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Abstract

Antibody (Ab) crosslinking of HLA I molecules on the surface of endothelial cells triggers 

proliferative and pro-survival intracellular signaling, which is implicated in the process of chronic 

allograft rejection, also known as transplant vasculopathy. The purpose of this study was to 

investigate the role of mammalian target of rapamycin (mTOR) in HLA I antibody-induced 

signaling cascades. Everolimus provides a tool to establish how the mTOR signal network 

regulates HLA I-mediated migration, proliferation, and survival. We found that everolimus inhibits 

mTORC1 by disassociating Raptor from mTOR, thereby preventing class I-induced 

phosphorylation of mTOR, p70S6K, S6RP, and 4E-BP1, and resultant class I-stimulated cell 

migration and proliferation. Furthermore, we found that everolimus inhibits class I-mediated 

mTORC2 activation (1) by disassociating Rictor and Sin1 from mTOR; (2) by preventing class I-

stimulated Akt phosphorylation; and (3) by preventing class I-mediated ERK phosphorylation. 

These results suggest that everolimus is more effective than sirolimus at antagonizing both 

mTORC1 and mTORC2, the latter of which is critical in endothelial cell functional changes 

leading to transplant vasculopathy in solid organ transplantation after HLA I crosslinking. Our 

findings point to a potential therapeutic effect of everolimus in prevention of chronic antibody-

mediated rejection.
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INTRODUCTION

Antibody mediated rejection (AMR) is caused by the development of donor-specific 

antibodies (DSA) against polymorphic HLA molecules expressed by the transplanted organ. 

DSA is directly associated with acute and chronic rejection and late graft failure (1–3). 

AMR is a sequential process leading to arterial and parenchymal damage, and ultimately 

transplant vasculopathy (TV) and graft dysfunction (1, 4–5).

Although donor-specific anti-HLA Ab are linked to TV, the mechanisms of the pathologic 

effect of Ab binding to the graft endothelium have only recently been explored. Studies by 

our group and others have shown that ligation of HLA I molecules on the surface of 

endothelial cells (EC) by murine monoclonal and human monoclonal and polyclonal Ab 

triggers diverse biological functional changes (6–16). Ligation of HLA I molecules induces 

RhoA, Src, focal adhesion kinase (FAK) and paxillin activation, leading to assembly of focal 

adhesions and stress fiber formation (13, 17–18). Engagement of HLA I molecules by Ab 

stimulates activation of the phosphoinositide-3 kinase (PI3K)/Akt pathway (11, 17), which 

regulates anti-apoptotic signaling through Bcl-2 and Bcl-xL in EC (11). HLA I crosslinking 

also triggers activation of the mTORC1 target S6 ribosomal protein (S6RP), which promotes 

cellular proliferation and protein synthesis (14, 19).

mTOR is a serine-threonine kinase that plays a central role in the regulation of cell 

proliferation and of targets that control translation and protein synthesis (20–21). mTOR 

activation is initiated through PI3K and Akt, which inactivate tuberous sclerosis complex 1 

and 2 (TSC1/TSC2) (22–23). mTOR forms two molecular complexes with distinct 

functional capacities. Complex 1 (mTORC1), containing mTOR, regulatory associated 

protein of TOR (Raptor), and GβL. mTORC1 activates p70 ribosomal S6 kinase (S6K) and 

eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-BP1) (20, 24), leading to 

increased ribosomal biosynthesis and translation of cell cycle mRNA. A second mTOR 

complex, mTORC2, contains mTOR, rapamycin insensitive companion of TOR (Rictor), 

and GβL. Stress-activated protein kinase-interacting protein 1 (Sin1) also associates with 

mTORC2, maintains complex integrity and facilitates Akt phosphorylation at Ser473 (25–

26). mTORC2 was recently described to regulate the cytoskeleton through Rho GTPases 

(27–28).

The pharmacological inhibitors sirolimus (rapamycin) and its analog everolimus are 

effective mTOR antagonists and are U.S. FDA-approved immunosuppressive agents for 

solid organ transplant (29). Everolimus and sirolimus both bind to FKBP12 and inhibit 

complex formation between mTOR, raptor and GβL (mTORC1) (19–20, 30), preventing 

downstream cell metabolism, growth, and proliferation (31). Although mTORC2 was 

initially described to be insensitive to rapamycin, recent studies suggest that prolonged 

exposure prevents the assembly of mTORC2, blocks Akt Ser473 phosphorylation, and 

induces EC apoptosis (32–33).

The aim of this study was to elucidate the effect of everolimus on HLA I-mediated activation 

of the mTOR signaling network. We show that everolimus effectively inhibited HLA I-

mediated activation of mTORC1 and mTORC2 signaling pathways and blocked HLA I-
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induced proliferation and migration. Notably, everolimus more effectively inhibited 

endothelial functional changes compared with sirolimus. Our results suggest that everolimus 

prevents HLA I-stimulated functional changes by antagonizing both mTORC1 and 

mTORC2, as well as downstream MAP kinase pathways.

MATERIALS AND METHODS

Antibodies and chemicals

Everolimus (RAD001) was synthesized at Novartis Pharma AG (Basel, Switzerland) for 

biomedical research. Rapamycin (sirolimus) was purchased from Sigma. The purity of both 

sirolimus and everolimus was >97% by HPLC. U0126 was from Calbiochem. Stock 

solutions were reconstituted in dimethylsulfoxide (DMSO), and working solutions were 

diluted in Medium M199 (Mediatech, Inc) containing 0.2% fetal bovine serum (FBS) 

(Hyclone). Anti-HLA I monoclonal antibody W6/32 (mouse IgG2a), recognizing a 

monomorphic epitope on HLA I molecules, was purified from cultured supernatants of the 

hybridoma HB-95 (ATCC). The mouse IgG isotype control, protein A-agarose, and 

mitomycin C were purchased from Sigma. Polyclonal Ab against phospho-mTOR 

(Ser2448), phospho-S6K (Thr389), phospho-S6K (Thr421/Ser424), phospho-S6RP 

(Ser235/236), phospho-4E-BP1 (Thr37/46), phospho-Akt (Ser473), mTOR, S6K, S6RP, 4E-

BP1, Akt, extracellular signal-regulated kinase (ERK), Raptor and rabbit anti-α-Actin mAb; 

mouse mAb against ERK (Thr202/Tyr204), mTOR, and ERK were purchased from Cell 

Signaling Technology (Beverly, MA). Anti-Rictor, Raptor, and Sin1 mAb were from 

Millipore/Upstate. Anti-Rictor (A300-458A and A300-459A), and anti-Sin1 (A300-910A) 

rabbit Ab were from Bethyl Laboratory (Montgomery, TX). The goat anti-rabbit horseradish 

peroxidase (HRP) and goat anti-mouse HRP Ab were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA). Vybrant™ CFDA-SE Cell Tracer Kit was purchased from 

Invitrogen.

Cell culture

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

deceased donor hearts (CAR or CAS), or obtained from Clonetics (lot number: EC5555) and 

cultured as described previously (12, 17, 34). Cells from passage 3 to 8 were used at a 

confluence of 80%. Prior to use in experiments, cells were grown for 16hr in medium M199 

containing 0.2% FBS.

Preparation of Cell Lysates and Western Blot

HAEC were seeded in 35 mm dishes coated with 0.1% gelatin. Quiescent cells were pre-

treated with or without sirolimus or everolimus, then treated with mAb W6/32, or mouse 

isotype IgG as control, and cell lysates for Western Blot were prepared as described 

previously (12). The phosphorylated bands were scanned and quantified using the ImageJ 

software.

mTOR complex formation by co-immunoprecipitation

HAEC were seeded in duplicate 100 mm dishes for each experimental condition. Quiescent 

sub-confluent HAEC were pre-treated with or without sirolimus or everolimus, then treated 
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with anti-HLA I mAb W6/32, or control mouse IgG, and cell lysates for co-

immunoprecipitation and Western blot were prepared as described previously (12, 19).

Cell proliferation assays by CFSE labeling and BrdU incorporation

HAEC were grown in 35 mm culture dishes to 70% confluence and starved in medium 

M199 without FBS for 6hr. Quiescent HAEC were labeled with 2µM CFSE, pre-treated with 

or without sirolimus or everolimus, and then stimulated with anti-HLA I mAb W6/32 for 

48hr in M199 with 2% FBS. Cells were detached and proliferation was measured by flow 

cytometry and analyzed as described previously (19–20). This method is comparable to 

measurement of proliferation by flow cytometric measurement of BrdU incorporation (BD 

Pharmingen BrdU Kits), which we performed as described (17, 35). Cells were stimulated as 

above in the presence of BrdU at 10µM, fixed and permeabilized, incubated with FITC-anti-

BrdU.

Cell migration assay by wound healing

In vitro wound healing assay was performed as previously described (35). Briefly, confluent 

HAEC were pretreated with 10µg/ml mitomycin C for 2hr to inhibit cell proliferation. A 

scratch wound was created with a sterile pipette tip, and detached cells were rinsed off. 

Wounded cells were pretreated with or without everolimus, followed by anti-HLA I mAb 

W6/32 in M199 with 2% FBS for 16hr. The cells were fixed, stained with Wright-Giemsa 

(Sigma-Aldrich) and wound closure was monitored by microscopy. EC incubated in 

complete medium served as the positive control, normalized to 100% wound closure.

Cell migration assay by transwell insert system

The migration of HAEC was measured in a transwell insert system (8.0µm pore size, 

Corning). HAEC were grown in 24-well plate coated with 0.1% gelatin up to 90% 

confluence. Quiescent cells pretreated with or without everolimus or sirolimus were 

trypsinized, resuspended, and 30,000 cells were seeded on the upper chamber of insert and 

stimulated with 1µgmL anti-HLA I mAb W6/32 or 10ng/mL positive control VEGF. After 

16hr, cells on the upper surface of the membrane were removed, and migrated cells were 

fixed with methanol and stained with crystal violet. Three fields per insert were 

photographed with 10x objective lens, and counted.

Statistical analysis

Each experiment was repeated three times. Data are presented as mean ± SEM. Differences 

in protein phosphorylation, cell proliferation, or cell migration were calculated using 

student’s t test (two-sided) or one way analysis of variance (ANOVA) with Fisher’s least 

significant difference (LSD). p < 0.05 was considered significant.

RESULTS

Everolimus inhibits HLA I-stimulated cell proliferation more potently than sirolimus

To examine the impact of everolimus and sirolimus on class I-mediated endothelial cell 

proliferation, HAEC were pretreated for 24hr with increasing concentrations of these 

Jin et al. Page 4

Am J Transplant. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allosteric mTORC inhibitors at concentrations ranging from 0.1–90 nM (consistent with 

previously published studies (19, 36–38)) followed by stimulation with mAb W6/32 (1.0 µg/

ml). Ligation of HLA I on HAEC with W6/32 induced a significant increase in cell 

proliferation (scored by either CFSE or BrdU incorporation) compared with untreated 

control (Fig. 1A and B). Pretreatment of HAEC with everolimus for 24hr inhibited HLA I-

mediated cell proliferation in a dose-dependent manner (68%, 2.5nM; 86%, 10nM; 92%, 

30nM) with maximal inhibition at 10nM. In comparison, sirolimus inhibited proliferation to 

a significantly lesser extent than everolimus (34.7%, 2.5nM; 46%, 10nM; 50%, 30nM) (Fig. 

1A and B) with maximum inhibition at 10nM. Similar results were obtained when EC were 

pretreated with sirolimus or everolimus for only 2hr (Fig. 1C). Our results indicate that 

everolimus more potently inhibits HLA I Ab-induced cellular proliferation compared to 

sirolimus.

Effect of Everolimus on HLA I-mediated signal transduction

To examine the impact of everolimus on class I-mediated signaling, we established the 

kinetics and concentration of HLA antibody for optimal class I-mediated activation of the 

mTORC1 and mTORC2 pathways in primary cultures of human aortic EC (Supplemental 

Figure 1). The duration (10min) and dose of anti-class I mAb W6/32 (0.1µg/ml) yielding 

optimal mTOR and ERK phosphorylation and endothelial cell proliferation were used for all 

signaling experiments (12–13, 17, 35). Quiescent HAEC were next pretreated with 

everolimus (RAD) for 24hr using the same range of doses that yielded potent inhibition of 

HAEC proliferation (Fig. 1A and 1B) and then stimulated with anti-HLA I mAb W6/32 

(Fig. 2). Pretreatment of HAEC with all doses of everolimus strongly inhibited HLA I Ab-

stimulated phosphorylation of mTOR, p70 S6K, S6RP, and 4E-BP1 (Fig. 2A). Fifty percent 

inhibition of mTOR, S6K, S6RP, and 4E-BP1 phosphorylation was observed between 0.1 

and 0.5nM of everolimus, with complete inhibition by 2.5nM. In contrast, a higher dose of 

everolimus, between 2.5 and 10nM, was required to achieve 50% inhibition of Akt and ERK 

phosphorylation, with complete inhibition at 10nM (Fig. 2A, 2B).

To determine the kinetics of everolimus on HLA I-stimulated signaling, HAEC were treated 

with W6/32 with or without pretreatment with 10nM everolimus for different time periods. 

As shown in Fig. 3A and 3B, pretreatment of HAEC with everolimus for 30min was 

sufficient to block phosphorylation of mTOR, p70S6K, and S6RP. Partial inhibition of 4E-

BP1 phosphorylation was observed at 2hr, with complete inhibition at 8hr. A longer 

preincubation with everolimus, for 8hr, was required to block HLA I-induced Akt and ERK 

phosphorylation, with complete inhibition at 24hr (Fig. 3A and B).

We next sought to compare the effects of everolimus with its parent drug sirolimus on HLA I 

Ab-stimulated activation of the mTOR signaling network. Both drugs were used at a 

concentration of 10nM which was determined to maximally inhibit HLA I Ab-induced 

HAEC proliferation (Fig. 1). 2hr pretreatment of HAEC with either sirolimus or everolimus 

strongly inhibited HLA I Ab-stimulated phosphorylation of mTOR, and associated 

mTORC1 targets p70S6K, S6RP, and 4E-BP1 in HAEC (Fig. 4A, B and C). While 

pretreatment of EC with sirolimus or everolimus for 2hr did not inhibit phosphorylation of 

Akt at Ser473 (Fig. 4A, B and C), 24hr pretreatment completely inhibited class I-induced 
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phosphorylation of Akt (Fig. 4A, B and C), consistent with previous reports that mTORC2 

phosphorylates Akt at this site.

Everolimus inhibits HLA I-stimulated phosphorylation of ERK Thr202/Tyr204 more potently 
than sirolimus in HAEC

We previously reported the novel findings that siRNA knockdown of Rictor but not Raptor 

blocked HLA I-stimulated phosphorylation of ERK in HAEC, demonstrating that class I-

mediated ERK activation is dependent on mTORC2 (38). Pretreatment of HAEC with either 

everolimus or sirolimus for 2hr did not inhibit HLA I-induced phosphorylation of ERK at 

Thr202/Tyr204 (Fig. 4A, B and C), whereas long-term (8hr and 24hr) treatment with 10nM 

everolimus efficiently blocked phosphorylation of ERK (Fig. 3A and 4A). However, 

pretreatment with 10nM sirolimus for 24hr had no effect on HLA I-induced phosphorylation 

of ERK (Fig. 4B). Our data indicate that long-term exposure to everolimus, but not 

sirolimus, inhibits ERK activation after HLA I crosslinking (Fig. 4C).

Everolimus inhibits HLA I-triggered mTORC1 and mTORC2 formation

We next determined the effect of everolimus and sirolimus on HLA I-mediated mTORC1 

formation. HAEC were pretreated with 10nM everolimus or sirolimus for 2 or 24hr, 

followed by anti-class I Ab W6/32, and mTOR immunoprecipitated lysates were analyzed 

by immunoblotting for Raptor. Pretreatment of EC with everolimus or sirolimus for 2 and 

24hr prevented mTOR binding to Raptor (Fig. 5A, B and C). We confirmed this observation 

by immunoprecipitating cell lysates with anti-Raptor Ab, and immunoblotting with anti-

mTOR Ab (Fig. 5F, G, and H). Our data indicate that everolimus and sirolimus inhibit HLA 

I Ab-mediated mTORC1 formation by dissociating the mTOR-Raptor complex.

While it has been reported that everolimus and sirolimus mainly target mTORC1, the 

literature suggests that longer exposure to sirolimus may inhibit the assembly of mTORC2 

(33). Sin1 is a recently identified component of mTORC2 which is essential for its function 

(39). To determine the effect of everolimus on HLA I-mediated mTORC2 formation, the 

cytoplasmic extracts of HLA Ab-stimulated EC were analyzed for mTOR-Rictor, mTOR-

Sin1, and Rictor-Sin1 molecular association by coimmunoprecipitation. Pretreatment of 

HAEC with everolimus for 2hr significantly decreased mTOR binding to Rictor and Sin1 

after HLA I crosslinking (Fig. 5A and D), while sirolimus failed to prevent mTOR binding 

to Rictor and Sin1 (Fig. 5B, D, E, K, L). Long-term exposure (24hr) to both everolimus and 

sirolimus completely blocked mTOR complex formation with Rictor (Fig. 5A, B, D) and 

Sin1 (Figure 5A, B, E). We confirmed these observations by reverse coimmunoprecipitations 

(Fig. 5I, J, K, L, M, N, O and P). Our results show that ligation of HLA I on EC with Ab 

triggers mTOR/Rictor/Sin1 association to form mTORC2. Moreover, while short-term 

pretreatment with sirolimus prevents mTORC1 but not mTORC2 formation after HLA I 

crosslinking, everolimus potently and rapidly inhibits both mTORC1 and mTORC2 in 

endothelial cells.

Everolimus inhibits HLA I-induced cell migration more potently than sirolimus

mTORC2 regulates cytoskeletal changes and cell migration through downstream Rho 

GTPases (27). Given that everolimus effectively inhibited mTORC2 formation, we next 
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determined the effect of mTOR inhibitors on HLA I-stimulated cell migration using a 

scratch wound assay. As shown in Fig. 6A, HLA I ligation stimulated strong re-

endothelialization. Everolimus (10nM for 2hr) significantly inhibited HLA I-induced wound 

healing by 47.14%, while sirolimus had a weaker inhibitory effect (7.70% inhibition). HLA 

I-induced cell migration was inhibited by 24hr pretreatment by 52.07% with everolimus, and 

by 13.40% with sirolimus. Pretreatment of EC with a higher dose, 20nM, of everolimus 

further reduced class I-induced cell migration (2hr 47.68%; 24hr 54.98%), to a greater extent 

than sirolimus (2hr 25.40%; 24hr 35.87%). In each condition the inhibitory effect of 

everolimus on endothelial migration in response to HLA I antibodies was stronger than that 

of sirolimus (Fig. 6A and B).

We next studied the effect of everolimus on endothelial migration using a transwell assay. As 

shown in Fig. 6C, HLA I ligation with Ab stimulated a 3.18-fold increase in transwell 

migration over the isotype mIgG control. Pretreatment with everolimus (10nM and 20nM) 

for 2hr or 24hr significantly inhibited HLA I-induced cell migration by 80–97%; in contrast, 

sirolimus had a weaker inhibitory effect, reducing migration by only 30.17% (10nM, 2hr) to 

69.68% (20nM, 24hr). In each condition the inhibitory effect of everolimus on endothelial 

migration in response to HLA I antibodies was stronger than that of sirolimus (Fig. 6C and 

D).

Combination of sirolimus and MEK inhibitor U0126 abolishes HLA I-stimulated cell 
proliferation

We previously demonstrated that HLA I Ab-triggered cell growth was dependent on ERK, 

which becomes activated downstream of FGFR signaling (38, 40–41). Everolimus (Fig. 3A 

and 4A) but not sirolimus (Fig. 4B) prevented HLA I antibody-induced ERK1/2 

phosphorylation. Since sirolimus alone, at the dose of 10 nM, could not completely inhibit 

HLA I-mediated cell proliferation (Fig. 1), we postulated that signaling pathways regulating 

HLA I-induced cell proliferation include additional signaling pathways, such as MAP 

kinase. Therefore, we sought to completely block HLA I-induced proliferative signaling 

through combinatorial inhibition of mTOR with sirolimus and ERK with MEK inhibitor 

U0126. HAEC were pretreated with sirolimus and/or U0126, and HLA I mAb-induced ERK 

phosphorylation was assessed. Sirolimus alone could not inhibit HLA I-induced 

phosphorylation of ERK, while MEK inhibitor U0126 abolished ERK activation as expected 

(Fig. 7A).

We next investigated whether combinatorial blockade of ERK and mTOR was sufficient to 

abolish HLA I antibody-mediated cell proliferation. EC were pretreated with sirolimus with 

or without U0126, and then stimulated with anti-HLA I mAb W6/32 for 48hr. As above, 

pretreatment of HAEC with sirolimus alone slightly inhibited HLA I-induced proliferation 

(Fig. 7B). ERK inhibitor alone, at the dose of 1.0 µM, did not significantly inhibit HLA I-

stimulated cell proliferation. Notably, combined treatment with sirolimus and U0126 

reduced class I-induced proliferation to background levels (Fig. 7B).

These results demonstrate an additive effect of sirolimus with ERK inhibition, and suggest 

that inhibition of both mTOR and MAP kinase pathways is needed to completely block HLA 

I-stimulated ERK phosphorylation and cell proliferation. As everolimus alone was sufficient 
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to abolish HLA I Ab-mediated proliferation, we postulate that everolimus may act by 

inhibiting both mTOR and MAP kinase pathways.

DISCUSSION

We show that mTORC1 and mTORC2 play critical roles in anti-HLA I Ab-induced 

proliferative and migratory signaling in endothelial cells. We observed that both everolimus 

and sirolimus inhibit HLA I-induced mTORC1 formation. For the first time, we demonstrate 

that ligation of HLA I with Ab stimulates molecular association of Sin1, mTOR and Rictor, 

which could be blocked by everolimus. Importantly, we demonstrate that everolimus inhibits 

HLA I-mediated phosphorylation of ERK and mTORC2, and more potently inhibits HLA I 

Ab-induced functional changes in endothelial cells compared with sirolimus.

Everolimus has the same mechanism of action as sirolimus, but lacks O-alkylation at C40. 

Despite the lower affinity of everolimus for FKBP12, we were surprised to find that 

everolimus is a more potent inhibitor of HLA I antibody-induced signaling and functional 

changes compared with sirolimus, which is not in agreement with previous studies (42). 

While the IC50 of everolimus is 3-fold higher than sirolimus (37, 42), it has shown 

comparable activity in vivo and increased oral bioavailability and stability (43–44) compared 

with sirolimus (37). The concentrations we used in in vitro experiments were based on 

previous published work by Novartis (37) and by our group (19) and were comparable to 

target clinical trough levels, which range from 16–24ng/mL in plasma for sirolimus, 

equivalent to 13.1–21.8nM, and 3–8ng/mL, or 3.13–8.35nM for everolimus (45–47). 

Notably, the recommended levels of everolimus are lower than for sirolimus, consistent with 

our findings that everolimus more potently inhibits mTOR and related signaling.

We previously observed that siRNA inhibition of mTOR blocked HLA I-induced cellular 

proliferation (19). Therefore, we postulated that mTOR/p70 S6K/S6RP signaling networks 

play an important role in regulating cell migration and proliferation, and may be therapeutic 

targets in preventing chronic TAV. In this study, we found that everolimus abolished HLA I-

stimulated cell proliferation and migration, while sirolimus was significantly less effective. 

mTOR inhibitors are emerging as part of promising renal-sparing calcineurin inhibitor 

(CNI)-free immunosuppressive regimens in solid organ transplantation. Recent reports 

demonstrated that conversion from CNI-based immunomodulation to an mTOR inhibitor-

based regimen improved graft function and survival in renal allograft patients (48), and 

reduced neointimal thickening in cardiac allografts compared with standard 

immunosuppression (49).

Angiogenesis is a complex stepwise process resulting from endothelial activation, cellular 

proliferation and migration, and vascular remodeling with new vessel formation has been 

demonstrated in native atherosclerosis. Angiogenic changes, characterized by new 

microvessel formation under the hyperplastic neointima, occur in cardiac transplant 

recipients with TAV (50). The new vessels are thought to arise not from angiogenic 

sprouting but from a repair response in which the microvessels functionally support the 

neointimal lesions. Both everolimus and sirolimus have anti-angiogenic effects in vitro and 

in experimental models (51–58) and may prevent neointimal thickening in chronic allograft 
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rejection. Endothelial cell migration is important for the angiogenic processes which support 

neointimal hyperplasia, but is also critical for wound healing. As we observed in this study, 

rapamycin inhibits wound closure and re-endothelialization responses in vitro (59–61). 

Conflicting studies have reported sirolimus-associated wound healing complications in 

transplant recipients at high doses (62–63), while other reports have not demonstrated 

sirolimus-associated wound healing complications (64–66). A recent report showed that 

everolimus could be used in renal-sparing immunosuppression without these adverse effects 

in liver transplant recipients (67). However, increased thrombotic complications were 

observed in renal transplant patients treated with everolimus (68). Our data suggest that 

mTOR inhibitors may block the pro-angiogenic changes that contribute to transplant 

vasculopathy, while at the same time increasing the risk of wound healing complications.

ERK1 and ERK2 are members of a family of serine/threonine kinases that play an important 

role in cell proliferation, differentiation, survival, and reorganization of the actin 

cytoskeleton (69). We postulated that the higher efficacy of everolimus against HLA I-

mediated cellular proliferation and migration was due to its inhibition of ERK1/2 activation, 

a capacity sirolimus notably lacked. We have previously demonstrated a functional link 

between ERK and mTORC2, suggesting that inhibition of ERK by everolimus is not due to 

off-target effects but to effects on mTORC2. We reported that knockdown of Rictor but not 

Raptor by siRNA blocked HLA I-induced phosphorylation of ERK1/2 (38), and moreover 

that ERK proteins colocalize with mTOR and Rictor after HLA I crosslinking (18). Our data 

demonstrate that everolimus completely blocks HLA I-stimulated cell proliferation by 

inhibiting both mTOR and ERK1/2 signal transduction pathways, while combinatorial 

blockade of ERK1/2 and mTOR by sirolimus was required to abolish proliferation. 

MEK/ERK pathways are canonically activated downstream of Raf, a pathway which may be 

implicated in FGFR-mediated activation of ERK1/2 in endothelial cells (12). Raf activity 

can be negatively regulated by Akt in tumor cells, which may lead to a reduction in ERK1/2 

activation depending upon the concentration and nature of ligand (70); and reviewed in (71) 

and (72). Overexpression of an active Raf1 mutant during development increases expression 

of ERK, leading to commitment of venous ECs to lymphatic fate, and excessive ERK 

activation leads to lymphatic abnormalities (73). Further investigation is warranted to 

determine whether the Ras/Raf pathway is activated in endothelial cells after stimulation 

with HLA I antibodies, or whether increased Akt activity may blunt ERK1/2 activation 

downstream of Raf.

Taken together, we show that everolimus rapidly inhibits formation of mTORC2 at a lower 

dose than sirolimus and effectively targets mTORC2-dependent signaling and ERK1/2 

activation. Moreover, everolimus more potently prevents HLA I antibody-triggered cellular 

proliferation and migration. These results suggest that everolimus may be used at lower 

concentrations in the clinic with similar efficacy, which is consistent with the lower 

recommended trough levels for everolimus compared with sirolimus. These findings merit 

further evaluation of HLA I-dependent endothelial signaling to help identify other molecular 

targets in antibody-mediated chronic allograft rejection.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ab Antibody

AMR antibody-mediated rejection

DSA donor specific antibodies

4E-BP1 initiation factor 4E binding protein 1

mTOR mammalian target of rapamycin

mTORC1/2 mTOR complex 1/2

PI3K phosphoinositide 3-kinase

Raptor regulatory associated protein of TOR

Rictor rapamycin insensitive companion of TOR

S6K p70 ribosomal S6 kinase

S6RP S6 ribosomal protein

Sin1 stress-activated protein kinase-interacting protein 1

TAV transplant associated vasculopathy
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Fig. 1. Everolimus inhibits HLA I-stimulated cell proliferation more potent than sirolimus
Quiescent EC were pretreated with different concentrations of everolimus or sirolimus for 

24hr and then stimulated with 1.0µg/ml anti-HLA I mAb for 48hr. Proliferation was 

determined by A, CFSE dilution or B, BrdU incorporation. For CFSE dilution, EC 

proliferation was measured by flow cytometry and analyzed by Modfit LT software. Cell 

proliferation was calculated using the Proliferation Wizard Model. The proliferation index 

(PI) is the sum of the cells in all generations divided by the computed number of original 

parent cells present at the start of the experiment. For BrdU incorporation, proliferation 

index is presented as fold increase in the percent of cells positive for BrdU normalized to 
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untreated control. C EC were pretreated with 10, 20, or 30nM of everolimus or sirolimus for 

2 or 24hr, and proliferation in response to HLA I mAb was measured by CFSE dilution. 

*p<0.05, **p<0.01, and ***p<0.001 were analyzed by one way ANOVA with Fisher’s LSD. 

Data represent at least three independent experiments. HAEC used in these experiments 

include CAR, CAS, and 5555.
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Fig. 2. Everolimus pharmacokinetics in HLA I-induced activation of mTOR signal pathway, Akt 
and ERK in EC
A, Quiescent EC were pretreated with various doses of everolimus for 24hr and stimulated 

with 0.1µg/ml of anti-HLA I mAb W6/32 for 10 min. Cells were lysed and proteins in the 

pre-cleared cell lysates were separated by SDS-PAGE followed by immunoblotting with 

anti-phospho-mTOR Ser2448, anti-phospho-p70S6K Thr389, Thr421/Ser424, anti-phospho-

S6RP Ser235/236, anti-phospho-4E-BP1 Thr37/46, anti-phospho-Akt Ser473 or ERK 

Thr202/Tyr204 Abs. The membrane was reprobed with anti-mTOR, anti-S6K, anti-S6RP, 

anti-4E-BP1, anti-Akt, or anti-ERK total Abs to confirm equal loading of proteins. B, 

Phosphorylated protein bands shown in A were quantified by densitometry scan analysis and 
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results are expressed as the mean ± SEM percentage of maximal increase in phosphorylation 

above control values. Data are representative of three independent experiments. HAEC used 

in these experiments include CAR, CAS, and 5555.

Jin et al. Page 18

Am J Transplant. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Everolimus time kinetics study in HLA I-induced activation of mTOR signal pathway, 
Akt and ERK in EC
A, Quiescent EC were pretreated with 10nM everolimus for various time points and were 

stimulated with anti-HLA I mAb W6/32 for 10 min. Cells were lysed and proteins in the 

pre-cleared cell lysates were separated by SDS-PAGE followed by immunoblotting with 

anti-phospho-mTOR Ser2448, anti-phospho-p70S6K Thr389, Thr421/Ser424, anti-phospho-

S6RP Ser235/236, anti-phospho-4E-BP1 Thr37/46, anti-phospho-Akt Ser473 or ERK 

Thr202/Tyr204 Abs. The membrane was reprobed with anti-mTOR, anti-S6K, anti-S6RP, 

anti-4E-BP1, anti-Akt, or anti-ERK total Abs to confirm equal loading of proteins. B, 

Phosphorylated protein bands shown in A were quantified by densitometry scan analysis and 
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results are expressed as the mean ± SEM percentage of maximal increase in phosphorylation 

above control values. Data are representative of three independent experiments. HAEC used 

in these experiments include CAR, CAS, and 5555.
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Fig. 4. Everolimus inhibits HLA I-induced phosphorylation of mTOR signal pathway, Akt, and 
ERK in EC
Quiescent EC were pretreated with A 10nM of everolimus or B 10nM of sirolimus for 2 or 

24hr and stimulated with anti-HLA I mAb W6/32 for 10 min. Cells were lysed and proteins 

in the pre-cleared cell lysates were separated by SDS-PAGE followed by immunoblotting 

with anti-phospho-mTOR Ser2448, anti-phospho-p70S6K Thr389, Thr421/Ser424, anti-

phospho-S6RP Ser235/236, anti-phospho-4E-BP1 Thr37/46, anti-phospho-Akt Ser473 or 

ERK Thr202/Tyr204 Abs. The membrane was reprobed with anti-mTOR, anti-S6K, anti-

S6RP, anti-4E-BP1, anti-Akt, or anti-ERK total Abs to confirm equal loading of proteins. C, 

Phosphorylated protein bands shown in A and B were quantified by densitometry scan 

Jin et al. Page 21

Am J Transplant. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis and results are expressed as the mean ± SEM percentage of maximal increase in 

phosphorylation above control values. Hatched bar is everolimus treated, black bar is 

sirolimus treated. Differences in ERK phosphorylation were analyzed by student’s t test, 

*p<0.05. Data are representative of three independent experiments. HAEC used in these 

experiments include CAR, CAS, and 5555.

Jin et al. Page 22

Am J Transplant. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Everolimus inhibited HLA I-mediated mTORC1 and mTORC2 formation in EC
Quiescent EC were pretreated with A, F, I, M 10nM of everolimus or B, G, J, N 10nM of 

sirolimus for 2 or 24hr, and were stimulated with 0.1µg/ml anti-HLA I mAb for 10 min. 

Cells were lysed. The pre-cleared lysates were immunoprecipitated A and B with anti-

mTOR Ab followed by immunoblotting with anti-Raptor, anti-Rictor, or anti-Sin1 Abs. The 

membrane was reprobed with anti-mTOR Ab to confirm equal loading of proteins; F and G 
The pre-cleared lysates were immunoprecipitated with anti-Raptor Ab followed by 

immunoblotting with anti-mTOR, or anti-Rictor Abs. The membrane was reprobed with 

anti-Raptor Ab to confirm equal loading of proteins. I and J the pre-cleared lysates were 
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immunoprecipitated with anti-Rictor Ab followed by immunoblotting with anti-mTOR, anti-

Raptor, or anti-Sin1 Abs. The membrane was reprobed with anti-Rictor Ab to confirm equal 

loading of proteins. M and N the pre-cleared lysates were immunoprecipitated with anti-

Sin1 Ab followed by immunoblotting with anti-mTOR, anti-Rictor, or anti-Raptor. The 

membrane was reprobed with anti-Sin1 Ab to confirm equal loading of proteins. C, D, E, H, 
K, L, O, P Protein bands in the immuno complexes shown in A, B, F, G, I, J, M, N were 

quantified by densitometry analysis and results are expressed as the mean ± SEM percentage 

of maximal increase in protein expression above control values. *p<0.05, **p<0.01, and 

***p<0.001 were analyzed by one way ANOVA with Fisher’s LSD. Data represent at least 

three independent experiments. HAEC used in these experiments include CAR, CAS, and 

5555.
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Fig. 6. Everolimus inhibits HLA I-mediated cell migration more potent than sirolimus
A HAEC were grown in 35 mm culture dishes coated with 0.1% gelatin up to confluence. 

Quiescent cells were pretreated with 10 µg/ml of mitomycin C for 2hr to inhibit cell 

proliferation before being assayed for their ability to migrate. A scratch wound was created 

with a sterile 200-µl pipette tip. Wounded cells were pretreated with 10 or 20nM of 

everolimus or sirolimus at 10nM or 20nM for 2 or 24hr, and then were stimulated with 1.0 

µg/ml of anti-HLA I mAb W6/32 for 24hr. EC were incubated in complete medium as 

positive control. Representative microscopy fields are shown. B, The distance between two 

edges was measured; migration rate was analyzed by calculating the distance of two front 
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edges of class I-stimulated EC divided by the distance of two edges of control EC. C, HAEC 

were grown in 24-well plate coated with 0.1% gelatin up to 90% confluence. Quiescent 

endothelial cells were pretreated with or without everolimus or sirolimus for 2 or 24hr. 

Migration of HAEC was measured in a transwell insert system. HAEC pretreated with or 

without mTOR inhibitors were added to the upper chamber of insert and stimulated with 

mAb W6/32. HAEC treated with VEGF at 10ng/mL served as positive controls. After 

incubation for 16hr at 37°C, the cells on the upper surface of the membrane were removed 

with a cotton swab, and the migrated cells were fixed with methanol, stained with crystal 

violet, and three middle fields per insert were photographed with 10 × objective lens, and 

counted. Fluorescence 10x microscopy images are presented. D, The bar graph shows the 

mean ± SEM number of migrated cells. *p<0.05, **p<0.01, and ***p<0.001 were analyzed 

by one way ANOVA with Fisher’s LSD. Data represent at least three independent 

experiments. HAEC used in these experiments include CAR, CAS, and 5555.
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Fig. 7. Combinatorial blockade of ERK and mTOR blocks HLA I antibody-mediated cell 
proliferation
A Quiescent EC were pretreated with 10nM of sirolimus for 24hr or/and 1.0 µM of U0126 

for 30 min, and then stimulated with anti-HLA I mAb for 10 min. Cells were lysed and 

proteins in the pre-cleared cell lysates were separated by SDS-PAGE followed by 

immunoblotting with anti-ERK Thr202/Tyr204 Abs. The membrane was reprobed with anti-

ERK total Abs to confirm equal loading of proteins. Phosphorylated protein bands were 

quantified by densitometry scan analysis and results are expressed as the mean ± SEM 

percentage of maximal increase in phosphorylation above control values. B EC were 

pretreated with 10nM of sirolimus for 24hr or/and 1.0 µM of U0126 for 30 min, and then 
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stimulated with 1.0µg/ml anti-HLA I mAb for 48hr. Proliferation was measured by CFSE 

dilution. *p<0.05, and ***p<0.001 versus no inhibitor were analyzed by one way ANOVA 

with Fisher’s LSD. Data represent at least three independent experiments. HAEC used in 

these experiments include CAR, CAS, and 5555.
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