CARD9 mediates T1D by reshaping macrophage function through sensing the pancreatic islet sympathetic nerve
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Introduction. Type 1 diabetes (T1D) is an autoimmune disease characterized by selective destruction of pancreatic β cells. Early in T1D, sympathetic neurons in the endocrine pancreas are selectively lost while those in the exocrine pancreas are preserved, suggesting that sympathetic signaling imbalance may contribute to T1D progression.
Aims. This study aimed to investigate changes in pancreatic sympathetic nerve signaling during T1D progression and determine how norepinephrine (NE)–caspase recruitment domain-containing protein 9 (CARD9) signaling in macrophages regulates macrophage function in T1D.
Methods. Single-cell omics and 3D fluorescence imaging were used to analyze pancreatic islet sympathetic nerve changes in T1D patients and mouse models (NOD and STZ-induced). Sympathetic adrenergic activity was inhibited using 6-OHDA or CGX, and macrophage involvement was assessed in NOD mice. Macrophage responses to β2-AR signaling were examined using the agonist formoterol (FMT) and antagonist butaxamine (BTX) in BMDMs with CARD9 modulation. ChIP-qPCR were used to investigate β2-AR–PKA–CREB1 regulation of CARD9.
Results. (1) T1D patients showed reduced islet nerve cells and decreased expression of the sympathetic marker tyrosine hydroxylase (TH). Both NOD and STZ-induced T1D mice exhibited reduced islet sympathetic nerve density and increased nerve–islet distance. Inhibition of sympathetic activity by 6-OHDA injection or CGX surgery accelerated T1D progression, whereas macrophage depletion abolished the effect of 6-OHDA. (2) In vitro, the β2-AR agonist FMT and antagonist BTX confirmed that CARD9 participates in β2-AR–regulated macrophage activation. CARD9 deficiency exacerbated islet sympathetic nerve loss and T1D progression. (3) Integrated PROMO and transcriptomic analyses identified CREB1 as a transcription factor positively associated with CARD9 expression. CREB1 overexpression or PKA activation reversed BTX-induced macrophage pro-inflammatory activation and CARD9 inhibition. BTX reduced intracellular creatine levels and SLC6A8 expression, while CARD9 overexpression partially restored creatine transport. 
Discussion. Selective loss of pancreatic islet sympathetic nerves during T1D reduces NE signaling, weakens β2-AR activity, and suppresses the PKA/CREB1/CARD9 pathway, leading to impaired creatine transport and pro-inflammatory macrophage polarization, thereby promoting T1D progression.
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