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The interactions between CD40 and tumor necrosis factor receptor-associated factor 6 (TRAF6) 
are implicated in chronic inflammation and fibrosis. Given their poorly understood role in chronic 
transplant rejection, our study focused on investigating the CD40-TRAF6 interactions in murine 
models of cardiac transplantation, particularly in relation to cardiac allograft vasculopathy (CAV). 
We established murine heart transplantation models using BALB/C to C57BL/6 and H-2bm12 to 
C57BL/6 pairings. A specific antagonist for TRAF6 was administered post-transplantation, either alone 
or in combination with cyclosporin A (CsA). We analyzed cells infiltrating the cardiac allografts and 
splenic immune cells. Additionally, We explore the potential mechanistic effects of TRAF6 inhibition 
in CAV by bone marrow-derived macrophages (BMDMs) co-culture. The inhibition of CD40-TRAF6 
interaction significantly prolonged the survival of cardiac allografts. When combined with CsA, this 
treatment induced long-term survival of the allografts. Specifically, in the H-2bm12 to C57BL/6 heart 
transplantation model, inhibiting TRAF6 mitigated the development of CAV. This blockade led to a 
decrease in CD11b + and CD4 + cells within the allografts. In vitro experiments showed that TRAF6 
inhibition had limited effects on mixed lymphocyte culture responses and minimally affected the 
proliferation of naive CD4 + cells activated by CD3/CD28. Furthermore, BMDMs under CD40-TRAF6 
inhibition were more likely to differentiate into an anti-inflammatory phenotype, and their migration 
capability was reduced. Our findings demonstrate that inhibiting the TRAF6 pathway can significantly 
ameliorate both acute and chronic allograft rejection. The combination with CsA appears to have a 
synergistic effect, suggesting that targeting the TRAF6 could be a beneficial co-strategy for managing 
alloimmune responses. Importantly, our results position TRAF6 as a promising complementary target 
for enhancing outcomes in CAV.
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APCs	� Antigen presenting cells
CFSE	� Carboxylfluorescein diacetate succinimide ester
TRAFs	� Tumor necrosis factor-related factors
PR	� Parenchymal rejection
CD40L	� CD40 Ligand

Chronic rejection is a prevalent issue following cardiac transplantation, often leading to the development 
of Cardiac Allograft Vasculopathy (CAV). In contrast, acute rejection has become less of a concern due to 
advancements in immunosuppressive therapies1. Despite the growing prevalence of CAV, retransplantation 
remains the most effective treatment available. The optimal approach involves preventing CAV development 
or diagnosing it early to mitigate its severity and frequency. CAV’s pathogenesis is driven by both immunologic 
and non-immunologic factors, with the prevailing view being that both humoral and cellular immunity play 
significant roles in its progression2.

The CD40/CD40L signaling pathway has been implicated in various inflammatory conditions, including 
rheumatoid arthritis, transplant rejection, and multiple sclerosis3–5. Specifically, the interaction between CD40 
and tumor necrosis factor receptor-associated factor 6 (TRAF6) in myeloid cells, particularly macrophages6, 
is crucial. This interaction prompts macrophages to produce inflammatory cytokines. The CD40-TRAF6 
signaling pathway is intricately regulated to balance protective and pathogenic inflammation7. It is essential 
for the infiltration of inflammatory cells, with TRAF6 acting as a pivotal regulator. Furthermore, CD40-TRAF6 
signaling activates additional pathways, such as IKK–NFκB, directly influencing NFκB, IRF, MAPK, and PI3K 
pathways8.

Macrophages have been identified as key players in the development of CAV, with infiltrating macrophages 
being a common presence in CAV allografts. These macrophages exhibit a range of phenotypes, from pro-
inflammatory to anti-inflammatory and fibrogenic, impacting transplant outcomes through various mechanisms. 
Particularly, activated macrophages contribute to interstitial fibrosis and the progression of CAV9,10. Small-
molecule inhibitors targeting macrophages have shown promise in inhibiting activation and preventing foam 
cell formation11. This evidence supports the hypothesis that the CD40-TRAF6 interaction plays a role in CAV 
development. In this context, a small-molecule inhibitor, CD40-TRAF6 inhibitor 6,877,002 (CT6i for short), 
was explored as a specific antagonist in a murine cardiac transplantation model to evaluate its impact on cardiac 
transplantation outcomes.

Materials and methods
Animals
Male C57BL/6 mice (6–8 weeks and 20–25 g) were purchased and raised in pathogen-free conditions at the 
Animal Center of Tongji Medical College. B6.C-H-2bm12KhEg (H-2bm12) mice were kindly sponsored by 
Professor Fang Zheng (Department of Immunology, Basic Medical College, Huazhong University of Science 
and Technology, China). All mice were sacrificed by cervical dislocation after isoflurane gas anesthesia. 
All experiments were conducted according to the Guide of the Care and Use of Laboratory Animals of the 
Institutional Animal Care and Use Committee of Tongji Medical College, Huazhong University of Science and 
Technology (IACUC Number: 2358). All procedures for the animal experiments were approved by the Animal 
Care Committee of Hubei University of Medicine (Shiyan, China), and performed in accordance with the 
institutional guidelines (approval number 2022–022). All methods are reported in accordance with ARRIVE 
guidelines.

Abdominal ectopic heart transplantation in mice
The model was conducted as previously described12. Briefly, H-2bm12 or BALB/C mice as donors and C57BL/6 
mice as recipients to conduct the abdominal ectopic heart transplantation model. The success of the model 
was confirmed by detecting that the cardiac allografts had strong and fast beats. Allografts and tissues were 
harvested at each time point. CT6i, DMSO, and CsA were all purchased from MCE MedChemExpress. After 
transplantation, the mice were injected with CT6i at a dose of 5 mg/kg/day respectively. In the control group, the 
mice were given CT6i at a dose of 5 mg/kg plus CsA at a dose of 5 mg/kg. The control group was given an equal 
volume of DMSO.

Bone marrow derived macrophages (BMDMs)
After anesthesia and disinfection of C57BL/6 mice, the femur and tibia were harvested. Bone marrow was 
isolated, flushed with cold PBS, lysed with red blood cell lysis buffer (BD Bioscience), and then cultured in RPMI 
medium (containing 10% fetal bovine serum). Then, 10 ng/mL murine M-CSF was added every 2 days. On day 
6, the cells were with 100 ng/mL LPS and 20 ng/mL IFN-γ stimulated for 24 h for M1 polarization. Stimulated 
with 20 ng/mL IL-13 and 20 ng/mL IL-4 for M2 polarization. Cells were harvested after 24 h of polarization and 
assessed for the expression of macrophage markers.

Mixed lymphocyte culture
Splenocytes (1 × 106/mL) were isolated and purified from C57BL/6, inactivated splenocytes (1 × 106/mL) were 
isolated and purified from BALB/c mice then inactivated mitomycin C (MedChemExpress HY-13316). These 
cells were co-cultured in 96-well plates for 5 days. Proliferation was assessed by Cell Counting Kit-8 (Dojindo, 
Japan) on day 5. Cellular proliferation was expressed as the optical density (OD) at a wavelength of 450 nm.
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BMDMs and CD4 + T cell co-culture
Splenocytes (1 × 106/mL) from C57BL/6 mice and CD4 + T cells were isolated and purified from spleens and 
lymph nodes via magnetic selection according to the instructions (Miltenyi Biotec). Then purified CD4 + cells 
were stained with CFSE or CTV (Invitrogen) and cultured in 24-well plates (1 × 106 cells/well) with anti-CD3 
(2ug/mL) and anti-CD28 (2ug/mL) monoclonal antibodies. BMDMs and CD4 + T cells were cultured in a 
ratio of 1:1. Then, the CellTrace™ Violet Cell Proliferation Kit (Invitrogen, C34557) was applied according to 
the manufacturer’s instructions: Purified CD4 + cells were stained for 20 min at room temperature with gentle 
agitation. Then, the cells were cultured for 48 h, and proliferation was assessed by flow cytometry.

The antigen-presenting function of BMDMs was assessed as blow: Stimulate the C57BL/6 origin BMDMs 
with BALB/c skin tissue pieces. Incubate the co-culture of BMDMs and purify C57BL/6 origin CD4 + T cells for 
72 h at 37 °C with 5% CO2. After the incubation, harvest the cells and analyze the activation status of CD4 + T 
cells by flow cytometry.

Flow cytometry
Spleens were surgically removed under anesthesia by isoflurane. Cells were isolated and purified from the spleens 
in RPMI with 1% FBS. The red blood cells were removed by Red Blood Cell Lysis Buffer (BD Biosciences, USA), 
and the cell suspension was filtered by a 40-µm nylon mesh. The following antibodies were used (BD Biosciences, 
San Diego, USA): FITC-anti-CD4, APC-anti-IFN-γ, PE-anti-IL-17A, APC-CY7-anti-Live/Dead, PE-CY7-anti-
TNF-a, PE-anti-IL-2, PE-CY7-anti-Foxp3, APC-anti-Granzyme B, PE-anti-F4/80, APC-anti-CD206, and PE-
CY7-anti-CD80. For intracellular cytokine staining, cells were stimulated by a cell activation cocktail containing 
brefedin A (2 μg/mL; BD Biosciences, USA) for 4 h, followed by a collection for intracellular staining. Marker 
expression was assessed by flow cytometry using a FACS Calibur Flow Cytometer (BD Biosciences, USA). 
Multicolor flow cytometry analysis was performed using the Flowjo V10 software (Tree Star, Ashland, USA).

Transwell migration assay
BMDMs were treated with 1% FBS DMEM for 24 h, and 2.5 × 105 cell suspension was prepared. PET Transwell 
(8 µm porous membrane) was placed on a 24-well plate, and 200μL cell suspension was added into the upper 
chamber. The cell suspension was cultured for 24 h. IFN-γ was added to adjust the final concentration to 1 
ug/mL. The culture was continued for 24 h. Then, the culture medium was removed from the lower chamber, 
and PBS was slowly added for washing three times. Cells attached to the upper chamber were wiped before 
being wetted, and 500µL of 1% crystal violet staining solution was added to the lower chamber for dyeing for 
15 min. The dye solution in the upper and lower chambers was removed, and PBS was slowly added to the lower 
chamber, which was rinsed three times. PBS was removed, the chamber was completely dried, and the cells were 
observed and counted using an inverted microscope.

Histological analysis of allografts
Mice were disinfected and anesthetized with isoflurane. The allografts and spleens were obtained at each time 
point. The tissue sections were under H&E and Masson’s trichrome stain. Immunohistochemical staining of 
Arg-1 + cells, iNOS + cells, CD4 + cells, and CD11b + cells were performed. The number of positive cells was 
averaged over five random 400 × fields.

Western blot
Cultured cells were lysed in sodium dodecyl sulfate (SDS) buffer and boiled for 10 min for denaturation. Proteins 
were resolved by 10% SDS-PAGE and transferred to a nitrocellulose membrane for immunoblotting. Proteins 
were visualized using an HRP-conjugated anti-mouse or anti-rabbit IgG and the ECL system (Amersham 
Biosciences). Total cell extracts were prepared in PBS containing protease inhibitors. Protein concentrations 
were determined using a protein assay kit (eBioscience).

RNA sequencing data processing
Raw count data of murine bone marrow derived macrophages (BMDM) cells before (n = 3) and after (n = 3) 
interferon-gamma stimulation (IFN-γ) were obtained from the GEO database identified by accession number 
GSE232827. Data normalization and differential expression analysis were conducted with the Bioconductor R 
package DESeq213. Genes displaying an absolute log2 fold change of at least 0.6 and p values less than 0.05 were 
considered differentially expressed genes (DEGs). Gene ontology (GO) enrichment analysis was carried out 
using the R package ClusterProfiler v4.0, using the enrichGO() function14.

Single-cell RNA sequencing data processing
Single-cell RNA sequencing (scRNA-seq) data from cardiac grafts and spleens in a murine heterotopic heart 
transplantation model were obtained from Gene Expression Omnibus (GEO) under accession numbers 
GSE14256415 and GSE17919716. The dataset included samples from four experimental groups: graft heart (day 0), 
allograft heart (day 5 post-transplant), isograft spleen, and allograft spleen. Raw count matrices were processed 
using the Seurat package (v4.3.0) in R17. Doublets and contamination were removed using scDblFinder18 
(v1.14.0) and decontX (v1.14.0)19, respectively, retaining only singlets for downstream analysis. Quality control 
(QC) was performed to exclude low-quality cells and genes. Mitochondrial content (percent.mt) was calculated 
with PercentageFeatureSet (pattern: ^Mt-), and cells were filtered to retain those with 600 < nFeature_decontx_
RNA < 5000 (number of detected genes per cell) and percent.mt < 10%. Genes expressed in fewer than five cells 
were excluded. Normalization was conducted using the LogNormalize method (NormalizeData), followed by 
identification of variable features (FindVariableFeatures). Dimensionality reduction was performed via principal 
component analysis (PCA) on variable genes, and batch effects were corrected using Harmony integration20 
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(IntegrateLayers, dims = 1:20). UMAP embeddings were generated on the integrated data (RunUMAP, 
dims = 1:20). Clustering was performed by identifying neighbors (FindNeighbors, dims = 1:20) and applying 
the shared nearest neighbor modularity optimization algorithm (FindClusters, resolution = 0.5). Cluster-specific 
markers were identified using FindAllMarkers (logfc.threshold = 0.25, only.pos = TRUE), and cell types were 
annotated using canonical markers (e.g., Cd3d for T cells, Cd79a for B cells, Nkg7 for NK cells). Gene expression 
patterns were visualized via dot plots (DotPlot) and violin plots (VlnPlot), while correlations between gene pairs 
(e.g., Traf6 and Cd4/Cd8a) were assessed using Pearman correlation. Differential expression analysis between 
groups (e.g., graft vs. allograft) was conducted using the Wilcoxon rank-sum test. Key parameters included 
Harmony integration (dims = 1:20, theta = default), clustering resolution = 0.5, and statistical thresholds of 
p < 0.05 with FDR correction.

Statistical analysis
Data are presented as the mean ± SD. Fisher’s LSD was used to assess mean graft survival, and comparisons 
between two groups using a two-tailed Student’s t-test. All data were analyzed using Prism 7 (GraphPad Software, 
CA, USA). Values of p < 0.05 were considered statistically significant.

Results
CD40-TRAF6 inhibition ameliorated allograft rejection and prolonged the survival of cardiac 
allografts
In the CT6i-treated group, the recipients were given CD40-TRAF6 specific inhibitor 6,877,002 (CT6i) 5 mg/kg 
by intraperitoneal injection (i.p.), and the control group was injected with the same amount of DMSO (n = 5) 
(Fig. 1A). We found that the CT6i group showed a much longer mean allograft survival time than the control 
group (Fig. 1B). The pathology showed that lymphocyte infiltration of allografts was less severe in the CT6i 
group (Fig.  1C), while Masson staining showed that myocardial fibrosis was much more progressed in the 
control group (Fig. 1D). Moreover, the CT6i group exhibited fewer infiltrated CD4 + and CD11b + cells than 
the control group (Fig. 1F,G). The control group, was characterized by widespread myocardial cell injury with 
interstitial inflammation, and higher parenchymal rejection (PR) scores (Fig. 1E). Altogether, CT6i markedly 
decreased the severity of acute rejection and significantly prolonged the mean survival time of cardiac allografts.

TRAF6 mediate acute allograft rejection through Th1/Th17 response
Single-cell RNA sequencing (scRNA-seq) of CD45-positive immune cells isolated from cardiac grafts and 
spleens in a murine heterotopic heart transplantation model revealed 11 major immune cell types, including B 
cells, macrophages, T cells, cytotoxic CD8 + T cells, plasma cells, monocytes, neutrophils, proliferating T cells, 
NK cells, monocyte-derived dendritic cells (monoDCs), and innate lymphoid cells (ILCs) (Fig. 2A). Cell type 
identification was confirmed by canonical marker gene expression, such as Cd3d for T cells, Cd19 for B cells, 
S100a8 for monocytes, and Nkg7 for NK cells (Fig. 2B). Analysis of cell composition across four groups—graft 
heart, allograft heart, isograft spleen, and allograft spleen—revealed significant shifts in immune populations 
following allogeneic transplantation. T cells exhibited a marked increase in proportion in allograft hearts 
compared to graft hearts (7.1% vs. 5.9%) and a more pronounced expansion in allograft spleens relative to isograft 
spleens (27% vs. 13.5%) (Fig. 2B). Further investigation of T cell–associated signaling pathways demonstrated 
that Traf6 (TNF receptor-associated factor 6) expression correlated strongly with Cd4 levels in T cells (Pearson’s, 
p < 0.05) but showed no significant correlation with Cd8a (Fig.  2D,E). Traf6 expression was significantly 
upregulated in allograft hearts compared to graft hearts (p < 0.005), suggesting its role in alloimmune responses. 
Additionally, Ifng (interferon-γ) expression was elevated in allograft hearts versus graft hearts (p < 0.001) and 
in allograft spleens compared to isograft spleens (p < 0.05). Conversely, Tbx21 (T-bet), a transcription factor 
linked to Th1 differentiation, was selectively upregulated in spleen tissues (p < 0.01), highlighting tissue-specific 
immune activation patterns. Further investigation revealed the phenotype and function of immune cells in the 
spleen of the recipient mice. Percentage of CD4 + T-bet + cells, CD4 + IFN-γ + cells, CD4 + RORγ-t + , CD4 + IL-
17A + that were decreased in the CT6i group compared with the DMSO group (Fig.  2F–M). Percentage of 
CD4 + Foxp3 + cells that remained unchanged between the two groups (Fig. 2N,O).

CD40-TRAF6 inhibition alleviated CAV in bm12 to C57BL/6 cardiac transplantation models
In the chronic rejection heart transplantation model, the H-2bm12 heart was transplanted into C57BL/6 
recipients. One group was treated with CT6i (CT6i; n = 6), and another group was given the same amount of 
DMSO (control; n = 6) (Fig. 3A,B). Histological assessments of the cardiac allograft sections at 60 days after 
transplantation revealed that CAV was developed in the control group, while CAV was much less severe in the 
CT6i group (Fig. 3C,D). Infiltrated CD4 + cells were significantly decreased in the CT6i group compared with the 
control group (Fig. 3C,E). Treatment with CT6i also reduced splenic CD4 + IFN-γ and CD4 + IL-2 + cells compared 
with the control group (Fig. 3F,G). Flow cytometry analysis of splenic F4/80 + CD80 + and F4/80 + CD206 + cells 
(Fig.  3H,I) showed that the F4/80 + CD80 + cell percentage was decreased, while F4/80 + CD206 + cells were 
slightly increased in the CT6i group. CD80 is the T cellsThe histochemical assessment showed that the number 
of CD11b + cells infiltrated in the allografts of the CT6i group was greatly decreased compared with the control 
group (Fig. 3J). CD11b + iNOS + cells (Fig. 3K,L) were also decreased in the CT6i group. All these data indicate 
that CD40-TRAF6 inhibition mitigated the inflammatory environment after heart transplantation.

Combined inhibition of TRAF6 and CsA induced allograft long-term survival in chronic cardiac 
transplantation rejection model
CsA and CT6i co-inhibition in a BALB/C to C67BL/6 murine cardiac transplantation model showed 
surprisingly that the survival of cardiac allografts was significantly prolonged (Fig.  4A,B). HE and Masson 
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staining of the allograft sections showed that CAV was also markedly alleviated (Fig.  4C,D). Co-inhibition 
decreased the number of CD4 + and CD11b + cells infiltrated in cardiac allografts (Fig. 4E,F). Simultaneously, 
the flow cytometry results demonstrated that co-inhibition decreased the proportion of M1 macrophages and 
increased the proportion of M2 macrophages in the recipient (Fig. S1 A, B). T-cell activation in the recipient is 
also reduced (Fig. S1 C, D). Meanwhile, treatment of CT6i or CsA restrained the anti0antigen specific response 
of CD4 T cells (Fig. 4G,H, Fig. S2). Furthermore, while CT6i alone did not affect donor-specific antibody (DSA) 
levels, combined inhibition significantly suppressed DSA expression in recipient serum (Fig. S3). These results 
suggested that co-inhibition may have synergistic effects in the murine models of cardiac transplantation.

CD40-TRAF6 inhibition affected the immunostimulation function of BMDMs in vitro
The mixed lymphocyte reaction (MLR) was used to assess T-cell proliferation (Fig. 5A). Differences in the OD 
values between the two groups were detected only for a high CT6i concentration (10uM) (Fig. 5B). A naive 
CD4 + T cell isolation kit was used to purify CD4 + T cells. Then, on day 0, CD3 and CD28 antibodies were added 
to activate CFSE-labeled CD4 + T cells in different groups. After 48 h, no significant differences in the CD4 + T 
cell proliferation were observed between these two groups (Fig. 5C). BMDM-induced CD4 + T-cell proliferation 
was assessed by CD4 + T cells (labeled with CFSE) and BMDMs co-cultured in vitro. Significant differences in the 

Fig. 1.   HYPERLINK "sps:id::fig1||locator::gr1||MediaObject::0" CD40-TRAF6 inhibition ameliorated acute 
rejection and prolonged the survival of cardiac allografts in the murine cardiac transplantation acute rejection 
model. (A) The murine cardiac heart transplantation model was performed using BALB/C mice as donors 
and C57BL/6 mice as recipients. CD40-TRAF6 specific antagonist 6,877,002 (CT6i for short) or DMSO 
was administered after transplantation. (B) Survival of cardiac allografts in each group.(p = 0.002). (C) HE 
staining of cardiac allografts 7 days after heart transplantation. DMSO vs CT6i. (D) Masson staining of cardiac 
allografts 7 days after heart transplantation. (E) Immunohistochemical assay of cardiac allografts infiltrated 
by CD4 + and CD11b + cells. (F) Parenchymal rejection scores of cardiac allografts were evaluated on day 7 
after cardiac transplantation. The CT6i group exhibited lower PR scores than the DMSO group (n = 5 for each 
group)(p = 0.001).
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Fig. 2.  TRAF6 mediates acute allograft rejection through Th1/Th17 response. (A) Uniform Manifold 
Approximation and Projection (UMAP) dimensionality reduction plot following Harmony batch-effect 
correction, displaying 11 distinct cell clusters colored by cell type: B_cells, Macrophage, T_cells, Cytotoxic_
CD8_T, plasma, Monocyte, Neutrophil, Proliferating_T, NK_cells, monoDCs (monocyte-derived dendritic 
cells), and ILCs (innate lymphoid cells). (B) Stacked bar plot depicting relative proportions of the 11 cell 
types across four experimental groups: graft heart, allograft heart, isograft spleen, and allograft spleen. Colors 
correspond to cell types as in A; bars represent tissue- and treatment-specific immune composition. (C) Dot 
plot showing expression levels of canonical marker genes across cell types. Each dot represents a cell type, with 
color intensity indicating normalized gene expression (log scale) and dot size reflecting the percentage of cells 
expressing the gene. Key markers include Cd79a (B cells), CD68 (macrophages), Cd3d (T cells), Nkg7 (NK 
cells), Ly6c2 (monocytes), and Rora (ILCs). (D) Scatter plot illustrating correlations between Traf6 expression 
and Cd4 /Cd8a levels in T_cells. Each point represents an individual T cell; red and blue lines indicate linear 
regression fits for CD4 and CD8A, respectively. Pearson correlation coefficients (R) and significance values 
(p) are annotated. (E) Violin plots comparing expression distributions of Traf6, Ifng (interferon-γ), and Tbx21 
(T-bet) in graft vs. allograft hearts (left) and isograft vs. allograft spleens (right). Statistical significance between 
groups was determined by Wilcoxon rank-sum test (p < 0.05, FDR-corrected). (F,G) FCM assay shows CT6i 
exhibited markedly reduced CD4 + Tbet + subsets. (H,I) FCM assay shows CT6i exhibited markedly reduced 
CD4 + IFN-γ + subsets. (J,K) CT6i exhibited markedly reduced CD4 + RORγt + subsets. (L,M) CT6i exhibited 
markedly reduced CD4 + IL17A + subsets. (N,O) CT6i exhibited markedly reduced CD4 + Foxp3 + subsets.
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Fig. 3.  CD40-TRAF6 inhibition alleviated CAV in bm12 to C57BL/6 cardiac transplantation models. 
(A,B) The murine cardiac heart transplantation model was performed using BM12 mice as donors and 
C57BL/6 as recipients. CD40-TRAF6 specific antagonist or DMSO was administered after transplantation 
(n = 5 for each group). (C) HE staining of cardiac allografts from recipient mice 60 days after heart 
transplantation. (D) Masson staining of cardiac allografts from recipient mice 60 days after heart 
transplantation. (E) Immunofluorescence assay of cardiac allografts infiltrated by CD4 + cells. (F,G) FCM 
assays of CD4 + IFN-γ + splenocytes(p = 0.001) and CD4 + IL-2 + splenocytes(p = 0.017). (H,I) FCM assays 
of F4/80 + CD80 + cells and F4/80 + CD206 + splenocytes. (J) Immunofluorescence assay of cardiac allografts 
infiltrated by CD11b + cells. (K,L) Immunohistochemical assay of cardiac allografts infiltrated by CD11b + cells, 
i-NOS + , and Arg-1cells.
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CD4 + T cell proliferation were detected between these two groups (Fig. 5D). These results suggested that CD40-
TRAF6 inhibition may not directly affect CD4 + T cells. It is more likely that CD40-TRAF6 inhibition hampered 
the immunostimulation function of BMDMs to alleviate CD4 + T cell-mediated alloimmune responses.

CD40-TRAF6 inhibitor-induced BMDMs developed an anti-inflammatory phenotype through 
NF-κB pathway
To further assess the effect of CD40-TRAF6 inhibition in transplantation, BMDMs were cultured in 100 ng/
mL LPS and 20 ng/mL IFN- γ for M1 polarization or stimulated with 20 ng/mL IL-4 and 20 ng/mL IL-13 for 
M2 polarization(Fig. 6A). CD40-TRAF6 inhibition decreased the immunofluorescence of CD68 + Arg-1 + cells 
less significantly than that of CD68 + iNOS + cells (Fig. 6B). Flow cytometry analysis showed that the number of 
CD11b + CD86 + and CD11b + CD163 + cells was decreased by CT6i (Fig. 6D,E). The transwell migration assay 
indicated that the number of migrated BMDMs in the CT6i group was decreased compared with that in the 
control group (Fig. 6C). Consistently, RNAseq of BMDM before and after stimulation of IFN- γ revealed genes 
including Nfkbia, Cd40, Rela and Traf6 were significantly up-regulated (Fig. 6F). Gene ontology enriched by 
the up-regulated DEGs were involved in response to interferon-gamma, cytokine mediated signaling pathway, 
I-kappaB kinase/NF-kappaB signaling and cellular response to interferon gamma (Fig. 6G). NF-κB is a major 
transcription factor that regulates genes that are involved in both adaptive and innate immunity. CD40-TRAF6 
inhibition hampered BMDMs’ NF-κB signal-associated phosphorylation of proteins (Fig. 6H,I, Fig. S4).

Fig. 4.  Combined inhibition of TRAF6 and CsA induced allograft long-term survival in chronic cardiac 
transplantation rejection model. (A) The murine cardiac heart transplantation model was performed using 
BALB/C mice as donors and C57BL/6 mice as recipients. CD40-TRAF6 specific antagonist (with or without 
cyclosporin A) was administered after transplantation (n = 5 for each group). (B) Mean survival times of 
cardiac allografts in different groups. CD40-TRAF6 inhibitor and CsA-induced long-term allograft survival. 
CsA vs CsA + CT6i (p = 0.002) (95% CI 0.3750 (0.1086–295) (C) HE staining of cardiac allografts from 
recipient mice 4 weeks after heart transplantation. (D) Masson staining of cardiac allografts from recipient 
mice 4 weeks after heart transplantation. (E,F) Infiltrated CD4 + (p = 0.001), CD11b + (p = 0.016) cells in the 
allografts 4 weeks after heart transplantation. (G,H) FCM assays of CD4 + CD154 + splenocytes (p = 0.001).
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Discussion
The rejection response to heart grafts involves a complex immune response, encompassing both humoral and 
cellular rejection, with acute and chronic rejection reactions intertwined. At different stages of graft rejection, 
acute rejection and chronic rejection play major roles respectively. In this study, we demonstrated that CD40-
TRAF6 inhibition by a small-molecule inhibitor ameliorated murine cardiac allograft rejection in both acute 
and chronic cardiac transplantation models. Blocking CD40-TRAF6 combined with CsA induced long-term 
tolerance of cardiac allografts.

Several studies showed that CsA, which was commonly used in post-transplant patients, was effective in 
inhibiting CD40 ligand expression in T lymphocytes21,22. We investigated the effects of CD40-TRAF6 and 
CD40L co-inhibition. Therefore, we used CT6i and CsA in BALB/C to C57BL/6 murine cardiac transplantation 
models. The co-inhibition significantly prolonged the survival time of cardiac allografts compared with CT6i 
or CsA alone. It suggested that there might be a synergistic effect of co-inhibition in maintaining alloimmune 
responses.

CAV is the leading cause of long-term graft failure in cardiac transplant recipients23. Although numerous 
kinds of cells were found to be involved in the development of CAV, it is still unknown which kind of cells 
mainly contribute to the pathology. Macrophages were reported to account for 38–60% of graft-infiltrating 
cells in human transplant biopsies in acute allograft rejection and contribute to graft damage through multiple 
mechanisms24,25. Macrophages are involved in both acute and chronic rejection, contributing to both graft 
rejection and tolerance9. In our study, intragraft macrophages were decreased due to CD40-TRAF6 inhibition. 
Once macrophages infiltrated into the allograft, they secreted inflammatory cytokines and acquired a pro-
inflammatory phenotype. Activated macrophages could induce colony-stimulating factor-1 (CSF-1), promote 
cytotoxic T cells, and activate endothelial cells26. These pro-inflammatory macrophages were the main source 
of reactive nitrogen species (RNS) and reactive oxygen (ROS)27. Both can directly injure the allograft and cause 
the following rejection. Macrophages are abundant in CAV lesions and capable of producing growth factors 
implicated in neointimal proliferation. Therefore, they are leading end-effector candidates28. Although the 
specific role of macrophages in CAV is not well understood, depleting host macrophages with carrageenan 
could suppress the development of CAV in a heterotopic cardiac transplant system28. M1 cells are potent pro-
inflammatory cells: they release pro-inflammatory cytokines (IL-1, IL-6, and TNF-α) and ROS, which play a 
critical role in cell-mediated immunity. Patients with CAV had significantly lower M2 macrophage production 
and were less able to induce the production of functional M2 macrophages than patients without CAV(26). In 
our study, the number of iNOS + cells that infiltrated into the cardiac allografts was decreased by CT6i.

Fig. 5.  CD40-TRAF6 inhibition affected the immunostimulation function of BMDCs in vitro. (A) The mixed 
lymphocyte reaction (MLR) was used to assess T-cell proliferation. (B) CCK-8 proliferation analysis of the 
lymphocyte mixing assay: only high concentrations of CD40-TRAF6 inhibitor (10 uM) affected the OD value 
(p = 0.045). (C) CFSE-labeled CD4 + T cell (activated by CD3/CD28) proliferation was not hampered by 
CD40-TRAF6 inhibition (10 uM)(p = 0.287). (D) Proliferation of CFSE-labeled CD4 + T cells (co-cultured in 
BMDMs) was hampered by CD40-TRAF6 inhibition (10 uM) (p = 0.014).
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Fig. 6.  TRAF6 inhibition induced BMDCs developed a less pro-inflammatory phenotype via NF-κB 
pathway. (A) Macrophages were activated by stimulation in vitro. (B) Immunofluorescence assay of 
CD68 + Arg-1 + BMDMs. (C) Immunofluorescence assay of CD68 + i-NOS + BMDMs. (D) CT6i decreased 
CD11b + CD86 + BMDMs in M1 polarization (p = 0.001). Slightly decreased CD11b + CD163 + BMDMs in M2 
polarization. (p = 0.002) (E) Transwell assay showing that the migration capacity of BMDMs was hampered by 
CT6i. (F,G) scRNAseq shows the expression increased pathway in macrophage activation. (H,I) Western blot 
assay of NF-κB pathway proteins showed that the phosphorylation level of IκBα was decreased.
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Macrophages that are recruited to the intima secrete several kinds of pro-inflammatory cytokines and 
growth factors that cause smooth muscle cell migration to the intima, proliferation, and extracellular matrix 
deposition29, which are important to the pathogenesis of CAV. With CD40 engagement and alloantigen 
challenge, macrophages acquired some degree of alloantigen specificity. They sensitized and rejected allogeneic 
cells independent of any other adaptive immune cells30.

The relationship between T cells and macrophages is complex, and macrophages are APCs that are critical 
in the activation and differentiation of CD4 + T cells. CD40-CD40L engagement is also important in T-cell-
mediated macrophage activation31. This raised the question of whether the results of CD40-TRAF6 inhibition 
of macrophages or CD40-TRAF6 inhibition have a direct effect on T cells. Previous studies had revealed 
that pharmacological inhibition of TRAF6 had a strong effect on macrophages but only minor effects on the 
activation status of T and B cells11.

In our study, we found that CD40-TRAF6 inhibition alleviated the development of CAV. Decreased intra-
graft macrophages may be responsible for the invasive activity of activated macrophages or reduced macrophage 
activation. Inhibition of CD40-TRAF6 could lead to an impaired pro-fibrosis function of macrophages by 
reducing the secretion of pro-inflammatory factors. Meanwhile, CT6i inhibits the antigen-presenting function 
of macrophages and enhances the differentiation of M2 macrophages, both of which affect the activation and 
inflammatory function of T cells. Suzanne et al. investigated 6,877,002 in an autoimmune encephalomyelitis model. 
The inhibitor reduced the trans-endothelial migration of human monocytes and reduced neuroinflammation32. 
Our findings have extended previous studies by demonstrating that the inhibition of CD40-TRAF6 exerted effects 
on cardiac transplantation. In vitro experiments showed that blocking TRAF6 reduced phosphorylation levels 
of the canonical NF-κB pathway, which may be effective in containing macrophage migration and activation11. 
TRAF6 contributes to the CD40-mediated activation of NF-κB, as well as activation of stress-activated protein 
kinases and perhaps other signaling molecules. NF-κB is a major transcription factor that regulates the genes 
that are responsible for both the innate and adaptive immune response33.

Based on the above results, we can conclude that CD40-TRAF6 inhibition could exert effects on macrophages, 
and CsA hampers the expression of CD40L in T cells. Therefore, co-inhibition not only inhibited the activation 
of CD4 T cells but also affected the function of macrophages, thus leading to long-term cardiac allograft survival. 
The combined use of CT6i and CsA prolonged the survival of cardiac allografts synergistically. Our results may 
provide a clue for further clinical research. Big animal experiments, pre-clinical research, and clinical research 
are needed before this strategy can be applied in the clinic.

CD40-TRAF6 inhibition in vivo has a systematic influence according to previous studies. We focused on 
the alloimmune responses after allografts transplantation. Our results confirmed that the inhibition of CD40-
TRAF6 contributes to alleviating CAV. However, it has not been clarified whether CD40-TRAF6 inhibition 
exerts effects through other types of APCs or even other cells. One study investigated the effects of LysMCre 
Traf6fl/fl and LysMCre Mtorfl/fl recipients in the prevention of CAV, and only LysMCre Mtorfl/fl recipients treated 
with CTLA-4Ig alleviated CAV9. Our study mainly explored the effect of CD40-TRAF6 inhibition in a cardiac 
transplantation model and demonstrated its application prospects.

In conclusion, we gave evidence that CD40-TRAF6 inhibition by a small-molecule inhibitor significantly 
alleviated the development of CAV and prolonged the survival of cardiac allografts in a murine cardiac 
transplantation model. CD40-TRAF6 inhibition by CsA induced long-term survival of cardiac allografts. Taken 
together, these data advanced our understanding of how CD40-TRAF6 impacts allograft rejection, especially in 
the setting of CAV.

Data availability
Sequence data that support the findings of this study have been deposited in the GEO database with the primary 
accession code GSE23282 and GSE179197. The datasets during and/or analyzed during the current study are 
available from the corresponding author upon reasonable request.
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