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Abstract

Background: Growing evidence suggests that the heterogeneity of late-onset
Alzheimer’s disease (LOAD) plays a significant role in treatment failure. In recent
years, molecular subtyping of AD has increasingly leveraged omics data to uncover
distinct molecular profiles that may underlie the observed heterogeneity in disease
manifestation and mechanisms. This has been particularly transformative as traditional
classification methods based on clinical or pathological features alone have proven
insufficient.

Method: We applied data-driven clustering to genome-wide DNA methylation
(DNAm) data from three independent post-mortem AD brain cohorts (n = 831). To
determine the brain cell-type specificity of the findings identified using bulk DNAm
profiles, we isolated four nuclei populations from PFC tissue of 20 donors with low
neuropathology from the Brains for Dementia Research (BDR) cohort.

Result: This study identified two distinct epigenetic subtypes of LOAD using
genome-wide DNAm. Data-driven clustering revealed reproducible LOAD subtypes
characterized by cell-type-specific DNAm profiles. Bulk transcriptomic analyses
further emphasize divergent biological mechanisms driving these subtypes, with
subtype 1 (LOAD-S1) enriched in immune-related processes and subtype 2 (LOAD-
S2) in neuronal and synaptic functions. Subtype-specific microglial single-cell
transcriptional signatures revealed that LOAD-S1 represents a state of chronic

innate immune hyperactivation and impaired resolution, while LOAD-S2 displays a
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dynamic inflammatory profile, balancing pro-inflammatory signals with reparative and
regulatory mechanisms (see Figure).

Conclusion: These subtype-specific immune signatures provide critical insights into
the molecular heterogeneity of LOAD and highlight potential therapeutic targets
tailored to the immune dysregulation observed in each subtype.
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