biological processes,
further supporting the cognitive improvements we observed in
the GPLD1 and TNAPi treatment groups (Figures 4K-40 and
5J-5N). Since we observed significant gene expression changes
in the microglia cluster, we next complemented transcriptomics
data by assessing levels of Complement component 1q (C1q), a
microglia-derived complement factor involved in synaptic prun-
ing and known to increase with age.*® We observed reduced
C1qg expression in the aged hippocampus following both
TNAPI treatment and increased liver-derived GPLD1 compared
with the control group (Figure 50). Due to technical limitations,
astrocytes were not robustly captured in our snRNA-seq
approach; therefore, we assessed levels of astrogliosis in the
aged hippocampus and detected decreased Glial fibrillary acidic
protein (GFAP) expression in both GPLD1 and TNAPiI treatment
groups (Figure 5P). Together, these data indicate that targeting
TNAP activity can partially recapitulate the transcriptomic signa-
ture observed in the hippocampus of aged mice with increased
liver-derived GPLD1.

Liver-derived GPLD1 increases with exercise and
rescues hippocampal transcriptional signatures in a
model of AD pathology

Aging drives vulnerability to dementia-related neurodegenera-
tive disorders, such as AD.®” Correspondingly, we next explored
the translational potential of increased liver-derived GPLD1 in
ameliorating AD pathology and associated cognitive deficits us-
ing a transgenic AD mouse model. We selected the 5xFAD
model expressing the human Amyloid-f precursor protein
(APP) and Presenilin-1 (PSEN1) transgenes with five AD-linked
mutations within APP/PSEN1,%*® which represents a transgenic
model with relatively early onset of AD pathology and cognitive
deficits observed prior to normal aging-related cognitive
decline.®%%%% We sought to utilize the fast-progressing nature
of AD pathology in the 5XxFAD model to delineate between the
beneficial effects of Gpld1 that target aging-specific impair-
ments in aged wild-type (WT) mice from those that target AD pa-
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thology in 5xFAD mice at young ages normally devoid of natural
age-related cognitive impairments. We exercised mature 5xFAD
mice for 3 months using voluntary wheel running (Figure 6A). Hip-
pocampal-dependent cognitive function was assessed using
NOR. Exercised 5xFAD mice spent significantly more time with
the novel object compared with their sedentary counterparts
(Figure 6B). We detected increased GPLD1 expression in the
liver (the main source of circulating GPLD1)'%“C of exercised
versus sedentary 5xFAD mice (Figure 6C), of which GPLD1
expression was positively correlated with performance in the
NOR task (Figure 6D). These data indicate exercise increases
liver GPLD1 expression concurrent with cognitive improvements
in mature 5xFAD mice.

To investigate the cellular and molecular changes elicited in
the hippocampus of 5xFAD mice by increased liver-derived
GPLD1, we performed snRNA-seq analysis. Mature 5xFAD
mice were given HDTVI with expression constructs encoding
GPLD1 or GFP control (Figure 6E). Age-matched WT littermate
control mice given HDTVI with expression constructs encoding
GFP were included to assess baseline changes induced by AD
pathology (Figure 6E). A total of 20 cell clusters were identified,
and populations were compared across genotype and treat-
ment groups (Figures 6F and S7A-S7D). We detected pro-
nounced transcriptional changes in excitatory neuronal
populations (dentate gyrus [DG] and CA1) in the hippocampus
of 5xFAD compared with WT control mice (Figure 6G), as well
as following increased liver-derived GPLD1 expression
(Figure 6G). Of the transcriptional changes detected in
5xFAD, close to 30% were restored toward WT conditions in
the GPLD1-treated 5xFAD group (Figures 6G, 6H, S7E, and
S7F). We found that transcriptional responses detected in the
hippocampus are encoded in different cell types with a combi-
nation of upregulated and downregulated genes that are largely
unique to cell type (Figures 6G, S7G, and S7H). GO analysis of
DEGs in 5xFAD mice and following GPLD1 treatment identified
neurogenesis- and synaptic-related biological processes
(Figures 6l, 6J, S71, and S7J).

(C) Liver GPLD1 expression was measured by RT-gPCR analysis.

(D) Correlation of liver GPLD1 expression with cognitive performance in the NOR task in exercised and sedentary 5xFAD mice.
(E) snRNA-seq gene expression profiling of hippocampal parenchymal cells from 5xFAD mice or WT littermates with liver overexpression of GPLD1 or GFP

control.
(F) UMAP of identified cell types in the hippocampal snRNA-seq analysis.

(G) Venn diagrams, pie chart (top), and bar graph (bottom) representations of DEGs across different cell types for the 5xFAD (WT versus 5xFAD control, navy blue)
and GPLD1 comparison (5xFAD+GPLD1 versus 5xFAD+GFP; light blue). Bidirectionally changing DEGs (purple) reversed to the WT condition are referred to as
the restoration signature.

(H) Scatterplot (top) of 504 overlapping DEGs between the 5xFAD (x axis) and GPLD1 comparisons (y axis). Bar graph (bottom) of the restoration DEGs by cell
type.

(I) Top GO terms of biological processes for the 5xFAD comparison.

(J) Top GO terms of biological processes for the GPLD1 comparison.

(K) Top GO terms of biological processes associated with restored DEGs.

(L) Heatmap of DEGs selected from neurogenesis-related GO terms.

(M) Representative images and quantification of immunolabeling of the neural progenitor cell marker MCM2 (green) in the DG region of the hippocampus (n = 11—
13 mice/group).

(N) Representative images and quantification of doublecortin (DCX, red) immunolabeling in the DG (n = 11-13 mice/group).

(O) Representative immunoblots and quantification of BDNF in hippocampal lysates (n = 4-5 mice/group).

(P) Representative images and quantification of GFAP immunolabeling in the DG (n = 6-13 mice/group).

Data shown as mean + SEM. Scale bar, 100 um. Statistical analysis was performed using a one-sample t test versus 50% (B), t test (C), linear regression (D and H),
and ANOVA with Sidak’s post hoc test (M-P) and MAST analysis; *p < 0.05, **p < 0.01.

See also Figure S7.
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Subsequently, we focused our analysis on DEGs that change
in 5xFAD mice but are rescued following GPLD1 treatment
compared with WT control conditions (Figures 6H, S7E, and
S7F). Most of the rescued transcriptional responses were unique
to cell type, with excitatory neuronal populations (DG and CA1)
exhibiting the largest changes (Figures 6H, S7E, and S7K). GO
analysis of DEGs identified neurogenesis- and synaptic-related
biological processes (Figures 6K and 6L). Consistent with tran-
scriptomics data, we observed increased adult neurogenesis
(MCM2-positive neural progenitors and doublecortin [DCX]-pos-
itive newly born neurons) and elevated levels of Brain-derived
neurotrophic factor (BDNF), a neurotrophic factor involved in
synaptic plasticity, in the hippocampus of GPLD1-treated
5xFAD mice (Figures 6M-60). Additionally, we surveyed the mi-
croglia cluster and observed a decrease in the expression of
several disease-associated microglia (DAMs) markers and in-
flammatory genes previously reported in mouse models of AD
pathology”' in GPLD1-treated compared with control 5xFAD
mice (Figure S7L). Lastly, we assessed levels of astrogliosis in
the hippocampus and detected decreased GFAP expression
(Figure 6P). These transcriptomics data indicate that increasing
liver-derived GPLD1 rescues hippocampal transcriptional signa-
tures induced in a mouse model of AD pathology.

Increasing liver-derived GPLD1 or inhibiting TNAP
activity in mice ameliorates AD pathology and cognitive
deficits

AD pathology in 5XFAD mice has been shown to be amenable to
exercise, reducing p-amyloid (Ap) burden and improving cogni-
tive function following wheel running.® Therefore, we assessed
hippocampal changes in Ap pathology and cognitive deficits in
5xFAD mice overexpressing liver-derived GPLD1, 5xFAD mice
expressing GFP, or WT littermate controls expressing GFP
(Figure 7A). We observed decreased Thioflavin S-positive amy-
loid deposits and A expression in GPLD1-treated 5xFAD mice
compared with GFP control 5xFAD mice (Figures 7B-7E). We
examined APP processing in the hippocampus and cortex and
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observed a decrease in the C-terminal fragment with no changes
in full-length APP levels (Figures S8A-S8J), indicating changes in
APP processing in GPLD1-treated 5xFAD mice. Additionally, we
assessed well-being metrics, including nest-building scoring
and hippocampal-dependent memory by NOR and Y-maze
and observed functional improvements in nest formation, object
memory, and working memory in 5XxFAD mice following GPLD1
treatment (Figures 7F-7H). In an independent cohort of mice,
we assessed spatial learning and memory using the active
place avoidance task and observed impairments in 5xFAD
compared with WT littermate controls that were, in part, restored
in 5xFAD mice following increased liver-derived GPLD1
(Figures S8K-S8N). Functional benefits of increased liver-
derived GPLD1 in 5xFAD mice were comparable with baseline
levels observed in age-matched WT GFP control animals
(Figures 7F-7H and S80-S8R).

To determine whether GPl-anchored GPLD1 targets medi-
ating cognitive rejuvenation could similarly ameliorate AD pathol-
ogy, we first assessed TNAP expression in the brains of older
adults and AD individuals and observed elevated levels
compared with healthy young humans by western blot analysis
(Figures 71 and 7J). Next, we examined changes in TNAP expres-
sion and AP activity in the hippocampus of GPLD1-treated
5xFAD mice and observed a reduction following increased
liver-derived GPLD1 compared with 5xFAD mice expressing
GFP (Figures 7K-7M). Consequently, we investigated the effect
of targeting TNAP activity in 5xFAD mice on Ap pathology and
cognitive function. Mature 5xFAD mice were administered
TNAPI or vehicle control in the food (Figure 7N). Age-matched
WT littermate control mice given control food were included to
assess baseline changes due to AD pathology (Figure 7N). We
assessed well-being metrics by nest-building scoring and hippo-
campal-dependent memory by NOR and Y-maze. Inhibition of
TNAP activity in 5xFAD mice resulted in decreased Thioflavin
S-positive amyloid deposits and AB expression (Figures 70-
7R), and functional improvements in nest formation and object
memory, but not working memory, compared with control

Figure 7. Increasing liver-derived GPLD1 or inhibiting TNAP activity in mice ameliorates AD pathology and cognitive deficits
(A) Cognitive behavioral testing of 5xFAD mice or WT littermates with liver overexpression of GPLD1 or GFP control (9-10 months).
(B and C) Representative images (B) and quantification (C) of thioflavin S (ThioS) amyloid plaque staining in the DG region of the hippocampus of 5xFAD mice

overexpressing liver GPLD1 or GFP control (n = 11-13 mice/group).

D and E) Representative images (D) and quantification (E) of 6E10-immunolabeled amyloid plaques in the DG region of the hippocampus (n = 11-14 mice/group).
F) Hippocampal-dependent nest-forming performance was scored from 1 (worst) to 5 (best) (n = 11-15 mice/group)

G) Object recognition memory was measured using NOR as percent time spent exploring the novel object (n = 24-27 mice/group).

H) Spatial working memory was measured in the Y-maze task as the discrimination index for the novel arm (n = 10-14 mice/group).

(I and J) Western blot analysis (I) and quantification (J) of TNAP in human cortical lysates from young, aged, and donors with AD (n = 6 samples/group). (J)
Quantifications of TNAP normalized to GAPDH (left) or beta-actin (ACTB, right).

(K-M) Representative images (K) and quantifications of TNAP immunostaining (L) and alkaline phosphatase (AP) activity labeling (M) in the DG (dashed line;
stitched overview image) (n = 5-15 mice/group).

(N) Cognitive behavioral testing and histological analysis of adult 5XxFAD or WT littermate controls (11-12 months) following systemic TNAP inhibition via SBI-425
administration in specialized chow.

(O and P) Representative images (O) and quantification (P) of ThioS staining in the DG (n = 18-20).

(Q and R) Representative images (Q) and quantification (R) of 6E10 immunolabeled amyloid plaques in the DG (n = 15-19 mice/group).

(S) Nest-forming performance was assessed in TNAPi-treated 5xFAD mice (n = 17-20 mice/group).

(T) Object recognition memory was assessed using the NOR task (n = 19-20 mice/group).

(U) Spatial working memory was assessed using Y-maze (n = 16-20 mice/group).

Data shown as mean + SEM. Scale bar, 200 um. Statistical analysis was performed using t test (C, E, P, and R), ANOVA with Sidak’s post hoc test (F, J, L, M, and
S), and one-sample t test versus 50% (G and T) or 0 (H and U); “p < 0.05, **p < 0.01, ****p < 0.0001.

See also Figure S8.
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conditions (Figures 7S-7U and S8S-S8V). Collectively, these
data indicate that increasing liver-derived GPLD1 or inhibiting
activity of its GPl-anchored substrate TNAP can ameliorate Ap
pathology and cognitive deficits in an AD mouse model.

DISCUSSION

Cumulatively, our data demonstrate that the liver-derived exer-
cise factor GPLD1 reverses memory loss in aging and models
of AD pathology by targeting GPI-anchored TNAP on the brain
vasculature. From a translational perspective, these data further
suggest significant therapeutic potential to ameliorate neurode-
generative disease pathology, similar to the benefits of exercise
but independent of physical activity.

Broad therapeutic approaches targeting cerebrovascular
health during aging may be ideally situated to mitigate the pro-
gression of AD-related cognitive dysfunction. The brain vascula-
ture shows dramatic changes in aging, including reduction in
vessel density and dysregulation of BBB function.”®** Disrup-
tions of cerebrovascular integrity are also now appreciated as
cardinal features of AD, as highlighted by whole genome, neuro-
pathological, neuroimaging, and cerebrospinal fluid (CSF)
studies in humans.**>™*° In individuals along the AD continuum,
CSF and neuroimaging markers of cerebrovascular and BBB
injury are evidenced prior to overt dementia symptoms and
correlate with cognitive and functional symptoms.** Even auto-
somal dominant forms of AD that are thought to represent
young-onset AD pathology show cerebrovascular injury up to a
decade prior to symptom onset.*” Together, vascular disruption
is an early phenomenon in aging and AD and strongly tracks with
the onset and progression of cognitive symptoms in AD patients.
Excitingly, the brain vasculature is amenable to blood-based in-
terventions. As such, treatment with young blood factors or tar-
geting pro-geronic factors has been shown to promote vascular
outgrowth and restore function without the need for direct deliv-
ery into the brain.'®:?%:3%48:49 |n this context, GPLD1 emerges as
an attractive therapeutic candidate to improve cognition,
possibly via modulation of factors that influence brain vascular
function. Indeed, increased activity of the GPLD1 substrate
TNAP on the aging cerebrovasculature has been shown to pro-
mote disruptions in BBB function,”® which we now functionally
link to cognitive deficits in aging and mouse models of AD pa-
thology. As such, cleavage of vascular GPI-anchored TNAP by
GPLD1 points to proper transport across blood vessels to the
brain as one potential cerebrovascular target by which to restore
cognition in older adults and AD individuals. In fact, TNAP inhibi-
tion has been demonstrated to restore blood-brain transport in
aged animals to youthful levels.?®

While current therapeutic approaches to treat AD are pre-
dominantly focused on targeting neuropathology within the
central nervous system, our work investigating a liver-to-brain
exercise axis bolsters the possibility of targeting complemen-
tary molecular factors in blood and peripheral tissues to treat
dementia-related neurodegenerative diseases. Our studies
have significant translational potential, identifying GPI-
anchored proteins downstream of GPLD1 as potential thera-
peutic targets. However, it should be noted that while inhibition
of vascular GPl-anchored TNAP in part recapitulates cognitive
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benefits of liver-derived GPLD1 in aging and models of AD pa-
thology, the benefits of GPLD1 are likely the result of targeting
multiple GPl-anchored proteins across different cell types.
Indeed, GPLD1-mediated cognitive benefits on working mem-
ory observed in Y-maze testing were not mitigated following
increased cerebrovascular TNAP expression in aged mice.
Mechanistically, the benefits of downstream GPLD1 targets
may work in concert with other known exercise-induced fac-
tors, such as irisin, Insulin-like growth factor 1 (IGF1), clusterin,
Platelet factor 4 (PF4), and Selenoprotein P (SEPP1).2%:17:50-56
Therefore, it is important for future studies to elucidate whether
each factor acts through convergent or divergent cellular tar-
gets and molecular pathways. Given that individuals appear
to progress along different aging trajectories,”” it may be that
successful development of future therapies aimed at restoring
cognition at old age necessitates identification of convergent
mechanisms whose activation may provide additive benefits
of multiple exercise-induced blood factors.

More broadly, GPLD1 has recently been reported to increase
in the liver and plasma of mouse models known to extend life-
span, including growth hormone receptor knockout mice, Snell
dwarfs, caloric restriction, and treatment with compounds
such as rapamycin.”®®° In this context, our data raise the
exciting possibility that the benefits of liver-derived GPLD1
may extend beyond cognitive rejuvenation and amelioration of
neurodegenerative disease pathology in the aging brain to pro-
mote overall longevity at the organismal level.

Limitations of the study

Hippocampal snRNA-seq and BEC scRNA-seq analyses begin
to dissect the mechanisms by which increased liver-derived
GPLD1 promotes cognitive benefits in aging and AD mouse
models. We note that, due to technical limitations, our nuclei
isolation and sequencing approach did not capture sufficient
numbers of astrocytes for snRNA-seq analysis. In addition,
transcriptional changes in certain cell populations, such as
activated microglia, are often difficult to resolve with snRNA-
seq,®’ and the pooling of samples limited our ability to evaluate
inter-individual variability. Although we complement the tran-
scriptomic data with immunohistochemical analysis and
observe reduced astrogliosis across conditions, these data
provide limited insight into the molecular changes occurring
within these cell populations. Increased TNAP activity was
observed in several brain regions beyond the hippocampus.
Similarly, GPLD1 treatment, as well as our viral-mediated
expression approaches, targeted cerebrovascular TNAP
more broadly in the brain. While our analyses focused primarily
on hippocampal functions, our data suggest that the effects of
GPLD1 and TNAP manipulations may extend to additional brain
regions that were not investigated. In the periphery, bioinfor-
matics analysis also identified enrichment of GPIl-anchored
proteinss on peripheral immune cells, implicating molecular
changes involved in age-related increased systemic inflamma-
tion as additional potential downstream GPLD1 targets to
improve cognition. We anticipate that these data will prompt
mechanistic and translational investigations delineating the
contribution of identified genes within the hippocampus and
GPIl-anchored proteins in the periphery in mediating cognitive
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benefits observed following GPLD1 treatment in both aging and
disease.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti ALPL R&D Systems Cat#AF2910; RRID: AB_664062
Mouse monoclonal anti ALPL R&D Systems Cat#MAB29092; RRID: AB_2924405
Rat monoclonal anti CD31 (PECAM-1) BioLegend Cat#160202; RRID: AB_2876566
Goat polyclonal anti CD31 (PECAM-1) R&D System Cat#AF3628; RRID: AB_2161028
Rabbit polyclonal anti AQP4 Millipore Cat#AB2218; RRID: AB_11210366
Rabbit monoclonal anti AQP4 [D1F8E] Cell Signal Technology Cat#59678; RRID: AB_2799571
Mouse monoclonal anti--Amyloid, 1-16 Antibody [6E10] BioLegend Cat#803001; RRID: AB_2564653
Mouse monoclonal anti Gapdh [6C5] Abcam Cat#ab8245; RRID: AB_2107448
Mouse monoclonal anti beta Actin-HRP [AC-15] Abcam Cat#ab49900; RRID: AB_867494

Rabbit monoclonal anti Caveolin1 (Cav1)
Rabbit monoclonal anti C1q

Rabbit polyclonal anti GFAP

Rabbit monoclonal anti DCX

Mouse monoclonal anti MCM2/BM28

Guinea Pig polyclonal anti full length (FL) APP
Mouse monoclonal anti Beta-secretase 1 (BACE1) (3D5)
Rabbit monoclonal anti PS1

Mouse monoclonal anti BllI-Tubulin/TUBB3
Rat anti CD16/32

Rat anti CD45-PE

Rat anti CD41-PE

Rat anti CD31-APC

Cell Signal Technology
Abcam

Dako

Cell Signal Technology
BD Biosciences
Synaptic Systems
Sigma-Aldrich/Millipore
Cell Signal Technology
BioLegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Cat#3267; RRID: AB_2275453
Cat#ab182451; RRID: AB_2732849
Cat#20334; RRID: AB_10013382
Cat#40619; RRID: AB_3696702
Cat#610700; RRID: AB_2141952
Cat#127 005; RRID: AB_2832229
Cat#MABN2640; RRID: AB_3738362
Cat#5643S; RRID: AB_10706356
Cat# 801201; RRID: AB_2313773
Cat#553142; RRID: AB_394657
Cat#553081; RRID: AB_394611
Cat#558040; RRID: AB_397004
Cat#551262; RRID: AB_398497

Bacterial and virus strains

NEB® 5-alpha Competent E. coli New England Biolabs (NEB) Cat#C2987U
Biological samples

Mouse brain tissue This paper N/A

Mouse liver tissue This paper N/A

Human cortex tissue block This paper N/A

Chemicals, peptides, and recombinant proteins

SBI-425

PEI

Hoechst 33342

Thioflavine S

EZ-Link™ Sulfo-NHS-LC-Biotin
Atto 647N NHS ester
Holo-Transferrin
Streptavidin-AlexaFluor647
Percoll solution

TrueBlack

Sigma-Aldrich; Cayman Chemicals
Polysciences

Thermo Fisher

Sigma/Millipore

Thermo Fisher

Sigma-Aldrich

Sigma-Aldrich

Thermo Fisher

Cytiva

Biotium

Cat#SML2935; Cat#34626
Cat#23966-1

Cat#H3570
Cat#T1892-25G
Cat#21335
Cat#18373-1MG-F
Cat#T4132

Cat#S32357
Cat#17089101

Cat#23007

Critical commercial assays

Vector® Red Substrate Kit, Alkaline Phosphatase
SEAP Reporter Gene Assay Kit
NEBuilder HiFi DNA Assembly Kit

Vector Laboratories
Abcam
NEB

Cat#SK-5100
Cat#ab133077
Cat#E5520S

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
PureLink RNA Mini kit Thermo Fisher Cat#12183025
Direct-zol™ RNA Purification Kit, Miniprep Plus Zymo Research Cat#R2072
High Capacity cDNA Reverse Transcription kit Thermo Fisher Cat#4374966
PowerUp SYBR Green Master Mix Thermo Fisher Cat#A25742
Zeba™ Spin Desalting Columns, 7K MWCO, 5 mL Thermo Fisher Cat#89892

Miltenyi Neural Dissociation Kits (P) Miltenyi Cat#130-092-628

Deposited data

Single-nucleus RNA sequencing data This paper GEO: GSE304483

BEC single-cell RNA sequencing data This paper GEO: GSE269061

Experimental models: Cell lines

293T ATCC Cat#CRL-3216; RRID: CVCL_0063
Neuro-2a ATCC Cat#CCL-131; RRID: CVCL_0470

Experimental models: Organisms/strains

C57BL/6J
C57BIL6/J NIA Aging mouse colony
5xFAD (B6SJL-Tg(APPSwFILon,

The Jackson Laboratory

NIA

The Jackson Laboratory/

Strain#000664
N/A
MMRRC Strain#034840-JAX

PSEN1*M146L*L286V)6799Vas/Mmijax) MMRRC

B6;129-Gt(ROSA) The Jackson Laboratory Strain#024857
2680rtm1(CAchaSg*,fEGFP)Fezh/J

Oligonucleotides

Gpld1 gPCR FWD: GGAAGCAGAGAGGAATTGTGGC Horowitz et al.’® N/A

Gpld1 gPCR REV: TCCAAACCACGAGAAGTCCTCC Horowitz et al.'® N/A

Gapdh gPCR FWD: GGGTGTGAACCACGAGAAAT This paper N/A

Gapdh gPCR REV: ACTGTGGTCATGAGCCCTTC This paper N/A

GPLD1 gPCR FWD (human) This paper N/A

GPLD1 gPCR REV (human) This paper N/A

Alpl gPCR FWD: GAACAGACCCTCCCCACGAG This paper N/A

Alpl gPCR REV: GTGCCGATGGCCAGTACTAA This paper N/A

Alpl gPCR FWD2: TAACACCAACGCTCAGGTCC This paper N/A

Alpl gPCR REV2: TGGATGTGACCTCATTGCCC This paper N/A
Recombinant DNA

pPAAV2/8 Addgene Plasmid#112864
pUCMIni-iCAP-PHP.V1 Addgene Plasmid#127847
pAAV-CAG-mRuby2 Addgene Plasmid#99123
pEMS1938 Addgene Plasmid#82563
pAdDeltaF6 Addgene Plasmid#112867
pMD2.G Addgene Plasmid#12259
psPAX2 Addgene Plasmid#12260
lentiCRISPR v2 Addgene Plasmid#52961
pTB CMV Gpld1 IRES eGFP Horowitz et al.’® N/A

pTB CMV Gpld1 H133N IRES eGFP Horowitz et al."® N/A

pTB CMV Gpld1 H158N IRES eGFP Horowitz et al."® N/A

pTB CMV IRES eGFP Horowitz et al.'® N/A

pTB CMV Alpl IRES eGFP This paper N/A

pTB CMV GPLD1 (human) IRES eGFP This paper N/A
pAAV-CAG-Alpl This paper N/A
pAAV-CRE-hU6-gRNA This paper N/A

pAAV TBG eGFP This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pAAV TBG Gpld1 This paper N/A

pPAAV TBG Gpld1 H133N This paper N/A

Software and algorithms

FlJI/ImageJ2 ImageJ https://imagej.net/software/fiji/
Prism 10 GraphPad https://www.graphpad.com
Zeiss Zen 3.7/3.3 Zeiss N/A

Cell Ranger version 7.1.0.

RStudio

Seurat v5

Wheel Manager Software
Smart Video Tracking Software

ChemiDoc Image Lab Software 6.1
EthoVision XT

10X Genomics

Posit

Satija Lab

MedAssociates
Panlab/Harvard Apparatus

BioRad
Noldus

https://support.10xgenomics.com/
single-cell-gene-expression/
software/downloads/latest
https://posit.co/downloads/
https://satijalab.org/seurat/

Cat# SOF-860

http://www.panlab.com/en/
products/smart-video-
tracking-software-panlab
N/A

N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains

The following mouse lines were used: C57BL/6J mice (Jackson Laboratory, strain # 000664), C57BL/6J aged mice (National In-
stitutes of Aging), B6SJL-Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax (5xFAD; Jackson Laboratory/MMRRC strain
#034840-JAX) and homozygous inducible Cas9 transgenic mice (B6;129-Gt(ROSA)26Sor™(CAG-casg -EGFRIFezh j- jackson Lab-
oratory strain# 034840-JAX). All studies in wildtype C57BI6 mice were done in young (3-6 month) or aged (18-24 month) mice.
Young wildtype mice were acquired at 8 weeks and aged in-house under standard housing conditions. Male 5xFAD and WT litter
mate controls were acquired at 6 weeks and aged in house or 5xFAD transgenic males were bred with wildtype female mice and
aged in-house. 5xFAD mice were treated at 6-9 month with GPLD1 and 8-11 month with TNAP inhibitor followed by behavioral
testing. Male homozygous Cas9 mice were bred and aged in-house and used for experimental purposes at 20-22 months. All
sequencing studies were performed with male mice. For each age group and experiment, litter mates were randomly assigned
to each treatment group. Mice were group housed until 7-10 days before the start of behavioral testing. Extra enrichment was
added during single housing. Health was regularly assessed, and mice were weighed during the course of treatments and testing.
The numbers of mice used to result in statistically significant differences were calculated using standard power calculations with
a = 0.05 and a power of 0.8. We used an online tool to calculate power (https://www.stat.uiowa.edu/~rlenth/Power/index.html)
and samples size based on experience with the respective tests, variability of the assays and inter-individual differences within
groups. Mice were housed under specific pathogen-free conditions under a 12h light-dark cycle, and all animal handling and
use was in accordance with institutional guidelines approved by the University of California San Francisco Institutional Animal
Care and Use Committee (IACUC).

Human tissue

Post-mortem brain tissues from young, confirmed AD and age-matched, non-demented, non-pathological controls were obtained
from Duke ADRC in strict accordance with all ethical and institutional guidelines. Individuals were grouped by age and clinical diag-
nosis. All subjects were male and Caucasian. Autopsy brain tissue from the frontal cortex of 6 young donors, non-demented aged and
neuropathologically confirmed AD case were studied. Age at death: Young: 27+/-5.2; Aged: 81+/-12; 85+/-6.6 years. The aged group
had a mean MMSE score of 29+/-1.4, while AD was 18.17+/-5. The AD neuropathological changes in the AD group where classified
as intermediate to high, with a Braak stage of IlI-V. Additional details in Table S1.

Cell lines
293T and Neuro-2a cells were cultured under standard conditions using DMEM with 10% FBS in 37C incubators with 5% CO2.
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METHOD DETAILS

Exercise intervention

Exercised mice were single-housed and given continuous access to a running wheel (Med Associates Inc., Cat# ENV-047) in their
home cage for 6 weeks. Distance ran per mouse was tracked using Wheel Manager software (Med Associates, Inc.). Sedentary con-
trol mice were single-housed and given a locked wheel, house and nestlet as alternative enrichments.

Liver GPLD1 expression

GPLD1, catalytically inactive GPLD1 with a H133N amino acid substitution (H133N), or GFP control were overexpressed in the liver
in vivo using a hydrodynamic tail vein injection or AAV-delivery approach. For hydrodynamic tail vein injections, endotoxin-free plas-
mids were prepared using an endotoxin-free Maxi-Prep Kit. All plasmid sequences were verified by whole plasmid sequencing and
low endotoxin level validated prior to administration (Thermo Fisher cat# PIA39552). Mice were briefly placed in a restrainer and
GPLD1, H133N or GFP plasmid DNA (50ug) was suspended in 3mL sterile saline and injected in the tail vein in 5-7 seconds. Alter-
natively, GPLD1, H133N or GFP were expressed using an AAV-based expression plasmid with a hepatocyte specific TBG promoter
and packaged with the AAV8 capsid. Genomic titers were assessed using gPCR with ITR specific primers as viral genomes per vol-
ume (vg/mL). 10 “15 vg/kg were injected retro-orbitally into each mouse.

TNAP inhibition

The orally bioavailable TNAP inhibitor SBI-425 was sourced from Sigma-Aldrich (Cat# SML2935) and Cayman Chemicals (Cat#
34626). TNAP inhibitor and control chow were manufactured by Research Diets Inc using the open standard diet (Cat#
D11112201) with a formulation of 200mg/kg SBI-425. All mice had ad libitum access to the chow.

AAV production

AAV GPLD1, H133N and GFP plasmids were generated using the NEBuilder HiFi DNA Assembly Kit (NEB #E5520S), following the
manufacturer’s recommended design considerations and protocol. Briefly, the AAV2 vector backbone containing a TBG promoter
was digested with the restriction enzymes Notl and Hindlll and gel purified. eGFP and murine GPLD1 coding sequences were PCR-
amplified with primer sets that included a 20 nucleotide overlap with the backbone and preserved the restriction sites. The H133N
mutation in GPLD1 was introduced using the QuikChange Lightning Site-directed Mutagenesis kit (Agilent Cat# 210518) in combi-
nation with the following mutagenesis primers: GCTGACGTGAGCTGGAATAGCCTGG GTATTG, CAATACCCAGGCTATTCCAGC
TCACGTCAGC.

The TNAP/AIpl expressing AAV construct was based on the control pAAV-CAG-Ruby?2 plasmid (a gift from Viviana Gradinaru;
Addgene plasmid #99123)°? and pEMS1938 plasmid with the Ple261 promoter (a gift from E. Simpson; Addgene plasmid#
82563). The Alpl mRNA with partial 3’ and 5 UTRs was PCR-amplified from a mouse hippocampal cDNA library and cloned using
the pENTER/D-TOPO cloning kit (Thermo Fischer Scientific K240020). The Alpl coding sequence was further amplified with primers
containing the restriction sites Kpnl and EcoRI. Both Alpl and the AAV backbone were digested with Kpnl and EcoRlI followed by
ligation. All plasmids were sequence-verified using whole-plasmid sequencing (Primordium Labs).

For large scale AAV production HEK293T cells were cultured in 10x T182 flasks per virus. HEK293T cells were transfected with PEI
(1mg/mL; Polysciences Cat# 23966-1), a combination of the AAV backbone, capsid and helper plasmid and Opti-MEM (Thermo
Fisher Scientific Cat# 31985-062). For liver-targeting viruses, the pAAV2/8 capsid was used (a gift from James M. Wilson; Addgene
plasmid# 112864) and for the BEC-targeting viruses the PHP.V1 capsid was used (pUCmini-iCAP-PHP.V1 was a gift from Viviana
Gradinaru; Addgene plasmid# 127847).%' Media change was performed after overnight incubation. Supernatant and cells were har-
vested after 72-96 hours for AAV viral particle isolation and concentration. Briefly, cells were mechanically detached and collected
together with the viral particle containing culture media. The media was collected after 10 minute centrifugation at 1000g and the
remaining pellet was resuspended in chilled PBS. Following 4 freeze-thaw cycles, the lysate was cleared using centrifugation at
100009 for 10 minutes. The supernatant was re-combined with the cell culture media and filtered through 0.45um PES filter. AAV viral
particles were purified and concentrated using Ultracentrifugation (Beckman Coulter). Genomic viral titers were measured using
gPCR in combination with primer sets targeting the ITR sequence (FWD: GGAACCCCTAGTGATGGAGTT; REV CGGCC
TCAGTGAGCGA).%®

Abrogation of cerebrovascular TNAP in aged Cas9-inducible mice

5 different Alpl-targeting gRNAs and a non-targeting safe harbor control guide were first cloned into the lentiCRISPRv2 plasmid (len-
tiCRISPR v2 was a gift from Feng Zhang; Addgene plasmid #52961),°* packaged into lentiviral particles and used to transduce mu-
rine Neuro-2a cells. One week after puromycin selection (72 hours) and recovery, Alpl expression was assessed using RT-gPCR anal-
ysis. The U6 gRNA cassettes of Alpl gRNA1 (target sequence: ACGCGATGCAACACCACTCAGGG) and the control guide were then
cloned into an AAV backbone expressing a CAG-CRE. AAV particles were packaged with BEC-targeting PhP.V1 capsid and admin-
istered retro-orbitally into aged transgenic mice (20-22 months) with a stop-lox-stop Cas9 transgene (JAX strain# 024857). Genomic
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titers were assessed using gPCR with ITR specific primers as viral genomes per volume (vg/mL). 10 “15 vg/kg were injected retro-
orbitally into each mouse. NHS-biotin, labelled Transferring, AP activity measurements and behavioral testing were performed 5-
8 weeks after AAV administration.

Novel object recognition (NOR)

The NOR task was performed using an established protocol.” Specifically, on day one (the habituation phase), mice performed open
field testing by exploring an empty arena (40cm x 40cm) for 10 min. Infrared photobeam breaks were recorded and movement met-
rics were analyzed using the MotorMonitor software (Kinder Scientific). On day two (the training phase), two identical objects were
placed into the habituated arena, and the mice were allowed to explore for 5 min. On day three (the testing phase), one object was
replaced with a novel object, and the mice were allowed to explore for 5 min. The time spent exploring each object was quantified
using the Smart Video Tracking Software (Panlab; Harvard Apparatus). Two different sets of objects were used. To control for any
inherent object preference, half of the mice were exposed to object A as their novel object and half to object B. To control for any
potential object-independent location preference, the location of the novel object relative to the trained object was also counterbal-
anced. To determine the percentage of time with the novel object, we calculate (time with novel object)/(time with trained ob-
ject + time with novel object) x 100. Mice that did not explore both objects during the training phase were excluded from the
analysis.

Radial arm water maze (RAWM)

Spatial learning and memory were assessed using an established 8-arm radial water maze paradigm.®® In this task, the mouse was
trained to the location of a constant goal arm throughout the training and testing phase. The start arm changed each trial. Entry into an
incorrect arm was scored as an error, and errors were averaged over training blocks consisting of three consecutive trials. During
training (day 1), the mice were trained for 12 trials (blocks 1-4), with trials alternating between a visible and hidden platform. After
an hour break, learning was tested for 3 trials (block 5) using only a hidden platform. During testing (day 2), the mice were tested
for 15 trials (blocks 6-10) with a hidden platform. When scoring, investigators were blinded to treatment and genotype.

Y-maze

The Y-maze task was conducted using an established forced alternation protocol. During the training phase, mice were placed in the
start arm facing the wall and allowed to explore the start and trained arm for 5 minutes, while entry to the 3rd arm (novel arm) was
blocked. The maze was cleaned between each mouse to remove odor cues, and the trained arm was alternated between mice.
The mouse was then returned to its home cage. After 30-45 minutes, the mouse was placed in the start arm and allowed to explore
all 3 arms for 5 minutes. Time spent in each arm was quantified using the Smart Video Tracking Software (Panlab; Harvard Appa-
ratus). Percent time in each arm was defined as time in arm divided by time spent in all arms during the first minute of the task.
The learning index was calculated as (entries in novel arm - entries in familiar arm)/(entries in novel arm + entries in familiar arm).

Active Place Avoidance

The mice were placed in a rotating cylindrical arena (Maze Engineers; 1 meter in diameter, rotation speed at 1 rotation/minute) and
had to learn to avoid a stationary 60° area (shock zone) using visual cues placed around the arena. During the habituation day, the
mice were placed in the rotating arena for a duration of 5 minutes during which the shock zone was inactive. During testing, mice were
placed in the in the area diagonally away from the shock zone and recorded for 10 min/day for a total of 4 consecutive days. Between
animals, the arena was cleaned with 70% ethanol. Shocks were delivered at 0.5 mA if the mice entered the shock zone for a minimum
of 1 second, with an inter-shock latency of 1.5s. Trials were recorded, analyzed and shocks administered using Noldus Ethovision XT.
Number of entries/day into the shock zone, the number of administered shocks/day and the cumulative number of shocks over all
trials were calculated for each animal.

Health metrics

The nestlet assay was assessed using a pre-defined scoring system.®® Mice were provided with two pressed cotton nestlets and
given up to 48 hours to build nests. Nest forming behavior was measured based on a nestlet score with a scoring system of 1 =
no nest built and a score of 5 = an enclosed nest, as preciously described. For each mouse, the nesting scores were averaged
from two separate experiments performed at a one-week interval.

Motor coordination was evaluated with the RotarRod test using a standard mouse RotaRod apparatus with a 1-inch diameter
rotating cylinder (Harvard Apparatus, PanLab). On the training day, mice were first habituated on the still cylinder for 30 seconds
and then trained at a constant speed (5 rpm) for 5 minutes. The next day (testing day), mice were placed on the rod at a constant
rotation (4 rpm) for 10 seconds, followed by an acceleration from 4 to 40 rpm in 300 seconds. The latency to fall was recorded for
each mouse on 3 trials with a 15-minute intertrial interval.

Grip Strength was measured for all 4 paws using a standard Grip strength test apparatus with a wire grid (Bioseb). Mice were held
by the tail, lowered towards the apparatus, and allowed to grab the metal grid before being pulled back horizontally. The maximum
force applied to the grid was recorded and averaged for 6 trials per mouse.
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Tissue collection

Mice were anesthetized with 87.5 mg per kg ketamine and 12.5 mg per kg xylazine and transcardially perfused with 25ml ice-cold
phosphate-buffered saline. For brain tissue used in histological analysis of the brain vasculature, transcardial perfusion with 25ml
PBS was followed with 25ml ice-cold 4% PFA. For a subset of PBS-perfused animals the liver, heart, kidney, spleen, lung and tibialis
anterior muscle were dissected and snap frozen. To process the brains, the whole brain was sectioned in half along the sagittal plane.
The hippocampus and cortex from one hemisphere were subdissected and snap-frozen and the other was postfixed in phosphate-
buffered 4% paraformaldehyde, pH 7.4 at 4 °C for 48 h before cryoprotection with 30% sucrose.

Single nucleus RNA sequencing

Neuronal nuclei were isolated based on the demonstrated protocol by 10x Genomics with modifications and performed on nuclei
isolated from two-four mice per group (pool of 2 mice/well — 1 well for 5xFAD experiment and H133N of Figure 5, 2 wells for
GPLD1/TNAPi samples). Only male mice were used for snRNAseq analysis. Briefly, flash-frozen dissected hippocampi were
dounce-homogenized (Wheaton, Cat# 357538) in 500uL of Nuclei EZ prep lysis buffer (Sigma-Aldrich, NUC101, 1x RNAse Inhibitor)
with 20 strokes of the loose pestle and 20 strokes of the tight pestle. 500 pL of Nuclei EZ prep lysis buffer was added and samples
incubated for 7 minutes on ice. Samples were filtered through a 40pm filter and centrifuged at 500 RCF for 5 min at 4°C. Samples were
resuspended in 1ml of Wash Buffer (PBS, 1%BSA, 1xRNAse Inhibitor) and incubated for 5 min on ice. Samples were centrifuged at
500 RCF for 5 min at 4°C, supernatant was removed, and samples were resuspended in 400pL of Wash Buffer with 1:10,000 dilution
of Hoescht 33342 and incubated for five minutes before filtering through a 35pm FACS tube filter and sorting. Nuclei were sorted on a
BD FACSAria Il with a 100pm nozzle and with a flow rate of 1-2.5. Nuclei were first gated by forward and side scatter, then gated for
doublets with height and width. Nuclei that were Hoechst+ were sorted and samples were combined per group. Isolated nuclei were
given to the UCSF-ColLab Genomics Core for preparation with the 10x Genomics Chromium Single Cell Expression Solution 3’ kit.
The Genomics Core prepared cells for 10x Genomics Chromium single-cell capture. 30,000 nuclei were loaded per sample. cDNA
libraries were prepared according to the standard 10x Genomics protocols. The final library pool was sequenced on the NovaSeq
6000 or the NovaSeq X 10B system at the UCSF CAT Core. The raw base sequence calls were demultiplexed into sample-specific
cDNA files with bcl2fastg/mkfastq and converted to count matrices using Cell Ranger 7.1 (10x Genomics).

Brain endothelial cell isolation and single cell RNA sequencing

Hippocampal brain endothelial cells were isolated using enzymatic tissue dissociation and fluorescent activated cell sorting®” and
single cell analysis was performed on pooled hippocampal BECs from a pool of hippocampi from eight mice per group (Young Con-
trol, Aged control, Aged GPLD1- and TNAP inhibitor treated). Brain endothelial cells derived from male mice were used for scRNAseq
analysis. Mice were anesthetized with 87.5 mg per kg ketamine and 12.5 mg per kg xylazine and transcardially perfused with 30ml
ice-cold phosphate-buffered saline. The entire brain was removed, then the hippocampus was sub-dissected. Single-cell suspen-
sions were generated by enzyme-mediated (papain) and mechanical dissociation using Miltenyi Neural Dissociation Kits (P) (Miltenyi,
130-092-628) according to the manufacturer’s instructions. The papain dissociation was done at 37°C for 10 minutes with three trit-
uration steps. All other processing steps were performed at 4°C. Myelin was depleted from the suspensions using 22% Percoll so-
lution (Cytiva, 17089101). Cell Fc receptors were blocked using a purified anti-mouse CD16/32 antibody (BD Biosciences, 553142)
and stained for 30 minutes at 4°C with CD45-PE (BD Biosciences, 553081), CD41-PE (BD Biosciences, 558040) and CD31-APC (BD
Biosciences, 551262) and DAPI (Thermo Scientific, 62248 1:1000). Cells were sorted on a BD FACSAria Fusion with a 100 pm nozzle
and with a flow rate of 1-2.5. Cells were first gated by forward and side scatter, then gated for doublets with area and height. Cells per
sample that were DAPI-, CD45-, CD41-, CD31+ were collected for sequencing analysis. Isolated cells were given to the UCSF-CoLab
Genomics Core for analysis with the 10x Genomics Chromium Single Cell Expression Solution 3’ kit. The Genomics Core prepared
cells for 10x Genomics Chromium single-cell capture. 22,000-30,000 cells were loaded per sample. cDNA libraries were prepared
according to the standard 10x Genomics protocols. The final library pool was sequenced on the NovaSeq 6000 or the NovaSeq X
10B system at the UCSF CAT Core. The raw base sequence calls were demultiplexed into sample-specific cDNA files with
bcl2fastg/mkfastq and converted to count matrices using Cell Ranger 7.1 (10x Genomics).

Single-cell and single-nucleus RNA sequencing analysis

Raw FASTQ files were processed and aligned to mm10 using the Cell Ranger software package (10x Genomics) for the RNA expres-
sion matrix, including introns for single nucleus analysis. For the aging GPLD1/TNAP treatment, a total of 54,597 nuclei were
sequenced at a depth of approximately 70,000 reads per cell and 60% sequencing saturation. For the 5xFAD sequencing, a total
of 52,783 cells were sequenced at a depth of approximately 40,000 reads per cell and 31% sequencing saturation. Further QC
and analysis were performed on R 4.2.2. For all experiments, downstream analysis and data visualization was performed using
Seurat, as well as packages DropletUtils, ggplot2, knitr, WriteXLS, RColorBrewer, data.table, stringr, ggplot2, forcats, dplyr, Nebu-
losa, and htmlwidgets. Data were processed to remove doublets and unwanted sources of variation by removing nuclei with more
than 6,000 and fewer than 200 genes per cell, number of counts more than 40,000 per nuclei, and regressing on number of UMIs.
Genes expressed in fewer than three cells or nuclei were filtered out. Nuclei with a percentage of mitochondrial genes higher than
0.2% were removed. Final nuclei counts of 11062 (Aged CTRL), 20,713 (Aged GPLD1), 19581(Aged TNAP inhibitor), 17350
(WT GFP), 14404 (5xFAD GFP), and 18000 (5xFAD GPLD1) were used for gene expression analysis. Final cell count of 16594
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(Young Control BECs), 20576 (Aged Control BECs, 12605 (Aged GPLD1 BECs), 20892 (Aged TNAPi BECs). The matrices of data were
log-normalized in a sparse data matrix, scaled, integrated with CCA integration, and PCA was applied to reduce dimensionality. The
first 20 PCA components were used to cluster cells by Louvain clustering at a resolution of 0.4, implemented in Seurat while UMAP
plots were independently generated to aid in 2D representation of multidimensional data independent of the clustering. Cell types
were identified using known markers, as well as the Allen Mouse Brain Atlas,*® and clusters containing more than one cell type spe-
cific marker were removed. Differential gene expression was performed on each cell type down-sampled to 800 nuclei/cluster/con-
dition for the aging dataset, 550 nuclei/cluster/condition for the 5xFAD dataset, and 12,000 cells/condition for the BEC dataset. Dif-
ferential gene expression was determined using MAST statistical testing with a minimum of 10% of nuclei expressed, log fold change
threshold of 0.15, and a pseudocount of 0.01. Log-normalized gene expression data were used for visualizations with violin plots and
UMAP feature plots. Average expression matrices were used for heatmap visualization. Volcano plots were created using the
EnhancedVolcano package and UpSet plots with the ComplexHeatmap package.

RNA extraction, cDNA synthesis and RT-qPCR analysis
Total RNA was isolated from subdissected hippocampi, cortex, liver, kidney, spleen, lung, heart and tibialis anterior muscle tissue
using TRI Reagent (Sigma-Aldrich, Cat#T9424) in combination with the PureLink RNA Mini Kit (Thermo Fisher Scientific Cat#
12183025) or Direct-zol™ RNA Purification Miniprep Plus Kit (Zymo Research Cat# R2072) following the manufacturer’s protocol.
50-100mg tissue was dissociated using a Bead Ruptor Elite and Ceramic beads (Omni International Cat# 19-645-3). Lysates
were centrifuged at 8,000 g for 10 min at 4 °C to remove cellular debris. Cell lines were lysed in the tissue culture plate using the Lysis
reagent provided in the PureLink RNA Mini kit. The RNA concentrations were determined via Nanodrop and RNA was reverse-tran-
scribed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Cat# 4368813). To quantify mRNA
expression levels, equal amounts of cDNA were synthesized using the High-Capacity cDNA Reverse Transcription kit
(ThermoFisher Scientific, Cat# 4368813), then mixed with SYBR Fast mix (Kapa Biosystems) and primers. Gapdh mRNA was ampli-
fied as an internal control. Quantitative RT-PCR was carried out in a CFX384 Real Time System (Bio-Rad). Each sample and primer
set were run in triplicates and relative expression levels were calculated using the 2—AAct method. The following primer sets
were used:

Gapdh: GGGTGTGAACCACGAGAAAT, ACTGTGGTCATGAGCCCTTC

Gpld1: GGAAGCAGAGAGGAATTGTGGC, TCCAAACCACGAGAAGTCCTCC

Alpl Pair 1: GAACAGACCCTCCCCACGAG, GTGCCGATGGCCAGTACTAA

Alpl Pair 2: TAACACCAACGCTCAGGTCC, TGGATGTGACCTCATTGCCC

Western blot analysis

Brain tissue was lysed in chilled RIPA lysis buffer (Abcam Cat# ab156034) with complete protease inhibitor (Sigma-Aldrich Cat#
4693116001) and phosphatase inhibitor (Thermo-Fisher Cat# 78420). Tissue was dissociated using a Bead Ruptor Elite and Cermic
beads (Omni International Cat# 19-645-3). Crude lysates were centrifuged at 10,000 g for 10 min at 4 °C to remove cellular debris.
Protein concentrations in clarified lysates were quantified with a Pierce BCA protein assay. Tissue lysates were mixed with 4x Nu-
Page LDS loading buffer (Invitrogen Cat# NP0008), loaded on a 4-12% SDS polyacrylamide gradient gel (BioRad Cat# 11346-02)
and transferred onto a nitrocellulose or PVDF membrane using the Trans-Blot turbo transfer system (BioRad). For plasma samples,
plasma was mixed with 4x NuPage LDS, water and 2-Mercaptoethanol and the 1 ul of plasma was loaded into each well. After trans-
fer, some membranes were cut into strips at approximately 25kDa and 75kDa to probe for proteins with distinct molecular weight in
parallel. The blots were blocked in 5% milk in Tris-Buffered Saline with 0.1% Tween (TBST) and incubated with anti-GAPDH (Abcam
Cat# ab8245), anti-ALPL (R&D System Cat# MAB29092) and anti-ACTIN-Beta/ACTB (Abcam Cat# ab49900). APP protein and pro-
cessing components were assessed using the following antibodies: anti-FL APP (Synaptic Systems Cat# 127 005), anti-APP 6E10
(human FL-APP and CTF detection; BioLegend Cat# 803001), anti-PS1 (Cell Signal Technology Cat# 5643S); anti-BACE1 (Sigma/
Millipore Cat# MABN2640), anti-Blll-Tubulin (BioLegend Cat# 801201) primary antibodies.®® Horseradish peroxidase-conjugated
secondary antibodies and an ECL kit (BioRad Cat# 1705060) were used to detect protein signals. Membranes were imaged with
a ChemiDoc Imaging System (BioRad). Selected images were exported and quantified using the built-in gel analysis tool in FIJI/
ImageJ. GAPDH, ACTB and BIlI-Tubulin bands were used for normalization.

Immunohistochemistry

Tissue processing and immunohistochemistry were performed on free-floating sections according to standard published tech-
niques.® Cryoprotected brains were sectioned coronally at 40 pm with a freeze-stage microtome (Leica Camera). Free-floating sec-
tions were permeabilized with pre-treatment buffer (0.2% TritonX-100 in TBST) for 30 minutes, then washed 3x with TBST and
blocked with TBST + 3% Normal Donkey serum (NDS). Sections were then incubated overnight at 4C with anti-ALPL (R&D Systems
Cat# AF2910), anti-CD31 (BioLegend Cat# 160202 and R&D Systems Cat# AF3628), anti-AQP4 (Cell Signal cat# 59678S and Milli-
pore cat# AB2218 or 59678S), anti-APP 6E10 (BioLegend Cat# 803001), anti-Caveolin1 (Cell Signal Technology Cat# 3267S) in
TBST + 3% NDS. Labelling was revealed using secondary antibodies at 1:500in TBST + 3% NDS for 1 hour room temperature. Nuclei
were labelled with Hoechst (Thermo Fisher Scientific, Cat# H3570). Sections were mounted on Superfrost Plus microscopy slides
and coverslipped with Prolong Gold. Sections were imaged using confocal microscopy (Zeiss LSM800 or Zeiss LSM900) or
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bright-field microscopy (Keyence). Labelling intensity and thresholded areas were quantified and averaged for 3-5 hippocampal sec-
tions for each mouse using FIJI and Zeiss Zen image analysis tools.

Sulfo-NHS-biotin BBB leakage assay

Sulfo-NHS-LC-biotin (Thermo Fisher Cat# 21335) was reconstituted in sterile PBS pH7.4, stored on ice and used for up to 30 minutes
before being discarded. Mice were injected retro-orbitally at a dose of 0.25mg/g BW (~7.5mg/mouse for a 30g mouse) and the biotin
tracer was allowed to circulate for 5 min before perfusion and tissue collection. Mice were anesthetized with 87.5 mg per kg ketamine
and 12.5 mg per kg xylazine and transcardially perfused with 25ml ice-cold PBS followed by 25ml 4% PFA. To process the brains, the
whole brain was sectioned in half along the sagittal plane and postfixed in 4%PFA at 4 °C for 48 h before cryoprotection with 30%
sucrose. Brains were then sectioned coronally at 40 pm with a freeze-stage microtome (Leica Camera) and stored in cryoprotective
media. Brain sections were stained for vascular markers CD31 and AQP4 using standard immunohistochemistry approaches.
A 1:1000 dilution of Streptavidin-AlexaFluor 647 was added during the secondary antibody incubation for 1 hour at room tempera-
ture. Sections were mounted on Superfrost Plus slides and coverslipped using ProlongGold. Hippocampal images were acquired
using confocal microscopy (LSM900) and analyzed using Zeiss Zen software and Imaged. Vascular area masks were generated
by measuring the area covered by the vascular labelling. The NHS-biotin/Streptavidin labelling were measured, and the permeability
index was determined as the area covered by NHS-biotin/Streptavidin signal outside of the vascular area mask.

Labelled Transferring (TF-647) uptake assay

50mg holo-Transferrin (Sigma Cat# T4132) was reconstituted in 4ml sterile PBS. Atto 647N NHS ester (Sigma Cat# 18373-1MG-F)
was reconstituted in DMSO to generate a 30mM stock solution. Transferrin and Atto 647N NHS ester were mixed at a molar ratio of
1:1.8 and incubated at room temperature under constant agitation for 90 minutes. 50mM Tris (pH8) was added to quench the reaction
and incubated at room temperature for 10 minutes. Reaction cleanup and unbound Atto 647N NHS ester was removed using two
Zeba spin desalting columns (7k MWCO; Thermo Fisher Cat# 89892). 2 columns were used for each clean-up round. Protein con-
centration of the elution was determined using NanoDrop, adjusted to 10mg/ml in PBS and stored at -80C. Successful labeling was
validated using Western blot analysis. 1pg of labelled and cold (unlabeled) Transferrin was separated on a 4-12% NuPAGE™ Bis-Tris
Mini Protein Gel, transferred to a nitrocellulose membrane and fluorescent signal visualized using a ChemiDoc imager (BioRad). For
in vivo Transferrin uptake assay, 1mg of labelled TF-647 was injected retro-orbitally 20h before tissue collection. Mice were anesthe-
tized with 87.5 mg per kg ketamine and 12.5 mg per kg xylazine and transcardially perfused with 25ml ice-cold PBS followed by 25ml
4% PFA. Brains were postfixed in 4%PFA at 4 °C for 48 h before cryoprotection with 30% sucrose. Brains were then sectioned co-
ronally at 40 pm with a freeze-stage microtome (Leica Camera) and stored in cryoprotective media. Brain sections were stained for
vascular markers CD31 and AQP4 using standard immunohistochemistry approaches. Hippocampal images were acquired using
confocal microscopy (LSM900 and LSM800) and analyzed using Zeiss Zen software and Imaged. Vascular area masks were gener-
ated, and TF-647 intensity was selectively measured in the area occupied by vascular labeling in the hippocampus.

AP activity labelling

The Alkaline phosphatase activity labelling was performed on PFA-fixed free-floating sections (40um). Sections were washed 1x in
TBST, followed by one wash in 0.1% Tris-HCL pH 8.5. The VectorRed Alkaline phosphatase substrate staining solution (Vector Lab-
oratories Cat# SK-5100) was prepared following the manufacturer’s instruction in 0.1M Tris-HCL pH 8.5. Brain sections were incu-
bated in the AP staining solution for 30 minutes at room temperature, followed by 3 washes in Tris-HCL pH 8.5. Sections were
mounted on Superfrost Plus microscopy slides, air-dried overnight, cleared in Xylene and coverslipped with Permount. Sections
treated with the selective TNAP inhibitor SBI-425 were used as a control to assess the specificity of the AP activity labelling. Images
of the hippocampal dentate gyrus region were acquired on a Zeiss Epifluorescent microscope or Keyence bright-field microscopy
for 3-5 hippocampal sections per mouse and quantified using FIJI. For co-labeling experiments, brain sections were first labelled for
AP-activity staining, followed by standard immunohistochemistry for CD31/AQP4 as outlined in the immunohistochemistry section.

Thioflavin S labelling

Sections were rinsed three times in PBS, mounted on Superfrost Plus slides and air dried overnight.®® The sections were then incu-
bated in freshly prepared and filtered 0.1% thioflavin S (ThioS) solution in 20% ethanol for 30 min at room temperature. The samples
were rinsed twice with 20% ethanol for 2 min, followed by 2 washes in water. Following the Thioflavin S staining, sections were
treated with 1:100 dilution of TrueBlack (Biotium cat# 23007) in 70% ethanol for 2 minutes and coverslipped with Prolong Gold. Im-
ages of the hippocampal dentate gyrus region were acquired on a Zeiss LSM800 or LSM900 confocal microscope and quantified
using FIJI. On representative images, ThioS was detected in both the blue and green channels and appears as a merge on the repre-
sentative images. The thresholded area occupied by the ThioS labelling in the dentate gyrus region of the hippocampus was quan-
tified and averaged for 3-5 hippocampal sections per mouse.

TNAP cleavage assay

A lentiviral Alpl/TNAP expression plasmid was first cloned under the control of the CMV promoter. Lentiviral particles were generated
by co-transfecting HEK293T cells with the lentiviral Alpl/TNAP expression plasmid and lentiviral packaging plasmids
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(Addgene Plasmids# 12259 and 12260 were gifts from Didier Trono) using Lipofeamine 3000 (ThermoFisher, Cat# L300015).”° Viral
solution was collected 48 hours after transfection using 10 minute centrifugation at 1000g. The supernatant was collected and lenti-
viral particles purified and concentrated using 90 minute ultracentrifugation at 24’000 RPM (Beckman Coulter). TNAP reporter cells
were generated by infecting HEK293T cells with the lentiviral particles, followed by subcloning and testing individual colonies. TNAP
expression in reporter cells was validated using Western blot analysis. Reporter cells were plated at a confluency of 75-90% for trans-
fection experiments and cultured in DMEM + 10% FBS. Lipofectamine 3000 was used as the transfection reagent. The TNAP reporter
cells were transfected with GFP, mouse and human GPLD1, or enzymatically inactive mouse H133N GPLD1 expression constructs.
The supernatant was collected at 48 hours for downstream analysis. A SEAP reporter assay kit (Abcam, Cat# 133077) was used to
measure alkaline phosphatase activity in the media. Cells treated with the TNAP inhibitor SBI-425 (1uM) were used as a negative
baseline control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data, statistical analyses, and reproducibility

All experiments were randomized and blinded by an independent researcher. Researchers remained blinded throughout histological,
biochemical and behavioral assessments. Groups were unblinded at the end of each experiment on statistical analysis. Data are ex-
pressed as mean =+ s.e.m. The distribution of data in each set of experiments was tested for normality using the D’Agostino—Pearson
omnibus test or Shapiro-Wilk test. Statistical analysis was performed using Prism 8-10 (GraphPad). Means between two groups were
compared using two-tailed unpaired Student’s t tests. Comparisons of means from multiple groups with each other were analyzed
using one-way ANOVA followed by the appropriate post hoc test, as indicated in the figure legends. Additional statistical details are
indicated in the respective figure legends. All data generated or analyzed in this study are included in this article.
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Figure S1. Increasing liver-derived GPLD1 rejuvenates cognition and health metrics in aged mice, related to Figure 1

(A) 6-week voluntary exercise intervention in aged (19-21 months) mice. Sedentary young (3-4 months) and aged mice were used as controls to assess age-
related changes.

(B) Weekly running distance (kilometers, km) for aged exercise mice (average of n = 10 mice/group).

(C) Weekly body weight measurements for young and aged control mice and aged exercise mice (n = 8-10 mice/group).

(D) Liver Gpld1 gene expression as measured by RT-gPCR analysis (n = 8-10 mice/group).

(E) Liver Alpl (TNAP) gene expression as measured by RT-gPCR analysis (n = 8-10 mice/group).

(F) Schematic illustrating experimental groups of young (3-4 months) and aged mice (19-21 months) with liver expression of GPLD1 or GFP control using an
HDTVI delivery approach. Animals were behaviorally tested 30 days post treatment.

(G) Object recognition memory was assessed using NOR and quantified as percent time spent exploring a novel versus familiar object (n = 10-15 mice/group).
(H) Spatial working memory was measured in the Y-maze task as the discrimination index for the novel arm (n = 10-15 mice/group).

(I) Body weight measurements (n = 10-15 mice/group).

(J) Hippocampal-dependent nest-forming performance was scored from 1 (worst) to 5 (best) (n = 10-15 mice/group).

(Kand L) Activity (K, total distance) and anxiety (L, % time in center) were assessed using the open field (OF) assay, during which mice explored an empty arena for
10 min (n = 10-15 mice/group).

(M) Representative images of TNAP (red), CD31 (magenta), AQP4 (green), and DAPI labeling in the DG region of the hippocampus. Complementary images to the
aged group in Figure 1D.

(N) Hippocampal Alp/ gene expression as measured by RT-gPCR analysis in young (3 months) and aged (22-24 months) mice (n = 6 mice/group).

(O) Hippocampal Alpl gene expression in aged exercised and sedentary mice (21-22 months) as measured by RT-gPCR analysis (n = 8 mice/group).

(P) Hippocampal Alp/ gene expression in aged mice (20-22 months) following liver overexpression of GPLD1 or GFP control using an HDTVI delivery approach, as
measured by RT-qPCR analysis (n = 5-7 mice/group).

Data shown as mean + SEM. Statistical analysis was performed using ANOVA with Sidak’s post hoc (D, E, and I-L), one-sample t test versus 50% (G) or O (H), and
t test (N-P); *p < 0.05, *p < 0.01, ***p < 0.0001.
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Figure S2. Characterization of TNAP/ALPL expression and cleavage across different ages, interventions, and tissues, related to Figure 1
(A) Alkaline phosphatase (AP) activity measurements in young (3—4 months) and aged (22-24 months) mice. Representative images of endogenous AP labeling in
the brains from young and aged mice. Cortex (CTX), hippocampus (HC), thalamus (TH), and hypothalamus (HT) regions labeled on a representative brain section
(stitched overview image).

(B) Quantification of AP labeling in the cortex, thalamus, and hypothalamus of young and aged mice (n = 5 mice/group).

(legend continued on next page)
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(C) Representative endogenous AP labeling in the brain of aged mice (20-22 months) following liver overexpression of GPLD1 or GFP control (stitched overview
image).

(D) Quantification of AP labeling in the cortex, thalamus, and hypothalamus of aged GPLD1-treated mice (n = 10 mice/group).

(E) Expression analysis in aged mice (21-22 months) with liver expression of GPLD1 or GFP control using an AAV-mediated overexpression approach. Tissues
were collected 8 weeks after AAV delivery, and Gpld7 gene expression was measured by RT-gPCR analysis, represented as a fold change from the GFP control
group for each tissue (n = 6-7 mice/group).

(F) Schematic illustration (left) and quantification (right) of GPLD1 cleavage activity using the Placental AP (ALPP)-based reporter assay. ALPP reporter cells are
treated with expression constructs for WT mouse (ms) and human (h) GPLD1, catalytically inactive GPLD1 with the H133N amino acid substitution (H133N) or
H158 amino acid substitution (H158N), or GFP control. AP activity is measured in the cell culture media upon GPLD1 cleavage of ALPP.

(G) Schematic illustration of TNAP reporter cells treated with expression constructs for msGPLD1, hGPLD1, catalytically inactive H133N and H158N GPLD1, or
GFP control. Alpl, mouse Gpld1, and human GPLD1 gene expression as measured by RT-gPCR analysis in TNAP reporter cells (n = 4 wells/condition). n/d
indicates no detectable gene expression.

(H) In vivo TNAP cleavage paradigm. Aged mice (22-24 months) with liver GPLD1 overexpression using an HDTVI approach. Baseline (—pre) and treatment
plasma (+post) were collected prior to and 18 h after HDTVI.

() Representative western blot and quantification of TNAP in plasma of GPLD1-treated mice (n = 5 mice).

Data shown as mean + SEM. Statistical analysis was performed using t test (B and D), one-sample t test versus 0 (E), ANOVA with Sidak’s post hoc test (F and G),
and paired t test (1); *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure S3. Isolation and scRNA-seq gene signatures of BECs from young, aged, GPLD1-, and TNAPi-treated aged mice, related to Figures 2

and 5

(A) Fluorescence-activated cell sorting gating strategy for CD31-expressing BECs.
(B) Cell origin based on age and treatment group overlaid on UMAP of hippocampal BECs.
(C) Violin plots of quality metrics including number counts (left), number of unique features (middle), and percent mitochondrial RNA (right) by cell cluster.

(legend continued on next page)
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(D) Violin plots of representative genes for each cell type identified via scRNA-seq of hippocampi from aged mice with liver expression of GPLD1 or catalytically
inactive H133N-control (CTRL) or aged mice treated with a TNAP inhibitor (TNAPi).

(E) Bar graph visualizing the proportion of captured cell types by age and treatment group.

(F) Venn diagram showing the overlap of DEGs among BEC aging, GPLD1 treatment, and TNAPI.

(G) Top GO biological process terms selectively enriched in DEGs associated with BEC aging, independent of GPLD1 or TNAPI effects.

(H) Top GO biological process terms enriched in DEGs for the GPLD1 comparison independent of aging.

(I) Top GO biological process terms enriched in DEGs for the TNAPi comparison independent of aging.
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Figure S4. Expression analysis and assessment of health metrics in mice following BEC expression of TNAP, related to Figures 3 and 4
(A) Young mice (3—4 months) were injected with AAVs to increase the expression and activity of the GPI-anchored protein TNAP in BECs. After 6-8 weeks, mice
underwent gene expression and behavioral analyses.

(B) Representative images showing the expression of the control virus encoding the red fluorescent protein mRuby2 (Ruby), delivered using the PHP.V1 AAV
capsid, which preferentially targets BECs. Co-immunolabeling of Ruby (red) with the endothelial and vascular marker CD31 (green) and end-feet marker AQP4
(magenta) in the DG region of the hippocampus.

(C) Representative high-magnification confocal images of Ruby and vascular markers CD31 and AQP4 in the DG region of the hippocampus.

(D) Representative confocal image of alkaline phosphatase (AP) labeling (red) with the vascular markers CD31 (green) and AQP4 (magenta) in the DG.

(E) A series of tissues was isolated from young (3—-4 months) mice 8 weeks after AAV-mediated overexpression of TNAP or Ruby. Tissue Alp/ gene expression as
measured by RT-qPCR analysis (n = 8-10 mice/group), represented as a fold change from the Ruby control group (n = 6 mice/group).

(F) Behavioral and health metrics assessment in young (3—4 months) mice with TNAP overexpression in BECs.

(G) Body weight measurements (n = 14-15 mice/group).

(H) Hippocampal-dependent nest-forming performance was scored from 1 (worst) to 5 (best) (n = 14-15 mice/group).

(land J) Activity (I, total distance) and anxiety (J, % time in center) were assessed using the open field (OF) assay, during which mice explored an empty arena for
10 min (n = 14-15 mice/group).

(K) Motor coordination was assessed using the RotaRod assay as the latency to fall from an accelerating rotating cylinder (n = 14-15 mice/group).

(L) 4-paw grip strength was measured using a standard grip strength apparatus with a wire grid (n = 14-15 mice/group).

(M) Behavioral and health metrics assessment in aged (22-24 months) mice with liver-specific expression of GPLD1 or catalytically inactive H133N-GPLD1 and
BEC-specific overexpression of TNAP or Ruby control.

(N) Body weight measurements.

(O) Nest-forming performance.

(P and Q) Activity (P, total distance) and anxiety (Q, % time in center) were assessed using the OF assay (n = 16-20 mice/group).

(R) Motor coordination was assessed using the RotaRod assay as the latency to fall from an accelerating rotating cylinder.

(S) 4-paw grip strength (n = 16-20 mice/group).

Data shown as mean + SEM. Statistical analysis was performed using a one-sample t test versus 0 (F), t test (G-L), and ANOVA with Sidak’s post hoc test (N-S);
*p < 0.05, **p < 0.01, **p < 0.001.
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Figure S5. Assessment of health metrics following viral-mediated cerebrovascular TNAP abrogation or TNAP inhibition in aged mice, related
to Figure 4

(A) gRNA testing in mouse Neuro2a cells 7 days after transduction with viral particles expressing Cas9, Alpl-targeting gRNAs, and a puromycin selection cassette.
(B) Alpl gene expression as measured by RT-qPCR analysis, represented as a fold change from the non-targeting control gRNA control condition (n = 4 wells/
condition).

(C) Aged (20-22 months) Cas9 mice with an inducible Lox-stop-Lox Cas9 cassette, administered with BEC-targeting AAVs (PhP.V1 capsid) expressing Cre and
gRNAs to selectively abrogate cerebrovascular TNAP.

(D) Representative images of whole coronal brain sections with endogenous alkaline phosphatase (AP) labeling in the brain of aged Cas9 mice 5-8 weeks after
ablation of BEC-TNAP. Quantification of AP labeling in the cortex, thalamus, and hypothalamus (n = 10 mice/group).

(E) Body weight measurements.

(F) Hippocampal-dependent nest-forming performance was scored from 1 (worst) to 5 (best).

(G) Motor coordination was assessed using the RotaRod assay as the latency to fall from an accelerating rotating cylinder.

(H and |) Activity (H, total distance) and anxiety (I, % time in center) were assessed using the OF assay, during which mice explored an empty arena for 10 min
(n = 15-17 mice/group).

(J) Aged mice (22-24 months) with liver overexpression of GPLD1, inactive H133N GPLD1, or systemic TNAP inhibition (TNAPi) via SBI-425 administration in
specialized chow.

(K) Body weight measurements.

(L) Nest-forming performance.

(M) Motor coordination assessed using RotaRod testing.

(N) 4-paw grip strength.

(O and P) Activity (O, total distance) and anxiety (P, % time in center) were assessed using OF testing (n = 15-17 mice/group).

Data shown as mean + SEM. Statistical analysis was performed using ANOVA with Sidak’s post hoc test (B and K-P) and t test (D-l); *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001.
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Figure S6. snRNA-seq gene signatures and gene expression changes in GPLD1- and TNAPi-treated aged mice, related to Figure 5

(A) Cell origin based on age and treatment group overlaid on UMAP of hippocampal nuclei.

(B) Violin plots of representative genes for each cell type identified via snRNA-seq of hippocampi from aged mice with liver expression of GPLD1 or catalytically
inactive H133N-control (CTRL) or aged mice treated with a TNAP inhibitor (TNAPi).

(C) Violin plots of quality metrics, including number counts (top), number of unique features (middle), and percent mitochondrial RNA by cell cluster.

(D) Bar graph visualizing the proportion of captured cell types by treatment group. Dentate gyrus (DG) neurons; OPCs, oligodendrocyte progenitor cells; oligos,
oligodendrocytes.

(E) Bar graph representing the percentage of conserved DEGs by cell type between the GPLD1 comparison and the TNAPi comparison. The left bars (blue) are
normalized to the GPLD1 comparison, and the right bars (red) are normalized to the TNAPi comparison.

(F) Venn diagram showing unique and overlapping DEGs for the GPLD1 and TNAPi comparisons.

(G) UpSet plot displaying shared and unique DEGs per cell type for the GPLD1 comparison.

(H) UpSet plot displaying shared and unique DEGs per cell type for the TNAPi comparison.

(l) UpSet plot displaying shared and unique conserved DEGs between both GPLD1 and TNAPi comparisons, by cell type.

(J) Top GO biological process terms selectively enriched in DEGs associated with the GPLD1 comparison independent of TNAPi effects.

(K) Top GO biological process terms selectively enriched in DEGs associated with the TNAPi comparison independent of GPLD1 effects.



Cell ¢ CellPress

OPEN ACCESS
A © WT+GFP C
© 5XFAD+GFP 30000+
107 ; @ 5XFAD+GPLD1
v 20000
5
01 ] o & : ‘ 10000 l

nCount_RNA

UMAP 2

_54 l
=104 < 6000+
! zZ
B Dil
) — : : : : £ 4000+
-10 -5 0 5 10 :Lg
11 oo oddbdd o s | [ | ]| Syn1 < 2000
B Mo | | 11 [ | | <> 1]Glis3
‘._l_i_ggi_i_‘_gi_u_i_gli [ | ||Ndst3
_ T R 4| Cd Pdzrn3
S 2] | | | I<ae 1 | 111 | [ | [ | []Nectin3 :
A s | || |Amigo2 0.25
- A0 1y Y L | [ |Rai14
S A w1 4 1 L | |Gad2 0.20
[7 3¢ I T [ | || |Sst
o Y | | 11 | | T ]Rgs12 £
s Al v vt [T [Hapint S 0.15-
(I I Y S T A P g
¢ I . . L [ N Lhx1 S 0.104
¢ I 2 || |Mobp g
i I R R | <> | | [[Pdgfra
3 AT T S T YT T i ! gsﬂ ‘{ 0.05
TR | P R S N N | qp:
b I R B \ | [ f Cped1 0.00
NVYe e o N DNV O L& O @ T PN TP ——
645’.0009.9,@5’.@(\(\00 \\?‘e} \' e "}{bf\'}eae aq,e\\’"
(0(\\000\)&%&00\)‘0&0‘\«0‘\@(\\00\002,&0\§%‘§°Q;\\§z S OQ(} 08’#& 0(\0(\&0\\@&00(\"’0(\ o§o°ao°&°§°%°§°ce’ QO X ?1()0
R N e N eg@\*e%%%&@%&e&@i&&o@@ws° RS
O N
B NN R AN 4 R N NS
CLPECNNC S OS50 VB ERFITREAR S S
QLWL L7 S (PO NS RO 0™
P FFFRE QURAILND L7 P
SN A PRI I TFRRL
Sy A\ G \5 N
RS < S P
Yebes NN O
o E g F sxrap GPLD1
. . X
DG 5xFAD comparison e GPLD1 comparison (non-GPLD1)  (non-5xFAD)
= mCA1
5 wCA2/3 CA1
Pt mOther/Sub/Ent N. O
o I|nh|b|‘[08 Inhibitory:
t mBarrier Cells Oligos
8 :§ﬁ]egsRetZ|us Cells CA3 @2152)  (504) )
n . N
& =Microglia Microglia
W Astrocytes
100 80 60 40 20 0O 0 20 40 60 80 100
WT+GFP 5x+GFP 5x+GPLD1 % restored DEGs (of 5xFAD) % restored DEGs (of GPLD1)
G_E 800 5xFAD comparison H .§150 GPLD1 comparison K § 150 Restoration
& 600 3100 8100
3 400 & | 8o
8 200 ko) I g
£ I T PO "I.. Se(5|ze £ ol | I ] WTTTReS 1 Setslze E ole e e I"I- Set size
DG CA2/ DG I —
CA1 I II 1 & e DG 1 Sssss mm— CAG } I ! -
Inhlbﬁory I I ! o mmm ~CA1 M — CA2/3 I II o omm
Oligos I e m Microglia 99¢|9¢| 49|49 oo — Inh|b|tory o -mm
gz II o m Inhibitory ¢e|ed o Oligos o n
Mucrogha on Oligos o eee 1ol omn Mlcroglla ]
shared unlqueo g8 ' shared unlqueo 888 T shared T unlquéo 88
I J L H2-D1 Apoe
5xFAD (non-GPLD1) GPLD1 (non-5xFAD) _ L ok .
o g M R O *
zymosterol metabolic process- . synapse organization a E
é:holesterol gios%nthetic o |POR trans-synaptic signaling ° FDRa_se—1 5 6§
4e-8 L N - a
okt syl © Bz orewswan e I €
o
TR o wo woonalogary (g2
Slon of . . “Oo-
dendntg splr‘{e z:Ie %e opcr,{\]ec?lt b synaptic trar(l:shrﬁgls?g#\
Posnﬁlve r%%olgu?]ré glfs ) cell junction orgel\n'ilzatig? o -
dendritic splne dev ‘1'033\% ® Genett n-ans-synaﬁ%umglr?zra]mg ® Gene# E
regulation "go ap ic me; F Y ® 20 modulation of chemical | @ ® 50 c
neurot er recep r levels @3 Synaptic transmission @ g
ulation of
dendrite morp%oga;ecr’lrégs ° @40 behavior| @ [ X §
pOSSyTIEpse oPgantlzogl @50 cell-cell signaling 2
57 91 40 50
Fold Enrichment Fold Enrichment

(legend on next page)



¢ CelPress Cell

OPEN ACCESS

Figure S7. snRNA-seq gene signatures and gene expression changes in GPLD1-treated 5xFAD mice, related to Figure 6

(A) Cell origin based on age and treatment group overlaid on UMAP of hippocampal nuclei.

(B) Violin plots of representative genes for each cell type identified via snRNA-seq of hippocampi from 5xFAD or WT littermates with liver expression of GPLD1 or
GFP control.

(C) Violin plots of quality metrics, including number counts (top), number of unique features (middle), and percent mitochondrial RNA by cell cluster.

(D) Bar graph visualizing the proportion of captured cell types by treatment group. Dentate gyrus (DG) neurons; OPCs, oligodendrocyte progenitor cells; oligos,
oligodendrocytes.

(E) Bar graph representing the percentage of conserved DEGs by cell type between the 5xFAD comparison and the GPLD1 comparison. The left bars (navy) are
normalized to the 5xFAD comparison, and the right bars (light blue) are normalized to the GPLD1 comparison.

(F) Venn diagram showing unique and overlapping DEGs for the 5xFAD and GPLD1 comparisons.

(G) UpSet plot displaying shared and unique DEGs per cell type for the 5xFAD (5xFAD GFP versus WT GFP) comparison.

(H) UpSet plot displaying shared and unique DEGs per cell type for the 5xFAD GPLD1 comparison.

() Top GO biological process terms selectively enriched in DEGs associated with the 5XxFAD comparison independent of GPLD1 effects.

(J) Top GO biological process terms selectively enriched in DEGs associated with the GPLD1 comparison independent of 5xFAD effects.

(K) UpSet plot displaying shared and unique restored DEGs between both 5xFAD and GPLD1 comparisons by cell type.

(L) Violin plots of disease-associated microglia (DAM)-related and inflammatory genes in the microglia cluster.

Statistical analysis was performed using MAST differential gene expression analysis between the 5xFAD control and the GPLD1 condition (L); *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure S8. Assessment of APP processing and health metrics in GPLD1-treated 5xFAD mice, related to Figure 7

(A) Representative immunoblots of hippocampal lysates from WT mice and 5xFAD littermates with liver expression of GPLD1 or GFP control. Human and mouse
full-length APP (H FL-APP and FL-APP), human APP C-terminal fragments (CTF), and APP processing proteins Beta-secretase 1 (BACE1) and Presenilin 1 (PS1)
were assessed. BllITubulin, GAPDH, and actin beta (ACTB) were used as loading controls.

(B and C) Quantification of full-length APP (B) and CTF (C).

(D and E) Quantification of APP processing proteins PS1 (D) and BACE1 (E) (n = 5-6 mice/group).

(F) Representative immunoblots of cortical lysates from WT mice and 5xFAD littermates with liver expression of GPLD1 or GFP control. Human and mouse full-
length APP, human APP CTF, and APP processing proteins BACE1 and PS1 were assessed. BlllTubulin, GAPDH, and ACTB were used as loading controls.
(G and H) Quantification of FL-APP (G) and CTF (H).

(I and J) Quantification of APP processing proteins PS1 () and BACE1 (J) (n = 5-6 mice/group).

(K) Active place avoidance (APA) paradigm—mice have to learn to avoid a stationary 60° area (shock zone) using visual cues placed around the arena. APA was
tested 10-12 weeks after AAV-mediated overexpression of GPLD1 or GFP control in the livers of adult 5XFAD mice (8-9 months).

(L-N) Measurement of daily shock zone entries (L), number of delivered foot shocks per day (M), and cumulative number of foot shocks over the duration of 4 days
of tasting (N) (n = 12 mice/group).

(O) Health metrics measurements in 5xFAD mice (9-10 months) with liver GPLD1 or GFP control overexpression using the HDTVI approach.

(P) Body weight measurements.

(Q and R) Activity (Q, total distance) and anxiety (R, % time in center) were assessed using the OF assay, during which mice explored an empty arena for 10 min
(n = 12-15 mice/group).

(S) Health metrics measurements in mature 5xFAD mice (11-12 months) following systemic TNAP inhibition (TNAPI) via SBI-425 administration (11-12 weeks) in
specialized chow.

(T) Body weight measurements.

(U and V) Activity (U, total distance) and anxiety (V, % time in center) assessed using OF testing (n = 17-20 mice/group).

Data shown as mean + SEM. Statistical analysis was performed using ANOVA with Sidak’s post hoc test (B-E, G-J, N, P-R, and T-V); *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001.
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