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• Tumor necrosis factor receptor–associ
ated factors (TRAFs) are cytoplasmic 
adapter proteins that regulate immune 
cell signaling, inflammation, and 
atherosclerosis in rodent models.

• The clinical relevance of TRAFs in 
human atherosclerosis is unknown.

• In human atherosclerotic plaques, low 
TRAF5 expression associates with 
advanced disease stages and predicts 
cardiovascular outcomes after carotid 
endarterectomy.

• Elevated TRAF5 expression identifies a 
stable, less inflammatory plaque 
phenotype and a likely protective, 
immunoregulatory B cell state.
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A B S T R A C T

Aim of the study: Tumor necrosis factor receptor–associated factors (TRAFs) are cytoplasmic adapter proteins that 
regulate immune cell signaling downstream of TNF, interleukin-1, and Toll-like receptors. Although preclinical 
data implicate TRAFs in atherogenesis, their clinical relevance in human disease remains unknown. We aimed to 
characterize TRAF1–7 expression in human atherosclerotic plaques and determine associations with plaque 
phenotype, cardiovascular outcomes and cellular functions.
Main findings: TRAF1–7 expression was compared between early and advanced carotid plaques using bulk 
transcriptomics. Prognostic relevance was assessed in 616 carotid endarterectomy specimens from the Athero- 
Express Biobank using multivariable Cox regression adjusted for age, sex, diabetes, diastolic blood pressure, 
eGFR, and peripheral arterial disease. Major adverse cardiovascular events (MACE) comprised nonfatal 
myocardial infarction, nonfatal stroke, and cardiovascular death within 3 years. Potential TRAF5-dependent 
immune cell mechanisms were explored by single-cell RNA sequencing (scRNA-seq) of 259,493 cells from 79 
human plaques. Among all TRAFs, only TRAF5 was significantly downregulated in advanced lesions. Higher 
lesional TRAF5 expression independently predicted lower risk for MACE (HR 0.62; 95% CI 0.40–0.98). TRAF5 
was lowest in fibro-inflammatory and unstable plaques. scRNA-seq identified B cells as the predominant TRAF5- 
expressing population. TRAF5+ B cells showed downregulation of pro-inflammatory pathways and upregulation 
of immunoregulatory mediators such as TGF-β2 and IL-13. Gene-set enrichment analyses confirmed attenuated 
inflammatory activation and B cell receptor signaling in TRAF5+ B cells.
Conclusions: TRAF5 expression identifies a stable, less inflammatory plaque phenotype and independently pre
dicts reduced cardiovascular risk after carotid endarterectomy positioning it as a potential biomarker for 
personalized cardiovascular risk stratification.

1. Letter

Atherosclerotic cardiovascular disease (CVD) is driven by chronic 
inflammation within the vessel wall [1]. Accumulating evidence in
dicates that atherosclerotic plaques are populated by immune cells that 
engage in crosstalk with one another and with stromal cells. Induction of 
pro-inflammatory signalling pathways in lesional immune cells drives 
disease progression [2],. The mechanistic role of inflammation has been 
validated clinically by large outcome trials demonstrating reduced car
diovascular events following inhibition of pro-inflammatory key cyto
kines, such as IL-1β. However, broad and long-term suppression of 
inflammation is at the expense of serious adverse events, including in
fections, thereby limiting the applicability of anti-inflammatory thera
pies. It remains a substantial unmet need to identify inflammatory 
master regulators that enable more nuanced immunomodulation and 
personalized therapies in ASCVD.

Tumor necrosis factor receptor-associated factors (TRAFs) are cyto
plasmic adapter proteins that integrate and regulate receptor-mediated 
signaling downstream of TNF receptors (TNFRs), interleukin-1 receptors 
(IL1Rs), and Toll-like receptors (TLRs), thereby modulating cellular 
survival, function, and activity in various immune cells [3]. Preclinical 
studies have implicated TRAFs in regulating vascular inflammation and 
atherosclerosis in mice [3]. However, the clinical relevance of TRAFs 
remains unknown. Therefore, we performed a comprehensive analysis 
of TRAF expression in human atherosclerotic plaques, leveraging bulk 
transcriptomic data and single-cell RNA sequencing (scRNA-seq). First, 
we analyzed TRAF1-7 expression in 9 early and 8 advanced human ca
rotid plaques. We observed that TRAF5 expression was lower in 
advanced than in early lesions, whereas the other TRAFs remained un
regulated (Fig. 1A). Protein expression of TRAF5 in sections of human 
carotid plaques was confirmed by immunohistochemistry (Fig. 1B). 
Next, we analyzed TRAF expression in 616 human plaques obtained 
from carotid endarterectomy specimens in independent cohort (Athe
ro-Express Biobank) and tested its association with the occurrence of 
major adverse cardiovascular events (MACE), defined as a composite of 
nonfatal myocardial infarction, stroke, and cardiovascular death, within 
3 years after surgery. Notably, only TRAF5 expression levels, but not 
that of other TRAFs, was inversely associated with the risk of MACE in a 
multivariable Cox proportional hazards regression model adjusted for 
age, sex, diabetes, diastolic tension, eGFR, and peripheral arterial 
occlusive disease (Fig. 1C). Among molecular plaque phenotypes, 
TRAF5 expression was lowest in fibro-inflammatory plaques (Fig. 1D). 

Consistently, TRAF5 mRNA expression was lower in unstable plaques 
(Fig. 1E). Together, these data show a robust association between 
TRAF5 expression and plaque vulnerability and outcomes in human 
atherosclerotic plaques.

Because TRAF5 transcripts may originate from different cell types, 
we next sought to define potential cell-specific mechanisms of TRAF5 
using scRNA-seq of 259,493 cells from 79 human atherosclerotic pla
ques. TRAF5 was expressed by various cell types, including stromal cells 
and leukocytes. We found the highest expression of TRAF5 in B cells 
(Fig. 1F–G) where it was expressed across all B cell subsets with the 
highest expression found in APC-like B2 cells; in contrast, TRAF5 was 
barely expressed in plasma cells (Supplemental Figure).

In TRAF5+ B cells, 258 genes were regulated differently compared to 
TRAF5-non-expressing B cells. Several proinflammatory pathways, 
including those implicated in Interleukin (IL1)-1 production, B cell 
activation and response to tumor necrosis factor signaling, were lower in 
TRAF5+ B cells. Likewise, transcripts encoding multiple chemokines 
instrumental in leukocyte recruitment to atherosclerotic lesions, such as 
CXC motif chemokine ligand (CXCL)8 and Chemokine CC motif ligand 
(CCL)18, were expressed at a lower level in TRAF5+ B cells. Expression 
of immunoglobulin kappa constant (IGKC) and immunoglobulin 
Lambda Constant 2 (IGLC2) was attenuated in TRAF5+ B cells. In 
contrast, immunoregulatory mediators were enriched in TRAF5+ B cells, 
including transforming growth factor-β2 (TGFB2) and Interleukin-13 
(IL-13) (Fig. 1H). Overall, these findings argue for an association of 
TRAF5 with a less inflamed plaque phenotype characterized by modu
lated inflammatory responses, BCR signalling, and cell activation and 
recruitment as confirmed by GSEA and pathways analysis (Fig. 1I–J).

Finally, a transcriptional signature of TRAF5+ B cells derived from 
scRNA-seq was associated with a less atheromatous plaque phenotype 
and a lower risk of MACE over a follow-up period of 3 years after carotid 
endarterectomy in the Athero-Express bulk transcriptomic plaque 
cohort, supporting the notion that TRAF5 defines a protective and 
immunoregulatory B cell state in human atherosclerosis (Fig. 2).

In this study, we identify TRAF5 as a transcriptional hallmark of 
atherosclerosis progression that defines a likely protective B cell state. 
We and others have previously established that TRAFs are critically 
involved in immune cell functions and serve as key regulators of in
flammatory cardiometabolic diseases, including atherosclerosis [3,8,9]. 
Here, we show that TRAF5 gene expression is associated with favorable 
cardiovascular outcomes. Our data are consistent with a protective role 
of TRAF5 in human atherosclerosis and implicate inflammation-driven 
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plaque destabilization as a potential mechanism. TRAF5 expression has 
been detected on multiple cell types, including endothelial cells, adi
pocytes, and immune cells. Our scRNA-seq analysis identified B cells as 
the population with the highest TRAF5 expression in human athero
sclerotic plaques. Resolving stage-dependent TRAF5 expression within 
plaque B cells remains to be assessed by future single-cell studies with 
systematic histological grading of the sequenced tissue. Since TRAF5 is 
not a canonical component of the BCR signalosome, TRAF5 most likely 
modulates B cell activity through promoting crosstalk of BCR 
co-receptors, such as TLR and TNF receptor family members. This 
observation is particularly relevant given the emerging role of B cells as 
important modulators of vascular inflammation in atherosclerosis. Our 
findings extend this framework by identifying TRAF5 as a possible 
modulator of B cell function in human atherosclerosis.
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