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ABSTRACT OF THE DISSERTATION 

 

 

The Mechanisms of mTOR-mediated Monocyte Recruitment to HLA Class I Antibody-

Activated Endothelial Cells  

 

by 

 

 

 

Sahar Salehi 

Doctor of Philosophy in Cellular and Molecular Pathology 

University of California, Los Angeles, 2016 

Professor Elaine F. Reed, Chair 

 

Rejection remains a major challenge to successful organ transplantation. Central to the immune 

response to the allograft are antibodies reactive to donor human leukocyte antigen (HLA) 

molecules which trigger acute and chronic antibody-mediated rejection (AMR) and contribute to 

graft loss. HLA class I antibody-induced injury to the allograft endothelium recruits monocytes, 

which have been implicated as seminal players in the process of allograft rejection. Recent 

studies suggest that mTOR inhibitors modulate leukocyte recruitment to endothelium in models 

of inflammation. As such, we investigated the role of mTOR signaling in monocyte recruitment 

in HLA class I-induced acute AMR. First, we used an in vitro system of HLA I-stimulated 
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human primary endothelial cells pre-treated with mTOR inhibitors and found that mTOR is a key 

regulator of monocyte binding to the endothelium. This finding was confirmed in an in vivo 

murine model of acute AMR, in which MHC I antibody-induced endothelial injury and 

monocyte infiltration in the graft were significantly reduced with administration of the mTOR 

inhibitor rapamycin. Additionally, rapamycin treatment blocked phosphorylation of mTOR 

proteins downstream of HLA I signaling in endothelium. To elucidate the mechanisms 

responsible for this process we studied the effects of mTOR inhibition on the expression and 

function of adhesion molecules on the cell surface of HLA I-stimulated endothelial cells. 

Monocytes firmly adhere to the endothelium via ICAM-1 engagement. mTOR inhibition in HLA 

I-stimulated endothelial cells impaired ICAM-1 function and hampered the capacity of 

endothelium to support firm adhesion of monocytes. Next, we explored the requirement of 

mTOR signaling in monocyte activation and adherence to HLA I-stimulated endothelium. 

mTOR modulates monocyte activation and adhesiveness following PSGL-1 crosslinking. To 

conclude, we found mTOR inhibition dampens endothelial activation in response to HLA I 

antibodies as well as monocyte activation following PSGL-1 engagement, and prevents 

monocytic infiltration into cardiac allografts. These findings can be translated to the clinical 

setting, providing the rationale for the application of mTOR inhibitors for mitigating the risks of 

AMR.  
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Chapter 1: 

Introduction 
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1.1 HLA Antibodies in Rejection 

 

Solid organ transplantation is considered the only therapeutic alternative for the treatment of 

patients with end-stage organ failure. Although new immunosuppressive drugs and increased 

understanding of the mechanisms of allograft rejection have improved the rates of allograft 

survival, the percentage of five-year allograft loss remains high at almost 40% 
1, 2

. 

 

Antibody-mediated graft injury and rejection (AMR), one of the major causes of graft loss, is 

caused by antibodies directed against polymorphic donor human leukocyte Class I and II 

antigens (HLA) and is generally considered to have a worse prognosis than cellular rejection. 

Recent findings indicate that 60% or more incidences of late kidney graft losses are due to 

antibody-mediated injury. Furthermore, studies show that HLA antibodies significantly correlate 

with acute and chronic allograft rejection episodes in other solid organ transplantations and 

portend poor graft outcome
3-6

. In particular, chronically rejecting tissues develop transplant 

vasculopathy, defined by HLA-induced endothelial dysfunction and intimal thickening of larger 

vessels.  

 

HLA class I antigens (A, B, and C antigens) are expressed on all nucleated cells, while HLA 

class II antigens (DP, DQ, and DR) are found on antigen-presenting cells such as dendritic cells, 

B cells, and activated endothelial cells. Though antibodies can also be directed against non-HLA 

antigens including such as MHC-class I-related chain A (MICA) antigens, MHC-class I-related 

chain B (MICB) antigens, 
7
 HLA-specific antibodies are found in more than 90% of cases of 

AMR
8, 9

. This thesis focuses predominantly on antibodies against HLA class I with brief 

discussion of HLA class II antibodies. 
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The presence and identification of donor-specific HLA antibodies are critical for the diagnosis of 

AMR and its management. Most occurrences of AMR have been found to be associated with 

HLA class I antibodies against HLA-A, HLA-B, and HLA class II antibodies directed against 

HLA-DR and HLA-DQ 
2, 8, 10-12

. Notably, recent findings suggest that as much as 60% of DSAs 

are HLA class II antibodies
13

. Despite their undisputable contributions to AMR and graft 

pathogenesis, HLA II antibodies are poorly understood. The varied manifestations of the 

presence of HLA II antibodies in graft recipients and the mechanisms by which they mediate 

injury would pave the way for new therapeutic strategies.  

 

Donor specific antibodies (DSA) cross-link HLA class I and II molecules on the surface of 

endothelium and cause a variety of effects, culminating in endothelial cell activation and injury. 

HLA antibodies mediate injury via two main pathways: Fc-dependent and Fc-independent 

mechanisms.  

 

In an Fc-dependent manner, HLA antibodies regulate complement activation, resulting in 

endothelial injury and tissue damage. Additionally complement activation results in enzymatic 

cleavage of the components C3 and C5, generating the peptides C3a and C5a, both of which are 

soluble anaphylatoxins. C3a and C5a regulate the immune response by interacting with their 

receptors, C3aR and C5aR, thus potentiating recruitment of monocytes and neutrophils and 

alloreactive T cells which can damage the endothelium further. The capacity of alloantibodies to 

bind C1q and activate the classical complement cascade is based upon their IgG subclass. 

Antibodies of the IgG1 and IgG3 isotypes have been shown to efficiently activate complement, 

while the IgG2 and IgG4 subclasses fix complement weakly
14

. However, additional factors, such 
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as antibody titer and antigen density potentially affect functional deposition of complement 

products. As such, newly emerging assays and techniques will enhance our ability to characterize 

the role of HLA antibodies in complement activation.  

 

In addition to the activation of the classical complement cascade, the Fc receptor on HLA 

antibodies interact with the Fc receptors on monocyte, neutrophils, and natural killer cells to 

augment their recruitment to the graft and to mediate phagocytosis and antibody dependent 

cellular cytotoxicity (ADCC).  ADCC is mediated by innate immune cells, including natural 

killer (NK) cells and macrophages, which are activated upon binding Fc portion of the antibody 

through specific receptors. In this manner, alloantibodies can induce donor cell death
15

.   

 

Antibodies can also have an Fc-independent effect on endothelial cells by binding and 

crosslinking HLA molecules and co-receptors that activate the endothelium and induce 

functional changes such as upregulating genes involved in basement membrane and vessel 

remodeling, creating lesions that compromise graft function
3, 14, 16

.  HLA I antibodies in 

particular induce intracellular signaling cascades in graft vascular cells, leading to phenotypic 

and functional changes. Our group has demonstrated that HLA I crosslinking by antibodies 

transduces intracellular signals, leading cytoskeletal rearrangement, migration and proliferation 

of endothelial cells (ECs) 
17-19

. Additionally, our group demonstrated that ligation of endothelial 

HLA I molecules by antibodies results in mobilization of Weibel Palade bodies in a calcium-

dependent manner, as demonstrated by increased surface expression of the adhesion molecule P-

selectin and release of von Willebrand Factor. Increased expression of P-selectin in turn 

corresponded with augmented monocyte adherence to HLA I-stimulated endothelium; this effect 
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was abrogated upon administration of a P-selectin antagonist
20, 21

. Following HLA class I 

molecule ligation, there is up-regulation of additional genes involved in cell survival, including 

Akt, Bcl-2, and Bcl-xL. We have shown in vitro that anti- HLA I antibodies induce 

phosphorylation of Src, an increase in expression of basic FGF receptors (bFGFR)
22

, as well as 

additional proteins, leading to endothelial proliferation. Furthermore, our group demonstrated 

that HLA class I ligation of ECs up-regulates the expression of anti-apoptotic proteins Bcl-2 and 

Bcl-xL through the phosphatidylinositol-3-kinase (PI3K) and AKT pathways. These findings 

were subsequently validated in biopsy samples of cardiac transplant recipients, who manifested 

with increased expression of Bcl-2 and Bcl-xL
23

. Similarly, HLA class II antibodies lead to S6 

ribosomal protein (S6RP) phosphorylation via Akt activation
18

, which is also seen following 

HLA class I stimulation of ECs. Immunohistochemical (IHC) analysis of human cardiac allograft 

biopsies demonstrated phosphorylated S6RP expression in AMR-positive patients manifesting 

with HLA class II antibodies. No correlation was found in vivo with HLA class I antibodies.  

 

Additional studies are needed to elucidate their full contributions to the pathogenesis of graft 

rejection. Further investigations into how antibodies cause graft injury and promote acute and 

chronic rejection would contribute to a deeper understanding of AMR and facilitate improved 

therapeutics and patient care.  
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1.2 Leukocytes in Rejection 

 

Anti-donor antibodies targeting allograft tissue can induce inflammatory signals, including 

cytokines such as IL-8, and activation of the classical complement cascade and generation of 

anaphylatoxins, which activate the graft vasculature and recruit leukocytes via multiple 

mechanisms. Activated ECs mobilize pre-formed vesicles called Weibel-Palade bodies (WPb) 

and up-regulate the adhesion molecule P-selectin, which allows for leukocyte capture from the 

blood by binding to PSGL-1. While P-selectin leads to increased leukocyte rolling along the 

endothelial surface and subsequent adherence
20

, in order to transmigrate into graft tissue, 

leukocytes must firmly adhere to endothelial ICAM-1 or VCAM-1 via integrins. Chemokines 

released from the ECs mediate conformational changes in leukocyte integrin molecules that 

support binding to ICAM-1. This high affinity interaction mediates arrest of leukocytes on the 

ECs and begins the process of leukocytic extravasation into the allograft
24

.  

 

As key potentiators of the inflammatory immune response, T cells, B cells, monocytes and NK 

cells propagate injury, contributing to the processes of acute and chronic rejection. Current 

literature suggests that T cells play a major role in acute and chronic graft dysfunction. Studies 

have found predominant activation of CD8 T cells in murine allograft rejection
25, 26

, which 

closely resembles the events taking place in humans, where allo-specific CD8 T cells are known 

to be important for promoting transplant rejection
6
. While T-cell deficient animals fail to reject 

fully mismatched transplants, adoptive transfer of wild-type T cells into these animals restores 

incidence of rejection with high numbers of activated effector T cells recruited into the 

allograft
27

. In patients receiving T cell-depleting therapies, episodes of acute rejection were 

prevented or reversed and long-term graft outcome was improved
28

. 
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As such, the majority of immunosuppressive endeavors have targeted T-cell activity in allografts. 

While these drugs demonstrably improve cardiac and renal allograft survival by up to 95% in the 

first year, acute rejection still occurs in certain cases, and often, allografts culminate in chronic 

rejection
6
. 

 

Recent findings suggest that B cells play a role in cellular rejections, as well as acute and chronic 

AMR. B cell interaction with activated T helper cells leads to production of antibodies against 

the graft, thus regulating the allo-immune response. As a response to the growing interest in the 

role of B cells in rejection, new therapies have emerged to target B cells. Rituximab, an anti-

CD20 antibody which depletes B cells, has been used to treat AMR in recipients of renal 

allografts
29

 and has been shown to reduce circulating levels of DSAs in cardiac and renal 

allograft models
30, 31

. Of note, B cells may additionally contribute to the rejection process in the 

form of B-cell clusters, as B-cell-specific transcripts have been found in rejecting allografts
32-35

.  

Given the growing body of evidence implicating leukocytes in graft injury and pathogenesis, it is 

important to study the effects of other leukocytes in allograft rejection.  

 

The adaptive immune response is essential to the process of rejection; however, accumulating 

data implicate cells of the innate immune system as important mediators of graft outcome, 

suggesting that monocytes and macrophages exert detrimental effects. The accumulation of 

macrophages in the allograft is considered a histological hallmark of antibody-mediated 

rejection
36, 37

, and macrophages are important for the pathogenesis of acute and chronic 

rejection
38, 39

, as well as ischemia reperfusion injury. Macrophages play a multi-faceted role in 

transplantation. While inflammatory macrophages contribute to initial damage, alternatively 
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activated macrophages, also known as wound healing macrophages, promote repair following 

injury to the graft. In in vitro and in vivo models of acute and chronic allograft rejection, 

depletion of certain macrophage subsets or inhibition of macrophage activation significantly 

reduced graft injury and rejection. Alternatively, studies of regulatory macrophages suggest a 

promising potential for this macrophage subset in treatment of graft injury, though the specific 

mechanisms are yet not clearly understood (reviewed in Chapter 2). Studies suggest that 

currently used immunosuppressants such as cyclosporine A (CsA), FK506 (calcineurin 

inhibitors) or mycophenolate mofetil [MMF] exert slight though distinctive effects on innate 

immune cells
40, 41

. CsA and FK506 have been shown to activate macrophages via inhibition of 

the calcineurin/NFAT pathway, while Bortezomib, a protease inhibitor inhibits cytokine 

production by macrophages in vitro. As evidence mounts, emphasizing the importance of 

monocytes and macrophages in allograft rejection and survival, further studies are required to 

clearly define the mode of action of immunosuppressive agents and their effects on the innate 

immune system.  
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1.3 mTOR Inhibitors in Transplantation 

 

Mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase that regulates broad 

aspects of cellular function such as protein synthesis, cellular metabolism, survival, and growth 

by initiating gene translation in response to environmental cues
42

. mTOR is present as two 

distinct complexes in the cell: mTORC1, comprised of mTOR, PRAS40, GβL and raptor, and 

mTORC2, comprised of mTOR, GβL, Sin1, and rictor. mTORC1 is mainly involved in 

transcription, CAP-dependent mRNA translation and cell growth, while mTORC2 regulates cell 

survival, metabolism, and cytoskeletal rearrangements. Our lab found mTOR is a central 

regulator of HLA I-induced proliferative and survival signaling in endothelial cells of cardiac 

allografts
17, 19

 in models of AMR. Additional experimental evidence suggests that mTOR 

modulates recruitment of leukocytes by endothelial cells in the context of other disease models
43, 

44
. 

 

Rapamycin and its analogs (rapalogs) inhibit mTOR indirectly by binding to FKBP12 and 

prevent formation of both mTORC1 and mTORC2
45

. Traditionally, mTORC1 was considered to 

be rapamycin sensitive and mTORC2 rapamycin insensitive; however, recent studies show long-

term (greater than 6 hours) treatment with rapamycin disrupts mTORC2 formation as well. 

Commonly used to treat various cancers, these inhibitors have a cytostatic effect on proliferating 

cells both in vitro and in vivo
46, 47

.  Though mTOR inhibitors yielded early success in renal 

cancers, they have since been shown to be useful for the treatment of a variety of cancers, 

including renal, liver, breast and prostate with many clinical trials completed and ongoing
48, 49

. 

Additionally, rapamycin and its rapalogs have been used to treat mantle cell lymphomas and 

TSC-related tumors, for which there are limited therapeutic options
42

.  
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mTOR inhibitors are used in a variety of inflammatory disease models. One study reported that 

implantation of stents coated with the mTOR inhibitor everolimus into atherosclerotic arteries of 

cholesterol-fed rabbits significantly reduced macrophage content
44

. Concurrent in vitro studies 

demonstrated that treatment of macrophages with everolimus inhibited protein translation and 

induced cell death, suggesting that plaque-causing macrophages in atherosclerosis can by 

selectively targeted by mTOR inhibition
50

. In this aspect, mTOR inhibitors may be a promising 

therapy for treatment of atherosclerotic plaques and coronary artery disease.  

 

The efficacy of mTOR inhibitors in transplantation has been and continues to be explored, driven 

by the need to limit rejection in allograft recipients. Rapamycin (sirolimus) and its analogue, 

everolimus, are the two mTOR inhibitors that have been approved for use in human 

transplantation
51

. While everolimus has been licensed for renal, heart, and liver transplantation, 

rapamycin is only approved for renal transplantation, though several centers have used it for the 

treatment of liver transplant recipeints
52

. Recent clinical trials have shown a reduction in the 

incidence of chronic cardiac allograft rejection when mTOR inhibitors were used
53, 54

, adding 

further promise to the potential of mTOR-targeted therapies. 

 

Immunosuppressive drugs used to treat allograft recipients exhibit toxicity profiles which at 

times influence graft homeostasis and potentiate the adverse outcomes seen in the long term. 

While Calcineurin inhibitors (CNIs) demonstrate nephrotoxicity in recipients of renal allografts, 

mTOR inhibitors have yet to demonstrate clinical side effects that represent a major threat and 

generally result in low rates of acute rejection and graft failure when compared to CNIs and 

MMF
52, 55, 56

. mTOR inhibitors have been shown to be effective immunosuppressant agents in 
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renal and cardiac transplantation in a CNI-free regimen. Evidence from a number of studies 

suggests that the use of mTOR inhibitors as adjunct therapy to non-CNIs is effective in 

preventing or attenuating cardiac allograft vasculopathy
57-59

, providing the rationale for using 

mTOR inhibitors as an adjunct or alternative to CNIs. Furthermore, there is evidence suggesting 

that avoidance of CNIs in favor of mTOR inhibitors reduces some post-transplant infections such 

as CMV
55, 56

. 

 

Given these findings, much attention is being directed to CNI minimization protocols, and 

conversion from CNI-based to mTOR-inhibitor-based regimens are currently being examined in 

clinical situations with short-term data suggesting improvement in graft function
60

. A recently 

completed phase 4 clinical trial (NCT01046045) compared the efficacy of CsA (CNI) versus 

everolimus treatment in patients with chronic renal allograft rejection, though the results are still 

awaited.   

 

The growing interest in mTOR inhibitor-based therapies has created a need to determine the 

mechanisms of action of these drugs. mTOR is known to play a major role in the immune 

response. As such, mTOR inhibitors have been used to block proliferation of activated T cells in 

organ transplant recipients. Furthermore, mTOR inhibitors are capable of inducing anergy in 

naïve T cells and promoting the expansion of regulatory T cells
61

. A recent clinical trial 

(NCT01014234) explored the effects of rapamycin on regulatory T cells in kidney transplant 

patients to determine the potential of rapamycin in inducing tolerance after transplantation. In 

addition to its effects on the adaptive immune response, a central role for mTOR in innate 

immunity has been recently defined by its ability to limit the production of pro-inflammatory 



 

12 
 

mediators from myeloid cells
62

. mTOR inhibitors have also been shown to block the maturation 

of dendritic cells and promote tolerance
61, 63, 64

. An unmet need clearly remains for identifying all 

mechanisms of mTOR inhibition in the setting of AMR in solid organ transplantation which will 

have relevance for short and long-term management of patients.  
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1.4 Conclusion 

 

Advances in the field of transplantation have led to remarkable improvements in short-term graft 

outcomes among patients in recent years, though long-term graft survival remains a crucial 

problem. As important mediators of acute and chronic injury, HLA antibodies trigger vascular 

injury through a multitude of mechanisms. Appropriate therapy requires targeting HLA 

antibody-induced endothelial activation and abrogating vascular inflammation responsible for 

promoting vasculopathy, intragraft leukocytic infiltrates, and complement deposition.  

 

Studies conducted by our group implicate mTOR signaling in HLA antibody-mediated 

endothelial activation and suggest that mTOR inhibition prevents signatures of HLA antibody-

induced injury, including endothelial proliferation, migration and leukocyte recruitment
45, 65, 66

. 

Furthermore, accumulating evidence from clinical trials, as well as in vitro and in vivo studies 

suggests that mTOR inhibitors may be effective in preventing and treating aspect of antibody-

mediate injury. For this reason, it is crucial to further explore the impact of mTOR inhibition on 

HLA-antibody-activated graft endothelium and to identify all mechanisms of mTOR inhibition 

in the setting of transplantation.   
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2.1 Abstract  

Purpose of review: This review summarizes the phenotype and function of macrophages in the 

context of solid organ transplantation and will focus on fundamental insights into their 

paradoxical pro-inflammatory versus suppressive function. We will also discuss the therapeutic 

potential of regulatory macrophages in tolerance induction.  

 Recent findings: Macrophages are emerging as an essential element of solid organ 

transplantation. Macrophages are involved in the pathogenesis of ischemia reperfusion injury, as 

well as both acute and chronic rejection, exacerbating injury through secretion of inflammatory effectors 

and by amplifying adaptive immune responses. Notably, not all responses associated with macrophages 

are deleterious to the graft, and graft protection can in fact be conferred by macrophages. This has been 

attributed to the presence of macrophages with tissue-repair capabilities, as well as the effects of 

regulatory macrophages. 

Summary:  The explosion of new information on the role of macrophages in solid organ transplantation 

has opened up new avenues of research and the possibility of therapeutic intervention.  However, the role 

of myeloid cells in graft rejection, resolution of rejection and tissue repair remains poorly understood.  A 

better understanding of plasticity and regulation of monocyte polarization is vital for the development of 

new therapies for the treatment of acute and chronic transplant rejection.   

Keywords: Macrophage; allograft rejection; acute; chronic, regulatory macrophages  
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2.2 Introduction 

Macrophages and their precursors, monocytes, constitute an essential component of the innate 

immune system and form the first line of defense against pathogens [1]. Macrophages have the capacity 

to differentiate into a variety of phenotypes in response to cues from the microenvironment, and it is this 

notable phenotypic plasticity that governs the expression of the broad range of inducible effectors [2]. In 

the transplant setting, macrophages can cause allograft injury, tissue remodeling or have 

immunoregulatory/suppressive effects depending on their state of activation [2-4].  In response to stimuli, 

infiltrating macrophages differentiate preferentially into ―classically activated‖ or ―alternatively-

activated‖ subsets with markedly different functions [3, 4]. Classically activated macrophages, also 

referred to as M1 macrophages, develop in response to IFN-γ and engagement of Toll-like receptors 

(TLRs) by microbial products [2, 5]. They generally display a pro-inflammatory phenotype expressing 

high levels of CD86, iNOS, TNF-α, IL-1 and IL-6 (Figure 1a)  [4]. In contrast, exposure to IL-4 or IL-13 

leads to the development of ―alternatively-activated‖ or ―wound-healing‖ macrophages, also referred to as 

M2 macrophages, that display markers of alternative activation including CD206, the scavenger protein 

CD163, arginase-1, and IL-10 (Figure 1b) [6-8]. The M2 subset of macrophages is not a uniform 

population and is further subdivided into M2a, M2b, and M2c. Within this subset, M2a macrophages, 

generally referred to as alternatively activated macrophages, are induced by IL-4 and IL-13, with surface 

expression of CD163, CD206, CD209, IL-4, FcεR, and Dectin-1. Ligation of macrophage FcRs by IgG 

complexes coupled with TLR or CD40/CD44 engagement induces a Type II activation [2, 3, 9], which 

corresponds with an M2b phenotype. M2b macrophages are immunoregulatory and produce high levels of 

IL-10, IL-1, IL-6 and TNF-α. M2c macrophages are referred to as deactivated macrophages given their 

role in down-regulation of pro-inflammatory cytokines, as well as tissue repair and remodeling. This 

macrophage subset is induced by IL-10, TGF-β, and glucocorticoids and in turn produces large amounts 

of IL-10 and TGF-β with surface expression of CD163, CD206, RAGE and other scavenger receptors [3, 

10]. While these M2 variants have been explored in a variety of disease models [11, 12], they have yet to 

http://www.ebioscience.com/antigens/f/fc-epsilon-receptor-1-alpha-fceri-antibodies-proteins-kits.htm
http://www.ebioscience.com/antigens/d/dectin-1-antibodies-proteins-kits.htm
http://www.ebioscience.com/antigens/i/interleukin/il-10-antibodies-proteins-kits.htm
http://www.ebioscience.com/antigens/i/interleukin/il-1-beta-antibodies-proteins-kits.htm
http://www.ebioscience.com/antigens/i/interleukin/il-6-antibodies-proteins-kits.htm
http://www.ebioscience.com/antigens/i/interleukin/il-10-antibodies-proteins-kits.htm
http://www.ebioscience.com/antigens/c/cd151-cd200/cd163-antibodies-proteins-kits.htm
http://www.ebioscience.com/antigens/c/cd201-cd250/cd206-mmr-antibodies-proteins-kits.htm
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be characterized in the setting of solid organ transplantation. Regulatory macrophages (M regs), a less 

well-characterized subtype of macrophages, can suppress T cell function and have been utilized as 

therapeutic agents in transplantation (Figure 1c) [13, 14]. Regulatory macrophages express iNOS, MHC 

class II, and PD-L1, though little CD40 or CD86 [15]. M regs are fundamentally distinct and do not 

express most markers found on M1 or M2 macrophages and have been shown to mitigate acute and 

chronic inflammation in different disease models [16]. Though regulatory macrophages modulate 

inflammatory immune responses, these cells do not actively participate in wound healing [15]. Notably, 

peripheral blood monocytes have been divided into two subsets with distinct function and phenotype. The 

pro-inflammatory CD14+CD16+ subset exhibits high expression of pro-inflammatory cytokines [17], 

while the immunosuppressive monocytes are CD14+CD163+ and exhibit immunosuppressive 

mechanisms including IL-10 production [18]. The role of peripheral blood monocyte subsets in 

transplantation has been minimally studied, with contradictory findings, and requires further investigation 

[18, 19].  

 

2.3 Macrophages in Ischemia Reperfusion Injury  

Ischemia reperfusion injury (IRI) is a multifactorial process, involving both innate and adaptive 

immunity, which impacts early and late graft dysfunction [20]. Cells of the innate immune system, 

particularly macrophages, are key potentiators of IRI, participating in both the early stages of injury and 

in late stage repair [21-25]. Animal models of IRI show that injury is associated with an influx of 

macrophages, implicating these innate immune cells in augmentation of ischemic injury [26]. One study 

demonstrated that knocking out CCR2 , a receptor for monocyte chemo-attractant protein 1 (MCP-1), 

protected mice from kidney IRI, correlating with reduced macrophage infiltration [27]. In a murine model 

of liver IRI, blockade of TIM-1 on CD4 cells inhibited T-cell mediated activation of macrophages and 

mitigated injury [28]. In a clinical study, using the selectin antagonist (rPSGL-1) reduced liver IRI with 

improved liver function and augmented cytoprotective IL-10, with a reduction in MCP-1, suggesting 
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inhibition of macrophage infiltration [20]. Notably, while inflammatory macrophages contribute to the 

initial damage during IRI [21], alternatively activated macrophages promote repair following the injury. 

As such, Huen et al. showed that macrophages in the setting of kidney IRI can be skewed toward a 

distinct reparative phenotype which supports tubular proliferation and repair in response to GM-CSF [29, 

30]. Similarly, a myeloid-specific PTEN knockout conferred protection from liver IRI by promoting 

development of M2 macrophages in response to TLR engagement. PTEN deficiency resulted in 

constitutive activation of the pro-survival PI3K pathway, which regulates macrophage differentiation by 

upregulating miR-155. This M2 differentiation correlates with a decrease in expression of certain pro-

inflammatory mediators and a marked increase in the anti-inflammatory cytokine IL-10 [31]. Moreover, 

over-expression of macrophage heme-oxygenase-1, an enzyme with anti-inflammatory properties, 

imposed an anti-inflammatory or M2 phenotype, selectively inhibiting M1 polarization. When adoptively 

transferred into mice, these macrophages mitigated injury and inflammation caused by ischemia 

reperfusion [32]. Collectively, these findings point to an instrumental role for macrophages in the 

pathophysiology of IRI depending on the nature of the macrophage subset during the time course of 

injury, as M1 macrophages can mediate the inflammatory process at the onset of ischemic injury, while 

M2 macrophages are involved in post-injury resolution. As IRI is an antigen-independent event, 

macrophages involved in this process are activated through cytokines and/or engagement of TLRs or 

other pattern recognition receptors by endogenous ligands generated through cellular damage [33]. 

Consequently, mice deficient in TLR4 demonstrated reduced IRI after liver transplantation [34], while 

donor TLR4 was shown to contribute to renal allograft inflammation in humans [35]. A recent study 

revealed lipocalin-2 (Lcn2), a defense mediator expressed in response to TLR activation, plays a crucial 

role in cardiac IRI, and neutralization of Lcn2 suppressed M1 macrophage polarization and instead 

mediated skewing of macrophages toward an M2 phenotype. Additionally, Lcn2 treatment suppressed 

infiltration of macrophages further limiting IRI [36]. 
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2.4 Macrophages in Acute Allograft Rejection 

Macrophages were first implicated in rejecting renal allografts over fifty years ago [37]. 

Macrophage accumulation in the allograft is associated with both acute antibody-mediated rejection 

(AMR), and acute cell-mediated rejection [38, 39].  In instances of acute and chronic injury [39] in animal 

models as well as humans [40, 41], macrophages account for 38-60% of infiltrating leukocytes in 

rejecting organs [42-45]. Notably, a murine model of pancreatic islet grafts provided evidence of direct 

destruction of islet tissue by macrophages [46]. The presence of CD68+ macrophage infiltrates is 

associated with diagnosis of acute rejection in human renal allografts [39, 47-49]. Macrophage depletion 

has led to amelioration of graft injury and a reduction in pathological features of acute rejection in 

experimental models [40, 44, 50, 51]. Similarly, inhibition of macrophage accumulation and activation in 

murine cardiac allografts results in abrogation of graft injury and rejection [43, 52]. 

Macrophages propagate injury in the setting of AMR [53, 54] and are a distinguishing feature of 

graft pathology in AMR lesions [49]. In fact, one of the most important diagnostic criteria for AMR in 

cardiac transplantation is the presence of intravascular macrophages in the capillaries of endomyocardial 

biopsies [55]. In a clinical study, Kirk and colleagues found that there was a high incidence of AMR 

associated with infiltrating macrophages in renal transplant patients treated with Campath, a T cell-

depleting drug [56, 57]. Similar detrimental effects were observed in a lymphocyte-deficient RAG-/- 

cardiac murine model of acute AMR [53, 54], adding support to the claim that macrophages are sufficient 

to induce allograft injury. In this study, passive transfer of anti-donor HLA antibodies induced 

accumulation of intravascular macrophages in heterotopic cardiac allografts, demonstrating pathological 

features of injury. In vitro, P-selectin blockade was shown to prevent antibody-mediated monocyte 

recruitment to endothelial cells, conferring protection from antibody-induced damage. This was 

recapitulated in the above-mentioned murine model of acute AMR [53] and has had promising results in 

IRI [20], with potential for use in AMR in solid organ transplantation. In the setting of AMR, donor 

specific HLA IgG antibodies have been shown to recruit monocytes via an FcγR-dependent mechanism 



 

30 
 

[9, 58]. Consequently, eliminating these antibody-FcγR interactions using EndoS, an endoglycosidase that 

modifies protein glycosylation, and IdeS, an IgG-degrading enzyme, was shown to significantly lessen 

monocyte recruitment to cardiac endothelium in vitro [58]. 

These combined findings implicate macrophages as an essential determinant in the induction of 

acute rejection. Though the exact mechanism by which macrophages mediate injury is not fully 

understood, in vitro and in vivo studies implicate  the production of inflammatory mediators as a central  

mechanism whereby macrophages contribute to allograft injury [5]. Inside the graft, macrophages release 

inflammatory mediators such as nitric oxide (iNOS), IL-2, IL-6, IL-12, MCP-1, and TNF-α [40, 44], 

which activate and damage the microvasculature, recruit leukocytes, and induce donor-specific cytotoxic 

responses [1]. Studies where macrophages have been depleted, or receptors for leukocyte recruitment 

antagonized, confirmed the role of macrophage cytokine production and other pro-inflammatory 

mediators in graft rejection.   For instance, chemical macrophage depletion results in a reduction in the 

severity of acute allograft rejection in rodent models of small bowel transplantation [44, 59]. The 

reduction in small bowel injury was attributed, in part, to lower expression of inflammatory genes 

including iNOS, MCP-1 and IL-6, factors associated with M1 macrophages. Blockade of inflammatory 

cytokines such as TNF-α and iNOS was shown to extend cardiac graft survival, underscoring the 

importance of macrophage-mediated-inflammation in heart transplant rejection [60, 61]. Similarly, 

administration of the chemokine receptor antagonist, Met-Rantes, inhibited monocyte adhesion to 

inflamed endothelium in a rat model of acute cellular renal injury in which monocytes constitute the 

majority of the infiltrating cells. Correspondingly, the treated animals displayed a decrease in the 

expression level of several pro-inflammatory cytokines [62, 63]. While M1 macrophages mediate injury, 

M2 macrophages are generally implicated in injury resolution and tissue remodeling, and therefore, they 

may promote allograft damage repair; though currently, their role in acute injury remains speculative. 

Histological studies of murine corneal allografts exhibiting acute rejection revealed the presence of M1 

macrophages secreting pro-inflammatory mediators, while M2 macrophages were detected in the animals 
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that did not reject the transplants [64]. An M1-dominant response was also observed in a rat model of 

acute renal AMR and in clinical biopsy samples of acutely rejecting kidney allograft recipients [65].  

In light of these findings, selective depletion of macrophage subpopulations may be exploited to 

provide additional insight into the myriad functions of macrophages in the context of acute allograft 

injury and repair, more specifically targeting M1 macrophages as a therapeutic tactic.  Albeit, it might be 

more prudent to target destructive macrophage subsets for manipulation, such as those skewed toward the 

M1 phenotype, for manipulation, rather than depletion, as studies suggest that macrophages are plastic 

and do not remain committed to a single phenotype/activation state [2, 3]. 

 

2.5 Macrophages in Chronic Allograft Rejection 

Chronic rejection is the leading cause of long-term graft failure. The manifestations of chronic 

allograft rejection include vasculopathy and chronic vascular lesions, often accompanied by sub-

endothelial leukocytes, and proliferation of vascular endothelial and smooth muscle cells [66]. 

Histological sections of chronically rejecting tissues stain positive for macrophage infiltrates, and 

macrophage labeling has been explored as a means of detecting chronic rejection prior to the onset of 

graft dysfunction [67]. Intragraft macrophages are associated with worse outcome in renal, liver, and 

cardiac transplantation in humans as well as animal models [68-70], and macrophages have been shown 

to directly cause tissue injury and fibrosis. Case studies focusing on the development of chronic allograft 

nephropathy have emphasized the pivotal role of macrophages in human biopsies culminating in end-

stage renal failure [69, 71, 72]. Interestingly, monocytes have been shown to have altered activation 

levels, exhibited by enhanced TNF-α production, in patients undergoing chronic renal rejection [73].  

As in the case of acute rejection, the current view is that macrophages promote worse graft 

outcome through the release of inflammatory mediators and regulation of cytokine dynamics. Studies 

conducted during the course of chronic rejection found up-regulation of MCP-1, RANTES, TNF-α, IFN-γ 

and iNOS among others, correlating with macrophage activation [74]. Yang et al. used a previously 
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established rat renal allograft model to target a variety of macrophage-derived and macrophage-activating 

soluble mediators implicated in chronic graft rejection. Blocking the actions of TNF-α, IL-12, and IFN-γ 

reduced macrophage-mediated chronic injury [75]. Macrophage participation in chronically rejecting 

vascularized grafts can be further modulated by blockade of chemokine-chemokine receptor interactions, 

as administration of Met-RANTES, an agonist to the chemokine receptor CCR5, to transplant recipients 

has been successful in significantly lessening chronic injury in cardiac and renal grafts [76, 77]. A 

macrophage-specific inhibitor, gamma lactone, was successfully used to prevent murine chronic renal 

allograft nephropathy [68] with a correlative reduction in the levels of macrophage-produced 

inflammatory mediators. As in acute injury, the impact of macrophages in models of chronic rejection has 

been assessed through depletion strategies, demonstrating attenuation of chronic lesions and vasculopathy 

[78]. 

In patients presenting with chronic allograft nephropathy, mRNA levels of PAI-1, a glycoprotein 

which promotes fibrosis by inhibiting degradation of the extracellular matrix , were found to be increased 

in macrophages infiltrating the kidney [72]. These findings identify an additional mechanism where 

macrophages incite chronic rejection by promoting fibrosis. Fibrosis precedes clinical dysfunction of the 

allograft and the development of progressive fibrosis in turn has been attributed to M2 macrophages in the 

context of dysregulated inflammation [48]. Though the majority of M2 macrophages, including M2a and 

M2c macrophages, are generally considered to demonstrate beneficial reparative characteristics, with 

regard to ongoing injury, sustained activity may result in the continuous production of various wound-

healing growth factors, ultimately becoming a pathological process leading to fibrosis [79]. Consequently, 

M2 macrophages were identified as the dominant macrophage subset found in chronic lesions [6]. 

Steroids and calcineurin inhibitors, used routinely in transplantation therapy, have been shown to induce 

CD163+ M2 macrophage polarization, with a correlative increase in mRNA levels of pro-fibrotic 

cytokines such as TGFβ-1 and connective tissue growth factor, thus promoting development of fibrosis 

and at times exacerbating rejection [6, 80]. These recent findings link progression of fibrosis to this subset 
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of macrophages, suggesting that they may serve as a predictive biomarker of chronic rejection and that 

restricting their activity would serve as a potential therapeutic strategy to protect against macrophage-

dependent mechanisms related to fibrosis. Fully understanding the function of the M2 macrophage subset 

in the setting of chronic rejection requires additional studies.  

 

2.6 Macrophages as a therapeutic agent 

Though much attention has been given to the detrimental role of macrophages in organ 

transplantation, limited studies have ascertained that regulatory macrophages have the potential to 

prolong allograft survival. 

M regs have been used in immunodeficient mice [81], and in non-immunosuppressed recipients of a 

mismatched heterotopic heart allografts, to ameliorate symptoms of rejection and prolong allograft 

survival [15]. Furthermore, administration of M regs to porcine recipients of single lung allografts 

improved graft prognosis [82]. 

Presently, it is not fully understood how M regs exert their immunosuppressive effects in vivo, 

though it is assumed it is controlled by multiple mechanisms. In principle, M regs could directly regulate 

and suppress polyclonal T cell proliferation and mediate T cell elimination through an iNOS-dependent 

mechanism and their ability to down-regulate L-selectin levels on T cells, which ultimately prevents T 

cell activation [15, 83]. Alternatively, M regs may secrete anti-inflammatory mediators, which help 

promote tissue repair. Consistent with this idea, the suppressive capacity of M regs has been attributed to 

IFN-γ-induced iNOS [15, 84], which has recently been implicated in macrophage-mediated immune 

suppression [15, 85]. 

From a therapeutic viewpoint, regulatory macrophages with the capacity to quell an aberrant 

inflammatory response could be used as a pharmacological agent for tolerance induction. A recent study 

showed that M regs can be generated from peripheral blood monocytes for potential use in solid organ 

transplantation [86]. Two human recipients of kidney allografts were adoptively transferred with donor-
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derived infusions of M regs and weaned to monotherapy [13]. No incidence of acute or chronic rejection 

has been observed at 5 years. The absence of acute rejection and lack of signs indicative of subclinical 

rejection suggested a lack of or attenuation of anti-donor reactivity [87]. In these studies, M regs 

demonstrated graft-protective functions and pre-operative administration of M reg-based therapy was 

shown to mediate tolerance of the donor allograft. Donor M regs are used instead of recipient M regs, as a 

study by Riquelme et al. established that the graft-protective effect of M regs is specific to donor cells 

[15]. The described findings suggest there is a benefit to distinguishing between macrophage subsets 

present in allograft settings, as depletion of certain subsets of macrophages may prove more beneficial 

than total macrophage depletion.  

Several key clinical concerns remain to be addressed regarding the translation of M reg therapy to 

clinical transplantation, such as the stability and safety of M regs in vivo and the efficacy of M reg usage 

in a wide and variable population. Some of these questions are now being addressed in the ONE Study 

consortium in Europe, aimed at determining the efficacy and safety of administering donor-derived M reg 

preparations to living-donor solid organ transplant recipients as a cellular immunotherapy, with the 

ultimate goal of reducing the need for conventional immunosuppression (NCT02085629).  

 

2.7 The Effects of Immunosuppressives and therapeutics on Macrophages 

Immunosuppressive drugs used routinely for the prevention of allograft rejection have been 

shown to affect the phenotype and function of macrophages. Macrophages treated with rapamycin, an 

inhibitor of the serine/threonine kinase mTOR, were impaired in their ability to present antigens and 

displayed a notable reduction in the expression of CD80 [88]. Rapamycin has also been shown to inhibit 

production of the inflammatory mediator iNOS in macrophage cell lines [89]. Bortezomib is a protease 

inhibitor mainly used in the treatment of AMR [90] and has also been found to block T-cell mediated 

responses [91, 92]. In a murine model of contact hypersensitivity, an inflammatory immune reaction 

mediated by T cells, Bortezomib treatment resulted in a noted reduction in macrophage infiltration [91]. 
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Furthermore, Bortezomib has been shown to reduce inflammatory cytokine production in macrophages 

stimulated with LPS in vitro [91, 93].  Use of the calcineurin inhibitors CsA and FK506 has been shown 

to regulate TLR mediated pathways in myeloid cells and lead to macrophage activation by inhibiting the 

calcineurin/NFAT pathway.  Blocking NFAT leads to activation of the downstream NF-κB and MAPK 

pathways, and to subsequent production of inflammatory mediators including IL-12 and TNF-α [94, 95]. 

As mentioned previously, calcineurin inhibitors have also been implicated in the promotion of M2 

macrophage differentiation , as identified by the marker CD163 [6]. Butyric acid is used for treatment of 

auto-immune disorders and has been investigated for tolerance induction in allografts [96]. Butyrate 

treatment of monocytes in vitro was found to decrease their phagocytic capabilities and to reduce 

expression of markers including CD14, CD86 and MHCII [97]. In a separate study, butyrate prevented 

IL-12 production in human monocytes and promoted production of IL-10 [98], suggesting that it might 

play a role in the development of anti-inflammatory macrophages.  

 

2.8 Conclusion 

Modulation of graft homeostasis involves the interplay between the various subpopulations of 

macrophages, which can contribute allograft-destructive or protective mechanisms based on their 

phenotype and function.  Though major advances have been made with regard to an improved 

understanding of the contribution of macrophages to graft outcome, there is a paucity of clinical data and 

further studies are warranted to establish a comprehensive understanding of their contribution to graft 

injury, repair and graft acceptance.   

 

Key points 

 Based on cues from their microenvironment, macrophages differentiate into inflammatory (M1), 

wound-healing (M2), or regulatory macrophages all with distinct functions and phenotypes.  
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 Macrophages generate inflammatory mediators that contribute to ischemia reperfusion injury and 

acute and chronic allograft rejection. 

 Regulatory macrophages are an attractive candidate for use as an adjunct cell-based therapy to 

suppress allograft rejection in human transplantation.  
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Figure 2-1. Macrophage plasticity and function in the context of allograft rejection. 

a) M1 macrophages are classically activated, damage graft endothelium, recruit additional 

leukocytes, and mediate tissue injury. They are the dominant phenotype in acute rejection and 

their activity can be modulated by blockade of their activation or the factors they produce. b) M2 

macrophages are alternatively activated, mediate tissue repair and injury resolution, and promote 

fibrosis. This subset is predominantly found in chronically-damaged allografts. c) Mregs are 

activated in a fashion distinct from the other two subsets. They modulate anti-inflammatory 

response, have T cell suppressive capacity, and are being investigated for use in cell-based 

therapy. 
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Chapter 3:  

 

mTOR Inhibits HLA Class I Ab-mediated Endothelial 

Activation and Monocyte Recruitment in an ICAM1-

Dependent Manner in Model of Acute Cardiac 

Rejection   
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3.1 Abstract 

Background-Antibody-mediated rejection (AMR) resulting in allograft vasculopathy remains a 

major obstacle for long-term patient and cardiac transplant survival.  mTOR inhibitors have 

proven efficacy to reduce intimal hyperplasia of the transplanted organ, yet the mechanisms 

underlying the capacity of Rapalogs to inhibit vasculopathy have not been fully elucidated.   

Methods and Results-We explored the underlying molecular mechanisms of HLA class I 

(HLA-I) antibody-induced AMR and the role of the mTOR signaling network in endothelial-

monocyte interactions. We discovered a previously undescribed regulatory property of mTOR in 

endothelial cells (ECs) via abrogation of HLA I antibody-induced circulating monocyte 

recruitment in vitro. We confirmed these findings in a murine model of cardiac AMR in which 

recipients of fully-MHC mismatched donor cardiac allografts were administered donor-specific 

major histocompatibility complex class I (MHC-I) antibodies, manifesting in endothelial injury 

and intravascular macrophage accumulation. mTOR inhibition significantly reduced macrophage 

infiltration and vascular injury in vivo. Furthermore, HLA I ligation of ECs induces ICAM-1-

mediated firm adhesion of monocytes in an mTOR-dependent manner.   

Conclusions-Our results suggest that mTOR inhibition dampens activation of endothelial cell 

signaling pathways in response to HLA-I antibodies and prevents macrophage infiltration into 

cardiac allografts, and may prove effective in the treatment of acute AMR. These findings 

indicate a novel application for the use of sirolimus and everolimus in patients manifesting with 

AMR, to target endothelial-monocyte interactions. 

 

 

Key words:  cell adhesion molecules, endothelium, inflammation, rejection, transplantation 
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3.2 Introduction 

Cardiac transplantation remains the most effective treatment for patients with end-stage heart 

failure. Advances in immunosuppression and patient management have increased the rate of one-

year cardiac graft survival to nearly 90%.  However, the development of antibody-mediated 

rejection (AMR) persists as a major issue limiting long-term patient and graft survival.  AMR is 

caused by the binding of donor specific human leukocyte antigen (HLA) antibodies (HLA-

DSAs) to the mismatched donor HLA class I and class II antigens expressed on the endothelium 

of the graft.  DSA binding activates the endothelium resulting in microvascular inflammation 

with a characteristic histologic phenotype of mononuclear cell infiltration, and the presence of 

intravascular macrophages, with or without complement deposition(Colvin and Smith, 2005). 

Chronic exposure of the allograft to DSA leads to the development of coronary allograft 

vasculopathy (CAV), a manifestation of chronic antibody-mediated rejection, resulting in graft 

dysfunction, allograft loss and patient death (Amico et al., 2009; Ho et al., 2011; Willicombe et 

al., 2011).  Therefore, efforts to disrupt antibody-mediated microvascular inflammation and 

accompanying leukocyte recruitment may prevent CAV and extend the life of the transplant 

recipient. Recent studies support this concept as depletion of NK cells significantly reduced 

neointimal formation in a murine model of chronic AMR.  Furthermore, depletion of monocytes 

reduces inflammation and development of rejection (Salehi and Reed, 2015).  

 

In addition to their well-known role in antigen presentation, HLA class I (HLA-I) molecules 

transduce signals that elicit functional alterations in endothelial cells (ECs).  HLA-I crosslinking 

induces cytoskeletal remodeling, proliferation and migration of ECs (Li et al., 2011; Narayanan 
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et al., 2006; Valenzuela and Reed, 2011).  HLA-I signaling also triggers rapid mobilization of 

Weibel Palade Bodies, induction of P-selectin and the recruitment of myeloid cells and 

neutrophils to the endothelium (Valenzuela et al., 2013a; Valenzuela et al., 2013c; Yamakuchi et 

al., 2007).  A critical pathway regulating HLA-I-mediated signaling in ECs is the mammalian 

target of rapamycin (mTOR).  Blocking mTOR activity has been shown to prevent HLA-I 

antibody-mediated EC proliferation and migration, suggesting that rapalogs may be beneficial in 

preventing graft injury by HLA antibodies(Jin et al., 2014; Jindra et al., 2008b; Jindra et al., 

2008c).  Pretreatment of endothelial cells with rapamycin inhibits TNF-induced expression of the 

adhesion molecule VCAM-1 on ECs and reduced the capacity of TNF-treated ECs to capture T 

cells under physiologic flow conditions(Wang et al., 2014).   Furthermore, rapamycin effectively 

reduced leukocyte binding and extravasation in submucosal venules thereby reducing 

inflammation in a murine model of colitis(Farkas et al., 2006). mTOR  inhibition in monocytes 

regulates cell surface expression of UPAR which influences surface proteolysis, matrix 

interactions, and signaling and migration of monocytes and other leukocytes(Mahoney et al., 

2001). Inhibition of mTOR by rapamycin was also found to abolish ROCK-1 synthesis in 

macrophages resulting in an inhibition of chemotaxis and phagocytosis (Fox et al., 2007). 

 

While mTOR inhibitors are widely used for the treatment of a variety of diseases (Meng and 

Zheng, 2015), including prevention of allograft rejection (Andreassen et al., 2015; Qiu et al., 

2015), the mechanism by which inhibition of the mTOR signaling pathway reduces development 

of CAV(Eisen et al., 2013; Eisen et al., 2003; Kobashigawa et al., 1998) is not fully understood. 

Here we demonstrate that HLA-I signaling in ECs mediates activation of RhoA, MAPK and 

ERM proteins downstream of mTOR causing subsequent ICAM-1 clustering on the endothelial 
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cell surface, a necessary step for myeloid cell adhesion and extravasation.  Furthermore, we 

show that mTOR inhibition reduces myeloid cell burden in heart allografts undergoing AMR.  

We conclude that HLA-I/mTOR-dependent signaling mechanisms trigger clustering of 

endothelial ICAM-1 into a membrane structure that provides a platform for stable monocyte firm 

arrest and transendothelial cell migration. 
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3.3 Results 

3.3.1 Inhibition of mTOR in endothelial cells significantly reduces HLA I antibody-induced 

monocyte recruitment 

 

mTOR has been shown to be required for endothelial activation following HLA class I ligation 

by antibody, therefore, we sought to determine if mTOR inhibition can mitigate features of HLA 

class I-induced AMR by abrogating recruitment of cell-line and primary monocytes to 

endothelial cells in culture. We found that pre-treatment of HLA I Ab-activated human aortic 

endothelial cells (HAECs) with mTOR inhibitors rapamycin (rapa) and everolimus (RAD) 

reduced adherence of the monocytic cell line MM6 to the endothelium by approximately 1.5 fold 

compared to non-mTOR inhibited activated ECs (Fig. 1A). Additionally, we demonstrated 

pharmacological inhibition of mTOR blocks HLA I-induced recruitment of primary monocytes 

to activated endothelium (Fig. 1B ). Pre-treatment of ECs with BAPTA-AM, a Ca 
2+

 chelator, 

was used as a positive control to confirm inhibition of monocyte adherence, as we have 

previously demonstrated (Valenzuela et al., 2013b). 

To establish ideal dosages for mTOR inhibitor use in vitro, ECs were pre-treated with varying 

doses of the pharmacological mTOR inhibitors rapamycin and everolimus (RAD), followed by 

stimulation with pan HLA-I antibodies (Suppl. Fig. 1 ; (Jin et al., 2014)). Ideal dosage was 

defined as the minimum dosage at which we observed equal measures of response as higher 

dosages. Fc interactions between monocytes and HLA Abs that would result in activation of 

complement were precluded via incubation with human IgG (Valenzuela et al., 2013c).  

We confirmed that stimulation of ECs with HLA I Abs or the classical agonist thrombin results 

in significant monocyte adherence compared to untreated ECs. Using an antibody against 
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integrin β3 (ITGB3) had no effect (Figure 1A, 1B).  ECs were activated through two different 

pan HLA I Abs (HLA I Ab (mIgG2a) and HLA I Ab (mIgG1), targeting different epitopes of the 

same molecule, to demonstrate reproducibility of our findings. We also observed inhibition of 

monocyte adherence to HLA I-stimulated ECs when endothelial mTOR was inhibited for 2 h 

(Figure 1C). Rapamycin/everolimus pre-treatment for 2 hours has been shown to inhibit 

mTORC1 formation, whereas prolonged exposure (greater than 6 hours), prevents formation of 

mTORC2 andmTORC1. The use of two different time points (2 and 24 h) allowed us to assess 

the relative contributions of mTORC1 and mTORC2 (respectively) to monocyte recruitment, 

suggesting that both mTOR complexes are involved in regulating endothelial recruitment of 

monocytes following HLA class I engagement. 

Representative images illustrate fluorescently labeled MM6 adhere to ECs with HLA I Ab 

stimulation; this is prevented with rapamycin pre-treatment (Figure 1D).  

To determine which specific mTOR signaling complex regulates monocyte adherence to HLA I-

stimulated ECs, we used gene-specific siRNA to knock down main components of each 

complex, raptor for mTORC1 and rictor for mTORC2. The efficiency of the silencing protocol is 

displayed by Western blot (supplemental figure 2).  

Static adherence assays following siRNA knockdown of raptor and rictor revealed 

commensurate inhibition of monocyte binding efficiency (Figure 1E). We determined that 

although silencing of mTORC1 and mTORC2 separately inhibits monocyte adherence to almost 

control levels, blockade of complete mTOR signaling using mTOR siRNA demonstrated a more 

robust inhibition of monocyte adherence, suggesting a synergistic effect. In summary, these 

experiments point to a regulatory role for mTOR in monocyte recruitment to EC.  
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3.3.2 In vivo blockade of mTOR ameliorates HLA-I antibody-mediated acute AMR 

Having established that mTOR inhibition in vitro blocks monocyte adherence to HLA I-activated 

endothelium, we sought to further explore the role of mTOR signaling in monocyte recruitment 

during AMR by in vivo administration of the mTOR inhibitor rapamycin to transplanted mice 

undergoing cardiac AMR. We used a previously established murine model of acute antibody 

mediated injury (Jindra et al., 2008a; Valenzuela et al., 2013a) which demonstrates features 

analogous to human AMR, including endothelial swelling and injury, intravascular macrophage 

infiltrates, and complement deposition (Figure 2A). 

H&E analysis revealed MHC I Ab treatment resulted in AMR pathology as demonstrated by 

plump and prominent endothelium, and myocardial injury, as demonstrated by shrunken 

myocytes and disrupted myocardial architecture. In the group that received rapamycin therapy 

concurrently with anti-donor MHC I Abs, there was significant amelioration of graft pathology. 

Specifically, endothelial swelling was more subtle and ECs appeared flat and inconspicuous, 

with less damage to the myocardium, which is similar to what was observed in both isotype 

control Ab-treated groups (Figure 2B, E). Next, we determined the effects of rapamycin on 

monocyte recruitment to MHC-I activated murine cardiac allografts by Mac-2 staining. In the 

group which received anti-donor MHCI antibodies, cellular infiltrates were found between the 

myocardium in a linear arrangement, suggesting intracapillary macrophage infiltration. By 

comparison, in the rapamycin + MHC I Ab-treated group, the myocardium showed a significant 

decrease in macrophage infiltrates (Figure 2C, F).  Rapamycin did not have any effect on 

complement deposition induced by anti-donor MHC I Ab (Figure 2D, G). This is consistent with 

our studies demonstrating that complement deposition is dependent upon endothelial surface 

HLA molecule density and HLA antibody titer(Thomas et al., 2015a; Thomas et al., 2015b), 
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neither of which has been shown to be regulated by mTOR signaling to date.  The data indicated 

that administration of rapamycin in vivo correlates with a reduction in MHC-induced graft 

pathology.  

 

3.3.3 mTOR regulates adhesion molecule function but not expression  

We proceeded to determine the underlying mechanisms of mTOR regulation of HLA I-Ab-

mediated AMR. We previously found that HLA I ligation triggers Weibel Palade body (WPb) 

exocytosis and subsequent P-selectin expression on the surface of ECs, which is sufficient to 

induce increased adherence of MM6 (Valenzuela et al., 2013b) to HLA I-stimulated ECs. To 

probe the impact of mTOR inhibition on HLA I-Ab induced WPb exocytosis, we measured 

endothelial P-selectin expression and Von Willebrand Factor (vWF) release. Stimulation of ECs 

with the known mitogen thrombin or HLA-I Ab induced rapid WPb exocytosis as measured by 

P-selectin upregulation (Figure 3A) and vWF release (Figure 3B), while exposure to ITGβ3 Ab 

did not. Notably, pre-treatment of ECs with rapamycin or everolimus (RAD) for 24 h (Fig. 3A 

and B) and 2 h (data not shown) did not affect HLA-I Ab-induced WPb release, as neither P-

selectin expression nor vWF secretion were modulated. As expected, pre-treatment of ECs with 

BAPTA-AM significantly inhibited HLA I Ab-triggered WPb exocytosis.  

These experiments excluded the involvement of the adhesion molecule P-selectin in mTOR-

mediated HLA-I signaling. Because rapamycin is known to directly inhibit protein synthesis 

(Huo et al., 2011; Raught et al., 2001), as a confirmatory experiment to rule out non-specific 

inhibition of protein synthesis, we determined the effect of rapamycin on basal expression of the 

adhesion molecules E-Selectin (not shown), VCAM-1 (not shown) and ICAM-1, all of which are 
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involved in the leukocyte adhesion cascade (Ley et al., 2007). Flow cytometric analysis of HLA 

I-activated and mTOR-inhibited ECs indicated no change in surface expression levels of these 

adhesion molecules (Figure 3C and data not shown). 

 

Having determined mTOR inhibition does not alter the expression of adhesion molecules, we 

next explored the effects of mTOR inhibition on the functionality of these adhesion molecules. 

Ibidi flow-based adhesion assays use shear stress and allow for high-resolution visualization of 

the interactions between the endothelium and monocytes and are, for this reason, a more accurate 

physiological representation of the process of leukocyte adhesion.  Using this technology, we 

observed that the rolling behavior of monocytes on rapamycin pre-treated and HLA-I-stimulated 

ECs was unaffected; however, the ability of ECs to support firm adhesion of tethered monocytes 

was impaired compared to HLA-I-activated ECs that received no inhibitor treatment. When ECs 

were treated with an ICAM-1 blocking antibody, the same pattern of monocyte rolling without 

firm adhesion was observed (Figure 3D). This would suggest that rapamycin affects ICAM-1-

mediated firm adhesion of monocytes to the endothelium. Figure 3E further stratifies the speed 

of monocytes, noting there was no difference in the monocytes that are considered fast rolling 

and those not interacting with the ECs (10-50, 50-250 ɥm/s). There was however, a significant 

decrease in the number of monocytes that are firmly adherent at 0-2 ɥm/s and a corresponding 

increase in the percentage of monocytes that are slow rolling at a speed of 2-10 ɥm/s. 

Supplemental videos 1-3 display monocytes firmly adhering to HLA I-treated ECs (Suppl. Vid 

2). With rapamycin pre-treatment of ECs, monocytes are unable to adhere firmly, and instead, 

can be visualized slowly rolling along the endothelium (Suppl. Vid 3).  
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3.3.4 HLA I-induced ERM phosphorylation is impaired under mTOR inhibition in ECs 

We proceeded to elucidate the molecular pathways by which mTOR regulates ICAM-1 function.  

As the ezrin/radixin/moesin (ERM) proteins have been shown to be required for ICAM-1 

function (Heiska et al., 1998; Ivetic and Ridley, 2004), we first determined the effect of HLA I 

Ab-stimulation on the phosphorylation of ERM. Pre-treatment of ECs with HLA I Ab increased 

the levels of phosphorylated ERM compared to controls levels. Increased p-ERM levels 

following HLA I stimulation in ECs was abrogated upon mTOR inhibition with rapamycin and 

everolimus (RAD) (Figure 4A and B). To ensure that these data were not generated through off-

target drug effects and to confirm efficient mTOR inhibition, we analyzed p-mTOR, p-P70S6K, 

p-AKT, p-ERK, and p-S6RP, which are indicative of class I-mediated activation of the mTOR 

signaling pathway (Jin et al., 2014) . The expression of these phosphorylated proteins was 

increased following HLA I Ab stimulation and inhibited with rapamycin and everolimus (RAD) 

pre-treatment (Figure 4A and B). Next, to test the association of p-ERM with ICAM-1, we co-

immunoprecipiated HLA I-stimulated ECs with an antibody against ICAM-1 and blotted for p-

ERM, noting an increase in the levels of p-ERM compared to control levels, confirming its 

association with ICAM-1. We found a corresponding lack of ICAM-1-associated p-ERM upon 

mTOR inhibition by comparison, validating the finding that mTOR signaling downstream of 

HLA I engagement regulates ERM phosphorylation (Figure 4C and D).  To confirm that the 

effect of rapamycin and everolimus (RAD) was mediated by inhibition of mTOR in the ECs and 

to investigate the role of mTORC1 and mTORC2 in HLA I-mediated ERM phosphorylation, we 

used siRNA as before (Figure 1E) to knock down the mTOR pathway partially (raptor and rictor 

siRNA) or fully (mTOR siRNA). Our results indicated that both mTOR complexes are involved, 



 

60 
 

as phosphorylation of ERM is partially inhibited following both raptor (mTORC1) and rictor 

(mTORC2) knockdown (Figure 4E and F).  We observed complete inhibition of HLA I-induced 

ERM phosphorylation with total knockdown of mTOR signaling using mTOR siRNA, 

suggesting a synergistic effect between the two mTOR complexes. These experiments establish 

that mTOR activation following HLA I engagement on the surface of EC mediates 

phosphorylation of the ERM proteins, which then associate with ICAM-1.  

 

3.3.5 mTOR regulates HLA I-induced ERM phosphorylation through the RhoA and 

MAPK pathway 

We proceeded to further characterize the impact of mTOR inhibition on HLA I signaling in ECs. 

RhoA has been shown to play an important role in monocyte adhesion to EC (Ishibashi et al., 

2003; Wojciak-Stothard et al., 1999). Studies support that endothelial cell activation can lead to 

Rho-induced ERM phosphorylation, which is central to ICAM-1 function (Millan and Ridley, 

2005). Furthermore, in certain cell types, Rho has been shown to signal through the MAPK and 

PCK pathways in order to phosphorylate ERM. To examine the signaling relationship between 

RhoA and mTOR, we used a commercially available Rho inhibitor, as well as a ROCK inhibitor 

(Y-27632), an ERK inhibitor (U0126) to target the MAPK pathway, and a PKC inhibitor (Ro-31-

7549), to assess the involvement of the Rho, MAPK, and PKC pathways in mTOR-mediated 

ERM phosphorylation following class I signaling.  

To measure RhoA activation, we determined phosphorylation levels of myosin light chain 

(MLC) and myosin phosphatase target subunit 1 (MYPT1), as both proteins are phosphorylated 

downstream of RhoA activation and myosin phosphatase has been shown to regulate the 

interaction of actin and myosin in response to Rho signaling. We found that following HLA I 



 

61 
 

stimulation of ECs, there was a significant increase in phosphorylated levels of MYPT1 and 

MLC compared to control levels (Figure 5). Pharmacological mTOR inhibition blocked HLA I-

mediated phosphorylation of MYPT1 and MLC, suggesting that mTOR signaling is upstream of 

RhoA signaling.  As expected, rapamycin or everolimus (RAD) pre-treatment blocked HLA I-

mediated phosphorylation of downstream mediators of the mTOR pathway including p-mTOR, 

p-P70S6K, p-AKT, p-ERK and p-S6RP (Figure 5).  Notably, inhibition of the Rho pathway 

using a ROCK inhibitor (Y-27632) and a direct Rho inhibitor (C3 transferase) blocked HLA I-

induced phosphorylation of MYPT1 and MLC, as well as ERM. However, we saw no inhibition 

of the mTOR pathway as there was no change in the phosphorylation state of mTOR and most of 

its downstream effector proteins (Figure 5).  Another intriguing finding is that pre-treatment of 

HLA I-activated ECs with the ERK inhibitor U0126 resulted in partial inhibition of p-ERM, as 

well as p-MYPT1 and p-MLC, suggesting that the MAPK pathway might be involved in mTOR 

regulation of ERM phosphorylation. Our data suggests that PKC is not involved in this process 

as there was no modulation of HLA I-induced phosphorylated proteins. Collectively, this data 

suggests that following HLA class I engagement, mTOR signals through the RhoA pathway and 

partially through the MAPK pathway to mediate ERM phosphorylation in ECs.  

 

3.3.6 In vivo blockade of mTOR prevents HLA-I antibody-activation of endothelium 

The aforementioned findings implied that mTOR inhibition dampens HLA I signaling in ECs by 

blockading ERM phosphorylation. In an attempt to determine the impact of this signaling 

pathway in AMR in vivo, we tested the inhibitory effects of rapamycin on the murine 

endothelium by immunohistochemical staining for p-ERK, p-AKT, p-P70S6K, which are 
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downstream effectors of the mTOR pathway following HLA class I engagement, as well as p-

ERM. In mice treated with anti-donor MHC I Ab, there was robust and diffuse staining of p-

ERK (Figure 6A, E) and p-AKT (Figure 6B, F) compared to the control Ab-treated groups. 

ERK and AKT are phosphorylated downstream of mTORC2 signaling, indicating activation of 

this complex following MHC I antibody-treatment in vivo. In the rapamycin + MHC I Ab-treated 

group, phosphorylation of both ERK and AKT was significantly abrogated, implying blockade of 

mTORC2 signaling. We also observed a significant increase in the levels of the mTORC1 

downstream protein p-P70S6K (Figure 6C, G) in mice that received MHC I Ab administration 

compared to control mice. This effect was blocked with rapamycin administration. Next, we 

confirmed mTOR-mediated reduction of HLA I-induced p-ERM in vivo. P-ERM staining was 

significantly increased in MHC I-Ab-treated mice compared with their rapamycin-treated 

counterparts. (Figure 6D, H). Although MHC I-Ab-treated mice demonstrated a significant 

increase in p-ERM levels compared to control groups, it should be noted that IHC-staining of 

control Ab-treated mice demonstrated basal expression levels of p-ERM, which was not 

observed in control Ab-treated human cells in culture. This finding can be attributed to activation 

of the murine endothelium due to surgery, or a slight difference in endothelial activity in vivo 

versus in vitro. In summary, these findings indicate that rapamycin inhibits MHC I antibody-

elicited mTOR activation and signaling in graft endothelium in vivo.  

 

3.3.7 mTOR inhibition of HLA-I stimulated EC impairs ICAM-1 clustering as 

demonstrated by confocal microscopy 
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Next, we sought to validate that disruption of ERM phosphorylation does in fact prevent the 

ability of ICAM-1 to cluster. Following activation of ECs, ICAM-1 concentrates at the apical 

membrane of ECs and clusters, allowing it to engage in interactions with monocytes from the 

blood stream (Ley et al., 2007). We investigated the capacity of HLA I stimulation to mediate 

ICAM-1 clustering and determined if mTOR inhibition blocks this clustering activity in ECs 

(Figure 7).  In untreated cells and cells treated with ITGβ3 Ab, there is diffuse distribution of 

ICAM-1 throughout ECs. In ECs treated with the positive stimulant TNF-α or HLA I Ab, ICAM-

1 is shown to be clustered at the margins of ECs (Figure 7A). This correlates with a decrease in 

the mean number of particles and a corresponding increase in particle size (Figure 7B and C), 

both quantitative measures indicating an increase in the number of clustered ICAM-1 molecules 

on the surface of ECs. With rapamycin pre-treatment, HLA I-induced ICAM-1 accumulation and 

clustering is disrupted, demonstrating a diffuse pattern similar to control cells. There is a 

corresponding increase in the average number of particles and a decrease in particle size. We 

also observed disruption of the cytoskeletal stress-fiber architecture with rapamycin pre-

treatment, which has been suggested by different reports. These findings suggest that upon 

mTOR inhibition and blockade of ERM phosphorylation, HLA I Ab-mediated ICAM-1 

clustering and ICAM-1 function is disrupted.  
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3.4 Discussion 

Solid organ transplantation continues to progress with the improvement of immunosuppressive 

therapeutics, corresponding with improved graft function.  Among the immunosuppressive 

medications used for patient treatment, mTOR inhibitors are considered one of four categories of 

maintenance suppression and used as such in the clinic, primarily credited with suppressing T 

cell activation (Duhart et al., 2015; Geissler et al., 2016; Lien, 2015; Neff et al., 2003). In a 

human-mouse chimeric model of allograft rejection, rapamycin pre-treatment of the allograft 

resulted in reduced infiltration of allogeneic T cells into the artery (Wang et al., 2013). Many 

current targeted therapies aim to block the adaptive immune response in allograft recipients; 

however, results of the present study highlight the importance of targeting the innate immune 

system, specifically macrophages, as well. Macrophages profoundly influence various aspects of 

transplantation(Salehi and Reed, 2015) and represent an important component in the process 

culminating in acute antibody-mediated cardiac rejection(Fishbein and Fishbein, 2012). 

Therefore, targeting this aspect of the pathway provides an effective means of alleviating 

incidences of rejection.  (The mTOR signaling pathway has also been implicated in regulating 

leukocyte recruitment to the inflamed endothelium.  mTOR controls myeloid cell recruitment by 

affecting both the endothelium and monocytes via distinct mechanisms (Farkas et al., 2006; Fox 

et al., 2007; Mahoney et al., 2001).) 

 

We found that mTOR regulates endothelial cell function, specifically, that mTOR inhibition 

modulates the capacity of HLA I-activated ECs to recruit and support monocyte adherence and 

infiltration. Endothelial cells pre-treated with pharmacoloigcal mTOR inhibitors (rapamycin and 

RAD001) prior to HLA I stimulation were rendered non-adhesive following HLA I stimulation 
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and failed to support monocyte adherence. This finding was further confirmed by using siRNA 

to knockdown the mTOR signaling network, suggesting that mTORC1 and mTORC2 are 

involved in mTOR-mediated monocyte adherence to HLA I-activated EC.  

 

To determine the physiological relevance of our data, we tested the effects of mTOR inhibition 

in a clinically-relevant murine model of acute antibody-mediated injury and we found an EC-

specific effect of rapamycin that perturbs rejection and ameliorates graft function.  Allografts of 

mice receiving daily rapamycin concurrently with biweekly administration of anti-donor MHC I 

antibodies (H-2K
d
 + H-2D

d
) demonstrated significantly reduced vascular injury and monocytic 

infiltration compared to anti-donor Ab-treated mice that did not receive rapamycin treatment. 

Furthermore, we demonstrated an endothelium-specific effect of rapamycin on the allografts as 

indicated by dampened mTOR signaling. Thus, we propose that rapamycin treatment of allograft 

recipients would be expected to provide protective effects by inhibiting activation of the 

endothelium and subsequent monocyte infiltration. 

 

The in vivo findings compelled us to explore the mechanisms underlying mTOR-mediated 

monocyte recruitment to HLA I antibody-activated endothelium. We tested the requirement for 

mTOR signaling in adhesion molecule expression. While Wang et al. found mTORC2 inhibition 

by rapamycin inhibits VCAM1 expression by TNF-α-activated EC (Wang et al., 2013), we did 

not find any regulation of adhesion molecules, including VCAM-1, E-selectin, P-selectin, or 

ICAM-1 by mTOR inhibited, HLA-I-activated ECs.  Mechanistically, mTOR blockade using 

pharmacological inhibitors did not alter endothelial expression of these adhesion molecules. 

Considering the importance of monocyte recruitment and migration in human health and disease 
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(Gerhardt and Ley, 2015; Salehi and Reed, 2015), we used a live microscopy approach that 

allows monocytes to be observed with high resolution as they are perfused across endothelial 

cells. Ibidi flow-based adhesion assays use shear stress and are, for this reason, a more accurate 

physiological representation of the process of leukocyte adhesion.  Using this technology, we 

discovered that mTOR inhibition impairs the ability of EC to support firm adhesion of tethered 

monocytes by affecting late stage ICAM-1 clustering.  

 

We provide the first evidence, to our knowledge, that this is due to mTOR-mediated regulation 

of cytoskeletal proteins involved in firm adhesion of monocytes. We found that pharmacological 

mTOR inhibition of HLA-I  Ab-activated ECs led to a significant reduction in the 

phosphorylation status of ERM proteins, which have been shown, in various cell types, to be 

critical for the association of ICAM-1 with the cytoskeleton, and are required for ICAM-1 

clustering and function (2007; Barreiro et al., 2002). 

Phosphorylated ERM attaches to the cytoplasmic tail of ICAM-1 on its N-terminus, and to the 

cell cytoskeleton on its C-terminus, creating a physical bridge which mediates clustering of 

ICAM-1 on the surface of the cell, which consequently is required for the cell to support firm 

adhesion(2007; Petit and Thiery, 2000).   

We also report that HLA-I mediated monocyte recruitment depends on the activity of Rho- 

GTPases in addition to mTOR . RhoA has been shown to play an important role in monocyte 

adhesion to EC (Wojciak-Stothard et al., 1999) and studies support that endothelial cell 

activation can lead to Rho-induced ERM phosphorylation and complex formation, which is 

central to ICAM-1 clustering (Kluger, 2004; Petit and Thiery, 2000).RhoA activity is in turn has 
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been shown to be dependent on mTORC1, which mediates synthesis of RhoA at the translational 

level, as well as mTORC2, which regulates the GTPase activity of RhoA (Barilli et al., 2008; 

Wojciak-Stothard et al., 1999). We demonstrated that mTOR functions upstream of RhoA in 

HLA I-mediated signaling and signals through the RhoA pathway to regulate ERM 

phosphorylation and ICAM-1-mediated firm adhesion.  

 

Lastly, using confocal microscopy, we observed that mTOR inhibition of ECs by rapamycin 

abrogates HLA-I-mediated ICAM-1 clustering. This suggests that the ability of ECs to support 

ICAM-1 clustering and subsequent firm adhesion of monocytes is impaired  as this clustering 

event is essential for firm adherence of monocytes. 

 

Taken together, our data support a model in which mTOR inhibition of HLA I-stimulated 

endothelium affects the recruitment and adherence of monocytes. Our findings demonstrate a 

novel mechanism by which mTOR inhibitors contribute to graft maintenance and suggest that 

pre-exposure of graft endothelium to rapamycin could potentially reduce immune-mediated 

rejection.  
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3.5 Methods 

Antibodies and Chemicals 

Pan-HLA antibodies were used as they are well-characterized and recognize monomorphic 

epitopes on all HLA class I antigens (Tran et al., 2001). Pan-HLA I antibody W6/32 (mIgG2a) 

was obtained from BioXCell  (West Lebanon, NH)  Pan-HLA antibodies MEM-81 and MEM-

147 (mIgG1) were purchased from Abcam (Cambridge, MA).  Human anti-integrin αVβ3 

mIgG1 (R&D; Minneapolis, MN) was used as negative control as indicated. Polyclonal sheep 

antibody to P-selectin (R&D; Minneapolis, MN ) was used. Calcium inhibitor BAPTA-AM was 

from Calbiochem (Billerica, MA).  Anti-human ICAM-1 (CD54) antibody for Flow Cytometric 

analysis, shear-based adhesion assays, immunoprecipitation, and confocal microscopy was 

obtained from R&D (Minneapolis, MN). 

Everolimus (RAD001) was synthesized at Novartis Pharma AG (Mission Viejo, CA) for 

biomedical research. Rapamycin was purchased from LC Laboratories (Woburn, MA). The 

purity of both rapamycin and everolimus was >97% by high-performance liquid 

chromatography. U0126 was purchased from EMD Millipore Corporation (Billerica, MA). 

Polyclonal Abs against phospho-mTOR (Ser2448), phospho-S6K (Thr389), phospho-S6RP 

(Ser235/236), phospho-Akt (Ser473), phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204), 

phospho-MYPT1 (Thr696), phosphor-Ezrin (Thr567)/Radixin (Thr564)/Moesin(Thr558), were 

purchased from Cell Signaling Technology (Danvers, MA). Rabbit polyclonal  Abs against 

mTOR, Raptor, and Rictor were purchased from Millipore/Upstate (Billerica, MA). Goat anti-

rabbit horseradish peroxidase (HRP) and goat anti-mouse HRP Abs were obtained from Santa 
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Cruz Biotechnology (Santa Cruz, CA). Vybrant
TM

 CFDA-SE Cell Tracer Kit was purchased 

from Invitrogen (Carlsbad, CA). 

 

Human Cells  

Use of all human samples and cells was approved by the UCLA Institutional Review Board 

(IRB#10-001689-CR-00003 and IRB#00-01-023) (IBC # 197.13.0-f) and all donors gave written 

informed consent. 

 

Cell Culture 

Primary human aortic endothelial cells (HAECs) were isolated from the aortic rings of deceased 

donor hearts (H126 or F1153) as previously described, or obtained from Clonetics (lot number: 

EC5555) and cultured as described previously (Jin et al., 2007; Jin et al., 2002; Jin et al., 2014).  

Briefly, HAECs were seeded at confluence on 0.1 % gelatin-coated tissue culture plates in 

complete medium containing 20% heat-inactivated fetal bovine serum (FBS), antibiotics (P/S) 

(both from Invitrogen Life Technologies), heparin (Sigma-Alrich) and endothelial cell growth 

serum (ECGS) (Fisher Scientific. All experiments were repeated with early-passage endothelial 

cells from 2-3 different donors to rule out donor-specific responses.  

 

siRNA knockdown of mTOR, raptor, and rictor 

siRNAs were designed as previously described (Jindra et al., 2008c) and purchased from 

Dharmacon. HAECs were cultured at 50-70% confluence, maintained in M199 complete 

medium, and transfected with siRNA in antibiotic-free medium as previously described (Jin et 
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al., 2007).  Cells were placed in 800 μl of M199 medium along with 200 μl of transfection 

solution (Opti-MEM medium), Mirus transfection reagent, and siRNA (100 nM).After 4-6 h of 

transfection, 1 ml of M199 containing twice the amount of FBS, ECGS, and heparin were added, 

and experiments were conducted 48 h after transfection. 

 

Primary human monocytes 

Primary human monocytes were isolated from the peripheral blood of multiple healthy 

volunteers, using MACS pan-monocyte negative selection kit (Miltenyi Biotec, San Diego, CA) 

as previously described (Valenzuela et al., 2013c). Whole blood was obtained from healthy 

volunteers in accordance with the University of California, Los Angeles Institutional Review 

Board. Monocytes were enriched from peripheral blood using Ficoll-Paque density 

centrifugation (GE Healthcare), followed by MACS pan-monocyte negative selection kit 

(Miltenyi Biotec, San Diego, CA), according to the manufacturer’s protocol.  

 

Static monocyte adhesion assay 

Adherence of monocytic cells to endothelium under static conditions was measured as previously 

described (Valenzuela et al., 2013b; Valenzuela et al., 2013d). ECs were pre-treated with 

pharmacological inhibitors or siRNA for the indicated amount of time, then stimulated with 

control antibody anti-human integrin αVβ3, thrombin, or antibody against HLA class I in M199 

with 2% FBS (assay medium) for the indicated time. Polyclonal human IgG (20ug/mL) was used 

to block FcɤR interactions. Primary monocytes or monocytic cells MM6 were fluorescently 

labeled with 2 mM CFSE (Vybrant Cell Tracer, Invitrogen) in HBSS with Ca
2+

 and Mg
2+

 for 10 

min at 37°C, then washed. Monocytes were added at 2 x 10
5
 cells/well in a 24-well plate for 20 
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min at 37°C. The co-culture was washed twice with M199 and once with HBSS, and fixed with 

freshly prepared 4% paraformaldehyde. Images of adherent monocytes were acquired by 

fluorescence microscopy on a Nikon Eclipse Ti, in 8–10 4x objective fields for each condition. 

The number of adherent cells in each field was quantified using CellProfiler (Massachusetts 

Institute of Technology). 

  

Shear-based monocyte adhesion assay 

Monocyte adhesion to endothelial monolayers was conducted under laminar flow conditions 

using a closed perfusion system (ibidi) as previously described (Valenzuela et al., 2015). ECs 

(10
5
 cells/cm

2
) were seeded in gelatin coated flow chamber slides (ɥ-slide I

0.8 
Luer) and cultured 

for 24 h. ECs were pre-treated with the mTOR inhibitor rapamycin at 30nM for 24 h or ICAM-1 

blocking antibody at 20ug/mL for 30 mins. ECs were then stimulated with control antibody anti-

human integrin αVβ3 for 30 mins, 10ng/mL TNF-α for 4-6 h, or antibody against HLA class I 

for 30 mins in M199 with 2% FBS (assay medium) at 37°C.  CFSE labeled MM6 were 

resuspended in RPMI 5% FBS at 6.25 x 10
5
/mL, and added to the syringe of a white perfusion 

set. Monocytes were perfused over the endothelium at 1 dynes /cm
2
 and recorded in real time on 

a live cell fluorescence microscope (Nikon Eclipse Ti). Data were analyzed using ImarisTrack 

software version 7.6.2 (BitPlane; Zurich, Switzerland).  

 

Cell-based P-Selectin ELISA 

Cell surface expression of P-selectin was measured on adherent ECs by cell-based ELISA as 

previously described (Valenzuela et al., 2013a; Valenzuela et al., 2015). ECs were grown to 

confluence a 96-well plate and pre-treated with rapamycin at 30nM/ Everolimus(RAD) 10nM for 
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2 or 24 h. ECs were then stimulated with thrombin, control or HLA I Abs in M199 with 2% FBS 

for 30 mins. Cells were washed once with PBS and fixed in freshly prepared 2% 

paraformaldehyde in PBS for 5 min at room temperature and blocked with 5% BSA in PBS. 

Sheep anti–P-selectin (R&D Systems) was added at 1 mg/ml for 2 h. Wells were washed three 

times with PBS and donkey anti-sheep HRP (Millipore) was diluted in PBS and added at 1:1000 

for 2 h at room temperature. After washing, tetramethylbenzidine substrate was added and 

Optical density (A650) was read on a SpectraMax plate reader (Molecular Devices). 

 

Measurement of the von Willebrand Factor 

Von Willebrand Factor was measured as previously described (Valenzuela et al., 2013a). ECs 

were grown to confluence and pre-treated with rapamycin at 30nM/ Everolimus(RAD) 10nM for 

2 or 24 h. ECs were then stimulated with thrombin, control or HLA I Abs in M199 with 2% FBS 

for 30 mins. Supernatant was collected and von Willebrand factor (vWF) was measured using an 

ELISA kit (Helena Laboratories) according to the manufacturer’s protocol. 

 

Cell surface expression of adhesion molecules by Flow cytometric analysis 

Cell surface expression of ICAM-1, E-selectin or VCAM-1 was measured by flow cytometry. 

ECs were treated with inhibitors and stimuli for the indicated times in assay medium and 

detached using Accutase (Innovative Cell; San Diego, CA) in order to preserve epitopes (Mutin 

et al., 1996). Cells were assayed on an LSRFortessa flow cytometer (BD Biosciences).  
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Preparation of Cell Lysates and Western blot 

Low-passage HAECs were seeded in dishes coated with 0.1% gelatin. At 70-80% confluence, 

cells were pretreated with or without mTOR inhibitors rapamycin 30nM/Everolimus(RAD) 

10nM or 100nM siRNA, then stimulated with HLA I Abs or Integrin αVβ3, and cell lysates for 

Western blot were prepared as described previously (Jin et al., 2002).  Immunoprecipation 

experiment was conducted using the anti-human ICAM-1 (CD54) antibody described above. The 

phosphorylated bands were scanned and densitometry analysis was performed with Image J 

software (NIH, Bethesda, MD). 

 

Animal Studies 

Male B6.129S7-Rag1
tm1Mom

 (B6.RAG1
−/−

, H-2
b
) aged 8-10 weeks, and male BALB/c (H-2

d
) 

mice aged 7–10 weeks old were obtained from The Jackson Laboratory and raised under 

pathogen-free conditions in the Animal Facilities (DLAM) at University of California (Los 

Angeles, CA; UCLA). All studies were approved by the UCLA Animal Research Committee and 

treatments and care were conducted in strict accordance with the Guidelines for Animal Care.  

 

Murine Heterotopic heart transplantation 

BALB/c (H-2
d
) hearts were heterotopically transplanted into B6. RAG1

−/−
 (H-2

b
) recipients as 

previously described (Jindra et al., 2008a; Valenzuela et al., 2013a). Briefly, under isoflurane 

inhalational anesthesia, the donor aorta was anastomosed to the recipient abdominal aorta, and 

the donor pulmonary artery was joined to the recipient inferior vena cava. Beginning one day 
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post-transplantation, grafted mice received intraperitoneal (i.p.) injection of rapamycin at 1 

mg/kg/day. Rapamycin was dissolved in ethanol and diluted in Dulbecco’s PBS. 3 days post-

transplant, grafted mice were injected with 30 ug of sterile, azide free isotype control antibody 

(clone MOPC-173, Biolegend; San Diego, CA) or donor-specific anti-MHC I antibodies (anti-H-

2K
d
 mIgG2a, clone SF1-1.1; anti-H-2D

d
 mIgG2a, clone 34-2-12, Biolegend; San Diego, CA) 

diluted in sterile saline by tail vein. Graft function was monitored by abdominal palpation daily.  

 

Histopathological grading and immunohistochemistry 

After 30 days of treatment, mice were anesthetized by  isofluorane, donor and native hearts were 

obtained and fixed in 10% buffered formalin, embedded in paraffin, and sectioned (4-5 μm). 

Hematoxylin and eosin (H&E) staining was performed. For immunohistochemistry, normal heat-

inactivated goat serum was used for blocking. Appropriate primary antibodies specific to ERK ½ 

Thr202/Tyr204, AKT Ser473, P70S6K Thr421/Ser424, or Ezrin Thr567/Radixin Thr564/Moesin 

Thr558 were used. Macrophage staining was performed using rat anti-mouseMac2 Ab from 

Cedarlane as previously described (Jindra et al., 2008a). C4d antibody was a gift from Dr. 

William Baldwin. Images were viewed under an Olympus BX50 microscope and recorded using 

an Olympus DP21 camera. To evaluate the histologic features of the allografts, all slides were 

interpreted and scored by a single pathologist who was blinded to the experimental group. For H 

& E, microvascular changes, consisting of increased prominence and number of intravascular 

cells, and expansion of capillaries were graded 0–3 (0, negative; 1, focal; 2, multifocal; 3, 

diffuse) as previously described (Lones et al., 1995). The presence of Mac2-positive 

intravascular macrophages was scored on a scale of 0–3 (0, no staining; 1, focal staining; 2, 

multifocal staining; 3, diffuse staining). Positive ECs staining in capillaries and intramyocardial 
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arteries and veins for ERK ½ Thr202/Tyr204, AKT Ser473, P70S6K Thr421/Ser424, or Ezrin 

Thr567/Radixin Thr564/Moesin Thr558 was scored on a scale of 0–3 (0, no staining; 1, focal 

staining; 2, multifocal staining; 3, diffuse staining).  

 

I-CAM localization and clustering 

Cellular localization and clustering analysis of ICAM-1 expression on ECs was evaluated and 

quantified  using three-dimensional analysis of confocal laser scanning microscopy (CLSM) 

images as previously described(Sosa et al., 2013; Sosa et al., 2015) with the following 

modifications. CLSM images were acquired on a Leica TCS-SP5 inverted Acousto Optical 

Beam Splitter (AOBS) confocal microscope (Leica Microsystems; Buffalo Grove, IL).  Z-stacks 

of either all channels merged or the red channel only were converted to maximum intensity 

projections (MIPs) in LAS X software version 1.9 (Leica Microsystems, Buffalo Grove, IL) and 

loaded as tiffs into FIJI (Schindelin et al., 2012), an image processing package distribution of 

ImageJ2(Schindelin et al., 2015) (NIH, Bethesda, MD). Data shown are total counts of particles 

or average particle size obtained for each MIP of red channel only using FIJI’s particle analysis 

algorithm and normalized to the number of cells.  MIPs are shown for each image stack for either 

all channels merged or red channel only.          

 

Statistical Analysis 

Differences between groups were determined using one or two-way ANOVA using Prism v5 

software (GraphPad Software Inc., La Jolla, CA). p values of  <0.05 were considered statistically 
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significant. Histological grading was compared by two-way ANOVA using GraphPad Prism 

Software (La Jolla, CA). All data are expressed as mean ±SEM, unless otherwise specified. 
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Figure 3-1a 
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Figure 3-1b 



 

79 
 

  
Figure 3-1c 
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Figure 3-1d 
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Figure 1. Monocyte adherence to HLA-class I Ab-stimulated endothelium is blocked when 

the mTOR pathway is inhibited in EC. Primary human aortic endothelium (EC, donor H126, 

3F1153, or X127)  were either untreated, pretreated with Rapamycin at 30nM or RAD001 at 

10nM for 24 (A) or 2 (C) hours, or BAPTA-AM at 10uM for 30 mins. EC were then stimulated 

with control antibody against Integrin B3, HLA I intact antibody (W6/32 mIgG2a or MEM-147 

mIgG1) at  lg/mL  or thrombin (Thr) at 1 U/mL diluted in M199 supplemented with 5% FBS for 

5 min. Fluorescently labeled  Mono Mac 6 (A,C) or human monocytes enriched  from peripheral 

blood (B) were incubated with soluble human IgG to block FcgammaRs. Monocytes were 

fluorescently labeled with CFSE, resuspended in RPMI supplemented with 5% FBS, and were 

added at a ratio of 2–3 monocytes to 1 endothelial cell and allowed to adhere for 20 min. After 

removal of non-adherent monocytes by washing, adherent monocytes were counted by 

fluorescence microscopy and automated software (CellProfiler) in 8-10 fields per condition as 

Figure 3-1e 
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previously described 
40

. Results from one representative experiment are shown (A, B lower 

panels). Bar graph represents mean fold increase in the number of adherent Mono Mac 6 (A,C) 

or primary monocytes (B) from multiple (n ≥ 3) independent experiments ± SEM. *, p<0.05; ∗∗ 

p<0.01 versus untreated. ∗p<0.05, ∗∗p<0.01 versus comparing no inhibitor to inhibitor. 

(D) Representative 4x brightfield micrographs illustrate fluorescently labeled monocytic cells 

adherent to the endothelial monolayer. scale bars=100 ɥm (E) Monocyte adherence to HLA-I-

stimulated endothelium is blocked when the mTOR pathway is knocked-down in EC using 

siRNA directed against mTOR, raptor (mTORC1), or rictor (mTORC2). Experiments performed 

as in (A,B), with data expressed as mean fold increase in the number of adherent MM6 ± SEM.  
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  Figure 3-2a 
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Figure 3-2b 
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  Figure 3-2c 
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Figure 3-2d 
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Figure 3-2e 
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Figure 3-2f 
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Figure 2. Rapamycin treatment ameliorates acute injury: blocks monocyte recruitment in a 

murine cardiac allograft. 

Treatment with anti-donor MHC I Ab induces histological features of AMR. Concurrent 

treatment with rapamycin at 1 mg/kg/day abrogates AMR. (A) BALB/c cardiac allografts were 

transplanted into B6.RAG1-/- recipients and passively transfused with 30 ug MHC I (anti-H-2K
d
 

+ anti-H-2D
d
) Ab or isotype control mIgG Ab and grafts were examined on day 30. (B,E) 

Microvascular abnormalities were observed by H&E staining in MHC I-Ab-treated group. 

Arrows indicate prominent nuclei of cells in distended capillaries (MHC I Ab treatment) not seen 

in rapamycin + MHC Ab-treated group or both groups that received isotype control mIgG Ab  

where arrows indicate flat and thin nuclei in collapsed capillaries on day 30. (C,F) Intravascular 

Figure 3-2g 
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macrophages were assessed by MAC2 immunoperoxidase staining in all recipients at day 30; 

representative images are displayed. (D,G) Complement deposition was measured by C4d 

deposition in all recipients on day 30. (B,C,D) Images are presented at 200X magnification. 

Images were viewed with an Olympus BX50 microscope and recorded with an Olympus DP21 

camera. All stains were scored by a pathologist blinded to treatment groups. (mean ± SEM; n  

≥6). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) scale bars=50 ɥm (C,D) scale 

bars=100 ɥm 

 

  



 

91 
 

 

  

Figure 3-3a 
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Figure 3-3b 
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Figure 3-3c 
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Figure 3-3d 
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Figure 3. mTOR inhibition of EC does not alter surface expression levels of adhesion 

molecules; mTOR inhibition alters ICAM-1 induced firm adhesion of monocytes to HLA-

Ab stimulated EC. 

HAECs were either untreated, pretreated with Rapamycin at 30nM or RAD001 at 10nM for 24 

hours, or BAPTA-AM at 10uM for 30 mins. EC were then stimulated with control antibody 

against Integrin B3, HLA I intact antibody (W6/32 or MEM-147) at  lg/mL  or thrombin at 1 

U/mL diluted in M199 supplemented with 5% FBS for 5 min. (A) Expression of P-selectin was 

detected by cell-based ELISA. Cell surface P-selectin was stained on unpermeabilized cells with 

sheep anti–P-selectin (CD62P) followed by anti–sheep HRP, and detected by adding 

tetramethylbenzidine substrate. (A, Left panel) Results from one representative experiment 

showing the average optical density (OD) from duplicate or triplicate measurements +/- SEM for 

each condition. (A, Right panel) Bar graph shows mean fold increase in P-selectin positive cells 

from multiple independent experiments (n >= 3). * p<0.05, ** p<0.01 versus untreated. (B) 

Figure 3-3e 
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Supernatant was collected from the P-selectin ELISA experiments and vWF was measured by 

ELISA. (B, Left panel) Results from one representative experiment showing the average optical 

density (OD) from duplicate or triplicate measurements +/- SEM for each condition. Bar graph 

shows mean fold increase in vWF from multiple independent experiments (n >= 2). * p<0.05, ** 

p<0.01 versus untreated. No statistically significant difference was found between the groups 

with and without mTOR inhibition by two-way ANOVA for (A) and (B). 

(C) mTOR inhibition has no effect on ICAM-1 expression as measured by flow-cytometry. 

Following indicated treatments, HAECs were detached using Accutase. Cell surface ICAM-1 

was stained with conjugated anti-ICAM-1-APC and analyzed by flow cytometry. Bar graph 

shows mean fold increase in ICAM-1 positive cells from multiple independent experiments 

(n>=2) for each condition. No statistically significant difference was found between the groups 

with and without mTOR inhibition by two-way ANOVA. 

(D,E) Monocytes were perfused at 1 dynes/cm
2
 over an endothelial monolayer pre-treated with 

rapamycin at 30nM for 24 h, ICAM-1 blocking antibody at 20ug/mL for 30 mins and stimulated 

with HLA I Ab at 1 mg/mL for 30 mins. Three 5-10s videos were collected in real-time for each 

condition. The mean velocity (um/sec) of each monocyte over video duration was determined 

using ImarisTrack software (Bitplane). Results are presented as the percent of total monocytes 

observed in the 5 s video with each indicated speed (i.e. 2–50 um/s). Firmly adherent monocytes 

were defined as those with a speed of =<2 um/s over 5 s Slow rolling monocytes have a mean 

velocity of =< 50 um/s, while fast rolling monocytes moved at >50 um/s. *, p<0.05; ∗∗ p<0.01; 

*** p<0.001; **** p<0.0001 versus untreated.  ∗p<0.05, ∗∗p<0.01; ; *** p<0.001; **** 

p<0.0001 versus comparing no inhibitor to inhibitor. For 4Dand 4E: bars were compared to 

untreated monocytes of the same speed. Not significant if not indicated.  
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Figure 3-4a 
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Figure 3-4b 
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Figure 3-4c 
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Figure 3-4d 
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Figure 3-4e 
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Figure 4. ERM phosphorylation is impaired by mTOR inhibition of EC. 

(A) Quiescent HAECs were pretreated with Rapamycin at 30nM or RAD001 at 10nM for 24 h 

and stimulated with 0.1 mg/mL anti-HLA I mAb W6/32 for 10 min. Cells were lysed and 

proteins were separated by SDS–PAGE followed by immunoblotting with anti-phospho-mTOR 

Ser2448, anti-phospho-ERM, anti-phospho-p70S6K Thr389, anti-phospho-Akt Ser473, anti-

phospho-ERK Thr202/Tyr204, or anti-phospho-S6RP Ser235/236 Abs. The membrane was 

probed with anti-vinculin Ab to confirm equal loading of proteins. (B) Phosphorylated protein 

band for p-ERM shown in (A) were quantified by densitometry scan analysis using ImageJ and 

results are expressed as the mean ± SEM fold increase in phosphorylation above untreated. Data 

are representative of three independent experiments. (C) HAECs were pre-treated as in (A); the 

lysates were immunoprecipitated with anti-ICAM-1 Ab followed by immunoblotting with anti-

phospho-ERM. Vinculin was used to confirm equal loading. (D) Quantification corresponding to 

Figure 3-4f 
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p-ERM in (C) was determined as in (A). (E) HAECs were transfected with 100 nM mTOR, 

raptor, rictor control siRNA. After 48 h, EC were lysed and subjected to Western blot analysis 

using Abs to phospho-mTOR Ser2448, phospho-p70S6K Thr389, phospho-Akt Ser473, phospho 

ERK Thr202/204, phospho-S6RP Ser235/236 Abs, or Vinculin to confirm equal loading of 

proteins. (F) Phosphorylated protein band for p-ERM shown in (C) were quantified by 

densitometry scan analysis using ImageJ and results are expressed as the mean ± SEM fold 

increase in phosphorylation above untreated. Data are representative of three independent 

experiments. For all blots, the mean fold change over untreated is indicated as a number 

underneath each lane.  
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Figure 5. mTOR regulates HLA I-induced ERM phosphorylation through the RhoA and 

MAPK pathways. 

Figure 3-5 
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(A) Quiescent HAEC were pretreated with Rapamycin at 30nM or RAD001 at 10nM for 24 h, 

U0126, Ro-31-7549, Y-27632, all at 10 uM for 30 mins, Rho inhibitor at 1 ug/mL for 4 h, then 

stimulated with 0.1 mg/mL anti-HLA I mAb W6/32 for 10 min. Cells were lysed and proteins 

were separated by SDS–PAGE followed by immunoblotting with anti-phospho-mTOR Ser2448, 

anti-phospho-MYPT1 Thr696, anti-phospho-p70S6K Thr389, anti-phospho-Akt Ser473, anti-

phospho ERK Thr202/204, anti-phospho-S6RP Ser235/236 Abs, anti-phospho MLC Ser19,  or 

Vinculin to confirm equal loading of proteins. For all blots, the mean fold change over untreated 

is indicated as a number underneath each lane. 
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Figure 3-6a 
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Figure 3-6b 
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Figure 3-6c 
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Figure 3-6d 
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Figure 3-6e 
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Figure 3-6f 
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Figure 3-6g 
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Figure 6: Rapamycin treatment inhibits activation of HLA I Ab-induced mTOR proteins in 

vivo. Immunohistochemical analysis of proteins involved in MHC class I-induced cell survival or 

proliferation pathway in all four treatment groups, as scored by a blinded pathologist.  

Representative histology of phosphorylated cell survival and proliferation proteins in cardiac 

allografts following indicated treatments.  Analysis was determined by immunoperoxidase single 

staining for (A, E) p-ERK1/2 Thr202/Tyr204, (B,F) p-AKT Ser473, (C,G) p-P70S6K 

Thr421/Ser424, or (D, H) p-Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558) in allografts 

treated with 30 ug MHC I (anti-H-2K
d
 + anti-H-2D

d
) Ab or mIgG isotype controls, with or 

without concurrent rapamycin treatment. (A-D) Images in the top row are presented at 100X 

magnification, and the bottom row at 200X magnification. Images were viewed with an Olympus 

BX50 microscope and recorded with an Olympus DP21 camera. All phosphorylated proteins 

visible (dark brown stain, arrows) in cardiac vessels and endocardium. (mean ± SEM; n  ≥6). *P 

Figure 3-6h 
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< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. scale bars, top rows=100 ɥm, bottom rows= 

50 ɥm. 
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Figure 3-7a 
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Figure 7: mTOR is required for 

ICAM-1 clustering in HLA-I 

activated HAEC. 

(A) HAECs were either left 

untreated or pre-treated with 

rapamycin at 30nM for 24hours. 

EC were then stimulated with 1 

mg/mL anti-HLA I mAb W6/32 

for 30 min, or 10ng/ml TNF-α for 

4 h. EC were incubated for 1 h 

with sheep anti-ICAM-1 antibody, 

followed by 30 min incubation 

with secondary FITC-labeled 

donkey-anti-sheep secondary antibody to cross-link ICAM-1 and then fixed. F-actin fibers were 

stained with Phalloidin. Cells were viewed and imaged by a Zeiss confocal microscope.  

Clustering of ICAM-1 at the cell margins is shown in EC treated with TNF-α and HLA I Ab, and 

diffuse distribution of ICAM-1 is shown in UT EC, as well as those treated with ITGB3 Ab and 

where cells were pre-treated with rapamycin. scale bars=10 ɥm .(B,C) ICAM-1 clustering was 

quantified by ImageJ and results are expressed as the mean ± SEM over untreated. Data are 

representative of three or more images per treatment.  

Figure 3-7b- c 
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Supplemental Fig 1. Determination of ideal mTOR inhibitor dosage. 

HAECs were pre-treated with the indicated mTOR inhibitors at the listed dosages for 24h. 

Experiment was carried out as described in Figure 1.  

 

  

Supplementary Figure 3-1 
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Supplemental Fig 2. siRNA knock-down efficiency in the mTOR pathway. 

HAECs were transfected with 100 nM mTOR, raptor, rictor control siRNA. After 48 h, EC were 

lysed and subjected to Western blot analysis using Abs to mTOR, raptor, rictor, and vinculin. 

Results are representative of two independent experiments.  

 

  

Supplementary Figure 3-2 
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Supplemental Fig 3. Monocyte adherence to HLA-class I Ab-stimulated endothelium is 

blocked when the mTOR pathway is inhibited in EC 

HAECs were pre-treated with the indicated inhibitors at the dosage and for the amount time, as 

listed in Figure 6. Experiment was carried out as described in Figure 1.  

 

 

  

Supplementary Figure 3-3 
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Chapter 4: 

The role of mTOR in monocyte activation and 

recruitment in response to HLA-I Ab activated EC.   
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4.1 Abstract 

Macrophages are powerful contributors to graft injury in antibody-mediated allograft rejection. 

Though the mTOR pathway has been implicated as a mediator of activity in innate immune cells, 

additional mechanistic studies are needed. The purpose of this study was to determine if mTOR 

inhibition in monocytes can modulate their capacity to adhere to HLA I antibody-activated 

endothelium.  We used an in vitro model to examine binding of mTOR-inhibited monocytes to 

endothelial cells stimulated with HLA I antibodies and found binding to be blocked. 

Furthermore, we determined by solid phase assay that blockade of monocytic binding may be 

due to dampening of PSGL-1 signaling in monocytes.  

 

4.2 Introduction 

AMR persists as a major issue confounding solid organ transplants. As the main feature of AMR, 

donor specific HLA antibodies contribute to decreased graft function and poor outcome
1
. The 

presence of intragraft macrophages is another key feature of AMR and is associated with 

increased incidence of rejection
2, 3

 . The many functions of macrophages, including release of 

pro-inflammatory, proliferative and fibrotic factors are injurious to the allograft depletion of 

recipient macrophages or inhibition of monocyte activation has been shown to attenuate graft 

injury and prolong survival
4-7

. Though currently used immunosuppressive drugs are through to 

exert effects on innate immune cells
8, 9

, the full impact of thes drugs on the function of 

monocytes is still unknown. 

Of these drugs, mTOR inhibitors such as rapamycin (sirolimus) and its derivative everolimus are 

potent drugs used to treat a variety of inflammatory diseases and graft dysfunctions, in which 

monocyte recruitment and activity underlies the mechanisms of cell injury.   
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Experimental evidence suggests that mTOR inhibition can modulate the leukocyte recruitment 

system at the level of the monocytes recruited to the activated endothelium of allografts
10-12

. 

mTOR inhibition by sirolimus of THP-1 cells and primary monocytes suppressed the in vitro 

production of the monocyte chemoattractant protein-1 (MCP-1), IL-8, regulated on activation, 

normal T cell expressed and secreted protein (RANTES), the macrophage inflammatory protein 

MIP-1α, and MIP-1β following stimulation by LPS
13

.  Additionally, mTOR has been shown to 

be required for production of pro-inflammatory cytokines IL-6 and TNF-α by monocytes in 

patients with coronary artery disease
14

. Given these findings, we investigated the role of the 

mTOR signaling network in monocytes recruited to HLA I-activated ECs.  

 

Following PSGL-1-mediated leukocyte rolling or FcRs engagement, intracellular signaling 

pathways are activated in monocytes, allowing for firm adhesion to the endothelium
15

. The 

ability of monocytes to firmly adhere to activated endothelium is regulated by conformational 

changes in the β2 integrins MAC-1 and LFA-1, through which monocytes firmly adhere to 

ICAM-1
15

. Recent studies suggest that mTOR signaling may be required downstream of PSGL-

1
10, 11

 or Fc γ receptor-mediated
16

 activation in monocytes. As such, we tested if mTOR is 

involved in monocyte adherence to ICAM-1 in response to PSGL-1 signaling.  
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4.3 Methods 

Antibodies and Chemicals 

Pan-HLA antibodies were used as they are well-characterized and recognize monomorphic 

epitopes on all HLA class I antigens 
17

. Pan-HLA antibody MEM-147 (mIgG1) was purchased 

from Abcam (Cambridge, MA).  Human anti-integrin αVβ3 mIgG1 (R&D; Minneapolis, MN) 

was used as negative control as indicated. PMA (Phorbol 12-myristate 13-acetate) was purchased 

from Abcam (Cambridge, MA).  

Anti-human ICAM-1 (CD54) antibody for solid phase assay was obtained from R&D 

(Minneapolis, MN). Recombinant human P-selectin (CD62P) dimer was purchased from R&D 

(Minneapolis, MN). Rapamycin (sirolimus) was purchased from LC Laboratories (Woburn, 

MA). 

 

Cell Culture 

Primary human aortic endothelial cells (HAECs) were isolated from the aortic rings of deceased 

donor hearts (H126 or F1153) as previously described, or obtained from Clonetics (lot number: 

EC5555) and cultured as described previously
18-20

.  Briefly, HAECs were seeded at confluence 

on 0.1 % gelatin-coated tissue culture plates in complete medium containing 20% heat-

inactivated fetal bovine serum (FBS), antibiotics (P/S) (both from Invitrogen Life Technologies), 

heparin (Sigma-Alrich) and endothelial cell growth serum (ECGS) (Fisher Scientific. All 

experiments were repeated with early-passage endothelial cells from 2-3 different donors to rule 

out donor-specific responses.  
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Static monocyte adhesion assay 

Adherence of monocytic cells to endothelium under static conditions was measured as previously 

described
3, 21

. ECs were stimulated with control antibody anti-human integrin αVβ3 or antibody 

against HLA class I. Polyclonal human IgG (20ug/mL) was used to block FcγR interactions. 

 

Solid Phase Assay 

A 96 well high protein affinity nunc plate was coated with recombinant human ICAM-1 and P-

selectin dimer (or anti-CD18) (R&D Cat #ADP4-200). Monocytes were pre-treated with mTOR 

inhibitor and added to the plate. Adherent cells were counted by fluorescence microscopy on a 

live cell fluorescence microscope (Nikon Eclipse Ti). Data was analyzed by Cell Profiler.  

 

Statistical Analysis 

Differences between groups were determined using one or two-way ANOVA using Prism v5 

software (GraphPad Software Inc., La Jolla, CA). p values of  <0.05 were considered statistically 

significant.  
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4.4 Results 

4.4.1. Inhibition of mTOR in monocytes significantly reduces adhesion to HLA I antibody-

activated endothelium.  

We previously found that crosslinking FcγRs or PSGL-1 activates monocyte β2 integrins and 

promotes adherence to ICAM-1 (data not shown). Furthermore, our group determined that PI3K 

and Src are upstream of mTOR activation in endothelial HLA I signaling
22, 23

. Moreover, it is 

well-established that the cytoskeleton is regulated by mTORC2 through PKCα and Rho 

GTPases
24

 . Therefore, we hypothesized that mTOR signaling networks are involved in 

monocyte adhesion downstream of P-selectin/PSGL-1 and HLA class I antibody/FcγR 

interactions.  

 

To validate this theory, we measured adhesion of mTOR-deficient monocytes to HLA I 

antibody-activated endothelial cells. ECs were treated with HLA-I Abs to stimulate WPb 

exocytosis and upregulate P-selectin expression. MM6 were pre-treated with varying doses and 

times (2 and 24 hours) of the pharmacological mTOR inhibitor rapamycin and overlayed on 

stimulated EC in static adherence assays and changes in adherence were determined by 

fluorescent microscopy and quantitated by Cell Profiler. 

 

mTOR inhibition in monocytes significantly prevented binding to endothelium in response to 

HLA I antibodies (Figure 4-1). These results point to a role for mTOR in regulation of monocyte 

adhesiveness, and suggest that rapamycin may also reduce the capacity of monocytes to adhere 

to graft vessels during AMR. 
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4.4.2 Inhibition of mTOR in monocytes significantly reduces adhesion to ICAM1 following 

PSGL-1 cross-linking. 

Monocytes firmly adhere to ICAM-1 through surface β2 integrins, including LFA-1 (αLβ2) and 

Mac-1 (αMβ2). Though resting monocytes express high levels of LFA-1 or Mac-1 on their cell 

surface, they only bind to ICAM-1 following exposure to activation signals such as, chemokines 

and rolling on P-selectin, which crosslinks PSGL-1 on the monocyte surface. These signals 

induce conformational changes of β2 integrins, which then allow it to bind ICAM-1 or the 

extracellular matrix
25

. Recent data suggests that the mTOR pathway is activated in monocytes 

following PSGL-1 engagement
11, 26

 . To explore this theory, we next tested the effect of mTOR 

inhibition on inducible monocyte adherence to ICAM-1 following PSGL-1 interactions. 

 

In order to assess the effect of mTOR inhibition on inducible monocyte adherence to ICAM-1 

following PSGL-1 interactions, we developed a solid phase assay in which purified human 

ICAM-1 protein is immobilized on Nunc Maxisorp 96 well plates with or without recombinant 

P-selectin, which serves to activate monocytes by crosslinking PSGL-1 on their surface. The 

monocytic cell line Mono Mac 6 (MM6) was pre-treated with the mTOR inhibitor rapamycin for 

24 hours and monocytic binding was measured. Positive control PMA is used as a strong 

stimulus of monocyte activation. We found that mTOR inhibition followed by PSGL-1 

engagement significantly impairs monocytic adherence (Figure 4-2).  

This mechanistic study further implicates the mTOR pathway in monocyte activation in response 

to PSGL-1 engagement, and suggests that PSGL-1 signaling in monocytes is hampered by 

mTOR inhibition.  
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4.5 Future Directions 

As crosslinking FcγRs increases monocyte binding to ICAM-1
15

, we will use a murine IgG2a 

antibody to crosslink FcγRs following monocytic treatment with mTOR inhibitors. The ability of 

these monocytes to adhere to immobilized ICAM-1 will then be determined by a solid phase 

assay.  

 

Additionally, intracellular signaling events will be studied by Western blot following FcγR and 

PSGL-1 engagement. MM6 will be treated with mIgG2a Ab and crosslinking 2
nd

 antibody, and 

the recombinant soluble P-selectin chimera. Cells will be lysed and immunoblotted with 

phosphospecific Abs against p70 S6 Kinase, S6 ribosomal protein, Akt, and ERK.  The role of 

mTOR inhibition on FcR/PSGL-1 induced protein phosphorylation will be established. 

siRNA of mTOR, rictor and raptor will be used to confirm results and to examine the role of 

mTORC2 and mTORC1 in this process.  

We will use siRNA against mTOR, raptor and rictor to confirm our findings and to explore the 

role of mTORC1/mTORC2 in contributing to the capacity of monocytes to adhere to HLA-

activated endothelium.  
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Figure 4-1. Monocyte adherence to HLA-class I Ab-stimulated endothelium is blocked 

when the mTOR pathway is inhibited in monocytes. Primary human aortic endothelium (EC, 

donor H126, 3F1153, or X127) were either left un-stimulated or stimulated with control antibody 

against Integrin B3 or HLA I intact antibody (MEM-147 mIgG1) at  lg/mL diluted in M199 

supplemented with 5% FBS for 5 min. Mono Mac6 were either untreated, pretreated with 

Rapamycin at 30nM or RAD001 at 10nM for 24 (A,B) or 2 (C,D) hours. Monocytes were 

fluorescently labeled with CFSE, resuspended in RPMI supplemented with 5% FBS, and were 

added at a ratio of 2–3 monocytes to 1 endothelial cell and allowed to adhere for 20 min. After 

removal of non-adherent monocytes by washing, adherent monocytes were counted by 

fluorescence microscopy and automated software (CellProfiler) in 8-10 fields per condition as 
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previously described (Chapter 3). Results from one representative experiment are shown (A, C). 

Bar graph represents mean fold increase in the number of adherent Mono Mac 6 (B,D) from 

multiple (n ≥ 3) independent experiments ± SEM. *, p<0.05; ∗∗ p<0.01 versus untreated. 

∗p<0.05, ∗∗p<0.01 versus comparing no inhibitor to inhibitor. 
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Figure 4-2. Inhibition of mTOR in monocytes significantly reduces adhesion to ICAM-1 

following PSGL-1 cross-linking A 96 well high protein affinity nunc plate was coated with 

1ug/well of recombinant human ICAM-1 and 5ug/well P-selectin dimer (or anti-CD18) diluted in 

PBS and incubated overnight at 4˚ C. Mono Mac6 were either untreated o pre-treated with 

Rapamycin at 30 nM for 24 hours or stimulated with PMA for 15 minutes, the labeled with 

CFSE for 10 mins. Monocytes were then added to the immobilized ICAM-1 and P-selectin 

dimer. Adherent cells were counted by fluorescence microscopy on a live cell fluorescence 

microscope (Nikon Eclipse Ti). Data was analyzed by Cell Profiler.  
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Chapter 5:  

Discussion and Future Directions 
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5.1 Key Findings 

 

Accumulating evidence argues for a central role of anti-donor HLA antibodies in a substantial 

proportion of graft injury and rejection. For this reason, HLA antibodies and their role in AMR 

have become a point of major focus in transplantation research. Antibodies target the HLA 

molecules on the endothelium of the donor graft, inducing vascular damage and subsequent 

leukocyte recruitment.  

 

As mTOR has been shown to be required for endothelial activation following HLA class I 

ligation by antibody, we postulated that mTOR inhibition can mitigate features of HLA class I-

induced AMR by abrogating monocyte recruitment to endothelial cells.  Our findings indicate a 

novel application for rapamycin in the prevention of antibody-mediated rejection and graft 

injury, as no current therapies target endothelial-leukocyte interactions or endothelial activation.  

 

The goal of this dissertation was to investigate the effects of mTOR inhibition on ECs in the 

context of HLA I antibody-mediated cellular recruitment in an in vitro and in vivo model of acute 

AMR, and to elucidate the mechanisms and signaling pathways involved. Briefly, we 

investigated if monocyte-specific mTOR inhibition will modulate monocyte recruitment to HLA 

I antibody-activated ECs. There are three key findings.  
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First, we demonstrated that mTOR inhibition of HLA I-stimulated ECs in vitro reduces 

monocyte recruitment to the endothelium, identifying a novel mechanism by which mTOR 

inhibitors exert their effect. While monocyte recruitment and infiltration into areas of vascular 

inflammation have been studied in several disease models
1-3

, the impact of mTOR inhibition on 

monocyte recruitment in a model of AMR was unknown until now. Notably, we validated this 

finding in vivo. Administration of the mTOR inhibitor rapamycin, which is commonly used in 

the clinical setting, abrogated anti-donor MHC I antibody-induced graft pathology and intragraft 

macrophage infiltrates. We also determined that MHC I antibody-elicited mTOR activation was 

abolished in the endothelium; however, future studies should examine the effect of rapamycin 

treatment on the innate immune cells in this model. These results indicate that mTOR inhibitors 

may be effective in the prevention of macrophage infiltration during AMR by dampening 

endothelial cell activation and innate effector adhesivity triggered by donor specific HLA I 

antibodies. It should be noted, however, that our model is limited in that it only address acute 

AMR. It is necessary to develop a murine model of chronic AMR to fully understand the impact 

of mTOR inhibition in AMR and to be able to translate these findings to the clinic. 

 

Next, we made use of a flow-based assay to study monocyte-EC interactions under physiological 

conditions. We found that mTOR regulates endothelial ICAM-1 function following HLA I 

engagement. ICAM-1 is the main endothelial adhesion molecule involved in firm arrest of 

leukocytes and disrupting its function impairs the ability of ECs to support firm adhesion. Future 

studies should investigate the impact of mTOR inhibition on the functionality of VCAM-1 and 

adhesion molecules involved in transmigration of leukocytes.   
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Finally, we found that following ligation of HLA I on ECs, mTOR signals through RhoA and 

MAPK to phosphorylate ERM which associates with ICAM-1, allowing for adhesion molecule 

clustering on the surface of the endothelium, which in turn is required for firm adhesion of 

leukocytes. While we elucidated an intricate pathway by which mTOR-mediated class I 

signaling in ECs regulates monocyte adherence, it should be noted that additional pathways are 

likely involved and should be investigated in the future.   

 

The novel findings from this project pave the way for better understanding the molecular  

pathways and signal transduction networks that trigger tissue injury and rejection, thereby 

facilitating identification of targets for new therapies. The results presented herein raise several 

questions, such as the role of mTOR in HLA II-antibody-induced endothelial activation and 

potential modulation of macrophage subsets by mTOR signaling. These are addressed below.   

 

 

5.2 The Role of mTOR in HLA II-Mediated Monocyte Recruitment 

 

Donor-reactive HLA class II antibodies are generally considered to be more pathogenic and 

deleterious than HLA class I antibodies, causing more extensive injury and greater pathology in 

patients with AMR. As such, they have garnered recent attention and novel endeavors are 

surfacing to address this problem
4-6

. 
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Our group has been conducting studies to understand the effects of HLA II antibodies on ECs 

and the subsequent signaling cascades involved. We reported that HLA II-mediated signaling 

activates endothelial cell migration and is dependent upon mTOR
7
. Future studies should 

determine if mTOR regulates the recruitment of immune effector cells into the allograft in 

response to HLA II antibodies, and if so, by what mechanisms. Furthermore, it would be 

beneficial to examine the role of mTOR in monocyte recruitment to HLA II-activated 

endothelium in vivo, though an appropriate animal model based upon HLA II antibody-driven 

AMR does not yet exist.  

 

5.3 The Impact of mTOR Inhibition on Monocyte Subsets 

 

The changing platform of macrophage subsets and polarization are of key interest in 

transplantation. It is well known that macrophages can polarize and acquire distinctive 

phenotypes and physiological functions in response to environmental factors. Traditionally, 

macrophages were classified as either pro-inflammatory M1 or alternatively-activated M2 

macrophages. Accumulating data has revealed there to be a multitude of macrophage subsets, 

including an unpolarized naïve M0 state, an mDC state, and several distinct M2 subsets.
8
 Despite 

these advances, the mechanisms that regulate macrophage polarization are poorly defined.   

 

Research conducted by Zhu et al. found a broad defect in M2 polariztion when regular mTOR 

signaling was disrupted. Constitutive mTORC1 activity in a myeloid specific manner 

demonstrated enhanced M1 function. In response to IL-4 and IL-13, macrophages were unable to 
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polarize to M2, though M1 polarization was not affected.
9
 An unrelated study found that mTOR 

inhibition in the same murine model rescued the defective M2 polarization
10

, though the M1 

phenotype was unaffected. In a rat model of induced ischemic strokes, rapamycin treatment was 

shown to prevent brain macrophage polarization toward an M1 phenotype. There was a 

corresponding decrease in the levels of pro-inflammatory cytokine and chemokine production by 

macrophages
11

. Collectively, these data point to a key role for the mTOR pathway in regulating 

macrophage polarization, though they fail to clearly elucidate the impact of mTOR signaling in 

macrophage differentiation.  

 

A potential implication of mTOR regulation of endothelial-leukocytic interactions may be the 

modulation of macrophage subsets. We conducted preliminary studies to investigate the 

underlying mechanisms of macrophage polarization as relates to mTOR signaling (preliminary 

data, not shown). Initial findings suggest that HLA I Ab-stimulated ECs moderate skewing of 

primary monocytes to an mDC phenotype. mTOR inhibition prevented this and maintained 

macrophages in an unpolarized M0 state. In order to confidently make a conclusion regarding the 

role of mTOR in macrophage polarization in AMR, we must first fully define the impact of HLA 

antibodies on macrophage differentiation and polarization, and then explore the contribution of 

the mTOR pathway.  

Elucidating the impact of HLA antibodies on macrophage phenotype and activity could be used 

to modulate patients’ immunosuppressive regiments accordingly. 
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5.4 The Future of mTOR Inhibitors in The Clinic 

 

Our data highlight the importance of macrophages in the pathogenesis of AMR and the 

progression of rejection. We found that mTOR inhibitors may potentially moderate the presence 

of intragraft macrophages, reducing the extent of HLA I antibody-triggered injury. More 

investigation is required in the form of clinical trials to determine the impact of mTOR inhibitors 

on recipient monocytes and macrophages.   

 

5.5 Conclusion 

 

The importance of AMR in graft survival has become apparent in recent years as it is usually 

unresponsive to conventional therapies and remains a therapeutic challenge. The process of 

AMR is multifactorial, resulting from the integration of multiple mechanisms which are 

currently incompletely understood.  

 

This project demonstrates the multifaceted network of signaling pathways that are activated 

following endothelial HLA class I ligation by antibody, and how mTOR signaling modulates 

monocyte recruitment in the setting of AMR. mTOR inhibitors used in the clinical setting 

potentially moderate the risk of rejection. Our results give a glimpse into the interconnected 

mechanisms of antibody-mediated injury that involve the mTOR pathway.  
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