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ABSTRACT OF THE DISSERTATION 

 

 

Investigating Macrophage Phenotype and Arterial Heterogeneity in Antibody-Mediated Rejection 

and Cardiac Allograft Vasculopathy 

 

by 

 

Jessica Nevarez-Mejia 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2023 

Professor Elaine F. Reed, Chair 

 

Solid organ transplantation is a lifesaving therapy for patients with end-stage organ failure. 

Although modern immunosuppressive strategies have allowed organ survival one-year post-

transplants, chronic allograft rejection remains a main clinical challenge. Approximately 20% of 

recipients lose their graft within 5 years, and 50% within 10 years.  Antibody-mediated rejection 

(AMR) described by the recipient production of donor-specific antibodies (DSA) remains the main 

risk factor contributing to late graft loss. DSA target human leukocyte antigen (HLA) class I and 

class II molecules present of the donor graft endothelium. DSA triggers strong alloimmune 

responses against allograft endothelial cells (ECs) leading to vascular injury and inflammation. 

Chronic inflammation induces vascular remodeling processes consisting of EC, smooth muscle 

cell (SMC), and myofibroblast proliferation leading to thickening of the intimal layer of vessels 

(neointima). This process ultimately leads to vessel occlusion, a condition termed transplant 

vasculopathy (TV) and specifically in heart transplant, cardiac allograft vasculopathy (CAV).  

Although macrophages remain a distinguishing feature of graft pathology in both AMR and CAV 



 

iii 
 

lesions, their precise phenotype and function in the context of HLA class I DSA remain poorly 

understood. Furthermore, there is a lack of research exploring the vascular characteristics of CAV-

affected vessels in patients with DSA.  

In this dissertation, we utilized both in vitro and in vivo approaches to investigate the mechanisms 

by which HLA class I DSA activate EC signaling and the impact on monocyte-to-macrophage 

polarization and functions. Our findings revealed that crosslinking of anti-HLA I (IgG and F(ab')2) 

antibodies with HLA class I molecules (HLA I) forms a complex with TLR4. Signaling through TLR4 

and the adaptor protein MyD88 triggers the release of Weibel-Palade bodies (WPbs) containing 

P-selectin. P-selectin surface expression mediates the capture of monocytes to ECs via 

interactions with monocyte P-selectin glycoprotein ligand-1 (PSGL-1). Second, we identified that 

anti-HLA I antibodies (IgG and F(ab')2) antibody-activated ECs induced the polarization of M2-like 

macrophages with distinct cytokine/chemokine secretion and transcriptomic expression. We 

further delineated that M2-macrophage polarization was enhanced via Fc-gamma receptor (FcR) 

interactions. For example, monocytes co-cultured with HLA I IgG-stimulated ECs differentiated 

into CD68+CD206+CD163+ macrophages, while monocytes co-cultured with HLA I F(ab’)2 only 

upregulated CD206. Thirdly, by inhibiting TLR4 signaling and PSGL-1-P-selectin interaction 

during monocyte transmigration across HLA I (IgG or F(ab’)2) antibody-activated ECs, we 

discovered that macrophage expression of CD206 and the secretion of matrix metalloproteinase-

9 (MMP9) is regulated by P-selectin. We validated the expression of 

CD68+CD206+CD163+MMP9+ M2-like macrophages within CAV affected lesions of DSA+ 

rejected cardiac explants. 

 Finally, using innovative spatial multi-omics techniques, we examined protein and transcriptomic 

expression in arterial regions of DSA+ CAV+ human rejected cardiac allografts. Our analysis 

revealed distinct profiles in regions with low and high neointima, encompassing differentially 

expressed proteins, transcripts, gene modules, and gene regulatory networks. Notably, low 

neointimal regions exhibited elevated inflammatory profiles, while high neointima regions 
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demonstrated features associated with fibrotic and remodeling processes. These results 

suggested a speculative sequential time-frame of the arterial changes that may occur during CAV 

progression. 

This dissertation provides valuable insights into the immunological mechanisms driving AMR and 

CAV progression. The study highlights the role of HLA I DSA-activated ECs in regulating 

macrophage functions and uncovers molecular signatures of different arterial regions from DSA+ 

CAV+ rejected cardiac allografts. These findings offer a deeper understanding of AMR and CAV 

pathogenesis, suggesting potential therapeutic targets to prevent leukocyte infiltration and EC 

activation in rejecting grafts. Finally, this research contributes to the development of interventions 

for improved long-term graft survival in transplantation. 
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Chapter 1 – Introduction 

 

Mechanisms of Antibody-mediated Rejection (AMR) 

Solid-organ transplantation is a lifesaving procedure for patients with end-stage heart, lung, liver, 

kidney, pancreas, and intestinal organ failure1,2. According to the United Network for Organ 

Sharing (UNOS),  a total of 41,355 organ transplants were performed from both deceased and 

living donors during 2021 in the United States3. Modern immunosuppressive regimens have 

allowed organ survival one-year post-transplant; nonetheless, due to the lack of improvements in 

long-term graft survival, 20% of recipients will lose their graft within 5 years, and 50% within 10 

years1,2. Antibody-mediated rejection (AMR) remains the major risk factor contributing to late graft 

loss. AMR is characterized by the production of donor-specific antibodies (DSA) to polymorphic 

human leukocyte antigens (HLA class I and HLA class II) found on the surface of graft endothelial 

cells (ECs)4. HLA I and HLA II DSA drive strong alloimmune responses against the graft 

vasculature mediating vascular inflammation and graft injury5,6. DSA play a crucial role in 

activating multiple pathological mechanisms, which mediate vascular injury. Specifically, DSA and 

inflammatory stimuli (e.g., TNF-) increase EC surface expression of adhesion molecules and 

chemokines, which facilitates the recruitment of graft-infiltrating immune cells. Here, CD4+ T-

lymphocytes recognize allograft HLA antigens (via direct or indirect allo-recognition) and activate 

B-cells to differentiate into plasma cells, which are mainly responsible for producing HLA DSA7. 

Moreover, both cytotoxic CD8+ T-cells and NK-cells secrete inflammatory cytokines and granules 

targeting graft ECs7,8. Graft-infiltrating monocytes differentiate into macrophages, which can 

secrete inflammatory cytokines (M1 subtype) or growth factors and vascular remodeling proteins 

(M2 subtype)9. Lastly, HLA DSA can directly activate the classical complement cascade on the 

surface of ECs leading to MAC complex formation and cell injury and the generation of 

anaphylatoxins4-6. Across most solid organs, AMR is diagnosed by the presence of microvascular 
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inflammation (subendothelial mononuclear cell infiltration), EC swelling, C4d complement 

deposition, and by the presence of CD68+ macrophages5,10. Overall, AMR represents a disease 

spectrum characterized by varying degrees of severity that can initiate at any point following 

transplantation. Its progression, with varying levels of intensity, contributes to the development of 

chronic rejection. Specifically, around 50% of heart transplants recipients who reject after >7 years 

post-transplants have evidence of AMR11.  

Endothelial cell activation by HLA Donor-Specific Antibodies (DSA)  

Our group has conducted multiple studies to uncover the mechanisms by which HLA DSA trigger 

outside-in signaling in ECs and lead to functional alterations that contribute to chronic rejection 

(Figure 1). Specifically, anti-HLA I IgG crosslinking to HLA I molecules expressed on ECs 

promotes the formation of molecular complex between HLA I and integrin-β4 (ITGB4). Signaling 

via ITGB4 triggers the phosphorylation and activation of Src/PI3K/Akt/mTOR pathway inducing 

EC migration and proliferation12. HLA I DSA induced signaling via PI3K/Akt also increases EC 

expression of survival proteins (e.g., BCL-2 and BCL-XL)13. Moreover, HLA I antibody-induced 

activation of mTOR complex 1 (MTORC1) and mTOR complex 2 (mTORC2) leads to downstream 

activation of RhoA/ROCK proteins which phosphorylate ERM (ezrin-radixin-moesin) proteins 

leading to cytoskeletal rearrangements and intercellular adhesion molecule 1 (ICAM-1) clustering 

at the cell surface14. Clustering of ICAM-1 enhances the tethering of monocytes at the EC surface, 

facilitating their infiltration into the allograft14. Activation of ECs by HLA II DSA triggers similar 

signaling cascades (e.g., FAK, PI3K, EKR, mTOR) inducing cell proliferation and migration15.  

In addition, recent studies in our lab have indicated that anti-HLA I IgG crosslinking to HLA I 

molecules can also induce the formation of a separate molecular complex between HLA I and 

toll-like receptor 4 (TLR4)16. Signaling via TLR4 adaptor proteins (e.g., MyD88) and elevation of 

intracellular Ca2+ induce the rapid exocytosis of Weibel-Palade bodies (WPb) that store von 

Willebrand Factor (vWF) and P-selectin17,18. P-selectin surface expression promotes monocyte 
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tethering to EC surface via monocyte P-selectin glycoprotein-1 (PSGL-1)16-18. Here, monocyte 

can also undergo interactions with Fc-portion of IgG via Fc-receptors (FcyRs)19. The findings from 

these studies collectively underscore the significant role played by HLA DSA in promoting 

vascular inflammation and remodeling, which in turn contribute to AMR and chronic rejection.  

Figure 1-1: Mechanisms of HLA I IgG antibody-activation of allograft endothelial cells.  

Anti-HLA I IgG crosslinking to HLA I molecules present on the surface of endothelial cells (ECs) 

induces the formation of a molecular complex between HLA I and integrin-β4 (ITGB4). This 

triggers activation of signaling cascades (e.g., Src/PI3K/Akt/mTOR and FAK), which induce EC 

migration, proliferation, and expression of survival proteins12,13. Activation of mTOR complexes 

triggers downstream activation of RhoA/ROCK proteins which regulate cytoskeletal 

rearrangements resulting in ICAM-1 clustering at the cell surface14. Anti-HLA I IgG crosslinking 
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also induces the formation of a separate molecular complex between HLA I and Toll-like 

Receptor-4 (TLR4)16. TLR4-MyD88 and intracellular Ca2+ signaling induce the exocytosis of 

Weibel-Palade bodies (WPbs) containing P-selectin. P-selectin surface expression mediates 

monocyte tethering via P-selectin glycoprotein-1 (PSGL-1) to the surface of ECs16-18. Figure 

created using BioRender.com.  

Mechanisms of Cardiac Allograft Vasculopathy (CAV) 

Recurrent episodes of AMR in heart transplant recipients, marked by vascular inflammation and 

the activation of ECs and smooth muscle cells (SMCs) contribute to the progressive thickening of 

the inner layer of vessels (neointima). This process ultimately leads to the development of the 

occlusive vascular disease known as cardiac allograft vasculopathy (CAV)20. CAV remains the 

primary cause of long-term mortality, responsible for approximately 1 in 8 deaths beyond one-

year post-transplant21. CAV lesions are mainly composed of actively dividing myofibroblast and 

infiltrating immune cells20. CAV impacts arteries of varying sizes, including large and small 

epicardial and intramyocardial arteries, as well as veins. It affects both males and females, adults, 

and children in a similar manner22. The exact mechanisms underlying CAV development are 

complex and involve immune responses, chronic inflammation, EC dysfunction, and vascular 

remodeling processes. Specifically, the presence of circulating HLA DSA has been associated 

with increased risk of developing CAV23.  Additional risks factors for CAV include metabolic 

disorders (e.g., obesity, hyperglycemia, and hyperlipidemia), older donor and recipient age, 

ischemic-reperfusion injury (IRI), organ presentation, chronic T-cell mediated injury, and 

cytomegalovirus (CMV) infection24,25. Furthermore, endothelial-to-mesenchymal transition 

(EndoMT) is recognized as a pivotal process underlying the development of CAV26. EndoMT is a 

phenomenon in which sustained EC activation by inflammatory stimuli (e.g., IL-6, TNF-, IL-1β, 

and pathogens) induce EC dysfunction and the downregulation of EC markers (e.g., CD31 and 

VE-cadherin). Concurrently, ECs upregulate the expression of specific EndoMT transcription 
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factors (e.g., SNAIL/SLUG and ZEB) which suppress the expression of EC markers and 

upregulate the expression of mesenchymal cell markers (e.g., N-cadherin, a-SMA, and Vimentin). 

This process ultimately results in the differentiation of ECs into highly proliferative and migratory 

mesenchymal cells26. This phenomenon contributes to neointimal formation and progression of 

vascular occlusion. 

Today, CAV is monitored using invasive techniques such as angiography or intravascular 

ultrasound (IVUS), which are both inefficient for early detection27. Moreover, these techniques do 

not display the exact composition of the vessel wall. For now, vessel composition can only be 

visualized in explanted hearts or autopsy hearts from transplant patients. While current 

treatments, including mTOR inhibitors (mTORi), statins, vasodilators, and revascularization, have 

shown some efficacy in slowing down the progression of CAV, they are unable to completely 

prevent its development24. Unfortunately, once CAV is established, it becomes an irreversible 

often requiring re-transplantation as the sole viable option.  

In this study, we focused on analyzing both the proteomic and transcriptomic expression of arterial 

CAV affected lesions from DSA+ CAV+ rejected cardiac allografts using digital spatial profiling. 

The dataset generated from this research will serve as a fundamental resource for future 

investigations into the mechanisms underlying CAV. 

Macrophages in AMR and CAV  

Macrophages are a distinguishing feature in graft pathology in both acute and chronic AMR 

lesions as well as in CAV10. In cardiac allograft endomyocardial biopsies (EMBs), intravascular 

graft macrophages accumulate in capillaries and venules that distend and fill vascular lumens10. 

This leads to widespread alterations of the microvasculature and endothelial cells lining the 

vessel10. Precisely, the presence of CD68+ graft infiltrating macrophages is highly associated with 

worse graft function and survival28-32. Following organ procurement, cold storage, and surgical 
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anastomosis, IRI increases vascular permeability and promotes EC apoptosis33,34. Moreover, 

cellular and acute AMR increase microvasculature damage35. Activated ECs secrete chemokines 

(e.g., MCP-1 and fractalkine) and upregulate adhesion molecules (e.g., P-selectin, ICAM-1 and 

VCAM-1) which recruit recipient circulating monocytes36. During transmigration, monocyte and 

EC interactions activate outside-in signaling that induce functional changes and alter gene 

expression in both cell types37. For example, binding of monocyte integrins (LFA-1, MAC-1, and 

VLA-4) to EC intracellular adhesion molecules (ICAM-1 and VCAM-1) activates monocyte 

signaling cascades involved with cell migration, actin cytoskeleton and focal adhesions to drive 

efficient chemotaxis38,39. Moreover, engagement of EC ICAM-1/VCAM-1 with monocyte integrins 

mediate intracellular signaling, which results in loss of tight cell-to-cell junctions (e.g.VE-cadherin) 

to mediate monocyte diapedesis40. Although the cell interactions and intracellular signaling 

cascades that mediate extravasation have been studied, it remains unknown how these 

interactions may have the potential to guide monocyte-macrophage phenotype and function in 

rejecting allografts.  

Historically, canonical environmental cues have been described to drive monocyte-macrophage 

differentiation into two major phenotypes: “Classically activated” or M1, pro-inflammatory 

macrophages and “alternatively activated” or M2 profibrotic macrophages41 (Figure 2). M1 are 

activated by IFN-y or by engagement of pathogen-associated patterns via toll-like receptors 

(TLRs)41,42. M1 promote a Th1-type response producing pro-inflammatory cytokines (e.g., IL-1, 

IL-6, and TNF-) that can activate cytotoxic T cells and induce the production of EC chemokines 

(e.g., CSF-1 and MCP-1)42. Moreover, M1 generate harmful reactive oxygens species (ROS), and 

iNOS-derived nitric oxide42. M1 also express high levels of co-stimulatory molecules (e.g., 

CD80/CD86), which amplify T cell-mediated activation. On the other hand, “Alternatively 

activated” or M2 macrophages are known to mediate tissue healing, angiogenesis, and 

fibrosis41,43. Depending on their activating stimuli, M2 are subdivide into M2a (IL-4), M2b (via 
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FcRs and TLRs e.g., IgG+LPS), and M2c (IL-10) subtypes43. M2 promote a Th2-type response 

by secreting regulatory cytokines (e.g., IL-10) and decreasing pro-inflammatory cytokine 

production. Moreover, M2 secrete pro-angiogenic growth factors such as TGF-b, endothelial cell 

growth factor (VEGF), platelet-derived growth factor (PDGF), matrix metalloproteinases (MMPs) 

and tissue inhibitors of metalloproteinases (TIMPs) that alter matrix turnover and composition43,44. 

M2 express phagocytosis receptors (e.g., CD163, CD206, CD209, and Dectin-1) which enable 

removal of microbes, debris, and dead cells45,46.   

Based on the M1/M2 paradigm, M1 have been associated with acute rejection while M2 with 

chronic rejection9,47,48. Nonetheless, recent studies have highlighted the oversimplification of the 

M1/M2 paradigm in transplantation.  For instance, kidney allografts with acute tubular necrosis 

have identified M2 transcripts (e.g., Arg1 and Mrc1)49. Further, while M2-like macrophages are 

identified in chronically rejecting grafts, the development of vasculopathy and induction of 

vascular damage also points to the production of M1 secreted factors (e.g., ROS and IFN-y)50. 

Due to the dynamic heterogeneity of macrophage polarization, it has become very difficult to 

identify the phenotype and function of macrophages present in allografts. Some studies suggest 

that macrophages may undergo a phenotype switch or that at a certain point in the development 

of chronic rejection, macrophages may display dual characteristics. Thus, the exact phenotype 

and function of macrophages found in acute and chronically rejecting grafts remains unknown.  
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Figure 1-2: Monocytes differentiate into distinct macrophage subtypes depending on the 

activating stimuli upon transmigrating across the vascular endothelium.  

Macrophages are typically classified into pro-inflammatory (M1) or anti-inflammatory/resolving 

(M2) subtypes, characterized by their distinct marker expression and specialized functions. M1 

macrophages are primarily implicated in acute rejection as they activate T-cells, as well as secrete 

pro-inflammatory cytokines and generate reactive oxygen species (ROS), contributing to 

endothelial cell (EC) damage. On the other hand, M2a macrophages specialize in phagocytosing 

apoptotic ECs and cellular debris. M2b macrophages are known for their production of regulatory 

cytokines. Finally, M2c macrophages contribute to vascular remodeling by synthesizing proteins 

like VEGF and MMPs. Generally, M2 macrophages secrete anti-inflammatory cytokines and are 

associated with chronic rejection. However, the precise role of macrophages in rejection is still 

not fully understood due to the overlapping and distinct marker expression as well as diverse 

functions exhibited by each subtype. 
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Monocyte recruitment and activation by Fc-gamma receptors (FcRs) 

A few studies have highlighted humoral activation via Fc-gamma receptors (FcR) signaling in 

mediating monocyte-macrophage polarization and functional activity during AMR51. The majority 

of circulating monocytes (80-95%) co-express the high affinity FcRI (CD64) and intermediate 

affinity FcRII (CD32), and a subpopulation (2-11%) co-expresses FcRIII (CD16)52. Monocyte 

FcR-IgG interactions have been shown to elicit distinct monocyte functions such as production 

of cytokines/chemokines, cell migration, phagocytosis, and differentiation. This occurs via both 

activating (FcRI and FcRIII), and inhibitory (FcRII) signals following crosslinking with IgG and/or 

IgG-complexes51-54. Similarly, macrophages can differentially co-express all FcRs on their 

surface activating antibody-dependent cellular phagocytosis (ADPC) and antibody-dependent 

cellular cytotoxicity (ADCC)55. FcR-IgG affinity is highly dependent on IgG subclass (IgG1, IgG2, 

IgG3, and IgG4), Fc-glycosylation state, and FcR polymorphisms56. In general, IgG1/3 have 

higher affinity for most FcRs, while IgG2 only binds FcRII, and IgG4 binds most FcRs 

moderately5. Polymorphism in recipient FcRIIa (H131/R131) and FcRIIIa (V158/F158) have 

been shown to differentially affect clinical transplant outcomes in kidney, heart, and lung 

transplants57-59. This is as polymorphic differences can alter the affinity of Fc-IgG binding and/or 

functionality of activating FcRs. For example, FcRIIa-H131 has higher affinity to IgG2 than 

FcRIIa-R131 and FcRIIIa-V158 has higher affinity for IgG1/3 than FcRIIIa-F15856. Thus, 

variability in recipient production of specific IgG subclasses and FcR genotype may impact the 

degree of cell recruitment, activation, and transplant outcome. However, it remains unclear how 

different FcR-IgG interactions may be able to modulate distinct cell fates and effector functions 

in AMR. Recent studies utilize IgG-degrading enzyme of Streptococcus pyogenes (IdeS) and an 

endoglycosidase (EndoS) produced by S. pyogenes to prevent FcR-dependent functions and 

immune-cell recruitment60. Particularly, IdeS cleaves IgG into an intact Fc region and F(ab’)2 
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fragments, while EndoS hydrolyzes the N-linked carbohydrate from the Fc region of IgG61. Yet, 

the efficacy of IdeS/EndoS as therapeutics to treat AMR is currently being explored. 

By generating chimeric pan-HLA I human IgG1 and IgG2 Abs (carrying the variable regions of 

murine pan HLA I mAb W6/32), we have shown that IgG subclass and FcRIIa polymorphisms 

influence monocyte binding to HLA I antibody-activated ECs19.  For instance, monocytes perfused 

over HLA I antibody-activated ECs under shear stress exhibit slower rolling and increased arrest 

on ECs treated with IgG1 compared with IgG219. Moreover, monocytes from donors expressing 

high-affinity FcRIIa-H131 alleles exhibited greater adhesion to ECs stimulated with HLA I 

antibodies. These studies suggest that transplant recipients carrying specific FcR 

polymorphisms and production of specific IgGs influence macrophage accumulation in the graft.  

Significance of study 

Despite the active role of macrophages in mediating poorer graft outcomes, their exact phenotype 

and function in the context of HLA I antibody-mediated injury remains unexplored. This gap in 

knowledge hinders effective therapeutic targeting of DSA effector functions to prevent CAV 

development. Moreover, although prior studies have shown that immunosuppressive drugs (e.g., 

mTOR inhibitors) can be effective in inhibiting monocyte/macrophage functions (e.g., migration) 

targeting all macrophages indiscriminately could be disadvantageous62-64. This is since effector 

or ‘regulatory macrophages’ (Mregs) also have beneficial roles including the control of infections 

and induction of regulatory cells (e.g. Tregs)64. Thus, it remains critical to identify the exact cellular 

mechanisms guiding macrophage polarization and function by DSA activated endothelium during 

AMR.  

Summary of Study 

In this study, we aimed to further investigate the molecular mechanism underlying the signaling 

between HLA I and TLR4 complex in HLA I DSA activated ECs. We revealed that TLR4/MyD88 
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signaling upregulates P-selectin surface expression on ECs, facilitating monocyte capture. 

Moreover, we identified that HLA I antibody-activated ECs guide monocyte-to-macrophage 

polarization into distinct M2-macrophage phenotypes characterized by the co-expression of 

CD68, CD206, and CD163 markers. These M2-macrophage subtypes exhibit unique cytokine 

secretion patterns and transcriptomic profiles. Furthermore, our findings illustrated that increased 

M2-macrophage expression of CD206 and matrix metalloproteinase-9 (MMP9) are regulated by 

P-selectin which is expressed on the surface of HLA I DSA-activated ECs. Finally, employing a 

multi-omics approach, we explored the differences between arterial regions containing low and 

high neointima in DSA+ CAV+ human rejected cardiac allografts. Our results identified potential 

immune proteins, enriched transcripts, and pathways involved in neointima progression.  

Overall, our study sheds light on the intricate molecular mechanisms involved in the interplay 

between HLA I DSA, ECs, monocytes, and macrophages, as well as provides insights into 

neointimal development during CAV progression. The findings of this study contribute to the 

crucial goal of identifying molecular targets aimed at reducing vessel and graft immunogenicity in 

AMR and CAV across diverse solid organ transplantations. 
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Chapter 2 – Cross-Talk between HLA Class I and TLR4 Mediates P-selectin Surface 

Expression and Monocyte Capture to Human Endothelial Cells 
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Chapter 3 – Antibody-induced Vascular Inflammation Skews Infiltrating Macrophages to a 

Novel Remodeling Phenotype in a Model of Transplant Rejection 
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Chapter 4 – HLA Class I Antibody-activated Endothelium Mediates Monocyte Polarization 

into CD206+ M2-Macrophages with MMP9 Secretion via TLR4 Signaling and P-selectin 

 

Abstract 

HLA donor-specific antibodies (DSA) elicit a cascade of alloimmune responses against the graft 

vasculature, leading to endothelial cell (EC) activation and monocyte infiltration during antibody-

mediated rejection (AMR). Recurrent AMR episodes promote chronic inflammation and 

remodeling, leading to thickening of the arterial intima or cardiac allograft vasculopathy (CAV). 

Intragraft-recipient macrophages serve as a diagnostic marker in AMR however, their 

mechanisms of polarization and function remain unclear. In this study, we utilized an in vitro 

transwell co-culture system to explore the mechanisms of monocyte-to-macrophage polarization 

induced by HLA I DSA activated ECs. Anti-HLA I (IgG or F(ab’)2) antibody-activated ECs induced 

the polarization of M2-macrophages with increased CD206 expression and MMP9 secretion. 

However, inhibition of TLR4 signaling or PSLG-1-P-selectin interactions significantly decreased 

both CD206 and MMP9. Monocyte adherence to Fc-P-selectin coated plates induced M2-

macrophages with increased CD206 and MMP9. Moreover, FcyR-IgG interactions synergistically 

enhanced both pro- and active-MMP9 in conjunction with P-selectin. Transcriptomic analysis of 

arterial regions from DSA+CAV+ rejected cardiac allografts and multiplex-immunofluorescent 

staining illustrated the expression of CD68+CD206+CD163+MMP9+ M2-macrophages within the 

neointima of CAV affected lesions. These findings reveal a novel mechanism linking HLA I 

antibody-activated endothelium to the generation of M2-macrophages which secrete vascular 

remodeling proteins contributing to AMR and CAV pathogenesis.  
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Introduction 

Antibody-mediated rejection (AMR) remains a significant clinical challenge impacting both long-

term allograft and patient survival post-transplantation. AMR is defined by multifaceted 

immunological responses which are primarily driven by donor-specific antibodies (DSA) targeting 

polymorphic human leukocyte antigens (HLA I and HLA II) on the graft vasculature. Specifically, 

DSA promotes the recruitment and activation of circulating leukocytes (e.g., T-cells, monocytes, 

and NK-cells), and triggers complement activation resulting in endothelial cell (EC) injury4,5. In 

cardiac allografts, AMR is diagnosed using endomyocardial biopsies (EMBs) and is characterized 

by distinct features including EC swelling, microvascular inflammation (subendothelial 

mononuclear infiltration), presence of intravascular CD68+ macrophages, and potential 

complement C4d deposition10. Repeated episodes of AMR contribute to a persistent state of 

chronic inflammation, triggering vascular remodeling characterized by the migration and 

proliferation of ECs and smooth muscle cells20.  This pathological process leads to the progressive 

thickening of the intimal layer and eventual occlusion of the vasculature, a condition referred to 

as cardiac allograft vasculopathy (CAV)20,24.    

HLA DSA can further enhance AMR and contribute to the development of CAV by activating EC 

intracellular signaling cascades and facilitating the recruitment of infiltrating monocytes. For 

example, HLA I DSA can trigger EC signaling pathways such as FAK/Src, PI3K/AKT, and mTOR 

leading to EC proliferation, migration, and upregulation of survival proteins (BCL-2 and BCL-

XL)12,13,65,66. Moreover, HLA I out-side-in signaling can stimulate EC cytoskeletal rearrangements 

(via mTOR, RhoA/ROCK) resulting in increased clustering of ICAM-1 at the cell surface, thereby 

facilitating firm adhesion of monocytes to ECs14. In addition, our recent findings have illustrated 

that anti-HLA I antibodies stimulate the formation of a molecular complex between HLA I and Toll-

like receptor 4 (TLR4) on the surface of ECs16. TLR4 signaling via adaptor proteins (MyD88 and 

TIRAP) results in Weibel-Palade bodies (WPBs) exocytosis of P-selectin thereby mediating 
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monocyte tethering at the surface of ECs16. Monocyte and EC adhesive interactions mediated by 

PSGL-1 and P-selectin are further strengthened through interactions between the Fc portion of 

HLA I IgG and Fcy-receptors (FcyRs) expressed on monocytes17,19.  

In both preclinical and clinical studies, graft-infiltrating monocytes and macrophages have been 

consistently linked to poorer outcomes in kidney and heart transplantation28-32. Macrophages 

accumulate within the vascular lumens in EMBs and have been observed to increase in density 

during episodes of AMR and HLA DSA10,67. Macrophages can also be found within the neointima 

and adventitia of CAV affected lesions in both rejected human cardiac allografts and mouse 

models of chronic AMR22,68. Despite the high prevalence of macrophages in rejecting allografts, 

their mechanisms of polarization, phenotype, and function remain elusive. In general, M1 

macrophages have been linked to acute rejection as they secrete pro-inflammatory cytokines, 

generate harmful reactive oxygen species (ROS), and exhibit expression of co-stimulatory 

molecules (e.g., CD80/CD86) which can amplify T-cell mediated activation9,47. Conversely, M2 

macrophages (subdivided into M2a, M2b, and M2c) are linked with chronic rejection as they 

promote tissue remodeling through the secretion anti-inflammatory cytokines, pro-angiogenic 

growth factors (e.g., TGF-, VEGF, and PDGF), and matrix metalloproteinases (MMPs)9,44,47. 

Nonetheless, recent studies have emphasized the oversimplification of the M1/M2 paradigm in 

transplantation, as macrophages can be activated by various environmental stimuli and exhibit 

remarkable plasticity69,70. Moreover, only a limited number of studies have specifically investigated 

macrophage polarization and function in the context of HLA DSA activated endothelium71-73.  

Studies in our lab have revealed that anti-HLA I antibody-activated ECs induce monocyte 

polarization into M2-like macrophages through both Fc-dependent and Fc-independent 

mechanisms71. In an in vitro co-culture model using transwell inserts, monocytes which 

transmigrated across anti-HLA I F(ab’)2 antibody-activated ECs differentiated into CD206+ 

(mannose receptor C type 1 (MRC1)) M2-like macrophages after 5 days of co-culture. Meanwhile, 
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monocytes that transmigrated across anti-HLA I IgG antibody-activated ECs differentiated into 

M2-like CD206+ macrophages with an added increase in CD163 (hemoglobin scavenger 

receptor). Given that monocytes undergo multiple adhesive interactions during trans endothelial 

cell transmigration, we investigated whether EC adhesion molecules, such as P-selectin, which 

are upregulated in response to HLA I DSA impact M2-macrophage polarization. Moreover, 

building on our previous findings demonstrating that HLA I DSA triggers EC signaling via TLR4, 

resulting in increased surface expression of P-selectin, we furthered explored whether blocking 

TLR4 signaling or inhibiting PSGL-1-P-selectin interactions would impede M2-macrophage 

polarization and M2-related functions.  

In this study, we found that blocking TLR4 signaling or inhibiting PSGL-1-P-selectin interactions 

decreased CD206 expression and MMP9 secretion in anti-HLA I (IgG or F(ab’)2) antibody-

activated EC polarized macrophages. These results reinforce our previous findings indicating that 

CD206 expression is not dependent on Fc-interactions. Moreover, our findings suggest that P-

selectin plays a pivotal role in regulating M2-macrophage phenotype and function in a model of 

vascular inflammation induced by anti-HLA I DSA. We also validated the expression of 

CD68+CD206+CD163+MMP9+ M2-macrophages within vessels of CAV+DSA+ rejected cardiac 

allografts. In conclusion, we propose a novel mechanism by which HLA I antibody-activated 

endothelium promotes the generation of M2-macrophage with the capacity to secrete proteins 

involved in vascular remodeling, thereby contributing to the development of CAV.  

Materials and Methods 

Study Approval 

This study was approved by the University of California, Los Angeles Institutional Review Board 

IRB#18-001275. Formalin-fixed paraffin embedded (FFPE) tissue from rejected cardiac allografts 

were provided by the UCLA Translational Pathology Core Lab (TPCL).    
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HLA I antibodies and primary EC lines 

Human monoclonal allele-specific antibodies against HLA-A2/A28 (IgG1, clone SN607D8) and 

A3/A11/A24 (IgG1, clone MUL2C6) were derived from human hybridomas and purified via protein 

A chromatography were kindly provided by Dr. Sebastiaan Heidt74. HLA I F(ab’)2 fragments were 

generated using FabRICATOR/IdeS (Genovis) in accordance with the manufacturer’s protocol. 

The binding capacities HLA I IgG and HLA I F(ab’)2 antibodies have been previously validated via 

flow cytometry71.  Primary human aortic ECs were isolated from the aortic rings of deceased donor 

hearts (B114) or were obtained from ATCC (3F1153), and cultured as previously described19,71,75 

Transwell co-culture  

The transwell co-culture model used in this study has been previously reported by Xuedong et 

al., AJT 202071. Briefly, ECs (0.2x105) were plated in complete M199 medium in the upper 

chamber of 0.1% Gelatin coated transwell inserts (3-µm size pore, Corning) in 24-well plates on 

day -1. On day 0, ECs were incubated with M199 + 0.2% FBS for four hours followed by 

stimulation with HLA I IgG or HLA I F(ab’)2 (1µg/mL), hIgG isotype control (1µg/mL) (Sigma-

Aldrich), or left untreated for 1 hour. To simulate the activation of ECs by allele-specific HLA I 

DSA, EC3F1153 were stimulated by HLA-A2 and B114 were stimulated with HLA-A3 antibodies 

in accordance with EC HLA typing71. After stimulation, ECs were washed to removed unbound 

antibodies and placed in complete RPMI 1640 + 10% FBS. Then, freshly isolated human primary 

monocytes (0.5 x 105) were plated above ECs in transwell insert (2.5 monocytes per 1 EC ratio) 

and incubated for 5 days. Half of the media was replenished on days 2 and 4. On day 5, cells in 

the bottom chamber were detached and stained for phenotype analysis. TLR4 pharmacological 

inhibitor TAK242 (1µM) or anti-P-selectin blocking antibody (5ug/mL) (R&D Systems) were added 

for 30 minutes prior to stimulating ECs with HLA I antibodies. For validation experiments, 

monocytes were pre-incubated with r-PSGL-1-Ig antibody (20 ug/mL) prior to seeding in transwell 
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insert as previously described17. Knockdown of EC TLR4 via SiRNA prior to plating in transwell 

insert was performed as previously described16.  

Macrophage polarization using solid-phase assay.  

On day -1, 96-well plates were coated with of Fc-P-selectin or Fc-ICAM-1 chimeric proteins (10 

µg/mL) (R&D Systems), hIgG isotype control (10 µg/mL), 5% BSA, or ELISA reaction buffer 

(50mM carbonate-bicarbonate) used to coat plates (Bioworld) and placed at 4℃ overnight. On 

day 0, all wells were blocked with 5% BSA for >30 minutes at room temperature and washed 

twice with 1x PBS. Freshly isolated primary monocytes (0.5 x 105) were plated in complete RPMI 

1640 + 10% FBS medium for 5 days. For Fc-blocked conditions, monocytes were pre-treated with 

Fc-receptor blocking solution (BioLegend) as recommended by manufacturer (5µL of Fc-block 

per 1 x 106 cells). Half of the media was replenished on days 2 and 4. Cells were detached using 

Accutase (Innovative Cell) and collected for phenotype analysis. Cytokine polarized (M1, M2a, 

M2b, M2c, and mDC) macrophages were generated as previously described71.  

Flow cytometry phenotype analysis  

Collected cells were first stained with Live/Dead fixable blue cell stain kit (Invitrogen) following 

manufacturer’s protocol to determine viability. Cells were then washed twice with 1x PBS and 

incubated for 30 minutes with CD206-APC/Cy7 (clone 15-2) (BioLegend) at 4C. Stain cells were 

acquired on an LSRFortessaTM (BD Biosciences, San Jose, CA) flow cytometer and data was 

analyzed using FlowJo version 10.8.  

MMP9 Western blot and Elisa Assays 

The preparation of cell lysates for Western blot was carried as previously described76. Briefly, 

cells were lysed using 2x Laemmli SDS Sample buffer (Bio-Rad) + Dithiothreitol (DTT). After 

resolving the cell lysates through SDS-PAGE overnight, the proteins were transferred onto 

polyvinylidene difluoride membranes (Millipore) for 2 hours. The membranes were blocked using 
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5% nonfat dry milk in TBS (pH 7.4) containing 0.05% Tween 20 (TBST) for 1 hour at room 

temperature and incubated overnight with MMP9 antibody (9D4.2) Pro and Active (Millipore 

Sigma) at 2ug/mL (1:500) dilution or with GAPDH antibody (0411) (Santa Cruz Biotech) at 1:2000 

dilution. The blots were then incubated with HRP-conjugated secondary antibodies and 

developed with ELC (Bio-Rad). The protein bands were scanned using Epson Perfection V700 

photo scanner (Epson) and were quantified using ImageJ program. MMP9 secretion from 

transwell cell culture supernatants (at day 4) was examined using human MMP9 ELISA Kit 

(Abcam (ab246539)) following manufacturer’s protocol.  

RNA Digital Spatial Profiling (DSP), data normalization, and deconvolution.  

Whole transcriptomic digital spatial profiling (DSP) of arterial regions from CAV+DSA+ rejected 

cardiac allografts (N=3; 2 females, 1 male) was performed by NanoString Technologies (Seattle, 

WA) as part of the Technology Access Program (TAP) as per Merritt et al., Nat Biotechnol 202077. 

Briefly, FFPE slides underwent mild proteinase K digestion followed by incubation with a whole 

transcriptome cocktail (18,504 transcripts) of UV-(PC)-oligonucleotide-labeled mRNA probes. 

After hybridization steps, slides were loaded into the DSP instrument and geometric AOIs were 

selected based on the presence CD68+ CD163+ macrophages localized within CD34+ arterial 

vessels as previously determined via immunofluorescent staining. To analyze AOIs, a 

programmable digital micromirror device (DMD) was employed. This enabled the precise 

illumination of the AOI with UV light, facilitating region-specific release of PC-oligos. The released 

indexing oligonucleotides were gathered through microcapillary aspiration, placed into a 

microplate, and then digitally counted utilizing the Next-Generation Sequencing (NGS). The 

GeoMx analysis suite was used for quality control (QC) and normalization of RNA data. Outlier 

probes were removed using Grubbs test within a target and AOI (biological probe QC). The data 

for each AOI was then scaled to the 3rd quartile of all selected targets (Q3) and normalized to the 

average (+2SD) of negative controls (NegProbe). RNA data is reported as a signal to noise ratio 
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(SNR) to negative controls (NegProbe). RNA deconvolution for obtaining cell fraction estimates 

across all arterial AOIs was derived using CIBERSORT as previously described78.  

Multiplex-immunofluorescent staining of cardiac allografts 

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

TSA‐based Opal method was used for immunofluorescence (IF) staining (Opal Polaris 7‐Color 

Automation IHC Kit; Akoya Biosciences, Marlborough, MA, USA; Catalogue No. NEL871001KT). 

Since TSA and DAB oxidation are both peroxidase‐mediated reactions, the primary antibody 

conditions and order of staining determined using DAB detection were directly applied to the 

fluorescent assays, unlike conventional IHC wherein a chromogenic peroxidase substrate is used 

for antigen detection, each antibody is paired with an individual Opal fluorophore for visualization. 

The Opal fluorophores were used at a 1 in 100 dilution, as recommended by Akoya when using 

the Leica BOND RX. As such, a fluorescent singleplex was performed for each biomarker and 

compared to the appropriate chromogenic singleplex to assess staining performance. Once each 

target was optimized in uniplex slides, the Opal 5 multiplexed assay was used to generate multiple 

staining slides. TMA slides Staining was performed consecutively Leica BOND RX by using the 

same steps as those used in uniplex IF, and the detection for each marker was completed before 

application of the next antibody. The sequence of antibodies for multiplex staining was determined 

for panel combination is: CD31 (opal 480), CD68 (opal 520), CD206 (opal570), CD163 (opal 620), 

MMP9 (opal 690). All fluorescently labelled slides were scanned on the Vectra Polaris (Akoya 

Biosciences) at 40× magnification using appropriate exposure times. The data from the 

multispectral camera were analyzed by the imaging InForm software (Akoya Biosciences).  
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Statistical analysis 

Data presented in Figure 1, Figure 2, and Figure 3 was analyzed using paired repeated 

measures one-way ANOVA (Fisher least significant differences (LSD)) with bar graphs showing 

±SEM. Data in Figure 4 was examined using unpaired repeated measures one-way ANOVA 

(Fishers LSD) or unpaired student T-test (Figure 4E). Statistical significance was determined as 

p < 0.05 (*), p < 0.01(**), p < 0.001(***) p < 0.0001(****)) using GraphPad Prism software v9.0.  

Results  

Macrophage CD206 expression is induced via TLR4 upregulation of P-selectin in HLA I antibody-

activated ECs.  

Prior findings in our lab have shown that monocytes co-cultured with HLA I (IgG or F(ab’)2) 

antibody-activated ECs promoted monocyte differentiation into CD206+ M2 macrophages71. 

Moreover, given that HLA I (IgG or F(ab’)2) antibodies mediate EC P-selectin surface expression 

via TLR4 signaling, we questioned whether inhibiting TLR4 signaling or blocking PSGL-1-P-

selectin interactions altered macrophage CD206 expression16. To simulate the process of 

monocyte transmigration across HLA I antibody-activated ECs, we utilized our previously 

published in vitro transwell co-culture model71. Using this model, monocytes adhere to HLA I (IgG 

or F(ab’)2) antibody-activated ECs (in the top chamber (insert)), and transmigrate (to the bottom 

chamber) where they differentiate into macrophages over a 5-day period. In this study, ECs were 

pre-treated with a TLR4 pharmacological inhibitor (TAK242) or an anti-P-selectin blocking 

antibody prior to (and during) stimulation with HLA I (IgG or F(ab’)2). Results show that both HLA 

I (IgG or F(ab’)2) conditions significantly increased macrophage CD206 expression compared to 

hIgG isotype treated ECs. However, the addition of TAK242 or anti-P-selectin blocking antibody 

(-P-selectin Ab) significantly reduced CD206 expression in both HLA I (IgG or F(ab’)2) conditions 

(Figure 4-1A). Alternatively, macrophage CD206 expression also decreased when monocytes 
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were pre-treated with rPSGL-1-Ig (prior to plating in transwell) in both HLA I (IgG or F(ab’)2) 

conditions (Figure 4-1B).  

To further validate whether HLA I (IgG or F(ab’)2) antibody-activated EC signaling via TLR4 drives 

macrophage CD206 expression, we knocked down EC TLR4 expression using small interfering 

RNAs (siRNA). Results illustrated that knockdown of TLR4 significantly reduced CD206 

expression compared to HLA I (IgG or F(ab’)2) control SiRNA conditions (Figure 4-1C).   

Finally, to confirm the specificity of P-selectin in eliciting macrophage CD206 expression, we 

employed a solid-phase assay in which culture plates were coated with Fc-P-selectin or Fc-ICAM-

1, chimeric proteins. Monocytes were pre-treated with Fc-receptor block to eliminate Fc-receptor 

interactions and plates coated with hIgG antibody isotype (containing an Fc-portion) were used 

as controls. Following a five-day culture, monocytes cultured in Fc-P-selectin coated plates 

exhibited a significant increase in CD206 macrophage expression compared to macrophages 

polarized in plates coated with coating buffer only, hIgG isotype control, and 5% BSA (Figure 4-

1D). Moreover, macrophages polarized in Fc-ICAM-1 protein coated plates did not significantly 

increase CD206 expression, further suggesting that upregulation of CD206 by macrophages is 

P-selectin specific.  

MMP9 is upregulated in HLA I (IgG or F(ab’)2) co-cultures and is regulated by TLR4 and P-

selectin.  

High levels of MMP9 in rejecting allografts have been associated with driving inflammatory and 

fibrotic responses in both AMR and CAV pathogenesis79,80. Given that M2-macrophages are 

known to secrete MMP9, we investigated whether macrophages polarized by HLA I (IgG or 

F(ab’)2) antibody-activated ECs also showed elevated levels of MMP9 secretion.  Cell culture 

supernatants from our transwell in vitro co-culture model were collected on day 4 assessed for 

MMP9 secretion using ELISA. Results indicated that both HLA I (IgG or F(ab’)2) antibody-
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activated EC conditions displayed a significant increase in MMP9 secretion compared to UT and 

hIgG isotype controls (Figure 4-2A). Cytokine polarized M2a (IL-4) macrophages (which we have 

shown to exhibit high expression of CD206) also displayed moderate MMP9 secretion71. 

Nevertheless, M2b (hIgG + LPS) polarized macrophages exhibited the highest levels of MMP9 

secretion compared to all conditions.   

To determine if TLR4 signaling and/or P-selectin surface expression in HLA I (IgG or F(ab’)2) 

antibody-activated EC conditions contributed to the observed increased in MMP9, we assayed 

supernatants from transwell experiments that employed TAK242 and -P-selectin Ab via ELISA. 

Results revealed that the addition of either TAK242 or -P-selectin Ab significantly reduced MMP9 

secretion in both HLA I (IgG or F(ab’)2) conditions (Figure 4-2B). Supernatants from untreated 

ECs only or EC + HLA I F(ab’)2 did not secrete MMP9.  

Monocyte interactions with Fc-P-selectin and hIgG induce macrophage pro- and active-MMP9 

expression. 

To validate the specificity of P-selectin in eliciting macrophage MMP9 expression, we used our 

solid phase assay as seen in Figure 4-1D. Given that ELISA results measured overall MMP9 

secretion and MMP9 can exist in both pro and active forms, we utilized Western blot analysis to 

determine which form of MMP9 was produced by macrophages (Figure 4-3A).  Monocytes were 

left untreated or pre-treated with Fc-block before plating in Fc-P-selectin or hIgG isotype coated 

plates. Results illustrated that both pro (92kDa) and active (82kDa) forms of MMP9 were 

significantly increased when macrophages were cultured on Fc-P-selectin coated plates 

compared to plates coated with coating buffer and 5% BSA, under both untreated and Fc-blocked 

conditions (Figure 4-3B). Moreover, plates coated with hIgG also exhibited higher levels of both 

pro and active MMP9, although levels were reduced in Fc-blocked compared to untreated 

conditions. Notably, all conditions showed decreased levels of pro and active MMP9 in Fc-blocked 

compared to untreated conditions (Figure 4-3C).  These findings suggested that while P-selectin 
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alone induces MMP9 expression, additional stimuli via FcyRs may act synergistically to further 

increase in MMP9 expression. 

Arterial regions from rejected cardiac allografts exhibit M2-macrophage transcripts and MMP9 

as a top M2-macrophage associated gene.  

In order to examine the expression of M2-macrophage associated transcripts within CAV affected 

lesion, a total of 14 arterial regions of interest (AOIs) from CAV+DSA+ rejected cardiac allografts 

(N=3; 1 male, 2 female) were subjected to whole transcriptomic analysis via DSP. Arterial regions 

were selected on the presence of CD68+CD163+ macrophages localized within CD34+ vessels 

(Figure 4-4A). The expression of CD68, CD206 (MRC1), and CD163 were significantly elevated 

compared to internal negative RNA probes (NegProbe) (Figure 4-4B). Additionally, activating 

FcyRs known to be expressed in circulating monocytes (and NK cells) such as FCGR1A (CD64) 

and FCGR3A (CD16) were also significantly increased compared to NegProbe. The expression 

of activating FcyRs was significantly higher compared the inhibitory FcyR, FCGR2B. FCGR2B 

was not significantly elevated compared NegProbe. CIBERSORT RNA data deconvolution 

furthered revealed that M2-macrophages exhibited the broadest distribution across all arterial 

regions and were significantly elevated compared to M0 macrophages (Figure 4-4C). Top M2 

associated-transcripts included remodeling proteins/cytokines MMP9, MS4A6S, CCL18, and 

AIF1 while M1 included inflammatory proteins/cytokines IRF8, CCL4, ADAMDEC1, and HCK 

(Figure 4-4D and Table 4-1). Notably, MMP9 expression levels across arterial regions was 

significantly elevated compared NegProbe (Figure 4-4E).  

CD206+CD163+MMP9+ M2-macrophages are found within vascular neointimal lesions of 

CAV+DSA+ rejected cardiac allografts  

Multiplex-immunofluorescent staining was used to validate the M2-macrophage phenotype 

observed in our in vitro and DSP RNA studies. CAV+DSA+ rejected cardiac allografts used in our 
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DSP analysis (PID1-3) were stained for M2-macrophage markers. A total of 7/14 vessels 

examined via DSP contained moderate-to-high levels of neointima formation. We confirmed the 

presence of CD68+CD206+CD163+ macrophages in arterial regions that exhibited neointimal 

lesions. Moreover, we validated co-expression of MMP9 in CD206+, CD163+, and double positive 

cells (Figure 5).  

Discussion 

Recent findings in our lab have demonstrated that anti-HLA I (IgG or F(ab’)2) antibody crosslinking 

to HLA I molecules on ECs stimulates the formation of a molecular complex between HLA I and 

TLR4. TLR4 signaling triggers the exocytosis of WPBs and surface expression of P-selectin, 

therefore facilitating monocyte tethering to ECs16. In this study, we further illustrated that 

monocyte stimulation via PSGL-1-P-selectin promotes their polarization into M2-like 

macrophages with enhanced functionality. Specifically, anti-HLA I (IgG or F(ab’)2) antibody-

activated EC polarized macrophages significantly increased both CD206 expression and MMP9 

secretion. However, when TLR4 signaling or PSGL-1-P-selectin interactions were inhibited, 

macrophages significantly reduced CD206 and MMP9. While macrophage expression of CD206 

and MMP9 was determined to be Fc-independent, our results suggest that activating FcyR-IgG 

interactions may act synergistically with P-selectin to further increase MMP9 secretion. 

Concurrently, FcyR-IgG interactions have been shown to promote macrophage expression of 

CD163 when co-culture with anti-HLA I IgG antibody-activated ECs71. Considering these findings, 

we found evidence of CD68+ macrophages co-expressing CD206, CD163, and MMP9 within 

arterial lesions of CAV+DSA+ human rejected cardiac allografts.  

While studies investigating the influence of vascular interactions on monocyte-to-macrophage 

polarization remain limited, existing studies substantiate the concept that activated ECs can 

induce transcriptional changes in monocytes as well as guide their differentiation into M2-like 

macrophages. Specifically, interactions during trans endothelial cell migration can activate 
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extensive intracellular signaling cascades in both EC and monocytes in order to promote the 

directional and efficient migration/extravasation of monocytes across the vessel wall37,38,81. 

Moreover, mouse-derived primary ECs have been shown to provide a selective niche for the 

polarization of hematopoietic progenitor cells into pro-angiogenic M2-like macrophages with 

increased CD206/MRC1 and VEGFA expression82. Furthermore, a recent study identified that 

anti-HLA II F(ab’)2 antibody-activated ECs co-cultured with peripheral blood mononuclear cells 

(PBMCs) for 5-days promoted monocyte differentiation into CD68+CD163+ M2-macrophages72.  

Our findings pinpoint P-selectin as a principal regulator of monocyte activation during monocyte 

transmigration across anti-HLA I (IgG or F(ab’)2) antibody-activated ECs. Prior studies have 

highlighted the capacity of P-selectin as a potent regulator of cell function in various immune cell 

types83,84. Specifically, macrophage adherence activates PSGL-1/Akt/mTOR-dependent 

signaling, promoting macrophage chemotaxis and phagocytosis85. Similarly, monocyte 

adherence to P-selectin induces PSGL-1/mTOR/eIF4E signaling regulating the surface protease 

receptor, UPAR which recognizes and binds to the matrix protein, Vitronectin40. Monocyte 

adherence to P-selectin coated plates, as well as interactions with P-selectin expressed on 

activated platelets, has been shown to induce monocyte secretion of cytokines/chemokines (e.g., 

TNF-, IL-6, IL-8, IL-12, and CCL2 (MCP-1)), and tissue factors, which facilitate platelet 

adherence to ECs86-89. 

Our data proposes a novel mechanistic framework suggesting that anti-HLA I antibody-activated 

ECs promote the differentiation of M2-like macrophages capable of secreting key vascular 

remodeling proteins such as MMP9 (Figure 4-6). These findings highlight the potential role of 

these macrophages in exacerbating AMR and CAV pathogenesis. Specifically, MMP9 can directly 

degrade extracellular matrix (ECM) proteins (e.g., collagen, fibronectin, laminin, etc.) increasing 

vascular permeability and facilitating SMC migration90,91. MMP9 can also activate inflammatory 

cytokines (e.g., TNF- and IL-1β) and pro-angiogenic factors (e.g., TGF-β and VEGF) which 
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contribute to the formation of fibrotic lesions91. Although the production of MMP9 by monocytes 

has been linked to the process of transmigration, our studies specifically identified that PSGL-1-

P-selectin interactions act as a main elicitor of MMP9 production upon monocyte tethering to the 

endothelium92. Moreover, increased MMP9 levels are sustained once monocytes polarized into 

macrophages. In conjunction with these findings, activated platelets (expressing P-selectin) have 

been shown act as a secondary stimulus enhancing monocyte synthesis of MMP9 when cultured 

with immobilized ECM proteins such as collagen93.  

Monocyte engagement with Fc-P-selectin induced polarized macrophage secretion of both pro 

and active forms of MMP9. Although MMP9 is normally synthesized and secreted in a pro-form, 

there is evidence that MMP9 may also be activated intracellularly94. It may also be possible that 

MMP9 is activated extracellularly and taken back up. Monocytes treated with Fc-receptor block 

decreased MMP9 secretion compared to untreated, suggesting that activating FcyRs enhance 

MMP9 secretion. Increased expression of FcyRs on macrophages has been shown to results in 

higher production of MMPs in rheumatoid arthritis95. Concurrently, M2b macrophages which are 

polarized by immune complexes (hIgG + LPS) exhibited the highest secretion of MMP9.  

Various in vitro and in vivo studies have emphasized the benefits of inhibiting PSGL-1-P-selectin 

axis in rejecting allografts18,96-99. Particularly, our group has demonstrated that administration of 

rPSGL-1-Ig markedly decreases antibody-induced monocyte infiltration in a mouse cardiac 

allograft model of AMR18. Nonetheless, findings in this study suggest that inhibiting P-selectin 

may have broader implications, as it may also regulate the function of intra-graft macrophages. 

Moreover, our studies underscore TLR4 as a novel therapeutic approach that could be used to 

regulate HLA I antibody-activated EC signaling, monocyte infiltration, and macrophage 

polarization. Targeting TLR4 in combination with concurrent therapies may allow for new avenues 

for inhibiting the multiple mechanisms of HLA antibody-mediated injury and fibrotic lesion 

development.  
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Both transcriptomic analysis via DSP and multiplex-immunofluorescent staining validated the 

expression of CD68+CD206+CD163+MMP9+ M2-like macrophages within neointimal lesions of 

CAV+DSA+ rejected cardiac allografts. Moreover, we identified positive expression of activating 

FcyRs (CD64 and CD16), further suggesting the potential involvement of FcyR-IgG interactions 

in the activation of monocytes. Prior studies have indicated the presence of M2-macrophages in 

rejecting allografts100-103. For example, kidney allograft biopsies from patients with chronic-active 

AMR showed a predominance of CD163+ macrophages (68%)101. This macrophage phenotype 

was also observed within fibrotic areas of biopsies from patients with chronic kidney allograft 

injury102. Moreover, a study by Chatterjee et al., illustrated the expression of 

CD68+CD163+CD206+ macrophages within CAV lesions along with the expression of IL-10103. 

A recent transwell in vitro study has shown that anti-HLA II F(ab’)2 antibody-activated ECs 

increase secretion of IL-10, which promotes macrophage expression of CD16372.  Finally, the 

expression of MRC1 (CD206) and MMP9 were found to be significantly higher within the 

neointimal luminal layer in CAV rejecting grafts compare to non-transplanted (control) hearts104. 

Although it is possible that macrophage production of MMP9 may be induced by other stimuli, 

such as Th1 cells which can induce macrophage secretion of MMP9 in vitro, our studies highlight 

an alternative mechanism by which HLA I DSA may also induce pro-fibrotic functions in 

macrophages105.  

Further studies are needed to fully understand the mechanisms of macrophage polarization by 

anti-HLA I antibody-activated ECs during AMR and CAV development.  For example, although 

we have previously shown that HLA I (IgG and F(ab’)2) transwell co-cultures exhibit distinct 

cytokine/chemokine profiles, the cytokines/chemokines regulated by TLR4 signaling or by P-

selectin adhesion remain to be determined. Also, it remains essential to validate the catalytic 

potential of MMP9 secreted by co-cultured macrophages. Additionally, this study utilized ECs 

isolated from human aortic rings as oppose microvascular or coronary ECs which are normally 
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found in EMBs or CAV lesions, respectively. Finally, this study only focused on examining how 

HLA I DSA-activated ECs guide macrophage polarization, whereas the mechanisms of 

macrophage polarization by HLA II DSA remains to be determined.  

In conclusion, our findings elucidate the mechanisms by which HLA I antibody-activated ECs 

induce macrophage expression of CD206 and MMP9 secretion via TLR4 mediated P-selectin 

surface expression. FcyR-IgG interactions may also act synergistically with P-selectin to further 

increase MMP9. The presence of CD68+ M2-macrophages co-expressing CD206, CD163, and 

MMP9 within neointimal lesions is likely to have a substantial impact on exacerbating the severity 

of AMR episodes and promoting vascular remodeling in CAV.   
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Figure 4-1: Upregulation of P-selectin via TLR4 signaling in anti-HLA I (IgG and F(ab’)2) 

antibody-active ECs induces M2-macrophage marker CD206. 

 A) Transwell (EC+M) co-culture model in which ECs are seeded in the upper chamber (insert) 

and grown to confluency at day -1. On day 0, ECs are washed and placed in starvation media for 

4 hours, followed by stimulation with hIgG isotype, HLA I IgG, or HLA I F(ab’)2 (1ug/mL) or left 

untre ated (UT) for 1 hour. In order to inhibit EC signaling via TLR4 or adhesive interactions via 

P-selectin, TAK242 (1uM) or -P-selectin blocking antibody (Ab) (5ug/mL) were added 30 minutes 

before and during incubation with HLA I antibodies. Next, ECs are washed to removed unbound 

antibodies and cultured with primary monocytes. Transmigrated cells in the bottom chamber are 

collected for phenotype analysis on day 5. Half of the media is replenished on days 2 and 4. A) 

EC stimulation with anti-HLA I IgG or F(ab’)2 increases M2-macrophage marker CD206. Addition 

of TAK242 or -P-selectin Ab significantly reduces CD206 expression. B) Monocytes pre-treated 

with rPSGL-1-Ig antibody (20 ug/mL) prior to plating in transwell insert significantly decrease 

macrophage expression of CD206 compared to anti-HLA I IgG or HLA I F(ab’)2 EC treated 

conditions. C) knockdown of EC TLR4 via SiRNA prior to plating on transwell insert significantly 

decreased macrophage CD206 expression compared to Control SiRNA ECs. D) Monocytes pre-

treated with Fc-receptor block and cultured with Fc-P-selectin chimeric protein coated plates (5 

days) polarize into macrophages with significantly higher expression of CD206 compared to cells 

cultured with hIgG isotype coated plates or coating buffer only. Fc-ICAM-1 and 5% BSA coated 

plates were included as controls. Statistical significance was analyzed by paired repeated 

measures one-way ANOVA (p < 0.05 (*) and p < 0.01(**) from N=3 monocyte donors across two 

EC lines (B114 and 3F1153).  
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Figure 4-2: Macrophage secretion of MMP9 increases in HLA I (IgG and F(ab’)2) antibody-

activated EC conditions and is regulated via TLR4 signaling and P-selectin. 

A) Transwell (EC+M) co-culture supernatants from day 4 were examined via ELISA assay for 

MMP9. Anti-HLA I IgG and HLA I F(ab’)2 (1ug/mL) EC stimulated conditions significantly 

increased MMP9 compared to hIgG isotype controls. MMP9 secretion at day 4 from cytokine 

polarized macrophages (M1 (IFN-y), M2a (IL-4), M2b (hIgG+LPS), M2c (IL-10), and mDC (GM-

CSF+IL-4+LPS)) was also measured as comparative controls. M2b macrophages exhibited the 

highest secretion of MMP9. B) MMP9 secretion in transwell co-cultures (EC+M) significantly 

decreases in HLA I IgG and HLA I F(ab’)2 conditions when inhibiting TLR4 signaling via TAK242 

and P-selectin interactions using -P-selectin Ab. Untreated ECs or ECs + HLA I F(ab’)2 

supernatants did not secrete MMP9.  Data in bar graphs shown as ±SEM. Statistical significance 

was analyzed by paired repeated measures one-way ANOVA (p < 0.05 (*), p < 0.01(**), p < 

0.001(***) p < 0.0001(****) from N=3 monocyte donors across two EC lines (B114 and 3F1153)).  
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Figure 4-3: P-selectin and FcyR-IgG adhesive interactions induce the polarization of 

macrophages with increased MMP9 secretion.  

A) Monocytes cultured (5-days) on plates coated with Fc-P-selectin, Fc-ICAM-1, Fc-P-

selectin+Fc-ICAM-1, hIgG, 5% BSA, or coating buffer were subjected to Western blot analysis to 

detect pro-MMP9 (92kDa) and activated-MMP9 (82kDa). B) Untreated (left) or Fc-blocked (right) 

pre-treated monocytes cultured in Fc-P-selectin and hIgG coated plates increased both pro and 

active MMP9 compared to those cultured in Fc-ICAM-1, 5% BSA, or with coating. There was 

higher expression of active-MMP9 in hIgG and Fc-P-selectin conditions. M2b (hIgG + LPS) 

polarized macrophages which showed high secretion of MMP9 by ELISA assay were used as 

comparative controls. C) Untreated monocytes in hIgG and Fc-P-selectin conditions showed 

higher MMP9 secretion compared to those pre-treated with Fc-block. This suggests that FcyR-

IgG interactions may act synergistically with P-selectin in inducing MMP9. Quantified data was 

normalized to GAPDH control. Data in bar graphs shown as ±SEM. Statistical significance was 

analyzed by repeated measures one-way ANOVA (p < 0.05 (*), p < 0.01(**), p < 0.001(***) p < 

0.0001(****). 
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Figure 4-4: M2-macrophage transcripts are elevated within vascular lesions of 

CAV+DSA+ rejected cardiac allografts.  

A) A total of 14 arterial areas of interest (AOIs) from CAV+DSA+ rejected cardiac explants (N=3; 

1 male, 2 female) were selected on the presence of CD68+CD163+ macrophages localized within 

CD34+ arteries and subjected to GeoMx digital spatial profiling (DSP). Representative image 

shows explant tissue from PID1 along with two selected AOIs containing CD68+CD163+ 

macrophages. B) The expression of M2-macrophage transcripts (CD68, CD163, and CD206) and 

activating Fc-receptors (FCGR1A and FCGR3A) were significantly elevated compared to the 

internal negative RNA probe (Negprobe) across all 14 AOIs. C) M2-macrophage cell fractions 

(derived by CIBERSORT cellular deconvolution) are more broadly distributed compared to M0 

macrophages across all 14 AOIs. D) Top-20 macrophage-associated genes per macrophage 

subtype based on CIBERSORT deconvolution. E) MMP9 RNA expression is significantly elevated 

compared to Negprobe across the 14 AOIs. RNA data is normalized to internal negative controls 

(NegProbe) and shown as signal to noise ratio (SNR). Statistical significance was analyzed by 

unpaired repeated measures one-way ANOVA or unpaired student T-test (p < 0.05 (*), p < 

0.01(**), p < 0.001(***) p < 0.0001(****)).  
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Figure 4-5: CD68+CD206+CD163+MMP9+ M2-macrophages accumulate within vascular 

neointimal lesions of CAV+ DSA+ rejected cardiac allografts.  

Multiplex-immunofluorescent staining of DSA+CAV+ rejected cardiac allografts (PID1-3) for M2-

macrophage markers (CD68, CD206, and CD163) found within the neointima luminal layer as 

observed by CD31+ endothelial cells lining the vessel (bar=40um). MMP9 co-localized with 

CD206+, CD163+, and CD206+CD163+ double-positive cells confirming in vitro transwell co-

culture studies and spatial profiling RNA data deconvolution results.  
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Figure 4-6: HLA I DSA-activated endothelium induces monocyte differentiation into 

CD68+CD163+CD206+MMP9+ M2-macrophages.  

HLA I (IgG or F(ab’)2) antibody crosslinking to HLA I molecules on endothelial cells (ECs) 

stimulates the formation of a molecular complex between HLA I and Toll-like receptor 4 (TLR4). 

TLR4 signaling via MyD88 triggers the exocytosis of Weibel-Palade bodies (WPBs) and surface 

expression of P-selectin. Monocytes tether to the surface of ECs via PSGL-1-P-selectin and 

undergo a secondary stimulus via FcyR-IgG interactions. In this study, we identified that HLA I 

(IgG or F(ab’)2) antibody-activated ECs induce M2-macrophages with increased CD206 

expression and MMP9 secretion. The increase in CD206 and MMP9 was directly linked to PSGL-

1-P-selectin interactions. We have shown previously that FcyR-IgG interactions can also induce 

an added increase of M2c marker, CD163.  Macrophage secretion of MMP9 can directly degrade 

ECM component (e.g., Collagen) and activates pro-angiogenic cytokines (e.g., TGF-β and VEGF) 
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promoting vascular remodeling and fibrosis leading to formation of neointima as observed in CAV 

lesions. Figure created with BioRender.com.  

Table 4-1: Top 20 Monocyte/Macrophage-associated genes based on CIBERSORT RNA data 

deconvolution matrix.  
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Chapter 5 – Spatial Multi-omics of Arterial Regions from Cardiac Allograft Vasculopathy 

Rejected Grafts Reveal Mechanistic Insights into the Pathogenesis of Chronic Antibody-

Mediated Rejection 

 

Abstract  

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

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

inflammation, and arterial intima thickening. We characterized immune cells in rejected cardiac 

allografts and identified protein and transcriptomic signatures distinguishing early and late CAV 

lesions. GeoMx digital spatial profiling (DSP) 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. AOIs with 

low neointima showed increased markers for activated inflammatory infiltrates, EC 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. Key transcripts 

involved in proliferation, migration, and EndoMT were significantly associated with increasing 

neointima scores. Our findings suggest protein and transcriptomic profiles linked to CAV 

progression, indicating a transition from early inflammatory lesions to later proliferative/pro-fibrotic 

lesions. 
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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-transplant106. CAV lesions are 

characterized by concentric intimal thickening of the vascular wall consisting of proliferating 

myofibroblast and inflammatory immune infiltrates20. Although both immunological and non-

immunological processes contribute to CAV pathogenesis, the exact mechanisms mediating 

disease progression remain unclear. Episodes of antibody-mediated rejection (AMR) in which 

donor specific antibodies (DSA) target human leukocyte antigens (HLA) present on vascular 

endothelial cells (ECs) have been increasingly recognized as a major risk factor contributing to 

CAV107. Specifically, DSA can activate EC intracellular signaling cascades inducing EC 

proliferation, migration, and increased surface expression of adhesion molecules promoting 

monocyte and NK cell recruitment5,12,14-16. Moreover, DSA can directly mediate EC-injury by 

triggering activation of the classical complement cascade5. 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 (Th) 1 secreting pro-inflammatory cytokines such 

as IFN-у and TNF- can attract and activate CD8+ cytotoxic T cells and NK cells20. T cells also 

secrete transforming-growth factor-β (TGF-β) which significantly contributes to fibrosis and 

remodeling by upregulating collagen synthesis in SMCs and stimulating macrophage secretion of 

matrix metalloproteinases108. 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.  A combination of 

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

and metabolic dysregulation (e.g., high glucose) can all cause EndoMT via different signaling 

pathways109.  
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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 which contribute to CAV110-112. 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 DSA+CAV+ affected vessels as observed in rejected cardiac explants remains to 

be elucidated. In this study, we used GeoMx digital spatial profiling (DSP) to examine both the 

whole transcriptome and targeted protein profiles of arterial regions scored with varying levels of 

neointima progression. Using a multi-omics approach, we explored differences between arterial 

regions containing low and high neointimal scores thereby identifying potential immune proteins, 

enriched transcripts, and pathways involved in neointima progression.   

Methods 

Study approval  

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

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

embedded (FFPE) tissue from rejected cardiac explants were obtained from the UCLA 

Translational Pathology Core Lab (TPCL).   

Arterial vessel selection and pathological characteristics.  

A total of 22 geometric areas of interest (AOIs) capturing the entire artery (14 AOIs) or portions 

of arteries (as part of larger vessels) (8 AOIs) were selected across three cardiac allograft explants 

from CAV+DSA+ patients (N=3; 2 females PID1, PID2 and 1 male PID3). All 22 arterial areas of 

interest (AOIs) included the neointima, media, and adventitia, encompassing all components of 
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the vessel (Figure 5-1A). Given the similarity in protein and transcript expression between the 14 

AOIs (capturing entire arteries) and the 22 AOIs dataset (Supplementary Figure 5-1), we 

conducted downstream analysis using all 22 AOIs. Patient demographics and clinical information 

are summarized in Supplementary Table 5-1. The 22 AOIs included 10 vessels from PID1, five 

vessels from PID2, and seven 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 

5-2). H&E images were captured using Zeiss microscope and examined using ZEISS ZEN lite 

Software v3.3.  

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

Multiplex digital spatial profiling of protein and RNA in fixed tissues was performed by NanoString 

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

al., Nat Biotechnol 202077. For protein DSP, FFPE slides underwent antigen retrieval and were 

incubated with a cocktail of 73 UV-photocleavable (PC)-oligonucleotide-labeled primary 

antibodies. The antibody cocktail included a total of seven pre-defined protein panels 

(Supplementary Table 5-3). For RNA DSP, consecutive FFPE slide cross-sections from the 

same patient explants underwent mild proteinase K digestion followed by incubation with a whole 

transcriptome cocktail (18,504 transcripts) of UV-PC-oligo labeled mRNA probes. After antibody 

incubation or hybridization steps, slides were loaded into the DSP instrument and geometric AOIs 

were selected based on previously defined arterial regions scored for CAV by the pathologist 

(Supplementary Table 5-2). AOIs were profiled using a programmable digital micromirror device 

(DMD) that directs UV light to exactly illuminate the AOI and release PC-oligos in a region-specific 

manner. The released indexing oligonucleotides are collected via microcapillary aspiration, 
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dispensed into a microplate, and digitally counted using the single-molecule counting nCounter 

System for protein or Next Generation Sequencing (NGS) readout for RNA.  

Data normalization using NanoString’s GeoMx analysis suite  

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

RNA datasets. Digital nCounter counts corresponding to protein probes were normalized by 

internal spike-in controls followed by normalization to the average of negative IgG probes. Whole 

genome transcriptomic RNA probes underwent QC and Grubbs test to remove outlier probes 

within a target and AOI (biological probe QC). Each AOI’s data was scaled to the 3rd quartile of 

all selected targets (Q3) and normalized to the average (+2SD) of negative controls (NegProbe-

WTX). Normalized counts for both protein and RNA datasets are reported as a signal to noise 

ratio (SNR) to internal negative controls.    

WGCNA analysis, gene regulatory networks (GNRs), and data deconvolution 

Whole gene co-expression network analysis (WGCNA) was used to define modules of co-

expressed transcripts containing a minimum of 10 transcripts. Modules with correlation >0.75 

were merged113. In total, 313 modules containing eigengene values were generated using the 

whole genome dataset.  The expression of each module is reported by the module eigengene, 

defined as the first principal component of the expression matrix or average weighted expression 

profile of the module. Enriched pathways for each module were identified using Reactome. To 

identify underlying transcription factor regulation of identified gene expression profiles, gene 

regulatory network (GRN) analysis was performed using R package SCENIC113. RNA 

deconvolution for obtaining cell type abundance estimates across all arterial AOIs was derived 

using SpatialDecon algorithm with immune matrix platform as previously described114.   
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Multiplex-immunofluorescent staining  

Multiplex-immunofluorescent staining of cardiac explants was performed by UCLA TPLC. The 

TSA‐based Opal method was used for immunofluorescence (IF) staining (Opal Polaris 7‐Color 

Automation IHC Kit; Akoya Biosciences, Marlborough, MA, USA; Catalogue No. NEL871001KT). 

Since TSA and DAB oxidation are both peroxidase‐mediated reactions, the primary antibody 

conditions and order of staining determined using DAB detection were directly applied to the 

fluorescent assays, unlike conventional IHC wherein a chromogenic peroxidase substrate is used 

for antigen detection, each antibody is paired with an individual Opal fluorophore for visualization. 

The Opal fluorophores were used at a 1 in 100 dilution, as recommended by Akoya when using 

the Leica BOND RX. As such, a fluorescent singleplex was performed for each biomarker and 

compared to the appropriate chromogenic singleplex to assess staining performance. Once each 

target was optimized in uniplex slides, the Opal 6 multiplexed assay was used to generate multiple 

staining slides. TMA slides Staining was performed consecutively Leica BOND RX by using the 

same steps as those used in uniplex IF, and the detection for each marker was completed before 

application of the next antibody. The sequence of antibodies for multiplex staining was determined 

for panel combination is: CD31 (opal 480), SMA (opal 520), Vinmentin (opal570), UBAP2L (opal 

620), CD45 (opal 690). All fluorescently labelled slides were scanned on the Vectra Polaris (Akoya 

Biosciences) at 40× magnification using appropriate exposure times. The data from the 

multispectral camera were analyzed by the imaging InForm software (Akoya Biosciences). 

Statistical Analysis 

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

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

determined using linear mixed-effects model, including patient ID as a random effect variable. 

Results were considered significant at Log2FC > 1 and p-value < 0.05 for Figures 5-4B, C (Table. 

5-1) and p-value < 0.05 for Figure 5-4D. Statistical significance in Figure 5-2C was determined 
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using Pearson correlation coefficient test, significant at p-value < 0.05. Results in Table 5-3 (and 

supplementary Figure 5-4) were determined using Spearman correlation p < 0.05 (*), p < 

0.01(**), p < 0.001(***) in GraphPad Prism software v9.3.1. 

Results 

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

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

(Figure 5-1A) were spatially profiled using a 73-protein panel (Supplementary Table 5-3). A total 

of 41 protein markers were similarly expressed across all 22 arterial AOIs (SNR>1 in blue) (Figure 

5-1B). To assess variability in the structural make-up of the 22 captured AOIs, we additionally 

examined expressed proteins (SNR>1) in the 14 AOIs that encompassed entire arteries. Notably, 

all 41 proteins exhibited similar levels of expression (SNR>1) in both 22 AOI and 14 AOI datasets 

(Supplementary Figure 5-1A). 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 (BCLXL) showed moderate expression. 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 5-4). Protein correlation matrix analysis across all 

AOIs revealed significant associations between apoptotic and anti-apoptotic proteins (e.g., BAD 

and BCLXL), T cell markers (CD3 and CD8), and signaling cascades (Phospho-AKT1 (S473) and 

Pan-Ras) (Supplementary Figure 5-2 and Supplementary Table 5-5).  

Top transcripts in arteries encode for DSA-mediated immune responses and vascular remodeling.  
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Transcriptomic analysis identified a total of 10,746 genes with an average SNR>1 and coefficient 

of variation (COV)>0.19 across all 22 arterial AOIs. A total of 74 transcripts had an average 

SNR>10 (excluding ribosomal and ATP genes) (Figure 5-2A). Similar findings were observed 

when examining 14 AOIs capturing entire arteries (10,122 transcripts with SNR>1 and 

COV>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 Figure 5-1B). Subsequently, we proceeded our analysis utilizing all 22 

AOIs. The top two transcripts included PTBP1, a regulator of inflammation, and ADAM15 which 

mediates endothelial hyperpermeability during inflammation115,116. Immunoglobulin transcripts 

(e.g., IGKC and IGHG1/2/3/4) were also highly elevated. This was accompanied by the 

expression of HLA class I (HLA-B), IFN-у inducible HLA class II molecules (e.g., HLA-DRB1 and 

HLA-DRA), and HLA class II chaperone transcripts (CD74)117. 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)118-123. 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 pro-inflammatory cytokines (‘IL-18 

signaling pathway’) (Figure 5-2B). Highly expressed transcripts most likely were attributed to 

fibroblast, ECs, macrophages, and memory CD8 T-cells as these were most prominent cell types 

by cellular abundance counts (Figure 5-3A). 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 (Figure 5-3B). 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 (Figure 5-2C).   
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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 (Figure 5-4A). This was also observed when clustering AOIs for each 

individual patient (Supplementary Figure 5-3). A total of 8 differentially expressed proteins 

(DEPs) were increased in arteries with low neointima (Figure 5-4B). 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 pro-apoptotic proteins (p53) (Table 5-1). AOIs with 

low neointima also upregulated VWF (indicative of EC activation)124. Meanwhile, AOIs with high 

neointima significantly increased TGFβ-regulated genes (CSRP1 and TAGLN) and adipocyte 

differentiation factor (ADIRF/APM2) (Figure 5-4C and Table 5-1)125-127.  

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

whole gene co-expression network analysis (WGCNA) to define modules of co-expressed 

transcripts113. AOIs with low neointima upregulated three modules (ME21, ME22, and ME118), 

two 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’ (Figure 5-4D 

and Table 5-2). Gene regulatory network (GRN) analysis enabled the identification of key 

transcription factors correlating co-expression modules. Specifically, ME21 and ME118 highly 

correlated with inflammatory driven transcription factors SREBF2 and NFATC1, 
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respectively128,129. Meanwhile, ME50 highly correlated with NR2F2, which promotes cell 

proliferation and TGF-β-dependent epithelial-to-mesenchymal transition (EMT) (Figure 5-4D and 

Table 5-2)130.  

Additionally, we identified that numerous protein markers encoding inflammatory infiltrates (e.g., 

CD45, CD44, CD8, OX40L, GZMB) and apoptosis (p53 and BAD) highly correlated with co-

expressing modules enriched for ‘interferon gamma signaling’, ‘Toll-like receptor cascades’, ‘NF-

kB phosphorylation’ and ‘TP53 regulation of caspase activators and 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), smooth muscle cell 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 5-3 and 

supplementary Figure 5-4). Cellular deconvolution reinforced neointimal differences since AOIs 

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

neointima contained a higher number of classical monocytes (Figure 5-3C).  

CAV lesion progression is associated with distinct gene expression signatures and gene 

regulatory networks.  

To identify genes associated with different stages of neointima, we performed a linear regression 

of neointima score on normalized expression of each gene. From principal component analysis 

of genes significantly associated with neointima score (n=245), we identified the first principal 

component (PC1) as increasing in a stepwise manner with increasing neointima score (Figure 5-

5A). Finally, to identify key genes and GRNs which may be driving vessel occlusion, we tested 

for genes/GRNs associated with PC1 score. A total of 36 genes were significantly associated with 

PC1 by linear regression analysis (adjusted p-value < 0.05) (Figure 5-5B and Supplementary 

Table 5-6). Specifically, arteries with mild neointima (+/-) contained heat shock proteins 
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(CRYAB/HSBP5 and HSPB7) which increase in response to inflammatory stress123,131. Vessels 

with minimal neointima (1+) increased the antigen T-cell receptor (TARP) which promotes tumor 

cell proliferation and migration132. Vessels with moderate neointima (2+) increased a set of genes 

described in remodeling and EMT (TAGLN, CSRP1, and FLNA)120,125,126. Vessels with significant 

neointima (3+) only increased ubiquitin and RNA-binding protein (UBAP2L), a principal mediator 

of EMT/fibrosis and emerging biomarker and therapeutic target of EndoMT in cancer133,134. Finally, 

arteries with very significant neointima (4+) increased early growth response-1 (EGR1) and FOS 

transcription factors, implicated in cancer progression and fibrosis135,136. Notably, transcripts 

involved in inhibiting tumor cell proliferation, EMT/fibrosis (OGN) and anti-inflammatory regulators 

(ZFP36) were also identified in vessels with moderate (2+) and very significant neointima (4+), 

respectively137,138. Major GRNs associated with increasing neointima also included transcription 

factors involved promoting cell proliferation, migration, EMT/EndoMT, fibrosis (NF2F2, JUN, HEY, 

ATF3, ATF4, and FOXP1) and angiogenesis (RUNX1)130,139-144 (Figure 5-5C).  

Neointima driven genes resided within scores of +/-, 2+, and 4+, suggesting sequential stages in 

which genes may be turned on-and-off. Notably, UBAP2L was only increased in AOIs with a score 

of 3+. Since UBAP2L has been reported as a key mediator of EMT in cancer, we questioned 

whether it was also expressed in arterial AOIs as a possible mediator of EndoMT. Multiplex 

immunofluorescent staining of cardiac explants revealed that UBAP2L co-localized with CD31+ 

ECs and Vimentin+ mesenchymal cells. CD31+ ECs also co-expressed Vimentin suggesting 

activation toward mesenchymal phenotype. UBAP2L did not co-localize with SMA+ or CD45+ 

cells (Figure 5D). A total of 16/22 (72%) of arterial AOIs expressed UBAP2L co-localized within 

CD31+Vimentin+ ECs and CD31-Vimentin+ mesenchymal cells. Specifically, 9/11 (81%) high 

neointima AOIs while only 7/11 (63%) of low neointima AOIs expressed UBAP2L.  
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Discussion 

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

expression of arterial AOIs from HLA DSA+CAV+ 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 

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. Finally, we identified key genes (e.g., UBAP2L) and transcription factors 

associated with increasing neointima scores, many implicated in promoting proliferation, 

migration, and EMT/fibrosis.  By examining the similarities and heterogeneities between arterial 

regions, we present a unique approach to further delineate the potential stages of CAV 

progression. 

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

affected vessels10,22. 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 DSA can rapidly 

increase intracellular calcium and endothelial presentation of P-selectin, which supports 

monocyte binding16,18. 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 functions71.  

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-
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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 adventitia145. GZMB-induced cell apoptosis 

can be enhanced by the pro-apoptotic protein BAD (BCL-2 associated agonist of cell death) or 

hindered by the anti-apoptotic BCL-2 family protein, BCL-XL. These regulatory proteins shared 

similar protein expression levels to GZMB and exhibited the highest significant correlation with 

each other. This is likely because activated BAD binds to and inhibits the anti-apoptotic function 

of BCL-XL146. Expression of EC anti-apoptotic proteins can be potentiated by antibody ligation of 

HLA class I and II molecules which activate the PI3K/AKT pathway and upregulation of BCL-2 

and BCL-XL13. Hence, ECs may acquire anti-apoptotic 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 immunoglobulins (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 Chattejee et al., in 

which majority of the CD138+ differentiated plasma cells around CAV affected coronary arteries 

from rejected explants secreted IgG103. Moreover, microarray studies by Wehner et al., have 

shown a strong immunoglobulin transcriptome in CAV rejected explants in contrast to 

atherosclerosis147. 

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

remodeling, angiogenesis, and platelet activation118-122. We compared transcripts with an average 

SNR > 5 to those identified in pathological AMR+DSA+ EMBs reported by Loupy et al. using 

microarray technology110. Similarly, we detected the expression of IFN-y inducible genes (HLA 

class II transcripts), and NK-cell activation (FCGR3A). However, our results may not fully 
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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 AMR68. 

Multi-omics analysis between AOIs with low and high neointima proposes a sequential time-frame 

of the vascular changes leading to CAV. Specifically, ‘early’ lesions exhibit higher inflammatory 

profiles consisting of lymphocyte and monocyte infiltrates, while 'late’ lesions contain higher 

proliferative and fibromuscular/mesenchymal tissue with lower inflammation. These observations 

are in accordance with the results of Huibers et al. who identified three histopathological patterns 

of CAV characterized by inflammatory lesions, increased SMCs, followed by fibrotic lesions148. 

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 reported149. OX40L (TNFRSF4) was the highest DEP between low and high 

neointima AOIs. OX40L (expressed on APCs, NK cell, 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 release150. Studies using mouse heart transplant models have highlighted 

the benefits of OX40L blockade in promoting graft survival by inducing Tregs151. 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-cells129.  
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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)125,126. AOIs with high neointima upregulated pathways related to 

‘Platelet activation, signaling and aggregation’ (ME50). DSA crosslinking to MHC I antigens 

induces Weibel-Palade bodies (WPb) exocytosis of P-selectin and vWF which can increase 

platelet and leukocyte infiltration which aggravate vessel pathology16-18,152.  

High neointima AOIs also increased GRNs involved in cell proliferation (JUN), EndoMT (NR2F2, 

HEY2, and FOXP1), angiogenesis (RUNX1) and fibrosis (ATF3 and ATF4)125,130,139-144. Notably, 

DEGs (CSRP1 and TAGLN) and GRNs (NR2F2, ATF3, FOXP1) encompassed genes which 

promote EndoMT by regulating or being induced by TGF-β125,126,130,141. Similar findings were 

observed by linear regression analysis as key genes involved tumor cell proliferation, migration, 

EMT/fibrosis, and anti-inflammatory modulators (ZFP36) associated with increasing neointima 

scores. Intriguingly, inhibitors of EMT/fibrosis were also identified in high neointima AOIs in both 

GRN (GLIS2) and linear regression (OGN) results137,153. This raises potential targetable 

mechanisms which may help delay CAV progression.  

Furthermore, we identified UBAP2L as a new potential regulator of EndoMT in CAV. UBAP2L is 

a major regulator of EMT via numerous mechanisms. This includes positively regulating the 

transcription factor SNAIL1 which suppresses E-cadherin expression and by sustaining cell 

proliferation via regulating cyclins and PI3K/Akt signaling133,134. Cancer cells overexpressing 

UBAP2L are characterized by upregulating mesenchymal factors (N-cadherin and Vimentin). Our 

findings suggest that CD31+Vimentin+UBAP2L+ ECs may be in an intermediate stage of 

EndoMT. AOIs with high neointima also contained CD31-Vimentin+UBAP2L+ mesenchymal cells 

which may be at a more terminal stage of EndoMT but still undergoing proliferation and growth 

possibly induced by UBAP2L.  
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Finally, neointimal differences became more apparent as the majority of markers encoding 

effector immune cell infiltrates significantly correlated with inflammatory co-modules enriched for 

IFN-y signaling, TLR cascades, and NF-kB phosphorylation. Meanwhile, the majority of protein 

markers associated with cell growth factors and proliferation (e.g., 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 signaling12,15,65. Moreover, anti-HLA I antibodies can 

mediate an increase in FGFR cell surface expression76.Together, these findings reinforce the 

notion that ECs and SMCs undergo active proliferative, migrative, and pro-fibrotic signals 

contributing to vessel occlusion.  

In summary, our data suggest a temporal progression whereby initial inflammation by 

mononuclear cell infiltrates in the intima later promote proliferative and fibrotic responses. 

Although it is difficult to predict whether AOIs with low neointima will indeed progress into arteries 

with high neointima, our findings emphasize on the degree of arterial heterogeneity in CAV 

rejected explants. Lu et al. have reported similar findings regarding the heterogeneity of CAV 

lesions in a pathological study22.  

While our study reveals novel profiles in arteries from DSA+CAV+ rejected cardiac explants, there 

remains a few limitations to be addressed. First, DSP analysis represents data from a selected 

region rather than at the single-cell level. On-going 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 post-

transplant and neointima score. Thirdly, further studies are needed to characterize patient 



 

86 
 

explants from DSA-negative and native ischemic heart disease controls to validate the results of 

this study. Finally, our results feature novel differences between low and high neointima AOIs 

however, further longitudinal studies are needed to confirm the fate of low neointimal arteries.  

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

degree of neointima formation in DSA+CAV+ rejected cardiac allografts. Our findings further 

accentuate on the degree of vessel heterogeneity and profiles not usually identified by pathology 

alone. We anticipate this newly generated dataset can serve as resource for future high 

throughput or basic studies investigating the mechanisms of DSA mediated injury and CAV 

development.  
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Figure 5-1: 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 (DSP). 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 H&E staining (bar=200µm). B) Protein profiling identified 

a total of 41 protein markers which were similarly expressed across all 22 AOIs (average SNR>1 

in blue). Protein data was normalized to the average of negative IgG controls and reported as a 

signal to noise ratio (SNR). Proteins with an average SNR<1 (in red) were considered not 

expressed.  
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Figure 5-2: 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 (+2SD) of internal negative controls (NegProbe-WTX) and is reported as a signal to noise 

ratio (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<0.05 (*), p<0.01(**), p<0.001(***).  
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Figure 5-3:  Fibroblast, endothelial cells, macrophages, and memory CD8 T-cells showed 

highest expression across all arterial AOIs.  

A) RNA data deconvolution of cell type abundance estimates across all arterial AOIs was derived 

using SpatialDecon algorithm. Fibroblast, 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 < 0.01 (**)). 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 < 0.05 (*)).  
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Figure 5-4: 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 (DEPs) (in red dots) between AOIs with low and high 

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

(in red dots). D) Weighted gene co-expression network analysis (WGCNA) was used to generate 

gene modules (ME) of co-expressed genes. Expression of each module is represented by 

eigengene values (Eigenvalue). 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 

(Log
2
FC>1 and p-value<0.05) and for comparing modules (Eigenvalues) was determined using 

linear mixed-effects model (including PID as random effects) using in R software (p<0.05 (*) and 

p<0.01 (**)).  
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Figure 5-5: A total of 36 genes and 9 gene regulatory networks (GNRs) were significantly 

associated with neointima score.  

A) From principal component analysis of genes significantly associated with neointima score 

(n=245), we identified the first principal component (PC1) as increasing in a stepwise manner with 

increasing neointima score. B) A total of 36 genes were significantly associated (Adjusted p-value 

< 0.05) with PC1 showed distinct patterns with increasing neointima score. Genes in bold have 

been characterized to promote cell proliferation, migration, epithelial-to-mesenchymal transition 

(EMT) and fibrosis (p-values found in Supplementary Table 6). C) A total of 9 gene regulatory 

networks (GNRs) correlated with PC1 and therefore increasing neointima score (p-value < 0.05). 

D) UBAP2L co-localized with CD31+ ECs and Vimentin+ mesenchymal cells within the neointima. 

Representative image shows PID1 AOI 8 which exhibits significant neointima (3+) (scale 

bar=50µm).  
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Tables  

Table 5-1: Differentially expressed proteins (DEPs) and differentially expressed genes (DEGs) 

between low and high neointima AOIs. 
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Table 5-2: Differentially expressed modules between low and high neointima AOIs and highest 

positively correlated gene regulatory network (GNR) (p-value < 0.5).  
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Table 5-3: Highly correlated proteins with WGCNA modules between low and high neointima 

AOIs. 
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Supplementary Figure 5-1:  Highly expressed proteins and transcripts across 14 areas of 

interest (AOIs) encompassing entire arteries. A)  Protein profiling identified a total of 43 protein 

markers which were similarly expressed across 14 AOIs capturing whole arteries (average 

SNR>1 in blue). The expressed protein markers observed in the 14 AOIs (capturing entire 

arteries) were consistent with those expressed in the 22 AOIs dataset. Protein data was 

normalized to the average of negative IgG controls and reported as a signal to noise ratio (SNR). 

Proteins with an average SNR<1 (in red) were considered not expressed. B) Expression levels 

of the top 70 transcripts (average SNR>10) across 14 AOIs. Nearly all of the top 70 transcripts 

exhibited significant overlap (65/70) with the top 74 transcripts identified in the 22 AOI dataset. 

Data is ranked by median values (excluding ribosomal and ATP transcripts). Whole genome RNA 

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

reported as a signal to noise ratio (SNR). 



 

102 
 

Supplementary Figure 5-2:  Proteins highly correlate with one another across all 22 arterial 

AOIs. Correlation matrix illustrating positively correlated proteins (in blue) and negatively 

correlated proteins (red). Dot size corresponds to correlation values. Correlation p-values can be 

found in Supplementary Table 5. Correlation matrix was generated using ‘GeneralCorr’ package 

in R Software.  
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Supplementary Figure 5-3: Arterial AOIs with low neointima show higher protein 

expression compared to AOIs with high neointima for each patient (PID) explant. 

Unsupervised clustering of all 22 arterial regions for each PID illustrates that AOIs containing low 

neointima scores (+/- minimal and 1+ mild) showed relatively higher expression of protein markers 

compared to AOIs scored with high neointima (2+ moderate, 3+ significant, and 4+ very 

significant). Heatmaps were generated using ‘pheatmap’ package in R software v4.1.1.  
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Supplementary Figure 5-4: Arterial AOIs with low and high neointima differentially 

correlated with WGCNA modules. Proteins involved in immune infiltration and activation (e.g., 

CD45 and GZMB) and apoptosis (p53 and BAD) more highly correlated with WGCNA modules 

enriched for inflammatory pathways (ME65, 77, 91, 118, 242, and 304) in low neointima AOIs. 

Proteins involved in repair and fibrotic tissue progression (E.g., NF1 and EGFR) more highly 

correlated with modules enriched for cell proliferation, migration, and fibrosis (ME161, 205, 206) 

in AOIs with high neointima. Statistical significance was determined using Spearman correlation 

test (p<0.05 (*) and p<0.01(**) in GraphPad Prism software v9.3.1. Summarized results are 

shown in Table 3.  
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Supplementary Tables 

Supplementary Table 5-1: Cardiac explant tissue patient (PID) information. 
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Supplementary Table 5-2: AOI characteristics for each patient. 
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Supplementary Table 5-3: Target proteins within NanoString Digital Spatial Profiling (DSP) 

Panels. 
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Supplementary Table 5-4: Median protein expression across all arterial AOIs. 
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Supplementary Table 5-5: Top 30 positive correlations and four negative correlations across 

all arterial AOIs.  
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Supplementary Table 6-6: PC1 vs. increasing neointima significant genes. 
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Chapter 6 – Conclusion 

 

Ineffectiveness of current HLA DSA therapies in preventing AMR and chronic rejection 

The generation of donor-specific antibodies (DSAs) targeting human leukocyte antigen (HLA) 

Class I and Class II molecules expressed on the graft endothelium are strongly linked to reduced 

long-term graft survival and remain a significant risk factor following solid organ transplantation. 

Specifically, transplant recipients with preformed DSAs face an elevated risk of acute rejection, 

chronic rejection, and eventual allograft loss across all solid organs154-158. Despite the utilization 

of various therapies, such as I.V. immunoglobulin and plasmapheresis, to mitigate DSA 

production pre- and post-transplantation, their efficacy is limited in terms of long-term effects159. 

Moreover, while anti-CD20 immunotherapies, such as Rituximab, effectively target B-cells, they 

have limited impact on plasma cells, which are responsible for the production of majority of serum 

antibodies160. Instead, proteosome inhibitors (e.g., bortezomib and carfilzomib) in combination 

with plasmapheresis and rituximab have been used for desensitization161. Costimulatory blockade 

such as cytotoxic T lymphocytes-associated protein-4-Ig (CTLA4-Ig) prevent DSA production only 

when given in the first 2 weeks after sensitization or in low-risk pre-transplant patients162-164. 

Moreover, therapies aimed at inhibiting the activation complement, such as Eculizumab, have 

shown limited efficacy in preventing both acute AMR and chronic rejection165,166. In addition, 

although mTOR inhibitors (sirolimus and everolimus) inhibit vascular smooth muscle cell and 

fibroblast proliferation, thereby slowing down the progression of cardiac allograft vasculopathy 

(CAV), they do not necessarily prevent chronic rejection24,167-171. In conclusion, there is a pressing 

need for a deeper understanding of the immunological mechanisms underlying AMR and CAV for 

the development of effective therapeutics capable of preventing vascular immunogenicity and 

chronic rejection.  
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Key findings and future directions 

In this dissertation, we investigated the mechanisms of HLA Class I DSA-activated endothelium 

induced signaling and the effect on monocyte-to-macrophage polarization and functions. First, 

using an in vitro approach, we identified that primary human aortic endothelial cells (HAECs) 

exhibit surface expression of Toll-like receptor 4 (TLR4). Next, utilizing both co-

immunoprecipitation and multiplex-immunofluorescent approaches, we identified that anti-HLA I 

(IgG and F(ab’)2) antibody crosslinking to HLA I molecules induces the formation of a molecular 

complex between HLA I and TLR416. The formation of this complex was independent of HLA I 

complex formation with integrin-β4 (ITGB4). Signaling via TLR4 and adaptor protein, MyD88 

induces the extravasation of Weibel-Palade bodies (WPbs) containing P-selectin16. Surface 

expression of P-selectin mediates monocyte capture to ECs via monocyte P-selectin glycoprotein 

ligand-1 (PSGL-1)16. Monocyte capture to ECs is followed by strong adhesive interactions 

mediated by EC expression of intracellular adhesion molecule 1 (ICAM-1)12. Complex formation 

between HLA I and ITGB4 have been shown to activate mTOR/RhoA/ROCK signaling which 

mediate ICAM-1 clustering at the surface of ECs9. Together, these findings suggest that HLA I 

DSA trigger distinct EC functions via two separate signaling pathways both of which facilitate 

monocyte recruitment and infiltration into the allograft. Future directions entail validating our 

results in microvascular and coronary artery ECs, given that these specific vessel types are the 

ones affected, as observed in endomyocardial biopsies (EMBs) and in cases of CAV, respectively. 

Moreover, ongoing studies in our lab are focused on utilizing a TLR4 and HLA Class II deficient 

mouse model of chronic AMR to further delineate the role of TLR4. Currently, there are no 

therapies directly aimed at preventing the recruitment of allograft infiltrating leukocytes. Therefore, 

these findings highlight TLR4 receptor as a novel target for potential therapeutic intervention.  

Second, we elucidated that HLA I (IgG and F(ab’)2) antibody-activated ECs skew infiltrating 

monocytes to novel M2-like remodeling phenotypes71. Specifically, using an in vitro transwell 
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model, we identified that monocytes co-cultured with HLA I IgG-stimulated ECs differentiated into 

CD68+CD206+CD163+ macrophages. On the other hand, monocytes co-cultured with HLA I 

F(ab’)2-stimulated ECs only upregulated CD206. These findings suggested that monocyte Fc-

gamma receptor (FcR) interactions with the Fc-portion of IgG also impact macrophage 

phenotype. Moreover, both macrophage subtypes (HLA I IgG and HLA I F(ab’)2 polarized), 

exhibited a distinct transcriptomic profile compared to UT or hIgG isotype polarized macrophages. 

Moreover, co-culture secretions exhibited upregulation of discrete cytokines/chemokines. Cross-

comparison of macrophage phenotype and transcriptome revealed that HLA I IgG and F(ab’)2 

antibody-EC polarized macrophages exhibited the highest similarity to M2a (IL-4) and M2c (IL-

10) cytokine polarized macrophage controls. On going studies remain focused on understanding 

the kinetics and origins of cytokine/chemokine secretions within co-culture conditions. Also, it 

remains unknown how specific cytokine/chemokines influence macrophage polarization. In 

addition, further research is need to explore the potential of these macrophages as antigen-

presenting cells (APCs) and their ability to activate T-cells. Notably, we have also identified that 

all transwell polarized macrophages (including UT, hIgG isotype, TNF-, HLA I IgG and F(ab’)2), 

exhibit significantly higher phagocytosis and efferocytosis potential compare to cytokine polarized 

macrophages (data not shown). These findings highlight the role of the endothelium and the 

process of monocyte transmigration in enhancing macrophage functions.    

Third, building upon prior findings, we next aimed to determine the mechanisms of macrophage 

polarization and function induced by HLA I DSA antibody-activated ECs. Given that HLA I DSA 

signals via TLR4 to induced P-selectin surface expression on ECs, we investigated how blocking 

TLR4 signaling (via TAK242) or inhibiting P-selectin-PSGL-1 interactions impacted macrophage 

phenotype. In vitro transwell co-culture experiments showed that anti-HLA I (IgG or F(ab’)2) 

antibody-activated ECs polarized macrophages increased CD206 expression and matrix 

metalloproteinase-9 (MMP9) secretion. However, both CD206 and MMP9 levels were reduced 



 

115 
 

when inhibiting TLR4 signaling or P-selectin-PSGL-1 interactions. Solid phase adhesion studies 

confirmed the significant role of P-selectin as a major inducer of macrophage CD206 and MMP9 

expression. In addition, through western blot analysis, we observed a synergistic effect between 

FcR-IgG interactions and P-selectin in enhancing macrophage MMP9 expression. Lastly, we 

confirmed the presence of CD68+CD206+CD163+MMP9+ M2-macrophages within the CAV 

affected lesions of DSA+ rejected cardiac allografts. These findings highlight the role of HLA I 

antibody-activated endothelium in the polarization of M2-macrophages with capacity to secrete 

vascular remodeling proteins which can contribute to both AMR inflammation and CAV 

development. Future studies for this research entail further delineating how other adhesion 

molecules (e.g., ICAM-1 and CD31/PECAM-1) may influence macrophage polarization37. 

Moreover, it remains crucial to validate this novel macrophage phenotype in longitudinally stored 

EMBs with varying levels of AMR diagnosis (e.g., pAMR0 versus pAMR2+).  Subsequently, 

studies examining macrophage transcriptomic expression at the single-cell level from either EMBs 

or CAV rejected specimens remain vital for further characterizing macrophage functions within 

rejecting grafts. Our results highlight the role of FcR-IgG interactions in influencing monocyte 

recruitment, polarization, and function. Circulating IgGs can also activate complement (via C1q 

complex binding to Fc-portion of IgG), and FcRIIIa/CD16+ NK-cells can also adhere to ECs via 

FcR interactions4,19. Past studies utilizing IgG-degrading enzyme of Streptococcus pyogenes 

(IdeS) have gathered attention due to their ability to abolish complement activation in an animal 

model of AMR and for patient desensitization172-176. Nonetheless, these studies poise concerns 

due to the possibility of allergic reactions to bacterial enzymes and the reoccurrence of IgGs. 

Therefore, findings in this study emphasize TLR4 and P-selectin as novel therapeutic targets for 

mitigating vessel immunogenicity during AMR. 

Finally, spatial multi-omics of arterial regions from CAV+ DSA+ rejected cardiac allografts allowed 

further understanding into the molecular processes regulating neointimal formation and CAV 
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development. Arterial regions with different neointima levels were analyzed using transcriptomic 

and proteomic profiling. Low neointimal regions displayed elevated inflammatory profiles, while 

high neointima regions showed characteristics of fibrotic and remodeling processes. Specifically, 

we identified key gene modules, gene regulatory networks, and key transcripts associated with 

specific neointima scores.  Moreover, we identified ubiquitin associated protein 2 like (UBAP2L) 

as a potential new regulator of endothelial-to-mesenchymal transition (EndoMT) in CAV. Given 

that treatment options for CAV remain limited, these results form the foundation for the 

identification of novel biomarkers. Future studies should prioritize the validation of increased 

transcripts and proteins identified in our digital spatial profiling (DSP) analysis, particularly 

focusing on their secretion and detectability in plasma as potential diagnostic markers. This 

remains crucial, as current non-invasive screening methods like AlloMap only assess the risk of 

acute rejection and lack reliable marker molecules for standardized clinical parameters177,178. 

Moreover, studies using the molecular microscope diagnostic system (MMDx) on cardiac allograft 

EMBs have been shown to show discrepancies when compared to histological characteristics 

and AMR grading179,180.  

Conclusion 

All in all, the findings of our study shed light on a novel mechanism underlying vessel 

immunogenicity mediated by HLA I DSA. We have demonstrated the ability of HLA I DSA to 

initiate intracellular signaling cascades in ECs, leading to subsequent effects on macrophage 

polarization and function. These discoveries form the foundation for the development of innovative 

therapeutics aimed at preventing the infiltration and activation of leukocytes in graft rejection. By 

understanding and targeting these specific pathways, we can potentially enhance the long-term 

survival of transplanted organs and improve the outcomes of transplantation procedures. 
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