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Abstract

Human bone marrow mesenchymal stromal/stem cells (BM-MSCs) are widely used in clinical trials
and tissue engineering applications. Physiologically, these cells reside within a highly complex
microenvironment rich in three-dimensional structures, including blood capillaries, sinusoids,
trabeculae, and nerves. Traditional two-dimensional techniques are insufficient to fully capture this
complexity, limiting our understanding of both normal and pathological processes in human bone.
To address this, we developed DeepBone, a method enabling simultaneous 3D mMRNA and protein
pattern mining when human bones age. Using DeepBone, we spatially mapped CXCL12+ mRNA-
expressing BM-MSCs relative to key components such as blood capillaries, adipocytes, sinusoids,
and bony trabeculae. Quantitative analysis revealed a close association between BM-MSCs and their
CD271+ functional subsets with sinusoids and bone matrix in samples from young patients, but not in
those from older individuals. The unsupervised neural network, trained to interpret intricate 3D
structures, uncovered a novel triplex niche for MSCs formed by sinusoids coiling around trabeculae
and enriched by a specific ADGRL+ R-vessel subtype. This study provides the first comprehensive 3D
characterization of the BM-MSC microenvironment within human bone marrow, laying the
groundwork for future tissue engineering applications of human MSCs.
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