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Abstract 

Background: Current DNA damage response (DDR) biomarkers rely on binary classifications that 
inadequately capture the molecular complexity of advanced prostate cancer, particularly concurrent 

phenotypes such as mismatch repair deficiency co-occurring with homologous recombination deficiency. 
Even in biomarker-selected populations, responses to targeted therapies remain highly variable, reflecting 
the limitations of static cutoff-based approaches that fail to address overlapping DDR pathway alterations 

and their complex therapeutic implications. 

Methods: We analyzed 672 advanced prostate cancer exomes and identified TMB-very high (≥18.61 
mutations/Mb) as a molecularly distinct subset from conventional TMB-high tumors through binary 
logistic regression with three-fold cross-validation. To address DDR complexity, we developed MCW 

CHIMERA-DDR, a probabilistic machine learning model integrating 51 molecular features using nested 
Random Forest architecture. CHIMERA employs two-tier classification: Tier 1 decomposes patients into 
four primary DDR components (TMB-vH, TMB-H, HRRd, DDR-intact), while Tier 2 provides refined 

subcategorization based on tumor suppressor gene status and specific pathway alterations. Clinical 
validation was performed using an independent cohort of 130 patients. 

Results: CHIMERA-DDR demonstrated exceptional classification performance across all DDR phenotype 
categories through leave-one-out cross-validation, achieving AUCs of 0.999 for TMB-vH identification, 

0.998 for TMB-H prediction, and 0.982 for Tier 2 HRRd detection. Fine-scale homologous recombination-
deficient subset deconvolution demonstrated 0.919 AUC, indicating robust performance for stratifying 
patients with complex overlapping DDR phenotypes. TMB-very high tumors were characterized by 

preserved genomic integrity, enhanced immunogenicity, and inverted prognostic marker relationships. 



Concurrent TMB-high and homologous recombination-mutant tumors bifurcated into MMRd-predominant 
or HRd-predominant subclasses with distinct molecular characteristics. Biological validation using tumor 

cellularity analysis confirmed that CHIMERA's probabilistic outputs reflect genuine tumor-intrinsic DDR 
functional states rather than normal tissue contamination. Semi-independent validation using paired 
whole-exome and whole-genome sequencing data from 52 samples across 24 patients demonstrated 
substantial intragroup homogeneity in deconvolved DDR predictions across multiple metastatic sites. 

Clinical Significance: Clinical validation demonstrated superior immunotherapy responses in TMB-very 
high tumors, revealing the therapeutic significance of fine-scale DDR stratification. CHIMERA enables 
precision therapeutic stratification where patients with concurrent molecular features can be guided by 

dominant molecular phenotypes rather than mutation status alone. Tumors with predominant MMRd-like 
features may benefit from immunotherapy monotherapy, while those with concurrent characteristics 
represent optimal candidates for rationally designed combination approaches. This probabilistic 
framework addresses the clinical challenge of variable treatment responses in molecularly complex DDR-

altered tumors, establishing a foundation for optimized precision medicine through dynamic biomarker 
assessment beyond binary classifications. 
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