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5xFAD mice. In contrast, 5xFAD HSPC
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SUMMARY

Alzheimer’s disease (AD) is the most prevalent cause of dementia; microglia have been implicated in AD path-
ogenesis, but their role is still matter of debate. Our study showed that single systemic wild-type (WT) he-
matopoietic stem and progenitor cell (HSPC) transplantation rescued the AD phenotype in 5xFAD mice
and that transplantation may prevent microglia activation. Indeed, complete prevention of memory loss
and neurocognitive impairment and decrease of B-amyloid plaques in the hippocampus and cortex were
observed in the WT HSPC-transplanted 5xFAD mice compared with untreated 5xFAD mice and with mice
transplanted with 5xFAD HSPCs. Neuroinflammation was also significantly reduced. Transcriptomic analysis
revealed a significant decrease in gene expression related to “disease-associated microglia” in the cortex
and “neurodegeneration-associated endothelial cells” in the hippocampus of the WT HSPC-transplanted
5xFAD mice compared with diseased controls. This work shows that HSPC transplant has the potential to

prevent AD-associated complications and represents a promising therapeutic avenue for this disease.

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent cause of demen-
tia and the most common age-related neurodegenerative dis-
order, projected to affect over 13 million people in the US by
2050." With an increasingly aging population, 3%-5% of
individuals 65 years or older may be suffering from AD, adding
5-7 million new cases annuallly.2 As aresult of AD, dementia de-
velops into severe disability throughout the disease progres-
sion, resulting in death generally within 5-12 years after onset.”
Significant neuronal degradation, inflammation, progressive
memory, and behavioral decline result from an accumulation
of extracellular B-amyloid (AB) plaques and hyperphosphory-
lated tau in neurofibrillary tangles (NFTs) throughout the brain,
predominantly in the hippocampus and the cortex. These major
hallmarks of AD lead to increased oxidative stress, inflamma-
tion, synapse loss, and cholinergic dysfunction, and they elicit
neuronal dystrophy.? Current treatments approved by the
FDA assist in the management of cognitive impairment, yet
there are no effective disease-modifying treatments avail-
able.”® Given the complex pathobiology of AD, any potential
treatment must target multiple pathological pathways to
improve the disease state.

uuuuu

For a long time, reactive microglia have been considered a
consequence of AD pathology; however, they are now regarded
as potentially playing a role in disease progression and maybe
initiation.®® Sustained microglia inflammation has been identi-
fied as a contributor to AD pathogenesis, as the release of in-
flammatory cytokines, chemokines, and complement proteins
increases Ap production.'®'" In addition, microglia have been
shown to be involved in the clearance of AB plaque, which is
impaired in AD due to mutations in microglia-related genes,
including P2ry12, Apoe, and Trem2.'? Furthermore, with
impaired microglia clearance, debris and other byproducts are
diverted for clearance to other brain cells, such as endothelial
cells, which do not proliferate efficiently and exhibit similar
dysfunction, resulting in cell death and impaired blood flow.'®
Thus, targeting microglia offers a potential therapeutic opportu-
nity for AD.

We have previously demonstrated that a single systemic
transplant of wild-type hematopoietic stem and progenitor cells
(HSPCs) led to long-term rescue in both mouse models for cys-
tinosis, a lysosomal storage disease, and Friedreich’s ataxia, a
neurodegenerative disease.’* ' In Friedreich’s ataxia mouse
model, transplanted HSPCs engrafted and differentiated into mi-
croglia in the brain and spinal cord, and into macrophages in the
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dorsal root ganglions (DRGs), resulting in the preservation of the
neurons and locomotor function.'® Efficient replacement of mi-
croglia in the central nervous system (CNS) by bone marrow
stem cell transplantation has previously been described.'”
Therefore, because microglia may play an important role in AD,
we hypothesized that wild-type (WT) HSPC transplantation
could result in the generation of healthy microglia that may
have a beneficial impact on AD.

To explore this hypothesis, we used the 5xFAD transgenic
mouse model, which expresses mutant human A (A4) precursor
protein 695 (APP) with the Swedish (K670N, M671L), Florida
(I716V), and London (V717I) familial AD (FAD) mutations and hu-
man presenilin 1 (PSEN1) harboring two FAD mutations (M146L
and L286V). AB plaque accumulation is observed in the hippo-
campus and the cortex of 5xFAD mice by 2-4 months of
age."®"¥ These mice exhibit significant neurocognitive impair-
ment and altered anxiety behavior between 3 and 6 months of
age.?® Moreover, 5xFAD mice demonstrate major features of
amyloid plague pathology of AD, including proliferation and acti-
vation of microglia.'®?"

Here, we demonstrate that single systemic WT HSPC trans-
plantation into adult 5xFAD mice led to the complete preserva-
tion of memory and neurocognitive performance. Both WT and
5xFAD HSPCs differentiated into microglia-like cells, but only
WT HSPC transplantation led to the reduction of the AB plaques
in the hippocampus and the cortex, as well as microgliosis and
neuroinflammation, and to the preservation of blood-brain bar-
rier (BBB) integrity. As therapeutic perspectives, this work sup-
ports that HSPC transplant could represent a promising avenue
for the treatment of AD.

RESULTS

Transplantation of WT HSPCs results in normal
neurocognitive performance in 5xFAD mice

To investigate the potential of WT HSPC transplantation for treat-
ing AD, we intravenously injected lethally irradiated 2-month-old
5XFAD mice with Sca1* HSPCs isolated from WT green fluores-
cent protein (GFP) transgenic mice (5xFAD/WT HSPC; n= 19, 11
female [F] and 8 male [M]). Donor-derived HSPC engraftment,
expressed as a percentage of GFP* blood cells in peripheral
blood, was measured by flow cytometry at 4 months post-trans-
plant and ranged from 25% to 90% (Figure 1A; Table S1). As
controls, we analyzed WT littermates (WT; n =9, 5 F and 4 M),
lethally irradiated WT littermates transplanted with Scal* WT
GFP* HSPCs (WT/WT HSPC; n = 9, 5 F and 4 M), non-treated
5xFAD littermates (5xFAD; n = 15, 8 F and 7 M), and lethally irra-
diated 5xFAD mice transplanted with Scal® 5xFAD HSPCs
(5XFAD/5xXFAD HSPC; n = 13, 7 F and 6 M). The difference be-
tween 5xFAD and WT HSPCs is the presence of the human
mutated APP/PSENT1 transgenes (hAPP/PSEN1) exclusively in
5xFAD HPSCs. These transgenes are expressed under the con-
trol of elements of the mouse Thy-1 gene promoter.?>?° Thy1 is
expressed in hematopoietic stem cells,”* and qPCR analysis
confirmed expression of hAPP/PSEN1 in the murine Scal™*
HSPCs isolated from 5xFAD mice (Figure S1A). To determine
the impact of WT HSPC transplantation on the neurocognitive
function in 5xFAD mice, we performed a series of well-character-
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ized behavioral testing in 6-month-old mice, i.e., 4 months post-
transplantation. No difference between males and females was
observed in any of the tests (Figures 1B-1D), as previously re-
ported for this mouse model at 6 months of age.”® In addition,
the myeloablative irradiation did not have any impact on activity
in the WT and 5xFAD mice, as no difference was observed in any
of the tests when compared with WT/WT HSPC and 5xFAD/
5xFAD HSPC mice, respectively (Figures 1B—1D). Memory func-
tion of 5XxFAD mice begins to deteriorate between 4 and 5 months
of age.”®?’ To determine whether WT HSPC transplantation pre-
vents memory function loss, we used a hippocampus-depen-
dent novel object recognition task (NORT).?®*° On the test
day, the non-treated 5xFAD and 5xFAD/5xFAD HSPC mice
showed no significant changes in the time exploring the novel
or familiar objects (Figure 1B), indicating impaired memory func-
tion. In contrast, WT and WT/WT HSPC, but also 5xFAD/WT
HSPC, mice spent significantly more time exploring the novel
object, indicating that 5xFAD/WT HSPC-transplanted mice
remembered the familiar object and had a normal ability to
discriminate between the novel and familiar objects (Figure 1B).
Altered anxiety is also a significant complication of AD and is
correlated with cognitive impairment in patients.***! Alteration
in anxiety-like behavior was also reported in 5xFAD mice in the
elevated plus maze (EPM), with the mice spending more time
in the open arms,”® whereas rodents usually prefer the closed
arms, as they provide protection from potential predation.®?
Both 5xFAD and 5xFAD/5xFAD HSPC mice spent more time
within the open exposed arm (Figure 1C). In contrast, WT con-
trols but also 5xFAD/WT HSPC mice spent more time in the
closed arms at a similar level (Figure 1C), indicating rescue of
the perception of risks in 5xFAD mice treated with WT HSPCs.
Note that there was no significant difference in the distance be-
tween 5xFAD/WT HSPC mice and the two disease control
groups (Figure S1B). Next, we tested the locomotor activity of
the mice in an open field. General motor function as expressed
as speed and distance was significantly elevated in 5xFAD and
5xFAD/5xFAD HSPC mice compared with WT, WT/WT HSPC,
and 5xFAD/WT HSPC mice in the open field (Figures 1D and
S1B). Altogether, these results demonstrate that transplantation
of WT HSPCs in 5xFAD mice led to the preservation of their
memory, perception of risks, normal anxiety level, and locomotor
activity.

WT HSPC transplantation leads to the reduction of
amyloid-p plaques in the brain of 5xFAD mice

AB plaques are most abundant in the hippocampus and cortex
areas of the brain in patients with AD and 5xFAD mice.?*** We
quantified the AB plaques in the hippocampus and the cortex
of our 5XxFAD mice after immunohistochemical analysis using
the 6E10 antibody, which is directed against the amino acids
1-16 of AB. The level of AB in 5xFAD mice transplanted with
5xFAD HSPCs was equivalent to the non-treated 5xFAD mice
in both the hippocampus and the cortex (Figures 2A and 2B).
In contrast, 5xFAD mice transplanted with WT HSPCs exhibited
significant reduction in 6E10* plague number, size, and total
area in both the cortex and the hippocampus compared with
non-treated 5xFAD mice and in size and total area in the cortex
and in number and size in the hippocampus compared with
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Figure 1. Transplantation of WT HSPCs prevents neurocognition impairments in 5xFAD mice
(A) Schematic representation of the experimental design and timeline.
(B) Memory recognition test evaluated by discrimination index and preference index in mice at 6 months of age. A representative tracking plot of the 2 day test is
shown for 5XxFAD/5xFAD HSPC and 5xFAD/WT HSPC mice in the right panels.
(C) Elevated plus maze test in the different mouse groups with time expressed in seconds (s) spent in the closed arms and in the open arms and the ratio of time
spent in the open arms versus the total time of the test. A representative tracking plot of the test is shown for 5xFAD/5xFAD HSPC and 5xFAD/WT HSPC mice in

the right panels.

(D) Open field test with the total distance and periphery distance expressed in meters (m) traveled by the different mouse groups, as well as the average speed
over a duration of 5 min. A representative tracking plot of the test is shown for 5xFAD/5xFAD HSPC and 5xFAD/WT HSPC mice in the right panels.
All data are indicated as mean + SEM. **p < 0.005 and ***p < 0.0005 determined by one-way ANOVA followed by Tukey’s multiple comparisons, and each dot

represent individual samples.

5XFAD/5XFAD HSPC mice (Figures 2A and 2B).

We also

measured the levels of soluble (Triton fraction) and insoluble
(guanidine fraction) Ap protein fragment 1-42 (AB4_42), which is
the most commonly found in AD.** A significant reduction in
the levels of soluble and insoluble ABi_s» was observed in

5xFAD mice transplanted with WT HSPC compared with both
untreated and 5xFAD/5xFAD mice (Figure 2C). These results
demonstrate that transplantation of WT HSPCs had a beneficial
impact on reducing the AB plaque burden in the cortex and hip-
pocampus areas in 5xFAD mice.
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Figure 2. Transplantation of WT HSPCs led to the decrease of AB plaque deposition in the cortex and hippocampus in 5xFAD mice
(A) Representative sagittal sections of the cortex and hippocampus stained against the Ap plaque marker 6E10 of 5xFAD/5xFAD HSPC and 5xFAD/WT HSPC

mice. Scale bars, 500 pm.

(B) Quantification of the plaque number, area occupied by the plaques, and percentage of total area occupied in the cortex and hippocampus in 5xFAD, 5xFAD/

5xFAD HSPC, and 5xFAD/WT HSPC mice.

(C) Triton-X-soluble and guanidine insoluble of AB¢_4> (ELISA) in the brain of WT, 5xFAD, 5xFAD/5xFAD HSPC, and 5xFAD/WT HSPC mice.
All data are indicated as mean + SEM. **p < 0.005, ***p < 0.0005, and ****p < 0.0001 determined by one-way ANOVA followed by Bonferroni’s multiple com-

parisons, and each dot represent individual samples.

Engrafted WT and 5xFAD HSPCs differentiate into
microglia-like cells, but only WT HSPCs correct
microgliosis and neuroinflammation

We then characterized the engraftment and differentiation of WT
GFP* HSPCs in the brain of 5xFAD mice and found substantial
engraftment of GFP* HSPC-derived cells in the whole brain
including the cortex and the hippocampus of all treated mice
(Figure 3A). These cells were immunoreactive with lbal and
CD11b, characterizing these cells as microglia-like cells
(Figures 3B and 3C). In addition, the presence of 6E10* aggre-
gates near and within GFP* microglia suggest active engulfment
of the amyloid plaques by the WT HSPC-derived microglia
(Figures 3C and S1C). Using flow cytometry analysis of whole
brain, we determined the proportion of GFP* microglia-like cells
and found that an average of 28.19% + 10.19% (n = 3) cells were
derived from the transplanted GFP* WT HSPCs (Figures 3D and
3E; Table 1). Note that one 5xFAD/WT HSPC mouse had a low
blood cell engraftment (<20%) and exhibited a low percentage
of GFP* microglia (Table 1). The proportion of Iba1* CD11b* mi-
croglia derived from the GFP* HSPCs was also determined by
immunostaining in the whole brain, hippocampus, and cortex
showing no significant difference in the quantity of HSPC-
derived microglia-like cells in the different brain regions (Fig-
ure 3F). As control, to prove that 5xFAD HSPCs could also differ-
entiate into microglia-like cells, we ex vivo transduced 5xFAD
HSPCs with a lentiviral vector containing the GFP reporter
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gene to follow the HSPCs after transplant. We confirmed the dif-
ferentiation of the GFP* 5xFAD HSPCs into microglia-like cells
by immunofluorescence and flow cytometry (Figures S2A-S2C).

Phenotypic difference of microglia-like cells was confirmed
by immunochemistry. Both 5xFAD and 5xFAD/5xFAD HSPC
mice displayed a significantly higher density and area covered
by Iba1* microglia in the hippocampus and cortex compared
with WT mice but also compared with 5xFAD/WT HSPC mice
(Figures 4A, 4B, S1D, and S1E). In addition, microglia were
mostly ameboid and activated, suggesting ongoing inflamma-
tion in the hippocampus and the cortex of 5XxFAD and 5xFAD/
5xFAD mice (Figures 4A and S1D) as previously described for
AD.%®5 In contrast, Iba1* microglia in 5xFAD/WT HSPC mice
displayed a more ramified “resting” phenotype (Figures 4A
and S1D). Similarly, dual chromogenic staining of Iba1/6E10
showed that plaque-associated Iba1* cells were active and in-
flamed in 5xFAD mice transplanted with 5xFAD HSPCs,
whereas they had a ramified and multipolar morphology in the
brain of WT HSPC-transplanted 5xFAD mice (Figure 4C). To
ascertain these observations, we evaluated microglia
morphology via Sholl analysis, a well-established technique
to quantitatively analyze microglia processes and branching
complexity.*® A Sholl analysis plot clearly illustrates that the
branching profile of microglia in the hippocampus and the cor-
tex of 5xFAD and 5xFAD/5xFAD HSPC mice is shifted to the
left, an indication of decreased branching and ramification as
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Figure 3. Infiltration of transplanted GFP* WT HSPCs into the brain of 5XxFAD mice and differentiation into microglia-like cells

(A) Representative immunohistochemistry image of a sagittal section of the brain from 5xFAD/WT HSPC mice at 4 months post-transplantation showing GFP*
cells; insets show GFP™ cells in hippocampus and cortex. Scale bars, 500 um (whole brain) and 100 um (insets).

(B) Representative immunofluorescent image of the brain showing engrafted GFP* HSPC-derived cells (green) and anti-lba1 (red) and anti-Cd11b (magenta)
antibodies. Scale bars, 100 um. Inset showing HSCP-derived microglia-like cells. Scale bar, 20 um (inset).

(C) Representative 3D reconstitution of immunofluorescence image of brain sections from 5xFAD/5xFAD HSPC (top panel) and 5xFAD/WT HSPC mice (bottom
panel) stained with anti-GFP (green), anti-lba1 (red), and anti-6E10 (magenta) antibodies. Scale bars, 10 um. The top inset shows inflamed active Iba1* in close
proximity to 6E10* plaques of 5xFAD/5xFAD HSPC mice. The bottom inset shows ramified GFP* Iba1* microglia around 6E10* plaques of 5xFAD/WT HSPC
mice. Scale bar, 2 um.

(D) Flow cytometry plots of live and GFP™ cells in the whole brain of WT, 5xFAD, 5xFAD/5xFAD HSPC, and 5xFAD/WT HSPC mice. Brain cells were labeled with
Zombie Aqua for live-/dead-cell populations.

(E) Flow cytometry of microglia (CD45* CD11b"9") and of GFP* microglia in 5XxFAD/WT HSPC mice.

(F) Percentage of Iba1* Cd11b* microglia derived from the GFP* HSPCs quantified in the whole brain, hippocampus, and cortex. Each dot represents individual
samples.

compared with WT and 5xFAD/WT HSPCs (Figure 4D).
Together, these data suggest decreased microgliosis in the
brain of the WT HSPC-treated mice.

To confirm the reduction of neuroinflammation in 5xFAD/WT
HSPC mice, we measured the expression of inflammatory cyto-
kines released from microglia that are known to be elevated in
AD brains.®” By qPCR, we found interferon y (IFN-vy), tumor ne-

crosis factor a. (TNF-o), and interleukin-6 (IL-6) to be elevated in
the non-treated and 5xFAD/5xFAD HSPC mice compared with
WT mice and to be significantly decreased in 5xFAD/WT HSPC
mice (Figure 4E). These results were confirmed by ELISA (Fig-
ure 4F). IFN-y was also found to be decreased in 5xFAD/WT
HSPC mice compared with controls by RNA sequencing
(RNA-seq) analysis (data not shown). Altogether, these data

Cell Reports 42, 112956, August 29, 2023 5
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Table 1. Characterization of GFP* HSPC engraftment and microglia population

GFP* cells in the brain

Microglia (CD45'°“CD11b"9") GFP* microglia

Mice Genotype Blood engraftment (%) (% of live cells) (% of live cells) (% of microglia)
1 WT — — 28.7 —
WT - - 24.3 -
WT/WT HSPC 43.4 7.23 12.8 28.8
Mean + SEM 21.93 +4.74
1 5xFAD - - 33.7 -
5xFAD - - 49.4 -
5xXFAD - - 43.5 -
Mean + SEM 42.2 + 4.58°
1 5xFAD/5xFAD HSPC = = 15.9 =
5xFAD/5xFAD HSPC - - 30.5 -
5xFAD/5xFAD HSPC - - 32.3 =
Mean + SEM 26.23 £5.19
1 5xFAD/WT HSPC 35.8 26.4 26.4 35.4
5xFAD/WT HSPC 78.5 25.6 26.5 411
5XFAD/WT HSPC 14.9 4.28 11.7 8.07
Mean + SEM 21.57 +2.17° 28.19 + 10.19

%p < 0.05 compared with WT mice.
p <0.05 compared with 5xFAD mice.

demonstrate that WT HSPC transplantation decreased neuroin-
flammation in 5xFAD mice.

RNA-seq analysis reveals major differences in the
transcriptome profile of microglia in cortex and of
endothelial cells in hippocampus after WT HSPC
transplantation in 5xFAD mice
To decipher the relative contributions of WT HSPC transplanta-
tion to AD disease mitigation, we examined the transcriptome
profile by RNA-seq of the cortex and the hippocampus isolated
from WT (n = 2), 5xFAD (n = 3), 5xFAD/5xFAD HSPC (n = 3), and
5xFAD/WT HSPC (n = 3) mice. Recent genome-wide association
studies (GWASSs) in patients with AD have identified genes that
are differentially expressed in microglia related to inflammatory
state and endo-lysosomal function.®'2:38:39

Since we observed that transplanted WT HSPCs differentiated
into microglia in the brain, leading to decreased microgliosis in
the cortex and the hippocampus in 5xFAD mice, we analyzed
the transcriptome profile by composite gene score analysis on
a previously published “disease-associated microglia” (DAM)
gene set associated with AD.® Two distinct stages of DAM
have been described: stage 1 represents the first stage of
DAM activation and corresponds to downregulation in the
expression of microglia homeostatic genes and the upregulation
of phagocytic pathway-related genes, including multiple known
AD risk genes (Apoe, Cstb), and stage 2, corresponding to fully
activated DAM, is Trem2 dependent and includes induction of
lipid metabolism and phagocytic pathway-related genes (Fig-
ure S3A). In addition, we also assess previously published uni-
versal macrophage makers for human and mice tissues (Tyorbp,
Fcer1g), which were also found to be differentially expressed in
AD.“° Composite gene analysis revealed that stage 1 and stage
2 DAM and universal macrophage markers have higher expres-
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sion levels in the cortex of 5XxFAD and 5xFAD/5xFAD HSPC mice
compared with those of 5xFAD/WT HSPC and WT mice;
because of an outlier in the 5xFAD/5xFAD HSPC group, the dif-
ference was significant only with 5xFAD mice (Figure S3A).
These data confirmed that microglia inflammatory activation
associated with AD in 5xFAD mice is rescued by WT HSPC
transplantation. This was confirmed by differentially expressed
gene (DEG) analysis, which revealed that out of 61 genes differ-
entially expressed (adjusted p value < 0.1 and log2 fold
change > 1) in the cortex between 5xFAD and 5xFAD/WT
HSPC mice, 49 were upregulated in 5xFAD compared with in
5xFAD/WT HSPC mice, and 24 of them were related to microglia
(Figure S3B). Some DEGs were validated by gPCR (Figure S4D).
Additionally, ApoE, which is implicated in the fibrilization of AB,41
was found to be increased in 5xAFD and 5xFAD/5xFAD HSPC
mice by RNA-seq and gPCR compared with in WT and 5xFAD/
WT HSPC mice (Figures S3 and S4D). Gene Ontology (GO) Bio-
logical Process pathway analysis as well as the protein-protein
interaction (PPI) network were used to identify biological path-
ways that were significantly altered between 5xFAD and
5xFAD/WT HSPC mice, revealing innate immunity changes in
the cortex such as leukocyte activation, cytokine stimulus, and
antigen pathways that were significantly increased in the
5xFAD cortex compared with the 5xFAD/WT HSPC cortex
(Figures S4A-S4C).

Interestingly, the microglia profile was not different between
the different groups in the hippocampus. Further gene score
analysis revealed a significant increase in expression of neuro-
degeneration-associated endothelial cell genes in the hippo-
campus of 5xFAD mice and 5xFAD/5xFAD HSPC mice
compared with 5xFAD/WT HSPC and WT mice (Figure S3A).
DEG analyses also revealed that the top 7 DEGs in the hippo-
campus of 5xFAD/WT HSPC mice compared with 5xFAD
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Figure 4. Transplantation of WT HSPCs led to microglia activation and neuroinflammation reduction
(A) Representative images of hippocampus sections immunostained for the microglial marker Iba1; inset shows dentate gyrus region of the hippocampus. Scale

bars, 100um.

(B) Quantification of the area occupied by Iba1* cells, as well as Iba1* cell density, in the hippocampus.
(C) Representative chromogenic image showing Iba1* microglia (green) and 6E10* plaques (purple). Scale bars, 50 pm.
(D) Representative images of Imaris rendering of Iba1* microglia. Sholl analysis quantification of number of Sholl intersections in the cortex and hippocampus

brain sections in the different groups of mice.

(E) Quantitative PCR quantification of murine cytokine (Ifny, Tnfa, and 116) mMRNA expression in whole brains from WT, 5xFAD, 5xFAD/5xFAD HSPC, and 5xFAD/
WT HSPC mice. Data are represented as fold change relative to WT and were normalized with GAPDH.

(F) Level of IFN-y, TNF-a, and IL-6 proteins measured by ELISA.

Data are means + SEM. **p < 0.005, ***p < 0.0005, and ****p < 0.0001 determined by one-way ANOVA, and each dot represent individual samples.

controls are associated with endothelial cells (Figure S3B); some
of the genes were validated by gPCR (Figure S4E). This phenom-
enon is specific to the hippocampus, as the endothelial cell gene
profile was not different in the cortex between the different
groups. These data suggest an endothelial cell-specific impact
of the WT HSPC transplant in the hippocampus of 5xFAD
mice. GO and PPI analyses revealed that, in addition to innate
immunity changes in hippocampus, pathways involving cell
adhesion and extracellular matrix organization were also signifi-
cantly increased in the 5xFAD hippocampus compared with the
5xFAD/WT HSPC hippocampus (Figures S4A-S4C).

Based on our RNA-seq findings, we investigated potential
structural changes in endothelial cell organization and BBB
integrity in the hippocampus of the different 5xFAD groups. We
first assessed expression of VE-cadherin (Cdh5), an endothe-

lial-specific transmembrane protein essential for BBB integrity,*?
which was differentially expressed in the diseased groups
compared with WT and 5xFAD/WT HSPC mice. Quantitative im-
age analysis revealed a significant decrease of Cdh5* vessels
and vessel diameter in the hippocampus of 5xFAD and 5xFAD/
5xFAD HSPC mice compared with WT and 5xFAD/WT HSPC
mice (Figures 5A and 5B). In addition, we examined the co-local-
ization of the platelet endothelial cell adhesion molecule
(PECAM1) involved in endothelial cell junction and BBB integ-
rity,*® relative to VE-cadherin® vessels. Reduction in co-staining
was observed in 5XFAD and 5xFAD/5xFAD mice (42.40% and
43.6%, respectively) compared with WT and 5xFAD/WT HSPC
mice (59.67% and 55%, respectively; Figure 5B). GFP* WT
HSPC-derived microglia-like cells could be observed in close
proximity to cerebral microvessels (Figure 5C).
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Figure 5. Transplantation of WT HSPCs led to preservation of neurovascular integrity in the hippocampus of 5xFAD mice
(A) Representative immunofluorescence image of brain sections from WT, 5xFAD, 5XFAD/5XFAD HSPC, and 5XFAD/WT HSPC mice stained with anti-Cdh5 (red)

antibodies and anti-PECAM1 (magenta). Scale bars, 50 um.

(B) Quantification of total number of Cdh5* vessels, vessel density, area, and vessel diameter in the hippocampus in the different groups of mice. Quantification of
vascular PECAM1 coverage (percentage of total PECAM1 staining area co-localizing with Cdh5). Data are means + SEM. *p < 0.05 and **p < 0.005 determined by

one-way ANOVA followed by Tukey’s multiple comparisons.

(C) Representative immunofluorescence image of an 5xFAD/WT HSPC hippocampus showing an HSPC-derived microglia-like cell (arrow) in close proximity to a
cerebral vessel from mice. Anti-GFP is shown in green, anti-PECAM1 in red, and anti-Cdh5 in magenta. Scale bars, 20 pm. Each dot represent individual samples.

DISCUSSION

With an increasingly aging population, AD is projected to affect
131.5 million people globally by 2050 and to have a devastating
impact. The costs of AD are accelerating from 1 trillion to a pro-
jected 2 trillion in 2030, which results in a heavy burden on patients,
families, and the public health system.**“° Significant efforts have
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been made over the last several decades to create disease-
ameliorating medicines that stop, prevent, or delay AD. Unfortu-
nately, while hundreds of therapies from a variety of pharmacolog-
ical classes have shown preclinical efficacy in animal models for
alleviating cognitive impairment and disease load, none have yet
proven effective in human clinical trials.*®> Therefore, there is a
pressing unmet medical need for the treatment of AD.
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Our study represents direct evidence that microglia play a key
role in disease progression and that preventing microgliosis via
single systemic WT HPSC transplantation in 5xFAD mice led to
complete rescue of the neurocognitive impairment in the mice.
We showed that WT HSPCs differentiated into microglia-like
cells by immunofluorescence and flow cytometry analysis at a
proportion that could reach >40% of the microglia. Microglia-
like cells originate from the infiltration of myeloid cell populations
and are reported to have a long lifespan.“*®~*° These cells form a
network with embryonically derived microglia and play an impor-
tant role in maintaining homeostasis and controlling neuroinflam-
mation.*® In addition, it is important to note that differentiation of
HSPCs into microglia-like cells is not only a consequence of irra-
diation, as chemotherapy agents such as busulfan have a more
positive effect on promoting the repopulation of bone marrow-
derived microglia in the CNS.°° A very recent article showed
that chemotherapy leads to the senescence of resident microglia
and their replacement by HSPC-derived microglia-like cells.®
This critical feature has been used to rescue neurological dis-
eases using allogenic HSPC transplantation as well as in the
gene therapy field using autologous gene-modified hematopoi-
etic stem cells in both preclinical and clinical settings. The first
successful clinical outcome of autologous genetically modified
HSPC was reported in X-linked adrenoleukodystrophy in 2009,
and a long-term beneficial effect was later confirmed in phase
2-3 clinical trials and is believed to be mediated by the HSPC-
derived replacement of the microglia.®>*°® In metachromatic leu-
kodystrophy (MLD), differentiation of gene-modified HSPCs into
functionally corrected microglia-like cells was shown following
transplantation of gene-modified HSPCs, leading to cross-
correction of the neighboring cells in murine models.***° They
showed that myeloablative conditioning by both irradiation and
busulfan, which have an ablative effect on CNS-resident myeloid
precursors, was essential for repopulation of the recipient
myeloid compartment, including microglia by the transplanted
HSPCs.”® These results have been confirmed in clinical trials
for MLD in which patients are going through myeloablation using
busulfan and autologous transplantation of ex vivo gene-modi-
fied HSPCs, resulting in prevention of neurodegeneration and
neurocognitive preservation in patients when treated early
enough.®”°® Furthermore, as control, we used 5xFAD mice
receiving 5xFAD HPSCs to prove that irradiation was not respon-
sible for this beneficial impact. Some reduction in the plaque de-
posits was observed, which could be explained by the replace-
ment of some of the exhausted resident microglia with newly
formed HSPC-derived microglia-like cells. Indeed, it was shown
that a high AB burden led to the exhaustion of microglia for AB
clearance, whereas young 5xFAD microglia had normal clear-
ance capacity in hippocampal slice cultures.’® However, the dif-
ference between untreated 5xFAD and 5xFAD/5xFAD HSPC
mice was limited, showing that transplanted 5xFAD HSPCs do
not have the capacity to prevent amyloid deposits, microgliosis,
neuroinflammation, or the neurocognitive phenotype.

Proliferation and activation of microglia in the brain is an
important characteristic in AD,” and we confirmed these fea-
tures in 5xFAD mice untreated or transplanted with 5xFAD
HPSCs. Remarkably, there was a distinct reduction in the den-
sity and morphology of lba1* microglia in WT HSPC-trans-

¢ CellP’ress

OPEN ACCESS

planted mice. This key feature plays a direct role in neurocog-
nitive preservation in 5xFAD mice. Indeed, chronically
activated microglia continuously release inflammatory media-
tors and amplify the chronic inflammatory environment in AD,
contributing to synapse and neuronal loss by engulfment of
synapses and secretion of inflammatory factors that injure neu-
rons.®°~? We showed that transplanting WT HSPCs led to the
reduction of microgliosis and inflammatory state in the brain.
We also showed that preventing microgliosis was sufficient to
prevent neurocognitive impairments in 5xFAD mice, strongly
suggesting that microglia-associated neuroinflammation in
AD is an important feature of neurodegeneration in AD, and
modulating this phenotype represents an important therapeutic
target.

In addition, we observed the reduction of amyloid deposits in
5xFAD mice transplanted with WT HSPCs. In line with previous
reports correlating AB reduction with functional and cognitive
improvement, the effect of WT HSPC transplantation on
behavior was accompanied by a reduction in the level of 6E10*
plagues and soluble and insoluble AB{_45 in the hippocampus
and cortex. Similarly, it was previously shown that GFP* bone
marrow cells transplanted in the APPgwe/PS1 mouse model
could infiltrate the CNS and differentiate into microglia-like cells
with the capacity to reduce AB plaque deposits.®® Previous
studies displayed that in amyloidosis mouse models and in pa-
tients with AD, plaques form over time®*®> and are surrounded
by microglial cells, which seem to be reactive and inefficient in
phagocytosing and clearing AB.°%®%®® In contrast, microglia
derived from the transplanted WT HSPCs displayed a more rami-
fied “resting” phenotype, but co-localized with 6E10* plaques
that appear smaller, suggesting engulfment of the Ap plaques
by the WT microglia in 5xFAD/WT HSPC mice. However, it is
also possible that the reduction in amyloid deposits could be
attributed to a decrease in the formation of plaques. Indeed, it
was shown that activated microglia may participate in the
spreading of Ap aggregates to form new plaques by carrying
and releasing phagocytosed Ap seeds within the brain.®® In addi-
tion, it was shown that persistent neuroinflammation exacer-
bates amyloid deposits by recruiting more microglia to plaques,
resulting in a characteristic halo of activated microglia surround-
ing plaques.”””" TNF-a and IL-6, which we found to be
increased in the 5xFAD disease groups compared with 5xFAD/
WT HSPC mice, were also shown to be directly associated
with increased AB plaques.”>”® Therefore, decreased microglio-
sis and neuroinflammation after WT HSPC transplantation
may lead to the reduction of AB aggregate formation and
spreading.

To further evaluate the impact of WT HPSC transplantation on
the gene expression profile levels in the two main areas of the
brain impacted by the plaque AB accumulation, we analyzed
the cortex and hippocampus of 5xFAD mice using RNA-seq
analysis. It has been shown that microglia associated with pla-
ques activate specific signaling pathways, and Keren-Shaul
et al. identified DAMs, which increase with disease progression
in 5xFAD mice® but also in postmortem brains from patients
with AD. Indeed, many of the DAM genes were found in human
GWASs including TREM2, a receptor required for DAM activa-
tion but also for Ap clearance.>’*’® Similarly, it was shown
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that plague-containing microglia show increased DAM and
phagocytosing capability.”® In later stages of AD, DAMs are
significantly overexpressed, resulting in increased phagocytic
and inflammatory activities, which lead to more damage to the
surrounding cell populations. We believe our analysis of 5xFAD
mice occurs during this late stage of AD, when increased DAM
is present in the untreated and 5xFAD HSPC-treated mice, along
with enrichment for genes related to immune response and cyto-
kine activity, as observed in the GO analysis of DEGs. Increased
cytokines and chemokines in the brain of 5xFAD and 5xFAD/
5xFAD HSPC mice were also shown by gPCR and ELISA. In
contrast, 5xFAD mice transplanted with WT HSPCs exhibited a
significant decrease of DAMs in the cortex as well as neuroin-
flammatory-related genes, reaching a similar level to that in WT
mice. The universal macrophage markers that increase in neuro-
logical diseases, including AD,”° also decreased in 5XFAD/WT
HSPC mice. Overall, these data proved that WT HSPC trans-
plantation rescues disease microglia activation and dysfunction
as well as neuroinflammation in the cortex of 5XxFAD mice.

Surprisingly, the microglia transcriptomic profile in the hippo-
campus did not differ between the different groups. But interest-
ingly, the neurodegeneration-associated endothelial cell gene
expression profiling that has been reported to be increased in
other neurodegenerative disorders’” has been also found to in-
crease in this tissue compartment in 5xFAD mice compared
with in WT mice, and this was corrected in 5xFAD/WT HSPC
mice. In AD, age-dependent deterioration of the BBB occurs in
the human hippocampus, and severe impairment of the BBB
transport mechanism has been reported in an advanced phase
of the disease, leading to hippocampus-dependent cognitive
impairment.”®*®" VE-cadherin (Cdh5) mRNA was found to be
increased in the hippocampus of the disease 5xFAD groups
compared with the WT and 5xFAD mice treated with WT
HSPCs, which may compensate for the decrease of VE-cad-
herin* vessels seen in the hippocampus of the disease 5xFAD
and 5xFAD/5xFAD HSPC mice. Because VE-cadherin is an
important component of the brain vascular endothelial cell adhe-
sion system modulating BBB integrity and function,*” these data
suggest BBB impairment in the hippocampus of the 5xFAD
diseased groups. BBB disruption has been previously reported
in 5xFAD mice as early as 4 months of age.®>®® Because
PECAM1 and VE-cadherin are the anatomical basis of the
BBB,** we also investigated PECAM1 expression on VE-cad-
herin® vessels and found that this cell adhesion protein
decreased in the 5xFAD disease groups compared with in the
WT and 5xFAD/WT HSPC mice. BBB disruption may be caused
by neuroinflammation.®® Indeed, proinflammatory cytokines
such as TNF-a, which we found to be increased in the disease
5xFAD groups, have been reported to destabilize VE-cadherin
and reduce PECAM1 from the endothelial cell junctions.*?:
Thus, reduction of neuroinflammation by WT HSPC transplant
may lead to the conservation of BBB integrity. In addition,
some GFP* WT HSPC-derived microglia-like cells were
observed adjacent to brain vasculature in 5xFAD/WT HSPC
mice, potentially contributing to the maintenance of BBB integ-
rity. Indeed, in vivo studies previously demonstrated that peri-
vascular microglia may directly supply critical proteins to the
BBB endothelium.®’
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The exact mechanism behind the significant therapeutic
impact of transplanting WT HPSCs into 5xFAD mice remains un-
clear. WT HSPC transplant fully prevents microgliosis, neuroin-
flammation, and BBB disruption, whereas partial microglia are
replaced by HSPC-derived microglia-like cells, suggesting a
systemic beneficial impact of the WT HSPCs. In contrast,
HSPCs isolated from 5xFAD mice have limited to no impact.
One reason could be that chronic inflammation in 5XxFAD mice
has a long-lasting effect on the HSPCs that makes them reactive
to the inflammatory environment when re-transplanted into
5xFAD mice. Indeed, it was shown that chronic inflammation
could cause a shift in hematopoietic stem cell fate, resulting, in
particular, in the higher production of activated monocytes
secreting cytokines such as IFN-y, which further propagates
inflammation.®®%° As such, we found IFN-y to be increased by
RNA-seq, gPCR, and ELISA in the brain of 5XxFAD and 5xFAD/
5xFAD HSPC brains as opposed to 5xFAD/WT HSPC brains.
Similarly, bone marrow transplantation experiments in hyper-
cholesterolemia and Duchenne muscular dystrophy mice
models revealed that the diseased bone marrow microenviron-
ment activates the HSPCs and skews their development toward
myeloid lineage, which maintained heightened responsiveness
to endogenous stimuli and exhibited a proinflammatory state.°
In contrast, WT HSPC transplant may stop the inflammatory
cascade by generating non-reactive monocytes and microglia-
like cells in 5XFAD mice. One mechanism of this is “trained im-
munity,” which involves epigenetic modifications that promote
strong expression of immune genes in hematopoietic stem cells,
which persists after transplant.®’ Thus, genetic susceptibility
may exist in 5xFAD HSPCs as opposed to WT HSPCs, and epi-
genomic and transcriptomic assessments have previously iden-
tified risk alleles that function as active enhancers of monocytes,
macrophages, and microglia in AD.*® Alternatively, human
mutated APP/PSEN1 expression in HSPCs may trigger a proin-
flammatory state of the immune progeny. Indeed, it was shown
that APP could act as a proinflammatory receptor on immune
cells and that hAPP knockout in APP/PSEN1 transgenic mice re-
sulted in decreased microgliosis, despite abundant AB de-
posits.?? Although additional research will be necessary to fully
understand the advantageous therapeutic impact of the WT
HSPC transplant in 5xFAD mice, this study demonstrates that
HSPC could be a potential target for treating AD.

In conclusion, our findings demonstrate that transplantation of
WT HSPCs into the 5XFAD mouse model resulted in the engraft-
ment and differentiation of these cells into microglia-like cells
and in the rescue of AD. Specifically, WT HSPC transplant
reduced AB accumulation and prevented microgliosis, neuroin-
flammation, and vasculature impairment, all of which play crucial
roles in preventing neurocognitive decline in AD. Therefore, our
study serves as a proof of concept for the use of HSPC trans-
plantation as a therapeutic target for this untreatable disorder.

Limitations of the study

A limitation of this study is that the 5xFAD mouse model ex-
presses both mutated human APP and PSEN1 transgenes.
Consequently, if there is a direct impact of mutated APP and/
or PSEN1 in the HSPCs that causes neuroinflammation, it is un-
clear whether it is caused by the mutated APP or PSEN1 or by
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both. A single-mutation mouse model will have to be utilized to
resolve this question. In addition, we evaluated the impact of
WT HSPC transplant in 5xFAD mice prior to the onset of neuro-
cognitive phenotype and found that we could prevent these
complications. It will be important to examine whether WT
HSPC transplantation could halt or improve neurocognitive func-
tion after onset by transplanting older 5xFAD mice. Finally,
comprehensive understanding of the mechanism underlying
the behavioral rescue in AD by WT HSPCs remains to be
discovered.
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Antibodies

mouse anti-6E10 (Biolegend, 803001) Biolegend 803001; RRID:AB_2564653
rabbit anti-GFP (Abcam, ab183734) Abcam Ab183734; RRID:AB_2732027
rabbit anti-lba-1 (Wako, 019-19741) Wako 019-19741; RRID:AB_839504
rabbit-anti mouse IgG antibody Abcam Ab133469: RRID:AB_2910607
(ab133469, Abcam)

HRP-coupled goat anti-rabbit OmniMap #760-4315

(OmniMap system; Ventana, catalog #760-4315)

rabbit anti-GFP (ab290, Abcam) Abcam Ab290; RRID:AB_303395

chicken anti-lba1 (234006, Synaptic Systems)

Synaptic Systems

234006; RRID:AB_2619949

mouse anti-6E10 (805701, BioLegend), Biolegend 805701; RRID:AB_2564982
rat anti-CD11b (1:100; HS-384117, Synaptic Systems Synaptic Systems HS-384117; RRID:AB_2891269
rabbit anti-PECAM1 (1:100; NB100-2284, Novus Bio) Novus Bio NB100-2284; RRID:AB_10002513
mouse anti-VE-Cadherin/Cdh5 Santa Cruz Sc-9989; RRID:AB_2077957
anti-CD45-APC Biolegend 103112; RRID:AB_312977
anti-CD11b-PE Biolegend 101207; RRID:AB_312790
anti-CD16/CD32 Tonbo Biosciences 70-0161-U500; RRID:AB_2621487
Zombie Aqua™ Fixable Viability Kit Biolegend 423101
Anti-Scal Microbead Kit Miltenyi Biotec 130-123-124
Miltenyi QuadroMACS Separator Miltenyi Biotec 130-090-976
Miltenyi LS columns Miltenyi Biotec 130-042-401
Miltenyi gentleMACS Octo Dissociator with Heaters Miltenyi Biotec 130-096-427
Miltenyi gentleMACS C Tubes Miltenyi Biotec 130-093-237
Biological samples
Murine Sca1* HSPCs GFP-transgenic mice or N/A

5XFAD mice (This Paper)
Critical commercial assays
Adult Brain Dissociation kit Miltyeni Biotec 130-107-677
Human Amyloid beta 42 ELISA kit Invitrogen KHB3441
Mouse TNF-a ELISA kit R&D Systems MTAO00B
Mouse IFN-y ELISA kit Abcam ab100690
Mouse IL6 ELISA kit Abcam Ab100713
RNeasy Mini kit Qiagen 74104
iScript cDNA Synthesis Kit Bio-Rad 1708891
lllumina Stranded mRNA Prep lllumina 20040534
Deposited data
Raw and analyzed data This paper GEO:GSE217885
Experimental models: Organisms/strains
Mouse: C57BL6-Tg(APPSwFILon, The Jackson Laboratory #034848-JAX
PSEN1*M146L*L286V)6799Vas RRID:MMRRC_034848-JAX
Mouse: C57BL/6-Tg(CAG-EGFP)10sb/J The Jackson Laboratory #:003291

RRID:IMSR_JAX:003291

Oligonucleotides

Primers for 5xFAD genotyping, see Table S2
Primers for qPCR, see Table S2

This Paper
This Paper

N/A
N/A
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Software and algorithms

ImagedJ NIH https://imagej.nih.gov/ij/

ImagePro Premier Media Cybernetics N/A

Imaris V10 Bitplane N/A

Graphpad Prism v.9.0 Graphpad N/A

FlowJo BD Bioscience N/A

Bcl2fastq Conversion Software lllumina N/A

Kallisto (version 0.45.0) Bray et al., 2016°° https://pachterlab.github.io/kallisto/
R (v3.2.3) https://www.R-project.org/
DESeq?2 Love et al.” N/A

ShinyGO v0.76 Ge et al., 2020%° http://bioinformatics.sdstate.edu/go/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr Ste-
phanie Cherqui (scherqui@ucsd.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The data used for generation of figures are available from the corresponding authors upon reasonable request.

o RNA sequencing data that support the findings of this study have been deposited in NCBI GEO with the accession number
GSE217885. The codes used to conduct RNA sequencing analysis are publicly available at the following links: https://
github.com/sahoo00/BoNE; https://github.com/sahoo00/Hegemon.

e All data reported in this paper will be shared by the lead contact upon request. Any additional information required to reanalyze
the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All the mice were on a C57BL6 background. We used the 5xFAD transgenic mouse model, (Tg6799, C57BL6-Tg (APPSwFILon,
PSEN1*M146L*1.286V) 6799 Vas, Jackson Laboratory).'® Standard PCR reactions were carried out to identify the mice expressing
all 5 mutations using the primers listed in Table S2. GFP transgenic mice, ubiquitously expressing enhanced GFP complementary
DNA under the control of the chicken beta-actin promoter, were used as donors for the HSPC transplantation experiments
(C57BI/6-Tg (CAG-EGFP)10sb/J; 003291, Jackson Laboratory). Mice were maintained in a temperature- and humidity-controlled
animal facility, with a 12-h light/dark cycle and free access to water and food. Both male and female mice were used in all experi-
ments. Each control and test group consisted of 9-19 mice and were analyzed at 6 months of age; the sex and number in each group
are listed in the result section. All mice were bred at the University of California, San Diego (UCSD) vivarium, and all protocols were
approved by the UCSD Institutional Animal Care and Use Committee.

METHOD DETAILS

HSPC isolation, transduction, transplantation, and engraftment

Bone marrow cells were flushed from the femurs of 6- to 8-week-old 5xFAD, GFP transgenic mice or 5xFAD mice. HSPCs were iso-
lated by immunomagnetic separation using an anti-Sca1 antibody conjugated to magnetic beads (Miltenyi Biotec). Sca1l* HSPCs
were directly transplanted by tail vein injection of 2 x 10° cells resuspended in 100 pL of phosphate-buffered saline (PBS) into lethally
irradiated (7 Gy; X-Rad 320, PXi) 5xFAD mice. For mice receiving WT GFP* HSPCs, bone marrow cell engraftment of the transplanted
cells was measured in peripheral blood 2 months after transplantation; blood samples freshly harvested from the tails were treated
with red blood cell lysis buffer (eBioscience) and subsequently analyzed by flow cytometry (BD Accuri C6, BD Biosciences) to deter-
mine the proportion of GFP* cells. To follow 5xFAD HSPC differentiation potential within the brain, 5xFAD Scal* HSPC were
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transduced with the lentiviral vector containing eGFP as previously described.® Cells were plated at a density of 2 x 10° cells in
0.5 mL of media per well in a 24-well plate pretreated with 200 L of RetroNectin (Takara Bio USA, Madison, WI) and transduced
using a multiplicity of infection of 10 and incubated for 16-18 h at 37°C, 5% CO,_ Cells from each well were collected and washed
twice in PBS and then resuspended in 100 pL of PBS. Tail vein injection of 100 pL containing ~2 x 10° cells was performed in each
5xFAD mice lethally irradiated (7Gy) on the previous day. Blood engraftment of eGFP* cells was determined at 1-month post-trans-
plant, mice were euthanized, and the brains were harvested for further analysis by flow cytometry and immunofluorescence staining.

Behavioral tests

Mice were tested at 6 months of age using three main behavioral tests to evaluate the neurocognitive and locomotor activity. Prior to
behavioral tests, the mice were exposed to the testing apparatus and testing room in order to acclimate to the environment. We then
performed and analyzed NORT as previously published.””°® In brief, at the day of habituation, the mice were brought in the testing
room and allowed to acclimate in the room for 30 min. Then the mice were placed in the arena to explore for 5 min as previously
described.””?® Next day, all mice were freely exposed to two replicates of the same object for 10 min during the familiarization phase
before returning to their home cage. 24 h later, one object was kept as a familiar object, while another object was replaced with a
novel object. The entire process was recorded via an overhead video camera, and object investigation time (discrimination index
and preference index) was recorded manually by blinded researchers within a set area of exploration of 2.5 cm surrounding the ob-
ject. Discrimination Index (Dl), allows discrimination between the novel and familiar objects, i.e., it uses the difference in exploration
time (T) for novel objective (N), and dividing this value by the total amount of exploration of the novel (N) and familiar objects (F) [DI =
(Tn—Te)/(Tn + TE)]. This result can vary between +1 and —1, where a positive score indicates more time spent with the novel object, a
negative score indicates more time spent with the familiar object, and a zero score indicates a null preference. The Preference Index
is a ratio of the amount of time spent exploring the novel objective (N) in test phase over the total time spent exploring both objects,
Tn/(Tn + Te) X 100 (%).9°7°" The elevated plus maze test is one of the most widely used tests for measuring anxiety-like behavior in
mice. We performed this EPM used the protocol as published before.'?? In brief, the elevated plus maze has the shape of a “+” with
two alternate open and two alternate closed arms extending from a central platform. Each mouse was placed onto the center field
and was allowed to explore the maze for 5 min. Time spent in the open and closed arms was recorded. Each animal was placed in the
center of an open field arena (50 cm x 50 cm) and with movement being recorded via overhead camera and recorded by an
automated tracking system (ANY-Maze).

Immunohistochemistry analyses

Brains were collected from euthanized mice and fixed using 10% formalin, embedded in paraffin wax, and sectioned at 5 um thickness
by standard methods. Sections were deparaffinized and stained with the mouse anti-6E10 (1:30,000; 803001, Biolegend), rabbit
anti-GFP (1:600; ab183734, Abcam) and rabbit anti-lba-1 (1:3000; 019-19741, Wako) antibodies. Slides were stained on a Ventana
Discovery Ultra (Ventana Medical Systems). Antigen retrieval was performed using CC1 (Tris-EDTA based; pH 8.6) for 40 min at
95°C. The primary antibodies were incubated for 32 min at 37°C. For 6E10, an additional rabbit-anti mouse IgG antibody (1:6000;
ab133469, Abcam) was utilized to minimize mouse-on-mouse non-specific staining. All rabbit antibodies were detected using an
HRP-coupled goat anti-rabbit (OmniMap system; Ventana, catalog #760-4315) incubated on the sections for 12 min at 37°C and visu-
alized using diaminobenzidine as a chromogen followed by hematoxylin as a counterstain. Slides were rinsed, dehydrated through
alcohol and xylene, and cover slipped. Images were acquired by Keyence BZ-X710 digital microscope system for high-resolution stitch-
ing images of tissue sections. ImagePro Premier software (Media Cybernetics) was used for the quantification of A plaque and Iba1.

Immunofluorescence, image acquisition and analysis

Sections were deparaffinized and are transferred to pre-warmed antigen retrieval solution at 95°C for 30 min and cooled at room
temperature for 20 min and incubated in blocking solution (0.25% Triton X-100 and 3% BSA in tris-buffered saline). Sections
were then incubated overnight at 4°C with the following primary antibodies: chicken anti-GFP (1:200; ab290, Abcam), rabbit anti-
Ibal (1:200; 234003, Synaptic Systems), rat anti-CD11b (1:100; HS-384117, Synaptic Systems), rabbit anti-PECAM1 (1:100;
NB100-2284, Novus Bio), mouse anti-VE-Cadherin/Cdh5 (1; 100; sc-9989, Santa Cruz), mouse anti-6E10 (1:250; 805701,
BioLegend),. The appropriate Alexa Fluor-conjugated secondary antibodies (Invitrogen) were used for the visualization of antigens.
Images were acquired using a Leica SP8 confocal microscope for high-resolution stitching images of tissue sections. Confocal image
stacks and 3D view image were analyzed with the Imaris software (BitPlane, Oxford Instruments). Total number of blood vessels were
determined from whole hippocampus stitching image acquired by a Keyence microscope using ImagePro software with thresholding
to remove vessels <3um in diameter. Blood vessel density was calculated by dividing the total number of blood vessels by the entire
area of hippocampus per mouse. Average vessel diameter was determined using ImagePro software to obtain whole vessel mean
diameter value from 50 to 100 vessels/mouse. Proportion of colocalization (Mander’s overlap coefficients) for PECAM1 in z-stacks
was determined using Imaged (n = 5 animals per group, average value from 50 to 100 vessels/mouse, five images taken per section).

Sholl analysis

First, Imaris was used to reconstruct the microglial surface. Unspecific background signals and microglia with incomplete somata
were manually removed and not included in further analysis. Multiple microglia, which were fused and incorrectly recognized as a
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single cell, were manually separated using the cut function or excluded if separation was not possible. Fifteen microglia were
randomly selected and analyzed from both cortex and hippocampus for each mouse. Sholl analysis was performed using Imaris
in the filament reconstruction mode, and individual datasets were exported into separate Excel files for further analysis.

AB4_42 ELISA

Brain tissue was homogenized in 0.15% Triton in PBS containing protease inhibitor cocktail with a homogenizer and centrifuged at
200,000 x g for 20 min at 4°C. The supernatant was removed and defined as the soluble fraction. Guanidine-HCI was added to give
0.5 m (final concentration) before application to enzyme-linked immunosorbent assay (ELISA). The pellet was solubilized by sonicat-
ion in a 6m guanidine-HCI buffer containing protease inhibitor cocktail. The solubilized pellet was centrifuged at 200,000 x g for
20 min at 4°C and used as the insoluble fraction. The amounts of AB4_4» in each fraction were determined by a sandwich amyloid
beta 42 ELISA kit (KHB3441, Invitrogen).

Cytokine and chemokine ELISA

Brain tissue was homogenized in radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor cocktail with a homog-
enizer and centrifuged at 200,000 x g for 20 min at 4°C. ELISA for TNF-o (MTAOOB, R & D system), IFN-y (ab100690, abcam) and IL6
(ab100713, abcam) where performed according to manufactory instruction.

RNA extraction and real time quantitative PCR

Whole RNA extraction was performed using RNeasy Mini Kit as per manufacturer protocol (Qiagen, Hilden, Germany, cat. 74104).
cDNA synthesis occurred by reverse transcription (RT) of 200 ng tissue and cell RNA using iScript cDNA Synthesis Kit (Bio-Rad, Her-
cules, CA). RT-gPCR reaction assembly consisted of 5 uL iTag Universal SYBR Green, 2.5 uL of 1:10 diluted cDNA (5 ng/ul), 0.4 pL
forward and reverse primer (10 uM), and 2.3 puL H20, and ran on a LightCycler 480 ii (Roche, Basel, Switzerland) under the following
conditions: 95°C (30 s); 40 cycles of 95°C (5 s) and 60°C (30 s); then 65°C (5 s); and 95°C (5 s). Gene expression was measured using
the delta/delta CT method relative to WT and normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh). All primer
sequences are shown in Table S2.

Flow cytometric analysis of adult brain microglia

Mice were deeply anesthetized and perfused with cold PBS. Brain was collected and tissue from adult mice is dissociated into sin-
gle-cell suspensions according to manufacture instruction using the adult brain dissociation kit (130-107-677, Miltenyi Biotec,
Bergisch-Gladbach, Germany). For flow cytometry analysis, single cell suspensions were adjusted to a density of 2 x 10° cells/
200uL and nonspecific binding was blocked by incubation with purified anti-CD16/CD32 (70-0161-U500, Tonbo Biosciences) for
10 min at 4°C. Then, cells were incubated for 20 min at 4°C with the following antibodies: anti-CD45-APC (103112, Biolegend),
anti-CD11b-PE (101207, Biolegend), and Zombie Aqua Fixable Viability Kit were used for live cells staining (423101, Biolegend).
Data were acquired on an Aria Il and Aria fusion (BD Bioscience) and FlowJo software (BD Bioscience). Gating strategy was
made according to previously publish protocol.®?

RNA-seq

Sample preparation

Hippocampus and cortex were dissected from brains using previously publish protocol,'®® and frozen at —80°c in RNA later. Total
RNA was isolated using the RNeasy Tissue kit (Qiagen) according to the manufacturer’s instructions. RNA was assessed for quality
using an Agilent Tapestation 4200, and 50 ng of RNA with an RNA Integrity Number (RIN) greater than 8.0 were used to generate RNA
sequencing libraries using the lllumina Stranded mMRNA Prep (lllumina) following manufacturer’s instructions. The resulting libraries
were multiplexed and sequenced with 100 base pairs (bp) Paired End reads (PE100) to a depth of approximately 25 million reads per
sample on an lllumina NovaSeq 6000. Samples were demultiplexed using bcl2fastq Conversion Software (lllumina).

RNA-seq data analysis

RNA-Seq data were processed using Kallisto (version 0.45.0), Mus musculus genome GRCm38 Ensembl version 94 annotation
(Mus_musculus GRCm38.94 chr_patch_hapl_scaff.gtf). Gene-level TPM values and gene annotations were computed using txim-
port and the biomaRt R package. A custom python script was used to organize the data and log reduced using log2(TPM+1). The
raw data and processed data are deposited in Gene Expression Omnibus under accession no. GSE217885. A Composite Signature
Analysis was performed and to compute the composite score of a set of genes, genes were first normalized and averaged. Gene
expression values were normalized according to a modified Z score approach centered around StepMiner'% threshold (formula =
(expr - SThr)/3*stddev). The samples were ordered based on the final combined score. We performed differential expression analysis
using DESeq2.%* The false discovery rate was controlled by setting an adjusted p value threshold of 0.1.

Gene Ontology enrichment and protein-protein interaction analysis

Gene Ontology (GO) enrichment analysis on differentially expressed genes (DEGs) in both the cortex and hippocampus was per-
formed using ShinyGO v0.76 (http://bioinformatics.sdstate.edu/go/). Significance was set to FDR <0.05 and limited to the top 25
most significant categories for all analyses. For the hierarchical clustering tree (Figure S3) summarizing the correlation among
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significant pathways, the pathways with many shared genes are clustered together. Bigger dots indicate more significant p values.
The Retrieval of Interacting Genes web-tool (STRING 11.5; https://string-db.org/) was used to analyze and construct the Protein-
Protein Interaction (PPI) network of the group of proteins that were over-represented in the cortex and hippocampus.

QUANTIFICATION AND STATISTICAL ANALYSIS

We did not exclude any animals from our experiments. Experimenters were blinded to the genotype of the specific sample to every
extent possible. In all experiments, cohorts were age-matched and sex-balanced. Non-objective computational measurements such
as immunostaining quantification by scanning devices did not require blinding. All data are presented as the mean + SEM, and the
statistics and graphs were performed using GraphPad software Prism v.9.0. No statistical methods were used to predetermine sam-
ple sizes, but our sample sizes were similar to those reported in previous publications with 5XxFAD model.®® One-way analysis of vari-
ance (ANOVA,) followed by Tukey’s multiple comparisons was used to compare multiple groups. Statistical significance was set at
p < 0.05. Unpaired t test was used for flow cytometry population comparison, and for APP and PSEN1 gPCR analysis, data was log
transformed to confirm the normality. For RNA-seq data, gene signature was used to classify sample categories and the performance
of the multi-class classification is measured by ROC-AUC (Receiver Operating Characteristics Area Under The Curve) values. A co-
lor-coded bar plot is combined with a violin plot to visualize the gene signature-based classification. All statistical tests were per-
formed using R version 3.2.3 (2015-12-10). Standard t-tests were performed using python scipy.stats.ttest_ind package (version
0.19.0) with Welch’s Two Sample t test (unpaired, unequal variance (equal_var = False), and unequal sample size) parameters. Mul-
tiple hypothesis correction were performed by adjusting p values with statsmodels.stats.multitest.multipletests (fdr_bh: Benjamini/
Hochberg principles). The results were independently validated with R statistical software (R version 3.6.1; 2019-07-05). Violin,
Swarm and Bubble plots are created using python seaborn package version 0.10.1.
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Figure. S1 - Infiltration of transplanted HSPCs into the peripheral blood and brain of 5xFAD mice and
differentiation into microglia leads to microglia activation reduction and Af plaque engulfment. (A)
Quantification of human APP and PSEN1 mRNA expression in murine HSPC isolated from wild-type mice and
5xFAD mice. No expression is observed in WT HSPCs in contrast to 5xFAD in HSPCs. Data are represented as fold
change relative to same cell type wild-type normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B)
Elevated plus maze (EPM) total distance expressed in meters (m) covered by the different mouse groups and Open
field test with distance expressed in meters (m) covered by the different mouse groups in the corners. (C) Image
showing GFP* Ibal* microglia engulfing 6E10* plaques and their orthogonal view of brain section from a 5xFAD
mouse transplanted with WT HSPCs, stained with anti-GFP (green), anti-lbal (red) and anti-6E10 (magenta)



antibodies. Scale bars, 10 um. Inset shows colocalization of GFP* Ibal* with 6E10* plaque. Scale bars, 2 um. (D)
Representative images of cortex sections immunostained for the microglial marker Ibal. Scale bars, 100 pm. (E)
Quantification of the area occupied by Ibal* cells as well as Ibal* cell density in the cortex. All data are indicated as
mean + s.e.m. *P < 0.05, **P < 0.005 and ***P < 0.0005 determined as one-way ANOVA followed by Tukey’s
multiple comparisons (Related to Figure 1 and Figure 3).
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Figure. S2 - Transplanted GFP* 5xFAD HSPC penetration into the brain of 5xFAD mice showed by flow
cytometry analysis and immunofluorescence staining: (A) lllustration of the pre-gating method, (B) A
representative image showing population of microglia and GFP* microglia in the brain of GFP transduced 5xFAD
HSPC recipients one-month post-transplant. (C) An immunofluorescence image of 5xFAD/5xFAD GFP* HSPC brain
slices stained with anti-GFP (green) and anti-lbal (red) antibodies, showing active and inflamed microglia in
5XFAD/5XFAD GFP* HSPC. Scale bars, 10 um (Related to Figure 3).
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Figure. S3 — RNA sequencing analysis reveals differences in the transcriptome profile of microglia in cortex,
and endothelial cells in hippocampus after WT HSPC transplantation in 5xFAD mice. (A) Violin plots for
composite gene score analysis of disease-associated microglia (DAM) stage 2, neurodegeneration associated

endothelial cells gene set, disease-associated microglia (DAM) stage 1 and universal macrophage marker gene set in



cortex and hippocampus of WT (C), 5XxFAD/WT HSPC (T), 5xFAD (D), 5XxFAD/5XFAD HSPC (M). Significant P
values T versus D are indicated as determined by Welchs’ Two Sample t-test. The numbers on the top-right corner
specify ROC-AUC values of T, D, and M compared to C respectively. (B) Heat map showing the top 60 differentially
expressed genes in cortex and hippocampus (Adjusted p value < 0.1 and lo2FoldChange > 1). Barplots and Violin
plots showing composite scores of 24 microglia-related genes in cortex and 7 endothelial-related genes in the
hippocampus are significantly different, respectively, between 5XxFAD/WT HSPC and 5xFAD brains. Significant P
values (P <0.05) between T versus D are indicated as determined by Welchs” Two Sample t-test. The numbers on the

top-right corner specify ROC-AUC values of T, D, and M compared to C respectively.
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Figure. S4 — Evaluation of significantly enriched pathways and validation of differentially expressed genes
revealed by RNA sequencing in both cortex and hippocampus. (A)Top significant over-represented pathways
revealed after functional enrichment analysis of the differentially expressed genes between 5xFAD mice and 5XFAD
mice transplanted with WT HSPCs. Enriched pathways in Cortex are shown on the left-hand side and in Hippocampus

on the right-hand. The x-axis indicates the fold enrichment represented in each pathway, the y-axis indicates the Gene



Ontology Biological Process pathway involved, and the colors represent the size of the negative log10 of the False
Discovery Rate. (FDR < 0.05). (B) STRING analysis of the protein interaction network showing associations of the
top 20 proteins. Line thickness indicates the strength of data support (STRING version 11.5, http://string-db.org). (C)
Hierarchical clustering tree summarizing the correlation among the significant pathways enriched in differentially
expressed genes. GO terms of biological functions revealed pathways related to leukocyte activation, response to
cytokine stimulus, and antigen processing. Pathways with many shared genes are clustered together and dot sizes
indicate the degree of statistical significance (ShinyGO version 0.76, http://bioinformatics.sdstate.edu/go/) (Related
to Figure S3).

Quantitative PCR quantification of mRNA expression of Apoe, Irf5, Irf8, Itgam and Lag3 in cortex (D), and

Cdh5, Igfbp7 and Uaca in the hippocampus (E) showing significant increased expression in 5xFAD and
5XFAD/5XxFAD HSPC mice compared to WT and 5xFAD/WT HSPC mice as observed by DEG RNA-seq
analysis. Data are represented as relative fold change as compared to WT and normalized to GAPDH. Data are
means = SEM. **P < 0.005 and ***P < 0.0005 (one-way ANOVA) (Related to Figure S3).
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Supplementary Tables
Table S1. Donor-derived HSPC engraftment in 5XFAD mice transplanted with GFP+ HSPCs

Mice Gender Engraftment of GFP* cells
in blood (%)

1 Male 78.7
2 Female 25
3 Male 60.1
4 Male 29.7
5 Male 46.2
6 Male 52.6
7 Female 78.5
8 Female 26
9 Female 64.9
10 Female 90
11 Female 81.3
12 Female 14.9
13 Male 35.8
14 Male 14.2
15 Male 87.2
16 Female 78.5
17 Female 19.6
18 Female 57.2
19 Female 83.6




Table S2. Primer sequences for PCR and gqPCR. All primers reconstituted at

concentration of 10 pM.

100 pM and used at a working

Murine Primers

GENE | FULL NAME PURPOSE g',i',f)CT'ON PRIMER SEQUENCE
) Mutant Genotvoing Primer 5XFAD Forward ACCCCCATGTCAGAGTTCCT
yping Genotyping | Reverse CGGGCCTCTTCGCTATTAC
) Wild tvoe Genotvoing Primer 5XFAD Forward ACCCCCATGTCAGAGTTCCT
yP yping Genotyping | Reverse TATACAACCTTGGGGGATGG
o Interferon qamma MRNA Forward CGGCACAGTCATTGAAAGCCTA
n- g Expression Reverse GTTGCTGATGGCCTGATTGTC
Uaca Uveal Autoantigen With Coiled- | mMRNA Forward GTCAGTTGCTGATAGACAGAGGG
Coil Domains And Ankyrin Repeats | Expression Reverse TCACGAGGACTTCTACGGCATC
cdns | cadherin 5 MRNA Forward GAACGAGGACAGCAACTTCACC
Expression Reverse GTTAGCGTGCTGGTTCCAGTCA
g Interferon Reaulatory Factor 8 MRNA Forward CAATCAGGAGGTGGATGCTTCC
gulatory Expression | Reverse GTTCAGAGCACAGCGTAACCTC
. nterferon Reaulatory Factor 5 MRNA Forward AGAGGCCTGAGGTTTCATTTC
9 y Expression Reverse CTTCCCAGCCAGGCATATTAG
Lag3 Lvmohocvte-activation orotein3 | MRNA Forward CTGTCTGTCTGTCTGTCTCTCT
g ymphocy P Expression | Reverse GTCCTCCCTCATCTCCTCTATG
toam | Intearin Subunit Aloha M mMRNA Forward TCTTGGGTTTCCTAGTGTGTTAG
9 9 P Expression | Reverse AGAGGACAGCACAGCATTTAG
lafbn7 Insulin  Like Growth Factor | mRNA Forward TGATGCCCTCCATGAAATACC
9%P% | Binding Protein 7 Expression | Reverse CAGGCAAGAGCAGGGTTATAG
Aooe | Apolivonrotein E MRNA Forward GGCAAACCTGATGGAGAAGATA
P polipop Expression | Reverse TTGTTGCAGGACAGGAGAAG
Gandh Glyceraldehyde 3-phosphate | gPCR Forward GCACAGTCAAGGCCGAGAAT
P dehydrogenase Housekeeping | Reverse GCCTTCTCCATGGTGGTGAA
Human Primers
GENE | FULL NAME PURPOSE | DIRECTION | PRIMER SEQUENCE
APP Amvloid brecursor rotein MRNA Forward GACAGACAGCACACCCTAAA
yloldp P Expression | Reverse CACACGGAGGTGTGTCATAA
PSEN 1 | Presenilin.1 MRNA Forward GACAGACAGCACACCCTAAA
Expression Reverse CACACGGAGGTGTGTCATAA
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