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[Abstract] Objective The progression of chronic kidney disease (CKD) is closely associated with
the disruption of renal spatial immune microenvironment. This study aimed to develop an integrated
experimental and analytical system for dissecting the immune microenvironment of CKD using imaging mass
cytometry (IMC), thereby enabling panoramic analysis of single-cell spatial immune microenvironment in CKD
renal tissues. Methods (D Antigenic markers targeting renal structural units, stromal cells, and immune
cells were screened to construct a mass cytometry imaging antibody panel; all metal-conjugated antibodies
were validated for specificity by immunohistochemistry. @ Two normal kidney biopsy specimens adjacent to
ureteral carcinoma, 2 diabetic nephropathy (DN), and 2 IgA nephropathy (IgAN) renal biopsy specimens were
collected, stained with the aforementioned antibodies, and subjected to image data acquisition using the
Hyperion imaging system to obtain multiplexed spatial data. @) An integrated Ilastik and CellProfiler
workflow was established for single-cell segmentation pipeline tailored for renal tissues, and cell identity
annotation was achieved using a combination of manual gating and Phenograph unsupervised clustering. @
Spatial proximity relationships between cells were defined, and permutation testing was employed to simulate
random distribution models to examine spatial relationships between tissue cells and immune cells. &) k-
nearest neighbors (kNN) algorithm was applied for spatial clustering, and cellular neighborhoods (CNs) were
used to delineate the spatial functional units within renal tissue, followed by analysis of the immunological
characteristics and relative abundance of these units. Results (DA 37-color antibody panel was constructed
and optimized, with all antibodies demonstrating high specificity and low background noise; this panel enabled
accurate identification of renal structural cells, stromal cells, and infiltrating immune cells. @ High-
dimensional IMC imaging data were successfully obtained from normal and CKD renal tissues using the
Hyperion imaging system. (3) With the aid of the single-cell segmentation pipeline, a high-resolution single-
cell atlas of human kidney was systematically mapped, comprising 21 structural cell types and 17 immune cell
subtypes. Immune cell populations such as CD15" macrophages, GzmK* CD4"* effector T cells, and 3 distinct
double-positive renal tubular cells were identified, revealing differential infiltration of immune cells in DN and
IgAN tissues. (@ A single-cell spatial interaction analysis framework was established, demonstrating a disease-
specific spatial interaction network of immune cells in CKD tissues, and identifying myofibroblasts as a critical
spatial hub connecting tissue injury and immune cell infiltration. 3 Spatial neighborhood analysis delineated
9 functional units of renal tissue, including glomerular, proximal tubular, ascending limb of the loop of Henle,
vascular and fibrotic, and immune cell-enriched regions. In diseased tissues, the proportion of normal
functional regions was decreased, whereas the proportions of fibrotic and immune-enriched regions were
increased significantly. Moreover, immune cell-enriched zones maintained close colocalization with various
functional regions, while vascular and fibrotic regions were predominantly adjacent to collecting duct and
ascending limb of the loop of Henle. Conclusion An IMC methodology tailored for the spatial analysis of

renal tissue is successfully developed. This platform enables high-resolution, panoramic visualization of
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spatial distribution of immune cells in chronic renal tissues, dissecting spatial interactions between immune

and structural cells and characteristics of local immune microenvironment. This technology holds promise to

advance the development of spatially informed precision diagnostics and targeted therapeutic strategies for

renal diseases.
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Table 1 Details of the antibodies used in this study

Ton

channels Antigen Target Clone No. Supplier Dilution Dyeing condition
89Y B-catenin Tubular epithelium MAS5-29202 Thermo 1/400 4°C,0/N
139La HistoneH3 Nucleus D1H2 CST 1/500 RT,5h
141Pr CD38 Plasma cells EPR4106 Standard BioTools 1/400 RT,5h
142Nd  CD56 NK cells EPR2566 Abcam 1/400 RT,5h
143Nd  Vimentin Fibroblasts, pericytes, mesangial RV202 Standard BioTools 1/400 4°C,0/N
144Nd  CD14 Monocytes/macrophages EPR3653 Standard BioTools 1/3000  RT,5h
145Nd  CD31 Endothelial cells EPR3094 Standard BioTools 1/400 RT,5h
146Nd  Aquaporin-2(AQP-2)  Collecting duct (principal cell) EPR21080 Abcam 1/800 RT,5h
147Sm CCR7 Naive and central memory EPR23192-57 Abcam 1/200 4 °C,0/N
148Nd  Nestin Podocytes EPR1301(2) Abcam 1/2000 4 °C,O0/N
149Sm  CDI11b Granulocytes , monocytes/macrophages EPR1344 Standard BioTools 1/1 000 4°C,0/N
150Nd KIM-1 Kidney injury molecule-1 PA5-46914 Thermo 1/400 4 °C,0/N
151Eu Uromodulin (UMOD)  Thick ascending limb EPR20071 Abcam 1/4 000 4 °C,0/N
152Sm  TGF-B TGF-B/ Smad signaling EPR21143 Abcam 1/200 RT,5h
153Eu a-SMA Smooth muscle cells 1A4 Standard BioTools 1/1 600 4 °C,0/N
154Sm  Calbindin (CALB) Distal convoluted tubule PA5-46936 Thermo 1/800 4°C,0/N
155Gd  Aquaporin-1(AQP-1)  Proximal tubule PAS5-78805 Thermo 1/800 4°C,0/N
156Gd  CD4 Helper T cells EPR6855 Standard BioTools 1/400 4°C,0/N
158Gd  E-Cadherin(E-Cad) Epithelial-mesenchymal transition 24 E10 Standard BioTools 1/800 RT,5h
159Th  CD68 Macrophages KP1 Standard BioTools 1/800 4°C,0/N
160Gd  Granzyme K(GzmK)  Cytotoxic effector EPR24601-164 Abcam 1/400 4°C,0/N
161Dy  CD20 B cells H1 Standard BioTools 1/800 4°C,0/N
162Dy CD8 Cytotoxic T cells C8/144B Standard BioTools 1/800 RT,5h
163Dy  CD138 Plasma cells EPR6465 Standard BioTools 1/800 4°C,0/N
164Dy Cytokeratin-7(CK-7)  Collecting duct (Collecting cell) RCK105 Standard BioTools 1/400 RT,5h
165Dy TenascinC(TNC) Extracellular matrix glycoprotein EPR4219 Abcam 1/200 RT,5h
166Er CD45 Myeloid cells DIMSI CST 1/800 4°C,0/N
167Er CDI15 Granulocytes W6D3 Biolegend 1/200 4°C,0/N
168Er Renin Juxtaglomerular cells EPR20693 Abcam 1/800 4 °C,0/N
169Tm  CD103 Resident memory T cells EPR22590-27 Abcam 1/100 4°C,0/N
170Er CD3 T cells Polyclonal. C-Terminal ~ Standard BioTools 1/800 4°C,0/N
171Yb  CDllc Monocytes, macrophages, dendritic cells EP1347Y Abcam 1/400 4°C,0/N
172Yb  Cleaved Caspase3 Apoptosis SA1E Standard BioTools 1/400 4°C,0/N
173Yb ~ CD45RO Effector memory UCHLI1 Standard BioTools 1/800 4°C,0/N
174Yh Fibronectin (FN) kidney fibrosis F1 Abcam 1/800 4 °C,0/N
175Lu CollagenI (COL1) Collagen deposition EPR7785 Abcam 1/800 4°C,0/N
176Ybh Granzyme B (GrzB) Cytotoxic effector EPR20129-217 Abcam 1/2 000 4 °C,0/N
191/1931r intercalator Nucleus N/A Standard BioTools 1/800 RT,0.5h




http : //aammt. tmmu. edu. cn P 2275 5 R 22731, 2026, 48(7) 835

YIF . ZHiAric)a , I DAB (5, B 5 95 K % 52 4L 40
W% . e a5 BRI U0 R 2t T L T HRBK, DA
PERSRE S o B 4L ) i ¥4 ] 4 5o B4 H A
(%) 2 K] 3SDHISTECH Lid. 23 &) #4780 4 A
GRAE.

1.4 HE%&

XoF T 2 S 56 1) B R A 1 5 7 5K S 2 S 3 wm 1Y
HEEAWY R, Bk Y A T HE e e, R ES
HESCHk (22 ] kit AT . Je@m bl i 44 s Ba
FEAURAZ , 485 B 2L = U 78 AR 20 1% TMC e ) B
R SR X 35 (regions of interest, ROI) . IE % X}
HEZH 45> ROLTE ALK 1 000%5 000 wm?, P IgAN 5 DN
(A R R A 2 20 B, AR 9K FL BT A ] A4 X
BRI
1.5 IMC#¥ER%E

HCER 2 B W A R K [ 22 A B AL (formalin-
fixed paraffin-embedded , FFPE) Y] /-, ¥ 18 THC #if ## &b
My BE LG, U 4:0. 2%Triton X-100( 3
Merck 2\ H], X100) % #3251t 15 min, A5 {8 H 3%BSA
(H E = R F] L ST023) I B 4] 60 min, MKHE R 1
FIRBELTT , VL 0. 5%BSA % W FL i 42 @ bric Pk TAE]
(PR Mix1) o BT Mix 1 7 36 T B AR 21 X,
4 CHWFH M . WH, YA L IXDPBS T 1k 3 1K, &K
5 min, FIABUA Mix2, ZiE M H 5 ho 1XDPBS &
B Ve 3 G, il A Intercalator-Ir ( 32 [E Standard
BioTools 2\ F) , 201103) i K (1: 800 1XDPBS) , % i 4
#% 30 min, ddH,0 75 %% 5 min, % IR BT DL & IMC R 4E

K F Hyperion iif% 2 4t (32 [# Standard BioTools 2y
A AT IMC BEECR 4 o L6 2 200 Hz | fE i
5 dBXF 3 wm B ALY 5 E AT R0, ROTR 4L 43 HF %
1 wme A S AL AT L2 U A A TR
P, 3 A AT B [ B o) ) 2R B T s il AT
AR, AT B 1Rk
1.6 IMCE&Fma2

fF A IMC J5 6 08 24 8 ] MCD Viewer 5%
(Fluidigm, BRAS 1. 0) #1748 — (9] 1 Fil ik 2 5 X %%
Ry BEAR MR 75 A W s BOR X BHR A T An AL R
AP B Ny 1, T A8 B A5 5 0 s T 4E
— B F /MBS R KB 100, 1458, ¥ 5 A . med 3C
PF 0y . A UHERR , T BT BVIR Z 0 8 DL 25 BBl
Gt R P BENLE P . R VR R A A X 3, K TMC
45 [ —Y1 1 HE 4% (8 455 KR4 T 7™ 4% 19 25 8] XF
FEE X, AR L Bl BRI I AR T B Y G
il Fi) 2 A8 DI, A4 B BT BT L NER B A5 B I

W S A B BT A S A T 5

BRI 53 F A AR T LA S IS R R 4K
F) FH DNA-Ir, HistoneH3 Sz H A5 ¢ 5 SV 41 Y 22 157 B9
AEWAE R RRAE BT Dastik 82 )0 5 6 HL 2% bk A
TR EUBAR R 0 2 0 A M A o e 7 5 =28 JF
LIRRPONMAINE PR B ER PR R E TNV T S N
CellProfiler ", 38 1o 4507 455 70 7 1 . 40} 43 1 48 B4
BE T R 2 TN B A A5, A B 400 ) DXl
L, I DA 200 ) DX i B 4 78 37 1l 1 1Y 2
P57 2308 5 B R HL s (] AR A, A i B 200 i 8 5 R I
K BN N ZE=ARIC Y R B R I 4R R, B e 5
20 B 73 A A HRBR 20 B DR A AN M B B o R
BRAT I A A TR AR, 1 e A T A T A R AR A v
FREUE R RE S RE , LUHBREE RE S B, R )5
i FH P B % 3 AR5 1 (fast mutual nearest neighbors,
fastMNN) = 5 34 AR [RIREAS BB A T HE IR A 1
& i, 35 WO 3R L5 $ 52 (uniform manifold
approximation and projection, UMAP) 2 5 4% 1F 5 14 12
YRR AT RELE , I8 1 UMAP 5 B R 3 m] #i 4k
A BRI Al A SR i R s 1
1.7 #mfala) &9 = 18 48 ZAF A A7

290 6 ) A B A D TR0 285 AR 4 40 v T ) B
PEATRE S BOESRON 10 pmo FERA L5 il E
K 5 (n=1 000) PR A7 7 b 2 A ELAE - 5] 7 8l
“MEAE-HEFHOCR . X Bk R b B W E
FIKFR (P<0. 05) B AN B XS AE S +1, BoAT 3 HE 7 O
F (P<0.05) F A0 JL X IRAE R =10 i T RS HEAS L3R
TGS R R A0 M AR ELAE 20 B s R T B v A Ak
P, PRuefbad #2508 T A5 4N iy BB, O R4
AR -1~1 AYTEFE , DL 2% 2H e AR B AR AR Y
BAREH . ZIrEA B TR AN R AR T 40
17 R S TR A )2 5 S0 AR 3B di ] imeRtools
FAFAL (VI 8.0) P SE
1.8 Zmie 18] 69 = 8] AR 3R 4 AT

AR B S6 R k- 1K 48 5 1 (k-nearest neighbor
classification, KNN, n=30) ) x& 2l Jfd = 5] f*) 25 [8] 5 &,
B J5 AR i 120G 28 0 B0 i PR AT A 2B S8R (cellular
neighborhood, CN) 43 B2 FI ] imeRtools %% 443
(v1.8.0) f1 i) minDistToCells 5L , 115545 1 9 CN
() 1) i /N2 () P, 0 A 2 P o 2 A A7 ]
ML, R BL CN [F] 923 [A] 5C AR
1.9 %itF o

AW G T2 o0 B B 2845 (A EAR DG R Y
B EVEVEAL I . EAN M A [ A B A e, SR



836 Bl A5 % R 2241, 2026, 48(7)

http ://aammt. tmmu. edu. cn

CEE GG 0 DA e o) 4 L S AR (] WL B A e DG R R
0w B AL A . X TR R, BE AL HEN
S T2 8 1 000 UC, A R0 A1, THEOILEECR T
BEDLI AR . AW A Geit o i i 5L T R 5
e, FEEAT A R A4 : imcRtools F 745 0] B
PR M7 55 40 M 4R 384 7 5 ggplot2 5 ComplexHeatmap ]
THRAEATAL . P<0. 05 M 2257 BA G415 o

2 #ER

2.1 EIZERTHIEAL R 3T E IMCIIK AL

R T A IR A ZH RS R R G R R B T e S
BRI, AT 9801 L 138 T IMC AR 1Y 37 M s
(FE1A) o Ho 1 AH bR 75 W) - 44 8 11 3 (Histone
H3) . 945 HESS# 40 B bR 7590 B—Catenin( Rz
J) \E-Cad (b K4 M) \AQP-1 (T i/ NE ) L AQP-2 (4R
) .UMOD (BiFET SOMLEE) (CALB G/ ME ) \CK-7
(W £R/INGE ) \Nestin (/2 4H L) F1 Renin (BRZ4H ) 534>
BT A M A bR B - a-SMA (UL SE 3 L) « Vimentin
(BB AR ) RTCD31 (N B i) .

16 ™ B AN AR S AL 4 - CD45 (B A7 S e 4l
fl) .CD11b (RS R A .CD 14 .CDS6( [ 4%
A AR ) CD1S (PR A L) L CD11e (B 24k 4h
ffl) .CD68(FE Wi fifl) .CD3 (T 4 ffd ) .CD4 (i B4 T 41
Ji) .CD8 (4 i 75 ' T 41 i) .CD20(B 4fi i) .CD38 Al
CD138CHANNE) .CDASRO (V& ALY T4 i) , CD103 (4
ZUETEW T4EML) , CCR7 (W4 AR XS A2 T A A ) o
[ S 299 A 2 1Tk L 40 L D BE B AR R ) < TORE T B AT K

6 /1> ZH 24U BLAR 5 W) £ 4 - B 4514003 23 7~ 1 (kidney
injury molecule-1, KIM-1) . £fi% 2 1 (fibronectin, FN) |
AR 1 (Tenascin C, TNC) 1B JE (collagen I,Col 1) |
2P K4 3(Cleaved caspase-3, C-caspase-3) & fb 4
1 A F--B (transforming growth factor-beta, TGF-B) ., LA
A 3 BT AR 1 3 5 THC R IMC S5 56 58 B T 1
B P AR S VRS E (& 1B) o [REHILAR T & Hudk iy T
VEVR B 5 05 8 25, o DR — BRLIE T BT AR AE IMC R
RR BB AR L
2.2 IMC B A 0 R LAk I Fo i 2 A T 89 21

22 40 e,

F A TR I 2 1) i R A e 55 1) TR TN A ZH 2
2 1k bR B s IV 3 RN 2 491 T A B s IV 40 AR 2 10 ' 5
TR ZY, R B — 25 B UE U AL & 64T T Y a7
B , il Hyperion R RGN T KDE B REE . B
JeRHIMCD Viewer #{F 734 1 IMC 1% 7 Bl G
B VR 25 F b i 1 3R 3K B0 25 8] 43 A7 : Nestin, AQP-1

UMOD . CALB ., CK-7 . AQP-2 #l «-SMA, %55 75 , 7E
IEH B AL BT ML E A 5B 22 R IE, LR
i 3 ) AT A8 15 L 95% 1 ESS ) BT (K1 2A) o H:
' Vimentin 7 1E 5 B /N R RIS 43 /NG (6] ot v 3R 56
E-Cad fA17E T/NVE A, 75 DN 5 IgAN FEAS
B RS A A s P 1 3R3K 5 A1 A= W i 255, SR K
B /N AQP-15 CALB W3Rk FIH, I A4 B /N BE
A EIEY K 20 AR ; B /NER Y Y Nestin
FEIRU D | B /INER St 30 25 4 R 8 BE Y R A B AR
A5 B o i B LR ARRAIE , (25 IA T IMC K
GBI FEME (B 2B.C) o KU LSRR IMCE AR
REAG AR 10 B IR A% 25 #4) 4 B, [R)BE S B DN 5 TgAN ()
AL -
2.3 IMC R AW R IR NELL LR B Ao 2 5o

TR 6y S 9% a R

[ B 2R I MCD Viewer AR50 T T G b i Y 78
B E AL UG P B (B 3A ~ C) o TEIEH B 44!
o, G g% A RS B AR /D AT DL /DR CDAYT 4 i, CD8*
T 40 ifd , CD20*B 41 Jifd F11 CD68* [ Wk 40 iy (&1 3A) o 1M
IgAN Fl DN A2 rhist i (9 50 5 4 A T 0 185 0, 32 4 g
PR CDAS 7R 5 (7 12 1 B 328 200 it 5 B3 RAE AR R AR
(%) M) 5T DX 3 R B /N 30 (3B .C) o PS8 1
FEA IR 1 CD4*T 40 g, CD8*T 20 it , CD20* B 4Hi iy,
CD68*E W41 ifl , CD11b"CD14" B A% 40 ifd A1 CD11c
SORANMIIE 22 [R] S Tg AN AR A6 7] 3= 1 45 22 11
CD38* I A, 11T DN A A i ] T2 I8 48 £ CD56" H
SR . LA 25 3R B - IMC H2 AR BB 8 i Je 1
I 32 11 ) 92 210 AR B 2 R
2.4 BREIMC B AR B 69 3 dm RO o Fo bm L A iE

Rk

TSI IMC B A B S AR5 A
SE T R E AN R AR (B 4) . TR
T2 AR, TE ST A oy R DL S A B A L
T AT I T LR 22 2 09 H 2o 28 i e ik
i M SRR SR R AR R R B TR XS
T A AT R 25 TR, DA I AR Ity A 40 L 2R R R 4
NGRS . BESS K bn TR 4% 4 1 Y LU Bl AL
X3 N S SR, TN ZRBEHLAR AR 73 S s
A RN Gr (R ARG T A3 240 i A 7 43 2 00,
TR 73 JME 3R (L - 5 1 A M Tt 7 1 e o S TR A
H>30% , WAL B0y 5 0 2 WIBRIE N “ R L7
YA ARR G 2200 M o e — O S F T B SR R RS
AL SIRE AEWI L 3 20 FE Rl L R A0 X 2o
JUE 20 20 40 B 5 f g 4N R R K 2K, o o) ek g Ay



http://aammt. tmmu. edu. cn P 2275 5 R 22731, 2026, 48(7) 837

q Metal q Metal q Metal
,\ Antigen channel antigel channel A=l channel
* —? 37-pixel metal conjugated abs panel Stroma Myeloid Cells _
4 . a-SMA 153Eu ik (LN Histone H3 ~ 139La
o CD56 142Nd
l Vimentin 143Nd CcD15 167Er DNA1 191Ir
UV laser CyTOF CD31 145Nd CD11b 149Sm DNA3 193Ir
{A / T T o N Kidney Cells CD11c 171Yb e ———
Serial sections Metal mass spectrum B-Catenin 89y CD68 159Tb athological indicators
RGeS vt 150Nd
AQP-1 155Gd CD3 170Er
\ e cD4 156Gd TNC il
7 AQP-2 146Nd GDB 162Dy coL1 175Lu
A UMOD 151Eu CD38 141Pr Cleaved oV
dew CALB 154Sm (CloPly 161Dy Caspace3
coasro 17avo  [RNEECOSII
CK-7 164Dy cD103 169Tm GrzB 176Yb
Nestin 148Nd CD138 163Dy GzmK 160Gd
Renin 168Er CCR7 147Sm TGF-B 152Sm A

153Eu-a-SMA 143Nd-Vimentin 145Nd-CD31 89Y-B-catenin 158Gd-E-Cad

B 100 um

100 pim 100 pm 100 um. - Ko
146Nd-AQP-2 151Eu-UMOD 154Sm-CALB

168Er-Renin 144Nd-CD14 142Nd-CD56 167Er-CD15

)

100 pm 100 um 100 pm - 100 um 100 pm\' 100 ym 100 um g 100 ym

149Sm-CD11b 171Yb-CD11c 159Tb-CD68 166Er-CD45 170Er-CD3

100 <. gleT 100 pm

156Gd-CD4 162Dy-CD8
100 rh, 100 um
169Tm-CD103 163Dy-CD138 147Sm-CCR7 139La-Hisone H3 150Nd-KIM-1
50 um 50 pm 100 pm. - ; 50 ym 50.um ) ; 100 pm. -
174Yb-FN 165H0-TNC 175Lu-COL1 176Yb-GrzB

100 pm . . KHSJORE

160Gd-GzmK 152Sm-TGF-B

A: experimental workflow and IMC antibody panel. Renal biopsy samples (2 IgAN patients, 2 DN patients) and renal excision
tissues (2 health controls) were each prepared into 2 sets of 3-jum consecutive sections. One set of sections was stained with a
panel of 37 metal-conjugated antibodies and visualized using IMC. The other set was subjected to HE staining for
histopathological control; B: comparison of IHC and IMC staining for each antigen in representative kidney tissue sections,
demonstrating concordant antigen expression and validating the specificity of the IMC antibody panel. IMC: imaging mass

cytometry; IgAN: IgA nephropathy; DN: diabetic nephropathy
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Figure 1 Visualization of ir sitfu human kidney pathomorphology by 37-pixel IMC
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A': healthy renal tissue showing pseudocolored overlays of 7 ion channels highlighting glomerular and tubular markers ;

B : IgAN biopsy tissue with spatial changes in marker expression; C: DN biopsy tissue illustrating differential spatial patterns
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Figure 2 IMC elucidates structural cell populations and spatial distribution in nephrotic tissues
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A: Selected markers depict the scattered distribution of lymphocytes and macrophages within normal kidney tissue.

Arrows indicate CD20-positive B cells, CD4-positive CD4'T cells, CD8-positive CD8'T cells, and CD68-positive

macrophage; B and C: Selected markers depict immune infiltration of kidney in pathological conditions, included IgAN
(B) and DN (C). In all these ROIs collected by IMC, glomeruli are mainly represented Nestin in red , kidney
tubules are displayed by 5 markers, AQP-1, AQP-2, CK-7, CALB, and UMOD in blue. Additional boxes (B, C)

phenotype immune cells by different marker combinations. Scale bars: 50 pm. ROI: regions of interest
B3 IMCRAEMEFRAEATHREAMBESZESH

Figure 3 IMC elucidates immune cell populations and spatial distribution in nephrotic tissues
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A: Heatmap of median expression values for 21 renal cell phenotypes clustered by the proteins depicted on the X axis. The
left-sided grey bar chart indicates the number of cells per phenotype; B: As for Panel A, 17 immune cell phenotypes;
C: representative multi-channel images depicting 9 renal cell phenotypes. Arrows indicate positive cells; D: As for Panel
C, 9 immune cell phenotypes. Arrows indicate positive cells; E: representative HE stained and single cell atlas images of
the ROIs in the sections of same renal samples. Scale bar: 100 wm; F: frequency of sub immune cell types per patient.
ROI: regions of interest
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Figure 5 Characteristics and phenotypes of renal single cell atla
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A: cell-cell interactions in all samples according to the presence of significant (P<0.01) interaction (red) or avoidance
(blue). White indicates interactions not existing or significant; B: strategy for spatial structural region analysis based on
kidney single-cell atlas; C: heatmap representing the distribution characteristics of cell types, depicting on the X axis, in 9
spatial regions; D: comparative analysis of the proportion of 9 spatial regions across four renal samples; E: representative
Voronoi diagrams, multi-channel images and HE images displaying pathology-related spatial regions on serial sections of
IgAN and DN renal tissues; F: comparison of spatial distances between three pathologic spatial regions and 6 structural

spatial regions across 3 types of renal tissues
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Figure 6 Spatial analysis of renal cell-cell interactions and tissue structural regions defined from single-cell IMC data
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