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Alzheimer’s disease (AD) is the most common form of incurable dementia and represents
a critical public health issue as the world’s population ages. Although microglial dysreg-
ulation is a cardinal feature of AD, the extensive heterogeneity of these immunological
cells in the brain has impeded our understanding of their contribution to this disease.
Here, we identify a pathogenic microglial subset which expresses the CD11c surface
marker as the sole producer of Osteopontin (OPN) in the 5XFAD mouse model of AD.
OPN production divides Disease-Associated Microglia (DAM) into two functionally
distinct subsets, i.e., a protective CD11c"OPN subset that robustly ingests amyloid
(Ap) in a noninflammatory fashion and a pathogenic CD11c¢"OPN" subset that pro-
duces proinflammatory cytokines and fails to ingest significant amounts of Ap. Genetic
ablation of OPN or administration of monoclonal anti-OPN antibody to 5XFAD mice
reduces proinflammatory microglia, plaque formation, and numbers of dystrophic neu-
rites and results in improved cognitive function. Analysis of brain tissue from AD
patients indicates that levels of OPN-producing CD11c" microglia correlate strongly
with the degree of cognitive deficit and AD neuropathology. These findings define an
OPN-dependent pathway to disease driven by a distinct microglial subset, and identify
OPN as a novel therapeutic target for potentially effective immunotherapy to treat AD.
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Although microglial dysregulation is a cardinal feature of Alzheimer’s disease (AD) (1),
the heterogeneity of this immune cell type has impeded efforts to understand its contri-
bution to disease development and pathology. Transcriptomic studies of microglia in
mouse models and AD patients (2-5) have indicated that the Spp! gene, which encodes
Osteopontin (OPN), is strongly up-regulated by microglia in both mouse models of AD
and the human disease (2, 3, 6-8).

OPN, a cytokine expressed by a fraction of activated peripheral dendritic cells and
macrophages, regulates innate and adaptive immune responses through interactions with
its integrin receptors (9—13). Although OPN has been implicated in neuroinflammatory
disorders (14, 15), the potential contribution of OPN-producing microglia to AD is
unknown.

Here, we describe a microglial subset that promotes disease development in the 5XFAD
mouse model. This subset accounts for <10% of total microglia, expresses the CD11c
receptor and is the sole producer of OPN. Genetic deletion of OPN in 5XFAD mice
results in a sharp reduction in proinflammatory microglia, amyloid f (Ap) plaques and
dystrophic neurites, and a marked improvement in cognitive function. In situ analysis of
periplaque areas reveals that OPN production differentiates the disease-associated micro-
glia (DAM) into two distinct subpopulations, i.e., a protective CD11c"OPN” (single
positive, SP) subset that robustly takes up AP in a noninflammatory manner and a path-
ogenic CD11c"OPN™ (double positive, DP) subset that produces proinflammatory
cytokines and failed to ingest A fibrils.

Analysis of the underlying molecular mechanism suggests that two OPN-dependent
pathways drive disease development in 5XFAD mice. An interaction between OPN and
its aVP3 integrin receptor that induces TNF-o production and inflammasome activation
may convert homeostatic microglia into proinflammatory microglia that do not efficiently
ingest AB. OPN-dependent inhibition of the TREM2/TAM phagocytic pathway may
also inhibit lysosomal activation and destruction of AP fibrils. Proof-of-concept studies
indicate that administration of monoclonal anti-OPN Ab to 5XFAD mice at an advanced
stage of disease (6 mo) efficiently inhibits disease development, as judged by reductions
in proinflammatory microglia and Af plaque pathology.

Analysis of human brain tissue confirmed that levels of the CD11¢"OPN" microglial
subset correlate strongly with both dementia severity and AD neuropathology (neuritic
plaques and neurofibrillary tau tangles) in clinically and neuropathologically characterized
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The remarkably heterogenous
nature of microglia has impeded
efforts to understand

their contribution to Alzheimer’s
disease (AD) pathology. We show
that OPN production divides
CD11¢" microglia into pathogenic
(CD11c"OPN") and protective
(CD11c"OPN") subsets. OPN
production promotes a microglial
proinflammatory phenotype and
may inhibit Ap uptake and
consolidation through the TREM2/
TAM-lysosomal phagocytic
pathway. Genetic ablation of OPN
or administration of anti-OPN mAb
reduces proinflammatory
microglia and A plaque pathology,
and improves cognition. Analysis
of brain tissue of AD patients
reveals a strong correlation
between OPN*CD11c¢" microglial
levels with dementia severity and
neuropathology. These findings
suggest that OPN represents a
promising and tractable target for
the development of potentially
effective immunotherapy to halt or
reverse AD progression.
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AD patients and healthy controls. Collectively, these studies define
a pathogenic microglial subset marked by CD11c and OPN pro-
duction that drives AD pathology by promotion of neuroinflam-
mation and inhibition of AP plaque condensation. These findings
refine current understanding of DAM and suggest a tractable
target for immunotherapy of AD.

Results

OPN Contributes to AD Pathology and Cognitive Impairment
in 5XFAD Mice. To identify the cellular source of OPN during
disease progression in brains of 5XFAD mice, we measured OPN
expression by astrocytes, neurons, and microglia at 3-, 6-, and 9
mo of age. Astrocytes and neurons did not produce detectable
amounts of OPN, while microglial production of OPN was
robust and increased with disease progression (S Appendix,
Fig. S14). There was a 10- to 20-fold increase in OPN mRNA
and a twofold to threefold increase in OPN protein by 9-mo-old
5XFAD microglia compared with age-matched B6-WT controls
(SI Appendix, Fig. S1 B and (), suggesting microglial OPN
production closely parallels disease development.

Microglia that coexpress CD11c represent the sole producer of
OPN in brains of healthy mice (16). We observed that microglial
OPN production in 5XFAD mice is also confined to this CD11c"
microglial subset, which increased dramatically during the initial
6 mo of disease progression compared with relatively low levels in
age-matched healthy (B6-WT) controls (Fig. 1 A and B).

We analyzed the impact of OPN on AD pathology using OPN-
KO'5XFAD mice after crossing SXFAD transgenic mice with
Sppl fisop (OPN-KO) mice (17) and confirmed OPN deletion at
both the genetic and protein levels (S Appendix, Fig. S2). Genetic
deletion of OPN in 5XFAD mice resulted in reduction in micro-
glial production of TNF- to levels similar to age-matched healthy
(B6-WT) controls (Fig. 10).

To directly test the potential contribution of OPN to microglial
processing of AP plaques, we costained mouse brain cryosections
with anti-Af mAb 6E10 (to identify both neurotoxic diffuse form
and nontoxic condensed forms of AP plaques) and Thioflavin-S
(which identifies only p-sheet” AP condensed plaques) (18). We
found that the 40 to 60% decrease in total plaque area in OPN-
KO.5XFAD mice noted in Fig. 1 D and E was accompanied by
an increase in compact plaque (6E10"Thio-S") area and a decrease
in diffuse plaque (6E10"Thio-S") area (Fig. 1 Fand G), as judged
from astriking increase in plaque compactness index (6E10" Thio-S"
area/6E10" area) (Fig. 1H).

Neuritic dystrophy, a central element of 5XFAD disease pathol-
ogy consisting of swollen, bulbous-shaped neurites comprised of
dysfunctional axons and terminals expressing the amyloid precur-
sor protein (APP) (19), correlates with the clinical severity of
dementia (20, 21). Since neurotoxic diffuse plaques positively
correlate with dystrophic neurites (18), we analyzed the impact
of OPN on neuritic dystrophy. We noted that the numbers of
dystrophic neurites per plaque were reduced by approximately
50% in OPN-KO.5XFAD mice (Fig. 1 7 and J). Given that
increased numbers of dystrophic neurites correlate closely with
cognitive decline (22, 23), we measured the impact of OPN
expression on cognitive function of 9-mo-old 5XFAD mice using
the water T maze to assess spatial learning and memory (acquisi-
tion trials) and cognitive flexibility (reversal trials). OPN deletion
markedly improved these cognitive functions, as indicated by a
40 to 50% increase in correct choices made by OPN-KO.5XFAD
mice in both the acquisition and reversal phases of these trials
(Fig. 1K). Collectively, these data suggest that OPN deficiency
substantially decreases microglial proinflammatory responses, total
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and diffuse AP plaques, dystrophic neurites, and improves cogni-
tive function in 5XFAD mice.

OPN Promotes a CD11c * Microglial Proinflammatory Response
via an Interaction with the «Vp3 Integrin Receptor and May
Inhibit Ap Plaque Compaction through Suppression of the TREM2/
TAM-Lysosomal Phagocytic Pathway. Since genetic deletion of
OPN reduces production of TNF-a by total microglia to levels
found in nondiseased mice (Fig. 1C), we examined the potential
mechanistic relationship between OPN and the production of
TNF-a by microglia. Microglia that expressed CD11c displayed
a 50% reduction in TNF-a production compared with OPN-
WT (5XFAD) mice (Fig. 2A4). Expression of the canonical aVp3
integrin receptor for OPN (16, 24) increased from 5 to 20% of
microglia, while other OPN receptors, CD44 and aVf5, were
not detectable (S7 Appendix, Fig. S3). We noted that a) CD11c"
microglia lacking the OPN receptor (V3™ CD11c¢" microglia)
did not produce detectable TNF-at and b) OPN-deficiency led to
reduced proportion of TNF-a" cells in aVp3* CD11c" microglia
(Fig. 2B). These findings suggest that OPN might promote TNF-a
production via engagement of its VB3 receptor on CDI1l1c"
microglia. This notion was supported by the observation that
induction of microglial TNF-a expression by recombinant mouse
OPN (rmOPN) was abolished by treatment with a cyclic RGD
compound (VB3 inhibitor) that blocks the interaction between
OPN and the aVB3 integrin (Fig. 2C).

Activation of the NLRP3 (NLR family pyrin domain contain-
ing 3) inflammasome represents a major neuroinflammatory com-
ponent of AD pathology in both human and mouse models of
AD (25). We analyzed the impact of OPN on microglial inflam-
masome activation in vitro according to caspase-1 activity and
IL-1p production (25). Microglial intracellular caspase-1 activity
was determined using a bioluminescent assay, which specifically
detects caspase-1 activation, confirmed by a selective caspase-1
inhibitor (87 Appendix, Fig. S4). We observed that rmOPN sub-
stantially increased caspase-1 activity and IL-1P production in
LPS+Ap-stimulated microglia from both 9-mo 5XFAD and OPN-
KO.5XFAD mice. This OPN-dependent promotion of inflam-
masome activation was fully blocked by the aVp3 inhibitor (Fig. 2
D and E), suggesting that OPN-dependent promotion of micro-
glial inflammasome activation reflects its interaction with aVp3
integrin.

We then examined AP uptake by CD11c" microglial subset
using methoxy-X04 (Me-XO4) [which labels fibrillar Af (25, 26)]
in 5XFAD and OPN-KO.5XFAD mice followed by flow cyto-
metric analysis of Me-XO4" microglia. OPN-deficiency was asso-
ciated with a twofold increase in Me-XO4" CD11c¢" microglia
(Fig. 2F). TREM2 facilitates microglial uptake of Ap (27, 28) as
a receptor for AP and contributes to microglial condensation of
diffuse plaques (29, 30). More recently, TAM receptors (including
Axl and Mer), which may work downstream of TREM2, may also
regulate microglial engulfment of Ap plaques and promote lyso-
somal degradation/compaction of ingested AP material, leading
to microglial extrusion of inert condensed AP at the expense of
diffuse neurotoxic forms of AP plaque in APP/PS1 mice (18).

We therefore asked whether the decrease in diffuse plaques
noted in OPN-deficient 5XFAD brains (Fig. 1G) might reflect
increased activation of this TREM2/TAM-lysosomal phagocytic
pathway. We found that CD1lc" microglia from OPN-
KO.5XFAD expressed increased TREM2, Axl and Mer, compared
with control 5XFAD mice (Fig. 2 G and H). Analysis of CD11c"
microglia from OPN KO.5XFAD mice revealed enhanced lyso-
somal activation compared with age-matched control 5XFAD
mice, as judged by increased expression of the CDG68 lysosomal
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Fig. 1. OPN deletion diminishes AD pathology and rescues cognitive deficits in 5XFAD mice. (A) Flow cytometric analysis of OPN expression in CD11c" and
CD11¢ microglia from 5XFAD mice (n=6) at different disease stages. ****P < 0.0001 by two-way ANOVA with Bonferroni's multiple comparisons test. (B) Flow
cytometric analysis showing the increased percentage in CD11¢” OPN" microglia from 5XFAD mice compared with age-matched WT mice during disease progression
(n=5 to 6). ****P < 0.0001, **P < 0.01 by two-way ANOVA with Bonferroni's multiple comparisons test. (C) Ex vivo analysis of microglial tumor necrosis factor-
alpha (TNF-a) expression in WT, 5XFAD, and OPN-KO.5XFAD mice (n=6) during disease progression according to flow cytometry. *: WT vs. 5XFAD, ***P < 0.001,
*F%%p < (0,0001; * 5XFAD vs. OPN-KO.5XFAD, **##P < 0,0001, ns: not significant by two-way ANOVA with Bonferroni's multiple comparisons test. (D) Representative
immunofluorescent images of brain sections from 9-mo-old 5XFAD mice and OPN-KO.5XFAD mice stained with 6E10 (red) and Thioflavin-S (green) displaying
different forms of AB plaques. Total plaques were defined as 6E10". White arrows indicate diffuse plaques (6E10" Thio-S”), while compact plaques (6E10" Thio-S*)
are indicated by yellow arrows. (Scale bar, 100 um.) (E-G) Quantification of total area (6E10"), compact area (6E10'Thio-S%), and diffuse area (6E10"Thio-S") of AB
plaques in 3-, 6-, and 9-mo-old 5XFAD mice and OPN-KO.5XFAD mice (n= 54 fields from 3 mice/group). ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant by
two-way ANOVA with Bonferroni's multiple comparisons test. (H) The compactness index of A plaques in 3-, 6-, and 9-mo-old 5XFAD mice and OPN-KO.5XFAD
mice. The compactness index was calculated as 6E10°Thio-S™ area/ 6E10" area (n =54 fields from three mice/group). **P < 0.01, ns: not significant by two-way
ANOVA with Bonferroni's multiple comparisons test. (/ and /) Representative immunofluorescent images and quantification of dystrophic neurites (labeled
with N terminus APP) per plaque (labeled with Thioflavin-S) in brain sections of 5XFAD and OPN-KO.5XFAD mice. The number of APP* dystrophic neurites was
quantified within 25 pm area of each plaque (n=30 to 40 plaques from three mice per group). ****P <0.0001, ***P < 0.001, ns: not significant by two-way ANOVA
with Bonferroni's multiple comparisons test. (Scale bar, 200 pm.) (K) Spatial learning and memory (acquisition trials) and cognitive flexibility (reversal trials) were
assessed by water T maze in 9-mo-old 5XFAD and OPN-KO.5XFAD mice. Age-matched WT mice were included as controls (n=3 to 5, # WT vs. 5XFAD, #P < 0.05,
#p <0.01, P < 0.001; *: 5XFAD vs. OPN-KO.5XFAD, **P < 0.01). Statistical analysis was performed by two-way ANOVA with Bonferroni's multiple comparisons
test. All data are presented as mean + SEM.

activation glycoprotein (Fig. 2 7 and /) and the cathepsin B

substantial reduction in AP degradation [(Ap MFL,;, — AP MFL, )/
cysteine protease, which may cleave and degrade Ap (31, 32)

AP MFI,,] in the lysosomes of CD11c" microglia that was fully

(Fig. 2 Kand ).

Taken together, these data suggest that the reduced proportion
of diffuse plaques (6E10"Thio-S") within total plaques (6E10") in
OPN-deficient 5XFAD mice (Fig. 1G) may reflect de-repression
of this TREM2/TAM-lysosomal AP compaction pathway. We fur-
ther tested the contribution of OPN to lysosomal AB degradation
in vitro. We found that rmOPN inhibited lysosomal activation, as
judged by reduced CDG68 expression, and this reduction could be
reversed by addition of anti-OPN Ab (87 Appendix, Fig. S5 A and

B). Suppression of lysosomal activation was accompanied by a
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reversed by addition of anti-OPN Ab (SI Appendix, Fig. S5C).
Collectively, these data suggest that OPN-dependent inhibition of
the TREM2/TAM-lysosomal phagocytic pathway, and associated
AP plaque compaction may underpin a portion of OPN-dependent
promotion of 5XFAD disease.

OPN Production Divides CD11c” Microglia into a Pathogenic and
Protective Subset. Both Spp! (encoding OPN) and /zgax (encoding
CD11¢) are genetic hallmarks of the protective DAM phenotype (2).
However, our findings suggest that OPN production inhibits AP

https://doi.org/10.1073/pnas.2218915120 3 of 12
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Fig. 2. OPN promotes CD11c" microglial proinflammatory responses via an interaction with the aVB3 integrin receptor and impairs Ag plaque compaction
via suppression of the TREM2/TAM-lysosomal phagocytic pathway. (A) Flow cytometric analysis of CD11c¢” microglial TNF-a production in 9-mo-old 5XFAD and
OPN-KO.5XFAD mice (n=6). ***P < 0.001 by two-tailed Student’s t test. (B) Expression of TNF-a in CD11c¢” aVp3* vs. CD11c¢” aVp3~ microglia in 9-mo-old 5XFAD
and OPN-KO.5XFAD mice (n=3). ****P < 0.0001, ns: not significant by two-tailed Student’s t test. (C) The impact of OPN-aVp3 interaction on CD11c¢" microglial
production of TNF-a. Up-regulated TNF-a production induced by rmOPN was fully abrogated by aVp3 inhibitor in CD11¢” microglia of 9-mo-old OPN-KO.5XFAD
mice (n=3). ****P < 0.0001, ns: not significant by one-way ANOVA with Bonferroni’s multiple comparisons test. (D and E) The impact of OPN-aVf3 interaction on
microglial caspase-1 activation and IL-1p production. Activation of caspase-1 and IL-1p by provision of rmOPN was blocked following provision of aVp3 inhibitor
to microglia from 9-mo-old 5XFAD and OPN-KO.5XFAD mice (n=3). ****p < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant by one-way ANOVA
with Bonferroni's multiple comparisons test. U.D. undetectable. (F) Ap engulfment (Me-XO4") by CD11c¢" microglia in 9-mo-old 5XFAD and OPN-KO.5XFAD mice
was analyzed by flow cytometry. Increased Me-XO4" microglia were observed in OPN-deficient 5XFAD mice compared with S5XFAD mice (n=6). ****P < 0.0001
by two-tailed Student's t test. (G) Flow cytometric analysis of TREM2 expression by CD11c* microglia from 9-mo-old 5XFAD mice and OPN-KO.5XFAD mice (n=3).
**p < 0.01 by two-tailed Student's t test. (H) Flow cytometric analysis of Axl and Mer expression by CD11¢" microglia from 9-mo-old 5XFAD mice and OPN-
KO.5XFAD mice (n=6). ****P <(0.0001 by two-tailed Student's t test. (/ and /) Representative immunofluorescent images and quantification of CD68" area in CD11c"
microglia located within 25 pm of A plaques (defined as plaque-associated CD11c” microglia) in 9-mo-old 5XFAD and OPN-KO.5XFAD mice. (n=20 ROIs from 3
mice/group). *P < 0.05 by two-tailed Student’s ¢ test. (Scale bar, 25 um.) (K and L) Representative immunofluorescent images and quantification of cathepsin B
area in plaque-associated CD11c” microglia of 9-mo-old 5XFAD and OPN-KO.5XFAD mice (n=22 ROIs from 3 mice/group). ****p < 0.0001 by two-tailed Student's
t test. (Scale bar, 25 pm.) All data are presented as mean + SEM.
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uptake and promotes an inflammatory microglial phenotype. Flow
cytometric analysis of microglia that coexpress OPN and CD11c
indicates that about 15 to 20% of microglia express both CD11c and
OPN (DP), and 3 to 5% express the CD11¢"OPN™ (SP) in brain
tissue from 9-mo-old 5XFAD mice (Fig. 34).

Since DAM cells almost locate exclusively in plaque areas, we
determined the plaque-associated fraction for each microglial sub-
set by in situ analysis of brain cryosections from 9-mo-old 5XFAD

https://doi.org/10.1073/pnas.2218915120

mice. The specificity of CD11c-specific immunofluorescent signal
was validated by several controls to confirm the validity of
CD11c¢"OPN" and CD11c¢"OPN" subset division (87 Appendix,
Fig. S6 A and B). Analysis of microglia that resided within peri-
plaque areas (within 25 pm of the AP plaque core) (33) and
plaque-distal areas indicated that virtually all CD11c¢" (both DP
and SP) microglia were located within periplaque areas (Fig. 3B).
Analysis of AP ingestion by periplaque DP (OPN*CDl1I1c")
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Fig.3. OPN production divides CD11c¢" microglia into a pathogenic and protective subset. (4) The percentage of CD11¢" OPN*and CD11¢” OPN™ microglial subsets
in whole brain of 9-mo-old 5XFAD mice was determined by flow cytometry and calculated as the number of each subset within the number of total microglia of
the brain (n=3). ***P < 0.001 by two-tailed Student's t test. (B) Bar plot showing the fraction of CD11c¢” OPN" and CD11c” OPN™ microglial subsets in periplaque
area (within 25 pm of Ap plaque core) and the plaque-distal area (>25 pm of Ap plaque core) in the brain of 9-mo-old 5XFAD mice. A ingested or noningested
cells of each microglial subset was calculated as the number of A engulfed (AB") or A nonengulfed (AB”) microglia within the total number of each microglial
subset resided in the periplaque area (33 ROIs from three mice were analyzed). The bar plot was a representative result of three independent experiments.
(C) Enrichment of DAM gene signature was performed by mapping previously reported DAM signature genes with our CD11c¢” microglial differentially expressed
genes (DEGs) from OPN-KO.5XFAD compared with 5XFAD mice. Heatmap displaying OPN-deficient CD11c¢” microglia highly resembled DAM-like gene signature
with a 2.6-fold higher enrichment score (P=6.35e-15) compared with CD11c” microglia from 5XFAD mice. Gene expression was considered significant if log2FC
> 1 or log2FC < -1 with a FDR-adjusted P value < 0.05. (D) Volcano plot displaying CD11c” microglial DEGs from 9-mo-old OPN-KO.5XFAD mice compared with
5XFAD mice. OPN deletion in CD11c* microglia showed downregulation of a series of proinflammatory response-related genes (highlighted in red, i.e., Tnfrsf9,
I11b, Ifng) and upregulation of phagocytic/lysosomal activation-related genes essential for Ag uptake and lysosomal degradation (highlighted in blue, i.e., Mertk,
Trem2, Cd68, Ctsb). Gene expression was considered significant if log2FC > 1 or log2FC < -1 with a FDR-adjusted P value < 0.05. (E) Flow cytometric analysis of
TNF-o expression in CD11¢” OPN" and CD11c¢” OPN™ microglia from 9-mo-old 5XFAD mice (n=6). ****P < 0.0001 by two-tailed Student's ¢ test. (F) Flow cytometric
analysis of Ag engulfment (Me-X04") by CD11c¢” OPN™ and CD11c” OPN™ microglial cell subsets from 9-mo-old 5XFAD mice (n=6). ****P < 0.0001 by two-tailed
Student's t test. (G) Flow cytometric analysis of TREM2 expression in CD11¢” OPN" and CD11¢” OPN™ microglia from 9-mo-old 5XFAD mice (n=3). **P < 0.01 by
two-tailed Student’s t test. (H and /) Flow cytometric analysis of Axl and Mer expression by CD11¢” OPN" and CD11¢” OPN™ microglial subsets from 9-mo-old
5XFAD mice (n=6). ****P < 0.0001, **P < 0.01 by two-tailed Student’s t test. All data are presented as mean + SEM.

microglia revealed that less than 20% contained ingested Ap. In  that contribute to Af uptake and lysosomal compaction/degra-
contrast, over 90% periplaque SP (CD11c¢" OPN") microglia dation (highlighted in blue, e.g., Mertk, Trem2, Cd68, Cisb)
contained ingested AP material (Fig. 3B), indicating the phago- (Fig. 3D and Dataset S1). These findings support the view that
cytic and potentially protective DAM phenotype may primarily ~ the OPN-deficient CD11¢" microglial subset may represent the
reflect SP (CD11c¢" OPN") microglia. protective DAM-like microglial subset.

This conclusion was supported by RNA-seq analysis. Since We then characterized the phenotypes of CD11¢"OPN" and
FACS-sorting of CD11c'OPN" vs. CD11¢"OPN™ microglia ~ CD11c¢'OPN™ microglial subsets by flow cytometry. The
depends on intracellular staining of OPN, we sorted CD11c" CD11c"OPN” (SP) microglia expressed low levels of TNF-a
microglia from 9-mo-old 5XFAD mice and OPN-KO.5XFAD (Fig. 3E) and a sevenfold increase in AP ingestion (Me-XO4"
mice according to the CD11c¢ surface marker. We validated the microglia) compared with the CD11c"OPN" (DP) subset
FACS gating strategy of CD11c" microglia in 5XFAD mice by ~ (Fig. 3F). Analysis of TREM2 and TAM expression revealed that
flow cytometric analysis, as previously described (16) (S/ Appendix, ~ CD11c'OPN microglia displayed increased expression of TREM2
Fig. S7). We utilized DAM signature genes (2) as a reference gene (twofold) and Axl and Mer (threefold) compared with
set to analyze enrichment of a DAM-like signature by CD11c" CD11c¢"OPN" microglia (Fig. 3 G-1). These data lend further
microglia from 5XFAD and OPN-deficient (OPN-KO).5XFAD support to the view that OPN production differentiates between
mice. We noted that CD11¢" microglia from OPN-KO.5XFAD  the pathogenic and protective phenotype of CD11¢" microglia.
mice strongly resembled the DAM-like signature, as judged by a Collectively, these findings define the distinct contributions of
2.6-fold enrichment (P=6.35¢-15) of DAM signature genes com- two microglial subsets to 5XFAD disease. Although virtually all
pared with 5XFAD mice (Fig. 3C). Unbiased analysis of differen- ~ CD11¢"OPN* and CD11¢"OPN™ microglia locate within plaque
tially expressed genes (DEGs) also revealed that OPN-deficient  areas, OPN production by these two CD11c¢" microglial subsets

CD11c" microglia expressed a reduced proinflammatory pheno-  accounts for their distinct functional periplaque phenotypes. The
type along with an enhanced phagocytic/lysosomal activation ~ CD11¢"OPN" microglial subset produces high levels of TNF-a
phenotype, as indicated by down-regulation of a series of proin-  and less than 15% contain ingested Ap, and reduced periplaque

flammatory genes (highlighted in red) and up-regulation of genes  levels of TREM2/AxI/Mer, consistent with their pathogenic
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contribution to disease. In contrast, CD11¢"OPN™ microglia do
not produce significant levels of TNF-a, engulf AP, and express
higher levels of the TREM2/TAM proteins, consistent with

increased lysosomal activation.

Increased OPN-Producing CD11c” Microglia Correlate with
Severity of Cognitive Impairment and Neuropathology in AD
Patients. We extended these findings to an analysis of human
AD using brain tissues from clinically and neuropathologically
confirmed AD patients (cohort characterization in ST Appendix,
Tables S1 and S2) whose clinical dementia rating (CDR) was
21 at death, as well as patients with mild cognitive impairment
(MCI, CDR = 0.5) and cognitively normal controls (CDR = 0).
Measurements of OPN protein level in middle frontal gyrus
homogenates revealed a threefold increase in OPN expression
in AD patient brains compared with that of cognitively normal
control subjects. Increased OPN expression in AD patient brains
compared with brains of patients with MCI was also noted but
did not reach statistical significance (Fig. 4A4). A correlative analysis
of OPN expression in brain tissues and CDR score indicated that
increased OPN expression correlated positively with dementia
severity (r=0.5046, P=0.0032) (Fig. 4B). We also determined the

potential correlation between OPN levels with neuritic plaques
and neurofibrillary tangle density ratings that were determined
postmortem by a neuropathologist before sample storage in the
Mount Sinai brain repository as described (34). We found that
higher brain OPN levels correlated with higher neuritic plaque
levels (r=0.4919, P=0.0043) and neurofibrillary tangle ratings
(r=0.4884, P=0.0046) (Fig. 4 Cand D).

To better resolve the potential correlation between OPN and
AD pathology, we then determined the percentage of CD11c"
OPN" microglia by immunofluorescent analysis of human brain
sections from the middle frontal gyrus (35). Normal controls and
MCI subjects displayed similar proportions of CD11c¢" OPN”
microglia (CD11¢"OPNIba-1%). We observed a threefold increase
in CD11c" OPN" microglia in brain sections from AD patients
compared with sections from normal controls (Fig. 4 Fand Fand
Movies S1 and S2). Moreover, the percentage of CD11¢" OPN”
microglia from AD patients was significantly higher than that
from MCI patients (Fig. 4F), suggesting that the percentage of
CD11c¢" OPN" microglia represents a more sensitive parameter
for differentiation of AD patients from patients who suffer from
MCI than levels of OPN alone. This conclusion was further sup-
ported by the very strong correlation of the percentage of CD11c"
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Increased microglial OPN production correlates with AD severity in human AD brains. (A) Analysis of OPN protein expression in brain (middle frontal

gyrus) homogenates from AD patients (CDR = 1, n=11) with mild cognitive impairment (MCI, CDR 0.5, n=10) and cognitively normal controls (CDR 0, n=11).
**P < 0.01, ns: not significant by one-way ANOVA with Bonferroni's multiple comparisons test. (B) Pearson’s correlation analysis of OPN expression levels in
brain tissues from AD patients with CDR scores (CDR > 1, n=11), MCl patients (CDR 0.5, n=10), and controls (CDR 0, n=11). r=0.5046, P=0.0032. (C and D) Pearson'’s
correlation analysis of brain OPN concentrations correlated with neuritic plaque rating (r=0.4919, P=0.0043) and tangle rating (r=0.4884, P=0.0046). (E and F)
Representative immunofluorescent images from middle frontal gyrus of AD patients and normal controls stained for Iba-1 (microglia, red), CD11c (green) and
OPN (cyan) are indicated by white arrows. Percent of CD11c¢"OPN" microglia in brains of AD patients (CDR >1, n=8) compared with MCI (CDR 0.5, n=9) and
control subjects (CDR 0, n=5). Each dot represents the average percentage of CD11c"OPN" microglia over total Iba-1" cells in 10 to 12 fields of each brain sample.
(Scale bar, 25 pm.) ****P < 0.0001, ns: not significant by one-way ANOVA with Bonferroni's multiple comparisons test. (G) Pearson’s correlation analysis of the
percentage of CD11c"OPN" microglia in human brain tissues correlated with CDR scores in AD patients (CDR >1, n=8), MCl patients (CDR 0.5, n=9) and controls
(CDR 0, n=5). r=0.8383, P < 0.0001. (H and /) Pearson’s correlation analysis of the percentage of CD11c"OPN" microglia in human brain tissues correlated with
neurite plaque rating (r=0.8226, P < 0.0001) and tangle rating (r=0.7434, P < 0.0001). All data are presented as mean + SEM.
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Fig.5. Administration of anti-OPN mAb inhibits microglial proinflammatory responses and ameliorates Ap plaque pathology. (A) Schematic outline of anti-OPN
mAb administration. Weekly intravenous injections (10 mg/kg) of anti-OPN mAb or isotype control (mouse IgG1) into 5XFAD mice starting at 6 mo of age for 1
or 2 mo, as described in Materials and Methods. Microglial proinflammatory responses and Ap plague pathology were analyzed after 1-mo and 2-mo treatment.
(B) The percentage of TNF-a"CD11¢” microglia was determined by flow cytometric analysis following treatment of age-matched 5XFAD mice for 1or 2 mo with
anti-OPN mAb or isotype-matched IgG1 is shown (n=3 to 4/group). **P < 0.01, *P < 0.05 by two-tailed Student’s t test. (C and D) Representative immunofluorescent
images of condensed and diffuse forms of Ap plaque distinguished by anti-Ap 6E10 (red) and Thioflavin-S (green) staining in brain sections from 5XFAD mice
after 1-mo or 2-mo treatment with anti-OPN mAb or isotype control. (Scale bar, 100 um.) (E-G) Quantitation of total plaque area (6E10"), diffuse plaque area
(6E10"Thio-S") and compactness index of plaques in 5XFAD mice after 1-mo or 2-mo treatment with anti-OPN mAb compared with isotype treated mice (n=3).
The compactness index is calculated as 6E10"Thio-S* area/ 6E10" area (n= 54 fields from 3 mice/group). *P < 0.05, ns: not significant by two-tailed Student’s

t test. All data are presented as mean + SEM.

OPN" microglia with CDR scores (r=0.8383, P < 0.0001)
(Fig. 4G). Similar to the associations found with dementia severity,
the percentage of CD11c¢"OPN" (DP) microglia strongly corre-
lated with the density of neuritic plaques (r=0.8226, P < 0.0001)
and neurofibrillary tangles (r=0.7434, P < 0.0001) (Fig. 4 H and
I). These findings highlight the strong correlation of this patho-
genic microglial subset with disease severity in AD patients.

Administration of Anti-OPN mAb Inhibits Microglial
Proinflammatory Response and Ameliorates Af Plaque Pathology
in 5XFAD Mice. Our analyses of OPN-KO.5XFAD mice suggest that
OPN may contribute to AD pathology; therefore, we asked whether
Ab-mediated blockade of OPN might alter progression of 5SXFAD
disease. The monoclonal anti-OPN antibody (clone: MPIIIB10,
mouse IgG1) binding specificity was validated in a competition
ELISA assay: Preincubation of plate-bound rmOPN with graded
concentrations of AF808 anti-OPN Ab (goat IgG) resulted in a
dose-dependent reduction in MPIIIB10 anti-OPN mAb binding
(81 Appendix, Fig. S8A). Anti-OPN mAb (MPIIIB10) also displayed a
dose-dependent reduction in in vitro TNF-a production by CD11¢"
microglia from 9-mo-old 5XFAD mice (8] Appendix, Fig. S8B).

To test the impact of anti-OPN mAb (MPIIIB10) on the pro-
gression of 5XFAD disease, we performed weekly intravenous
(I.V.) injections of anti-OPN mAb (10 mg/kg) into 6-mo-old
5XFAD mice for 1 or 2 mo followed by analysis of microglial
proinflammatory responses and AP plaque pathology (Fig. 5A4).

PNAS 2023 Vol.120 No.6 2218915120

Analysis of the impact of anti-OPN mAb on microglial proin-
flammatory responses revealed a 35% reduction in TNF-o'
CDl1l1c¢" microglia after 1 mo and 55% by 2 mo (Fig. 5B).
Although anti-OPN mAb did not alleviate Ap plaque pathology
after 1-mo treatment (Fig. 5 C, £~G), administration for 2 mo
resulted in a 55 to 60% decrease in total plaque (6E10"Thio-S™)
and diffuse plaque (6E10"Thio-S") areas, and a substantial increase
in the plaque compactness index (6E10"Thio-S" area/6E10" area)
(Fig. 5 D-G). These data support the hypothesis that OPN tar-
geting by monoclonal antibody represents a potentially novel and
effective mechanism-based approach to treat AD.

Discussion

Microglial dysregulation characterized by a sustained inflamma-
tory response and impaired AP plaque processing may contribute
to neuritic dystrophy and cognitive decline in the setting of AD
(1, 36). We show that OPN production by CD11¢" microglia
promotes a proinflammatory microglial phenotype and impairs
TREM2/TAM-dependent AP plaque consolidation in 5XFAD
mice. Analysis of human brain tissue revealed that increased levels
of the CD11c" microglial subset may represent a sensitive and
robust indication of AD-associated dementia and neuropathology.
Proof-of-concept studies indicate that administration of anti-OPN
mAb reduces microglial proinflammatory responses and amelio-
rates AP plaque pathology. These findings suggest that targeting
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the microglial OPN response may represent an effective therapeu-
tic strategy for this disease.

Microglial heterogeneity has impeded a clear definition of its
contribution to AD (2, 18). The view that DAM represent a pro-
tective microglial subset comes from observations that DAM
locate exclusively within plaque areas and contain ingested Ap
material (2). Both Spp1 and Itgax are part of the genetic signature
of the DAM subset (2). Our analysis of CD11c and OPN expres-
sion by microglia that surround Ap plaques indicates a significant
functional heterogeneity within the DAM description. Although
virtually all CD11lc¢" microglia (both CD11c"OPN" and
CD11c¢"OPN) reside in the periplaque area, OPN production
distinguishes pathogenic from protective CD11c" microglia. The
CD11c¢"OPN' microglial subpopulation robustly ingests Ap with-
out concomitant TNF-a production, while CD11¢"OPN" micro-
glia produce substantial amounts of TNF-a but do not efficiently
ingest AP and express relatively low levels of TREM2 and TAM
receptors. RNA-seq analysis of CD11c" microglia sorted from
5XFAD and OPN-KO.5XFAD mice confirms that the OPN-
deficient fraction of CD11c¢" microglia expressed a DAM-like gene
signature. These findings refine our understanding of the DAM
phenotype and suggest that the protective vs. pathogenic contri-
bution of DAM (2) may reflect the production of OPN by the
latter microglial subpopulation.

The TREM2 receptor may allow microglia to surround and alter
AP plaque structure into more compact forms, perhaps reflecting a
TREM2-dependent phagocytic pathway of Af internalization and
digestion by activated lysosomes (26, 37, 38). As a consequence,
TREM2 deficiency in both mouse models and AD patients may
increase AP burden, plaque diffusion, dystrophic neurites, and cog-
nitive impairment (20, 26, 30, 39). Lemke and colleagues find that
TAM receptors, which may act downstream of the TREM2 pathway,
also represent critical molecular components of this microglial con-
finement mechanism (18). Up-regulation of TAM by plaque-asso-
ciated microglia facilitates robust engulfment, degradation, and
compaction of AP plaques by activated microglial lysosomes (18).
Interestingly, TAM receptors also play a central role in noninflam-
matory phagocytosis of apoptotic cells (ACs), termed efferocytosis,
by macrophages and microglia (40, 41). This confinement mecha-
nism may be analogous to macrophage-dependent formation of
granulomas of tuberculosis (42), that limits the dissemination of
toxic AP oligomers throughout the brain. We find that OPN inhibits
expression of the key molecular components of the TREM2/TAM
pathway by CD11c" microglia and that genetic ablation of OPN
increases microglial lysosomal activation and plaque condensation,
perhaps reflecting inhibition of the TREM2/TAM pathway.
Transcriptomic analysis of OPN-deficient microglia also indicates
that OPN may inhibit the TREM2/TAM-lysosomal pathway
(Mertk, Trem2, CA6S, and Ctsb).

Until recently, clinical trials of AD therapeutics aimed at reducing
AP plaque load have largely failed to improve cognition, possibly
reflecting the indiscriminate targeting of both forms of AP plaques
(43). Since microglial condensation of A fibrils into dense plaques
may represent a neuroprotective mechanism (18, 44), antibodies
that target AP may disaggregate condensed nontoxic AP fibrils into
oligomers that increase neurotoxicity may not be effective in rescuing
cognitive impairment (43, 45). Our mechanistic analysis suggests
that depletion of OPN may favorably alter the ratio of proinflam-
matory to phagocytic microglia leading to increased TAM-associated
noninflammatory AP uptake and conversion of neurotoxic Ap mate-
rial into nontoxic dense-core plaques, that reduce neurite destruction
and associated cognitive impairment.

A proof-of-concept analysis of the effects of administration of
anti-OPN mADb for 2 mo indicated substantial reduction in both
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CD11c" microglial proinflammatory responses and plaque pathol-
ogy in 5XFAD mice at a relatively advanced stage of disease (6 mo).
This therapeutic approach may convert the proinflammatory
microglia to noninflammatory microglia equipped with enhanced
ability to uptake and destroy A fibrils. Optimization of this anti-
body-based regimen and modification of anti-OPN antibody to
enhance brain penetration and reduce Fc—FcyR interactions may
enhance the therapeutic effects of mAb-based OPN targeting.

Not all findings from AD mouse models are applicable to
human AD. However, the findings reported here appear to apply
to the human disease. Although elevated OPN levels in CSF and
plasma samples have been reported in AD patients (46), the rela-
tionship between brain OPN levels and disease severity of AD
patients has not been clear. Consistent with our findings in
5XFAD mice, brain OPN levels and especially the proportion of
CD11c" OPN" microglia correlate strongly with plaque pathology
according to neuritic plaque ratings of brain samples and correlate
directly with dementia severity according to CDR scores of AD
patients and controls. Neurofibrillary tangles, consisting mainly
of aggregated hyperphosphorylated tau protein, represent an addi-
tional pathological feature of AD. We noted that brain OPN levels
and the percent of CD11¢"OPN" microglia also correlate closely
with neurofibrillary tangle ratings, suggesting that OPN may also
contribute to tauopathy.

NLRP3 inflammasome activation contributes to the pathogen-
esis of tauopathy in an AD mouse model (47). Our transcriptomic
analysis revealed a down-regulation of 7/14 gene (encoding IL-1,
a key member of NLRP3 inflammasome pathway) in OPN-
deficient CD11c¢" microglia, and a marked increase in caspapse-1
activation and IL-1p production induced by rmOPN further
supports the potential contribution of OPN to tauopathy. These
findings suggest that OPN may regulate multiple disease-escalat-
ing factors that contribute to AD pathology. Although generalized
increase in microglial proliferation has been described in the brains
of AD patients (48), the majority of plaque-associated microglia
do not proliferate (49), suggesting that the CD11¢” OPN" micro-
glial subset we define here may be distinct from the microgliosis
response. CD11¢"OPN" microglia reside predominantly in peri-
plaque areas, supporting the view that increased CD11c¢"OPN”
microglia in human brain tissue may represent a sensitive and
reliable indicator of premortem cognitive impairment and severity
of AD neuropathology.

In sum, these studies define a pathogenic CD11c¢” OPN" micro-
glial subset that drives AD pathology via OPN-dependent pro-
motion of proinflammatory responses and inhibition of a
protective TREM2/TAM-lysosomal Af phagocytosis/compaction
pathway. This two-pronged OPN-dependent mechanism of
action, the strong correlation between levels of this OPN-
producing CD11c" microglial subset and human disease severity,
and the disease-ameliorating effects of mAb-mediated OPN block-
ade suggest OPN as a promising therapeutic target for the treat-
ment of AD.

Materials and Methods

Mice. C57BL/6 (B6) and B6. Cg-Tg (APPSwFILon, PSENT*M146L*L286V)6799Vas/
Mmjax (5XFAD) mice were obtained from the Jackson Laboratory (MMRRC).
B6. Spp1™'°P (OPN-KO) mice were previously generated by our lab (17). OPN-
KO.5XFAD mice were generated by crossing B6. Spp ™' mice with 5XFAD mice
as a previously described strategy for breeding genetic-modified AD mouse
models featuring amyloid pathology (5, 19, 39, 50). Spp7 gene mutation and
5XFAD transgene were validated by PCR genotyping. All mice were ona C57BL/6
background. Age-matched and sex-balanced mice were used for all experiments.
Experimental cohorts of mice were cohoused from birth to control for microbiota
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(51,52). All mice were housed in pathogen-free conditions with a 12-12-h light-
dark cycle with ad libitum access to food and water. All experiments were per-
formed in compliance with federal laws and institutional guidelines as approved
by the Animal Care and Use Committee of the Dana-Farber Cancer Institute (DFCI).

Microglia Isolation. Single-cell suspensions were prepared using a cold isola-
tion protocol to avoid ex vivo artifacts as previously described (16, 53). Briefly,
mice were anesthetized with isoflurane and transcardially perfused using
ice-cold Phosphate Buffered Saline (PBS). Brains were quickly dissected and
minced on ice using a scalpel followed by Dounce homogenization in ice-cold
Hank's balanced salt solution (HBSS). Cell suspensions were passed through a
70-pm cell strainer followed by spinning at 500 g for 5 min at 4°. Myelin and
debris were removed using 10 mL ice-cold 40% Percoll (Sigma), spun for 30
min at 500 g before washing with 10 mL ice-cold HBSS, and spun again for 5
min at 500 g at 4°. All samples were then resuspended in ice-cold FACS buffer
(0.5% BSA, TmM EDTA, in 1x PBS)for staining. This isolation protocol has been
used for all experiments unless stated otherwise.

Flow Cytometry. The Ghost dye Violet 510 (1:1,000, Tonbo Biosciences)
and anti-CD16/CD32 antibody (2.4G2, 1:100, BD Biosciences) were used to
exclude dead cells and to avoid nonspecific staining, respectively. Microglia
were stained with appropriate surface markers, including anti-CD11h (M1/70,
1:100 Biolegend), anti-CD45 (30-F11, 1:100 Biolegend), anti-CD11c (N418,
1:50 Biolegend), anti-aV integrin (RMV-7, 1:50, Biolegend), anti-p3 integ-
rin (2C9.G2, 1:50, Biolegend), anti-B5 integrin (KN52, 1:50, eBioscience),
anti-CD44 integrin (IM7, 1:100, BD Bioscience), anti-TREM2 (237920,
1:20, Novus Biologicals), anti-Axl (MAXL8DS, 1:50, eBioscience), anti-Mer
(DS5MMER, 1:100, eBioscience) followed by fixation and permeabilization with
an Intracellular Fixation & Permeabilization buffer kit (eBioscience) for the sub-
sequentintracellular staining with anti-OPN (IC808, 1:10, R&D Systems), anti-
TNF-o (MP6-XT22, 1:50, Biolegend), and anti-CD68 (FA-11, 1:100 Biolegend).
Data were acquired on CytoFLEX LX (Beckman Coulter) and analyzed with FlowJo
(Tree Star).

For detection of OPN expression in major brain cell types from 5XFAD mice at
different stages of disease development, magnetic-activated cell sorting (MACS)
was performed before flow cytometric analysis. Briefly, after generation of brain
single-cell suspensions, MACS buffer (PBS pH7.2,2 mM EDTA and 0.5% BSA) was
used to resuspend pelleted cells. Anti-mouse CD11b microbeads (Miltenyi) were
used for magnetic isolation of total microglial populations, before anti-mouse
ACSA-2 microbeads (Miltenyi) were used for subsequent isolation of astrocytes.
Neurons were negatively enriched using anti-CD11b, anti-ACSA-2, and anti-04
microbeads (Miltenyi) to deplete microglia, astrocytes, or oligodendrocytes fol-
lowing the manufacturer's instructions. Cells were then incubated with Ghost
dye Violet 510 (1:1,000, Tonbo Biosciences) and anti-CD16/CD32 antibody
(2.4G2, 1:100, BD Biosciences) before staining with appropriate markers for
further validation of cell types after magnetic isolation: cell surface staining of
anti-CD11b (M1/70, 1:100, Biolegend) for microglia and intracellular staining
of anti-GFAP (2E1.E9, 1:100, Biolegend) for astrocytes and anti-MAP2 (SMI52,
1:50, Biolegend) for neurons followed by intracellular staining with anti-OPN
(1C808, 1:10, R&D Systems).

Validation of microglial CD11c expression was performed as previously
described (16). Briefly, brain single-cell suspensions from 9-mo-old 5XFAD
mice were stained with Ghost dye Violet 510 (1:1,000, Tonbo Biosciences) and
anti-CD16/CD32 antibody (2.4G2, 1:100, BD Biosciences) followed by incuba-
tion with anti-CD11b (M1/70, 1:100, Biolegend), anti-CD45 (30-F11, 1:100,
Biolegend), anti-CD11c (N418, 1:50, Biolegend), anti-TMEM119 (106-6, 1:200,
ABCAM), anti-CCR2 (SA203G11,1:100, Biolegend). CD11b™ cells were gated from
single/live cells followed by subsequent gating of CD11b* CD45™" as microglia
and CD11b*CD45"" as macrophage. The microglial-specific marker Tmem119
(54) and CCR2 that expressed by blood-derived macrophage, but not expressed
by microglia were included to distinguish microglia and macrophage (55, 56).
CD11b*CDA45"" cells that expressed CCR2 but not Tmem119 were confirmed
as macrophages, while CD11b* CD45"™ cells that express Tmem119, but do not
express CCR2 were confirmed as microglia. Fluorescence minus one negative con-
trols were included to confirm the specificity of CD11cstaining in CD11b*CD45"™
microglial populations. Brain CD45" cells that mainly contain nonimmune cells
that do not express CD11c were also included as negative controls to further
validate staining specificity.
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RNA-Seq Analysis of CD11c Microglia.

Fluorescence-activated cell sorting for RNA-seq analysis. Ghost dye Violet 510
(1:1,000, Tonbo Biosciences) and anti-CD16/CD32 antibody (2.4G2, 1:100, BD
Biosciences) were used to exclude dead cells and to block Fc receptors, respec-
tively. Single-cell suspensions were then stained with anti-CD11b (M1/70, 1:100,
Biolegend), anti-CD45 (30-F11, 1:100, Biolegend), and anti-CD11c(N418, 1:50,
Biolegend) antibodies for 20 min on ice. Samples were washed with ice-cold
FACS buffer, spun down for 5 min at 500 g, and cell pellets were resuspended in
5 mLFACS buffer before sorting on a BD FACS Aria Il using the 70-pm nozzle with
purity mode and a sorting speed of ~10,000 events per second. After sorting,
each sample was spun down, and cell pellets were immediately stored at —80°
until further processing.

Due to the small population size of CD11¢* microglia and low yield of micro-
glia by cold isolation in general, two biological samples were prepared for each
group. For 9-mo-old 5XFAD mice, each CD11c¢* microglial sample was pooled
from 22 mice (11 male + 11 female) for a total of 44 mice (22 male + 22 female).
For 9-mo-old OPN-KO.5XFAD mice, one CD11¢" microglia sample was pooled
from 13 mice (6 male + 7 female) and the other sample was pooled from 14 mice
(7 male + 7 female) for a total of 27 mice (13 male +14 female).

RNA extraction, library preparation, and HiSeq sequencing. Total RNA was
extracted from FACS-sorted cell pellets using the RNeasy Plus Universal Mini Kit
following the manufacturer's instructions (QIAGEN).

Library preparations for sequencing reactions were conducted at GENEWIZ,
LLC. as follows: Concentration of extracted RNA was quantified using Qubit 2.0
Fluorometer (Life Technologies) and RNA integrity was determined using Agilent
TapeStation 4200 (Agilent Technologies). Due to very limited cell numbers of
CD11¢* microglia that can be obtained from adult mice, microglial samples
of 9-mo-old 5XFAD and OPN-KO.5XFAD mice were processed with the SMART-
Seq v4 Ultra Low Input Kit for sequencing for full-length complementary DNA
(cDNA) synthesis and amplification (Clontech), and Illumina Nextera XT library for
sequencing library preparation. Briefly, cONA was fragmented and adaptor was
added using transposase, followed by limited-cycle PCR to enrich and add index
to the cDNA fragments. The final library was assessed with Agilent TapeStation.

Sequencing libraries clustered on flowcell lanes were loaded on the lllumina

HiSeq 4000 according to the manufacturer's instructions. Samples were
sequenced using a 2x 150-bp paired end (PE) configuration. Image analysis and
base calling were conducted by HiSeq Control Software (HCS). Raw sequence
data (.bdl files) generated from Illumina HiSeq were converted into fastq files
and demultiplexed using lllumina's bcl2fastq 2.17 software. One mismatch was
allowed for index sequence identification.
RNA-Seq data analysis. Mapping and gene counting were performed by
GENEWIZ (South Plainfield, NJ, USA). After quality check of raw data, sequence
reads were trimmed to remove possible adapter sequences and nucleotides with
poor quality using Timmomatic v.0.36. The trimmed reads were mapped to the
Mus musculus reference genome available on ENSEMBL using the STAR aligner
v.2.5.2b, a splice aligner that detects splice junctions and incorporates them to
help align entire read sequences, resulting in generation of BAM files. Unique
gene hit counts were calculated using feature counts from the Subread package
v.1.5.2. Only unique reads that fell within exon regions were counted.

Analysis of differentially expressed genes (DEGs) was performed by a nega-
tive binomial model implemented in the R package edgeR (Bioconductor) (57,
58), comparing OPN-KO.5XFAD to 5XFAD mice using a one-factor design and
default parameters.The false discovery rate (FDR)-adjusted Pvalue was estimated
using the Benjamini-Hochberg correction. Gene expression was considered sig-
nificantly up-regulated if log,FC > 1 or down-regulated if log,FC < —1 with FDR-
adjusted Pvalue < 0.05. Microglia similarity to the protective DAM phenotype as
previously identified (2) was performed using a custom gene-set made from all
DAM signature genes (2) input into the pathfindR R library (Bioconductor) using
otherwise default settings. Significant DEGs from this gene-set were shown as a
z-score-adjusted heatmap, with the overall enrichment score shown generated
from the entire gene-set. Volcano plots were generated from the edgeR DEG
output filtered on an FDR-adjusted P-value < 0.05.

In Vivo Ag Phagocytosis Assay. In vivo A phagocytosis assay was performed
as previously described (25, 26). Briefly, 5XFAD and OPN-KO.5XFAD mice were
injected intraperitoneally with methoxy-X04 (Tocris Bioscience) at 10 mg/kg in
50% DMS0/50% NaCl (0.9%), pH 12. Brains were isolated 3 h after injection
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and made into single-cell suspensions followed by analysis of frequencies of
methoxy-X04" microglia by flow cytometry using a CytoFLEX LX (Beckman Coulter)
followed by analysis using FlowJo (Tree Star).

Quantitative Real-Time PCR (qRT-PCR). Microglial RNA was extracted using
the RNeasy Plus Universal Mini Kit per the manufacturer's instructions (QIAGEN).
cDNAwas then reverse transcribed using 100 ng RNA with a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to the manufactur-
er's instructions. Real-time quantitative PCR for Spp7 was performed with the
QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems) using 5 plL
(DNA, 4.92 L PowerUp™ SYBR™ Green Master Mix (Applied Biosystems), and
0.08 pL primer (Integrated DNATechnologies (IDT), working concentration: 200
nM) perreaction. Gene expression levels of Spp 7 were compared using the *“Ct
method normalized to p-actin.

Water T-Maze. Animal cognitive testing was conducted in the NeuroBehavior
Laboratory, Harvard Institute of Medicine (Boston, MA). The water T-maze (WTM)
behavioral paradigm assesses spatial learning and memory by training mice to use
spatial cues in a room to navigate to a hidden platform to escape from the water.
This test also measures cognitive flexibility through a reversal leaming procedure
in which mice must learn a new location of the hidden platform. These tests were
performed as previously described (59). Briefly, testing apparatus, consisting of a
(14 cm x 4.6 cm) clear plexiglass maze with arms designated as north (N), south
(S), east (E), or west (W), is divided to block off an arm to train the mouse to choose
only E or W to escape. Mice are then placed in the N or S arms, in a semirandom
order, at the start of each trial. The maze is then filled with (25 to 26 °C) water, and
the escape platform is placed on the E side of the maze submerged 1 cm below
the surface of the water. To ensure that mice cannot see the submerged platform,
nontoxic white paint is added to water to increase opacity. At the start of the trial,
the divider is placed to block off the appropriate arm, and mice are carried to the
relevant start point. The experimenter scores correct and incorrect responses for each
trial, and mice are allowed to stay on the platform for 10 s before being removed.
Mice were given 10 trials per day, and the percent of correct responses was calcu-
lated by averaging correct responses across the 10 trials for each day. The platform
is then moved to the opposite side, and the procedure is repeated for the reversal
trial until mice learn the new position of the platform and scored as above.

Immunofluorescence. Following transcardial perfusion, mouse brains were
removed and fixed in 4% paraformaldehyde solution (paraformaldehyde (PFA),
Electron Microscopy Sciences) at 4 °C overnight. After rinsing with PBS, fixed
brains were dehydrated in 30% sucrose at 4 °C overnight before brains were
embedded in optimal cutting temperature (OCT) compound (Sakura Finetek)
and serial sagittal frozen sections (10 um) were cut using a Cryostat (CM3050S,
Leica). Brain cryosections were permeabilized with PBS containing 0.1% Triton
X100 (PBS-T) for 1 h. After incubation for 1 hin a blocking solution containing
5% normal donkey serum (Jackson ImmunoResearch Lab) in PBS-Tto prevent
nonspecific binding, sections were incubated for 24 h with the appropriate
primary antibodies: rabbit anti-lba-1(1:1,000, WAKO), anti-Amyloid f (6E10,
1:1,000, Biolegend), Biotin anti-mouse CD11c (N418, 1:50, Biolegend), goat
anti-OPN (AF808, 1:100, R&D), anti-APP (A4, 1:1,000, Millipore), rat anti-CD68
(FA-11,1:100, Bio-Rad), goat anti-Cathepsin B (AF965, 1:100, R&D).To amplify
CD11c signal, the sections were washed with PBS and incubated for 5 min
with the Alexa Fluor 488 streptavidin Tyramide SuperBoost Kit (Invitrogen),
according to the manufacturer's instructions. Sections were then incubated
for 1 h with appropriate secondary antibodies: Alexa-594-conjugated don-
key anti-rabbit 1gG or Alexa-488-conjugated donkey anti-mouse 1gG (1:500;
Invitrogen). Brain cryosections incubated without anti-CD11¢ primary Ab or
tyramide signal amplification (TSA) were included as negative controls to
exclude nonspecific immunofluorescent signals. DAPI (Invitrogen) was used
as a nuclear counterstain (10-min incubation). For Thioflavin-S staining, brain
cryosections were incubated in filtered 1% aqueous Thioflavin-S for 10 min
at room temperature and washed 2 x for 3 min in 80% ethanol and 3 min in
95% ethanol, prior to adding blocking solution. Samples were analyzed under
Olympus fluorescence microscope. Quantification of fluorescent microscopy
images was performed using ImageJ (NIH). Detailed analysis methods of
immunofluorescent staining data for each experiment are stated in the cor-
responding figure legend. Preparation of mouse brain section samples and
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image acquisition/quantification procedures were performed by independent
investigators in a fully blinded manner.

In Vitro Primary Microglia Culture Assays.

Microglia isolation by MACS. Adult mice were anesthetized with isoflurane fol-
lowed by transcardial perfusion using ice-cold PBS. Since isolation of microglia from
adult mice using a cold isolation protocol may lead to a low cell yield, which is not
optimal forin vitro cell culture assays, we used a well-established enzymatic micro-
glial isolation approach to increase cell yield along with subsequent MACS-based
cell isolation (51, 60) for in vitro assays with some modifications (e.g., minimized
enzyme dissociation time). Briefly, brains were minced and subjected to enzymatic
dissociation using Collagenase type IV (300 U/mL, Worthington) or Papain (20 U/
mL, Worthington) and DNase | (60 U/mL, Worthington) at 37° for 15 min, before
myelin was removed by 30% Percoll gradient. MACS buffer (PBS pH 7.2, 2 mM
EDTAand 0.5% BSA) was used to resuspend pelleted cells, and anti-mouse CD11b
microbeads (Miltenyi) were used for magnetic isolation of total microglial popula-
tions (purity >95%), according to the instructions, for subsequent culture assays.

The impact of OPN-aVB3 interaction on CD11c+ microglial production of
TNF-a. Microglia isolated from 9-mo-old OPN-KO.5XFAD mice were seeded into
12-well plates at 3x10° cells/well in a conventional microglia culture medium
(DMEM-F12 with 10% fetal bovine serum + 1% penicillin/ streptomycin + 10 ng/
mL recombinant mouse M-CSF). Microglia were preincubated with 10 uM of a
selective aVp3 inhibitor (Cilengitide, Selleck, Cat. S6387) for 1 h followed by
the addition of 12.5 pg/mL rmOPN and cultured for 24 h. BD GolgiPlug with
brefeldin A(1 pL/mL, BD Biosciences) was added into culture for the last 4 h before
analysis of CD11¢™ microglial expression of TNF-e by flow cytometry (CytoFLEX
LX, Beckman Coulter).

The impact of OPN-aVp3 interaction on microglial inflammasome activa-
tion. Microglia isolated from 9-mo-old 5XFAD and OPN-KO.5XFAD mice were
seeded into 96-well plates at 6x 10* cells/well in a conventional microglia culture
medium (DMEM-F12 with 10% fetal bovine serum + 1% penicillin/ streptomycin
+ 10 ng/mL recombinant mouse M-CSF). To induce inflammasome activation,
microglia were primed with 100 ng/mLLPS for 3 h followed by stimulation with
10 uM A, 4, fibrils overnight in the presence or absence of 12.5 ug/mLrmOPN.
The aVB3 inhibitor (Cilengitide, Selleck, 10 uM) was added into culture 1 h before
the addition of rmOPN. Microglial intracellular caspase-1 activity was analyzed
by the bioluminescent Caspase-Glo® 1 Inflammasome Assay Kit (Promega) per
the manufacturer's instruction. The detection specificity of caspase-1 activity was
validated using a selective caspase-1 inhibitor (AcYVAD-CHO, T pM) included in
the kit. Culture medium was collected for quantitative determination of microglial
IL-1B production by the mouse IL-1p DuoSet ELISA kit (R&D Systems) according
to the manufacturer's instructions.

The impact of OPN on lysosome activation and AB degradation. Microglia
enriched from 9-mo-old 5XFAD and OPN-KO.5XFAD mice were seeded into 12-well
plates at 3x10° cells/well in a conventional microglia culture medium (DMEM-F12
with 10% fetal bovine serum + 1% penicillin/ streptomycin + 10 ng/mL recom-
binant mouse M-CSF). Two batches of microglial cultures were set up and prein-
cubated with anti-OPN Ab (10 pg/mL) for 1 h followed by incubation with rmOPN
(12.5 pg/mL) overnight. Microglia were then incubated with FAM-AB,_y, peptide
(1 M) for 1 h followed by washing with cold PBS. Surface bound FAM-AB, _,, was
quenched by incubation with 0.2% trypan blue in PBS (pH 4.4) for T min. Then
one batch of microglia were harvested, and the mean fluorescence intensity (MFI)
of FAM-AB,_y; in lysosomes of CD11c¢* microglia(CD11¢*CD68 ") was determined
by flow cytometry and defined as A MFI,,,. The other batch of microglia remained
in culture for 24 h in the presence or absence of anti-OPN Ab (10 ug/mL) and/or
rmOPN (12.5 pg/mL) before analysis of CD11¢" microglial expression of CD68
(MFI) and MFI of retained FAM-AB,_, in CD11¢"CD68™ microglia (defined as AB
MFl,,,) by flow cytometry (CytoFLEX LX, Beckman Coulter). A degradation rate
was calculated as (AB MFI;;, - AB MFl,,;) /AR MFI,..

Anti-OPN mAb Binding Specificity assay. The anti-OPN mAb (clone: MPIIIB10,
isotype: mouse 1gG1) was produced using hybridoma cells [Cat. MPIIIB10 (1)]
from the Developmental Studies Hybridoma Bank (DSHB). Antibody scale-up and
purification were performed by Bio-X-Cell. The binding specificity of anti-OPN mAb
to rmOPN was determined by competitive ELISAimmunoassay. Plates coated with
2 pg/mLrmOPN (R&D System) were preincubated with a well-defined polyclonal
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anti-OPN Ab (clone: AF808, goat IgG, R&D System) or its isotype goat IgG (R&D
System) at graded concentrations (0, 0.625, 1.25,2.5, 5, 10, or 20 nM) at room
temperature (RT) for 2 h followed by incubation with 200 nM anti-OPN mAb
(clone: MPIIIB10, DSHB). Binding of anti-OPN mAb (clone: MPIIIB10, DSHB) to
rmOPN was detected using HRP-anti-mouse IgG (1:250, Invitrogen) and devel-
oped inTMB solution. The binding level was evaluated as the absorbance at 450
nm measured by a microplate reader (BioTek).

The Impact of Anti-OPN mAb on Microglial Proinflammatory Responses.
Microglia isolated from 9-mo-old 5XFAD mice were incubated with anti-OPN mAb
(clone: MPIIIB10, DSHB) at increasing concentrations (5, 10, 20 pg/mL) for 24 h.
BD GolgiPlug with brefeldin A(1 pL/mL, BD Biosciences) was added to cultures
for the last 4 h before flow cytometric analysis of TNF-a production by CD11¢*
microglia. Incubation of microglia with isotype control (mouse IgG1) was included
as a negative control.

In Vivo Administration of anti-OPN mAb. To test the potential therapeutic
effect of anti-OPN mAb (clone: MPIIIB10, DSHB), 6-mo-old 5XFAD mice received
weekly intravenous injections (IV; 10 mg/kg body weight) of anti-OPN mAb or
isotype control (mouse 1gG1) were performed for 1 or 2 mo. Microglial proin-
flammatory responses and A plaque pathology were analyzed at each end
point. Microglial proinflammatory responses were evaluated according to the
percentage of NF-o"CD11¢* microglia by flow cytometry (CytoFLEX LX, Beckman
Coulter).AB plaque pathology was assessed by immunofluorescent costaining of
anti-Amyloid B (6E10, 1:1,000, Biolegend) and Thioflavin-S in mouse brain cryo-
sections. Quantification of total plaque area (6E10™), diffuse area (6E10"Thio-S7),
and compactness index (calculated as 6E10"Thio-S* area/ 6E10™ area) were per-
formed by ImageJ (NIH).

Human Brain Sample Processing and Assessment.

Brain sample processing. Clinical and postmortem diagnoses, brain harvesting
procedures, tissue processing, and assessment of AD pathology were performed
and described in detail elsewhere (35). Deidentified brain tissues of the middle
frontal gyrus (a region affected early by AD) (35) of clinically and neuropatho-
logically characterized AD patients and controls were obtained from the Mount
Sinai Brain Bank through the Neurobiobank (https://neurobiobank.nih.gov/).
Three groups of decedents were included in this study: cognitively normal
(n=11), mild cognitive impairment (MCI, n=10), and AD patients (n=11). S/
Appendix, Tables ST and S2 describe this cohort in detail. Cognitive status at
death was ascertained using the clinical dementia rating (CDR) scale (61), which
assesses cognitive and functional impairments associated with dementia and
provides specific severity criteria for classifying subjects as nondemented (CDR
=0), questionably demented (CDR = 0.5), or with increasing levels of severity
of dementia from CDR = 1. Participants with an acute neurological condition
such as stroke or traumatic brain injury were excluded.

Plaque and tangle assessment in human brain tissue. Neuritic plaque and
neurofibrillary tangle assessments were conducted at the Mount Sinai Brain Bank,
according to the Consortium to Establish a Registry for Alzheimer's Disease pro-
tocol (62). Sections from paraffin-embedded blocks were variably stained with
hematoxylin and eosin, modified Bielschowski, modified thioflavin S, anti- amy-
loid (4G8), and anti-tau (AD2). All neuropathology data regarding the extent and
distribution of neuropathologic lesions were collected in a blinded fashion relative
to the subject's dementia status. Each case was assigned a Braak AD-staging score
for progression of neurofibrillary neuropathology (63, 64). In addition, quantitative
data regarding the density of neuritic plaques were collected as described (34).
OPN ELISA of human tissues. For quantification of brain OPN concentrations
in human brain samples, 10 mg frozen tissue was homogenized in 0.3 mL lysis
buffer[20 mM Tris-Hcl pH8, 130 mM NaCl, 1% triton X100 and protease inhibitor
cocktail (Roche)], kept on ice for 45 min and centrifuged at 13,000 g at 4 °C
for 20 min. Protein concentrations of brain lysate were measured using a BCA
kit (ThermoFisher Scientific), and 10 pg protein was loaded into each well of a
human OPN Quantikine ELISA plate (R&D Systems), according to the manufac-
turer's instructions.

Human brain staining for CD11c¢*OPN* microglia. Paraffin-embedded brain
tissue sections, from the middle frontal gyrus, were deparaffinized in xylene,
rehydrated in graded ethanol, and washed with PBS containing 0.1% Triton
X100 (PBS-T). Brain sections were boiled in 10 mM citric acid buffer (pH 6) for
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antigen retrieval and washed with PBS-T. The endogenous peroxidase activity
of samples was quenched using 3% hydrogen peroxide solution for 60 min,
followed by washing and incubation with Zyblack (Zytovision, BS-0002-8) for
30 min to reduce auto fluorescence. Endogenous biotin was blocked with
the Biotin-Blocking Kit (Invitrogen, E21390). Staining was performed by
multiplexing three Tyramide SuperBoost kits (Invitrogen, B40936, B40912,
B40923). First, sections were blocked using blocking buffer for 60 min,
then incubated with primary antibodies [biotinylated anti-OPN 1:50 (R&D
systems, BAF1433), anti CD11¢ 1:150 (Novus, NBP2-44598) and anti Iba-1
1:500 (Wako, 019-19741)] at 4 °C overnight. After washing, sections were
incubated with HRP-conjugated streptavidin for 60 min, washed and incubated
with Alexa Fluor™ 647 Tyramide streptavidin reagent for 10 min, followed by
reaction stop solution for 5 min. This was followed by superboost kits Alexa
Fluor™ 488 tyramid anti-mouse and Alexa Fluor™ 555 tyramid anti-rabbit.
Cell nuclei were marked with Hoechst, and slides were mounted with the
Immu-Mount medium (Thermofisher Scientific).

Brain slices of control (n=5), MCI (n=9) and AD (n=8) were coded and 10
to 12 images were captured under a confocal microscope (Leica DMi8), under
the same conditions of laser intensities, at three separate sequences; laser 408
nm at 5%, lasers 488 nm at 0.1%, laser 638 nm at 6.5%, and laser 552 nm
at 3% exposures using magnification of X400. Triple-positive cells expressing
Iba-1, CD11c, and OPN were counted, as well as total Iba-1-positive cells from
each slice using ImageJ software (NIH). The percent of CD11¢"OPN™ microglia
(CD11c*OPNIba-1") out of total Iba-1-positive cells was calculated for each slice,
and an average was calculated for each brain sample. Blinded analysis was per-
formed by an independent investigator.

Quantification and Statistical Analysis. Data were presented as mean =
SEM. Statistical analysis was performed using GraphPad Prism software ver-
sion 9.0. Analysis for comparing multiple groups was performed by one-way
or two-way ANOVA with Bonferroni's test. Comparisons between two groups
were analyzed with two-tailed Student's ¢ test. The correlation analysis was
performed using Pearson correlation. P < 0.05 was considered to denote
significance and expressed as *P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001. The statistical details, including the specific statistical tests used
in different analyses, as well as the respective sample sizes, were given in
the respective figure legends.

Data, Materials, and Software Availability. RNA-seq data for CD11¢"
microglia from 9-mo-old 5XFAD and 9-mo-old OPN-KO.5XFAD mice have been
deposited to NCBI-Gene Expression Omnibus (GEO) under accession number
GSE191118(65). Data are available upon reasonable request from the authors.
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