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Background: Antibody-based therapies have transformed cancer treatment, yet limited tumor penetration and
heterogeneous target engagement constrain their efficacy in solid tumors. Plasma pharmacokinetics and whole-
body imaging cannot resolve these processes at cellular resolution within human tumors. We developed an
integrated framework combining molecular imaging of fluorescently labeled antibodies with high-plex spatial
proteomics to quantify drug distribution and target engagement in the context of the tumor microenvironment.

Methods: Patients with head and neck or pancreatic cancer received intravenous panitumumab-IRDye800CW, a
near-infrared fluorescent antibody targeting epidermal growth factor receptor (EGFR), before tumor resection in
first-in-human surgical-window trials. We conjugated and validated a DNA-barcoded antibody panel comprising
more than 50 protein markers to profile tumor cells, immune cells, cancer-associated fibroblasts, and extracellular
matrix proteins using co-detection by indexing (CODEX). Drug fluorescence imaging and CODEX imaging were
performed on the same formalin-fixed, paraffin-embedded tissue sections. An integrated computational workflow
registered the imaging modalities and quantified drug signal, target abundance, stromal composition, and cellular
neighborhoods at single-cell resolution.

Results: This single-cell spatial pharmacology framework identified the cell types bound by the infused antibody
and quantified drug-target engagement and penetration depth within human tumors. Integration of drug
localization with cellular and stromal maps resolved heterogeneous antibody distribution across distinct tissue
microenvironments. Across head and neck and pancreatic cancers, the analysis revealed conserved stromal
niches enriched in specific cancer-associated fibroblast populations and extracellular matrix proteins that were
associated with restricted antibody penetration. These findings linked intratumoral drug distribution to defined
spatial features of the tumor microenvironment.

Conclusions: We established a framework for mapping in vivo drug-target-microenvironment interactions in
human tumors. This approach provides a foundation for identifying barriers to drug delivery, discovering
candidate predictive biomarkers, and informing strategies to advance the development of antibody therapeutics.
Future studies could extend the framework to prostate cancer and other therapeutic antibodies, including immune
checkpoint inhibitors.
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