Integrative Multiomics Profiling of Microglia Across
Alzheimer’s Disease Progression

Jaemyung Jang', Seungeun Yeo?, Soonbong Baek', Hyun Jin Jung’, Youngshik Choe'”’

Korea Brain Research Insiitfe 'Developmental Disorders & Rare Diseases Research Group, Korea Brain Research Institute « Corresponding author : dallarae@kbri.re.kr
2Gut-Brain System Regulation Korean Medicine Research Center, Dongshin University

Spatial single-cell proteo-transcriptomic map of

@R

Neuroimmune in AD

brain immune
Phagocytosis and d : : b
Disease-associated microglia (DAM) compaction of AB : S : ..
AB plaque-associated microglia G REPE o 5 ; o
Apoe, Clec7a, ltgax, Galectin 3, and Cst7 IRM/ARM MG.04 _ S g wg :
DAM type 1 :B2M, Apoe, and Dap12/Tyrobp M Soiieing. P D = Aswgfzr‘B“'““?é?f}biagt,,x.wm
DAM type 2 :Lpl, Cst7, Trem2, Clec7a, and AxI , . o e T 2 S 85 Lar - Board
o ¢ Protective Yol g : s
Neurodegenerative microglia (MGnD) icroglia A '“ 2 3 ﬁ.,‘;;:é’e;; o - : S o VeI o
Phagocytosis and secretion of extracellular vesicle (Trem2+ o I %‘wqd‘ ’;’ﬁ G gL 3 § ot fah e
(EV), interferon-related genes, Ax, ltgax, Clec7a, and Recruit to ¥ % X e ,-g_-.".'?:f?j.zfaif};_'.' fﬂ" 5 o ; 3" !
Apoe compact :~"._-"’(- ’,.w e -- :‘-:-;'t._-:f;‘ B ' L o &
Prlferative region-associated microgi plaques Tl S WUNTT S e N,
gion-associated microglia (PAM) T AMG-09 - o w e o o N e £°
| Metabolically active, phagocytosis of myelin MG-06 i : M’ -~ o - <
Igf1, Spp1, Lgals1, Lgals3, Ccl3, and Ccl4 lMG_OS “g¥ ** T e
. PrOInﬂammatory 5xFAD;PS19-dominant # . & Averasge Log:z Fold Change (Cluster : 5xFAD PS19- dom?r?ant)
White matter-associated microglia (WAMSs) Dystrophic microglia
Aging-related, phagocytosis of myelinated axonsCx3cl1, axons d
Cd47,Cd20040, Apoe, B2m, Lyz2, and Clec7a C Cluster 1 0.52 Cluster 2
.. CCF-registered ' 0.48
.._! "" Integration llmputation whorlee?::?r;;e : ; 0.48
Interferon-response microglia (IRM) Tau seedin S MERFISH _ ! cell atlas Y e . - ' -
IFN-responsive, inflammatory responseClec7a + and spread?ng & 35 'maging E:;r?mg:tgt?g: ng:ﬁgaﬁ?on e — S ¢ ' 0.4 el s o
microglia : H2-D1, H2-K1, Tap1, Tap2, Tapbp, B2m, around amyloid s 1100 ’ _ - . _ ) : e
Cd72, Cd180, and Cd274 (ie., Pd-11) plaque ) Sl SR p genes seo _, ORGEPREE WeZsp)s 0.40 N P 0.40
- : ¢ Y, T Whole mouse brain 5 _.:; — > BRE r : o : - b
Activated response microglia (ARM) \ 4 O 4  XQ PN : 1 _ : el
detected in the brains of young wild-type mice. >\/ / N N Allen Brain CCF ik ; ; ) N
a partial overlap between ARM and DAM : Dkk2, Gpnmb, /Cf y en =rain '- ¢ : s GOl
and Spp1 /?(70& @ - ) ;V-‘ \[)]ee%%?.ggﬁgerau R "'.s"lzi::gs— D Image registration Sl ) i
Lipid droplet-accumulating microglia (LDAM) 77 /“C < - Nature 624, pp. 345-354 (2023) 1
Llpld droplets, phagocytosis deficits / Cluster MG-05 0.48 Cluster 5XFAD;PS19-d?mjnant ‘ 0.38
Dystrophic microglia Mlcrogllal association with extracellular vesicles A g -~~~ - - hiEedd - o : : 0.44 s ' : '
. [ g i e e 1 :
Directly involved in neurodegeneration amylo:d-B and tau @ Amyloid plaque el trast : : 0.42 ek 0-30
store iron through elevated levels of ferritin == Phosphorylated Tau : CRLL 0.40 0.26
y Tau-containing & 5 o
s extracellular vesicles Fege
1 %Z'. ~
o o o o o N /I C t & Applic 34, 12559-12569 (2022
[ M-Galactic — multi-omics atlas of brain |mmune] o eural Comput & Apple 2022
L J Cluster 1 Cluster 2 Cluster 5xFAD.PS19-dominant
Cluster MG-05 (Spatial Distribution Score > 0.25)
d o o | b s S | e » 25 80 15—
sxeAD ) UM N ST s 207 60
1o - £ £ 2 10 -
5xFaD;PS 4R S g 8 40- 3 5
3 107 3 = O
Gene Expression Omnibus O i E O 204 Q O 37 ] 20 -
54 &
S[Ep S0, i, TR T ;
0 0 %‘LI;I = — - - j
- rr 111 11T 1T T T T T T T1T1T7T1 ||||||||T|| O o o S e e I N S I IS N I I H - "rrE?
@ ‘_ EAFTRIRLLIEES & e SRR *“f e % SEDSPERILESES ] % AR S D N
C 7 public datasets d e & g Q’ O 6%9 < 2 6,9\@ ooo« g e\°’ Q g/ %, 2R WE O
‘ @ 'b > 2 ‘b a ) 2 (, 0 ) ‘Q\Q‘%\q‘o\g
5xFAD l13ra - Trem2 - QQQ Q(\ \‘F\}Q\}Q ,\)o \‘90 A
e o B P - & ke
- : . © < S 0 R
IB{\.MARM , MG 04 S o 2 noe} *OQ" o
SN Bt T SR Maly — | Merere T TR Spatial distribution of axonal AB-responsive microglia
M.G_m MG-06 I M C57BL/6;PS19 %L o 2 : : : : : : C : .
i et (a) UMAP plot displaying the disease-associated microglial subtypes. Colors represent transcriptional clusters identified
' MG-03 I Nirp3 Niko . . . . . . . . . .
: ;.};,DAMMG “(ff’ w: e NG-02 Il . E B through Louvain algorithm with multilevel refinement clustering (b) Differential marker expression analysis. Four-way plot
PAMIRM Wees S S L A — PgiE b B R di e depicting cluster markers (fold change > 2, adjusted P < 0.01) observed in 5xFAD;PS19-dominant versus MG-05 (c)
MGOG o0 B R eraro s DAV . Data integration workflow using a graph self-supervised contrastive learning method (d) Spatial mapping of axonal Af-
SxFADPS18-dominant. 3 Lo g # s Y ) responsive microglial Cells. The 5xFAD;PS19-dominant and MG-05 clusters from single-cell transcriptomics and clusters
o UTAP - VAP - . . . . . . . . .
f h 1 and 2 from single-cell proteomics are mapped within the mouse brain using the MERFISH spatial transcriptomics
Protein Abundance Ranking from G 1b MAGS of WT o dataset (Zhuang-ABCA-1; 2.8 million cells) (e) Regional microglial distribution (Spatial Distribution Score > 0.4). Bar plot
. j po! R Y £ | quantifying cluster-specific cell counts across 10 consecutive coronal sections. HPF : Hippocampal formation, CTXsp : Cortical
J vt _ e subplate, OLF : Olfactory areas, MB : Midbrain, TH : Thalamus, HY : Hypothalamus, VL : lateral ventricle, STR : Striatum, V3 : third ventricle
o ¥
2 o . Morphological characterization of axonal AB-
; Q ‘//; MG-01 [ ] [ ] [
g * responsive microglia
// ) da . ) b cve C ] .o | L d. I —
AR~ domifart ) SAOPSTodominant] @ + -+ ® o e e et @ aee e o Fi?.l . G -~ gﬁ%ﬁ"g?fz’; o o s 1 N
T Rk FEPEPAG TG P TP TGP -1 g iE Ky mimmmm e e i, TEm ——
P ks ’ '7 ° E:ﬁ:;g @szomg . ;3 Q; w?g% msz Max. Length of Microglial Pr?cessSegmentsi %o C E:ﬁii:; “
A :E« D g F ¥ bty vt e 3
Integrative microglial atlas of transcriptome and proteome Eak BN AN - b e FEE
. . . . : . . . . . : W hall o oo b o £ 80 e (Somadvea) o - 3 O
(a) Workflow for the integration of microglial multiomics data to establish M-Galactic. (b) Transcriptomic Data Integration : BTS¢ . ,a“:- -i,goﬁggg% : %3%;%?;:‘;% o 8: U, e
1 — - — H H ¢ @ o o o ° %e C M:iler::lan: :2:23::32:3:2 2323223 370. () “
UMAP plot demonstrating our dataset (n = 2,315) and seven public datasets (n = 156,660) (c) UMAP plot depicting the 3 RE : \ R ,f“ ;,38?;00000& o e 7 -
. . . . ' . . : .l oan °s es T o 88,0 % Mean Length of Terminal Segments | o 8
clustering of microglia across three Alzheimer's disease (AD) mouse models (5xFAD, 5xFAD;PS19, APP/PS1), resulting ol o i'e;.%;;sf% &%é%%@% g e e 2. e ) e
. . . . . . . q g o "8 &° Mean Radius of Terminal Segments oo e
in 16 distinct clusters (n = 4,856). (d) Bar graph showing changes in the proportion of each cell type across different R T L e, M Ya A by ——————— 10 S
models (e) Density plot of the expression levels of //3ra, TremZ2, Nirp3, and Nikb7 genes. (f) UMAP plot illustrating e Coefficient Value SXFAD W 5XFAD.PS19
. ] . , . . .. ] . . Total Length of Microglial Processes (um) Mean Length of Microglial Processes Mean Branching Angle (degrees) Mean Branching Radius (um) Mean Length of Terminal Segments (um)
microglial clustering in wild-type (WT) mice comprising 16 clusters (n = 153,791). (g) Schematic of proteomic analysis for oo * ) o[ Segments (um) 140 g - 08
. . . . . . . . . . 1 - a ; a 8] . 0.7 hal
enriched microglia from WT mouse brains using CD11b-magnetic-activated cell sorting (MACS) isolation. (h) Rank order . : s _ o - o= 8 0p| W Fer P ttes
distribution of WT microglial proteins based on abundance logarithmic scale. (f) Dot plot highlighting WT microglia o ol i %%%@ﬁ%%ﬁ " ,, " | )
proteins identified using CD11b-MACS 20000 ﬁ%ﬁ 100 ﬁ%%@l%ﬁ%%%%i? 12 o
- ) Q ) ” . - %%E I I Ti T %F, 0.2 I
L h ;é 1 0.2 qje 80 08| ° %ﬁ&&il‘? %@i’ - 0.1 EE
< < < 0 TR TF e T = E i 70 . L
Integrative analysis of transcriptome and proteome
MG profiles | | | | S
Day 0 Day 7 Day10  Day 18~ 21 (a) Representative confocal image of 1,077 axonal AB-responsive microglia from 5xFAD or 5xFAD;PS19 mouse brain (b)
a b d UMAP visualization of microglia morphology and cluster identification (c) Feature importance value for cluster
_} N E Primary  Infection  Microglia  Sample discrimination (Logistic Regression Classifier) (d) Proportion of experimental groups within each cluster (€) Comparison
% LJ s gf;[gg ____________________________ Plating __ff’_'_'_e_?;_‘_’_r_‘ ___________________________________________________ of key morphological features between 5xFAD and 5xFAD.PS19 groups across clusters (* p < 0.05, ** p < 0.01, *** p < 0.001)
ScRNA-seq. —'2% (2% | i i microHOLD 8 r 2
&, & o j‘ .
= %" deconvilutlon e g CO“C[USIO"
~ -*“ ‘l’ ® = : \ J
TMT labelin - 5 : =
% x/ I DAM/IRM ’ « DAM?|-'|; K _
f) N 5xFAD #1 - I 5xFAD;PS19-d. A “f . @ e DAM (neuroprotective)
| M IRM/ARM ~’ W — %
Subtype A Subtype B Subtype C SXFAD #2 =mg:8§ ‘ ' St~ | ¥ ‘.’ .
ExFAD #3 - _ 3 : e mis , e L
e O i —— - ARM ke AL
e . . : : . B WAM Microfluidic culture platform Single Cell Proteomic Analysis L. -:___,",-,‘g\\ \{. i
AAV1-CAG-SYT1- ° estinr?;ted cell?';pe prop,é?tions (‘V;\? '\\ '3,( ""{ ;
Vehicle AP42- 2PAthomato f h " Dystrophic o \ ; Dystrophic
, 5xFAD,
WT 5xFAD;PS19,
N 5 APP/PS1 Normal aging Early AD ~ Preclinical stage Clinical AD stage
o
o) - MG-10 . Average MG-101 - Average
a . . - : : : : : : .y :
‘ mg-gg Expression mg‘gg Expression Specific microglial subsets associated with neuropathological states such as DAM, ARMs exist within the normal brain.
- e VO] ¢ . . . . . . . . . .
MG-07 J MG-07" . ! Employing single-cell transcriptomic and proteomic analyses of microglia revealed axonal AB-responsive microglial cell
e . mg-gg W2 e B types. Spatial mapping of microglial subtypes healthy brain visualizes vulnerable neural areas in AD.
© p Ne, - - 1
€ 9 * 'é" MG-04 Percent MG-04{ - Percent
< e Me—03 . Expressed g3 Expressed ( ]
= 1 . . MG—02 . 10 MG-02/ .3 | References )
! - MG-01 bt MG-01 1 ® 75
v . WAM- : ?80 WAMA 1. Chen, L., Huang, )., Li, J. et al. Self-supervised graph representation learning using multi-scale subgraph views contrast. Neural Comput & Applic 34, 12559-12569 (2022).
» IRM/ARM IRM/ARM - 2. Gerrits E, et al. Distinct amyloid-beta and tau-associated microglia profiles in Alzheimer's disease. Acta Neuropathol 141, 681-696 (2021).
S _ IRM - : IRM 1 3. Grubman A, et al. Transcriptional signature in microglia associated with Abeta plaque phagocytosis. Nat Commun 12, 3015 (2021).
o 60
% S DAM/IRM DAM/IRM ® - 4. Hammond TR, et al. Single-Cell RNA Sequencing of Microglia throughout the Mouse Lifespan and in the Injured Brain Reveals Complex Cell-State Changes. Immunity 50, 253-271 e256 (2019).
i-g g) Avg 5xFAD;PSI%%I\—A: . 5xFAD;Pg1/?3I\f: 5. Haoy, etal. Dicti?narY learning for inte.grat.ive, mul.timodal and scalabl.e single-ce!l analysis.. Nat B.iotec.hnol 42, 293-304 (2024).
= L 40 Log, FC dominant L—— dominant ——————— 6. Longy, et al. Spatially informed clustering, integration, and deconvolution of spatial transcriptomics with GraphST. Nat Commun 14, 1155 (2023).
prd ol - 0225 NDY DS N NDY DS N 7. Ochocka N, et al. Single-cell RNA sequencing reveals functional heterogeneity of glioma-associated brain macrophages. Nat Commun 12, 1151 (2021).
‘o ' DEPs DEPs 8. Pfister S KV, Ferrero E. granulator: Rapid benchmarking of methods for *in silico* deconvolution of bulk RNA-seq data.). 1.12.0 edn. R package (2024).
g 20 9. SafaiyansS, et al. White matter aging drives microglial diversity. Neuron 109, 1100-1117 1110 (2021)
o . , . . , .
§ (Avg Log2 FC > 0.25) (Avg Log2 FC > 0.25) 10. Sala Frigerio C, et al. The Major Risk Factors for Alzheimer's Disease: Age, Sex, and Genes Modulate the Microglia Response to Abeta Plagues. Cell Rep 27, 1293-1306 €1296 (2019).
< 0 Avg Log, 11. Sun N, et al. Human microglial state dynamics in Alzheimer's disease progression. Cell 186, 4386-4403 e4329 (2023).
}-FC <-0.25 12. Wu T, et al. clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. The innovation 2, (2021).
1 5 3 1 13. Ximerakis M, et al. Single-cell transcriptomic profiling of the aging mouse brain. Nat Neurosci 22, 1696-1708 (2019).
Cluster 14. Zhang M, et al. Molecularly defined and spatially resolved cell atlas of the whole mouse brain. Nature 624, 343-354 (2023).
Single Ce" microHOLD proteomic analysis reveals distinct AB_responsive microglia proﬂles 15. Zhang X, Smits AH, van Tilburg GBf Ovaa H, Huber W, errmetj‘len M. Proteome-wide identification of uF)iquitin interactions using UbIA—‘MS. Nat'Protloc -13, 530-550 (2018).
Schematic of the in-silico deconvolution of proteomic data (b) Venn diagram iIIustrating unique proteins identified in 16. Zhou Y, et al. Human and mouse single-nucleus transcriptomics reveal TREM2-dependent and TREM2-independent cellular responses in Alzheimer's disease. Nat Med 26, 981 (2020).
(a) _ _ _ _ _ _ ) 17. Zhu B, et al. Trem2 deletion enhances tau dispersion and pathology through microglia exosomes. Mol Neurodegener 17, 58 (2022).
proteomic analyses using Cd11b MACS. (c) Cell type proportions in four proteomic samples (d) Single-cell proteomic
analysis workflow for axonal AB-responsive microglia profiles (€) Representative images of neurons and microglia in the ( Acknowledgement ]
microfluidic culture platform (f) UMAP plot shows proteomic profiles of single cells from primary microglia (n = 550). (g) L g J
Bar graph of number of differentially expressed proteins (DEP, average Log,FC > 0.25 or < -0.25, P-value < 0.1) _ . .
. : This research was by KBRI (25-BR-02-01, 25-BR-05-01), the Ministry of Trade, Industry and Energy (No. 2410006472), and by the Ministry of
between AB-expressing and vehicle group (h) Dot plot of gene scores based on DEPs (average Log,FC > 0.25, P-value
< 0.1) across 4 clusters of a prior single-cell proteome analysis Science and ICT (No. 2022R1A5A202954611).




	Slide Number 1

