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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 | and
class Il 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



lesions, their precise phenotype and function in the context of HLA class | 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 | DSA activate EC signaling and the impact on monocyte-to-macrophage
polarization and functions. Our findings revealed that crosslinking of anti-HLA | (IgG and F(ab'),)
antibodies with HLA class | molecules (HLA|) 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 | antibodies (I9G and F(ab')z) 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 (FcyR)
interactions. For example, monocytes co-cultured with HLA | IgG-stimulated ECs differentiated
into CD68+CD206+CD163+ macrophages, while monocytes co-cultured with HLA | F(ab’); only
upregulated CD206. Thirdly, by inhibiting TLR4 signaling and PSGL-1-P-selectin interaction
during monocyte transmigration across HLA | (IgG or F(ab’);) 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



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 | 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 failure'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 States®. 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
years!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 | and HLA class II) found on the surface of graft endothelial
cells (ECs)*. HLA | and HLA Il DSA drive strong alloimmune responses against the graft
vasculature mediating vascular inflammation and graft injury>¢. DSA play a crucial role in
activating multiple pathological mechanisms, which mediate vascular injury. Specifically, DSA and
inflammatory stimuli (e.g., TNF-a) 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 DSA".
Moreover, both cytotoxic CD8+ T-cells and NK-cells secrete inflammatory cytokines and granules
targeting graft ECs”8. Graft-infiltrating monocytes differentiate into macrophages, which can
secrete inflammatory cytokines (M1 subtype) or growth factors and vascular remodeling proteins
(M2 subtype)®. 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

anaphylatoxins#®. Across most solid organs, AMR is diagnosed by the presence of microvascular



inflammation (subendothelial mononuclear cell infiltration), EC swelling, C4d complement
deposition, and by the presence of CD68+ macrophages®°. 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 AMR,

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 | IgG crosslinking to HLA | molecules expressed on ECs
promotes the formation of molecular complex between HLA | and integrin-g4 (ITGB4). Signaling
via ITGBA4 triggers the phosphorylation and activation of Src/PISK/Akt/mTOR pathway inducing
EC migration and proliferation'2. HLA | DSA induced signaling via PI3K/Akt also increases EC
expression of survival proteins (e.g., BCL-2 and BCL-XL)*%. Moreover, HLA | 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 surface!®. Clustering of ICAM-1 enhances the tethering of monocytes at the EC surface,
facilitating their infiltration into the allograft'4. Activation of ECs by HLA Il DSA triggers similar

signaling cascades (e.g., FAK, PI3K, EKR, mTOR) inducing cell proliferation and migration?*®.

In addition, recent studies in our lab have indicated that anti-HLA | IgG crosslinking to HLA |
molecules can also induce the formation of a separate molecular complex between HLA | and
toll-like receptor 4 (TLR4)!6. Signaling via TLR4 adaptor proteins (e.g., MyD88) and elevation of
intracellular Ca?* induce the rapid exocytosis of Weibel-Palade bodies (WPb) that store von
Willebrand Factor (VWF) and P-selectin’:'8, P-selectin surface expression promotes monocyte

2



tethering to EC surface via monocyte P-selectin glycoprotein-1 (PSGL-1)!6-18, Here, monocyte
can also undergo interactions with Fc-portion of IgG via Fc-receptors (FcyRs)!°. The findings from

these studies collectively underscore the significant role played by HLA DSA in promoting
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vascular inflammation and remodeling, which in turn contribute to AMR and chronic rejection.

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

Anti-HLA 1 1gG crosslinking to HLA | molecules present on the surface of endothelial cells (ECSs)
induces the formation of a molecular complex between HLA | and integrin-B4 (ITGB4). This
triggers activation of signaling cascades (e.g., Src/PI3K/Akt/mTOR and FAK), which induce EC
migration, proliferation, and expression of survival proteins!?!3, Activation of mTOR complexes
triggers downstream activation of RhoA/ROCK proteins which regulate cytoskeletal

rearrangements resulting in ICAM-1 clustering at the cell surface®. Anti-HLA | 1gG crosslinking



also induces the formation of a separate molecular complex between HLA | and Toll-like
Receptor-4 (TLR4). TLR4-MyD88 and intracellular Ca?* 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 ECs'®8, 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)%°. CAV remains the
primary cause of long-term mortality, responsible for approximately 1 in 8 deaths beyond one-
year post-transplant?t. CAV lesions are mainly composed of actively dividing myofibroblast and
infiltrating immune cells?®. 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 manner??. 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 CAV?3. Additional risks factors for CAV include metabolic
disorders (e.g., obesity, hyperglycemia, and hyperlipidemia), older donor and recipient age,
ischemic-reperfusion injury (IRIl), organ presentation, chronic T-cell mediated injury, and
cytomegalovirus (CMV) infection?*?5.  Furthermore, endothelial-to-mesenchymal transition
(EndoMT) is recognized as a pivotal process underlying the development of CAV?¢. EndoMT is a
phenomenon in which sustained EC activation by inflammatory stimuli (e.g., IL-6, TNF-a, IL-1[3,
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



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 cells?6. This phenomenon contributes to neointimal formation and progression of

vascular occlusion.

Today, CAV is monitored using invasive technigques such as angiography or intravascular
ultrasound (IVUS), which are both inefficient for early detection?’. 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 development?4. 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 CAV®. In cardiac allograft endomyocardial biopsies (EMBSs), intravascular
graft macrophages accumulate in capillaries and venules that distend and fill vascular lumens?°.
This leads to widespread alterations of the microvasculature and endothelial cells lining the
vessel®C. Precisely, the presence of CD68+ graft infiltrating macrophages is highly associated with

worse graft function and survival?®-32, Following organ procurement, cold storage, and surgical



anastomosis, IRl increases vascular permeability and promotes EC apoptosis®334. Moreover,
cellular and acute AMR increase microvasculature damage®. 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 monocytes®¢. During transmigration, monocyte and
EC interactions activate outside-in signaling that induce functional changes and alter gene
expression in both cell types®’. 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 chemotaxis®®°. 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 diapedesis?®. 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 macrophages** (Figure 2). M1 are
activated by IFN-y or by engagement of pathogen-associated patterns via toll-like receptors
(TLRs)*+42, M1 promote a Thl-type response producing pro-inflammatory cytokines (e.g., IL-1,
IL-6, and TNF-a) that can activate cytotoxic T cells and induce the production of EC chemokines
(e.g., CSF-1 and MCP-1)*?. Moreover, M1 generate harmful reactive oxygens species (ROS), and
iINOS-derived nitric oxide*?. 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

fibrosis*143. Depending on their activating stimuli, M2 are subdivide into M2a (IL-4), M2b (via



FcyRs and TLRs e.g., IgG+LPS), and M2c (IL-10) subtypes*3. 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 (TIMPSs) that alter matrix turnover and composition*344,
M2 express phagocytosis receptors (e.g., CD163, CD206, CD209, and Dectin-1) which enable

removal of microbes, debris, and dead cells*>46,

Based on the M1/M2 paradigm, M1 have been associated with acute rejection while M2 with
chronic rejection®4748, 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., Argl and Mrc1)#°. 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)®.
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.



Monocyte recruitment and activation by Fc-gamma receptors (Fc)Rs)

A few studies have highlighted humoral activation via Fc-gamma receptors (FcyR) signaling in
mediating monocyte-macrophage polarization and functional activity during AMR®. The majority
of circulating monocytes (80-95%) co-express the high affinity FcyRIl (CD64) and intermediate
affinity FcyRIl (CD32), and a subpopulation (2-11%) co-expresses FcyRIll (CD16)°2. Monocyte
FcyR-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 (FcyRI and FcyRIIl), and inhibitory (FcyRII) signals following crosslinking with IgG and/or
IgG-complexes®->4. Similarly, macrophages can differentially co-express all FcyRs on their
surface activating antibody-dependent cellular phagocytosis (ADPC) and antibody-dependent
cellular cytotoxicity (ADCC)%°. FcyR-IgG affinity is highly dependent on IgG subclass (IgG1, 19G2,
IgG3, and 1gG4), Fc-glycosylation state, and FcyR polymorphisms®6. In general, 1gG1/3 have
higher affinity for most FcyRs, while IgG2 only binds FcyRIl, and 1gG4 binds most FcyRs
moderately®. Polymorphism in recipient FcyRlla (H131/R131) and FcyRllla (V158/F158) have
been shown to differentially affect clinical transplant outcomes in kidney, heart, and lung
transplants®’-%°. This is as polymorphic differences can alter the affinity of Fc-IgG binding and/or
functionality of activating FcyRs. For example, FcyRlla-H131 has higher affinity to 1gG2 than
FcyRlla-R131 and FcyRIlla-V158 has higher affinity for 19G1/3 than FcyRllla-F158%. Thus,
variability in recipient production of specific IgG subclasses and FcyR genotype may impact the
degree of cell recruitment, activation, and transplant outcome. However, it remains unclear how
different FcyR-1gG interactions may be able to modulate distinct cell fates and effector functions
in AMR. Recent studies utilize 1gG-degrading enzyme of Streptococcus pyogenes (IdeS) and an
endoglycosidase (EndoS) produced by S. pyogenes to prevent FcyR-dependent functions and

immune-cell recruitment®®. Particularly, IdeS cleaves IgG into an intact Fc region and F(ab’),



fragments, while EndoS hydrolyzes the N-linked carbohydrate from the Fc region of IgG®*. Yet,

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

By generating chimeric pan-HLA | human IgG1 and 1gG2 Abs (carrying the variable regions of
murine pan HLA | mAb W6/32), we have shown that IgG subclass and FcyRIla polymorphisms
influence monocyte binding to HLA | antibody-activated ECs°. For instance, monocytes perfused
over HLA | antibody-activated ECs under shear stress exhibit slower rolling and increased arrest
on ECs treated with IgG1 compared with 1gG21°. Moreover, monocytes from donors expressing
high-affinity FcyRlla-H131 alleles exhibited greater adhesion to ECs stimulated with HLA |
antibodies. These studies suggest that transplant recipients carrying specific FcyR

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 | 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 disadvantageous®2%. 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)®4. 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 | and TLR4 complex in HLA | 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 | 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 | 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 | 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 | and TLR4 Mediates P-selectin Surface

Expression and Monocyte Capture to Human Endothelial Cells
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Cross-Talk between HLA Class I and TLR4 Mediates P-Selectin
Surface Expression and Monocyte Capture to Human
Endothelial Cells

Yi-Ping Jin,* Jessica Nevarez-Mejia,* Allyson Q. Terry,* Rebecca A. Sosa,* Sebastiaan Heidt,”
Nicole M. Valenzuela,* Enrique Rozengurt,* and Elaine F. Reed*

Donor-specific HLA Abs contribute to Ab-mediated rejection (AMR) by binding to HLA molecules on endothelial cells (ECs) and
triggering intracellular signaling, leading to EC activation and leukocyte recruitment. The molecular mechanisms involving
donor-specific HLA Ab-mediated EC activation and leukocyte recruitment remain incompletely understood. In this study, we
determined whether TLRs act as coreceptors for HLA class I (HLA I) in ECs. We found that human aortic ECs express TLR3,
TLR4, TLR6, and TLR10, but only TLR4 was detected on the EC surface. Consequently, we performed coimmunoprecipitation
experiments to examine complex formation between HLA I and TLR4. Stimulation of human ECs with HLA Ab increased the
amount of complex formation between HLA I and TLR4. Reciprocal coimmunoprecipitation with a TLR4 Ab confirmed that the
crosslinking of HLA I increased complex formation between TLR4 and HLA 1. Knockdown of TLR4 or MyD88 with small
interfering RNAs inhibited HLA I Ab—stimulated P-selectin expression, von Willebrand factor release, and monocyte recruitment
on ECs. Our results show that TLR4 is a novel coreceptor for HLA I to stimulate monocyte recruitment on activated ECs. Taken
together with our previous published results, we propose that HLA I molecules form two separate signaling complexes at the EC
surface, that is, with TLR4 to upregulate P-selectin surface expression and capture of monocytes to human ECs and integrin B, to
induce mTOR-dependent firm yte adhesion via ICAM-1 clustering on ECs, two processes implicated in Ab-mediated
rejection. The Journal of Immunology, 2022, 209: 1-11.

term survival of allograft transplants and is estimated to bodies (WPBs), that store von Willebrand factor (vWF) and P-selectin

affect 10-20% of allografts (1-3). The production of anti- (13, 14), which are the best characterized constituents of WPBs. The
donor HLA class I (HLA I) and class [T (HLA IT) Abs is a risk factor trafficking of vWF and P-selectin to the EC surface in response to a
for development of chronic rejection, which manifests as transplant variety of stimuli plays a critical role in converting the nonadhesive
vasculopathy (4-6). Although the development of posttransplant surface of ECs into a highly adhesive surface that captures blood
anti-HLA Ab is linked to transplant vasculopathy, the physiologic cells, including monocytes, which are crucial in the pathogenesis of
and pathologic effects of their binding to the endothelium of the vascular inflammation in AMR (15). Indeed, vWF knockout mice dis-
transplanted organ have only recently been explored. Donor-specific play defective leukocyte attachment, in line with the involvement of
HLA Abs contribute to the process of AMR by binding to the HLA P-selectin externalization in monocyte adherence (16). Our studies
molecules on endothelial cells (ECs) and triggering intracellular signal- demonstrated that HLA 1 engagement with Abs directed against
ing networks, leading to EC activation and leukocyte recruitment. In monomorphic or polymorphic residues on HLA I promotes P-selectin
previous studies, we showed that Ab crosslinking of HLA I molecules expression on the EC surface and consequent monocyte recruitment
on ECs stimulates intracellular signaling, including FAK/Src, ERK, (17-19). Collectively, these results imply that these changes in the
PI3K, and mTORCI (7-11). HLA I triggers these signaling pathways adhesive properties of the EC surface nitiated by HLA I Ab play a
by physically associating with integrin 8, in ECs, an interaction that critical role in AMR. However, the specific mechanisms by which
is required for HLA I Ab-induced signaling, leading to cytoskele- Ab binding to HLA I induces P-selectin expression and subsequent
tal remodeling, proliferation, and migration (12). Thus, integrin B4 monocyte capture by ECs remain poorly understood, and the role of
functions as a coreceptor for HLA I in signal transduction in ECs. integrin B4 In these processes has not been investigated.

ﬁ b-mediated rejection (AMR) is a major obstacle for long- ECs contain specialized secretory granules, termed Weibel-Palade
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In the current study, we demonstrate that HLA [ Abs induce
P-selectin externalization and monocyte binding to ECs through an
ntegrin Bs~independent mechanism. Given that HLA molecules
lack signal motifs and kinase activity in their short cytoplasmic tail,
we postulated that HLA I triggers these changes in the properties of
EC surface by forming a signaling complex with other molecules.
TLR4 is known to regulate P-selectin expression and vWF release
on ECs in response to its ligand, LPS (20, 21). We found that
TLR4 is the only TLR expressed on the EC surface and accord-
ingly hypothesized that HLA I molecules associate with TLR4 to
transduce signals that lead to P-selectin externalization and mono-
cyte recruitment.

Pursuing this hypothesis, we found that Ab ligation of HLA I
molecules on ECs stimulated the formation of a molecular complex
between HLA I and TLR4. These results support the notion that
HLA I molecules physically associate with TLR4 together with the
adaptor proteins MyD88 and TIRAP. Our data also show that HLA I
Ab-stimulated P-selectin expression on the surface of ECs is
abrogated by knocking down TLR4 or MyD88 with small inter-
fering RNAs (siRNAs). Reciprocally, our results also imply that
HLA I functions as a coreceptor for TLR4-mediated P-selectin
externalization and monocyte adhesion. We conclude that HLA [
forms two separate molecular complexes at the cell surface, that
is, with integrin B, or TLR4, each of which plays a critical role
to elicit signals that regulate fundamental functions in ECs that
are implicated in the pathogenesis of AMR.

Materials and Methods
Abs and chemicals

Cell culture reagents were from Invitrogen. Purified allele-specific human
mAbs HLA-A2/A28 (clone SN607DS, IgGl), HLA-A3/A11/A24 (clone
MUL2C6, IgGl), and HLA-B12 (clone DK7C11, IgG1) were gifts from
Dr. Sebastiaan Heidt. Purified mouse mAbs against HLA-A2/A28 (clone H0037,
IgG) were provided by Dr. Jar-how Lee (One Lambda, Canoga Park, CA).
Anti-HLA T mAb W6/32 (mouse IgG2a), recognizing a conformational
epitope on all HLA-A, HLA-B, and HLA-C H chains when they are in
association with B,-microglobulin (22), was purified from cultured super-
natants of the hybridoma HB-95 (American Type Culture Collection,
Manassas, VA). The F(ab'), fragments of mAbs were generated by using
IdeZ protease (Promega, Madison, WI) according to the manufacturer’s
protocol. The mouse mAb EMRS-5, recognizing the denatured H chain of
HLA-A, HLA-B, and HLA-C, and anti-HLA-A2 mAb for Westem blot were
obtained from Medical & Biological Laboratories. The mouse mAb TLR4
(HTA125, mouse IgG2a) for immunoprecipitation was from eBioscience. Ab
against integrin B4 was purchased from BD Biosciences (San Diego, CA).
Sheep anti-human P-selectin Ab and donkey anti-sheep IgG HRP-conjugated
Ab were purchased from R&D Systems (Minneapolis, MN). Rabbit polyclonal
Abs against TLR1, TLR2, TLR3, TLR4, TLR6, TLR7, TLRS, TLRY,
MyD88, and P-actin were purchased from Cell Signaling Technology
(Beverly, MA). The rabbit polyclonal Ab against B-tubulin (H-235), mAbs
against TLR4, TLRS, and TLR10, MD2 (J-12B), GAPDH, goat anti-rabbit
HRP, goat anti-mouse HRP IgG, and Protein A/G Plus agarose beads were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The rabbit
polyclonal Ab against TIRAP was from Novus (Centennial, CO). The
monoclonal anti-vinculin (clone Hvin-1) and mouse isotype control were
from Sigma-Aldrich (St. Louis, MO). PE-conjugated Abs against TLR2,
TLR3, TLR4, TLRS, and TLR10, as well as mouse IgG2a, were purchased
from BioLegend. PE-conjugated Ab against TLR1 and a Vybrant CFDA
SE cell tracer kit (V-12883) were purchased from Molecular Probes
(Bugene, OR). Mouse mAb against TLR4 (76B357.1) for immunohisto-
chemistry and rabbit polyclonal against TRIF (Toll/IL-1R domain-containing
adaptor inducing IFN-B) were purchased from Abcam (Cambridge, MA).
FITC-conjugated donkey anti-rabbit IgG was purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA).

Cell culture

Human aortic ECs were isolated from the aortic rings of explanted donor
hearts, as described previously (9), or obtained from Lonza/Clonetics (Wal-
kersville, MD). ECs were cultured in M 199 medium (Mediatech, Manassas,
VA) supplemented with 20% (v/v) FBS (HyClone), penicillin-streptomycin

TLR4 IS A NOVEL CORECEPTOR FOR HLA I

(100 U/ml and 100 pg/ml, respectively; both from Invitrogen), sodium pyru-
vate (1 mmol/l), heparin (90 pg/ml, Sigma-Aldrich), and EC growth supple-
ment (20 pg/ml, BD Biosciences). Cells were used for experiments from
passage 3 to 8. Prior to use in experiments, cells were grown for 6 h in medium
M199 containing 0.2% FBS.

The human monocytic cell line Mono Mac 6 (23, 24) (a gift of Dr. Judith
Berliner, Department of Pathology and Laboratory Medicine, University of
California, Los Angeles) was cultured in RPMI 1640 supplemented with
10% FBS, 10 mg/ml insulin, sodium pyruvate, penicillin-streptomycin, and
nonessential amino acids (Life Technologies).

Human peripheral blood monocytes were isolated from healthy donors as
previously reported (18). Briefly, PBMCs were isolated using Ficoll-Paque den-
sity centrifugation (Eppendorf centrifuge 5810; Eppendorf, Hauppauge, NY).
Total monocytes were then enriched from PBMCs using a MACS negative
selection Pan Monocyte Isolation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the mamufacturer’s protocol. The purity of monocytes
was > 90% as determined by flow cytometric analysis with CD14 Ab.

Coimmunoprecipitation

ECs (4 X 10%10 5 X 10%) were treated with W6/32 F(ab’), for 20 min, giving
results comparable to those in cells treated with whole IgG of W6/32 (7);
mouse IgG2a F(ab'), was used as a negative control. The W6/32 F(ab'),
fragments were used instead of the whole IgG to prevent the Fc parts from
interfering with immunoprecipitation with protein A/G agarose beads. Cells
were lysed in ice-cold buffer containing 1% CHAPS, 150 mM NaCl, 50 mM
Tris-HCl (pH 7.4), 50 mM NaF, 1.5 mM Na;VO,, 0.5 mM PMSF, 0.2 pg/ml
aprotinin, and 0.5 pwg/ml leupeptin, and cell lysates were collected after spin-
ning down at 10,000 X g for 10 min. Precleared cell lysates were immumopre-
cipitated with anti-HLA I mAb W6/32, murine anti-HLA-A2, or TLR4 mAb
(HAT125) at 4°C on a rotator ovemight. Then, samples were incubated with
Protein A/G Plus agarose beads for 4 h. Immunoprecipitates were washed
three times with immumoprecipitation wash buffer (40 mM HEPES [pH 7.5],
10 mM B-glycerophosphate, 120 mM NaCl, 1 mM EDTA, 50 mM NaF,
1.5 mM NazVOy, 0.3% CHAPS, 0.2 pg/ml aprotinin, 0.5 pg/ml leupeptin),
and samples were resolved using SDS-PAGE. Five percent of the total
amount of protein used in the immunoprecipitation was loaded onto the gel
as an input control.

Western blot

Cell lysates for Western blot were prepared as previously described (9).
Briefly, cells cultured in a low-serum concentration for 6 h, stimulated with
human or murine anti-HLA I mAb or control IgG at 37°C, and lysed in
buffer (containing 20 mM Tris [pH 7.9], 137 mM NaCl, 5 mM EDTA,
1 mM EGTA, 10% glycerol, 1% Triton X-100, 10 mM NaF, 1 mM PMSF,
1 mM Na;VOy, 10 pg/ml aprotinin, and 10 pg/ml leupeptin) for 10 min on
ice. The cell lysates were resolved by SDS-PAGE and proteins were trans-
ferred overnight onto polyvinylidene difluoride membranes (Millipore). The
membranes were blocked using 5% nonfat dry milk in TBS (pH 7.4) con-
taining 0.05% Tween 20 (TBST) for 1 h at room temperature and incubated
overnight with appropriate primary Abs. The blots were incubated with
HRP-conjugated secondary Abs and developed with BCL (Amersham). The
phospharylated protein bands were scanned using the Epson Perfection
V700 photo scammer (Epson) and were quantified using the ImageJ program
(http://rsb.info nih.gov/ij/; National Institutes of Health, Bethesda, MD).

SIRNA transfection

The human integrin B, siRNA (target sequence, 5'-CAG AAG AUG UGG
AUG AGU UUU-3), the siRNAs against the HLA I H chain targeting the
HLA-A and HLA-B alleles (5'-GCA GAG AUA CAC CUG CCA U-3' and
5'-GAG CUC AGA UAG AAA AGG A-3"), TLR4, MyD88, TLR3, and
TRIF smart pool siRNA, and control nontargeting siRNA. duplexes (5'-UAG
CGA CUA AAC ACA UCA AUU-3’ and 5'-AAU UGA UGU GUU UAG
UCG CUA-3") were synthesized by Dhamacon (Lafayette, CO). ECs were
plated at a density of 70% confiuence and fransfected with siRNA using
Mims TransIT-TKO transfection reagents (Mirus Bio, Madison, W) accord-
ing to the manufacturer’s protocol. Experiments were conducted 48 h after
transfection (8).

Flow cytometry determination

ECs were grown in 2 ml of complete medium in 35-mm dishes coated with
0.1% gelatin until confluent and detached by trypsin-EDTA (Life Technolo-
gies) and incubated with HLA I Ab (1 pg/ml) in 0.1 ml of paraformaldehyde
(PFA) (PBS with 2.5% FBS and 0.1% sodium azide) for 30 min on ice.
Cells were washed twice with PFA and incubated with FITC-conjugated
anti-mouse secondary Ab at 1:100 (Jackson ImmunoResearch Laboratories)
used to detect HLA I molecule expression. Alternatively, ECs or monocytes
were incubated with PE-conjugated TLR1, TLR2, TLR3, TLR4, TLRS, or

15

220 ‘11 Tequizidag U0 SPHOS qI'] PAIOTY SO[28UY SOT-BIIOJIED) Jo AT Y8 /810" [ounurutil s,/ oL} pepeoumo(]



The Journal of Immunology

TLR10 Abs. Cell fluorescence was measured by flow cytometry on a
LSRFortessa cytometer, calculated with the BD FACSDiva program (Becton
Dickinson, Mountain View, CA), and analyzed with FlowJo v10 software.

Cell surface P-selectin expression

Cell surface P-selectin expression on ECs was detected by cell-based ELISA
as described previously (18). Briefly, ECs were cultured in 35-mm dishes to
70% confluence and transfected with siRNA for 24 h. Transfected cells were
detached with Accutase, seeded in a 96-well plate to confluence for 48 h,
and treated with Ab against HLA I or mouse Ig(G2a as an isotype control for
30 min. Cells were fixed with freshly prepared 2.5% PFA in PBS for 5 min
at room temperature. Unpermeabilized cells were blocked with 5% BSA in
PBS and incubated with sheep anti—P-selectin Ab (1 wg/ml) for 2 h followed
by incubation with anti-sheep HRP secondary Ab at 1:1000 for 2 h at room
temperature. After washing three times, tetramethylbenzidine substrate was
added info wells and OD was read at 650 nm on a SpectraMax plate reader
(Molecular Devices).

Blockade of FcyRs

FoyRs were blocked as previously described (18). Briefly, in monocyte
adhesion experiments, monocytes or Mono Mac 6 cells were incubated with
10 pg/ml purified human IgG in PBS for 15 min to block the FoyRs from
binding HLA I IgG on the surface of ECs.

Monocyte adhesion assay

Monocyte adhesion on ECs was described previously (25, 26). Briefly, ECs
were cultured in 24-well plates coated with 0.1% gelatin and were trans-
fected with siRNA and treated with Abs against HLA I, or HLA-A2,
HLA-A3, or HLA-B12. CFSE (Invitrogen)-labeled primary monocytes or
Mono Mac 6 were added onto EC monolayers at a ratio of approximately
three monocytes per EC for 20 min at 37°C. After washing three times,
adherent monocytes were imaged by fluorescence microscopy (Nikon
Eclipse Ti) with magnification x4 and analyzed with software CellProfiler
or Image]. Results are expressed for each condition as fold change in mean
of adhesion monocytes per field normalized to control cells = SEM.

Immunofluovescence staining

Indirect immunofluorescence analysis of cell surface molecules was previ-
ously described (12). For P-selectin expression and vWF release, ECs were
transfected with TLR3, TRIF, TLR4, MyD88, or confrol siRNA (100 nM
each) for 48 h, or pretreated with TLR4 inhibitor TAK242, and cells were
stimulated with an anti-HLA I Ab F(ab’), fragment or a mouse [gG2a
F(ab'), fragment (1 pg/ml) for 30 min. Cells were fixed with freshly prepared
4% PFA, and surface P-selectin was stained on unpermeabilized cells with
mouse anti-human P-selectin mAb and rabbit anti-human vWF Ab followed
by Alexa Fluor 488 rabbit anti-mouse IgG1, Alexa Fluor 594 goat anti-rabbit
IgG (H+L), and DAPL Images were obtained with a Zeiss LSM 880 fluores-
cence microscope using a X40 objective lens.

Statistical analysis

Data are presented as mean + SEM. Differences were calculated using a
one-way ANOVA with Tukey’s multiple comparison test, or a Student 7 test.
A p value <0.05 was considered significant.

Results

Ligation of HLA I by Abs induces P-selectin externalization through

an integrin f~independent pathway

We previously reported that HLA [ molecules physically associate
with integrin B4 in ECs, an interaction that is required for HLA [
Ab-induced signaling, leading to EC proliferation and migration
(12). Given that HLA T Abs also trigger WPB exocytosis and adher-
ence of monocytes (18, 25), we asked whether integrin 3, was simi-
larly required for eliciting this effect. To answer this question, we
knocked down integrin B, with siRNA in primary ECs and tested
whether P-selectin surface expression and monocyte adherence were
reduced after HLA T Ab stimulation. Transfection with siRNA tar-
geting integrin B4 drastically diminished integrin 4 protein levels
without affecting Akt or ERK levels (Fig. 1A), or cell surface HLA
I expression (Fig. 1B). In line with previous results, ECs treated
with either anti-HLA-A2 Ab or anti-HLA-B12 Ab significantly
upregulated cell surface P-selectin (Fig. 1C). The salient feature of
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the data shown in Fig. 1 is that ECs with significantly reduced
integrin B, expression retained the capacity to exocytose P-selectin
(Fig. 1C) as compared with cells transfected with nontargeting
sIRNA. Concordantly, knockdown of integrin 4 had no effect on
HLA I Ab-induced monocyte adherence (Fig. 1D), which was not
significantly different compared with control siIRNA conditions
(Fig. 1E). These experiments indicate that HLA I induces P-selectin
externalization through an integrin Bs-independent pathway and
raised the possibility that HLA molecules interact with other, as yet
unidentified coreceptors to rapidly upregulate cell surface P-selectin
expression and promote monocyte adherence.

HLA I physically associates with TLR4

Several previous studies suggest that HLA II is functionally linked
to TLRs in innate immune cells (27-31), but it is not known
whether HLA [ interacts physically and functionally with TLRs in
ECs. As a first step to explore this possibility, we determined the
protein expression of different TLRs in ECs and used human mono-
cytes or Ramos cells, which are known to express multiple TLRs,
as positive controls. ECs expressed TLR3, TLR4, TLRS5, and TLR10,
as shown by Westem blot analysis. In contrast, TLR1, TLR2, TLR6,
TLR7, TLRS, or TLRY was not detected (Supplemental Fig. 1A).
Importantly, only TLR4 was detected on the surface of ECs by
flow cytometry (Supplemental Fig. 1B). In addition, ECs express
the Toll/IL-1R domain-containing adaptors TIRAP, MyD88, and
TRIF, but not TRAM, the MyD88-independent component of TLR4
signaling (Supplemental Fig. 1C, 1D).

The preceding results prompted us to determine whether any of
the endothelial-expressed TLRs physically associates with HLA [
as judged by coimmmumoprecipitation. ECs were left untreated or
stimulated with HLA [ Ab. TLR4, which is the only TLR expressed
on the surface of ECs, was also the only TLR detected when HLA [
was pulled down (Fig. 2A). In addition, MD2, MyD88, and TIRAP
were also found in the complex with HLA I, and their association
was increased in cells treated with HLA [ Ab (Fig. 2A). TIRAP is
an adaptor protein that connects MyD88 with TLR4 (32). In contrast,
TRIF was not detected in HLA [ immunoprecipitates (Fig. 2A).
Similar results were obtained when cells were challenged with an
Ab that binds HLA-A2 (Fig. 2B). These results suggest that HLA I
physically associates with TLR4 in ECs at the cell surface. Recip-
rocal experiments using TLR4 pulldown confirmed that HLA I
associated with TLR4 (Fig. 2C, 2D). Because we demonstrated
previously that HLA [ interacts physically with integrin B4, we
asked whether this integrin was present in the HLA ITLR4 com-
plex. Integrin B4 was not detected in TLR4 immunoprecipitates
(Fig. 2C). Similarly, pulldown of integrin B, yielded an increased
association with HLA I in response to HLA I stimulation, but
TLR4 was not detected (Fig. 2E). Furthermore, knockdown of
integrin B, did not alter the association of TLR4 with HLA [
(Fig. 2F) despite extensive loss of integrin B, protein (Fig. 2G).
These experiments used coimmunoprecipitation of endogenous
rather than expressed tagged proteins because molecular complexes
between expressed proteins of the TLR system might represent
artifacts of protein overexpression (33). Our results indicate that
HLA I molecules form two separate signaling complexes at the
cell surface, that is, with either integrin 3, or TLR4.

Knockdown of TLR4 impairs HLA I-induced P-selection expression
at the surface of ECs

Because HLA I promotes P-selectin expression at the cell surface in
an integrin Bs—independent manner, we tested whether the HLA
ITLR4 complex, identified in the current study, mediates P-selectin
externalization. To determine whether TLR4 was required for
EC exocytosis of P-selectin in response to HLA I Abs, we tested
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FIGURE 1. HLA I Ab induces P-selectin expression and monocyte adhesion through an integrin B4-independent pathway on human ECs. (A) ECs were

transfected with 100 nM single duplex siRNA against the integrin B4 subunit (sequence, 5'-GAGAGCAGCUUCCAAAUCA-3") or with nontargeting control
siRNA and were incubated for 48 h. Cells were lysed and subjected to Western blotting analysis with Abs against integrin B4 (205 kDa), Akt, and ERK and
with B-actin as a loading control. (B) Expression of HLA I on the surface of ECs transfected with siRNAs was analyzed by flow cytometry with the HLA
I-specific Ab W6/32 or isotype control mouse IgG2a. Negative control cells transfected with nontargeting control siRNA + mouse IgG2a are shown as a
filled peak in half-offset histography, whereas the dashed line represents cells transfected with control siRNA + HLA I Ab, the dotted line represents cells
transfected with integrin B4 siRNA + mouse IgG2a, and the thick solid line represents cells transfected with integrin B4 siRNA + HLA I Ab. (€) ECs were
transfected with integrin B4-specific siRNA or control siRNA (100 nM each). After 48 h, cells were stimulated with anti-HLA-A2 or anti-HLA-B12 human
mAb (1 pg/ml) for 30 min. Cell surface P-selectin was stained on unpermeabilized cells with sheep anti-human P-selectin Ab followed by donkey anti-sheep
HRP-conjugated secondary Ab, detected by adding tetramethylbenzidine substrate and measuring the OD at 650 nm. The bar graph shows the fold change of
the mean + SEM of the OD value from triplicate wells for each condition. *p < 0.05, **p < 0.01, ***p < 0.001 analyzed by one-way ANOVA with Tukey’s
multiple comparison test. Results represent at least three independent experiments. (D and E) ECs were transfected with integrin B4—specific siRNA or control
siRNA (100 nM each). ECs were stimulated with HLA-A2 or HLA-B12 human mAb (1 pg/ml) for 30 min. CFSE-labeled Mono Mac 6 (MM6) with an
FeyR blockade was added to HLA I Ab-stimulated EC monolayers. Adherence of MM6 cells was measured by a Nikon Eclipse Ti live cell inverted micro-
scope with a X4 objective lens and (E) analyzed with CellProfiler. Bar graph represents fold change of adherent MM6 mean + SEM from at least three inde-

pendent experiments. *p < 0.05, ****p < 0.0001 analyzed by one-way ANOVA with a Tukey’s multiple comparison test.

P-selectin expression under TLR4 or MyD88 knockdown with
siRNA. TLR4 siRNA specifically reduced TLR4 expression, but
not HLA I or signaling adaptor molecules (Fig. 3A, 3C). Similarly,
MyD88 siRNA reduced MyD88 protein but not TLR4 or HLA I
(Fig. 3B, 3D). When either TLR4 or MyD88 was knocked down,
HLA I Ab treatment failed to elicit P-selectin exocytosis (Fig. 3E). As
a control, we verified that LPS-induced P-selectin was also abrogated
under TLR4 or MyDS88 deficiency (Fig. 3F). These results were sub-
stantiated using immunofluorescence imaging of cell surface P-selectin
and externalized vWF, another component stored in the WPB. Neither
VWEF nor P-selectin was externalized by HLA I Ab in ECs that had
been treated with TLR4 or MyD88 siRNAs (Fig. 3G). A pharmaco-
logical inhibitor of TLR4, TAK242 (34), also blocked HLA I Ab-
induced P-selectin presentation (Fig. 3G). In contrast, siRNA targeting
TLR3 or TRIF had no detectable effect (Fig. 3G).

TLRA4 associates with HLA I to increase monocyte adherence to ECs

We and others previously showed that HLA Ab-induced P-selectin
supported increased adherence of monocytes and platelets to endothe-
lium (18, 25, 35). In this study, we demonstrate that HLA I induces

P-selectin externalization through a novel interaction with TLR4.
Consequently, we tested whether loss of TLR4 impairs P-selectin
externalization and dampened monocyte adhesion to the endothelium.
First, we corroborated that treatment of ECs with HLA I Ab mark-
edly increased monocyte adhesion (2.7-fold). Similar results were
obtained in ECs stimulated with either the TLR4 agonist LPS or
thrombin, as positive controls, but not elicited by treatment with
mouse [gG2a or non-HLA Ab CD105 (Fig. 4A, 4B). As observed
with P-selectin surface expression, siRNA knockdown of TLR4 or
MyD8S8, or pretreatment with the TLR4 inhibitor TAK?242, markedly
reduced monocyte adhesion to endothelium stimulated with HLA I
Abs (Fig. 4C, 4D). In contrast, siRNA against TLR3 or TRIF had no
effect (Fig. 4C, 4D). As controls, we found that TLR4 or MyD88
siRNA blocked monocyte adherence to LPS-stimulated endothelium,
whereas siRNA-mediated knockdown of TLR3 or TRIF did not pro-
duce any appreciable inhibitory effect (Fig. 4C, 4E).

Given the results shown in Fig. 4, it was important to rule out that
the effects of HLA T Ab were due to LPS contamination. To this
end, we tested whether polymyxin B, a potent LPS neutralizer, has
any effect on monocyte binding to ECs in response to Ab-mediated
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FIGURE 2. Ligation of HLA I on ECs with Ab triggers formation of a signal complex containing TLR4 and HLA 1. (A-C) ECs were stimulated with the
F(ab'), fragments of W6/32 (a pan Ab against HLA I) or with a control mouse IgG2a F(ab'), fragment for 20 min. Cell lysates were subjected to immunopre-
cipitation (IP) with (A) W6/32, (B) anti-HLA-A2 human mAb, (C) TLR4 Ab (HTA125) and analyzed by Western blotting with Abs against the H chain of
HLA I (EMRS-5), TLR4 (120 kDa), MyD88 (33 kDa), MD2 (20-25 kDa), TIRAP (30 kDa), TRIF (66 kDa), TLR3 (115 kDa), TLRS (110-120 kDa),
TLR10 (90 kDa), or (C) integrin B4 (205 kDa) as indicated to the left of the blots. For each sample, 5% of the total cell lysate that was used in the immuno-
precipitation was loaded as an input control. Data are representative of three independent experiments. Protein bands (A and B) TLR4, MD2, and MyD88 and
(C) HLA I, MD2, and MyD88 were quantified by densitometry scan and the results are expressed as the mean + SEM percentage of the maximal extent of
protein. The data presented in (A)—(C) are representative of at least three independent experiments. *¥p < 0.01, ***p < 0.001, ****p < 0.0001 analyzed by
Student ¢ test. (D) ECs were stimulated as described in (A), cell lysates were immunoprecipitated with an Ab against TLR4 (HTA125), and samples were ana-
lyzed by Westem blotting with the HLA-A2 Ab (BB7.2) or TLR4 Ab. For each sample, 5% of the total cell lysate that was used in the immunoprecipitation
reaction was loaded as an input control. Data are representative of three independent experiments. (E) ECs were stimulated as described in (A), cell lysates
were immunoprecipitated with an integrin B4 Ab, and samples were analyzed by Western blotting with the HLA I H chain (EMR8-5) or TLR4 Ab. For each
sample, 5% of the total cell lysate that was used in the immunoprecipitation reaction was loaded as an input control. Data are representative of three indepen-
dent experiments. (F and G) ECs were transfected with 100 nM integrin B, siRNA or control siRNA. After 48 h, ECs were stimulated with the F(ab’), frag-
ments of W6/32 or with control IgG2a F(ab'), for 20 min. (F) Cell lysates were immunoprecipitated with an Ab against TLR4 (HTA125), and samples were
analyzed by Western blotting with Ab against HLA I H chain EMRS8-5 or TLR4 Ab. Data are representative of two independent experiments. (G) ECs were
subjected to Westem blotting analysis with Abs against integrin B4, TLR4, and HLA I (EMR8-5). Data are representative of three independent experiments.

crosslinking of HLA I Initially, we verified that pretreatment with with siRNA or pretreated with TAK242 inhibited PB + HLA I Ab-
polymyxin B completely blocked LPS-stimulated monocyte adhesion stimulated monocyte adhesion on ECs. Both W6/32 and W6/32 +
(Fig. 5A, 5B). Next, we excluded the presence of TLR4 ligand in polymyxin B-mediated monocyte adhesion was not affected by TLR3
our HLA Ab preparations by testing monocyte adherence induced by SIRNA and TRIF siRNA (Fig. 5C, 5D).

HLA Ab in the absence or presence of polymyxin B (Fig. 5C), at
the concentration that neutralized LPS. Although purified LPS itself
increased monocyte adherence to endothelium, polymyxin B did not
significantly affect HLA [ Ab-induced monocyte binding (Fig. 5C, 5D). Thus far, our results demonstrated that TLR4 is a coreceptor for
In addition, ligation of HLA [ with the mAb W6/32 stimulated an HLA I mediating rapid Ab-induced P-selectin extemalization and
mcrease In monocyte adhesion on ECs transfected with nontargeting monocyte adhesion. We next interrogated whether HLA [ was recip-
sIRNA (Fig. 5C). Knockdown of TLR4 or MyD88 with siRNA or rocally required for TLR4-triggered endothelial responses elicited by
pretreated with TAK?242 inhibited HLA Ab-induced monocyte adhe- LPS. Stimulation of ECs with LPS resulted in complex formation
sion to ECs (Fig. 5C). Similar to W6/32 treatment alone, W6/32 between HLA [, MyD88, and TLR4, but not TRIF, as shown by
treated with polymyxin B also stimulated increased monocyte adhe- coimmunoprecipitation of HLA I (Fig. 6A) and reciprocal pulldown
sion on ECs transfected with control siRNA, which eliminated the of TLR4 (Fig. 6B). Knockdown of HLA I in ECs prevented LPS-
possibility of contamination by LPS. Knockdown of TLR4 or MyDg88 induced externalization of P-selectin and vWF release (Fig. 6C), as

HLA I'is required for TLR4-mediated P-selectin externalization and
monocyte binding
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FIGURE 3. Knockdown of TLR4 or MyD88 inhibits HLA I-stimulated P-selectin expression and vWF release on ECs. (A) ECs were transfected with 100
nM control siRNA or with 25, 50, or 100 ntM TLR4 siRNA, or (B) with 25, 50, or 100 nM MyD88 siRNA or 100 nM control siRNA for 48 h. Cells were
lysed and analyzed by Western blotting with Abs against TLR4, MyD88, TLR3, TRIF, and HLA [, and with B-tubulin as a loading control. (€ and D)
Expression of HLA I on the surface of ECs transfected with siRNAs was analyzed by flow cytometry with the HLA I Ab W6/32 or isotype control mouse
IgG2a. Negative control cells transfected with nontargeting control siRNA + mouse IgG2a are shown as a filled peak in a half-offset histogram, whereas the
dashed line represents cells transfected with control siRNA + HLA I mAb, the dotted line represents cells transfected with (C) TLR4 siRNA,\ or (D) MyD88
siRNA + mouse [gG2a, and the thick solid line represents cells transfected with (C) TLR4 siRNA or (D) MyD88 siRNA + HLA I mAb, respectively. Data
are representative of three independent experiments. (E) ECs were transfected with TLR4 siRNA, MyD88 siRNA, or control siRNA (100 nM each). After
48 h, cells were stimulated with anti-HLA-A2 or anti-HLA-B12 human mAb (1 pg/ml) for 30 min. The cells were fixed with freshly prepared 4% PFA,
and cell surface P-selectin was stained on unpermeabilized cells with sheep anti-human P-selectin Ab followed by donkey anti-sheep HRP secondary Ab,
detected by adding tetramethylbenzidine substrate and measuring the OD at 650 nm. Bar graph shows fold change of the mean + SEM of OD from triplicate
wells for each condition. **p < 0.01, ***p < 0.001 analyzed by one-way ANOVA with a Tukey’s multiple comparison test. Data are representative of at least
three independent experiments. (F) ECs were transfected with TLR4 siRNA, MyD88 siRNA, or control siRNA (100 nM each). After 48 I, cells were stimulated
with LPS (0.1 pg/ml) for 30 min. Cell surface P-selectin was stained on unpermeabilized cells with sheep anti-human P-selectin Ab followed by anti-sheep HRP
secondary Ab, detected by adding tetramethylbenzidine substrate and measuring OD at 650 nm. Bar graph shows fold change of the mean = SEM of OD from
triplicate wells for each condition. **p < 0.01, ***p < 0.001 analyzed by one-way ANOVA with a Tukey’s multiple comparison test. Data are representative
of at least three independent experiments. (G) ECs were transfected with TLR3, TRIF, TLR4, MyD88, or control siRNA (100 nM each) for 48 h, or pretreated
with TLR4 mhibitor TAK242 (1.0 pM) for 30 min, and cells were stimulated with anti-HLA [ Ab F(ab), fragment or mouse IgG2a F(ab’), fragment (1 jpg/ml)
for 30 min. Cells were fixed with freshly prepared 4% PFA, and surface P-selectin was stained on unpermeabilized cells with mouse anti-human P-selectin
mAb (mouse IgG1) and rabbit anti-human vWF Ab followed by Alexa Fluor 488 rabbit anti-mouse IgG1, Alexa Fluor 594 goat anti-rabbit IgG (H+L), and
DAPI Six middle fields per dish were imaged with a Zeiss LSM 880 fluorescence microscope using a x40 objective lens. Data are representative of at least
three independent experiments.

TLR4 MyD88 TLR3 TRIF

DAPI
P-Selectin
vWF
(x40)

HLA-l Ab F(ab')2 migG2a F(ab'2

Discussion

Donor-specific HLA Abs can contribute to AMR by binding to the
HLA molecules on the surface of ECs and triggering intracellular
signaling, leading to EC activation and leukocyte recruitment.
Despite the importance of understanding these processes to identify
novel targets to prevent or treat AMR, the molecular mechanisms

well as monocyte adherence to endothelium (Fig. 6D, 6E). In con-
trast, we found that knockdown of HLA I did not prevent expres-
sion of ICAM-1 or E-selectin in response to treatment with LPS for
18 h (data not shown). Collectively, our results demonstrate that
HLA I functions as a coreceptor for TLR4-mediated rapid P-selectin
externalization and monocyte adhesion.
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stimulated endothelial monolayers. (C) ECs were transfe-cted with TLR3, TRIF, TLR4, MyD88, or control siRNA (100 nM each) for 48 h or treated with TLR4
inhibitor TAK242 (1.0 uM) for 30 min. Cells were untreated or stimulated with anti-HLA-A2 or anti-HLA-A3 human mAb (1 pg/ml) or LPS (0.1 pg/ml)
for 30 min. CFSE-labeled fresh isolated monocytes from healthy donors with an FeyR blockade were added to stimulated endothelial monolayers. Adherence
of monocytes was measured by a fluorescence microscope with a x4 objective lens and analyzed with Imagel. (B, D, and E) Bar graphs represent fold
change of adherent monocyte mean + SEM from (A) and (C). **p < 0.01, ***p < 0.001, ***¥%p < 0.0001 analyzed by one-way ANOVA with a
Tukey’s multiple comparison test. Data represent at least four independent experiments using three different ECs from three different donors and fresh isolated

monocytes from three different healthy donors

involved remain incompletely understood. Our previous work dem-
onstrated that HLA [ forms a molecular complex with integrin 84 in
response to Ab binding (12). Integrin (3,4, acting as a coreceptor,
mediates HLA I-induced signaling pathways, including Src/FAK,
ERK, and PBBK/AKT/mTORCI, leading to EC proliferation and
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migration. In addition to these signaling pathways and cellular
responses, HLA I crosslinking also elicits rapid trafficking of P-selectin

to the surface of ECs, which plays a pivotal role in the capture of

monocytes that are critical in the pathogenesis of vascular inflam-
mation in AMR (15). Surprisingly, we show in the present study
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FIGURE 5. Knockdown TLR4 or MyD88 inhibits
HLA I Ab-mediated human peripheral blood mono-
cyte adhesion on ECs. (A} ECs were untreated or
treated with polymyxin B (PMB), or LPS, or
PMB+LPS. (€) ECs were transfected with 100 nM
TLR3, TRIF, TLR4, MyD88, or control siRNA for 48
h, or pretreated with TAK242 for 30 min. Cells were
stimulated anti anti-HLA I mAb (1 mg/ml) or PMB
preincubated HLA I Ab for 30 min. (A and C) CFSE-
labeled primary human monocytes with an FeyR
blockade were added to Ab-activated endothelial
monolayer. Adherence of monocytes was measured
by fluorescence microscopy using a X4 objective lens
and analyzed with ImageJ. (B and D) Bar graph repre-
sents fold change of monocyte adherent mean = SEM
from three independent experiments. *p < 0.05,
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by one-way ANOVA with a Tukey’s multiple com-

parison test. Data are representative of a mmimum of
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that integrin B, is not required for surface expression of P-selectin
and monocyte capture to ECs in response to HLA I crosslinking.
These new findings prompted us to hypothesize that in addition
to integrin B4, HLA I coopts other surface molecules that have
the capacity to transduce intracellular signals that elicit P-selectin
externalization and monocyte recruitment.

A recent study demonstrated that TLR4 mediates P-selectin exter-
nalization in ECs in response to intravascular hemolysis (21) and
previous studies indicated that HLA II interacts functionally with
TLRs (27, 28), but it was not known whether HLA [ interacts physi-
cally and functionally with these receptors in ECs. We therefore
focused on TLRs as possible mediators of HLA [-induced P-selectin
expression and monocyte adhesion to ECs. As a first step to investi-
gate this possibility, we found that ECs express TLR3, TLR4, TLRS,

Fold Change of Monocyte Adhesion

i NS = |
IL\
: —= |
NS
w1
6- lﬁ
5
4-
3,
2,
1,

MGG HLA HLA IgG HLA HLA IgG HLA HLA 19G HLA HLA I5G HLA HLA gG HLA HLA
PMB PMB PMB PMB PMB PMB

Confrol 5IRNA TLR3siRNA TRISIRNA TLRA siRNA MyD88 siRNA TAK242

and TLR10. Of significance, TLR4 was the only TLR detected on
the EC surface. Consequently, we performed coimmunoprecipitation
experiments to examine whether HLA I and TLR4 form a physical
complex in these cells. Stimulation of ECs with anti-HLA Ab increased
the amount of complex formation between HLA [ and TLR4, as shown
by Western blot analysis of either HLA T or TLR4 immunoprecipitates.
These findings prompted us to determine whether HLA I couples with
TLR4 to induce P-selectin externalization, vWE release, and monocyte
adhesion to ECs.

We found that siRNA-mediated knockdown of TLR4 inhibited
HLA T Ab-stimulated P-selectin expression, vWF release, and
monocyte recruitment on ECs, strongly implicating TLR4 in HLA T
signal transduction. TLR4 is the only TLR that signals both through
MyD88 to induce proinflammatory cytokines and via TRIF to
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FIGURE 6. An HLA I/TLR4 signaling complex is required to induce LPS-mediated P-selectin. (A and B) ECs were stimulated with LPS (0.1 pg/ml) for
15 min, and cell lysates were subjected to immunoprecipitation (A) with HLA I pan Ab W6/32 or (B) with TLR4 Ab and analyzed by Western blotting with
Abs against the H chain of HLA I (EMRS&-5), TLR4, MyD88, or TRIF, as indicated to the left of the blots. For each sample, 5% of the total cell lysate that
was used in the immunoprecipitation was loaded as an input control. Protein bands (A) TLR4 and (B) HLA I were quantified by a densitometry scan, and the
results are expressed as the mean = SEM percentage of the maximal extent of protein. **p < 0.01, ¥***p < 0.0001 analyzed by a Student ¢ test. Data are rep-
resentative of three independent experiments. (€ and D) ECs were transfected with 100 nM HLA T or control siRNA for 48 h. (C) Cells were stimulated with
anti-HLA I Ab F(ab"), fragment, mouse IgG2a F(ab'), fragment (1 pg/ml), or LPS (0.1 pg/ml) for 30 min. Cells were fixed with freshly prepared 4% PFA,
and surface P-selectin was stained on unpermeabilized cells with mouse anti-human P-selectin mAb (mouse IgG1) and rabbit anti-human vWF Ab followed
by Alexa Fluor 488 rabbit anti-mouse IgG1, Alexa Fluor 594 goat anti-rabbit IgG (H+L), and DAPIL Six middle fields per dish were image with a Zeiss
LSM 880 fluorescence microscope using a x40 objective lens. Data are representative of three independent experiments. (D) ECs were stimulated anti-HLA-A2,
anti-HLA-A3 human mAb (1 pg/ml), or human IgG1 or LPS (0.1 pg/ml) for 30 min. CFSE-labeled primary human monocytes with an FoyR blockade were added
to stimulated endothelial monolayers. Adherence of monocytes was measwred by a fluorescence microscope using a X4 objective lens and analyzed with Image]
software. (E) Bar graph represents fold change of monocyte adherent mean + SEM from at least three independent experiments. **p < 0.01, ****p < 0.0001
analyzed by (A and B) Student ¢ test or (E) one-way ANOVA with a Tukey’s multiple comparison test. Data are representative of three independent experiments.

induce type [ IFN (36). Of significance, TLR4/MyD8&8 signals from emerges as a new target for therapeutic interventions in the context
the cell surface, whereas signaling from TLR4/TRIF occurs from of AMR.

endosomes (37). Accordingly, the new signaling complex identified Our data also reveal that TLR4 and HLA I form a molecular sig-
in this study between HLA I and TLR4 signals from the EC surface naling complex in response to bacterial LPS promoting endothelial
and contains MyDg8. Furthermore, siRNA-mediated knockdown of P-selectin exocytosis and leukocyte recruitment. These results impli-
MyD88 prevented P-selectin surface expression induced by Ab cate HLA [ molecules in the generation of innate immune responses.
binding to HLA I as effectively as knockdown of TLR4 or treat- Consistent with this possibility, associations between MHC mole-
ment with the TLR4 inhibitor TAK242. Our results imply that cules and TLRs have been reported to enhance TLR-mediated cellu-
TLR4 is a novel coreceptor for HLA I to stimulate P-selectin exter- lar activation and antimicrobial effector mechanisms. Ab ligation of
nalization and monocyte capture on activated ECs, although the HLA II on human monocytes induced MyD88 expression followed
interaction between anti-class I Ab, HLA-I, and TLR4 may acti- by NF-kB activation and proinflammatory cytokine production (29).
vate additional mechanisms that increase monocyte adhesion that Deficiency in MHC class II expression by macrophages and den-
remain to be identified. Taken together with our previous results dritic cells attenuated the production of proinflammatory cytokines
(12), we propose that in response to Ab binding, HLA T molecules and type I [FN triggered by TLR3, TLR4, or TLR9 signaling (30).
form two separate signaling complexes at the surface of ECs, that Furthermore, coexpression of HLA II molecules and TLR4
is, one with integrin B, and another with TLR4/MyDS88 to regulate enhanced macrophage production of the antimicrobial peptide
different EC functions of great significance in the pathogenesis human B-defensin 2 after treatment with LPS (27). Moreover, bac-
of AMR. A corollary of this conclusion is that the TLR4/MyDg&8 terial superantigen exotoxins, signaling through HLA IL, upregulate
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the transcription and membrane expression of TLR4 in human
monocytes (31). Further elucidation of molecular interactions
between HLA I and TLR4 may well provide new insights into the
regulation of inflammatory responses to infectious pathogens in the
vasculature.

One of the most intriguing questions raised by the identification
of two separate signaling complexes induced by Ab-induced HLA
I activation is their functional interaction in the context of AMR.
Substantial evidence indicates that surface-expressed P-selectin
and ICAM-1 cooperate in promoting monocyte adhesion to the
endothelium during their recruitment. Previously, we demonstrated
that treatment of ECs with HLA I Ab not only induces P-selectin
surface expression but also firm adhesion of monocytes via ICAM-1
(17). These studies revealed that mTOR plays a critical role in pro-
moting [CAM-1-mediated firm monocyte adhesion whereas Ca®"
flux stimulates P-selectin externalization. Given the results presented
in the current study, we speculate that the two signaling complexes
formed by HLA I play a key role in orchestrating the cooperative
interaction between P-selectin surface expression and ICAM-1 n
monocyte recruitment. Specifically, the HLA I/integrin B, complex
mediates mTOR-dependent firm monocyte adhesion via ICAM-1
while the HLA I/'TLR4 complex identified in this study mediates
the P-selection extemalization, the first step in monocyte interaction
with ECs. Thus, we postulate that the concomitant functions of
both HLA [ signaling complexes cooperate in inducing monocyte
recruitment, a critical event in the inflammatory cascade implicated
in AMR.

In conclusion, donor-specific HLA Abs are increasingly recog-
nized to contribute to AMR by binding to HLA molecules on the
surface of ECs and triggening intracellular signaling pathways lead-
ing to EC activation and leukocyte recruitment, but the molecular
mechanisms involved remain incompletely understood. The mecha-
nistic experiments presented in the present study identify, to our
knowledge for the first time, TLR4 as novel coreceptor for HLA [
to upregulate rapid P-selectin surface expression and stimulate
monocyte recruitment on activated ECs. Taken together with our
previous studies, we propose that HLA I molecules form two sepa-
rate physical complexes at the EC surface, that is, with either integ-
rin By or TLR4, thereby mediating an array of signaling pathways
leading to EC activation. We postulate that the concomitant functions
of both signaling complexes formed by HLA [ in ECs cooperate in
inducing monocyte recruitment, a critical event in the inflammatory
cascade implicated in AMR. A corollary of this conclusion is that
the novel HLA ITLR4/MyD88 signaling axis in ECs emerges as a
new target for therapeutic intervention to prevent monocyte recruit-
ment to the graft and prevent AMR.
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HLA donor-specific antibodies (DSAs} binding to vascular endothelial cells of the al-
lograft trigger inflammation, vessel injury, and antibody-mediated rejection (AMR}.
Accumulation of intragraft-recipient macrophages is a histological characteristic of
AMR, which portends worse outcome. HLA class | (HLA I} DSAs enhance mono-
cyte recruitment by activating endothelial cells and engaging FcyRs, but the DSA-
activated donor endothelial influence on macrophage differentiation is unknown.
In this study, we explored the consequence of DSA-activated endothelium on infil-
trating monocyte differentiation. Here we show that cardiac allografts from murine
recipients treated with MHC | DSA upregulated genes related to monocyte trans-
migration and Fc receptor stimulation. Human monocytes co-cultured with HLA |
lgG-stimulated primary human endothelium promoted monocyte differentiation into
CD68'CD206"'CD163 " macrophages (M(HLA | I1gG}), whereas HLA | F(ab'}, stimu-
lated endothelium solely induced higher CD206 (M(HLA | F{ab'},}}. Both macrophage
subtypes exhibited significant changes in discrete cytokines/chemokines and unique
gene expression profiles. Cross-comparison of gene transcripts between murine
DSA-treated cardiac allografts and human co-cultured macrophages identified over-
lapping genes. These findings uncover the role of HLA | DSA-activated endothelium
in monocyte differentiation, and point to a novel, remodeling phenotype of infiltrat-

ing macrophages that may contribute to vascular injury.

KEYWORDS
alloantibody, animal models: murine, basic (laboratory) research/science, immunchiclogy,
macrophage/monocyte hiclogy: differentiation/maturation, rejection: antibody-mediated

(AMR), translational research/science, vascular biology

Abbreviations: Ab, antibody; AMR, antibody-mediated rejection; DSA, donor-specific antibody; EC, endothelial cell; M(HLA | F(ab'),), macrophages differentiated by endothelium
activated with HLA IgG F(ab'), fragment; M(HLA |gG), macrophages differentiated by endothelium activated with intact HLA 1gG; TV, transplant vasculopathy.
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1 | INTRODUCTION

In antibody-mediated autoimmune and inflammatory vascular dis-
eases, antibodies binding to lumenal endothelial cells (ECs) trig-
ger inflammatory signaling, thereby contributing to autoimmune
vasculitis,l'3 atherosclarc)sis,4'5 and rejection of solid organ trans-
plants. The production of MHC/HLA donor-specific antibodies
(DSAs) after transplantation of kidney, heart, liver, and lung al-
lografts occurs in up to 50% of patients by 10 years.®’ DSAs medi-
ate acute and chronic antibody-mediated rejection (AMR) and are
associated with lower long-term graft survival.® AMR manifests as
endothelial injury and vascular inflammation, consisting predom-
inantly of macrophages’ and evidence of complement deposition

in the vessels of the graft.!®

Chronic exposure of the allograft to
DSAs and repeated injury can culminate in transplant vasculop-
athy (TV), which is a leading cause of allograft loss and patient
death 1114

Anti-EC antibodies contribute to vascular inflammation by activat-
ing endothelium directly, and through FcyR engagement on effector
immune cells.® The binding of HLA | antibodies to donor endothelium
also causes injury by multiple concurrent mechanisms, including Fc-

independent agonistic HLA signaling!>%

and IgG Fe-dependent activa-
tion of the classical complement cascade and recruitment of leukocyte
effector cells.”?? Antibody ligation of HLA | triggers Weibel Palade
Body (WPB) exocytosis and induces P-selectin expression, which in
turn promotes recipient platelet, monocyte, NK cell, and neutrophil
capture and infiltration into the graft.'®%! P-selectin-induced mono-
cyte tethering is further enhanced through secondary interactions be-
tween the Fc portion of IgG and Fcy receptors (FcyRs) on myeloid and

lymphoid cells, 77

promoting Mac-1-mediated ,firm adhesion to inter-
cellular adhesion molecule 1 (ICAM-1) on ECs. These in vitro findings
are supported by clinical and experimental evidence that allografts un-
dergoing AMR exhibit characteristic macrophage infiltrates that pro-
mote graft injury and graft dysfunction.’¥8?? Collectively, these data
support the critical role for macrophages in the pathogenicity of AMR.

Macrophages mature into heterogeneous subtypes with distinct
effector functions, and they play important roles in tissue homeosta-
sis, host defense to pathogens, and disease pathogenesis.?>?* The
effector functions of macrophages develop after transendothelial
cell migration into the tissue and interaction with activating stimuli
such as cytokines, chemokines, growth factors, immunoglobulin Fcy
receptors, and Toll-like receptor (TLR) agonists.?*?® Macrophages
are associated with both rejection and allegraft fibrosis. M1-like mac-
rophages were described to promote acute cellular rejection,??”
whereas the M2-like subtype may dampen alloimmune responses
and contribute to tissue repair, remodeling, and chronic rejection.?®"3!
Although macrophages are the principal component of AMR lesions,
no studies have attempted to define their functional and phenctypic
characteristics, especially in the context of HLA DSAs.

In the current study, we sought to understand if antibody-stim-
ulated endothelium could induce monocyte differentiation toward a
specialized macrophage phenotype. Using a mouse model of acute

AMR and an in vitre transwell co-culture medel with human primary

27

AT
cells, we identified two novel macrophage subtypes: one polarized
through direct contact with HLA | antibody-activated endothelium:
M(HLA | F(ab’),)—with increased CD68'CD206" expression; and
M(HLA | 1gG) receiving a second activating signal via FcyR engage-
ment that prompted an increase in CD163" expression. This work
dissects the Fc-independent and Fc-dependent effects of endothe-
lium and HLA DSAs on macrophage differentiaticn, processes that

are relevant to both acute and chronic AMR.

2 | MATERIALS AND METHODS

2.1 | Murine cardiac allografts

B10.A (H-2% hearts (KX, DY, LY, IEX, 1A¥) were transplanted hetero-
topically to immunodeficient C57BL/6 (B6 Ragl’/’; H-2") mice as
described previously.®? One week postoperatively, a mixture of IgG1
(AF3-12.1.3), 1gG2a (16.1.2N), and IgG2b (15.1.5P) antibodies to
H-2% (BioXCell, West Lebanon, NH) was transferred intraperitoneally
at a dose of 100 mg for each antibody. Control animals received
the same dose of isotype control antibodies (MOPC-21, C1.18, and
MPC-11; BioXCell). Antibody injections were administered 4 times
on alternate days, and the mice were euthanized 1 hour after the

fourth injection.

2.2 | Immunohistochemistry and nanostring for
cardiac allografts

Samples containing full cross-sections through the cardiac grafts
were immediately fixed in acid methancl and processed for immu-
nohistochemistry as detailed in Data S1. RNA was isolated from
hoemogenates of 3 experimental and 3 control allografts for gene
expression measurements by NanoString. RNA was hybridized to
the Mouse PanCancer Immune Profiling Panel supplemented with
10 genes.

2.3 | HLAantibodies

mAbs against HLA-A2 and A3 were derived from human hybri-
domas.*® F(ab’), fragments of mAbs were generated using Ides/
FABricator.” Anti-CD105 was from Millipore. Isotype control was

from Sigma-Aldrich.

2.4 | Cells and culture

Primary human ECs were isolated from aortic rings as described
previously.!®¥ Human primary monocytes were isolated from
healthy donors as reported previously!” and detailed in Data S1.
Methods for monocyte-endothelial cell co-culture are provided in
the Data S1.
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| AJT
2.5 | Flow cytometric analysis of
macrophage subtypes

Macrophage phenotypes were assessed by flow cytometry using the
fluocrochrome-labeled antibedies described in the Supplement, ac-
quired on an LSRFortessa (BD Biosciences), and the data were ana-

lyzed using FlowJo version 10 (Figure Sé).

2.6 | Cytokine/chemokine detection by
multiplex assay

Cytokine/chemokine measurements were performed using human
38-plex kits (Millipore, HCYTMAG-60K-PX38) and analyzed on a

Luminex 200 instrument as detailed in the Data 51.%*

2.7 | Gene expression analysis of human
macrophages

RNA expression of 594 genes was measured using the nCounter

Human Immunology v2 panel (Data S1).

2.8 | In vitro macrophage and dendritic cell
differentiation

In vitro induction of polarized macrophages and dendritic cells from
human monocytes was performed as described previously (Data
51)3599

2.9 | Statistical analysis

Data are shown by box and whisker graphs with a range of minto max
and all plots, or presented as mean = SEM or mean = SD. Statistical
differences between groups were determined using paired t tests
or repeated-measures 1-way ANOVA followed by multiple correc-
tion (Dunnett, Sidak, or Fisher least significant differences (LSD) as
recommended by the GraphPad Prism software). P < .05 was con-
sidered statistically significant. For hierarchical clustering, individual
genes or cytokines were normalized by Z-score, and then euclidean
distance with average linkage was used. Analyses were performed in

R or nSolver Analysis Software 3.0 (nanoString Technologies).

3 | RESULTS

3.1 | DSA induces acute endothelial and
macrophage responses in cardiac allografts

To test the effects of DSAs on cardiac allografts in the absence of

T cells, we transplanted B10.A (H-2%) hearts to immuncdeficient
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C57BL/6 (B6 Ragl™; H-2% mice. A week after transplantation when
perioperative inflammation had subsided, a mixture of 1gG1, -2a, and
-2b monoclonal antibodies to H-27 was injected intraperitoneally.
Control mice received isotype matched centrol IgG. The antibody
injections were administered 4 times on alternate days, and the mice
were euthanized 1 hour after the fourth injection. Inmunchistology
confirmed that DSAs induced features characteristic of acute
antibody-mediated rejection, including diffuse C4d deposition on
capillary endothelium and increased numbers of intravascular and
perivascular macrophages (Figure 1). Antibody-induced injury was
manifested by capillary dilatation and endothelial cell swelling
(Figure 1, insets). Macrophage activation was indicated by more stel-
late morphology in grafts from DSA-treated recipients compared to

the quiescent fusiform macrophages in control grafts.

3.2 | DSAs upregulate gene expression,
indicative of monocyte stimulation by Fc
receptors and transmigration through activated
endothelium

DSA-induced changes in gene expression in cardiac allograft tissue
identified 27 differentially expressed genes (DEGs) between DSA-
treated and isotype-treated recipient allografts at a P < .1 signifi-
cance level (n = 3). All DEGs had increased expression in DSA-treated
recipient allografts compared to isotype control allografts. Nine of
the top 10 upregulated genes were related to monocyte and mac-
rophage function (Table 1; Table S1). Six of these genes code for
chemotactic proteins (CXCL1, CCL2, CCL7, and CCL12) or receptors
(CXBCR1 and GPR183). Two of the monocyte chemotactic proteins
{CCL2/MCP-1 and CCL7/MCP-3) have been implicated in transmi-
gration of human monocytes through activated ECs in vitro*% In
addition, production of MCP-1 and CXCL1 (KC) were found to be
increased when macrophages bind to DSAs on ECs in vitro.” These
findings prompted us to investigate in detail the DSA-induced trans-
migration of human monocytes, by employing an in vitro medel with

human primary monocytes and ECs.

3.3 | HLAIantibody-activated ECs promote the
differentiation of human peripheral blood monocytes
into CD68*CD206"CD163" macrophages through Fc-
dependent and Fc-independent mechanisms

Because the in vivo findings indicated that DSA induces genes impli-
cated in Fcy receptor activation of monocytes and transmigration of
monocytes, we tested whether HLA | antibody binding to ECs altered
the function of interacting human peripheral blood monocytes. To
mimic the process of monocyte transendothelial cell extravasation
into the allograft during AMR, we developed an in vitro EC-menocyte
co-culture system in which monocytes adhere to HLA | antibody-
activated ECs, transmigrate, and are then allowed to differentiate

into macrophages over a period of 5 days (Figure 2A). To determine
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FIGURE 1 Immunochistology for

C4d and Mac 2. C4d deposits are

diffuse in capillaries, arteries, and veins
of graft from DSA-treated mouse (A),

but no C4d was detected in graft from
isotype control-treated mouse (B).
Higher magnification demonstrates that
capillaries with C4d deposits are dilated
and ECs are swollen (inset A). Mac2+
macrophages are more numerous in the
graft from DSA-treated mouse (C) than in
graft from isotype control-treated mouse
(D). Higher magnification demonstrates
qualitative differences in Mac2 staining
of intra- and pericapillary macrophages
(insets of C and D)

the effect of HLA | antibody-activated endothelium on macrophage
polarization, ECs were pretreated with HLA | IgG before the addition
of purified monocytes. Both intact and the F(ab’), fragment of HLA|
1gG stimulation significantly increased the numbers of transmigrated
cells compared to untreated and hlgG-treated ECs (Figure 2B; Figure
S1). Expression of CDé68, CD206, and CD163 on the transmigrated
macrophages was significantly increased after co-culture with HLA
| IgG-activated ECs, but not on those co-cultured with irrelevant
human 1gG-pretreated ECs (Figure 3A; Figure S2). There was no sig-
nificant difference in expression of CD6é4, CD86, or CD1a. Given that
CDé68 is a pan-macrophage marker, these data suggest that the HLA
| lgG-activated ECs increased monocyte transmigration and induced
their differentiation. Activation of endothelium with tumor necrosis
factor o (TNF-c), a pro-inflammatory stimulus, increased the expres-
sion of CD206, but not CD163 and CDé8 (Figure 3A). To address the
role of the Fc region in monocyte differentiation, we stimulated ECs
with an HLA | F(ab’),. There was no difference in CD206 expres-
sion between macrophages induced by intact HLA | 1gG vs F(ab’),
(Figure 3A; Figure S2). However, CD163 was significantly lower on
M(HLA | F(ab’),) (Figure 3A; Figure S2), implying that CD163 expres-
sion relies on the monocyte FcyR engagement by HLA | IgG Fc region,
whereas CD206 does not.

We found previously that antibody crosslinking of HLA | was suf-
ficient to increase adhesion of monocytes in a P-selectin-dependent
manner. To determine if monocyte differentiation was specifically in-
duced by HLA | antibody-mediated EC activation, or required FcyRs,
we co-cultured monocytes with anti-CD105 mlgG2a-stimulated
ECs. Anti-CD105 mlgG2a binds to endoglin on EC surface and to
FcyRs on human monocytes,*? but does not trigger EC exocytosis.!’

Control CD105 mlgG2a-treated ECs did not increase the expression

of either CD206 or CD163 on monocytes compared to untreated
ECs (Figure 3B), indicating that M{HLA | IgG) differentiation is de-
pendent on the HLA | antibody-induced EC activation, even in the
presence of Fc-FecyR ligation.

3.4 | HLAIantibody-activated ECs increased
cytokine/chemokine production by M{HLA | IgG)

To investigate the functional capacity of M(HLA | IgG), we collected
co-culture supernatants on day 4 and examined the production of 38
cytokines and chemokines. Eight analytes were detected above the
lower limit of quantitation (LLOQ). Cytokines/chemokines clustered
into 3 main groups: control, HLA | antibody, and TNF-« stimulated
(Figure 4A). ECs alone, monocytes alone or untreated/|gG-treated
co-cultures produced few detectable cytckines and chemokines. In
contrast, HLA | antibody (intact 1gG and F(ah’), and TNF-q treat-
ment induced high expression of cytokines and chemokines in EC
monocyte co-cultures. IL-6, IL-8/CXCL8, IL-10, MIP-1p/CCL4, and
GROq/CXCL1 were significantly increased in HLA | IgG-stimulated
co-cultures compared to untreated and isotype control-treated co-
cultures (Figure 4B), whereas the differences in MDC/CCL22 and
MIP-1p/CCL4 were not significant. There was no difference be-
tween M(HLA | 1gG) and M(HLA | F(ab‘),) co-cultures, except for a
trend toward increased IL-10 in M(HLA | 1gG) compared to M(HLA |
F(ab’),) co-cultures (P = .1801) (Figure 4B).

We did not observe changes in cytokine production from HLA
antibody-stimulated endothelium alone (Figure 4A,B), whereas
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TABLE 1 The 27 differentially expressed genes (DEGs) in DSA-
vs isotype-treated cardiac allografts

Gene symbol P FC
Complement related
CD55 .007 1.5
c7 .071 2.6
C181 .097 1.4
Costimulatory molecules
CD798 .063 1.4
Immune/cellular response
ILIRN .002 2:2
GPR183 .034 2.0
PTGS2 .073 2.6
CD200 .073 1.4
cD? .093 1.6
TMEM173 .097 1.5
ITGA2B 099 17.3
LRP1 .075 132
Phagocytosis
CLEC5A .091 1:5
Adhesion molecules
EMR1 .063 1.6
SELE .073 3.6
Signaling and transcription factors
B8P .05 2
FOS .056 1.6
POU2F2 .08 1.4
EGR2 067 2.4
Chemokines/cytokines
ccL7 .0118 3.2
CXCL1 .041 1.6
CCL12 .052 1.7
CX3CR1 .056 17
CCL2 .06 3.7
PPBP .076 17.0
CSF1 .09 1.3
CXCL14 .09 1.4

Note: Data analyzed by Student f test of gene expression counts (P < .1)
between HLA | DSA-treated mice allograft recipients and isotype-
treated controls (n = 3). GPR183 (EBI2) expressed on macrophages
leads to calcium mobilization and to directed cell migration. FOS (cFos)
suppresses the expression of inducible nitric oxide synthase (iNOS) and
pro-inflammatory cytokines.

Abbreviation: FC, fold change.

positive control TNF-o induced the secretion of numerous cy-
tokines and chemokines as expected (Figure S3). These results
indicate that interaction of activated macrophages with HLA |
antibody-activated endothelium is necessary to induce cytokine/

chemokine preduction.
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3.5 | Co-culture with HLA | antibody-stimulated
ECs dramatically changes the macrophage
transcriptional profile

To further explore macrophage functional changes induced by
ECs stimulated with intact and F(ab')2 HLA antibody, we ana-
lyzed gene expression in transmigrated monocytes after 5 days
using Nanostring Human Immunoclogy Panel. The volcano plots
(Figure 5A) compare gene expression among M(EC), M(HLA | IgG),
and M(HLA | F(ab‘),. Compared to M(EC), 43 genes were differen-
tially expressed (38 increased and 5 decreased) in M(HLA | 1gG) and
13 DEGs (11 increased, 2 decreased) in M(HLA | F(ab’)z). Eleven
genes increased in both M(HLA | 1gG) and M(HLA | F(ab’),) com-
pared with M(EC) (Table 2). In addition, 14 genes were differentially
expressed comparing M(HLA | IgG) to M(HLA | F(ab'),), suggesting
that the Fc compenent of HLA antibody proemotes additional gene
expression. As a result, a total of 53 DEGs from the 3 comparisons
were identified (Table 2; Table S2).

Unsupervised hierarchical clustering of the expression patterns
of the 53 DEGs (Figure 5B; Figure S4) revealed 3 groups. Compared
to M(EC), 5 genes in group 1 DEGs were downregulated in both
M(HLA | IgG) and M(HLA | F(ah'),), whereas 36 group 3 DEGs were
upregulated in both conditions. Twelve group 2 DEGs were upregu-
lated in M(HLA | IgG), but downregulated in M(HLA | F(ab"),).

These DEGs encode complement-related, costimulatory, im-
mune/cellular response, phagocytosis, adhesion, signaling and
transcription factors, chemokines/cytokines, and growth and
differentiation related molecules (Table 2). Compared to M(EC),
most of these DEGs were significantly increased in M(HLA | IgG)
(Table 2; Figure S4), such as: C1QA, C1QB, CD59, SERPING1, CTSC,
CR1, JAK3, MAF, S1PR1, and TNFAIP3. Compared to M{HLA | 1gG),
complement-related (C1QA, C1QB, C2), costimulatory (CD83), ad-
hesion (ICAM4), signaling and transcription factors (EGR1, EGR2,
MAF, SOCS3, TNFAIP3), and chemokines/cytokines genes (eotax-
in-2/CCL24, MIP-1a/CCL3, MIP-15/CCL4, CCRL2, GROa/CXCL1)
were lower than in M(HLA F(ah),). Chemokines/cytokines genes
MIP-1a/CCL3, MIP-15/CCL4, GROa/CXCL1, and IL1B were decreased
in M(HLA | F(ab"),) compared to the untreated M(EC) (Table 1;
Figure S4). These data suggest that, compared to HLA | F(ab’),, HLA
| 1gG induces a broader spectrum of immunoclogical functions in

macrophages.®®*

3.6 | M(HLAIIgG}is a novel macrophage subset
with distinct features compared to classically
polarized macrophages

To understand whether HLA | antibody-activated ECs poise
transmigrated monocytes to unique, not-yet-described mac-
rophage phenotypes, we generated cytokine-polarized con-
macrophage subsets to compare with M(HLA | 1gG)
and M(HLA | F(ab‘),). Consistent with previous studies, 46
M(IFN-y) were CD64"CD14°CD206'°CD163"°; M(IL-4) were

trol
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FIGURE 2 HLA| IgG stimulation increased the transmigration of human monocytes. A, ECs were seeded in the upper chamber on
day -1 and grown to a confluent monolayer. On day 0, the ECs were washed and starved for 4 h, and then left unstimulated (UT) or
stimulated with 1 pg/mL HLA | antibody (intact or F(ab'),) or hlgG for an additional hour. For TNF-« stimulation, 10 ng/mL TNF-« was
added at the beginning of the EC starvation. The unbound antibodies and TNF-a were extensively washed away before adding the
monocytes. The cells were co-cultured for 5 d before phenotype or gene expression assessments. During the co-culture, half of the
medium was replaced every 2 d, before which the supernatants were collected for cytokine detection. B, Transmigrated mononuclear
cells were imaged on day 2 before medium replacement and counted. Fold changes in mean numbers of transmigrated mononuclear
cells co-cultured with unstimulated (UT), HLA IgG, or HLA | F(ab'), stimulated ECs are shown by box and whiskers graph. Data were
from 2 independent experiments using 2 monocyte donors cultured with ECs from 3 donors. *P < .05 was analyzed by repeated-

measures one-way ANOVA with Sidak tests

CD206"CD68"CD14'°CD64'°CD163"%;,  and  M(IL-10)  were
CcD163"cD14"CcD68"CD86°. For M(hlgG + lipopolysaccha-
ride [LPS]), several markers, including CD64, CD68, CD163, and
CD1a, were significantly decreased, whereas no cell surface pro-
tein that we assessed was increased, as reported46 (Figure 6A;
Figure $4). mDCs were CD1a"'CD86"CD206".*7 These pheno-
types were distinct from that observed in M(HLA | IgG), which
exhibited coexpression of CD163 and CD206.

When comparing M(HLA | 1gG) to these controls, we found that
the expression of GRO/CXCL1, MCP-1/CCL2, MDC/CCL22, and
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TNF-a was consistent with those of M(IL-10). However, M(HLA | IgG)
also shared some properties with M(hlgG + LPS) as well as M{IFN-y),
such as IL-6, IL-8/CXCL8 and MCP-1/CCL2 (Figure 6B), indicating a
distinct subtype of M(HLA | 1gG).

Finally, we compared the expression of the 53 DEGs iden-
tified in M{HLA | IgG) and M(HLA | F(ab'),) with that of mac-
rophages polarized by cytokines (Figure 7A). Hierarchical
clustering based on the overall expression pattern of these DEGs
indicate that antibody-stimulated conditions were indeed differ-
ent, and were more similar to M(IL-10), and secondly to M{(IL-4),
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FIGURE 3 HLA|IgG-activated EC-induced differentiation of monocytes into CD68*CD206*CD163" macrophages. A, Monocytes were
co-cultured with unstimulated (UT), or HLA | IgG, HLA | F(ab’), higG, or TNF-« stimulated ECs as in Figure 1. On day 5, the macrophages in
the lower chamber were collected and the assessments of surface marker expression were performed using flow cytometry. Results are
expressed as fold change of Geo MFI value against EC+M+UT by box and whiskers graph. *P < .05, **P < .01 and ***P < .001 were analyzed
by repeated measures one-way ANOVA with Sidak tests. B, Before the addition of monocytes, ECs were left untreated (UT) or treated with
CD105 mlgG2a at 1 pg/mL (+CD105 mlgG2a) or TNF-a (10 ng/mL) (+TNF-a) and then co-cultured for 5 d. The cells in the lower chamber
were collected and assessed for the expression of CD206 and CD163 using flow cytometry. Data are expressed as mean + SEM fold change
of Geo MFI value against EC+M+UT. The data in (A) represent 4 independent experiments with 4 monocyte donors against ECs from 3
donors. Data in (B) were from one experiment using one monocyte donor against ECs from 3 donors

than to LPS-treated macrophages (M(higG + LPS) and M(IFN-y))
(Figure 7B). For M(HLA | 1gG), 13 of the 53 DEGs were shared with
M(IL-4), 20 with M(IL-10), and 11 with both (Figure 6C). Notably,
4 of the unshared 9 DEGs in M(HLA | IgG) were also dramatically
increased in M(hlgG + LPS), and 3 of them were pro-inflamma-
tory genes, suggesting that some similarity exists between the
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M(HLA | IgG) and the M(hlgG + LPS). M(HLA | F(ab'),) shared
18 genes with M(IL-4), 16 with M(IL-10), and 14 with both
(Figure 7C). These data suggest that M{HLA | IgG) exhibits a dis-
tinct pattern of gene expression that is a unique phenotype not
consistent with any of the canonical cytokine-stimulated condi-
tions described to date.
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FIGURE 4 HLA/| antibody-activated A
ECs increased cytokine/chemokine

IUT

production by M{HLA | IgG). A, Co-culture EC alone
supernatants were collected on day 4 I +HLA | F(ab’),
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detection. The data were Z-scaled and
normalized by cytokine, and hierarchical
clustering was performed. B, Statistical
analysis of the data shown in (A). The
data in (B) are represented by box and
whisker plots and analyzed by repeated-
measures 1-way ANOVA with Fisher LSD
tests. *P < .05, **P < .01 and ***P < .001.
The data represent 2 independent
experiments using 2 monocyte donors
against ECs from 3 donors
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FIGURE 5 Volcano plots of the NanoString data and heatmap of the 53 differentially expressed genes (DEGs) in HLA | antibody-
induced macrophages. After 5 d co-culture with unstimulated (UT), or HLA | IgG, HLA | F(ab'),, higG stimulated ECs, macrophages in
the lower chambers were collected and lysed in RLT buffer for NanoString analysis. A, Volcano plots of log2 (fold change, FC) on x-axis
vs —log10 (P-value) on y-axis from the comparisons of the gene expression in each 2 of the HLA | IgG, HLA | F(ab"), and UT groups. Each
circle represents one gene. For each comparison, genes with a P < .01 and absolute FC > 1.5 were considered DEGs and highlighted

in gray. B, Hierarchical clustering and heatmap of 53 DEGs, Z-scaled and normalized by gene. Groups 1, 2, and 3 indicate the 3 gene
clusters with differential expression patterns across the 3 conditions. Data were obtained coculturing 2 monocyte donors against the

ECs from 3 donors

3.7 | Human in vitro M(HLA | IgG) and M(HLA |
F(ab'),) polarized macrophages share similar DEGs
with murine DSA-treated cardiac grafts

To identify if human in vitro co-culture macrophages contain DEGs
analogous to murine cardiac allografts treated with a MHC | DSA
mixture, we performed a comparative analysis between DEGs from
both parties. Overall, 11 DEGs overlapped between the human in
vitro and the murine in vivo data (Table 3). The DEGs encoded im-
mune/cellular responses, chemokines/cytokines, transcription fac-
tors, phagocytosis, and complement-related proteins. Both M(HLA
11gG) and M(HLA | F(ab'),) independently shared 7 analogous DEGs
compared with the DEGs from DSA-treated grafts. Shared DEGs
between M(HLA | IgG) and DSA-treated grafts included genes re-
lated to immune responses (ILIRN), chemokines (CXCL1, CCL2,
and CSF1), signaling transcription factors (EGR2 and POU2F2), and

34

phagocytosis (CLEC5A). Shared DEGs between M(HLA | Flab'),)
and DSA-treated grafts also included genes related to immune/cel-
lular response (GRP183 and PTGS2), cytokines/chemokines (CXCL1,
CCL2, and CSF1), phagocytosis (CLEC5A), and complement (C1S1).
Five DEGs (CXCL1, EGR2, PTGS2, CLEC5A, and TMEM173) were iden-
tified as significantly different between M(HLA | 1gG) and M{HLA
F(ab'),. Finally, four DEGs were shared across all 3 groups: M(HLA |
1gG), M(HLA | F(ab’)z), and MHC | DSA-treated allografts. These four
genes included chemokines/cytokines (CXCL1, CCL2, and CSF1), and
phagocytosis (CLEC5A).

4 | DISCUSSION

Herein we describe for the first time that ECs activated by HLA
| 1gG skew monocytes toward a novel macrophage polarization
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TABLE 2 The 53 differentially expressed genes (DEGs) in co-cultured macrophages

Gene symbol

Complement-related

C1QA

c1Q8B

€2

€3

CD59

SERPING1
Costimulatory molecules

CD40

CD80

CD83
Immune/cellular response

CIlTA

CISG

KLRC4

KLRK1

LILRB3

LILRB5

MX1

S100A2
Phagocytosis

CLEC5A

CR1

MARCO

MRC1
Fcy receptors

FCGR2B

FCGR3A/B
Adhesion molecules

ICAM1

ICAM4

SELPLG

TGFBI
Signaling and transcription factors

BCL3

CISH

EGR1

EGR2

IRAK2

JAK3

MAF

NFATC1

PRDM1

S1PR1

IgG vs UT

P

*x
*x
HHkk
*x

*x

*%

*%

*x

*x
*x
*x
ok
*x

*x

%
Hkx
%

%

%

*x

%

*x

ns

o
o
x
x
o

%

ns

FC

2.32
3.40
179,
0.61
1.62
2.38

3.09
7.36
1.68

2.97
1.51
0.45
0.52
1.59
1.74
1.65
1.58

0.28
2.08
2.62
1.68

215
216

1.74
2:22

0.62

1.50
11.13
1:25
1.74
2.37
8.24
1.67
1.94

5.87

Flab'), vs UT

p

ns

%

*k

ns

*x%

*%

ns

*x

KK

IR

ns

ns

ns

*x%

*x%
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FC

1.55
1.32
0.68
1.33

244
4.89

2.67
1.29
0.55
0.59
1.35

2.04
1.50

0.60
1.67
2,01
1:51

1.38
1.67

1.49

2.37
0.75

13.74

2.33
6.25
1.27
1.35
0.65
3.44

AJT-

1gG vs Flab'),

P

ns
ns

ns

ns

ns

*%

ns

*x%

ns

ns

ns
ns

ns

ns

ns

*x

ns

FC

219
210
1.37

1.64

1.18

0.46
Al

1.56

1.47
218

0.83

1.30

1.57
1.73

1.30
1.40
1.49
1.72

(Continues)



WEIET AL.

|A]T

TABLE 2 (Continued)
IlgGvs UT

Gene symbol P FC
S0OCS3 o 4.56
SRC o 1.60
TNFAIP3 * 1.42

Chemokines/cytokines
CCL18 o 3.64
CCL24 A 32.47
CcCL3 = 150
CCL4 5 1.39
CCL8 w* 1.59
CCRL2 o 1.81
CXCL1 * 1.30
iL1B ns =

Growth/differentiation factors/others
CSF1 ® 8.90
HAMP bl 1.97
HFE w 1.82
TFRC o 2.25
RARRES3 * 4.61

Flab’), vs UT 1gG vs Flab'),
P FC P FC
** 2.34 w* 1.97
* 1.30 o 1.24
ns o= > 1.67
& 3113 ns =

* 10.91 ik 2.52
b 0.76 it 1.76
F 0.72 ke 2.03
ns = * 1.52
wx 1.30 o 1:39
** 0.76 ** 1.75
** 0.62 ns =
e 8.89 ns =
G 2.02 ns =
E 1.60 ns =
> 1.84 ns —
ns - > 1.93

Note: The data were from two independent experiments using two monocyte donors against the ECs from 3 donors. UT, 1gG, and F{ab’)2 represent
monocytes co-cultured with unstimulated or HLA | IgG antibody (intact or Flab’)2) stimulated endothelial cells.

Abbreviations: FC, fold change; —, not applicable.
ns P> .05,

*P<.05,

P20,

P <001, and

P < 0001 were analyzed by repeated measures 1-way ANOVA with Fisher LSD tests of gene expression counts.

state through the synergistic actions of EC activation and FcyR
ligation. Using an in vivo mouse model of acute AMR, we identified
DSA upregulated genes related to monocyte stimulation by Fey re-
ceptors and transmigration through DSA-activated endothelium.
Cardiac allografts from recipients treated with MHC | DSA had an
increased expression of transcripts associated with macrophage
recruitment, adhesion, and immune/cellular response. To directly
examine the mechanisms of MHC | DSA on macrophage polari-
zation, we utilized an in vitro model of human peripheral blood
monocytes transmigrating through HLA | IgG-activated endothe-
lial monclayers. These macrophages had concurrent expression
of CD163 and CD206, enhanced production of IL-10, IL-6, IL-8/
CXCL8, MCP-1/CCL2, and GRO«/CXCL1, and increased expres-
sion of transcripts invelved in antigen presentation and regulation
of complement cascades. In vitro co-cultured polarized mac-
rophages and in vivo DSA-exposed allografts shared analogous
DEGs involved in macrophage recruitment and immune cellular/
response.

HLA | outside-in signaling promotes monocyte adhesion and
recruitment by triggering mobhilization of WPBs, induction of

P-selectin, ICAM-1 clustering, and subsequent leukocyte capture

36

and firm adhesion to the activated endothelium, a process partially
mediated by the Fc-FcyR interaction between the HLA | 1gG and the
monocytes. 1% The question addressed in this work is whether
the HLA | antibody modifies menocyte differentiation during re-
cruitment and transendothelial migration.

Once monocytes transmigrate into the subendothelial connec-
tive tissue, they differentiate into distinct phagocytes including mac-
rophages and DCs. Historically, macrophages were classified into
two major functional subgroups termed M1 and M2, with distinct
functions.®®* M1 or “classically activated” macrophages differenti-
ate in response to interferon-gamma (IFN-y) or TLR ligands, whereas
M2 or “alternatively activated” macrophages develop in the pres-
ence of IL-10, IL-4, or IL-13 and mediate tissue repair and promote
fibrosis.?#?>*® However, the current viewpoint is that the M1/M2
nomenclature underrepresents the actual functional heterogeneity
of macrophage subtypes, which are now classified based cn their
interaction with different immunoclogical stimuli {(ie, growth factors,
cytokines, bacterial products), rather than attributing them to dis-
tinct subsets.?>32 Indeed, monocyte co-culture, even with unstim-
ulated endothelium, triggered phenotypic t:hanges49 and changes in

gene expression.”
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Cytoki Polarized macrophages M (HLA | Ab)
(ng/ml) Untreated M M (IFN-y) M (IL-4) M (higG+LPS) M (IL-10) mDC 1gG  F(ab)
TNF-a 2.27+0.03 21.55+9.90 2.28+0.54 5774.00+3869.00 1.06+0.17 8025.00+6032.00 W =
IL-6 1.35+0.72 11.05+12.13 0.84+0.00 10589.00+1474.00 0.84+0.00 4825.00+5683.00 1 1
CXCL8 244.80+132.90 207.20+117.30 31.16+8.25 18821.00+1046.00 163.10+25.75 9252.00+5828.00 1 1
cCL4 14.05+2.93 11.42+8.47 26.00+3.10 5280+1667.00 19.50+0.55 10604.00+7642.00 < 1
IL-10 4.00£1.97 2.38+0.00 3.75+0.42 788.80+£542.00 N/A 102.00£121.40 1 1
cxcr1 39.21+5.33 18.27+7.34 12.53+3.05 15705.00+0.00 54.44+9.01 1223.00+1437.00 1 1
CcCL22 13.21+7.43 2.88+0.00 504.70+344.00  5819.00+5670.00 3.15+0.38 14857.00+0.00 = “
CcCL2 637.00+186.60 6533.00+3907.00 222.80+174.20 10177.00+613.80  7179.00+1520.00 9481.00+83.44 1 t

FIGURE 6 Characterization of in vitro polarized macrophages and dendritic cells {DCs). A, Freshly isolated human peripheral monocytes
from 4 different donors were left unstimulated (untreated M), or stimulated with IFN-y (50 ng/mL), IL-4 (40 ng/mL), higG (10 pg/mL,
precoated) + LPS (100 ng/mL), IL-10 (50 ng/mL) or IL-4 (20 ng/mL) + GM-CSF (50 ng/mL) + LPS (100 ng/mL, on day 4) for 5 d to induce
M(IFN-v), M(IL-4), M(hlgG + LPS), M(IL-10), and mature DCs (mDCs), respectively. Stimuli and half of the culture medium were refreshed
every 2 d. Expression of 7 surface markers were measured by flow cytometry. Results are expressed as fold change of Geo MFI value against
untreated M, and shown by box and whisker plots. Statistical significance *P < .05, **P < .01, ***P < .001, and ****P < .0001 was analyzed by
repeated-measures 1-way ANOVA with Dunnett tests compared to untreated M. B, Cell culture supernatants from polarized macrophages
were collected on day 4 before medium replacement, and assessed for cytokines using 38-plex Luminex. Cytokine concentrations are shown
as mean + SD. Measurement of IL-10, used as stimuli to generate M(IL-10), was not included in the analysis and indicated by “N/A." Table 5B
represents the cytokine levels from Figure 3. Tindicates increased vs -unchanged cytokine expression in M{HLA | IgG) and M(HLA | F(ab'),).
Data were from 4 independent experiments using 3 ECs with 4 monocyte donors

Less is known about monocyte emigration and differentiation and intracellular signaling. Our data suggest that this process is spe-

during antibody-mediated vascular inflammation. In the setting of cific for HLA | and requires EC activation.'” Because the IgG subclass

AMR, HLA crosslinking by antibodies on the ECinduces EC activation and FcyR polymorphisms regulate HLA | IgG-promoted monocyte
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FIGURE 7 HLA | antibody-
polarized macrophages exhibit a unique
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TABLE 3 The 11 differentially expressed genes (DEGs) similar across in vitro human co-cultured macrophages and DSA-treated cardiac

grafts
Mice allografts lgGvs UT Flab’), vs UT 1gG vs Flab'),
Gene symbol 24 P FC P FC P FC Function
ILIRN .002 * 2.42 ns 1.92 ns 1.23 Immune/cellular response
GPR183 .034 ns 1.00 * 0.84 ns 1:2 Immune/cellular response
CXCL1 .041 i 1.47 e 0.87 = 1.75 Chemokines/cytokines
CEL2 .060 & 1.78 e 1.94 ns 0.97 Chemokines/cytokines
EGR2 .067 o= 1.74 ns 1.02 i 1.73 Signaling/ transcription
PTGS2 .073 ns 1.46 s 0.68 & 23 Immune/cellular response
POU2F2 .080 Ly 1.23 ns 1.09 ns 1.18 Signaling/ transcription
CSF1 .090 * 8.90 ** 8.89 ns 1.09 Chemokines/cytokines
CLEC5A .091 ** 0.28 * 0.60 * 0.46 Phagocytosis
TMEM173 .097 ns 1228 ns 1.03 * 1:2 Immune/cellular response
C151 097 ns 37.3 e 26.5 ns 12 Complement-related

Note: Left: In vivo mouse cardiac allograft differentially expressed genes with P <.1 between HLA | DSA-treated allograft recipients and isotype-
treated controls (n = 3). Right: UT, Ab, and F(ab’}, represent monocytes co-cultured with unstimulated, HLA | antibody (intact or Flab'),} stimulated

endothelial cells, respectively.
Abbreviation: FC, fold change.
ns P>.05,

*P<.05,

P01,

***p <.001, and

P < 0001 were analyzed by repeated measures 1-way ANOVA with Fisher's LSD tests of gene expression counts.

adhesion,”” we used HLA | F(ab’)2 in parallel to see whether the
HLA | IgG Fc region took part in driving differential pelarization.
Our results indicate the critical role of antibody Fc region in further
M(HLA | 1gG) differentiation, as M(HLA | IgG) express CD206 and
CD163 concurrently. Similarly, hemoglobin/haptoglobin stimulation
promotes concomitant expression of CD206 and CD163 in macro-
phages, termed M(Hb).**

Several studies have reported that antibody ligation of HLA
| molecules on ECs directly triggered production of cytckines,

52,53

chemokines, and growth factors, of which some have been

shown to augment M2-like polarization of macrophages.’*>’ In
our model, stimulation with HLA | antibody did not induce cy-
tokine production directly from ECs. Instead, cell-cell contact of
monocytes with antibody-activated ECs was required for cyto-
kine production. This inconsistency may bhe due to differences
in EC vascular origin, passage number, and/ocr HLA antibody
concentrations. However, recruited human monocytes trigger
a regulatory pathway of cytokine-mediated signaling at the EC
interface, substantiating cross talk between the monocyte and
EC in vascular inflammation.’® The mechanism(s) underlying how
HLA antibody-activated ECs instruct menocyte differentiation
needs to be investigated.

Although endothelial-polarized macrophages shared some
patterns of gene and cytokine expression with cytokine-activated
macrophages, there was no complete overlap with macrophages

derived in the presence of prototypic stimuli. EC activated by HLA

39

| crosslinking (HLA | F(ab')z) induced expression of genes in mac-
rophages typical of alternatively activated macrophages. When
macrophages also received FcyR signaling, numerous genes char-
acteristic of M(IFNy) were enhanced. Many of these additional
genes overlapped with M(hlgG + LPS), indicating the involvement
of the HLA | 1gG Fc region in monocyte differentiation. Thus, the
present data suggest that the HLA | IgG-enhanced menocyte dif-
ferentiation occurs not only by activating ECs, but also through
the action of the antibody Fc region. These features suggest that
the M(HLA | IgG) is a previously undescribed subtype of alterna-
tively activated macrophage.

Our study also provides phenotypic markers for M(hlgG + LPS),
which had remained elusive so far.*>*¢ Indeed, we found several sur-
face markers (CDé4, CD68, CD163, CD1a) that were significantly
decreased in M(hlgG + LPS), which was to some extent consistent
with the findings of others.”

MHC | DSA-treated allografts shared overlapping genes with in
vitro co-cultured human macrophages. Although difficult to clas-
sify allograft DEGs to specific cell-types from bulk transcriptomes,
many genes have been previously described to be associated with

macrophage recruitment (eg, CCL2 and CXCL:l),“O’41

polarization
(eg, CSF1),°° immune responses (GPR183),°' and phagocytosis
(CLEC5A)?? CXCL1 and CCL2 were also increased in vitro in co-cul-
ture supernatants from M(HLA | 1gG) and M(HLA | F(ab‘),). Banff
2017 identified several transcripts (CX3CR1, FCGR3A, CD163, and

CD206) in renal AMR that overlap with our M(HLA 1) signature.®®
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Moreover, CDé68 is a component of the ISHLT working formula-
tion to identify intravascular macrophages in heart allografts with
AMR.%* None of the 27 DEGs are included in CD16a-inducible tran-
scripts following in vitro crosslinking on purified NK cells that are
also expressed during AMR of kidney grafts.®® Nonetheless, NK cell
transcripts related to Fc-receptor stimulation warrants further in-
vestigation. Overall, cur in vitro data using human primary cells and
in vive murine studies further implicate DSA in the development of
distinct macrophages specific to AMR. The clinical relevance and
mechanisms by which these CD206" and CD163" macrophages
may contribute to the processes of acute and chronic transplant
rejection need to he elucidated. Notably, CD163" macrophages
were identified within fibrotic areas of patient renal allografts®®
and CD206" macrophages were increased within murine renal al-
lografts with chronic rejection.® Studies are underway to validate
these findings in biopsies from patients with AMR. This macre-
phage subset could be an attractive therapeutic target for patients
with DSAs at risk of TV.

The ECs used in the current study were isclated from human
aortic rings, which may not reflect the positional identity and het-
erogeneity of ECs from different vascular beds. This study mainly
probed the effect of HLA | antibody-activated ECs on monocyte
differentiation. Whether and how HLA Il antibodies activate the
ECs and drive monocyte differentiation is a subject of ongoing
study. Although our mouse model of AMR indicated macrophage
polarization via Fc recepters and transmigration across DSA-
activated endothelium, further transcriptome profiling of isolated
graft-infiltrating macrophages will be critical. We show that the
HLA-I antibody-activated ECs can drive monocyte differentiation,
but further study is required to determine what biological impact
the macrophages, in turn, have on the intimal cells that contributes
to vascular disease.

In conclusion, our findings demonstrate the ability of anti-
body-induced vascular inflammation to premote menocyte polariza-
tion to a unique CD68"CD206'CD163" macrophage phenotype. The
increase in genes indicative of monocyte stimulation by Fc receptors
and transmigration through activated endothelium in murine cardiac
allografts suggests a pathegenic role of these macrophages in tissue

injury that remains to be elucidated.
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Chapter 4 — HLA Class | 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 | DSA activated ECs. Anti-HLA | (IgG or F(ab’),) 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 |
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 | 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) injury*®. 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 deposition?®. 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 cells?°. 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)2%: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 | 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)12136566 Moreover, HLA | 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 ECs!4. In addition, our recent findings have illustrated
that anti-HLA | antibodies stimulate the formation of a molecular complex between HLA | and Toll-
like receptor 4 (TLR4) on the surface of ECs!6. 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 ECs6. Monocyte and EC adhesive interactions mediated by
PSGL-1 and P-selectin are further strengthened through interactions between the Fc portion of

HLA |1 1gG and Fcy-receptors (FcyRs) expressed on monocytes'”19,

In both preclinical and clinical studies, graft-infiltrating monocytes and macrophages have been
consistently linked to poorer outcomes in kidney and heart transplantation?8-32, Macrophages
accumulate within the vascular lumens in EMBs and have been observed to increase in density
during episodes of AMR and HLA DSA%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 AMR?28, 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 activation®#’. 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-a, VEGF, and PDGF), and matrix metalloproteinases (MMPs)®4447,
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 plasticity®®7°. Moreover, only a limited number of studies have specifically investigated

macrophage polarization and function in the context of HLA DSA activated endothelium”*-73,

Studies in our lab have revealed that anti-HLA | antibody-activated ECs induce monocyte
polarization into M2-like macrophages through both Fc-dependent and Fc-independent
mechanisms’. In an in vitro co-culture model using transwell inserts, monocytes which
transmigrated across anti-HLA | F(ab’); 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 | 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 | DSA impact M2-macrophage polarization. Moreover,
building on our previous findings demonstrating that HLA | 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 | (IgG or F(ab’);) 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 | 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 | 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 | 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 Heidt’*. HLA | F(ab’), fragments were
generated using FabRICATOR/IdeS (Genovis) in accordance with the manufacturer’s protocol.
The binding capacities HLA | IgG and HLA | F(ab’), antibodies have been previously validated via
flow cytometry’®. 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 described®71.75

Transwell co-culture

The transwell co-culture model used in this study has been previously reported by Xuedong et
al., AJT 20207 Briefly, ECs (0.2x10°) were plated in complete M199 medium in the upper
chamber of 0.1% Gelatin coated transwell inserts (3-um 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 | 19G or HLA | F(ab’). (1pg/mL), higG isotype control (1pg/mL) (Sigma-
Aldrich), or left untreated for 1 hour. To simulate the activation of ECs by allele-specific HLA |
DSA, EC3F1153 were stimulated by HLA-A2 and B114 were stimulated with HLA-A3 antibodies
in accordance with EC HLA typing”!. 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 10°) 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 (1uM) or anti-P-selectin blocking antibody (5ug/mL) (R&D Systems) were added
for 30 minutes prior to stimulating ECs with HLA | antibodies. For validation experiments,

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

insert was performed as previously described?®.

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
pg/mL) (R&D Systems), hlgG isotype control (10 pg/mL), 5% BSA, or ELISA reaction buffer
(50mM carbonate-bicarbonate) used to coat plates (Bioworld) and placed at 4°C overnight. On
day O, 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 10°) 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 (5uL of Fc-block
per 1 x 108 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 described’.

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 LSRFortessa™ (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 described’®. 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 3" 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 AOls was derived using CIBERSORT as previously described’®.

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 40x 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 | antibody-

activated ECs.

Prior findings in our lab have shown that monocytes co-cultured with HLA | (IgG or F(ab’)y)
antibody-activated ECs promoted monocyte differentiation into CD206+ M2 macrophages™.
Moreover, given that HLA | (IgG or F(ab’),) 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 expressions. To simulate the process of
monocyte transmigration across HLA | antibody-activated ECs, we utilized our previously
published in vitro transwell co-culture model”. Using this model, monocytes adhere to HLA | (IgG
or F(ab’),) 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 | (IgG or F(ab’),). Results show that both HLA
I (IgG or F(ab’)z) conditions significantly increased macrophage CD206 expression compared to
hlgG isotype treated ECs. However, the addition of TAK242 or anti-P-selectin blocking antibody
(a-P-selectin Ab) significantly reduced CD206 expression in both HLA | (IgG or F(ab’);) conditions

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

conditions (Figure 4-1B).

To further validate whether HLA | (IgG or F(ab’),) 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 | (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’);) 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 pathogenesis™®. Given that M2-macrophages are
known to secrete MMP9, we investigated whether macrophages polarized by HLA | (IgG or
F(ab’),) 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 | (IgG or F(ab’)z) antibody-
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activated EC conditions displayed a significant increase in MMP9 secretion compared to UT and
hlgG 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 secretion’.
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 | (IgG or F(ab’),)
antibody-activated EC conditions contributed to the observed increased in MMP9, we assayed
supernatants from transwell experiments that employed TAK242 and o-P-selectin Ab via ELISA.
Results revealed that the addition of either TAK242 or a-P-selectin Ab significantly reduced MMP9
secretion in both HLA | (IgG or F(ab’)z) conditions (Figure 4-2B). Supernatants from untreated

ECs only or EC + HLA | F(ab’). 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 hilgG 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 hlgG 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 MO 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 | (IgG or F(ab’),) antibody crosslinking
to HLA | molecules on ECs stimulates the formation of a molecular complex between HLA | and
TLR4. TLR4 signaling triggers the exocytosis of WPBs and surface expression of P-selectin,
therefore facilitating monocyte tethering to ECs!®. 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 | (IgG or F(ab’),) 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-1gG
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 | IgG antibody-activated ECs’:. 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 wall373881,
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 expression®. Furthermore, a recent study identified that
anti-HLA 1l F(ab’), antibody-activated ECs co-cultured with peripheral blood mononuclear cells

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

Our findings pinpoint P-selectin as a principal regulator of monocyte activation during monocyte
transmigration across anti-HLA | (IgG or F(ab’),) antibody-activated ECs. Prior studies have
highlighted the capacity of P-selectin as a potent regulator of cell function in various immune cell
types®84  Specifically, macrophage adherence activates PSGL-1/Akt/mTOR-dependent
signaling, promoting macrophage chemotaxis and phagocytosis®. Similarly, monocyte
adherence to P-selectin induces PSGL-1/mTOR/elF4E signaling regulating the surface protease
receptor, UPAR which recognizes and binds to the matrix protein, Vitronectin®®. 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-a, 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 | 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 migration®®%2, MMP9 can also activate inflammatory

cytokines (e.g., TNF-a. and IL-1B) and pro-angiogenic factors (e.g., TGF-B and VEGF) which
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contribute to the formation of fibrotic lesions®. 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
endothelium®2. 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 collagen®:.

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 intracellularly®4. 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 arthritis®. Concurrently, M2b macrophages which are

polarized by immune complexes (hlgG + 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 allografts'®°6-9°, Particularly, our group has demonstrated that administration of
rPSGL-1-lg markedly decreases antibody-induced monocyte infiltration in a mouse cardiac
allograft model of AMR?2. 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 | 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 allografts®®-193, For example, kidney allograft biopsies from patients with chronic-active
AMR showed a predominance of CD163+ macrophages (68%)°!. This macrophage phenotype
was also observed within fibrotic areas of biopsies from patients with chronic kidney allograft
injury'®2,  Moreover, a study by Chatterjee et al., illustrated the expression of
CD68+CD163+CD206+ macrophages within CAV lesions along with the expression of IL-1003,
A recent transwell in vitro study has shown that anti-HLA Il F(ab’), 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) hearts%4.
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 | DSA may also induce pro-fibrotic functions in

macrophages'®.

Further studies are needed to fully understand the mechanisms of macrophage polarization by
anti-HLA | antibody-activated ECs during AMR and CAV development. For example, although
we have previously shown that HLA | (IgG and F(ab’);) 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 | DSA-activated ECs guide macrophage polarization, whereas the mechanisms of

macrophage polarization by HLA Il DSA remains to be determined.

In conclusion, our findings elucidate the mechanisms by which HLA | 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 | (IgG and F(ab’),)
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 hlgG isotype, HLA | IgG, or HLA | F(ab’), (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 a-P-selectin blocking antibody (Ab) (5ug/mL) were added 30 minutes
before and during incubation with HLA | 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 | 1gG or F(ab’), increases M2-macrophage marker CD206. Addition
of TAK242 or a-P-selectin Ab significantly reduces CD206 expression. B) Monocytes pre-treated
with rPSGL-1-lIg antibody (20 ug/mL) prior to plating in transwell insert significantly decrease
macrophage expression of CD206 compared to anti-HLA | 1gG or HLA | F(ab’), 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 | (IgG and F(ab’),) 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 | IgG and HLA | F(ab’), (lug/mL) EC stimulated conditions significantly
increased MMP9 compared to hlgG isotype controls. MMP9 secretion at day 4 from cytokine
polarized macrophages (M1 (IFN-y), M2a (IL-4), M2b (hilgG+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 | IgG and HLA | F(ab’), conditions when inhibiting TLR4 signaling via TAK242
and P-selectin interactions using o-P-selectin Ab. Untreated ECs or ECs + HLA | F(ab’).
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, hlgG, 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 hlgG 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 hlgG 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 <

0.000L(****).
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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 AOls. C) M2-macrophage cell fractions
(derived by CIBERSORT cellular deconvolution) are more broadly distributed compared to MO
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 < 0.000L(****)).
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Fgure —5: CD68+CD206+CD163+MP9 M2-macrophages accumulate ithin 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 | DSA-activated endothelium induces monocyte differentiation into
CD68+CD163+CD206+MMP9+ M2-macrophages.

HLA | (IgG or F(ab’);) antibody crosslinking to HLA | molecules on endothelial cells (ECs)
stimulates the formation of a molecular complex between HLA | 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-1gG interactions. In this study, we identified that HLA |
(IgG or F(ab’);) 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-f 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.

Monocyte MO M1 M2

1 NCF2 MMP9 IRF8 MMP9

2 MNDA NCF2 CCL4 MS4ABA
3 MS4ABA ACP5 ADAMDEC1 CCL18

4 | AIF1 CHI3L1 HCK AlF1

5 HCK IGSF6 SIGLEC1 NCF2

6 CLEC7A C5AR1 SAMSN1 CD4

7 LST1 SLC15A3 TLR2 ACP5

8 LY86 ADAMDEC1 | CCL8 CLEC4A
9 | TLR2 EGR2 C3AR1 CCL13
10 | CD37 CLEC7A HLA-DQA1 LY86

11 | C5AR1 HCK MNDA SLC15A3
12 | RNASE6 FPR3 SLC15A3 CLEC10A
13 [ CFP CCL18 CHI3L1 CCL23
14 | CD4 MNDA MMP9 HLA-DQA1
15 | CCL4 RNASE6 LST1 RNASE6
16 | CLEC4A LST1 GPR183 ADAMDEC1
17 | P2RY13 TREM2 AlF1 HCK

18 | IGSF6 CCL4 CD4 NPL

19 | IRF8 IRF8 CD86 TREM2
20 | CD300A AlF1 CLIC2 IRF8
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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). AOIls were categorized based
on CAYV neointimal thickening and underwent whole transcriptome and protein profiling. AOls 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 AQOIs. High neointima AQIs exhibited elevated TGFB-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 AOIls. 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-transplant®. CAV lesions are
characterized by concentric intimal thickening of the vascular wall consisting of proliferating
myofibroblast and inflammatory immune infiltrates?®. 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
CAV17  Specifically, DSA can activate EC intracellular signaling cascades inducing EC
proliferation, migration, and increased surface expression of adhesion molecules promoting
monocyte and NK cell recruitment®>1214-16. Moreover, DSA can directly mediate EC-injury by
triggering activation of the classical complement cascade®. 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-y and TNF-a can attract and activate CD8+ cytotoxic T cells and NK cells?°. T cells also
secrete transforming-growth factor-g (TGF-B) which significantly contributes to fibrosis and
remodeling by upregulating collagen synthesis in SMCs and stimulating macrophage secretion of
matrix metalloproteinases'®®. 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/B-catenin),
and metabolic dysregulation (e.g., high glucose) can all cause EndoMT via different signaling

pathways'%9,
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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 AOIls. Patient demographics and clinical information
are summarized in Supplementary Table 5-1. The 22 AQOIs 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 20207". 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 AOls
were selected based on previously defined arterial regions scored for CAV by the pathologist
(Supplementary Table 5-2). AOls 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 3™ 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 merged!®3. 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 SCENIC!3, RNA
deconvolution for obtaining cell type abundance estimates across all arterial AOls was derived

using SpatialDecon algorithm with immune matrix platform as previously described!4.
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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), CDA45 (opal 690). All fluorescently labelled slides were scanned on the Vectra Polaris (Akoya
Biosciences) at 40x 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 AOls 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 AOIls, we additionally
examined expressed proteins (SNR>1) in the 14 AQIs 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
AOQIs. 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 TNFSF4/0X40L, 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
AOls 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 AOls. 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
AOls, 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 inflammation!>1%6. Immunoglobulin transcripts
(e.g., IGKC and IGHG1/2/3/4) were also highly elevated. This was accompanied by the
expression of HLA class | (HLA-B), IFN-y inducible HLA class Il molecules (e.g., HLA-DRB1 and
HLA-DRA), and HLA class Il chaperone transcripts (CD74)!". AQOIs 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)!18123, 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 naive 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 (TNFSF4/0X40L), 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)'?*. Meanwhile, AOIs with high
neointima significantly increased TGFB-regulated genes (CSRP1 and TAGLN) and adipocyte

differentiation factor (ADIRF/APM2) (Figure 5-4C and Table 5-1)1%5127,

To further explore transcriptional differences between low and high neointima AOls, we utilized
whole gene co-expression network analysis (WGCNA) to define modules of co-expressed
transcripts!'®. 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 NFATCL,
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respectively'?812°, Meanwhile, ME50 highly correlated with NR2F2, which promotes cell
proliferation and TGF-B-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.qg.,
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 AOls
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 stress!?3131, Vessels
with minimal neointima (1+) increased the antigen T-cell receptor (TARP) which promotes tumor
cell proliferation and migration'3?, Vessels with moderate neointima (2+) increased a set of genes
described in remodeling and EMT (TAGLN, CSRP1, and FLNA)20.125126 \/essels 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 cancer33134 Finally,
arteries with very significant neointima (4+) increased early growth response-1 (EGR1) and FOS
transcription factors, implicated in cancer progression and fibrosis'®®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+),
respectively'3”:13, 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)30.139-144 (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 vessels'???, 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 binding!®!8, Notably, CD68 protein expression significantly correlated with module
ME206 in high neointima AOls. ME206 was enriched for pathways related to ‘Fc gamma receptor

dependent phagocytosis’ indicative of polarized macrophage specific functions .

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 adventitia’>. 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-XL6. Expression of EC anti-apoptotic proteins can be potentiated by antibody ligation of
HLA class | and Il molecules which activate the PISK/AKT pathway and upregulation of BCL-2
and BCL-XL'. 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 1gG%. Moreover, microarray studies by Wehner et al., have
shown a strong immunoglobulin transcriptome in CAV rejected explants in contrast to

atherosclerosis#’.

All arteries shared high expression for transcripts associated with EC and SMC activation,
remodeling, angiogenesis, and platelet activation'8122, We compared transcripts with an average
SNR > 5 to those identified in pathological AMR+DSA+ EMBs reported by Loupy et al. using
microarray technology*'°. Similarly, we detected the expression of IFN-y inducible genes (HLA

class Il 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 AMRS8,

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 lesions4®.
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 reported4®. 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 release!®. Studies using mouse heart transplant models have highlighted
the benefits of OX40L blockade in promoting graft survival by inducing Tregs®®l. 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 NFATCL1, a key regulator of

cytotoxic CD8+ T-cells?.
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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)'?5126, AOIs with high neointima upregulated pathways related to
‘Platelet activation, signaling and aggregation’ (ME50). DSA crosslinking to MHC | antigens
induces Weibel-Palade bodies (WPb) exocytosis of P-selectin and vWF which can increase

platelet and leukocyte infiltration which aggravate vessel pathology*6-18.152,

High neointima AOIs also increased GRNs involved in cell proliferation (JUN), EndoMT (NR2F2,
HEY2, and FOXP1), angiogenesis (RUNX1) and fibrosis (ATF3 and ATF4)125130.139-144 Notably,
DEGs (CSRP1 and TAGLN) and GRNs (NR2F2, ATF3, FOXP1) encompassed genes which
promote EndoMT by regulating or being induced by TGF-125126.130.141 " Gimilar 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) results®"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 signaling?®3134, Cancer cells overexpressing
UBAP2L are characterized by upregulating mesenchymal factors (N-cadherin and Vimentin). Our
findings suggest that CD31+Vimentin+tUBAP2L+ 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 | and HLA Il molecules stimulates EC cell proliferation and migration via
activation of PISK/AKT, ERK, and mTOR signaling?>5¢5, Moreover, anti-HLA | antibodies can
mediate an increase in FGFR cell surface expression’s.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 study?2.

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
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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 AOIls 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=200um). 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 AOls.

A) RNA data deconvolution of cell type abundance estimates across all arterial AOls 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 AOls

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
AOls. B) Differentially expressed proteins (DEPS) (in red dots) between AQOIs 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 AOls with low neointima increased ME21, ME22, and ME118 while AOIs with
high neointima increased MES0. The highest positively correlated gene regulatory network (GNR)
for each module is included below (orange text). Statistical significance for volcano plots

(Log,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=50um).
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Tables

Table 5-1: Differentially expressed proteins (DEPs) and differentially expressed genes (DEGS)

between low and high neointima AOISs.

Protein LogzFC p-value
1 OX40L 2.82 0.029
2 CD45R0O 1.23 0.019
3 pan-RAS 1.22 0.027
4 CD14 1.17 0.035
5 INPP4B 1.15 0.049
6 CD127 1.14 0.023
7 p53 1.12 0.046
8 Tim-3 1.11 0.041

Gene Log2FC p-value
1 VWF 1.42 0.021
2 CSRP1 -1.05 0.022
3 TAGLN -1.18 0.012
4 ADIRF -1.33 0.009
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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).

Module name|Total genes|Representative genes?® Enriched pathway® (genes in enriched pathways) GNR |Neointima

ASCLS5, CLDN7, CLEC4F, CTRB1,|Cell-cell junction organization (NECTIN4,CLDN7),
GPC5, NECTING, NKAIN4, Activation of Matrix Metalloproteinases (CTRB1),

ME21 8 TMEM97 Diseases associated with glycosaminoglycan SREBF2 flow

metabolism (GPC5)

ABCC8,HOXD12, RXFP2, NA

ME22 7 SHOC1, WRAP73, ZNF283, FEV TLow
ZNF849
GRAMD1C, ITIH3, ITIH4, Platelet activation, signaling and aggregation
LURAP1L, MRPS14, PAWR, (RHOB/ITIH4/ITIH3), Diseases of DNA repair .

MESO 10 |RAD51B, REXO5 RHOB, SMTN, |(RAD51B) NR2F2 | fHigh
ZDHHC11
ACSM3, ARHGAP28, CITED1, TP53 Regulates Transcription of Caspase Activators
CNPY1, EFCABS, F9, ITGAX, and Caspases (TP83), Activation of the TFAP2 (AP-2)
KCNJ13, KCP, MMP26, MTNR1A, |family of transcription factors (CITED1), Gamma-

ME118 15 OR1Q1, PRICKLE4, SEPTIN3, |carboxylation of protein precursors (F9), Urea cycle NFATC1 Tlow
SLC25A15,SMG9, TMEM14A,  |(SLC25A15)
TMEM269, TPE3, TRAIP

a: Genes with expression pattern best representative of combined module of co-expressedgenes
b: Enrichment pathway defined by Reactome and (genesin enriched pathways)
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Table 5-3: Highly correlated proteins with WGCNA modules between low and high neointima

AOls.
Low Neointima AQls | High Neointima AOls
Module |Protein r p-value r p-value Representative genes® Enriched pathway" (genes in enriched pathway)
B7-H3 078 w  poos| 008 ns  0.81g |CD80, GGACT, OR52M1, PALD1, PTKY, Costimulation by the CD28 family (CD80)
ME65 |GZMB 076 | = 0009|034 | ns 031300
Fibronectin 0.75 hl 0011 | -0.51 ns 0.114
Ki-ET 071 . oot8| 073 v 0014 |ABCAB, APOC3, ATE1, CC2D1A,CD163,  (Costimulation by the CD28 family (HLA-DQB1. MAP3KS, HLA:
: ’ : CDKL3, CHI3L1, DSTYK, H4C9, HK3, HLA-  [DQA1), Interferon gamma signaling (HLA-DQB1/HLA-DQAT,
cDg 0.68 * 0025|035 | ns 0286 |DQA1, HLA-DQB1, IFT27, ITGAX, KLHDC4, [TRIM14), HDL remodeling (PLTP, APOC3)
ME?7 |CcD6s 067 - 0.028 | 0.12 ns 0.735 |MAP3KS, PCYOX1L, PFKFB3, PLATA PLTP |
. TFRC, TNC, TRAPPC2L, TREML2, TRIM14,
CD44 0.65 0.037 | 0.14 ns  0.694 \7eapion 7NF394. ZNFAGT
CD45 0.64 v 0.04 | 0.28 ns 0402
B3GNTS, IRAK2, ITM2A, KNOP1, NUDCD2, [TolHike Receptor Cascades (IRAK2), O-linked glycosylation of]
. N PMEL, SCM3A, SP140, ZBTB18, ZDHHCA7  |mucins (B3GNTE), TAK1 activates NFK3 by phosphorylation
meg1 |GZMD 074 0013\ 007 | 05 0839 and activation of IKKs complex {IRAK2), L1CAM interactions
(SCN3A)
p53 0.65 v 0.037 | 0.61 ns___ 0.052
ACSM3, ARHGAP28, CITED1, CNPYT, [TP53 Regulates Transcription of Caspase Activators and
EFCABS, F9, ITGAX, KCMNJ13, KCP, MMP26. |Caspases (TPE3), Activation of the TFAPZ (AP-2) family of
ME118 GZmB 0.67 * 0.028 | 0.75 - 0.01 |MTNR1A, OR1Q1, PRICKLE4, SEPTING, ranscription factors (CITED1), Gamma-carboxyation of
SLC25A15, SMGY, TMEM14A TMEM269,  |protein precursors (F9), Urea cycle (SLC25A15)
) ) TP63. TRAIP
Fibronectin 0.62 v 0.048 | -0.04 ns 0.924
CD56 0.8 w0005 | -0.03 ns 0945 [CNMD, DTYMK, GORAB, METTL21A, NOLT. [TGF-beta receptor signaling activates SMADs (STUB1), TAK1
ME242 - . STUB1, TRAF6, ZBTB4, ZNF772 activates NFkB by phosphonylation and activation of IKKs
gﬁ]m UUfQ . g' Sgg 700'325 ::z S gg; complex (TRAFS), Pratein methylation (METTL21A)
- BRI3BP. C9, CRYBBZ, DZIP1, GALNT13, (nterferon gamma signaling (OAS1, GBP3)
Ki-67 0.79 0.0061 012 | ns  0.735 |GEp3 TGAX, LUZP2, NQO2, OAST,
ME304 |1y A DR 073 | * 001|058 | ns 0056 |SLC25A32, USHBP1
Tim-3 0.68 v 0.025 | 0.38 ns___ 0.244
NF1 0.2 ns 0562 0.86 “  0.001 [CASP3. CORT. DCAFBL2, FRS3.I1SM1, MAPK1/MAPKS signaling (FRS3/SHC3). Signaling by FGFR
ME161 |Fibronectin 0.54 ns 0094 0.65 v 0.034 [NSRP1, PITHD1, SFRP5, SHC3, WDR5B  |FRS3), Apaptotic factor-mediated respanse (CASP3)
SMA 0.09 ns___0.796 | 0.63 hd 0.044
EGFR 0.09 ns 079 | 08 b 0.005 |ASCL3, FGFBPZ, KIF1A OR2G3, 0TUD1 FGFR2b ligand binding and activation (FGFBP2), COPI-
ME205 |STING 017 ns  0615| 078 0006 dependent Golgi-to-ER retrograde traffic (KIF1A)
Histone H3 -0.25 ns 0468 | 0.69 hd 0.023
CD11e 0.25 ns 0.451 | 0.79 b 0.006 |BARHLA, C190rf71, ELMOZ2, FSCB, SHCBP1)PTKG Regulates RHO GTPases, RAS GTPase and MAP
- ULK4 kinases (ELMO2), Fcgamma receptor (FCGR) dependent
EE? g;; ne gggi g;i . g g?; phagacytosis (ELMO2), VEGFA-VEGFR2 Pathway (ELMO2),
e nen : . PTKE Regulates RHO GTPases. RAS GTPase and MAP
Phospho-AKT1 (8473) | -0.12 ns 0735 07 0.02 kinases (ELMD2)
CD68 0.04 ns 0924 0.69 v 0.023
ME206 |BCLXL 0.01 ns 0.99 | 0.68 v 0.025
56 0.07 ns 0839 0.66 v 0.031
SMA 021 ns 0539 0.66 v 0.031
Fibronectin 0.04 ns 0924 0.64 v 0.04
EGFR 0.03 ns 0946 | 0.63 v 0.044
VISTA -0.29 ns  (0.386| 0.62 hd 0.048

a: Genes with expression pattern best representative of combined module of co-expressed genes

b: Enrichment pathway defined by Reactome and (genes in enriched pathway)
Statistical significance was determined using Spearman correlation test (p<0.05 (*) and p<0.01(**) in GraphPad Prism software v9.3.1.
Graphed results are shown in supplementary figure 3.
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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 AOIls 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<L1 (in red) were considered not expressed. B) Expression levels
of the top 70 transcripts (average SNR>10) across 14 AOIls. 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).
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Supplementary Figure 5-2: Proteins highly correlate with one another across all 22 arterial

AOQOIs. 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
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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 AOls 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.

PID Sex Age at Race Etiology Danor Donor Sex Donor HLA MM DSA AMR AMR specific Maintance Treatments Explant Collection Block tissue section
Tx Race treatments (yrs-post Tx)
A2 ABY, " .
1 F 3 White Congenital  unknown unknown unknown 78 AGG:02, Suspicious unknown Tacrolimus, sirolimus, 9 unknown
N prednisone
A34:02
Proximal posterior
Dilated ATG, Rituximab, decending
!
2 F 12 H:;gla:n“: myopathy- 23 M White 4/8 ﬁﬁgﬁg Suspicious steroids, Tacrngzgﬁ;sﬁnwgne\lmus, 6 artery+posterior left
Idiopathic plasmapheresis ventricle+posterior
papillary muscle
Arabor Dilated . Right coronary artery to
Hispanic/ A2 DRT, and Tacrolimus, prednisone,
3 M 59 Middle myopathy: 53 M Laainu 8/8 naz No ATG, steroids mycnphs?nu\ale 2 posterior decending
Eastemn Ischemic artery
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Supplementary Table 5-2: AOI characteristics for each patient.

PID AOI Vefssel Neointima Neointima AOIl surface
- Size Score Level area
1 PID1_1 Small +/- Low 329263.8
2 PID1_2 Medium 2+ High 321196.4
3 PID1_3 Medium 2+ High 334999
4 PID1_4 Medium +/- Low 267510.9
5 PID1_56 Small +/- Low 320404
6 PID1_6 Small 3+ High 303792.3
7 PID1_7 Medium +/- Low 325248.6
8 PID1_8 Medium 3+ High 303022.8
9 PID1.9 Small +/- Low 324421.5
10 PID1_10 Small 3+ High 258791.9
11 PID2_1 Medium 2+ High 325248.6
12 PID2_2 Small +/- Low 180822.8
13 PID2_3 Small 2+ High 165501.7
14 PID2_4 Medium 3+ High 336621.1
15 PID2_5 Medium +/- Low 322007.3
16 PID3_1 Medium 4+ High 282375.5
17 PID3_2 Medium 4+ High 315628.9
18 PID3_3 Small 4+ High 130200.7
19 PID3 4 Small +/- Low 278590.4
20 PID3_5 Small 1+ Low 326839.5
21 PID3_6 Small 1+ Low 323631.3
22 PID3 7 Small +/- Low 335831.6
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Supplementary Table 5-3: Target proteins within NanoString Digital Spatial Profiling (DSP)

Panels.
Immune
IO Drug Immune ImmuneCell . " . .
Controls Prggllilng Target Activation Typing PI3K/AKT Signaling MAPK Signaling Cell Death
RbIgG PD-1 4-1BB CcD127 CD45RO Phospho-AKT1(5473) BRAF BAD
Ms 1gG1 CD6s8 LAG3 CD25 FOXP3 Phospho-GSK3B (S9) EGFR BCL6
Phospho-GSK3A
Ms IgG2a HLA-DR  OX40L CD80 CD34 (S21)/Phospho-GSK3B (S9) Phospho-c-RAF (5338) BCLXL
Histone H3 Ki-87 Tim-3 ICOS CDeéb INPP4B Phospho-JNK (T183/Y185) CD95/Fas
S6 B2M VISTA PD-L2 FAP-alpha PLCG1 Phospho-MEK1 (5217/5221) GZMA
GAPDH CD11¢ ARG1 CD40 CD14 Phospho-PRAS40(T246) Phospho-p38 MAPK (T180/Y182) NF1
. Phospho-p44/42 MAPKERK1/2  Cleaved
CD20 B7-H3 CD44 CD163 Phospho-Tuberin (T1462) (T202/Y204) Caspase 9
CD3 IDO1 cba27 Pan-AKT pan-RAS p53
CcD4 STING MET p44/42 MAPK ERK1/2 PARP
CD45 GITR Phospho-p80 RSK (T358/5363) BIM
CD56
cDs8
CTLA4
GZMB
PD-L1
PanCk
SMA
Fibronectin

*|O=lmmune oncology

108




Supplementary Table 5-4: Median protein expression across all arterial AOIs.

Protein marker (Gene name) Median
1 SMA (SMN1) 797.03
2 CTLA4 66.95
3 Fibronectin (FN1) 46.43
4  GAPDH (GAPDHS) 36.31
5 Histone H3 (H3C1) 28.79
6 S6(RPS6) 13.92
7 CD44 10.85
8 CD45(PTPRC) 10.56
9 Cleaved Caspase 9 (CASP9) 9.74
10 GZMB 7.38
11 HLA-DR (HLA-DRA) 6.72
12 BAD 5.16
13 BCLXL(BCL2L1) 4.15
14 CD68 4.09
15 CD4 3.77
16 CD8 (CD8A) 3.74
17  p44/42 MAPK ERK1/2 (MAPK1) 3.69
18 CD56 (NCAMT) 3.62
19 CD14 3.54
20 STING (STING1) 3.18
21  pan-AKT (AKT1) 3.14
22 CD34 3.06
23 p53(TP53) 2.92
24 CD11c(ITGAX) 2.91
25 Beta-2-microglobulin (B2M) 2.67
26 TNFSF4 (OX40L) 2.61
27 CD3(CD3D) 2.59
28 B7-H3 (CD276) 2.56
29 CD127(IL7R) 2.08
30 Phospho-AKT1 (S473) (AKT1) 2.03
31 INPP4B 1.47
32 Tim-3 (HAVCR2) 1.40
33 EGFR 1.33
34 PanCK(KRT18) 1.32
35 VISTA (VSIR) 1.31
36 Pan-RAS (KRAS) 1.25
37 CD20 (MS4A1) 1.21
38 Ki-67 (MKI6T) 1.18
39  Neurofibromin 1 (NF1) 117
40 Phospho-p90 RSK (T359/S363)(RPS6KAT) 1.00
41 CD45RO (PTPRC) 0.74
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Supplementary Table 5-5: Top 30 positive correlations and four negative correlations across

all arterial AOls.

Protein vs. Protein Correlation p-value
1 BAD BCLXL 1.00 2.25E-13
2 Cleaved Caspase 9 Pan-RAS 0.93 6.00E-11
3 INPP4B Pan-RAS 0.98 8.72E-11
4 S6 Pan-RAS 0.93 9.71E-10
5 CD127 Pan-RAS 0.92 1.58E-09
6 CD8 CD3 0.95 3.42E-09
7 S6 CD127 0.9 1.13E-08
8 Phospho-AKT1 (S473) Pan-RAS 0.94 1.40E-08
9 BAD Tim-3 0.94 1.59E-08
10 CD44 CD4 0.95 3.89E-08
11 CD127 p44/42 MAPK ERK1/2 0.92 4.51E-08
Phospho-p90 RSK

12 CD127 (T359/5363) 0.96 4.82E-08
13 BCLXL Pan-RAS 0.95 7.27E-08
14 p44/42 MAPK ERK1/2 Ph‘;’?ggg;g%g;% 0.92 1.00E-07
15 pan-AKT Pan-RAS 0.94 1.24E-07
16 CD3 VISTA 0.99 1.49E-07
17 BCLXL Tim-3 0.93 1.59E-07
18 Pan-RAS VISTA 0.97 1.86E-07
19 INPP4B Phospho-AKT1 (S473) 0.93 1.93E-07
20 CD3 CD45R0O 0.97 2.09E-07
21 CD45R0O CD3 0.92 2.09E-07
22 Ph?ﬁggg;g%g;% Pan-RAS 0.92 2.26E-07
23 p44/42 MAPK ERK1/2 VISTA 0.93 2.60E-07
24 Phospho-AKT1 (S473) CD127 0.91 2.76E-07
25 INPP4B CD127 0.93 3.92E-07
26 CD127 Cleaved Caspase 9 0.91 3.92E-07
27 Tim-3 GAPDH 0.97 4.45E-07
28 p53 Tim-3 0.93 6.11E-07
29 CD45 VISTA 0.99 6.55E-07
30 BCLXL STING 0.95 7.93E-07
1 CTLA4 CD20 -0.70 0.006

2 CTLA4 0OX40L -0.67 0.009

3 CTLA4 CD45R0O -0.78 0.028

4 SMA CD56 -0.97 0.038

110




Supplementary Table 6-6: PC1 vs. increasing neointima significant genes.

Gene adj. p-value

1 MB 3.63654E-09
2 TATDN3 9.97889E-08
3 MYH7 3.59311E-07
4 TCAP 4.95505E-07
5 MYL2 4.26353E-06
6 TNNT2 8.91826E-06
7 DES 4.33708E-05
8 ACTA1 4.33708E-05
9 MYL3 4.33708E-05
10 TNNC1 6.19108E-05
11 PLA2G2A 8.82703E-05
12 MYH11 0.000209127
13 TNNI3 0.0002321
14 HSPB7 0.000387171
15 NKX1-2 0.000457262
16 TAGLN 0.000510579
17 TTN 0.00051905
18 FOS 0.000930395
19 IGKC 0.001197936
20 IGHG1 0.001423819
21 FLNA 0.002969703
22 CRYAB 0.003049202
23 EGR1 0.004200763
24 ACTA2 0.004200763
25 MYL9 0.01269158
26 CSRP1 0.01269158
27 CKM 0.01366143
28 TARP 0.014182583
29 ZFP36 0.018360154
30 OGN 0.018360154
31 UBAP2L 0.018376166
32 IGHG2 0.018376166
33 IGHG4 0.030398856
34 PDE4DIP 0.042808341
35 MGP 0.044618653
36 SPARCL1 0.044766688
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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 | and Class Il 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 organs'>+18, Despite the utilization
of various therapies, such as LV. immunoglobulin and plasmapheresis, to mitigate DSA
production pre- and post-transplantation, their efficacy is limited in terms of long-term effects®°.
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
antibodies'®. Instead, proteosome inhibitors (e.g., bortezomib and carfilzomib) in combination
with plasmapheresis and rituximab have been used for desensitization'6!. 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 patients62-164,
Moreover, therapies aimed at inhibiting the activation complement, such as Eculizumab, have
shown limited efficacy in preventing both acute AMR and chronic rejection651%. 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 rejection?4167-171 |n 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 | 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 |
(IgG and F(ab’).) antibody crosslinking to HLA | molecules induces the formation of a molecular
complex between HLA | and TLR41¢. The formation of this complex was independent of HLA |
complex formation with integrin-B4 (ITGB4). Signaling via TLR4 and adaptor protein, MyD88
induces the extravasation of Weibel-Palade bodies (WPbs) containing P-selectin. Surface
expression of P-selectin mediates monocyte capture to ECs via monocyte P-selectin glycoprotein
ligand-1 (PSGL-1)*. Monocyte capture to ECs is followed by strong adhesive interactions
mediated by EC expression of intracellular adhesion molecule 1 (ICAM-1)*2. Complex formation
between HLA | and ITGB4 have been shown to activate mTOR/RhoA/ROCK signaling which
mediate ICAM-1 clustering at the surface of ECs®. Together, these findings suggest that HLA |
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 1l 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 | (IgG and F(ab’);) antibody-activated ECs skew infiltrating

monocytes to novel M2-like remodeling phenotypes’. Specifically, using an in vitro transwell
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model, we identified that monocytes co-cultured with HLA | IgG-stimulated ECs differentiated into
CD68+CD206+CD163+ macrophages. On the other hand, monocytes co-cultured with HLA |
F(ab’).-stimulated ECs only upregulated CD206. These findings suggested that monocyte Fc-
gamma receptor (FcyR) interactions with the Fc-portion of IgG also impact macrophage
phenotype. Moreover, both macrophage subtypes (HLA | IgG and HLA | F(ab’), 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 | IgG and F(ab’).
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, hlgG isotype, TNF-a, HLA | IgG and F(ab’),),
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 | DSA antibody-activated ECs. Given that HLA | 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 | (IgG or F(ab’),)
antibody-activated ECs polarized macrophages increased CD206 expression and matrix

metalloproteinase-9 (MMP9) secretion. However, both CD206 and MMP9 levels were reduced
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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
FcyR-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 |
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 polarization®’.
Moreover, it remains crucial to validate this novel macrophage phenotype in longitudinally stored
EMBs with varying levels of AMR diagnosis (e.g., pAMRO 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 FcyR-1gG interactions in influencing monocyte
recruitment, polarization, and function. Circulating IgGs can also activate complement (via C1q
complex binding to Fc-portion of IgG), and FcyRIlla/CD16+ NK-cells can also adhere to ECs via
FcyR interactions*1°. 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 desensitization'’?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 parameters’’: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 grading!79:180,

Conclusion

All in all, the findings of our study shed light on a novel mechanism underlying vessel
immunogenicity mediated by HLA | DSA. We have demonstrated the ability of HLA | 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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