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Spatial multiomics of arterial regions from cardiac allograft 
vasculopathy rejected grafts reveal novel insights into the 
pathogenesis of chronic antibody-mediated rejection

Jessica Nevarez-Mejia1, Harry Pickering1, Rebecca A. Sosa1, Nicole M. Valenzuela1, 
Gregory A. Fishbein1, William M. Baldwin III2, Robert L. Fairchild2, Elaine F. Reed1,*

1Department of Pathology and Laboratory Medicine, University of California, Los Angeles, 
California, USA

2Department of Inflammation & Immunity, Lerner Research Institute, Cleveland Clinic, Cleveland, 
Ohio, USA

Abstract

Cardiac allograft vasculopathy (CAV) causes late graft failure and mortality after heart 

transplantation. Donor-specific antibodies (DSAs) lead to chronic endothelial cell injury, 

inflammation, and arterial intimal thickening. In this study, GeoMx digital spatial profiling was 

used to analyze arterial areas of interest (AOIs) from CAV+DSA+ rejected cardiac allografts (N 

= 3; 22 AOIs total). AOIs were categorized based on CAV neointimal thickening and underwent 

whole transcriptome and protein profiling. By comparing our transcriptomic data with that of 

healthy control vessels of rapid autopsy myocardial tissue, we pinpointed specific pathways 

and transcripts indicative of heightened inflammatory profiles in CAV lesions. Moreover, we 

identified protein and transcriptomic signatures distinguishing CAV lesions exhibiting low and 

high neointimal lesions. AOIs with low neointima showed increased markers for activated 

inflammatory infiltrates, endothelial cell activation transcripts, and gene modules involved 

in metalloproteinase activation and TP53 regulation of caspases. Inflammatory and apoptotic 

proteins correlated with inflammatory modules in low neointima AOIs. High neointima AOIs 

exhibited elevated TGFβ-regulated transcripts and modules enriched for platelet activation/

aggregation. Proteins associated with growth factors/survival correlated with modules enriched for 

proliferation/repair in high neointima AOIs. Our findings reveal novel insight into immunological 

mechanisms mediating CAV pathogenesis.
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1. Introduction

Cardiac allograft vasculopathy (CAV) remains a major clinical challenge limiting long-term 

graft and patient survival following heart transplantation. Approximately 29% of heart 

transplant recipients develop CAV by 5 years and 47% by 10 years post-transplant.1 CAV 

lesions are characterized by concentric intimal thickening of the vascular wall consisting 

of proliferating myofibroblast and inflammatory immune infiltrates.2 Although both 

immunological and nonimmunological processes contribute to CAV pathogenesis, the exact 

mechanisms mediating disease pathogenesis remain unclear. Episodes of antibody-mediated 

rejection (AMR) in which donor-specific antibodies (DSAs) target human leukocyte 

antigens (HLAs) present on vascular endothelial cells (ECs) have been increasingly 

recognized as a major risk factor contributing to CAV.3 Specifically, DSAs can activate 

EC intracellular signaling cascades, inducing EC proliferation, migration, and increased 

surface expression of adhesion molecules promoting monocyte and natural killer (NK) cell 

recruitment.4–8 Moreover, DSAs can directly mediate EC injury by triggering activation 

of the classical complement cascade.8 Recurring episodes of AMR contribute to chronic 

inflammation eliciting EC injury and apoptosis. CD4+ and CD8+ T cells activated by 

HLA alloantigen recognition are also commonly found in the adventitia and neointima of 

CAV-rejected hearts. Specifically, memory T helper 1 secreting proinflammatory cytokines 

such as IFN-γ and TNF-α can attract and activate CD8+ cytotoxic T cells and NK 

cells.2 T cells also secrete transforming growth factor-β (TGFβ), which significantly 

contributes to fibrosis and remodeling by upregulating collagen synthesis in smooth muscle 

cells (SMCs) and stimulating macrophage secretion of matrix metalloproteinases.9 The 

process of endothelial-to-mesenchymal transition (EndoMT) remains another distinguishing 

characteristic contributing to CAV. EndoMT is a phenomenon in which ECs gradually 

lose EC markers and increase mesenchymal cell markers. A combination of inflammatory 

stimuli, low or disturbed shear flow, vascular stiffness (activating WNT/β-catenin), and 

metabolic dysregulation (eg, high glucose) can all cause EndoMT via different signaling 

pathways.10

Overall, numerous immunological mechanisms involving both innate and adaptive immune 

responses have been shown to contribute to the initiation and progression of neointimal 

development in CAV. Recent studies using endomyocardial biopsies (EMBs) have elucidated 

DSA- and/or AMR-specific bulk RNA signatures that contribute to CAV.11–13 However, as 

CAV mainly affects large and small epicardial and intramyocardial arteries, EMBs may not 

exactly reflect the immune and/or vascular signatures contributing to neointima formation. 

Therefore, the proteomic and transcriptomic signatures revealing specific activated markers 

and regulatory pathways from CAV+DSA+ affected vessels as observed in rejected cardiac 

explants remains to be elucidated.

The goal of this study was to employ GeoMx digital spatial profiling (DSP) to conduct a 

patho-molecular and spatial analysis of CAV. Utilizing a multi-omics transcriptomics and 

proteomics approach, our results revealed transcripts and proteins consistently expressed in 

CAV lesions. Additionally, by comparing our transcriptomic data with that of healthy vessel 

controls, we pinpointed specific pathways and genes indicative of heightened inflammatory 

profiles in CAV lesions. Finally, a comparison between arterial regions with low and high 
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neointimal scores uncovered inflammatory profiles in low neointima arteries, followed by 

profibrotic and reparative phenotypes in high neointima arteries. These findings contribute 

valuable insights into the mechanisms driving CAV pathogenesis, laying the groundwork for 

the identification of enhanced biomarkers for CAV diagnosis and treatment.

2. Methods

2.1. Study approval

The use of human cardiac rejected explants for this study was approved by the University of 

California, Los Angeles (UCLA) Institutional Review Board (IRB#18–001275). Formalin-

fixed paraffin embedded tissue from rejected cardiac explants were obtained from the UCLA 

Translational Pathology Core Lab (TPCL).

2.2. Arterial vessel selection and pathological characteristics

A total of 22 geometric areas of interest (AOIs) were selected across 3 cardiac allograft 

explants from CAV+DSA+ patients (N = 3; 2 females patient ID [PID] 1, PID2 and 1 

male PID3). These included 14 AOIs capturing the entire artery and 8 AOIs capturing a 

segment (or part) of the artery (particularly in the case of larger arteries where the maximal 

AOI surface area was reached). All 22 arterial AOIs included the neointima, media, and 

adventitia, encompassing all components of the vessel (Fig. 1A). Given the similarity in 

protein and transcript expression between the 14 AOIs (capturing entire arteries) and the 22 

AOI dataset (Supplementary Fig. 1), we conducted downstream analysis using all 22 AOIs. 

Patient demographics, clinical information, and location of tissue section (eg, proximal 

posterior descending artery, right coronary artery, etc.) are summarized in Supplementary 

Table 1. The 22 AOIs included 10 vessels from PID1, 5 vessels from PID2, and 7 vessels 

from PID3. Hematoxylin and eosin (H&E) staining was used to score arteries based on the 

level of CAV progression/neointimal thickening by the pathologist. In total, 11 arteries were 

scored with ‘low’ neointima (+/− minimal and 1+ mild) and 11 with ‘high’ neointima (2+ 

moderate, 3+ significant, and 4+ very significant) (Supplementary Table 2). H&E images 

were captured using a Zeiss microscope and examined using ZEISS ZEN lite Software v3.3.

2.3. Targeted protein and whole transcriptome GeoMx digital spatial profiling (DSP)

Multiplex DSP of protein and RNA in fixed tissues was performed by NanoString 

Technologies (Seattle, WA) as part of the Technology Access Program as per Merritt et 

al14 (Supplementary Methods 1.1).

2.4. Data normalization using NanoString’s GeoMx analysis suite

The GeoMx analysis suite was used for quality control and normalization of both protein 

and RNA datasets (Supplementary Methods 1.2).
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2.5. Weighted gene coexpression network analysis (WGCNA) analysis, gene regulatory 
networks (GRNs), and data deconvolution

WGCNA was used to define modules of coexpressed transcripts.15 GRN analysis was 

performed using R package SCENIC.16 RNA deconvolution was derived using SpatialDecon 

algorithm as previously described17 (Supplementary Methods 1.3).

2.6. Multiplex-immunofluorescent staining

Multiplex-immunofluorescent staining of cardiac explants was performed by UCLA TPCL 

(Supplementary Methods 1.4).

2.7. Statistical analysis

Identification of differentially expressed proteins (DEPs), differentially expressed genes, 

and differentially expressed WGCNA modules between AOIs with low and high neointima 

were determined using a linear mixed-effects model, including PID as a random effect 

variable. Results were considered significant at Log2FC > 1 and P <.05 for Figures 4B, C 

(Table 1) and P < .05 for Figure 4D. Statistical significance in Figure 2C was determined 

using Pearson correlation coefficient test, significant at P < .05. Results in Table 3 (and 

Supplementary Fig. 4) were determined using Spearman correlation (*P <.05, **P <.01, 

***P < .001) in GraphPad Prism software v9.3.1.

3. Results

3.1. Arterial AOIs express protein markers related to immune cell activation and cell 
death.

Arterial AOIs from 3 CAV+DSA+ rejected cardiac explants (PID1–3; 2 females and 1 male; 

(Fig. 1A) were spatially profiled using a 73-protein panel (Supplementary Table 3). A total 

of 41 protein markers were similarly expressed across all 22 arterial AOIs (average signal 

to noise ratio [SNR] >1 in blue) (Fig. 1B). To assess variability in the structural make-up of 

the 22 captured AOIs, we additionally examined expressed proteins (average SNR > 1) in 

the 14 AOIs that encompassed entire arteries. A total of 44 protein markers were similarly 

expressed across the 14 AOIs (Supplementary Fig. 1A). Notably, all 41 proteins exhibited 

similar levels of expression (average SNR > 1) in both 22 AOI and 14 AOI datasets. 

Therefore, downstream analysis was conducted using all 22 AOIs. Specifically, all 22 AOIs 

expressed markers involved in immune cell activation and cytotoxicity (CD44, GZMB, and 

HLA-DR), apoptosis (cleaved caspase 9, BAD, and p53), and cell survival (BCL-XL). This 

was accompanied by the expression of CD45+ immune infiltrates including macrophages 

(CD68), T cells (CD4 and CD8), NK cells (CD56), monocytes (CD14), and dendritic cells 

(CD11c), in order of expression. Phosphorylated proteins in the MAPK and PI3K/AKT 

signaling pathway (p44/42 MAPK ERK1/2, pan-AKT, and phospho-AKT1) were detected 

at moderate-to-low levels. Stimulator of interferons genes (STING) and TNFSF4/OX40L, a 

memory T cell survival-inducing ligand, also showed moderate-to-low levels of expression 

(Supplementary Table 4). Immunofluorescent staining validated the presence of low-to-

moderately expressed proteins such as CD45RO, Ki-67, Tim-3 (approximate average SNR = 

1) and CD127, p53, CD4 and CD8 (approx. average SNR = 2–4) (Supplementary Figure 2). 
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Finally, protein correlation matrix analysis across all AOIs revealed significant associations 

between apoptotic and anti-apoptotic proteins (eg, BAD and BCL-XL), T cell markers (CD3 

and CD8), and signaling cascades (phospho-AKT1 [S473] and pan-Ras) (Supplementary 

Fig. 3 and Supplementary Table 5).

3.2. Top transcripts in arteries encode for DSA-mediated immune responses and vascular 
remodeling

Transcriptomic analysis identified a total of 10 746 genes with an average SNR > 1 and 

coefficient of variation > 0.19 across all 22 arterial AOIs. A total of 74 transcripts had 

an average SNR > 10 (excluding ribosomal and ATP genes) (Fig. 2A). To assess for 

variability in the structural make-up of the 22 captured AOIs, we additionally examined gene 

expression levels in only the 14 AOIs encompassing entire arteries. Similar findings were 

observed, as 10 122 transcripts exhibited an average SNR > 1 and coefficient of variation 

> 0.19. Specifically, among the top 70 transcripts (average SNR > 10) identified in the 

14 AOIs, there was almost complete overlap (65/70) with the top 74 transcripts observed 

in the 22 AOIs (Supplementary Fig. 1B). Given the similarity between both datasets, we 

proceeded with our analysis utilizing all 22 AOIs. The top 2 transcripts included PTBP1, 

a regulator of inflammation, and ADAM15, which mediates endothelial hyperpermeability 

during inflammation.18,19 Immunoglobulin (IgG) transcripts (eg, IGKC and IGHG1/2/3/4) 

were also highly elevated. This was accompanied by the expression of HLA class I 

(HLA-B), IFN-γ inducible HLA class II molecules (eg, HLA-DRB1 and HLA-DRA), 

and HLA class II chaperone transcripts (CD74).20 AOIs also exhibited a relatively high 

expression of transcripts described in vascular remodeling, angiogenesis, platelet activation, 

cell proliferation, migration, and immune infiltration (IGFBP7, TMSB4X, FLNA, TIMP1, 

MAZ, CRYAB, TMEM106C).21–26 Metascape gene enrichment analysis of the top 231 

transcripts (average SNR > 5) revealed that AOIs were enriched in pathways relating to EC 

angiogenesis (‘VEGFA-VEGFR2 signaling pathway’), DSA activation (‘immunoglobulin 
mediated immune responses’), thrombosis (‘platelet degranulation’), and proinflammatory 

cytokines (‘IL-18 signaling pathway’) (Fig. 2B). Highly expressed transcripts were most 

likely attributed to fibroblasts, ECs, macrophages, and memory CD8 T cells, as these 

were the most prominent cell types by cellular abundance counts (Fig. 3A). Specifically, 

CD8 protein expression significantly correlated with CD8 memory abundance counts (and 

not CD8 naïve T cells), further suggesting the presence of memory T cells (Fig. 3B). 

Additionally, we identified CD45, CD8, CD56, CD20, CD127, and CD11c protein markers 

significantly correlated with RNA counterpart expression, validating the level of expression 

of these cell types in each AOI (Fig. 2C).

3.3. Vessels with CAV lesions exhibit elevated inflammatory profiles in comparison to 
vessels from healthy control myocardial tissues

To identify transcripts that were specific to or upregulated in CAV+DSA+ lesions, we 

compared transcripts with an average SNR > 1 to the dataset of Kulasinghe et al27 

containing GeoMx DSP transcriptomic data from 4 healthy control (HC) vessels of 

rapid autopsy myocardial tissues. A total of 1127 transcripts were shared between the 

2 datasets. Unsupervised clustering revealed distinct gene expression profiles in CAV 

and HC vessels (Fig. 4A). Reactome pathway analysis of 193 genes with higher median 

Nevarez-Mejia et al. Page 5

Am J Transplant. Author manuscript; available in PMC 2024 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression in the CAV samples revealed heightened inflammatory pathways, including 

signaling by interleukins (IL-6), Toll-like receptor cascades (TLR4/7/8/9), MyD88 and 

MAPK cascades, chemokines, cyclin activation (G1), and antigen presentation (Fig. 4B). A 

total of 36 genes had a median fold change > 2 (CAV/HC) in CAV arteries compared to HC 

(Supplementary Table 6). Specifically, top genes mainly entailed those involved in antigen 

processing/presentation (HLA-E and TAP1), cancer cell proliferation and migration/ep 

ithelial-to-mesenchymal transition (EMT) (eg, ITGA1, GPX1, PSMD7, and PPARGC1A), 

fibroblast migration (THBS4), complement cascade regulation (SERPING1), and regulation 

of immune cell infiltration/inflammation (eg, IFI6, GIMAP6, LGALS3, CCL14, and 

CCL21).28–40

3.4. Arterial AOIs with low neointima exhibit higher inflammation and cell death while 
AOIs with high neointima exhibit remodeling and fibrotic profiles

Although all arteries were found to exhibit similar protein markers of both innate and 

adaptive immune infiltrates, we questioned whether the degree of inflammation varied 

between AOIs scored with a low (+/− minimal and 1+ mild) or high (2+ moderate, 

3+ significant, and 4+ very significant) neointima (N = 11 AOIs for each condition). 

Unsupervised clustering of the 41 proteins (SNR > 1) illustrated that AOIs with low 

neointima clustered closer together and displayed higher protein expression (Fig. 5A). 

This was also observed when clustering AOIs for each individual patient (Supplementary 

Fig. 4). A total of 8 DEPs were increased in arteries with low neointima (Fig. 5B). 

These included markers involved in T cell clonal expansion/survival (TNFSF4/OX40L), 

memory T cells (CD45RO and CD127), checkpoint inhibitors (TIM-3), monocytes (CD14), 

regulators of PI3K/AKT signaling (INPP4B), MAPK signaling (pan-Ras), and proapoptotic 

proteins (p53) (Table 1). AOIs with low neointima also upregulated VWF (indicative of EC 

activation).41 Meanwhile, AOIs with high neointima significantly increased TGFβ-regulated 

genes (CSRP1 and TAGLN) and adipocyte differentiation factor (ADIRF/APM2) (Fig. 5C 

and Table 1).42–44

To further explore transcriptional differences between low and high neointima AOIs, 

we utilized WGCNA to define modules of coexpressed transcripts.15 AOIs with low 

neointima-upregulated 3 modules (ME21, ME22, and ME118), 2 of which were enriched 

for ‘Activation of matrix metalloproteinases’ and ‘TP53 regulation of caspase activators and 
caspases.’ High neointima AOIs upregulated one module (ME50) enriched for pathways 

involved in ‘Platelet activation, signaling and aggregation’ (Fig. 5D and Table 2). GRN 

analysis enabled the identification of key transcription factors correlating coexpression 

modules. Specifically, ME21 and ME118 highly correlated with inflammatory-driven 

transcription factors SREBF2 and NFATC1, respectively.45,46 Meanwhile, ME50 highly 

correlated with NR2F2, which promotes cell proliferation and TGFβ-dependent EMT (Fig. 

5D and Table 2).47

Additionally, we identified that numerous protein markers encoding inflammatory infiltrates 

(eg, CD45, CD44, CD8, OX40L, GZMB) and apoptosis (p53 and BAD) highly correlated 

with coexpressing modules enriched for ‘interferon gamma signaling,’ ‘Toll-like receptor 
cascades,’ ‘NFκB phosphorylation,’ and ‘TP53 regulation of caspase activators and 
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caspases’ (ME65, 77, 91, 118, 242, and 304) only in AOIs with low neointima. 

Alternatively, proteins associated with growth factor receptors (EGFR), regulators of 

cell growth/division (NF1), SMC markers (SMA), and cell survival proteins (BCL-XL) 

significantly correlated with modules enriched for ‘MAPK1/MAPK3 signaling,’ ‘signaling 
by FGFR,’ ‘FGFR2 ligand binding and activation,’ and ‘VEGFA-VEGFR2 pathway’ 

(ME161, 205, 206) only in AOIs with high neointima (Table 3 and Supplementary Fig. 5). 

Cellular deconvolution reinforced neointimal differences because AOIs with high neointima 

exhibited a significantly higher number of fibroblasts, while AOIs with low neointima 

contained a higher number of classical monocytes (Figure 3C).

4. Discussion

Herein, we utilized GeoMx DSP technology to examine both the protein and transcriptomic 

expression of arterial AOIs from HLA CAV+DSA+ rejected cardiac explants. Among 

the 22 arterial regions examined, we identified similarly expressed protein markers 

relating to innate and adaptive immune cells, cell activation, and cell death. Whole 

transcriptome analysis highlighted transcripts involved in DSA-mediated responses and 

vascular remodeling. Moreover, we confirmed the inflammatory profile of CAV lesions in 

comparison to HC vessels from rapid autopsy myocardial tissues. Finally, we demonstrated 

that AOIs with low neointima exhibit higher inflammatory and cell death profiles, while 

AOIs with high neointima exhibit lesions undergoing proliferation, migration, and EndoMT/

fibrosis. Our findings provide new insights into the processes that may be driving CAV 

pathogenesis, opening avenues for further research and potential therapeutic interventions.

Macrophages and T cells have been found to accumulate within the neointima of human 

CAV affected vessels.48,49 This is concordant with our study, as CD68+ and CD4/CD8+ 

markers were the top immune infiltrates in both protein and RNA cell abundance 

datasets. Monocyte recruitment may occur in the early phases of CAV, as we observed 

significantly higher protein expression of CD14 and classical monocytes counts in arteries 

with low neointima. HLA DSAs can rapidly increase intracellular calcium and endothelial 

presentation of P-selectin, which supports monocyte binding.7,50 Notably, CD68 protein 

expression significantly correlated with module ME206 in high neointima AOIs. ME206 

was enriched for pathways related to ‘Fc gamma receptor dependent phagocytosis,’ 

indicative of polarized macrophage specific functions.51

Endothelial cell injury is a major hallmark of AMR and in the early phases of 

CAV. Specifically, high protein expression of CD8+ T cells, CD44 activation marker, 

cleaved caspase 9, and GZMB together suggest cell-targeted injury via the perforin/

granzyme apoptosis pathway by cytotoxic T cells. Human coronary arteries with advanced 

atherosclerosis and CAV lesions have been shown to exhibit high levels of GZMB localized 

within infiltrating leukocytes underlying the endothelium, in the deep intima, and in 

perivascular infiltrates in the adventitia.52 GZMB-induced cell apoptosis can be enhanced 

by the proapoptotic protein BAD (BCL-2 associated agonist of cell death) or hindered by 

the antiapoptotic BCL-2 family protein, BCL-XL. These regulatory proteins share similar 

protein expression levels with GZMB and exhibit the highest significant correlation with 

each other. This is likely because activated BAD binds to and inhibits the antiapoptotic 
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function of BCL-XL.53 Expression of EC antiapoptotic proteins can be potentiated by 

antibody ligation of HLA class I and II molecules, which activate the PI3K/AKT pathway 

and upregulate BCL-2 and BCL-XL.54 Hence, ECs may acquire antiapoptotic defense 

mechanisms that promote EndoMT via HLA outside-in signaling.

Arterial AOIs also showed high expression of transcripts associated with DSA-mediated 

responses including multiple IgGs, suggesting the presence of antibody-secreting cells such 

as B cells and/or plasma cells. Since CD20 protein expression across AOIs was relatively 

low (SNR = 1.21), it is likely that these IgG transcripts are encoded by mature plasma 

cells (which decrease CD20 expression). This was confirmed in a study by Chatterjee et 

al55 in which the majority of the CD138+ differentiated plasma cells around CAV affected 

coronary arteries from rejected explants secreted IgG. Moreover, microarray studies by 

Wehner et al56 have shown a strong IgG transcriptome in CAV-rejected explants in contrast 

to atherosclerosis.

All arteries shared high expression for transcripts associated with EC and SMC activation, 

remodeling, angiogenesis, and platelet activation.21–25 We compared transcripts with an 

average SNR > 5 to those identified in pathological AMR+DSA+ EMBs reported by 

Loupy et al11 using microarray technology. Similarly, we detected the expression of IFN-γ 
inducible genes (HLA class II transcripts), and NK cell activation (FCGR3A). However, our 

results may not fully encompass the transcriptomic profile described by studies using EMBs 

due to anatomical differences within the heart. These differences have been emphasized in a 

mouse model of chronic AMR.57

Comparison of our transcriptomic data with those of HC myocardial vessels further 

validated the elevated inflammatory profiles of CAV arterial lesions. Specifically, CAV 

lesions exhibited a significant increase in TLR4/7/8/9, MyD88, MAPK, and IL-6 signaling 

compared to HC vessels. Studies by our group have emphasized the role of HLA DSA 

in activating EC outside-in intracellular signaling cascades such as TLR4/MyD88 and 

MAPK. Activation of these pathways induces EC proliferation and migration and promotes 

immune cell infiltration.5–7,58,59 TLR4 expression has also been shown to be elevated 

in epicardial CAV lesions (compared to heart apical tissue) in a novel mouse model of 

chronic AMR.57 Notably, increased IL-6 aligns with numerous studies that underscore 

its pleiotropic functions in mediating acute and chronic rejection.60,61 CAV lesions also 

demonstrated an increased fold change expression in genes relating to antigen presentation, 

cell proliferation, migration, EMT, complement regulation, and inflammation. Precisely, 

LGALS3 (Galectin-3) exhibited a 10-fold increase in CAV lesions compared to HC vessels. 

Galectin-3 regulates a variety of cellular processes such as growth, proliferation, and 

adhesion while also exerting immunomodulatory functions that impact both inflammation 

and fibrosis. High Galectin-3 levels are linked to heart failure and cardiac fibrosis, 

with recent research identifying Galectin-3 as an independent prognostic factor following 

heart transplantation.62,63 Finally, THBS4 (Thrombospondin-4) exhibited a 7-fold increase 

in CAV lesions. Thombospondin-4 is a main regulator of fibrosis/remodeling and can 

selectively promote fibroblast migration.34,64 Together, these findings contribute valuable 

insights into the molecular aspects of vascular immunogenicity contributing to CAV 

progression.
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Multi-omics analysis between AOIs with low and high neointima revealed that low 

neointima AOIs exhibit higher inflammatory profiles consisting of lymphocyte and 

monocyte infiltrates, whereas high neointima AOIs contain higher proliferative and 

fibromuscular/mesenchymal tissue with lower inflammation. These observations are in 

accordance with the results of Huibers et al,65 who identified 3 histopathological patterns 

of CAV characterized by inflammatory lesions and increased SMCs, followed by fibrotic 

lesions. AOIs with low neointima mainly exhibit features of burnt-out vasculitis (thickening 

of the vessel wall) or endothelialitis (cells beneath the endothelium). Based on the 

significantly higher memory T cell and cell death markers in low neointima AOIs, 

we speculate that T cells infiltrate subendothelial regions where they proliferate and 

mediate EC injury. The accumulation of T cells expressing perforin-containing granules 

in the subendothelial region of early CAV lesions has been previously reported.66 OX40L 

(TNFRSF4) was the highest DEP between low and high neointima AOIs. OX40L (expressed 

on antigen-presenting cells, NK cells, activated CD4 T cells, ECs, and mast cells) binds 

to OX40+ antigen-activated T cells, stimulating T cell proliferation, clonal expansion/

survival, and effector cytokine release.67 Studies using mouse heart transplant models 

have highlighted the benefits of OX40L blockade in promoting graft survival by inducing 

Tregs.68 AOIs with low neointima showing early vascular inflammation and cell death were 

supported by increased VWF and ME118 (enriched for TP53 activation of caspases), which 

significantly correlated with NFATC1, a regulator of cytotoxic CD8+ T cells. AOIs with low 

neointima showed early vascular inflammation and cell death characteristics, supported by 

increased VWF and ME118 (enriched for TP53 activation of caspases). ME118 correlated 

significantly with NFATC1, a key regulator of cytotoxic CD8+ T-cells46.

Alternatively, AOIs with high neointima mainly demonstrated features of ongoing neointima 

expansion as seen by an increase in transcripts involved in myofibroblast differentiation 

(CSRP1), and remodeling (TAGLN).42,43 AOIs with high neointima-upregulated pathways 

were related to ‘Platelet activation, signaling and aggregation’ (ME50). DSA crosslinking to 

MHC I antigens induces Weibel-Palade bodies exocytosis of P-selectin and vWF, which can 

increase platelet and leukocyte infiltration, which aggravates vessel pathology.7,50,69,70

Finally, neointimal differences became more apparent, as the majority of markers encoding 

effector immune cell infiltrates significantly correlated with inflammatory comodules 

enriched for IFN-γ signaling, TLR cascades, and NFκB phosphorylation. Meanwhile, 

the majority of protein markers associated with cell growth factors and proliferation (eg, 

EGFR and NF1) correlated with profibrotic modules enriched for FGFR, FDFR2, and 

VEGFA-VEGFR2 signaling (Table 3). Antibody ligation of HLA I and HLA II molecules 

stimulates EC cell proliferation and migration via activation of PI3K/AKT, ERK, and mTOR 

signaling.4,5,58 Moreover, anti-HLA I antibodies can mediate an increase in FGFR cell 

surface expression.59 Together, these findings reinforce the notion that ECs and SMCs 

undergo active proliferative, migrative, and profibrotic signaling, contributing to vessel 

occlusion.

In summary, our findings highlight the heightened inflammatory profiles in CAV+DSA+ 

arterial regions and underscore the degree of heterogeneity among arterial vessels in 

rejected cardiac explants. Although our study reveals distinct profiles in CAV arterial 
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lesions, there remain a few limitations to be addressed. First, DSP analysis represents data 

from a selected region rather than at the single-cell level. Ongoing studies are focused 

on identifying cell type-specific profiles. Furthermore, the geometric regions analyzed in 

this study encompassed various arterial components, including the neointima, media, and 

adventitia. Hence, our findings do not distinguish specific signatures associated with distinct 

compartments of the vessel. Further investigations employing more targeted region selection 

are needed to delineate these compartments. Second, despite encountering variability 

in patient characteristics, no significant correlations were found between patient age at 

transplant and neointima score nor with time posttransplant and neointima score. Finally, 

additional investigations utilizing DSA-negative explants, native ischemic hearts, and/or 

vessels with atherosclerosis would enhance the specificity of CAV lesion characteristics.

To our knowledge, this is the first spatial multi-omics study examining arterial vessels with 

varying degrees of neointima formation in CAV+DSA+ rejected cardiac allografts. Our 

findings further accentuate on the degree of vessel heterogeneity and inflammatory profiles 

not usually identified by pathology alone. We anticipate this newly generated dataset can 

serve as a resource for future high throughput or basic studies investigating the mechanisms 

of DSA-mediated injury and CAV development.
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Figure 1. 
Arterial regions from cardiac allograft vasculopathy (CAV) rejected grafts exhibit varying 

degrees of neointimal thickening and express 41 protein markers. (A) A total of 22 arterial 

areas of interest (AOIs) from CAV+DSA+ patients (PID1–3; 2 females and 1 male) were 

subjected to protein and RNA digital spatial profiling. In total, 11 AOIs were scored with 

‘low’ neointima (+/− minimal and 1+ mild) and 11 with ‘high’ neointima (2+ moderate, 

3+ significant, and 4+ very significant) by hematoxylin and eosin staining (scale bar = 

200μm). (B) Protein profiling identified a total of 41 protein markers which were similarly 

expressed across all 22 AOIs (average signal to noise ratio [SNR] >1 in blue). Protein data 

was normalized to the average of negative IgG controls and reported as SNR. Proteins with 

an average SNR <1 (in red) were considered not expressed. Data ranked by average values. 

PID, patient ID.
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Figure 2. 
Top transcripts in arterial AOIs encode for DSA-mediated immune responses and vascular 

remodeling. (A) Expression levels of the top 74 transcripts (average SNR > 10) ranked 

by median values (excluding ribosomal and ATP transcripts). Whole genome RNA data 

was normalized to the average (+2 SD) of internal negative controls (NegProbe-WTX) 

and is reported as an SNR. (B) Pathway enrichment analysis of the top 231 transcripts 

(with average SNR > 5) using Metascape. (C) The protein expression of CD8, CD45, 

CD56, CD20, CD127, and CD11c exhibited a significantly positive correlation with RNA 

counterpart expression. Statistical significance was determined using Pearson correlation test 

(*P <.05, **P <.01, ***P < .001). AOI, area of interest; SD, standard deviation; SNR, signal 

to noise ratio.
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Figure 3. 
Fibroblasts, endothelial cells, macrophages, and memory CD8 T cells showed the highest 

expression across all arterial AOIs. (A) RNA data deconvolution of cell type abundance 

estimates across all arterial AOIs was derived using SpatialDecon algorithm. Fibroblasts, 

ECs, macrophages, and memory CD8 T cells were the most prominent cell types across 

AOIs. (B) Deconvolution cell fraction counts for CD8+ memory T cells and CD20 

memory B cells significantly correlated with protein expression counterparts (SNR counts) 

(determined by Pearson correlation coefficient test (**P < .01). (C) Cell fraction counts 

for each cell type between low and high neointima AOIs. Classical monocytes were 

significantly elevated in AOIs with low neointima while fibroblast cell fractions were higher 

in AOIs with high neointima. Significance was determined by non-paired Student t test (*P 
<.05). AOI, area of interest; EC, endothelial cell; SNR, signal to noise ratio.
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Figure 4. 
Cardiac allograft vasculopathy (CAV) arterial lesions exhibit higher inflammatory profiles 

compared to vessels from myocardial healthy controls (HCs). (A) Unsupervised clustering 

of z-score normalized expression of 1127 genes shared between CAV lesions (red) and 

myocardial HC vessels (blue). (B) Reactome pathway analysis of the 193 genes upregulated 

in the CAV lesions reveals increased inflammatory profiles.
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Figure 5. 
Arterial AOIs containing high and low neointima exhibit differences in protein and RNA 

expression. (A) Unsupervised clustering of the 41 expressed proteins (average SNR >1) 

across all 22 arterial AOIs. (B) Differentially expressed proteins (in red dots) between AOIs 

with low and high neointima. (C) Differentially expressed genes between AOIs with low 

and high neointima (in red dots). (D) Weighted gene coexpression network analysis was 

used to generate gene modules (ME) of coexpressed genes. Expression of each module is 

represented by eigengene values (Eigen-value). Module names were defined by Reactome 

pathway enrichment analysis. Arterial AOIs with low neointima increased ME21, ME22, 

and ME118 while AOIs with high neointima increased ME50. The highest positively 

correlated gene regulatory network (GNR) for each module is included below (orange 

text). Statistical significance for volcano plots (Log2FC > 1 and P <.05) and for comparing 

modules (Eigenvalues) was determined using linear mixed-effects model (including PID as 
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random effects) using in R software (*P <.05, **P <.01). AOI, area of interest; FC, fold 

change; PID, patient ID.
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Table 1

Differentially expressed proteins and differentially expressed genes between low and high neointima areas of 

interest.

Protein Log2FC P

1 OX40L 2.82 .029

2 CD45RO 1.23 .019

3 pan-RAS 1.22 .027

4 CD14 1.17 .035

5 INPP4B 1.15 .049

6 CD127 1.14 .023

7 p53 1.12 .046

8 Tim-3 1.11 .041

Gene Log2FC P

1 VWF 1.42 .021

2 CSRP1 −1.05 .022

3 TAGLN −1.18 .012

4 ADIRF −1.33 .009

FC, fold change.
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