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Transplant biology and the immunological concepts underlying allograft rejection have 

progressed tremendously since the first successful kidney transplant was performed between 

identical twins in 19541. Current immunosuppressive regimens have dramatically improved 

immune tolerance and short-term graft acceptance2. However, the development of transplant 

arteriosclerosis (TA), a condition that narrows the graft vasculature and restricts blood flow, 

compromises long-term organ survival3. Although largely elusive, multifactorial loss of 

endothelial integrity, disruption of intimal homeostasis, smooth muscle cell (SMC) 

recruitment, matrix synthesis3 are considered important contributing factors. Immune 

responses have also been implicated in TA, with some similarities to native 

atherosclerosis3, 4. For example, Ly6Chi monocyte infiltration is aggravated by 

hyperlipidemia in both conditions5, 6 and statins reduce TA severity by inhibiting monocyte 

and T cell vascular recruitment7. Since hyperlipidemia is highly prevalent in transplanted 

patients, statins are routinely prescribed to delay TA and improve patient survival3.

In this issue of Circulation Research, Cai et al.8 used single-cell RNA sequencing 

(scRNAseq) to provide a comprehensive cellular mapping of TA. In the allograft model used 

in this study, aortic segments from BALB/c mice were transplanted into the carotid of 

C57BL/6j mice and isografts served as controls. Mice achieved intimal hyperplasia at 2 

weeks that worsened at 4 weeks. The cellular composition of the allografts was largely 

dominated by all major immune cell populations (i.e. monocytes, macrophages, dendritic 

cells (DC), T cells and B cells) which changed over time (Fig.1A). Macrophages decreased 

and B cells increased at 4 weeks, whereas T cells were equally represented at both time 

points. Overall, these data confirmed the key role of adaptive immunity at all stages of TA 

development and highlighted the critical contribution of innate immune responses at early 

stages.
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The analysis of the myeloid compartment underscored specific macrophage alterations with 

three distinct clusters with inflammatory (Inf), interferon-related (Isg) and foam cell-like 

(Lgals3hi) functions. Surprisingly, the proinflammatory cytokine IL-1ß, was more robustly 

expressed by macrophages in the control isografts rather than in the allografts, suggesting 

that, unlike in atherosclerosis, IL-1ß signaling may not be critically involved in pathogenesis 

of TA. However, the possible contribution of post-transplant dyslipidemia3 on 

inflammasome-mediated IL-1ß activation9 was not measurable in the mouse model used in 

this study. The analysis of DCs revealed an enrichment of pDCs and monocyte-derived DCs 

in the allografts. Migratory-DCs and resident-like macrophages were predicted to act as 

antigen-presenting cells to CD8+ T cells, based on their high expression of MHCI, CD1, and 

co-stimulatory molecules. CD4+ T cells were also predicted to be antigen-presenting 

recipients of macrophages and DCs.

In the adaptive compartment, cytotoxic lymphocytes (CTL) accounted for the largest 

population in allografts. CTL profiles phenotypically shifted over time, with CD8+ (Gzmk+ 

and Ifnghi) and CD4+ CTLs prevalent at 2 weeks, and CD8+ CTL1 enriched at 4 weeks. 

While all CTLs expressed Ifng, the specific function of individual subsets remains to be 

determined. B cell immunity was also impacted over time. Transcriptional analysis of B 

cells suggested that early stage B cells have antigen-presentation functions, while humoral 

responses were evident at all stages of TA development. Of note, dividing B cells were 

predicted to differentiate into plasma B cells inside the allografts within tertiary lymphoid 

structures. These ectopic structures were detected in the adventitia at 4 weeks, presented a 

germinal center and correlated with the severity of intima media hyperplasia. Tertiary 

Lymphoid Organs (TLO) have recurrently been identified in chronically rejected allografts, 

are believed to escape tolerance regulation and contribute to cellular and humoral chronic 

rejection10. The identification of the allograft B cell diversity and differentiation trajectory 

suggests a strong local regulation of complex immune responses within TLO and an 

important involvement in TA development.

Fewer non-immune cells were detected in this study. The authors identified mesenchymal 

stromal cells, involved in tissue repair and regeneration, and endothelial cells (ECs) that 

were restored at 4 weeks following an initial loss of endothelial integrity at an early stage of 

TA development. They specifically identified an EC cluster that expressed a set of genes 

consistent with angiogenesis and vasculogenesis, as well as a cluster of lymphatic ECs. A 

major limitation of the study was that no vascular SMCs, a cell type that infiltrates the 

intima during TA development, were identified. Several possibilities could account for the 

lack of SMC detection, including a suboptimal digestion protocol or the loss of medial SMC 

as described in some vascular allograft models3.

To identify new cellular determinants of TA, cell-cell communications were inferred based 

on the expression of known ligand-receptor pairs (Fig1B.). Several putative chemotactic 

mechanisms were identified including monocyte self-recruitment (Ccl3-Ccr1), monocytes 

(Ccl6-Ccr1) and T cells (Cxcl16-Cxcr6) recruited by macrophages, and other immune cells 

(Ccl21a-Cxcr3, Ccl21a-Ccr7) recruited by ECs. The authors next prioritized interactions that 

involved chemokines (e.g. CCL21) with high systemic protein expression in the allograft 

recipient mice. This approach pinpointed a key role of lymphatic ECs expressing Ccl21a in 
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recruiting Cxcr3 (DCs, NK cells, T cells) and Ccr7 (migratory-DCs, T cells and B cells) 

expressing cells. A causal role for CCL21-CXCR3 signaling in TA progression was 

confirmed experimentally by blocking either CCL21 or CXCR3 in vivo. These new data are 

consistent with previous observations implicating CCL21 signaling in mice11 and positive 

associations between CXCR3 systemic levels and TA progression in patients12.

Interestingly, lineage tracing experiments combined with scRNAseq analysis of the 

allografts identified c-kit+ immune cells that were primarily (>60%) composed of 

inflammatory and tissue-resident macrophages. C-kit+ tissue-resident macrophages were 

Folr2+, which expressed genes involved in endocytosis and chemotaxis, or RELMα+, which 

expressed genes involved in angiogenesis and lipid metabolic processes. The analysis of c-

kit+ macrophages also revealed a cluster of foamy-like macrophages and TREM2hi 

macrophages which were described by others in atherosclerosis13, 14. Further, the authors 

identified a dividing macrophage cluster that resembled a stem-cell like macrophage cluster 

also identified in experimental atherosclerosis13. Overall, these data suggest that recipient c-

kit+ stem cells may contribute to immune infiltration of the allograft and TA progression.

The authors also performed an integrated scRNAseq analysis of the allografts data with two 

published atherosclerosis datasets14, 15 and found a remarkable overlap of major immune 

cell frequencies. These similarities persisted despite the datasets being generated from mice 

with different genetic backgrounds and diet compositions. In contrast, TA and 

atherosclerosis diverged upon a more granular analysis, with the exception of B cells. 

Interestingly, B cells were detectable in APOE−/− mice, but not in the LDLR−/− model, with 

similar proportions to those found in the germinal center of the TLOs in TA. Overall, these 

data highlight similarities and differences in the immune response between TA and 

atherosclerosis, and revealed that B cells may have distinct roles in different mouse models 

of atherosclerosis. However, the translational potential of the immune alterations seen in this 

study needs to be confirmed to account for the influence that post-transplant dyslipidemia 

may have on specific immune responses.

Cai et al’s findings highlight that scRNAseq is a powerful approach to understand the 

cellular complexity of heterogenous populations at the tissue site. Intriguingly, the authors 

provide a first single-cell immune mapping of experimental TA that revealed distinct 

immune composition, origin, and specific functional states of infiltrating immune cells at 

different stages of TA development. A ligand-receptor interaction analysis predicted several 

chemokine and chemokine receptor involved in immune cell recruitment at the graft site 

including Ccl2/Cxcr3 signaling. As a proof-of-concept, they experimentally validated that 

blocking of either CCL21 or CXCR3 reduced TA progression in vivo, a finding that strongly 

supports the robustness of scRNAseq computational methods to identify key cell-specific 

mechanisms involved in complex human disease. The translational impact of this study may 

be intrinsically limited by the fact that the model used does not fully recapitulate the 

complexity of human TA. However, the findings of this study provide new conceptual 

advances in TA biology that could guide future studies and the future development of new 

preventive therapies for transplant patients.
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Figure 1. 
Immune cell contributions in allografts. A. Schematic of the compositional changes in major 

immune cell populations over time. B. Schematic of the main predicted (blue) and validated 

(red) interactions promoting chemotaxis.
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