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In Alzheimer’s disease (AD), sensome receptor dysfunction impairs

microglial danger-associated molecular pattern (DAMP) clearance and
exacerbates disease pathology. Although extrinsic signals, including
interleukin-33 (IL-33), can restore microglial DAMP clearance, it remains
largely unclear how the sensome receptor is regulated and interacts with
DAMP during phagocytic clearance. Here, we show that IL-33 induces
VCAML1 in microglia, which promotes microglial chemotaxis toward
amyloid-beta (APB) plaque-associated ApoE, and leads to Af clearance.
We show that IL-33 stimulates a chemotactic state in microglia,
characterized by AB-directed migration. Functional screening identified
that VCAMI1 directs microglial AR chemotaxis by sensing Af3 plaque-
associated ApoE. Moreover, we found that disrupting VCAM1-ApoE
interaction abolishes microglial AR chemotaxis, resulting in decreased
microglial clearance of AB. In patients with AD, higher cerebrospinal fluid
levels of soluble VCAM1were correlated with impaired microglial A
chemotaxis. Together, our findings demonstrate that promoting VCAM1-
ApoE-dependent microglial functions ameliorates AD pathology.

In Alzheimer’s disease (AD), microglial clearance regulates the turno-
ver of neurotoxic danger-associated molecular patterns (DAMPs),
including amyloid-beta (Ap), hyperphosphorylated tau and dystrophic
neurites'. Microglial DAMP clearance is controlled by a stepwise func-
tional transition in which microglia first migrate toward DAMPs and
subsequently perform phagocytic clearance*®”. To sense and inter-
act with DAMPs, microglia express a repertoire of surface sensome
receptors that specifically bind to their cognate ligands on DAMPs and
trigger microglial activation® 2. Therefore, sensome receptor-DAMP

interactions are critical for the microglial clearance of DAMPs, which
inturn limits AD pathogenesis.

During DAMP clearance, microgliamodify their sensome receptor
expression profile while transitioning between functional states. In
response to AP aggregation, microgliaadoptaphagocytic phenotype
and express the gene signature of disease-associated microglia (DAM)
(alsoreferredto as neurodegenerative microglia or activated-response
microglia) marked by increased expression of sensome receptors
(thatis, Ax/ and Trem2)" ™, Genetic analysis further shows that these
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sensome receptors are important for regulating AD pathogenesis.
In particular, many AD risk variants and mutations are located near
or inthe coding sequences of genes that encode sensome receptors,
including CD33and TREM2"°'®, These variants or mutations reduce the
microglial phagocytic clearance, barrier formation around DAMPs,
and exacerbate AD pathogenesis by altering the expression, function
or cleavage of their respective sensome receptors'®?', Interestingly,
some sensome receptors, such as TREM2, can regulate microglial func-
tions and AD pathology in a stage-dependent manner?. Therefore,
furtherinvestigations are required to understand how these sensome
receptors and their dysfunctioning regulate microglial functions and
contribute to disease pathogenesisin AD.

It remains largely unknown how sensome receptors are regu-
lated and interact with DAMPs to control specific functions during
microglial DAMP clearance, including chemotaxis and phagocytosis.
The induction of microglial DAMP clearance is temporally stochastic
in vivo, partly because AP deposits develop in a spatiotemporally
random manner. This hinders detailed investigations of the different
functional states of microglia and their regulatory mechanisms dur-
ing DAMP clearance. Nonetheless, our previous study demonstrates
thatinterleukin-33 (IL-33) promotes microglial A clearance in a tem-
porally precise manner. By performing two-photon in vivo imaging
and flow cytometry analyses, we showed that microglia first exhibit
ApB chemotaxis (3-12 h after injection) and subsequently phagocy-
tose AP (15-24 h after injection) in APP/PS1 mice, a mouse model of
amyloidosis®. Therefore, in the present study, we investigated how
sensome receptors and their interactions with their cognate ligands
regulate microglial DAMP clearance upon IL-33 treatment in APP/PS1
mice. Addressing these knowledge gaps provides important insights
into the role of sensome receptor-ligand interactions in microglial
DAMP clearancein AD.

Here, we demonstrate that VCAMlinductioninmicrogliaenhances
theirinteraction with the cognate ligand ApoE to drive A3 chemotaxis
and subsequent AP clearance. Single-cell transcriptomic and lineage
development analyses revealed that in IL-33-treated APP/PS1 mice,
microgliaadoptachemotactic state inwhichthey exhibit AB-directed
migration before transitioning into a A phagocytic state. Moreo-
ver, functional screening identified that VCAMI1 regulates microglial
chemotaxis toward AP plaques through sensing ApoE in A} plaques.
Blockade of VCAM1-ApoE interaction inhibits the A chemotaxis of
microgliaand their subsequent differentiation into phagocytic micro-
gliaafterIL-33 treatment. Inaddition, in the brains of patients with AD,
VCAML1 signalingisinhibited and correlated with impaired microglial
migration toward AP plaques. Together, our findings demonstrate
a VCAM1-ApoE pathway that is important for promoting microglial
chemotaxis toward AP plaques and alleviating amyloid pathology.

Results

IL-33RM undergo a stepwise functional state transition

During IL-33-stimulated A clearance, microglia first undergo Ap
chemotaxis and subsequently adopt an MHC-II" phagocytic pheno-
type; microglia of this DAM subtype are referred to as IL-33-responsive

microglia (IL-33RM)*. However, the molecular mechanism by which
how microgliasequentially adopt chemotactic and phagocytic pheno-
types during microglial Ap clearanceis poorly understood. Therefore,
we first profiled the transcriptomes of microgliain APP/PS1 micein
the chemotactic state (thatis, 3 and 8 h after IL-33 treatment) and the
phagocyticstate (thatis, 24 hafter IL-33 treatment). Bulk RNA sequenc-
ing (RNA-seq) analysis showed that the expression levels 0f 1,433 genes
were elevated in microglia when they started to migrate toward A
plaques (thatis, 3 h after IL-33 treatment); the expressions of 381 genes
remained elevated throughout the chemotactic state (thatis, until 8 h
after IL-33 treatment) (Fig. 1a). Gene Ontology (GO) and protein-protein
interaction network analyses showed that these 381 activated genes are
functionally associated with cell chemotaxis and migration (Fig. 1b)
and form two major gene hubs that are associated with chemotaxis (for
example, C5ar1, Cd14 and Vcaml) and rRNA metabolism (for example,
Cirhla, Exoscl and Tsrl) (Fig. 1c). These findings show that after IL-33
treatment, microglia express a chemotactic gene signature before
adopting an A phagocytic phenotype.

Given that microgliaare highly heterogeneous, we subsequently
examined whether the induced expression of the chemotactic gene
signature in microglia is due to transcriptomic changes in a specific
microglial subpopulation(s). Using single-cell RNA-seq (scRNA-seq)
analysis, we identified 3 microglial subclusters—termed Mic_1 to
Mic_3—in IL-33-treated APP/PS1 mice and determined their respec-
tive signature genes (Fig. 1d). Transcriptomic analysis showed that
the Mic_1subcluster (forexample, Fcrls, P2ry12,and Tmem119), Mic_2
subcluster (for example, Ccl2, Ccl12, Icaml, and Vcam1I), and Mic_3
subcluster (for example, Apoe, Cst7, and SppI) express homeostatic,
chemotactic, and DAM gene signatures, respectively (Fig. 1e)™.
Moreover, the MHC-II-expressing IL-33RM clustered together with
the DAM (Fig. 1e), which is concordant with our previous findings™.
Therefore, we classified Mic_1 to Mic_3 as homeostatic microglia,
chemotactic microglia and DAM, respectively. In addition, upon
IL-33 treatment, the proportion of chemotactic microglia increased
~2.2-fold throughout the chemotactic phase (thatis, 3-8 h after IL-33
treatment), which coincided with the reduced proportion of homeo-
static microglia (Fig. 1f,g). We then conducted in situ hybridization
analysis to validate the IL-33-induced changes in the proportion of
chemotactic microgliain APP/PS1 mice. By monitoring Vcamli, a top
chemotactic signature gene whose expression remains elevated for
over 8 hafter IL-33 treatment (Fig. 1a), we found that the proportion of
chemotactic microglia (thatis, VcamI' microglia) increased ~1.9-fold
throughout the chemotactic phase after IL-33 treatment (Extended
DataFig.1a-c). Moreover, thisinduction of chemotactic microglia was
not caused by the technical artifacts introduced by surgical injuries
(Extended Data Fig. 1d). In contrast, flow cytometry analysis showed
that MHC-II" phagocytic microgliawereinduced 24 h after IL-33 treat-
ment but not during the earlier chemotactic phase (Extended Data
Fig.1le-g). Theseresults suggest that after IL-33 stimulation, the induc-
tion of a chemotactic microglial subpopulation leads to elevated
expression of a chemotactic gene signature in microglia before the
induction of MHC-II" phagocytic microglia.

Fig.1|IL-33-responsive microglia undergo stepwise transcriptomic
reprogramming. a-c, IL-33 induces prolonged expression of the microglial
chemotactic gene signature. a, Heatmap showing the expression levels of 1,433
IL-33-induced genes in microglia 3, 8 and 24 h after IL-33 treatment (adjusted
Pvalue < 0.05). The bar on the far right indicates genes showing transient
activation (red) and prolonged activation (orange). b, Bar plot showing the top
GO pathways associated with the genes showing transient (red) and prolonged
(orange) activation (asin panel a). FDR, false discovery rate. ¢, Protein-protein
interaction analysis of genes exhibiting prolonged activation. d-g, IL-33
regulates microglial heterogeneity in a sequential manner. d, Uniform Manifold
Approximation and Projection (UMAP) plot of three microglial subtypes showing
unbiased clustering of 72,519 microglia from APP/PS1 mice treated with IL-33 or

control for 3, 8, or 24 h (each condition corresponds to 3 biological independent
samples). e, Dot plot showing the expression levels of the top signature genes
ofthe 3 microglial subtypes. f,g, UMAP plots (f) and bar plots (g) showing the
proportions of homeostatic, chemotactic and DAM in the four conditions (n =3
mice in each condition; one-way ANOVA with Dunnett’s multiple comparisons
test). Con, control. h-j, The developmental lineage of IL-33RM involves the
sequential homeostatic-chemotactic-phagocytic state transition. UMAP
plots showing the cell trajectory (h) and pseudotime ordering (i) of the IL-33RM
developmental lineage. j, Heatmap visualizing the smoothed expression levels
of the top homeostatic, chemotactic, DAM, and phagocytic signature genes
(asdescribed in the text) along the IL-33RM developmental lineage. All data are
mean + standard error of the mean (s.e.m.).
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Interestingly, flow cytometry analysis showed that some IL-33-
induced chemotactic microglia (that is, VCAM1" microglia) gradually
expressed MHC-Il and became VCAM1* MHC-II" microglia (Extended
DataFig.1h,i). This suggests that VCAMI' chemotactic microglia arethe

ST2WT

ST2KO

precursors of MHC-II" phagocytic microglia. We further examined the
lineage relationship between these 2 microglial states by performing
pseudotemporal ordering analysis. Both cell trajectory and pseudo-
time analyses of microgliain IL-33-treated APP/PS1 mice showed that
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Fig.2|ST2-dependentinduction of chemotactic microgliais required for
Ap clearance upon IL-33 treatment. a,b, Chemotactic microglia migrate
toward AP plaques after IL-33 treatment. Representative images (a) and violin
plot (b) showing the distance between chemotactic microglia (thatis, Vcam1*
Cx3crI’ cells) and the nearest A plaque 3, 8 and 24 h after IL-33 treatment (3 h:
n=83microglia from four mice; 8 h: n =92 microglia from four mice; 24 h:

n =89 microglia from four mice; Kruskal-Wallis test with Dunn’s multiple
comparisons test). Dotted circle indicates 10 um from the perimeter of the Ap
plaque. Arrowheads indicate VcamI-expressing microglia. Scale bar =10 pm.
c,d, Genetic ablation of ST2 inhibits the microglial chemotactic state 3 h after
IL-33 treatment. Representative contour plots (c) and bar plot (d) showing the
proportions of chemotactic microgliain each group (Con APP/PS1;ST2WT mice:
n=4;1L-33-treated APP/PS1;ST2WT mice: n=5; Con APP/PS1;ST2KO mice:n=4;
IL-33-treated APP/PS1mice; ST2KO: n = 5; two-way ANOVA with Sidak’s multiple

comparisons test). e-g, Genetic ablation of ST2 inhibits the induction of MHC-II*
phagocytic microglia 24 h after IL-33 treatment. Representative images (e) and
bar plots showing the proportions of AB plaque-associated microglia (f) and
phagocytic microglia (g) in each group (Con APP/PS1;ST2WT mice: n =9 for panel
fand n=10 for panel g; IL-33-treated APP/PS1;ST2WT mice: n =10 for panel fand
n=_8for panel g; Con APP/PS1;ST2KO mice: n = 8; IL-33-treated APP/PS1;ST2KO
mice: n=9; two-way ANOVA with Sidak’s multiple comparisons test). Arrowheads
indicate phagocytic microglia. Scale bar =20 um. h,i, Genetic ablation of ST2
attenuates AP clearance induced by IL-33 48 h treatment. Representative images
(h) and bar plot (i) showing the A plaque areain the cortex 48 h after IL-33
treatmentin each group (Con APP/PSL;ST2WT mice: n =10; IL-33-treated APP/
PS1;ST2WT mice: n=9; Con APP/PS1;ST2KO mice: n = 9; IL-33-treated APP/
PS1;ST2KO mice: n = 7; two-way ANOVA with Sidak’s multiple comparisons test).
Scale bar =200 pm. All data are mean + s.e.m.

microglia transition fromahomeostatic to chemotactic to DAM state
(Fig. 1h,i). Visualization of the transcriptomic signatures of microglia
in each state along a pseudotime axis revealed a gradual decrease in
the expression of homeostatic signature genes (that is, P2ry12 and
Tmem119); this was followed by an induction of chemotactic signature
genes (thatis, Icaml1, Tlr2, and Vcam1I), aninduction of DAM signature
genes (thatis, Apoe and Cst7), and finally an induction of phagocytic
signature genes (that is, H2-Aa, H2-Ab1 and H2-EbI) (Fig. 1j). Taken
together, these results demonstrate that the lineage development of
IL-33RMinvolves a sequential transition from ahomeostatic statetoa
chemotactic state to a phagocytic state.

ST2isrequired for the induction of chemotactic microglia
Next, weinvestigated how the induction of VCAMI' chemotactic micro-
glia contributes to IL-33-stimulated Ap clearance. As VCAMI' chemo-
tactic microglia are induced during the chemotactic phase, we first
examined whether these microglia are the microglial subpopulation
that migrates toward Ap plaques upon IL-33 treatment. In situ hybridi-
zation analysis showed that the distance between Vcaml' microglia
and the nearest AP plaque gradually decreased after IL-33 treatment
(Fig.2a,b and Extended Data Fig. 2a), confirming that these microglia
exhibit AB-directed chemotaxis.

We then examined how IL-33 stimulates the induction of this
VCAMI' chemotactic microglial subpopulation and whether this pro-
cessisrequired forIL-33-stimulated AP clearance. Accordingly, we first
generated APP/PS1transgenic mice thatlacked thelL-33 receptor ST2
(that is, APP/PS1;ST2KO) and examined the effects of IL-33 on micro-
glial state transition and Af clearance in these mice. Flow cytometry
analysis showed that ST2 genetic ablation inhibited the increase in
the proportion of VCAM1" chemotactic microglia that occurs upon
IL-33 treatment (Fig. 2¢,d). Genetic ablation of ST2 also abolished the
induction of the chemotactic gene signature in microglia that occurs
afterIL-33 treatmentin APP/PS1 mice (Extended DataFigs. 2b,c). Impor-
tantly, ST2 genetic ablation abolished microglial differentiation into

the MHC-II" phagocytic state (Fig. 2e-g) and attenuated AP clearance
(Fig. 2h,i) after IL-33 stimulation. We further generated microglial ST2
conditional-knockout APP/PS1 mice (that is, APP/PS1;ST2-icKO) and
showed that microglial ST2 is required for IL-33-induced microglial
AP chemotaxis and clearance (Extended Data Fig. 2d-f). Also, IL-33
stimulates Vcam1 expression in microglia from wild-type mice, sug-
gesting that the induction of VCAM1' chemotactic state in microgliais
ageneralized IL-33 response that does not require priming (Extended
Data Fig. 2g-i). These findings collectively show that ST2 is required
for the induction of chemotactic microglia after IL-33 treatment and
that ST2-dependent microglial state transition is a prerequisite for
IL-33-stimulated AP clearance.

VCAMl1 regulates Ap chemotaxis of IL-33RM

During chemotaxis, cell-surface receptors sense chemoattractants
to regulate cell migration®**, Therefore, we investigated which cell-
surface receptor in chemotactic microglia mediates A chemot-
axis. Compared to other microglial subpopulations, chemotactic
microglia exhibited higher expression of 39 cell-surface receptors
(Extended Data Fig.3a); 3 of these receptors (Ccr7, Icami and Vcam1)
are functionally associated with the cell migration response (Extended
Data Fig. 3b,c). To investigate whether their respective encoded
cell-surface receptors are important for the enhanced chemotactic
capacity of VCAM1' chemotactic microglia, we performed anin vitro
wound-healing migratory assay using the BV2 microglial cell line.
Only neutralizing antibodies against ICAM1 and VCAMI inhibited
the IL-33-stimulated migration capacity of BV2 cells (Extended Data
Fig. 3d-f). Next, we treated APP/PS1 mice with neutralizing anti-
bodies targeting each of the receptors before IL-33 treatment
(Fig. 3a). Only VCAMI1-neutralizing antibody and not antibodies
against CCR7 and ICAM1 or their isotype control antibodies inhib-
ited the IL-33-induced chemotactic microglial migration toward
AP plaques (Fig. 3b,c and Extended Data Fig. 3g-i). Moreover, only
VCAMI-neutralizing antibody attenuated the subsequent transition

Fig.3|VCAMI1 controls the AP chemotaxis of chemotactic microgliaand
subsequent AP clearance upon IL-33 treatment. a-f, VCAM1 blockade inhibits
theIL-33-induced AP chemotaxis of microglia. a, Schematic diagram showing
the protocol for neutralizing antibody administration before IL-33 treatment

in APP/PS1 mice.b,c, Representative images (b) and violin plot (c) showing the
distances between chemotactic microglia and the nearest Ap plaque 24 h after
administration of a VCAMI-neutralizing antibody in IL-33-treated APP/PS1 mice
(IgG Con: n = 61 microglia from 5 mice; IgG IL-33: n = 131 microglia from 5 mice;
«VCAM1 Con: n =48 microglia from 5 mice; aVCAM1IL-33: n =109 microglia
from 5 mice; Kruskal-Wallis test with Dunn’s multiple comparisons test). Dotted
circleindicates 10 um from the perimeter of the A3 plaque. Arrowheads indicate
Vcami-expressing microglia. Scale bar =10 pm. d-f, Representative images (d)
and bar plots showing the proportions of Ap plaque-associated microglia (e) and
phagocytic microglia (f) 24 h after administration of antibody against VCAML1in

IL-33-treated APP/PS1 mice (IgG Con:n =9;1gGIL-33: n = 8 for paneleand n=7 for
panel f; aVCAML1IL-33: n = 9 for panel e and n = 8 for panel f; one-way ANOVA with
Dunnett’s multiple comparisons test). Scale bar =20 pm. g-k, Genetic ablation
of VCAML1in microglia inhibits the AR chemotaxis of microglia and microglia-
mediated AP clearance upon IL-33 treatment. g, Schematic diagram showing
the protocol for tamoxifen and IL-33 administration in APP/PS1;,VCAMI-icKO
mice. h,i, Representative images (h) and bar plot (i) showing the proportions of
phagocytic microglia 24 h after IL-33 treatment in APP/PS1;VCAMI-icKO mice
(wild-type (WT) Con: n=11; WTIL-33: n=12;icKO Con: n=11;icKOIL-33: n=13;
two-way ANOVA with Sidak’s multiple comparisons test). Scale bar =20 pm.

Jjk, Representative images (j) and bar plot (k) showing the A plaque areas in the
cortex 48 h after IL-33 treatment in APP/PS1-icKO mice (WT Con:n=7; WTIL-33:
n=12;icKO Con: n=11;icKO IL-33: n = 12; two-way ANOVA with Sidak’s multiple
comparisons test). Scale bar =200 pm. All data are mean +s.e.m.
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of microglia into the MHC-II" phagocytic state after IL-33 treatment
(Fig. 3d-fand Extended Data Fig. 3j).

To examine whether VCAM1-mediated signaling in microglia is
important for IL-33-induced A3 chemotaxis, we generated VCAM1
conditional-knockout APP/PS1 mice (that is, APP/PS1;VCAM1-
icKO) and examined the effect of IL-33 on microglial Af chemotaxis
(Fig. 32). Genetic ablation of microglial VCAM1abolishes Vcam1 expres-
sioninmicroglia after IL-33 treatment but does not affect the survival
of mice or the number of microgliain cortical regions (Extended Data
Fig.3k-m). Next, we showed that genetic ablation of microglial VCAM1
attenuated the IL-33-induced increase in the number of Af3 plaque-
associated microglia (Fig. 3h and Extended Data Fig. 3n), suggesting
that microglial VCAM1 is important for IL-33-stimulated microglial
migration toward AP plaques. Moreover, in the APP/PS1;VCAM1-icKO
mice, IL-33 stimulated neither the transition of microglia to the MHC-II
phagocytic state (Fig. 3i) nor Ap clearance (Fig. 3j,k). These findings col-
lectively demonstrate that microglial VCAM1 plays arolein controlling
microglial chemotaxis toward A plaques as well as the subsequent
IL-33-stimulated AP clearance.

ApoE acts as chemoattractant for VCAM1-dependent
chemotaxis
We subsequently determined which chemoattractant in Ap plaques
directs VCAMI1-dependent chemotaxis in microglia. Although Af is the
major component of AR plaques, these plaques are also enriched with
more than 20 proteins, including lipoproteins and truncated recep-
tors®. STRING protein-protein interaction analysis revealed that some
AP plaque-associated proteins (namely ApoE, CD44,ICAM1and ITGB2)
caninteract with VCAMI (Fig.4a). To determine whether these proteins
serve as chemoattractants for VCAMI1-dependent microglial chemot-
axis, we stereotactically injected APP/PS1 mice withbeads coated with
recombinant ApoE, CD44 or ITGB2 protein and examined microglial
migration 24 h after IL-33 injection, when the microglia had finished
migrating toward the beads (Fig. 4b and Extended Data Fig. 4a,b). IL-33
administration increased both the total and MHC-II" microglia sur-
rounding the ApoE-coated beads (Fig. 4c-e). However, we observed
nosuchincreaseinthetotal or MHC-II" microglia surrounding the BSA-
(asacontrol), CD44-or ITGB2-coated beads after IL-33 treatment. Also,
IL-33-stimulated microglia migrate toward both human ApoE isoforms
and murine ApoE to asimilar extent (Extended Data Fig. 4c,d). Further-
more, themicrogliasurrounding the ApoE-coated beadsinIL-33-treated
APP/PS1mice expressed Vcaml (Fig. 4f), suggesting that ApoE actsasa
chemoattractant for the IL-33-induced VCAMI' chemotactic microglia.
ApotE lipidation strongly affects the interactionbetween ApoE and
cell-surface receptors”>°. Therefore, we investigated whether ApoE
lipidation regulates IL-33-stimulated microglial chemotaxis by stereo-
tactically injecting APP/PS1mice with lipidated or nonlipidated ApoE.
After IL-33 treatment in APP/PS1 mice, more microglia surrounded
nonlipidated ApoE thanlipidated ApoE (Fig.4g-i). Blockade of VCAM1
signaling by co-injection of recombinant VCAMI1 protein or genetic

ablation of VCAM1 in microgliainhibited microglial migration toward
nonlipidated ApoE in APP/PS1 mice after IL-33 treatment (Fig. 4j-0).
Together, these findings indicate that nonlipidated ApoE preferentially
directsthelL-33-induced VCAM1-dependent chemotaxis inmicroglia.

VCAMI1-ApoE interaction controls microglial A chemotaxis
Inthe AD brain, ApoE is secreted by DAM, astrocytes, vascular cells, and
stressed neurons***', Secreted ApoE can bind to A, thereby facilitat-
ingits seeding and enhancing the compactness of AR plaques®**. Inter-
estingly, A plaque-associated ApoE is predominantly nonlipidated™.
Therefore, we investigate whether ApoE associated with AB plaquesis
amajor mediator of the migration of chemotactic microglia toward
AP plaques. Accordingly, we administered ApoE-neutralizing anti-
body to APP/PS1 mice to inhibit microglia-ApoE interaction® before
IL-33 treatment (Fig. 5a). Blockade of ApoE signaling by this antibody
inhibited the migration of VCAMI" chemotactic microglia toward Ap
plaques afterIL-33 treatment (Fig. 5b,c). Moreover, the antibody abol-
ished the subsequentincrease in the proportion of Ap plaque-associ-
ated microglia and MHC-II" phagocytic microglia stimulated by IL-33
(Fig. 5d-f). To further examine the role of ApoE in the regulation of
VCAMI1-dependent microglial chemotaxis, we generated ApoE-knock-
out APP/PS1 mice (thatis, APP/PS1;ApoE-KO) and examined the effect
of IL-33 on microglial AB chemotaxis. Genetic ablation of ApoE inhib-
ited the recruitment of microglia toward AP plaques and the subse-
quentinduction of MHC-II* phagocytic microglia after IL-33 treatment
(Fig. 5g—i). These results suggest that VCAM1-ApoE interaction is
essential for directing chemotactic microglia toward Ap plaques and
the transition of these microglia to the subsequent phagocytic state.
Consistent with this notion, the ApoE-neutralizing antibody also abol-
ished the IL-33-induced A clearance (Fig. 5j,k). Although previous
report suggested that chronicinhibition of ApoE for 14 weeks reduces
AB levelsin APP/PS1mice*, we did not observe notable reductionin Ap
level after acute ApoE inhibition (that is, within 52 h). Together, these
findings demonstrate that the interaction between VCAM1' chemotac-
tic microgliaand Ap plaque-associated ApoE is required for microglia
to transition from a chemotactic state to a phagocytic state and for
subsequent AP clearance.

sVCAMI correlated with microglia-Ap interactionin AD
Although the VCAM1-ApoE axisis important for IL-33-stimulated micro-
glial chemotaxis toward AP plaques and subsequent Af clearance, itis
unclear if patients with AD have impaired microglial VCAM1 signaling.
Accordingly, we examined the microgliain the brains of patients with
AD;29.9% of microgliaexpressed VCAML, 69.7% of which (thatis, 20.9%
ofthetotal microglia) were co-localized with Ap plaques (Extended Data
Fig. 5a,b). These findings show that most VCAM1" microglia interact
with AB plaques in patients with AD.

Next, we determined if VCAM1signalingis dysregulated in patients
with AD. The plasma level of soluble VCAM1 (sVCAML1), which acts as
adecoy receptor that inhibits VCAM1-mediated signaling, was 34%

Fig.4 | ApoEis achemoattractant that directs VCAMI-dependent chemotaxis
of microglia. a, STRINGdb protein-protein interaction between VCAM1 (green)
and AP plaque-associated proteins (orange). b, Schematic diagram showing the
protocol for injecting protein-coated beads followed by IL-33 treatment in APP/
PS1mice. c-e, Representative images (c) and bar plots showing the numbers of
microglia (d) and MHC-II" microglia (e) within the area of BSA-, ApoE-, CD44-,
and ITGB2-coated beads after IL-33 treatment (Con: BSA: n=3, ApoE: n = 6, CD44:
n=6,ITGB2:n=4;1L-33:BSA:n=5, ApoE:n=6,CD44:n=6,ITGB2: n=5; two-way
ANOVA with Sidak’s multiple comparisons test). Dotted line indicates bead

area. Scale bar =20 pm. f, Representative images showing the VcamI-expressing
microgliasurrounding ApoE-coated beads after IL-33 treatment. Arrowheads
indicate VcamiI-expressing microglia. Scale bars =50 pm (left) and 20 um

(right). Experiment was repeated for three batches with similar results.

g-i, Representative images (g) and bar plots showing the numbers of microglia

(h) and MHC-II" microglia (i) within the areas of beads coated with nonlipidated
orlipidated ApoE in IL-33-treated APP/PS1 mice (nonlipidated: n = 7; lipidated:
n=7;two-tailed paired t-test). Dotted line indicates bead area. Scale bar =20
pm.j-o, VCAML s essential for the ApoE chemotaxis of microglia after IL-33
treatment. j-1, Representative images (j) and bar plots showing the numbers of
microglia (k) and MHC-II" microglia (I) within the ApoE-coated bead areas after
co-injection of r’VCAM1in IL-33-treated APP/PS1 mice (Fc:n=6;r'VCAML:n=6;
two-tailed paired t-test). Dotted line indicates bead area. Scale bar =20 pum.
m-o, Representative images (m) and bar plots showing the numbers of microglia
(n) and MHC-II" microglia (o) within the ApoE-coated bead areas in IL-33-treated
APP/PS1;VCAMI1-icKO mice (wild-type [WT]: n = 6;icKO: n = 6; two-tailed
unpaired t-test). Dotted line indicates bead area. Scale bar =20 pm. All data are
mean s.e.m.

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-023-00491-1

SLITT GPC1
a » b
SLIT2 DC4 ApoE/
cD44 GPC5
o HTRA1
. O coLal ) fTDG“EfQ/ IL-33 sac
ICAM1 OFLT1 o v v
o BV SoL1A2 ‘ ‘
° GFAP
VCAMI © . Beads 0 24h
ApoE o O COL25A1
o CaA (@) APP OMDK
ITGB2 o OSPON1
cap © C%BPA oGRN
+ [J Con
Cc d Iba1™: f
0. p< W L33
. | Ns 00001 NS NS
IL-33 FI o
BSA ApoE CD44 ITGB2 2E Vcam1/
g €
. DAPI
')
8%
€
p=}
=4
BSA ApoE CD44 ITGB2 cx3ert/
DAPI
e MHC-II* LJ Con
.- P< IL-33
. NS OLOCH NS NS
=g o
OE
Too
So
“— X il
°% o Merge
23 S
55 lop ©
ZE
O ,
BSA ApoE CD44 ITGB2
g ApoE j m APP/PST;VCAM1-icKO:
Non-lipidated Lipidated Fc rVCAM1 WT ickO
MHC-Il/Ibal - MHC-Il/Ibal - MHC-1I/IbaT
h i k | . o .
Ibal*: MHC-II": Ibal*: MHC-II*: Ibal™: MHC-II™:
P=0.0001 P=0.011 P=0.003 P=0.008 P =0.0004 P <0.0001
8 - 2 - 8 - 4 8 - 2 1
2 . N’E‘ = + {E‘ = . NE
=S e = = o o =
e A OE g OE e 1° OE Ton0
&< I o< I o< o~ Q
= E So = E So == So
E g e E ¢ e Eg e
Bom 4 X 1 Bem 4 BX 24 S 4 TX 14
o) 5.2 o) 52 o) o oS
% Qo % o lre)) % o o
€ il Eo € il EQ c il EOS |
5 ER 5 ERS 5 338
=z ZE z =€ z €
0+ 0 —— 0 0 0 - 0 -
‘@b ’@é \?/6 ‘@b «© § «© § \é\' %O $'\' %O
P P P P S O © ©
K N N N < <
& N3

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-023-00491-1

higher in patients with AD thanin healthy controls (Fig. 6a). Moreover,
plasmasVCAMIl level was positively correlated with the levels of plasma
p-Taul81 (tau phosphorylated at threonine-181) and plasmaNfL (neuro-
filament light polypeptide), whichare AD biomarkers that canindicate
disease stage (Fig. 6b,d). Consistently, this elevated plasma sVCAM1
level in AD and its correlation with plasma p-Taul81 level were also
observed when subjecting the same samples to proximity extension
assay proteomic measurement (Extended Data Fig. 6a,b)”".

Giventheimportant role of VCAM1 signaling in mediating micro-
glial AR chemotaxis, we determined if sVCAM1 levelis associated with
dysregulated microglia-Af interactionin the brain sections of patients
with AD. The cerebrospinal fluid (CSF) level of sVCAM1 was inversely
correlated with microglial infiltration into AP plaques in the brains of
patients with AD (Fig. 6d,e and Extended Data Fig. 6¢c—e); moreover,
thisinverse correlation wasindependent of APOE4 genotype (Fig. 6f).
Together, these findings demonstrate that an elevated brain sVCAM1
levelis correlated with impaired microglia-Ap plaques interactionin
patients with AD.

Discussion

Inthis study, werevealed the critical axes of receptor-ligand interaction
that drives AP clearance in microglia. The sequential orchestration of
theIL-33-ST2 and VCAM1-ApoE pathways isimportant for promoting
AP chemotaxis in microglia and ultimately results in A clearance. To
stimulate AP chemotaxis, IL-33-ST2 signaling firstinduces the VCAMI"
chemotactic state in microglia. Then, induced VCAMl1receptorsinter-
actwith AP plaque-associated ApoE to regulate AB-directed migration.
Furthermore, our findings reveal an unexpected role of A3 plaque-
associated ApoE whereby it functions as a chemoattractant to direct
microglial migration. This study is one of the first to show that the
interaction between a microglial receptor and A3 plaque-associated
factor controls Ap chemotaxisin microgliaandleads to Af clearance.
These findings also suggest the therapeutic potential of targeting these
regulatory receptor-ligand axes of microglial chemotaxis to ameliorate
AD pathology.

Our study identifies the role of VCAMI1 in the regulation ofimmune
cell chemotaxis. Previous studies identified VCAMI as a cytokine-
inducible molecule in endothelial cells that regulates their binding
with immune cells*®*’, Indeed, in various inflammatory conditions,
endothelial VCAMLlisinduced to prime the site for leukocyte transmi-
gration*°™*2, These findings show that endothelial VCAM1 regulates
chemotaxis by functioning as a molecular tag (that is, as a ligand for
chemotaxis) to provide directionality for migratory immune cells.
Interestingly, VCAM1 can also be induced in migratory immune cells
including microglia and macrophages* *. However, it is unclear
whether VCAMI plays functional roles in these immune cells. Here,
we found that when VCAML1 is induced in migratory cells (for exam-
ple, chemotactic microglia), it functions as a chemotactic receptor
to sense a chemoattractant(s). These results show that VCAMI can

regulate chemotaxis in a reciprocal manner—acting as a receptor or
ligand—depending on the type of cell on which it is expressed. Taken
together, the current findings advance our understanding of the role
of VCAML1 in the regulation of chemotaxis.

The identification of VCAM1 as a cytokine-induced chemotactic
receptor in microglia provides insights into the regulatory principles
of microglial chemotaxis in AD. In AD, DAMP accumulation creates
a chemoattractant gradient that guides microglial chemotaxis. Suc-
cessful chemotaxis enables microglia to migrate toward DAMPs and
subsequently triggers contact-based phagocytic clearance. Therefore,
microglial chemotaxis is an essential intermediate process in DAMP
clearance that bridges the functional transition from surveillance to
phagocytosis*®’. Indeed, proper microglial chemotaxis is crucial for
limiting the development of amyloid pathology. In particular, genetic
ablation of the chemokine receptor CCR2 impairs microglial migration
toward AP plaques and exacerbates amyloid pathology*®*’, whereas
IL-3 or IL-33 stimulates microglial Ap chemotaxis to ameliorate amyloid
pathology?***. These findings also suggest that microglial chemotaxis
requires stimulation from extrinsic signals including cytokines and
chemokines. However, it is poorly understood how microglia modify
their chemotactic capacity and migrate specifically toward Af plaques.
Our study demonstrates that upon extrinsic signal stimulation, sur-
facereceptorsareinduced to sense the chemoattractant and thereby
control the directionality of microglial chemotaxis. These findings
demonstrate thatbothreceptor-directed migration and extrinsic signal
stimulation are essential for successful microglial chemotaxis in AD.

In addition to the regulation of microglial chemotaxis, surface
receptorsareimportant for the functional transition of microgliain AD.
Indeed, proper functioning of surface receptors (for example, TREM2
and LRP1) is crucial for interactions between DAMPs and microglia,
including phagocytosis, barrier formation, and degradation?®?*°*,
These findings collectively demonstrate that receptor-DAMP interac-
tionregulates multiple processes during microglial DAMP clearance,
including chemotaxis, phagocytosis, and degradation. Nevertheless,
itis unclear how microglia modify their response to DAMPs and tran-
sition between functions during DAMP clearance. Although detailed
investigations are required to fill this knowledge gap, our single-cell
transcriptomic profiling showed that microglia undergo stepwise
transcriptomic reprogramming during DAMP clearance. Therefore,
we hypothesize that microglia modify their functions by expressing
different surface receptors during DAMP clearance. For example, when
microglia are in the chemotactic state, the induced VCAMI1 receptor
interacts with ApoE, which may resultin the activation of downstream
Racl signaling to stimulate cytoskeleton remodeling®*****, Mean-
while, in the phagocytic state, microglia express a distinct set of sur-
facereceptors (forexample, Trem2) through which theyinteract with
DAMPs and subsequently trigger downstream signaling to stimulate
phagocytosis?*?>7¢°, Accordingly, further studies are required to
investigate the potential crosstalk between VCAM1-ApoE signaling and

Fig.5| VCAM1-ApoE interaction is critical for the A chemotaxis of
microglia and microglia-mediated AP clearance after IL-33 treatment.
a-c, ApoE-neutralizing antibody inhibits the A chemotaxis of microglia
upon IL-33 treatment. a, Schematic diagram showing the protocol for ApoE-
neutralizing antibody administration before IL-33 treatment in APP/PS1
mice. b,c, Representative images (b) and violin plot (c) showing the distance
between chemotactic microglia (thatis, VcamI* Cx3crI* cells) and the nearest
AP plaque 24 h after administration of ApoE-neutralizing antibody in IL-33-
treated APP/PS1mice (IgG Con: n =107 microglia from 6 mice; IgG IL-33: n =115
microglia from 5 mice; xApoE Con: n = 94 microglia from 6 mice; aApoE
IL-33: n =93 microglia from 6 mice; Kruskal-Wallis test with Dunn’s multiple
comparisons test). Dotted circle indicates 10 pm from the perimeter of the
AB plaque. Arrowheads indicate Vcami-expressing microglia. Scale bar =10
pm. d-i, VCAM1-ApoE interaction is required for inducing the phagocytic
state transition of microglia after the induction of VCAM1 expression.

d-f, Representative images (d) and bar plots showing the proportions

of A plaque-associated microglia (e) and phagocytic microglia (f) (that is,
MHC-II" Ibal® cells) 24 h after administration of ApoE-neutralizing antibody
inIL-33-treated APP/PS1 mice (IgG Con: n = 5;1gGIL-33: n = 5; aApoE Con:
n=5; aApoE IL-33: n = 5; two-way ANOVA with Sidak’s multiple comparisons
test). Arrowheads indicate phagocytic microglia. Scale bar =20 um.

g-i, Representative images (g) and bar plots showing the proportions of A
plaque-associated microglia (h) and phagocytic microglia (i) (that is, MHC-II"
Ibal* cells) 24 h after IL-33 treatment in APP/PS1-ApoE-knockout mice (n = 6 per
condition; two-way ANOVA with Sidak’s multiple comparisons test). Scale bar
=20 pm.j k, Representative images (j) and bar plot (k) showing the A plaque
areasin the cortex 48 h after administration of ApoE-neutralizing antibody in
IL-33-treated APP/PS1 mice (IgG Con: n=5;1gGIL-33:n=7; aApoE Con:n=4;
aApOE IL-33: n = 4; two-way ANOVA with Sidak’s multiple comparisons test).
Scale bar =200 um. All data are mean + s.e.m.
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Fig. 6| Dysregulated VCAM1 signaling is associated with impaired microglial
infiltrationinto Ap plaques in patients with AD. a-c, Soluble VCAM1 (sVCAM1)
levelis elevated in the plasma of patients with AD and correlated with disease
severity.a,sVCAML1 levelsin the plasma of normal controls (NCs) and patients
with AD (NC: n =15; AD: n =17; two-tailed Mann-Whitney test). b,c, Correlations
between plasma levels of sVCAM1 and plasma p-Taul81 (b) (tau phosphorylated
at threonine-181) and plasma NfL (c) (neurofilament light polypeptide) (n =30
for panelb, n =31for panel c; linear regression). Dotted line indicates the 95%
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confidence interval of the regression line. d-f, Cerebrospinal fluid (CSF) sVCAM1
levels are inversely correlated with microglial infiltration into AB plaques.
Representative images (d) and dot plot (e) showing the correlation between

CSF sVCAML1 level and microglial infiltration into AP plaques in patients with

AD (n =26, linear regression). Dotted line indicates the 95% confidence interval
of theregression line. Scale bar =20 um. f, Dot plot showing the correlations
between CSF sVCAM1 level and microglial infiltrationinto AB plaquesin patients
with AD stratified by ApoE4 genotype. All data are mean + s.e.m.

other signal pathways such as TREM2-ApoE. Nevertheless, these find-
ings suggest that by changing the expression profiles of surface recep-
tors, microgliamodify the functional outcomes of their interaction with
DAMPs, resulting in a functional transition during DAMP clearance.

What drives the induction of the phagocytic state in microglia?
Although the activation of surface VCAMI receptor triggers varies
downstream signals including Racl-Pakl signaling and calcium-
mediated signaling®°*“, further investigationis needed to determine
whether VCAM1 activation triggers transcriptional changes in micro-
glia and leads to the induction of the phagocytic signature. Another
possibility is that an additional receptor-ligand pair(s) is involved in
controlling the transcriptional reprogramming from the chemotactic
state to the phagocytic statein microglia. For example, another recep-
tor in chemotactic microglia downstream of VCAM1-ApoE-signaling
may interact with its cognate ligand present on AP plaques to trigger
the expression of the phagocytic signature. Indeed, some signature
genes of chemotactic microglia, including Marco and Tir2, bind with
AP to trigger microglial activation'>>. Therefore, detailed investiga-
tions are required to further dissect the receptor-ligand pair(s) that
controls the microglial transition from the chemotactic state to the
phagocytic state.

Our model of the microglial homeostatic-chemotactic-phago-
cyticstate transition may be ageneralized paradigm for the regulation
of microglial functions in AD, partly owing to the presence of VCAM1*
and MHC-II" microglia in patients with AD®*"%. Interestingly, the two key
regulatory axes of microglial chemotaxis—IL-33-ST2 and VCAM1 signal-
ing—are dysregulated in AD and aging*****’, Specifically, the levels of
soluble ST2 and sVCAMI, which are inhibitory decoy receptors of ST2
and VCAMLI, respectively, are elevated in the CSF and plasma of patients

with AD. Therefore, itis of interest to understand how the dysregulation
of IL-33-ST2 and VCAML1 signaling impairs microglial chemotaxisin AD.
Given that these signaling axes regulate distinct aspects of microglial
chemotaxis, the elevated soluble ST2 and sVCAML levels in AD may
impair the induction of chemotactic microglia and their detection of
ApoEinAD, respectively.Indeed, the negative correlation between CSF
sVCAMI1 level and microglia-Ap interaction supports the inhibitory
role of sVCAM1on microglial AR chemotaxis. Furthermore, these find-
ings show that proper VCAM1 functioning isimportant for controlling
microglial AR chemotaxis in patients with AD.

Understanding the molecular mechanisms of neuroprotective
functions in microglia, especially DAMP clearance, is pivotal for the
development of AD therapeutic interventions. Accordingly, our study
identified a VCAM1-APOE pathway that drives AB-directed migration in
chemotactic microgliaandleadstothe clearance of Ap plaques. There-
fore, our findings provide valuable therapeutic insights for targeting
microglial chemotaxis to ameliorate AD pathology.

Methods

Experimental model and subject characteristics

We performed all animal experiments in accordance with protocols
A19054 and V190021, which were approved by the Animal Care Commit-
tee of the Hong Kong University of Science and Technology (HKUST).
We housed all mice at the Laboratory Animal Facility in HKUST. We
housed mice of the same sex in temperature and humidity-controlled
environment, on a12-h light/dark cycle and provided them with food
and water ad libitum. We used mice of both sexes for experiments and
performed all experiments using groups of sex- and age-matched
(that is, 10-11-month-old) littermates. Consistent with previous
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findings****’°7?, we did not observe an obvious sex-specific microglial
response toward IL-33.

We obtained four mouse strains from the Jackson Laboratory:
APP/PS1 transgenic mice (B6C3-Tg[APPswe, PSEN1dE9]85Dbo),
which were generated by incorporating a human/murine APP con-
struct bearing the Swedish double mutation and exon 9-deleted PSEN1
mutation; ApoE-knockout mice (B6.129P2-Apoe™U™/]); Cx3cr1cretrT
mice (B6.129P2[Cg]-Cx3cr1tm21lere/ERT2ILitt) iy which a microglia-spe-
cific promoter controls CreERT2 expression; and Vcam1'™"'> mice
(B6.129[C3]-Vcam1™2"/J), which have loxP sites on either side of the
cytokine-responsive promoter region and exon 1 of the Vcam1 gene.
lI1r[1°*°* mice, which have loxP sites on intron 3 and intron 5, were
purchased from GemPharmatech. A.N.J. McKenzie of the Medical
Research Council Laboratory of Molecular Biology (Cambridge, UK)
provided ST2-deficient mice”. We confirmed the genotypes of the mice
by PCR analysis of ear biopsy specimens.

The patient study was approved by the Clinical Research & Ethics
Committees of Joint Chinese University of Hong Kong-New Territories
East cluster for Prince of Wales Hospital (CREC reference no.2015.461),
Kowloon Central Cluster/Kowloon East Cluster for Queen Elizabeth
Hospital (KC/KE-15-0024/FR-3) and Human Participants Research Panel
ofthe Hong Kong University of Science and Technology (CRP#180 and
CRP#225). All participants provided written informed consent for
both study participation and sample collection. We collected plasma
samples from healthy controls of Hong Kong Chinese descent and
patients with AD aged >60 years who visited the Specialist Outpatient
Department of the Prince of Wales Hospital at the Chinese University
of Hong Kong from April 2013 to February 2018. The clinical diagnosis
of AD was based on the criteria for AD in the DSM-5 (Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition). All participants
underwent medical history assessment, clinical assessment, cognitive
and functional assessments using the Montreal Cognitive Assess-
ment (MoCA), and neuroimaging by magnetic resonance imaging.
We excluded participants with any neurological disease other than
AD or any psychiatric disorder. We recorded participants’ age, sex,
years of education, medical history, history of cardiovascular disease
(that is, heart disease, hypertension, diabetes mellitus, and hyper-
lipidemia), and white blood cell counts. This Chinese cohort datawas
previously collected and published™. In brief, the cohort consists of 345
patients with AD and 345 health controls, and we selected 32 samples
(males (M) =7, females (F) =25; NC =15, AD =17; age = 67-87 years;
MoCA =4-30) for plasma ELISA analysis.

We obtained postmortem formalin-fixed, paraffin-embedded
brainsections and cerebrospinal fluid (CSF) samples from patients with
AD from the South West Dementia Brain Bank (SWDBB), which receives
approval from North Somerset and South Bristol Research Ethics Com-
mitteeto operate asaresearch tissue bank (REC reference number: 23/
SW/0023). Consent was obtained from potential donors whilst living
and the capacity to make this decision at the time of registration was
witnessed by an appropriate person in a Qualifying Relationship. In
the event that apotential donor nolonger had the capacity to consent
for themselves, the SWDBB will also accept applications submitted
on their behalf by an appropriate person in a Qualifying Relationship
under specific conditions. The clinical diagnosis of AD was based on the
DSM-5 criteriafor AD. For ourinitial sample selection from the SWDBB,
we excluded participants with neurodegenerative diseases other than
AD, vascular diseases, an intoxicated state or infection at the time
of death, prions, inflammatory diseases, structural brain disorders,
metabolic/nutritional diseases, trauma, delirium, genetic disorders
(for example, Down syndrome) or systemic diseases other than AD.
We selected 35 AD samples (M =18, F =17; age = 54-96 years) and the
detailed population, including age, sex, APOE4 genotype, CSF VCAM1
level and microglia-Af interaction, are shownin Supplementary Table
1. Datapoints with1) CSF VCAM1 level below detectionlevel, 2) incom-
plete APOE4 genotype informationand 3) poor immunohistochemical

staining of microgliaand Ap were excluded from the analysis in Fig. 6e
and Extended Data Fig. 6d. Data distribution was assumed tobe normal,
but this was not formally tested.

Reagents

We obtained murine recombinant IL-33 (580506), AF647-conjugated
AP (clone: 6E10) antibody (803021), APC-conjugated MHC-II (clone:
M5/114.15.2) antibody (107614), FITC-conjugated VCAMI (clone:
MVCAM.A) antibody (105706) and MHC-II (I-A/I-E) (clone: M5/114.15.2)
antibody (107601) from BioLegend. We obtained ICAM1-neutralizing
(clone: YN1/1.7.4) antibody (BE0020)”>’® and VCAM1-neutralizing
(clone: M/K-2.7) antibody (BE0027)%*”” from Bio X Cell. We obtained
AF488-conjugated CD11b (clone: M1/70) antibody (53-0112-82), APC-
conjugated CD11b (clone: M1/70) antibody (17-0112-83) and bioti-
nylated CD11b (clone: M1/70) antibody (13-0112-82) from eBioscience.
ApoE-neutralizing (clone: H)6.3) antibody was a gift from D. Holtzman*.
We obtained DAPI (D3571) from Life Technologies, and mouse ITGB2
recombinant protein (LS-G14036-10) was from LSBio. We obtained
mouse ApoE recombinant protein (MBS955382) from MyBioSource
as well as CCR7 neutralizing (clone: 4B12) antibody (MAB3477)"® and
VCAM1 antibody (BBAS5) from R&D Systems. We obtained recombinant
mouse CD44 protein (53953-MO8H) from Sino Biological, MeX04
(4920) from Tocris Bioscience and Ibal antibody (019-19741) from Wako.

IL-33, neutralizing antibody and tamoxifen treatments in mice
For IL-33 treatment, we administered 1 ng recombinant murine IL-33
(in 2 pl sterile phosphate-buffered saline [PBS]) by intracerebroven-
tricular injection at 0.3 pl min™ at the following coordinates relative
to the bregma: anteroposterior, -0.3 mm; mediolateral, +1.2 mm;
dorsoventral,-2.3 mm. We euthanized the mice at different time points
after injection as indicated in Results and figure legends.

Three to four hours before intracerebroventricular injection of
IL-33, we administered 6 pg well-characterized neutralizing antibodies
against ApoE, CCR7, ICAM1 and VCAML (in 3 pl) by intracerebroven-
tricular injection at 0.3 pl min™ at the following coordinates relative
to the bregma: anteroposterior, —0.3 mm; mediolateral, +1.2 mm;
dorsoventral, -2.3 mm.

To minimize the technical artifacts introduced by intracer-
ebroventricular surgery on microglial activation, we used only the
half-forebrain regions contralateral to the site of intracerebroven-
tricular injection for our downstream analyses including our bulk/
single-cell transcriptomic analyses, immunofluorescence staining
and insituhybridization experiments. We did not observe any notable
microglial activation (thatis, VCAM1 or MHC-Ilinduction) introduced
by the surgical procedures.

For tamoxifen administration, we dissolved tamoxifen powder
(Sigma-Aldrich) in corn oil at 20 mg ml™ by shaking it overnight at
37 °C; we stored the working tamoxifen solution in the dark at 4 °C.
Before administration, weincubated the tamoxifen solutionina37 °C
water bath for 5 min. To induce the nuclear translocation of CreERT2
and conditional knockout of the candidate gene, we intraperitoneally
injected the tamoxifensolution (100 pl daily) for 4 consecutive days. We
subsequently confirmed the knockout efficiency of Vcam1lin microglia
by real-time PCR.

Flow cytometry and fluorescence-activated cell sorting

We performed flow cytometry and fluorescence-activated cell sorting
as previously described”. In brief, we deeply anesthetized adult mice
usingisoflurane and then perfused themwithice-cold PBS. We minced
the forebrain tissue into small pieces and mechanically dissociated
them with a Dounce homogenizer on ice. We used a Percoll gradient
(30%; Sigma-Aldrich) to remove myelin. We blocked the resultant
mononuclear cell suspensions withan FcRblocker onice for 10 minand
thenincubated themwithantibody (all 1:100 dilution) in the dark onice
for 30 min. Next, we performed flow cytometry analysis and cell sorting
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withaBD Influx Cell Sorter. We used unstained controls to identify cell
populations and visualized clear subpopulations of living microglia
onscatter plots; the purity of microglial isolation was routinely >90%
accordingtoreanalysis of the sorted cells. We analyzed the data using
FlowJo software (version 10.8.2; Tree Star).

Bulk RNA-seq library preparation

We sorted approximately 10,000 living microglia directly into RA1
Lysis Buffer and stored them at —80 °C until RNA extraction. We then
extracted RNA from the microglia using a NucleoSpin RNA XS Kit
(Macherey-Nagel) according to the manufacturer’s instructions. We
immediately converted the extracted RNA into full-length comple-
mentary DNA (cDNA) using a SMART-Seq v4 kit (Takara Bio). Next,
we quantified the concentrations of the cDNA libraries with Qubit
(Thermo Fisher Scientific) and fragment lengths with Fragment Ana-
lyzer (Advanced Analytical). For library construction, we tagmented
1ng cDNA by incubation with Tn5 transposase (Illumina) for 30 min
at 55 °C and then amplified the tagmented cDNA by PCR for 12 cycles.
We size-selected the libraries (100-600 bp) with AMPure XP beads
(Beckman Coulter). We quantified the concentrations of the final
libraries with Qubit (Thermo Fisher Scientific) and fragment lengths
with Fragment Analyzer (Advanced Analytical). We performed paired-
end sequencing using a NextSeq 500 or NovaSeq 6000 instrument
(Novogene) according to the manufacturer’s instructions.

Bulk RNA-seq analysis

We aligned the sequencing data to the mm10 mouse reference genome
using STAR (version 2.7.0)*" and quantified the data using the Rsub-
read (version 2.4.3) package® in R. We also performed differential
expression analysis using the DESeq2 (version 1.30.1) package®” in
R. We defined differentially regulated genes (DEGs) as those with an
adjusted P value < 0.05. We visualized the gene expression of DEGs
under different conditions using Morpheus online software. Finally,
we functionally annotated the DEGs by GO enrichment analysis and
the STRING database.

scRNA-seq library preparation

We generated scRNA-seq libraries using a Chromium Next GEM Sin-
gle Cell 3’ Library Kit (v3.1 Chemistry; 10x Genomics) according to
the manufacturer’s instructions. In brief, we counted sorted living
CD11b" cells on a hemocytometer. We mixed single-cell suspensions
(400 cells pI™") with reverse transcription reagent mix and loaded them
into the chip for single-cell encapsulation. Weimmediately incubated
theencapsulated cellsinathermocycler for reverse transcription. We
obtained barcoded cDNA and used it for library construction according
tothe manufacturer’sinstructions. We quantified the concentrations
ofthefinallibraries with Qubit (Thermo Fisher Scientific) and fragment
lengths with Fragment Analyzer (Advanced Analytical). We performed
paired-end sequencing of the libraries on aNovaSeq 6000 instrument
(Novogene) according to the manufacturer’s instructions.

scRNA-seq analysis
We performed scRNA-seq analysis as previously described**. For
better identification of IL-33RM, we included a APP/PS1-PBS control
sample from our previous study®. Demultiplexed FASTQ files (from
Novogene) were aligned to mm10 mouse reference genome by Cell
Ranger (v7.0.0) with the default settings®>. Then, we performed down-
stream quality control (QC) and analyses using Seurat (v4.1.0). We
further removed microglia with<500 genes, >15,000 unique molecular
identifiers and >5% mitochondrial genes as second round of QC. After
the QC, 72,519 microglia (from 86,288 CD11b" cells) were retained for
the downstream analysis.

Wefirst performed samplesintegration tocombine samples across
conditions. We first performed the log-normalization on the matrices
andidentified highly variable features using the FindVariableFeatures

function (selection.method =vst and nfeatures = 2000). Then, weiden-
tified the anchoring features by the FindintegrationAnchors function
(dims =1:20) and used the identified anchors to combine samples
across conditions using the IntegrateData function (dims = 1:20).
After scaling and linear dimensional reduction by RunPCA func-
tion (npcs = 50), we use the top 30 principal components for graph-
based clustering.

Graph-based clustering is performed by first using the FindClusters
function (resolution = 0.3) and followed by UMAP clustering using the
RunUMAP function (dims = 1:30). Microglial clustering across condi-
tions is visualized by Dimplot function.

Differentially expressed genes across clusters/conditions s calcu-
lated using Wilcoxon rank-sum test in FindAlIMarkers function (logfc.
threshold = 0). Adjusted P value < 0.05 is reconsidered as statistical
significance.

Monocle3(ref. 84) is used for pseudotemporal ordering analysis,
whichreconstructs the developmental trajectory of IL-33RM. We visu-
alized the smoothed gene expression level (moving average of 1,000
microglia) with Morpheus.

Insitu hybridization

We performed insitu hybridization on formalin-fixed, paraffin-embed-
ded mouse brain sections using an RNAscope Multiplex Fluorescent
ReagentKitv2(323100) according to the manufacturer’sinstructions.
In brief, we deeply anesthetized the mice using isoflurane and per-
fused them with20 ml 4% paraformaldehyde (PFA) in PBS; we isolated
the half-brain contralateral to the injection site and fixed it in 4% PFA
overnight. After fixation, we dehydrated, cleared, and infiltrated the
brains with paraffinin a Revos Tissue Processor using a standardized
processing protocol. We sectioned the embedded brain blocks at 6 pm
using a microtome and stored them at 4 °C. Before in situ hybridiza-
tion, we dried the brain sections for 1 h at 60 °C. Next, we deparaffi-
nized the sections twice with Clear-Rite 3 for 5 min each timeand then
washed them twice with 100% ethanol for 2 min each time. After drying
the sections at room temperature, we added hydrogen peroxide for
15 min to block endogenous peroxidase activity. We then washed the
sections with DEPC-DPBS, submerged them in the provided target
retrieval buffer, and boiled them for 15 min. Next, we applied protease
plus to the sections for 15 min, washed the sections with DEPC-DPBS,
and proceeded with the standardized probe hybridization procedure
according to the manufacturer’sinstructions. We purchased RNAscope
probes targeting Cx3crl and Vcaml from Advanced Cell Diagnostics.
For AP plaques co-staining, we incubated the sections with an AF647-
conjugated AP (6E10) antibody (1:1,000 dilution) overnight after in
situ hybridization. We acquired confocal images using a Leica TCS SP8
confocal microscope. To examine the relative distance between the
chemotactic microgliaand AP plaques, we selected only A plaques of
asimilar size forimage acquisition and quantification; this minimizes
the variations in microglia—Ap interactions caused by A plaque size
and composition (thatis, A species and ApoE).

We manually quantified the proportions of Vcami1*microgliaand
theirrelative distancesto the nearest A plaque using Leica Application
Suite (LAS X) software (Leica) ina double-blinded manner. We consid-
ered microglia Vcaml' when atleast 2 Vcaml punctawere present. Given
that AP plaquesvaryinsize withinthe cortical regions, we measured the
relative distance of microglia to the nearest AP plaque as the shortest
distance between the center of the nucleus of each Vcam1i' microglia
and the periphery of the AP plaque; this measurement minimizes the
variation caused by differencesin Af plaque size.

Cell culture and in vitro wound-healing assay

The mouse BV2 microglial cell line was a generous gift from Dr. Douglas
Golenbock’s laboratory, and the culture was performed as previously
described®. Inbrief, BV2 cells were cultured in DMEM (Gibco) supple-
mented with 10% heat inactivated fetal and penicillin/streptomycin,
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and maintained in 100 mm plates in a humidified incubator contain-
ing 5% CO, at 37 °C. For subculturing, cells were dissociated by 0.25%
trypsinin PBS incubated at 37 °C for 2 min, transferred into 50 ml fal-
con, centrifugated at 800 x g for 5 min, and then resuspend in culture
medium. Cell replating was performed once the confluency of the
culture dish reached 80%-90%, and 1:20 dilution ratio was applied for
cell passagingin every 3 or 4 days. Experiments were performed only
when cells have been passaged for at least twice after thawing, and all
cellswere discarded once they reached P15.

To examine the migratory capacity of BV2 microglial cells, we
performed wound-healing assay in Ibidi Culture-Insert 2 well 24 (80242,
Ibidi) following manufacturer’s instruction. Briefly, 75,000 BV2 cells
were seeded into chambers on both sides of the insert and cultured
for18 h. The inserts were then removed from the wells, and cells were
washed by fresh medium, followed by treatment of VCAM1/ICAMY/
CCR?7 neutralizing antibody and IL-33. Immediately after treatment
starts, the culture plate was placed into a ZEISS Celldiscoverer 7 (CD7)
for automated live cellimaging.

InCD7,two views were selected along the gap between seeded cells
and imaged for 24 h with 0.5-h interval. Images were analyzed using
ImageJ (version 1.53) to measure the area covered by migrating cells.
The area differences between each time point and starting time were
calculated and averaged from two views in the same well as follows:

A —A
cell covered area (%) = [A—to x 100%,
)

where A, is the gap area covered by cell measured at ¢ hour, and A, is
the gap area covered by cell at starting time point. Student’s ¢-test is
used for statistical comparison between groups.

Immunofluorescence and immunohistochemical staining of
human formalin-fixed, paraffin-embedded sections

We first deparaffinized and rehydrated the sections with Richard-
Allan Scientific Signature Series Clear-Rite 3 (Thermo Scientific) and
graded ethanol solutions. To identify VCAM1* microglia in the brains
of patients with AD, we treated the sections with sodium citrate buffer
(10 mM sodium citrate, pH 6.0) for 20 min using a pressure cooker
for epitope retrieval. To reduce background autofluorescence, we
pre-treated the sections using the protocol adapted from Sun et al
withslight modifications®®. Then, we incubated the sections with 0.2%
thioflavin S (Sigma-Aldrich) in 50% ethanol for 8 min followed by treat-
ment with concentrated PBS in the dark for 10 min at 4 °C. After thi-
oflavin Slabeling, we blocked the sections with 10% goat serumfor1h
at room temperature and then incubated them with an anti-VCAM1
antibody (1:50 dilution) and anti-Ibal antibody (1:200 dilution) ina
dark, humid chamber overnight at 4 °C. After washing, we incubated
the sections with secondary antibodies (all diluted 1:500) in the dark
for 1h at room temperature followed by SYTOX Green Nucleic Acid
Stain (Thermo Fisher Scientific; 1:120,000 dilution) in the dark for
5 min. We subsequently mounted the sections using ProLong Diamond
Antifade Mountant (Thermo Fisher Scientific) and stored themin the
darkat4 °C.We collected theimages using a Zeiss LSM 980 microscope
with Airyscan 2, and processed and analyzed them manually with ZEN
software (version 3.3; Zeiss).

We used double immunohistochemical staining to examine the
microglial interaction with A on AD patient brains, as previously
described™. Inbrief, we treated the deparaffinized, rehydrated sections
with sodium citrate buffer (10 mM sodium citrate, pH 6.0) for 25 min,
and followed by blocking and quenching of the peroxidase activities.
Wethenincubated the sections with anti-Ap antibody (clone: NAB228)
(1:500 dilution) and anti-Ibal antibody (1:100 dilution) overnight at
4 °C. Next, the sections were washed and incubated with horserad-
ish peroxidase-labeled anti-mouse Ig and alkaline phosphatase (AP)-
labeled anti-rabbit Ig (HK597-50K, Double Staining Kit, BioGenex).

We developed the sections with 3,3’-diaminobenzidine (DAB) and fast
red substrate (BioGenex), and further counterstained before mounting.
Images acquisitionis performed with a Zeiss Axio Scan.Z1scanner and
analyzed with ZEN software (version 3.3; Zeiss). To analyze the micro-
glial Ap interaction, we selected 20 fields per section and processed
with Colour Deconvolution function in Fiji software (ImageJ v1.53c)
to separate the images into three different channels: DAB, Fast Red,
and hematoxylin. After adjusting the thresholds, we determined the
total AP area and Iba-stained A area by the Create Selection function
and followed by Analyze function. A plaque-microglial interaction
(% total AB) areais calculated by dividing Iba-1-stained Ap area by the
total AB area.

To analyze AP deposition in the AD brain, we performed antigen
retrieval by formic acid for 5 min at room temperature. Followed by
quenched with 3% hydrogen peroxide, we stained the sections with a
mouse anti-Af antibody (clone: NAB228) (1:500 dilution) overnight at
4 °C.Next, we stained the sections with horseradish peroxidase-labeled
anti-mouse IgG (SS Polymer) and developed them with DAB substrate
(BioGenex).10images were selected from each section for downstream
analysis. We first performed background subtraction and threshold
adjustment, then we used the Analyze Particles function to determine
thetotal AR areafor each section. Amyloid plaque load (% area) =total
AP area/total image area (100 mm?).

For theimaginganalyses, twoindependent researchers performed
section staining, image acquisition, and image quantification. Images
were quantified in ablinded manner.

Immunofluorescence staining of mouse brain sections

We deeply anesthetized adult mice using isoflurane and perfused them
withice-cold 4% PFA. We isolated their brains and fixed them overnight
in4%PFA. We then prepared 50-um floating sections using a vibratome.

To examine the microglial transition to an MHC-II" phagocytic
phenotype and AP clearance after IL-33 treatment, we performed anti-
genretrieval on floating sections using Tris-EDTA (pH 9.0) at 85 °C for
15 min. After washing, we blocked the sections with 1% BSA, 4% horse
serum, and 0.4% Triton X-100 in PBS at room temperature for 30 min
followed by incubation with anti-Ibal antibody (1:1,000 dilution),
MeX04 (1:30,000 dilution from 1 mg/mL stock), and anti-MHC-Il anti-
body (1:1,000 dilution) overnight at 4 °C. After washing, we incubated
the sections with the goat anti-rabbit IgG (H + L) AF647 antibody and
goat anti-rat IgG (H + L) AF488 antibody (Invitrogen; 1:1,000 dilu-
tion) overnight at 4 °C. We acquired confocal images using a Zeiss
LSM880 confocal microscope. To examine microglia-Ap interactions,
weselected only AP plaques of a similar size for image acquisition and
quantification; this minimizes the variations in microglia-Af interac-
tions caused by AP plaque size and composition (that is, AP species
and ApoE).

Foreachsample, we stained two or three brain sections (~150-200
pm apart, near the hippocampus). To quantify the proportions of A
plaque-associated microglia and MHC-II" microglia, we analyzed 4
areas per section. For each sample, we obtained and analyzed at least
200 microglia using ImageJ (version 1.53). To quantify the areas of Ap
plaques, we tile-scanned and analyzed sections from the entire cortex
using the Analyze Particles function in ImageJ (version 1.53).

To study the microglial chemotactic response tochemoattractant-
coated beads, we performed antigen retrieval on floating sections using
Tris-EDTA (pH 9.0) at 85 °Cfor 15 min. After washing, we blocked the sec-
tionswith1%BSA, 4% horse serum, and 0.4% Triton X-100in PBSatroom
temperature for 30 min followed by incubation with anti-Ibal antibody
(1:1,000 dilution), DAPI (1:5,000 dilution), and anti-MHC-Il antibody
(1:1,000 dilution) overnight at 4 °C. After washing, we incubated the
sections with the goat anti-rabbitIgG (H + L) AF647 antibody and goat
anti-rat IgG (H + L) AF488 antibody (Invitrogen; 1:1,000 dilution)
overnight at 4 °C. We acquired confocal images using a Zeiss LSM880
confocal microscope. During image acquisition, we first located and
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imaged the protein-coated beads under the brightfield setting and
subsequently switched to the confocal setting for the fluorescence
imaging of microglia.

For each sample, we stained and analyzed three consecutive
brain sections (~150 pm covering the entire volume of the injected
beads). We then analyzed and manually calculated the average num-
bers of microgliaand MHC-II" microglia surrounding and within the
bead area by using ImageJ (version 1.53). We quantified the bead
area as the darkened area in the brightfield images (Extended Data
Fig.4a,b).

Analysis of microglial chemotaxis toward chemoattractant-
coated beads

To examine microglial chemotaxis toward a given chemoattractant
invivo, we followed a stereotactic injection method modifications to
theinjection material and site*”. To generate chemoattractant-coated
beads, we first washed anti-His tag beads twice with 0.1% BSA in PBS.
Then, we incubated 5 pl beads with 30 ng recombinant ApoE, CD44,
or ITGB2 protein for 30 min at 4 °C. After two rounds of washing with
0.1% BSA in PBS, we resuspended the beads in 30 pl 1% BSA in PBS to
achieve a concentration of 1 ng pl™ chemoattractant-coated beads
and immediately proceeded with stereotactic injection. One to two
hours before intracerebroventricular injection of IL-33, we injected
the chemoattractant-coated beads into the mice at 0.3 pl min™at the
following coordinates relative to the bregma: anteroposterior, 0 mm;
mediolateral, +2.0 mm; and dorsoventral, 1.5 mm. we euthanized the
mice 24 h after intracerebroventricular injection of IL-33.

We performed lipidation of recombinant ApoE as previously
described®. In brief, we prepared reconstituted ApoE particles by a
cholate dialysis method using a ApoE:POPC:cholesterol molar ratio of
1:50:10. We analyzed the reconstituted ApoE particles by nondenatur-
ing gradient PAGE.

For co-injection of ApoE beads and rVCAMI protein, we
prepared ApoE beads as mentioned above and resuspended them in
30 I3 ng pl™ VCAMLI or Fc-control in PBS.

Measurement of plasma and cerebrospinal fluid VCAM1 levels
and levels of AD-related biomarkers

We measured the AB,,, ratio as well as tau, p-taul81(tau phosphoryl-
ated at threonine-181), and neurofilament light polypeptide levels in
350 pL plasmawith a Quanterix Accelerator Laboratory using a Quan-
terix Simoa NF-light Assay Advantage Kit (103186), Neurology 3-Plex A
Kit (101995), and pTau-181 Advantage V2 Kit (103714) as appropriate.
We analyzed VCAMLl levels in plasma and CSF usinga Human VCAM1-/
CD106 Quantikine ELISAKit (DVCO00) according to the manufacturer’s
instructions.

Statistics and reproducibility
Allstatistical methods were reported in the figures, figure legends, and
methods. AllRNA-seq experiments, that is, both bulk and single-cell,
were repeated for two batches with similar results. Analysis was per-
formed using datacombined from two batches. All other experiments
were repeated for three to five batches with similar results.
Nostatistical methods were used to predetermine sample sizes but
sample sizes primarily based onthe common standards and practices of
similar types of experimentsin the field: n=4-5mice for bulk RNA-seq
(ENCODE: https://www.encodeproject.org/data-standards/rna-seq/
long-rnas/) and insitu hybridization experiments®”*” aswellas n = 6-13
mice for microglia staining and AD pathology measurement®-*>?>°058,

Randomization. No randomization method was used to allocate ani-
mals to experimental groups. For human staining and ELISA measure-
ment, patient samples were selected based on availability and quality.
For plasmaELISA, we selected 32 samples(M=7,F=25;NC=15,AD=17;
age =67-87 years; MoCA =4-30) from our Chinese cohort.

Blinding. All analyses, except bioinformatic analysis of sequencing,
were performed inadouble-blinded manner. Bulk RNA-seq and single-
cellRNA-seqanalyses were performed without bias because experimen-
tal conditions are required for result interpretation and downstream
analysis, such as pseudotime trajectory projection. However, sequenc-
ing results were validated by independent approaches, including insitu
hybridization and immunofluorescent staining, in a double-blinded
manner. For human sample analysis, investigators were blinded to
allocation during experiments and outcome assessment forimaging,
and ELISA analysis. For immunofluorescent imaging analysis, data
collection and analysis were performed in a double-blinded manner.

Data exclusion. For single-cell transcriptomic analysis, microglia
with <200 genes, > 20,000 unique molecular identifiers and > 20%
mitochondrial genes were excluded. These parameters are commonly
adopted as quality-check for single-cell RNA-seq data. No sample was
excludedinanimal and cell culture experiments. In Fig. 6b,c, datapoints
were excluded due to undetectable level of pTaul81 or NfL. In Fig. 6e
and Extended Data Fig. 6d, datapoints with 1) CSF VCAM1 level below
detectionlevel, 2) incomplete APOE4 genotype information and 3) poor
immunohistochemical staining of microglia and Af3 were excluded
from the analysis. For other experiments, no datapoint was excluded
fromthe analysis.

For bulk RNA-seq, we performed differential expression analysis
using the DESeq2 package in R. We considered genes to be differen-
tially regulated if the adjusted P value was < 0.05. For scRNA-seq, we
performed differential analysis with the Wilcoxon rank-sumtest using
the FindAlIMarkers function with the parameter logfc.threshold = O.
Wesset the level of statistical significance to an adjusted Pvalue < 0.05.
We performed all other statistical analyses using GraphPad Prism 9.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All raw sequencing data and processed data are available at Gene
Expression Omnibus repository under accession number GSE208006.
All other data supporting the findings of this study are available as
source data files or from the corresponding author, N.Y.1. (boip@ust.
hk), uponreasonable request.

Code availability

All code used for bulk RNA-seq and scRNA-seq analysis can be found
athttps://github.com/sflau123/Vcam1-ApoE_microglia_AD.git. Others
are available from the corresponding author, N.Y.I. (boip@ust.hk),
uponrequest.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Chemotactic microglia migrate toward amyloid-beta
plaques after interleukin-33 treatment. a-c, The induction of chemotactic
microglialasts throughout the chemotactic phase. a,b, Representative images
(a) and quantification (b) showing the proportion of chemotactic microglia
(thatis, VcamI* Cx3crl’ cells) after interleukin-33 (IL-33) treatment (3 h Con:
n=4;3hIL-33:n=5;8hCon:n=3;8hIL-33:n=4;24hCon:n=5;24 hIL-33:
n=4; two-way ANOVA with Sidak’s multiple comparisons test). Arrowheads
indicate Vcami-expressing microglia. Scale bar =10 pm. ¢, UMAP plots showing
Vcami expression across conditions. d, Bar plot quantifying the proportions of
chemotactic microglia (thatis, VcamI® Cx3crI’ cells) in uninjected and PBS-
injected (Con) APP/PS1 mice (n =4 mice per condition; two-tailed unpaired

Student’s t-test). e, UMAP plots showing H2-Ab1 expression across conditions.
f.g, Induction of MHC-II" phagocytic microglia after IL-33 treatment.
Representative contour plots (f) and quantification (g) showing the proportions
of MHC-II" phagocytic microglia (thatis, MHC-II" CD11b" cells) after IL-33
treatment (Con: n =3 mice; 3 h:n=3 mice; 8 h:n=3mice; 24 h:n=4mice;
one-way ANOVA with Dunnett’s multiple comparisons test). h,i, Chemotactic
microglia gradually express MHC-I1 after IL-33 treatment. Representative contour
plots (h) and quantification (i) showing the proportions of MHC-II-expressing
chemotactic microglia (thatis, MHC-1I * VCAM1"* CD11b" cells) after IL-33
treatment (3 h: n=4 mice; 8 h: n = 4 mice; 24 h: n =4 mice; one-way ANOVA with
Dunnett’s multiple comparisons test). All data are mean + s.e.m.
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Extended Data Fig. 2| ST2 genetic ablation inhibits the induction of

the chemotactic transcriptomic state in microglia after interleukin-33
treatment. a, Bar plot showing the distance between chemotactic microglia
(thatis, VcamI' Cx3crI* cells) and the nearest amyloid-beta (AB) plaque 3, 8, and
24 hafterinterleukin-33 (IL-33) treatment (n = 4 mice per condition; one-way
ANOVA with Dunnett’s multiple comparisons test). b, Venn diagram showing
the overlap between 529 differentially expressed genes (DEGs) (IL-33-treated
APP;ST2KO vs. IL-33-treated APP;ST2WT mice) and the signature genes of
chemotactic microglia (n = 4 per condition). ¢, Bar plots showing the expression
levels of the representative chemotactic signature genes in the 3 conditions
(Wald test from DESeq2). d-f, Genetic ablation of ST2 in microglia inhibits the
AP chemotaxis of microglia and microglia-mediated Ap clearance upon IL-33
treatment. d, Schematic diagram showing the protocol for tamoxifen and IL-33

administrationin APP/PS1;ST2-icKO mice. e,f, Bar plots showing the proportions
of AB plaque-associated microglia (e) and AP levels in cortical regions (f) after
IL-33 treatment in APP/PS1;ST2-icKO mice (wild-type [WT] Con:n=5; WTIL-33:
n=6;icKO Con: n = 6;icKO IL-33: n = 6; two-way ANOVA with Sidak’s multiple
comparisons test). g-i, The induction of VCAM1' chemotactic microgliaisa
generalized IL-33 response in microglia. g, Bar plot showing the expression level
of Vcam1in microglia 3 h after IL-33 treatment (WT Con:n=4; WTIL-33:n=5;
APP/PS1Con: n =3; APP/PS11L-33: n = 3; two-way ANOVA with Sidak’s multiple
comparisons test). h,i, Representative images (h) and quantification (i) showing
the proportion of chemotactic microglia (thatis, VcamI* Cx3crI® cells) after
interleukin-33 (IL-33) treatment in WT mice (n = 3 mice per condition; two-tailed
unpaired Student’s ¢-test). Arrowheads indicate Vcam1i-expressing microglia.
Scale bar =10 um. All data are mean +s.e.m.
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Extended Data Fig. 3| VCAM1 regulates microglial amyloid-beta chemotaxis
after interleukin-33 treatment. a-c, Identification of a potential cell-surface
receptor that controls the amyloid-beta (Af}) chemotaxis of chemotactic
microglia. a, Subcellular distribution of the 142 signature genes of chemotactic
microglia. b, Gene Ontology (GO) analysis of the 39 chemotactic signature genes
localized on the cell surface. FDR, false discovery rate. ¢, Functional classification
of the 7 cell adhesion molecules. d-f, Neutralizing antibodies against ICAM1 and
VCAML inhibit interleukin-33 (IL-33)-stimulated microglia migration in vitro.

d,e, IL-33 promotes the migratory response of BV2 cells in awound-healing

assay (n =3 from3independent batches; two-tailed unpaired Student’s ¢-test).

f, Quantification showing the effects of CCR7-,ICAM1-, and VCAM1-neutralizing
antibodies on the IL-33-stimulated migration of BV2 cells in awound-healing
assay (aCCR7 Con: n=3;aCCR7IL-33: n= 6; cICAM1 Con: n = 3; xsICAM11L-33:
n=6;aVCAMI Con: n=5; XVCAM1IL-33: n = 6; two-way ANOVA with Sidak’s
multiple comparisons test). g-k, Neutralizing antibodies against CCR7,ICAM1,
orisotype controls neither affect AR chemotaxis nor the induction of MHC-II"
microgliaafter IL-33 treatment.g,h, Representative images (g)and quantification
(h) showing the proportions of Ap plaque-associated microglia after
administration of isotype control antibodies and IL-33 (IgG2a Con: n = 4;1gG2alL-

33:n=4;1gG2b Con:n=4;1gG2b1L-33:n=4;IgG1 Con: n=9;1gG1IL-33: n = 8; two-
way ANOVA with Sidak’s multiple comparisons test). i,j, Quantification showing
the proportions of AR plaque-associated microglia (i) and the proportions of
MHC-II" microglia (j) after administration of neutralizing antibodies and IL-33
(IgG Con:n=9;1gGIL-33: n=8for paneliand 7 for panel j; aCCR7 IL-33: n=8§;
aICAML1IL-33: n=7; one-way ANOVA with Sidak’s multiple comparisons test).
Scale bar =20 um. k1, Long-term genetic ablation of microglial VCAM1 does

not affect the survival of mice or the number of microglia. k, Survival curve

of VCAM1-icKO mice 1 month after tamoxifen injection (n = 3 per condition).

1, Quantification showing the number of microgliain VCAM1-icKO mice (n=3
per condition; two-tailed unpaired Student’s t-test). m, Genetic ablation of
microglial VCAM1abolishes IL-33-induced Vcam1 expression in microglia (wild-
type [WT]Con:n=3; WTIL-33:n=3;icKO Con: n=3;icKO IL-33: n = 3; two-way
ANOVA with Sidak’s multiple comparisons test). n, Genetic ablation of microglial
VCAML1 inhibits microglial migration toward A plaques after IL-33 treatment.
Quantification showing the proportions of Ap plaque-associated microgliain
VCAM1-icKO mice after IL-33 treatment (WT Con: n=11; WT IL-33: n=12; icKkO
Con: n=11;icKO IL-33: n =13; two-way ANOVA with Sidak’s multiple comparisons
test). All dataare mean £s.e.m.
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Extended Data Fig. 4 | Chemotactic microglia migrate toward nonlipidated
ApoE after interleukin-33 treatment. a,b, Quality control for bead injection.
Representative images (a) and quantification (b) showing the bead injection area
(Con: n=12;interleukin-33 [IL-33]: n = 18, two-tailed unpaired Student’s ¢-test).
Scale bar=50 um.c,d, IL-33-induced chemotactic microglia migrate towards
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human ApoE isoforms. Representative images (c) and bar plot (d) showing
microglial migration towards BSA-, murine ApoE (mApoE)-, human ApoE3-,and
human ApoE4-coated beads after IL-33 treatment (n = 3 per condition; one-way
ANOVA with Sidak’s multiple comparisons test). Dotted line indicates bead area.
Scale bar =25um. Alldataare mean +s.e.m.
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Extended DataFig. 6 | Validation of the elevated plasma soluble VCAM1 c-e, Cerebrospinal fluid (CSF) sVCAML1 level is not correlated with sex or APOE4
levelin patients with Alzheimer’s disease. a,b, Cross-cohort validation of genotypes in patients with AD. ¢, Violin plot comparing sVCAML1 levels in CSF and
the elevated plasma soluble VCAM1 (sVCAM]I) level found in patients with plasma (CSF: n=35; Plasma: n = 32; two-tailed Mann-Whitney test). d,e, Bar plots
Alzheimer’s disease (AD). a, Violin plots showing the levels of plasma sVCAM1in showing the effects of APOE4 gene dosage (e) (0:n=3;1:n=14; 2: n=9; Kruskal-
the PWH cohort (obtained from Jiang et al., 2021) (normal controls [NCs]: n = 74; Wallis test with Dunn’s multiple comparisons test) and sex (e) on sVCAM1 level
AD: n=106; two-tailed Mann-Whitney test). b, Correlation between the plasma in patients with AD (male: n =18; female: n =17; two-tailed Mann-Whitney test).
levels of sVCAM1 and neurofilament light polypeptide (NfL) (linear regression). Dataare mean +s.e.m.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were acquired using BD Influx Cell Sorter.
For in situ hybridization staining, confocal images were acquired using a Leica TCS SP8 confocal microscope.
For mice immunofluorescence staining, confocal images were acquired using a Zeiss LSM880 confocal microscope with Airyscan.
For human immunofluorescence staining, confocal images were acquired using a Zeiss LSM980 microscope with Airyscan 2.
For human immunohistochemical staining, images were acquired using Zeiss Axio Scan.Z1 scanner.
Please refer to the Methods section for details.

Data analysis Flow cytometry analysis was performed using FlowJo v10.8.2.
Bulk RNA-seq analysis was performed using STAR v2.7.0, Rsubread v2.4.3 package and DESeq2 v1.30.1 package in R v4.0.3.
Single-cell RNA-seq analysis was performed using Cellranger v7.0.0, Seurat v4.1.0, and Monocle3.
ZEN (version 3.3); Fiji software (ImageJ v1.53c); Imagel (version 1.53) were used to quantify all imaging data from immunofluorescence and
immunohistochemical staining.
Leica Application Suite (LAS X) software (Leica) was used to quantify all imaging data from in situ hybridization staining.
Graph Pad (Prism v9.0) was used to perform statistical analyses presented and generated plots throughout the manuscript.
Please refer to the Methods section for details.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All raw sequencing data and processed data are available at Gene Expression Omnibus repository with accession: GSE208006. Other data are available from the
corresponding author, Dr. Nancy Y. Ip (boip@ust.hk), upon request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Human samples, including plasma, CSF, and FFPE brain sections, were obtained from both sexes. We did not observe obvious
sex-specific effect in our analysis, as indicated in the main figures and extended figures.

Reporting on race, ethnicity, or | Plasma ELISA analysis is performed using a Chinese cohort data, we previously collected and published (37). In brief, the

other socially relevant cohort consists of 345 patients with AD and 345 health controls (all aged 260 years). All individuals underwent medical

groupings history assessment, clinical assessment, cognitive and functional assessments using the Montreal Cognitive Assessment test,
and neuroimaging assessment by MRI. We randomly selected 32 samples for our ELISA analysis.

CSF ELISA and immunohistochemical staining is performed using AD samples from the South West Dementia Brain Bank
(SWDBB), which receives approval from North Somerset and South Bristol Research Ethics Committee to operate as a
research tissue bank.

Population characteristics For plasma ELISA analysis, we randomly selected 32 samples (NC =15, AD=17;M =7, F = 25; age = 67-87; MoCA = 4-30) for
our Chinese cohort for analysis.
For CSF ELISA and immunohistochemical analysis, we selected 35 AD samples (M = 18, F = 17; age = 54-96). The detailed
population characteristics of the SWDBB samples, including age, sex, APOE4 genotype, CSF VCAM1 level, and microglia—AB
interaction are shown in Extended Data Table 1.

Recruitment We collected plasma samples from healthy controls of Hong Kong Chinese descent and patients with AD aged 260 years who
visited the Specialist Outpatient Department of the Prince of Wales Hospital at the Chinese University of Hong Kong from
April 2013 to February 2018. The clinical diagnosis of AD was based on the criteria for AD in the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5). All participants underwent medical history assessment, clinical
assessment, cognitive and functional assessments using the Montreal Cognitive Assessment, and neuroimaging by magnetic
resonance imaging. We excluded participants with any neurological disease other than AD or any psychiatric disorder. We
recorded participants’ age, sex, years of education, medical history, history of cardiovascular disease (i.e., heart disease,
hypertension, diabetes mellitus, and hyperlipidemia), and white blood cell counts.

For postmortem formalin-fixed, paraffin-embedded brain sections and cerebrospinal fluid (CSF) samples, the clinical
diagnosis of AD was based on the DSM-5 criteria for AD. For our initial sample selection from the SWDBB, we excluded
subjects with neurodegenerative diseases other than AD, vascular diseases, an intoxicated state or infection at the time of
death, prions, inflammatory diseases, structural brain disorders, metabolic/nutritional diseases, trauma, delirium, genetic
disorders (e.g., Down syndrome), or systemic diseases other than AD. Population characteristics, CSF VCAM1 level and
microglia—AP are shown in Extended Data Table 1.

Ethics oversight The study was approved by the Clinical Research & Ethics Committees of Joint Chinese University of Hong Kong-New
Territories East cluster for Prince of Wales Hospital (CREC Ref no. 2015.461), Kowloon Central Cluster/Kowloon East Cluster
for Queen Elizabeth Hospital (KC/KE-15-0024/FR-3), and Human Participants Research Panel of the Hong Kong University of
Science and Technology (CRP#180 and CRP#225). All participants provided written informed consent for both study
participation and sample collection.

We obtained postmortem formalin-fixed, paraffin-embedded brain sections and cerebrospinal fluid (CSF) samples from
patients with AD from the South West Dementia Brain Bank (SWDBB), which receives approval from North Somerset and
South Bristol Research Ethics Committee to operate as a research tissue bank (REC reference number: 23/SW/0023).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No power calculation was performed prior to study design, sample size of all animal experiments was determined based on previous
experience. We randomized mice into experimental groups and chose sample sizes primarily based on the common standards and practices
of similar types of experiments in the field: n = 4-5 mice for bulk RNA sequencing (RNA-seq) (ENCODE: https://www.encodeproject.org/data-
standards/rna-seq/long-rnas/) and in situ hybridization experiments (9,67,73) as well as n = 6~13 mice for microglia staining and Alzheimer’s
disease (AD) pathology measurement (31,32,35,50,74). Samples size of human samples was determine based on sample availability. All
number of mice and human samples were indicated in the manuscript.

Data exclusions | For single-cell transcriptomic analysis, microglia with < 200 genes, > 20,000 unique molecular identifiers, and >20% mitochondrial genes were
exlcuded. These parameters are commonly adopted as quality-check for single-cell RNA-seq data.
No sample was excluded in animal and cell culture experiments.
For human samples, we only selected samples with postmortem delay < 24 hours for CSF ELISA measurement. This minimizes plasma
contamination due to BBB breakdown. Furthermore, AD patients with poor quality of FFPE sections were excluded from the analysis.

Replication Bulk RNA-seq library were constructed in 2 batches (n = 1-2 per batch). All experiments were repeated for at least 3 batches and all attempts
at replication were successful.

Randomization  All animal and cell culture experiments were randomly allocated into experimental conditions. For human staining and ELISA measurement,
patient samples were selected based on availability and quality.

Blinding All analyses, except bioinformatic analysis of sequencing, were performed in a double-blinded manner. Bulk RNA-seq and single-cell RNA-seq
analyses were performed without bias because experimental conditions are required for result interpretation and downstream analysis, such
as pseudotime trajectory projection. However, sequencing results were validated by independent approaches, including in situ hybridization
and immunofluorescent staining, in a double-blinded manner.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used Primary antibodies:
We obtained AF647-conjugated AB (clone: 6E10) antibody (803021), APC-conjugated MHC-II (clone: M5/114.15.2) antibody
(107614), FITC-conjugated VCAM1 (clone: MVCAM.A) antibody (105706), and MHC-I| (I-A/I-E) (clone: M5/114.15.2) antibody
(107601) from BioLegend. We obtained ICAM1-neutralizing (clone: YN1/1.7.4) antibody (BE0020) (76,77) and VCAM1-neutralizing
(clone: M/K-2.7) antibody (BE0027) (69,78) from Bio X Cell. We obtained AF488-conjugated CD11b (clone: M1/70) antibody
(53-0112-82), APC-conjugated CD11b (clone: M1/70) antibody (17-0112-83), and biotinylated CD11b (clone: M1/70) antibody
(13-0112-82) from eBioscience. ApoE-neutralizing (clone: HJ6.3) antibody was a gift from Dr. David Holtzman (36).We obtained CCR7-
neutralizing (clone: 4B12) antibody (MAB3477) (79) and VCAM1 antibody (BBA5) from R&D Systems. We obtained Ibal antibody
(019-19741) from Wako.

Secondary antibodies:

Horseradish peroxidase (HRP)-labeled anti-mouse Ig and alkaline phosphatase (AP)-labeled anti-rabbit Ig (Double Staining Kit,
BioGenex).

HRP-labeled anti-mouse IgG (SS Polymer)

Goat anti-rabbit IgG (H+L) Alexa Fluor(AF) 647 antibody (Invitrogen)

Goat anti-rat IgG (H+L) AF488 antibody (Invitrogen)

Validation All commercial available antibodies were well-characterized and verified by the company. These antibodies were the most commonly
used for immunostaining, flow cytometry analysis in the field of neuroscience and immunology. All neutralizing antibodies was
previously validated and published: ICAM1-neutralizing (clone: YN1/1.7.4) antibody (BE0020) (76,77); VCAM1-neutralizing (clone: M/
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K-2.7) antibody (BE0027) (69,78); CCR7-neutralizing (clone: 4B12) antibody (MAB3477) (79), ApoE-neutralizing (clone: HJ6.3)
antibody (36).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

BV2 microglial cell line was a generous gift from Dr. Douglas Golenbock’s laboratory, and the culture was performed as
previously described (86).

We performed RNA-sequencing analysis (data not shown) to confirm the identify of microglia, especially the expression of
Cx3crl, CD45, CD11b and negative for markers of other neural cells.

Mycoplasma contamination The BV2 cells were tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

We obtained four mouse strains from the Jackson Laboratory: APP/PS1 transgenic mice (B6C3-Tg[APPswe, PSEN1dE9]85Dbo), which
were generated by incorporating a human/murine APP construct bearing the Swedish double mutation and exon-9—deleted PSEN1
mutation (APPswe + PSEN1/dE9); ApoE-knockout mice (B6.129P2-Apoetm1Unc/J); Cx3crlcreERT2 mice (B6.129P2[Cg]-
Cx3crltm?2.1[cre/ERT2]Litt) in which a microglia-specific promoter controls CreERT2 expression; and Vcam1loxP/loxP mice
(B6.129[C3]-Vcam1tm2FIv/J), which have loxP sites on either side of the cytokine-responsive promoter region and exon 1 of the
Vcam1 gene. ST2loxP/loxP mice were generated in this study, and available upon request. ST2-deficient mice were provided by Dr.
Andrew N. J. McKenzie of the Medical Research Council Laboratory of Molecular Biology in Cambridge, UK (73). We confirmed the
genotypes of the mice by PCR analysis of ear biopsy specimens.

We used mice of both sexes for the experiments and performed all experiments using groups of sex- and age-matched (10-11
months old) mice. All mice were housed at the Hong Kong University of Science and Technology (HKUST) Animal and Plant Care
Facility. We housed mice of the same sex in temperature and humidity-controlled environment, on a 12-h light/dark cycle and
provided them with food and water ad libitum.

No wild animals were used.

Mice of both sexes were used in the study. Consistent with previous findings (23,49,70-72), we did not observe an obvious sex-
specific microglial response toward interleukin-33 (IL-33).

No field-collected samples were used.

We performed all animal experiments in accordance with protocols #A19054 and #V190021, which were approved by the Animal
Care Committee of HKUST.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|Z The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|E All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

We deeply anesthetized adult mice using isoflurane and then perfused them with ice-cold PBS. We isolated the forebrain,
minced them into small pieces, then mechanically dissociated them with a Dounce homogenizer on ice. We used a Percoll
gradient (30%; Sigma-Aldrich) to remove myelin. We blocked the resultant mononuclear cell suspensions with an FcR blocker
for 10 min on ice, then incubated them with antibody in the dark for 30 min on ice.

BD Influx Cell Sorter

FlowJo software (Tree Star).
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Cell population abundance The purity of microglial isolation was routinely >90% according to a reanalysis of the sorted cells

Gating strategy We used FMO unstained controls to identify cell populations and visualized clear subpopulations of living microglia on scatter
plots

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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