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Abstract

Donor specific antibodies are associated with refractory rejection episodes and poor allograft

outcomes in solid organ transplantation. Our understanding of antibody mediated allograft injury

is expanding beyond complement deposition. In fact, unique mechanisms of alloantibodies are

advancing our knowledge about transplant vasculopathy and antibody mediated rejection. These

include direct effects on the endothelium, resulting in the recruitment of leukocytes, chemokine

and cytokine production, and stimulation of innate and adaptive alloresponses. These effects will

be the focus of the following review.
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Introduction

Although short-term outcomes have improved with modern era immunosuppression, little

progress has been made in long-term allograft survival in solid organ transplantation. AMR

(antibody-mediated rejection) is one of the leading causes of allograft failure and contributes

significantly to poor long-term outcomes, the current organ shortage and increased

transplant wait times (1–3). One of the common consequences of AMR is transplant

vasculopathy (TV), characterized by intimal thickening, endothelial and smooth muscle cell

(EC) proliferation, survival and migration (4–7). This results in occlusion of allograft

vessels leading to arteriosclerosis with subsequent deterioration of organ function.

Donor specific antibodies to HLA and non-HLA antigens are an important clinical risk

factor for TV and AMR in solid organ transplantation (8–16). Traditionally the complement

dependent mechanisms of AMR are emphasized in its pathological diagnosis, which focus

on C4d, a degradation product of activated complement factor C4. C4d is a component of

the classical complement cascade and is deposited on the capillary endothelium (17).

†Corresponding author: Elaine F. Reed, UCLA Immunogenetics Center, Department of Pathology and Laboratory Medicine, 15-20
Rehab 1000 Veteran Ave Los Angeles, CA 90095-1652, Phone: 001 310-794-4943, Fax: 001 310 206-3216, ereed@mednet.ucla.edu.

NIH Public Access
Author Manuscript
Tissue Antigens. Author manuscript; available in PMC 2015 June 01.

Published in final edited form as:
Tissue Antigens. 2014 June ; 83(6): 375–381. doi:10.1111/tan.12381.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



However, C4d staining is not always a sensitive marker and its diagnostic capability is

inconsistent across solid organ transplantation (18).

A growing body of literature is emerging on the importance of complement independent

mechanisms as well as novel complement mechanisms of alloantibodies. An innovative

paradigm for diagnosing and treating AMR is evolving. C4d negative AMR, inflammation

of the microcirculation, and TV are now being recognized as important diagnostic criteria

for AMR (19). The pathogenesis of alloantibodies in the context of TV and AMR is best

characterized for HLA class I molecules. Therefore, new perspectives on injury mechanisms

of HLA class I antibodies will be described. Additionally, the potential for existing approved

therapeutic drugs to antagonize HLA antibody-activated signaling in endothelium will also

be discussed.

HLA Class I Antibody Induces Actin Cytoskeleton Remodeling and

Migration

The cytoskeleton consists of actin microfilaments, microtubules, and intermediate filaments

that provide the necessary framework for cell motility, organelle support, and cell division

(20). Dynamic remodeling of the actin cytoskeleton regulates cell proliferation and

migration and is thought to contribute to TV and AMR. Crosslinking of HLA class I

molecules by anti-HLA antibodies activates Rho signaling and triggers reorganization of the

cytoskeleton (21). The activation of the guanosine-5′-trisphosphate (GTP)-binding protein

RhoA and Rho kinase on endothelial cells is central to the formation of F-actin stress fibers

and mediates phophoinositide 3-kinase (PI3K) dependent endothelial cell proliferation (22)

and represents a potential therapeutic target to prevent HLA antibody-induced cell changes.

Besides treatment of hypercholesterolemia, HMG- coA reductase inhibitors, or “statins” can

potentially be used as adjunctive therapy to ameliorate TV and AMR in solid organ

transplantation (22) (Figure 1). Simvastatin, which inhibits RhoA geranylgeranylation,

significantly reduces HLA Class I induced endothelial cell proliferation in vitro (22). Other

promising inhibitors of Rho and Rho kinase that are utilized in animal models of chronic

rejection include fasudil and Y-27632 which reduce neointimal thickening and decrease

immune cell infiltration (23–25) (Figure 1).

Both Rho GTPase and Rho kinase are involved in class I-mediated phosphorylation of focal

adhesion kinase (FAK) and paxillin (21, 26). FAK is a cytoplasmic protein kinase that

localizes to regions of the cell called focal adhesions that attach to extracellular matrix. FAK

is a key regulator for cell proliferation, survival, and migration and plays a critical role in

wound repair, atherosclerosis and tumor angiogenesis. Ligation of HLA class I by antibody

on endothelial cells stimulates phosphorylation of FAK, Src, and paxillin leading to

cytoskeletal rearrangement and stabilization of focal adhesions, which is required for cell

proliferation. Inhibition of FAK by small interfering RNA during HLA class I signaling

reduces endothelial proliferative capacity (26).

The formation of stress fibers is an essential part of cytoskeleton remodeling. Stress fibers

function in endothelial cell adhesion, migration and permeability and central for the

development of TV (27, 28). HLA class I antibody can induce stress fiber formation in
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endothelial cells via phosphorylation of myosin light chain (MLC). This in turn activates

myosin light chain kinase and Rho kinase in an ERK1/2 dependent fashion without

increased intracellular calcium (29). Interestingly, angiotensin converting enzyme (ACE)

inhibition with captopril has been shown to suppress TV and hypertension by reducing ERK

and MLC expression (30, 31). Therefore, ACE inhibitors may be therapeutic for solid organ

recipients who suffer from both and additionally may antagonize HLA I antibody-induced

activation of MLC and ERK in endothelium leading to TV (Figure 1). Aside from stress

fiber formation, HLA class I antibodies also stimulate the translocation of mammalian target

of rapamycin complex 2 (mTORC2) and ERK1/2 from the cytoplasm to the plasma

membrane which may act as a scaffold for downstream proteins (29). Furthermore, HLA

class I antibody increases cell migration and wound healing through mTOR (32–34). Indeed,

the mTOR inhibitors, everolimus and sirolimus, can inhibit HLA class I stimulated cell

migration and wound healing (33) (Figure 1). These in vitro results are consistent with

findings in animal and human studies where TV is attenuated by both everolimus and

sirolimus in cardiac transplantation (35–37).

Additionally, proteomic studies have revealed novel proteins that are involved in actin

remodeling induced by class I antibodies compared with other agonists including thrombin

and fibroblast growth factor (38). Analysis by tandem mass spectrometry has shown unique

cytoskeleton proteomes for each treatment group. Using annotation tools, a candidate list

has been created that identifies 12 proteins which are unique to the HLA class I stimulated

group and highlights cytoskeletal proteins such as TMP4, Nup153, and eIF4A1 (38). TMP4

may regulate HLA-class I induced cytoskeleton remodeling downstream of extracellular

regulated kinases (ERK)(38). Nup153 is crucial for nucleoskeleton and cytoskeleton

architecture maintenance and is necessary for cell cycle progression and migration (39).

Finally the eIF4A1 protein functions downstream of mTOR complex 1 following class I

ligation to promote translation and cell proliferation (29, 40). These candidate proteins may

link HLA class I induced cytoskeleton changes to downstream cellular functions such as

proliferation and provide novel diagnostic and therapeutic targets for TV.

HLA Class I Antibody Elicits Endothelial and Smooth Muscle Cell

Proliferation

TV is a predominantly proliferative disease, in which the vessels of the allograft become

occluded by severe intimal thickening, endothelial expansion and smooth muscle invasion.

Many in vitro studies have suggested that HLA I antibodies can promote endothelial and

smooth muscle cell changes relevant to this process. Specifically, HLA antibody stimulation

of endothelial cells and smooth muscle cells increases cellular proliferation in the absence of

exogenous growth factors (34, 41, 42). Studies have shown that rapidly following HLA class

I ligation by antibodies, Rho-GTP, Src, and FAK become activated (22, 26). Src activation

triggers the PI3K/Akt signaling axis, which is a key regulator of cell proliferation and

survival. Phosphorylation of PI3K/Akt activates mTOR, a serine/threonine kinase. mTOR

exists in two distinct protein complexes: mTOR complex 1 (mTORC1) and mTOR complex

2 (mTORC2). mTORC1 is composed of raptor, mTOR, and MLST8 and stimulates protein

synthesis and cell proliferation via activation of S6K, S6 ribosomal protein (S6RP) and
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4EBP1 (40). mTORC2, which contains mTOR, rictor, mLST8 and Sin 1, is a central

regulator of cell survival, migration, and cytoskeletal rearrangement. mTORC2 also

regulates ERK1/2 which to induce cell proliferation (40). Because HLA I molecules have no

known signaling motif, we have postulated that HLA I associates with a coreceptor to

induce its proliferative effects on the endothelium. Using immunoprecipitation, we have

discovered a molecular association between HLA I and integrin β4, which is required for

HLA I-mediated activation of protein phosphorylation of Src, ERK, and AKT and

stimulation of cell proliferation (42).

These in vitro findings are supported by in vivo studies in animals as well as in patients with

AMR (43–45). Mice treated with donor specific MHC class I antibodies show an increase in

phosphorylation of proteins involved in cell proliferation on the endothelium within the

cardiac allograft (46). Moreover, the phosphorylation of the mTOR effectors, S6RP and

S6K, is increased in cardiac and renal transplant biopsies from patients diagnosed with

allograft rejection (47–49). These markers are more sensitive than C4d in identifying

patients with AMR (47). Since mTOR inhibition has been found to improve TV in patients

with AMR, intragraft activation of mTOR effector proteins may be ideal to monitor TV

treatment response and compare drug efficacy amongst inhibitors. Recently, we have found

that everolimus more effectively inhibits HLA class I induced endothelial functional

changes than sirolimus by antagonizing mTORC1 and mTORC2, as well as downstream

MAPK kinase pathways (33) (Figure 1). These results suggest that everolimus may be more

beneficial than sirolimus in preventing AMR and TV, which needs validation in future

clinical trials.

HLA class I antibody can also induce smooth muscle cell proliferation through stress-

induced activation of matrix metalloproteases/sphingolipid signaling in vitro and in vivo (34,

41, 50). TV develops in human arteries grafted into immunodeficient SCID/beige mice after

stimulation with Class I antibody (41). Treatment with pharmacological inhibitors of the

matrix metallopreoteases/sphingolipid pathway prevents alloantibody-provoked SMC

proliferation and vascular lesion development with minimal side effects, highlighting

alternative therapeutic options for TV (41).

HLA Class I Antibody Induces Cell Survival and Promotes Accommodation

Although alloantibodies have been strongly associated with graft pathogenesis, the presence

of circulating donor-specific HLA antibodies may not always result in rejection or graft

dysfunction. Several in vitro studies indicate possible mechanisms whereby HLA class I

antibodies promote transplant accommodation and resistance to graft injury from AMR. At

low concentrations, HLA class I antibodies can induce endothelial accommodation by

upregulating anti-apoptotic genes B-cell lymphoma extra-large (Bcl-xL), B-cell lymphoma 2

(Bcl-2), and heme oxygenese I (HO-1) through PI3K/AKT and cAMP dependent PKA(51–

54). This results in protection of endothelial cells from complement-induced cell death (53,

55). By contrast, high concentrations of HLA antibodies in combination with complement

cause cell death (52–54). In vivo studies have also illustrated the importance of Bcl-2 and

HO-1 in HLA Class I mediated transplant accommodation. In a murine heart transplant

model, pretreatment of HLA-A2 transgenic donor hearts with low level of HLA class I
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antibody confers protection against AMR in highly sensitized recipients by increasing

expression of Bcl-xl, Bcl-2, and HO-1 and reducing expression of adhesion molecules and

inflammatory cytokines and chemokines (55). Additionally, Mannam and colleagues have

found that differential renal microvascular endothelial responses to HLA class I antibody

influence the fate of the allograft (56). Activation of thrombomodulin, by reducing

thrombogenic activity, interleukin 11, through its cytoprotective effects, and anti-apoptotic

genes promote accommodation; while upregulation of cytokine activity, chemokine and pro-

apoptotic genes favor allograft rejection (56). In human studies, a subset of sensitized and

non-sensitized patients has circulating donor specific HLA antibodies without evidence of

diminished allograft function or rejection (57–59). Taken together, these in vitro and in vivo

studies give insight into the effects of HLA Class I antibody as a dynamic spectrum with

graft accommodation and/or “asymptomatic AMR” on one end and full blown rejection at

the other.

HLA Class I Antibody Stimulates Production of Secondary Factors

Besides direct stimulation of intracellular signaling cascades, HLA class I antibodies

augment the sensitivity to and the production of soluble mediators which stimulate autocrine

proliferative signaling. Work from our group over the past years has identified a critical role

for the interaction between HLA class I antibodies and fibroblast growth factors (FGFs) in

the progression of TV. Ligation of HLA class I by antibodies on the endothelium stimulates

proliferation and TV by up-regulating the expression of fibroblast growth factor receptors

(FGFRs) on the cell surface in a dose-dependent fashion, increasing the proliferative

response to basic fibroblast growth factor (60–62). HLA class I antibodies also trigger

endothelial cell production of cytokines that may also enhance cell growth. For example,

HLA class I antibody induces endothelial production of vascular endothelial growth factor

(VEGF), which activates cells in an autocrine manner through its receptor VEGFR2 (63).

Indeed, VEGF protein has been localized to the vascular endothelium in cardiac transplant

biopsies, suggesting its role in TV and its utility as a biomarker (64). Additionally, HLA

class I antibodies increased production of cytokines such as platelet-derived growth factor

(PDGF), insulin-like growth factor 1 (IGF-1), and bFGF, which contributed to paracrine

proliferation of lung airway epithelial cells in vitro and in vivo (43, 65). These findings

highlight the ability of HLA class I antibodies to stimulate soluble mediators which trigger

both autocrine and paracrine cell proliferative responses.

HLA Class I Antibody Leukocyte Recruitment and Activation

Infiltrating leukocytes of the innate immune system have been implicated in the

pathogenesis of TV and AMR. Ligation of HLA class I antibody to the endothelium plays an

important role in leukocyte recruitment, especially of monocytes. In vitro studies have

shown that HLA class I molecule ligation mobilizes endothelial vesicles called Weibel-

Palade bodies (WPb) through a calcium dependent mechanism, releasing von Willebrand

Factor (vWF) and cell surface P-selectin (66, 67). Recruitment and adherence of

neutrophilic cells and monocytes to the endothelium occur (66, 67). Using an in vivo murine

model of cardiac AMR, we have shown that blockade of P-selectin with recombinant

soluble PSGL-1 Fc chimera (rPSGL-1-Ig) reduces HLA Class I antibody elicited monocyte
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recruitment and improves vasculopathy (66). Infiltrating macrophages have been associated

with donor specific antibody and AMR in transplant recipients (68, 69). Since rPSGL-1-Ig

has already been shown in clinical trials to have a beneficial effect on liver transplantation

ischemia reperfusion injury, it may be a promising therapy for TV and AMR (70) (Figure 1).

We have also shown that HLA Class I antibody can augment monocyte recruitment through

FcγR interactions (71). Human IgG1 and human IgG3 may have a greater capacity to trigger

monocyte infiltration into the graft than IgG2 or IgG4 due to enhancement by FcγR

interactions (71). Delineation of human IgG subclasses may identify patients at higher risk

of TV and AMR in the clinical setting. Additionally, intravenous immunoglobulin (IVIG)

may play a role in reducing this Fc receptor-dependent response (72) (Figure 1).

Besides leukocyte recruitment, HLA Class I antibody can also mediate AMR through

activation of natural killer (NK) cells. NK cells release IFNγ, a pro-inflammatory cytokine,

as well as perforin and granzyme B, through degranulation, resulting in killing of target

cells. In a murine cardiac vasculopathy model, Colvin and colleagues show that NK cells

mediate TV by binding FcγRIIIa to the Fc portion of HLA Class I antibody. These effects

are independent of complement. Subsequently, NK cell depletion prevents TV and chronic

AMR (73). In human studies, NK-cell transcripts and intravascular accumulation of NK

cells have been detected in kidney allografts with DSA and C4d negative chronic AMR (74).

Shin and colleagues recently have shown that the calcineurin inhibitors, tacrolimus and

cyclosporin A, in combination with prednisone synergistically suppress NK cell IFNγ

production and degranulation significantly more than anti-metabolites, such as sirolimus or

mycophenolate mofetil (75) (Figure 1). Given the NK cell signature of AMR in

experimental models and in patients, it is possible that NK cells can be used as yet another

tool to identify C4d negative rejection and may represent a therapeutic target to ameliorate

AMR.

HLA Class I Antibody and T cell-mediated Alloimmunity

In transplant patients, studies have shown an association between donor specific antibodies

and acute cellular rejection (76, 77). However, until recently, the mechanism by which

antibodies might influence T cell mediated alloimmune responses has not been established.

Microvascular endothelial cells treated with HLA class I antibody from both mice and

sensitized humans produced inflammatory cytokines and chemokines such as IL-6, CXCL8,

CCL5, and CXCL10 through a CREB/protein kinase-A dependent pathway (78). The

corresponding receptors for these inflammatory mediators are expressed on T cells,

monocytes, and neutrophils, suggesting an endothelium-leukocyte interaction and a role for

alloantibody in acute cellular rejection (78).

Finally, a novel function of HLA antibody-activated complement has recently been

described. Jordan Pober and colleagues have recently demonstrated that alloantibodies from

highly sensitized transplant patients can deposit complement, including formation of

membrane attack complexes on endothelial cells in vitro and in vivo (79). As described

above, endothelial cells remain resistant to complement-mediated lysis in the presence of

HLA antibodies. Rather than provoke cytolysis, membrane attack complexes upregulate

inflammatory genes, increasing the capacity of endothelial cells to recruit and activate
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allogeneic interferon-γ-producing CD4+ T cells through noncanonical nuclear factor-κB

signaling (79). Interestingly, noncanoncial NF-κB activation is also found in the peritubular

capillaries of renal transplant biopsies with chronic AMR, highlighting its potential utility as

a diagnostic marker and/or a therapeutic target for TV. Therefore, complement inhibition

with Eculizumab may prevent antibody-activated complement T cell recruitment, alleviating

TV (Figure 1). Additionally, Heeger and colleagues have shown that complement split

products C3a and C5a from allogenic dendritic cells augment T cell alloresponses in vitro

and in vivo and provides yet another target for organ transplant rejection (80).

Conclusion

In summary, alloantibodies are a major barrier to long-term allograft survival in solid organ

transplantation. Current diagnostic markers do not always accurately detect AMR and

conventional therapies have limited efficacy on TV. As delineated in Figure 1, advances in

our understanding of HLA class I signaling have uncovered new diagnostic markers that can

optimize the use of currently approved medications against HLA signals in the endothelium

and identify novel therapeutic targets to improve transplant outcomes. New perspectives

summarized in this review, regarding the pleiotropic effects of HLA class I antibody, will

give us insight into the mechanisms of antibodies against other alloantigens, including HLA

class II and non-HLA molecules.
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Figure 1. Potential Therapeutic Interventions for the Pleiotropic Effects of HLA Class I
Antibodies on EC
HLA Class I antibody has several mechanisms by which it can induce endothelial injury

including stimulation of EC proliferation, cytoskeletal changes, and migration; the

recruitment of leukocytes; chemokine and cytokine production; and stimulation of innate

and adaptive alloresponses. This Figure depicts therapeutic intervention to target HLA

signaling on the endothelium.
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