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Abstract

Invasive Ductal Carcinoma (IDC) of the breast exhibits significant spatial heterogeneity, with its com-
plex microenvironmental structure being collectively constituted by various cell types, including
tumor cells, immune cells, and fibroblasts. To systematically elucidate the spatial organizational
features and local cellular communication patterns of IDC, this study—based on five IDC Visium spa-
tial transcriptomics samples—established an analytical framework that integrates multimodal
quality control, adaptive graph neural network-based spatial domain identification, and spatially
constrained inference of cellular communication. The results demonstrate that the spatial domain
identification outcomes for each sample can be broadly categorized into distinct spatial niches, such
as those associated with tumor epithelium, reactive stroma, immune infiltration, and the inter-
face/stress response. Further intra-domain communication analysis revealed functional differences
in communication patterns across these distinct spatial niches. Inter-domain communication anal-
ysis indicated that cross-domain signaling exhibits distinct directionality and modular characteris-
tics, with interface/stroma-associated regions playing a pivotal role in connecting and integrating
the various spatial domains. The sample set included in this study consists primarily of IDC cases
characterized by an ER+/PR-/HER2+ molecular profile; consequently, the results presented herein
primarily reflect the spatial organization and local communication features within this specific sub-
set of IDC samples. This study offers an analytical framework for understanding the spatial hetero-
geneity of the IDC tumor microenvironment within a specific molecular context.
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Table 1. Sample information summary table
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FEA YR 5 SR ERE Y 7 N s PR EHEP =R
FEAR 1 IDC AJCC/UICC T2NOMO Grade III, ER+, PR—, HER2+ 47,223 4898
FEAR 2 IDC AJCC/UICC Stage Group IIA, ER+, PR—, HER2+ 138,226 3987
FEA 3 IDC AJCC/UICC Stage Group IIA, ER+, PR—, HER2+ 150,392 3798
FEAS 4 IDC AJCC/UICC Stage Group IIA, ER+, PR—, HER2+ 137,262 4015
FEA S IDC AJCC/UICC Stage Group ITA, ER+, PR—, HER2+ 149,800 3813
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Figure 1. Spatial domain recognition results for samples: (a) Spatial domain recognition result for Sample 1; (b) Spatial domain
recognition result for Sample 2; (c) Spatial domain recognition result for Sample 3; (d) Spatial domain recognition result for
Sample 4; (e) Spatial domain recognition result for Sample 5
B 1. BASEERAIER: () #A 1 WZEERAER; (b) A 2 WZERAER; (o) #A 3 B=EEIR
HR; (d) HAX4MZEEIRAGER; (o) HA 5 H=EEIRAIER
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Figure 2. Spatial domain similarity network graphs for samples: (a) Spatial domain similarity network graph for Sample 1; (b)
Spatial domain similarity network graph for Sample 2; (c) Spatial domain similarity network graph for Sample 3; (d) Spatial
domain similarity network graph for Sample 4; (e) Spatial domain similarity network graph for Sample 5

2. REARZSENFAROMEEE: (a) FEA | ZEHSAR MR E; (b) #FAK 2 ZEHEAR IR E; (o) HA 3 =6
AR LR E; (d) HEA 4 ZENFARMERMSEE; (o) HA 5 ZENERE ML

3.2. EENEAYS FHHES

T a0 B A 5] 25 (R R AR W) 2R AR, AR SO0 %% 2 [RIRGEEAT 1 22 Rk i, H445 A marker 2
ERIFN 2 8] AH DSRFAEREAT EU R o ARSI S T & AN FE AR 23 (A1 38 1) AR 1 marker 58] e HUBFE AW 2 2 3,
HARHE 45 R gh A I S A AR S AR (R 2). S5 REIR, 5 DA EE M T Ak
FEA] LU G R R A o AR DS L s I 18] 5/ SR B VB A 5% . AR IR T A S R A T / N A S 2 T L
RSN Hb, MR EE A X FEREA 1 # Domain0. F£4 3 ) Domain3 FIEEA 5 #) Domainl H7 Lk
BN, RN FRIE CXCL14. GFRAL. AGR2 Z53E[A . (B FAHG XIEAEAEA 1 1 Domaind FIFEA 5
ff) Domain2/5 A, &4 MGP. APOD. SPARC 253E [ . Fuf A ¢ X Ik M ZEAEAS 1 () Domain2/7.
FEZAS 4 () Domain6 LAFEZA 5 1) Domain3 H1HIL, FILY IGKC. CD74. HLA-DPBI1 #il C1QA 55K
B B, FREE U, RS 2 2 (RlECE A B 1 R BRI E D RE L.
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Figure 3. Functional bubble chart for Sample 1
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Figure 5. Global inter-domain communication network diagrams for each sample: (a) Inter-domain communication network
diagram for Sample 1; (b) Inter-domain communication network diagram for Sample 2; (c) Inter-domain communication net-
work diagram for Sample 3; (d) Inter-domain communication network diagram for Sample 4; (e) Inter-domain communication
network diagram for Sample 5
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Figure Al. Functional bubble chart for samples: (a) Functional bubble chart for Sample 2; (b) Functional bubble chart for Sample
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Table Al. Summary table of typical cross-domain interface communication axes and functions
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