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Effect of everolimus on the immunomodulation of the
human neutrophil inflammatory response and activation

Damien Vitiello1,2,3, Paul-Eduard Neagoe1,2, Martin G Sirois1,2 and Michel White1,3

The primary cause of mortality at 5 years following a cardiac transplantation is the development of atherosclerosis, termed

coronary allograft vasculopathy (CAV). This pathology is characterized by diffused intimal hyperplasia and emanates from

coronary arterial injuries caused by immune inflammatory cells. Neutrophils play an important role in this inflammatory

process; however, their potential participation in the pathogenesis of CAV is poorly understood. Despite their essential

contribution to the prevention of graft rejection, immunosuppressive drugs could have detrimental effects owing to their

pro-inflammatory activities. Thus, we investigated the impact of different immunosuppressive drugs on the inflammatory

response of neutrophils isolated from the blood of healthy volunteers. Under basal conditions, mammalian target of rapamycin

(mTOR) inhibitors (sirolimus and everolimus) had the most potent anti-inflammatory effect, decreasing both IL-8 release

(<280%) and vascular endothelial growth factor (VEGF) release (<265%) and preserving the release of the

anti-inflammatory cytokine interleukin-1 receptor antagonist (IL-1RA). In TNF-a-treated neutrophils, pre-incubation with

everolimus provided the most potent effect, simultaneously reducing the release of both VEGF and IL-8 while doubling the

release of IL-1RA. This latter effect of everolimus was maintained even when administered in combination with other

immunosuppressive drugs. Sirolimus and everolimus decreased the tumor necrosis factor (TNF)-a-induced adhesion of

neutrophils to human endothelial cells and human extracellularmatrix. This effect was largely dependent on the ability of these

compounds to alter b2-integrin/CD18 activation. Our results suggest a potential mechanism for the beneficial effect of

everolimus in the prevention of CAV in heart transplant recipients.
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INTRODUCTION

The principal cause of mortality at 5 years following cardiac

transplantation (CTX) is the development of diffuse and accel-

erated cardiac atherosclerosis, termed coronary allograft vas-

culopathy (CAV).1 The development of CAV is multifactorial

and is initially triggered by heterogeneous factors causing

endothelial cell injury and a vascular inflammatory response.2

CAV is predominantly characterized by diffused intimal

fibroelastic proliferation3 resulting from exaggerated vascular

repair,4 which reduces the vascular coronary luminal diameter.

Several immune cells are involved in this intimal proliferation,

including monocytes/macrophages and T cells. Early infiltra-

tion of T cells after CTX interact with donor endothelial cells,

triggering T-cell activation and the release of pro-inflammat-

ory cytokines such as interleukin-2 (IL-2) and tumor-necrosis

factor-a (TNF-a), which increase the expression of intercel-

lular adhesion molecule-1 (ICAM-1), vascular cell adhesion

molecule-15 and E-selectin.6 Together, these events cause

circulating leukocytes to adhere and transmigrate through

the vessel wall.7 Additionally, activated monocytes/macro-

phages and lymphocytes release several growth factors, cyto-

kines and chemoattractants. Upon their infiltration in the

intima, monocytes/macrophages and lymphocytes induce

the migration and proliferation of vascular smooth muscle

cells into the intima, thus compromising the lumens of the

coronary arteries.2,8,9 Together, these data suggest that acti-

vated immune cells and the related inflammatory response

are involved in the intimal hyperplasia of coronary arteries

resulting from endothelial injury and the development of

CAV post-transplantation.
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Similar to monocytes/macrophages and lymphocytes, neutro-

phils are immune cells that can participate in the development of

CAV after CTX in heart transplant recipients. Neutrophils are

themost abundant type of white blood cells in mammals and are

known to play important roles in inflammation.10–12 Previous

studies have demonstrated the potential deleterious role of neu-

trophils during myocardial reperfusion immediately after CTX

in rodents, notably via neutrophil activated aM/b2-integrin com-

plexes (CD11b/CD18).13,14 Because neutrophils are able to

release numerous mediators, including pro-inflammatory (e.g.,

IL-1a/b, -6, -7, -8, -9, -16), pro-inflammatory/angiogenic (e.g.,

tumor growth factor (TGF)-a, vascular endothelial growth

factor (VEGF) and anti-inflammatory mediators (e.g., IL-1

receptor antagonist (IL-1RA), -4, -10, TGF-b),10,15 under the

inflammatory state usually observed in heart transplant recipi-

ents,16 they could also be involved in the development and/or

the progression of CAV following CTX. Notably, previous stud-

ies have demonstrated the expression of chemokines and cyto-

kines following solid organ transplantation in rodents17,18 and

humans.19 In particular, the expression of IL-8 has been

observed in the cardiac allografts of mice at the early onset of

CAV,17 and an increase in interferon-inducible T cell-a che-

moattractant serum levels has been associated with the develop-

ment of transplant coronary artery disease in heart transplant

recipients.19 These data suggest that these early inflammatory

events can allow the recruitment of neutrophils in the cardiac

allograft, which can induce inflammation, thus favoring the

development of CAV. In addition, another study reported that

b2-integrin-mediated neutrophil infiltration and accumulation

in the cardiac allograft tissue was associated with acute rejection

in mice.14 Together, these data suggest that neutrophils may be

one of the immune cells that exacerbate the progression of the

acute rejection of cardiac allografts. Finally, Raichlin et al.20

demonstrated that high plasma C-reactive protein levels have

been associated with an increased risk of developing CAV in

heart transplant recipients. This finding reinforces the concept

that pro-inflammatory mediators can play an important role in

the development of CAV in heart transplant recipients.

Inflammation is not the only factor involved in the patho-

genesis of CAV. Immunosuppressive drugs (IDs), despite their

essential role at preventing graft rejection after solid organ

transplantation, are also considered a transplant-associated

risk factor for CAV based on their pro-inflammatory activity.2

Badiwala et al.21 demonstrated that the calcineurin inhibitor

cyclosporine A (CsA) induces injuries by increasing ICAM-1

expression on human coronary artery endothelial cells, thus

also increasing neutrophil adhesion, which could ultimately

increase local inflammation and favor the development of

CAV. Among the different classes of IDs, the pro-drug myco-

phenolate mofetil and its active form (mycophenolate acid

(MPA)) lead to the inhibition of inosine-59-monophosphate

dehydrogenase. This ID is efficient at preventing both the

development of CAV at 1 year post-transplant by reducing

the incidence of vessel shrinkage and the progression of intimal

hyperplasia22 and by preventing episodes of acute rejection in

heart transplant recipients.23 However, MPA has also been

shown to cause neutropenia by inhibiting IL-17 expression in

mice,24 which can be detrimental to patients because neutro-

phils are known to be crucial for host defense in sepsis.25

Finally, the third class of ID used in CTX is mTOR inhibitors,

namely, sirolimus (SIR) and everolimus (EVE). SIR was shown

to provide long-term benefits by mitigating CAV progression

and reducing intimal hyperplasia in heart transplant recipi-

ents.26 In addition, the novel mTOR inhibitor EVE has been

reported to partially prevent the development of CAV,27 to

improve established CAV in heart transplant recipients28 and

to be safe in combination with other IDs.29 However, these

mTOR inhibitors have also been shown to have negative effects

that could promote the development of CAV in heart trans-

plant recipients. For instance, SIR treatment increased the risk

of venous thromboembolism,30 and long-term treatment with

EVE was associated with a significant increase in necrotic and

calcified tissue in the human cardiac allograft.31 Thus, as IDs,

these drugs can potentially have deleterious effects that are

associated with the development of CAV in humans. Human

neutrophils can also be associated with this condition owing to

their ability to infiltrate the cardiac allograft and release numer-

ous pro-inflammatory cytokines.

In the current study, we assessed the impact of different

immunosuppressive drug regimens on the inflammatory res-

ponse of neutrophils isolated from the venous blood of healthy

volunteers to delineate potential ID regimens that can possibly

be used in heart transplant recipients.

MATERIALS AND METHODS

Study patients

This study involved 58 healthy volunteers (34 men, 24 women;

aged 24–65 years; mean age: 43.661.5 years) who were free

from any medical condition or had not taken medication for

at least 10 days prior to the experiments. The study was con-

ducted in accordance with the Declaration of Helsinki and

approved by the Montreal Heart Institute’s ethical committee

(Montreal, QC, Canada; ethics no. ICM #01-406). All healthy

volunteers provided written informed consent to the experi-

mental protocol before participating in the study.

Neutrophil isolation and purification

Venous blood was obtained from healthy donors free from

medication for at least 10 days prior to the experiments.

Venous blood was obtained by drawing 100 ml (4325 ml) of

blood using a 21G needle into 30ml syringes prefilled with 5ml

of Anticoagulant Citrate Dextrose Solution USP Formula A

(Baxter Healthcare, Deerfield, IL, USA). The blood was then

transferred into 4350 ml tubes and spun for 15 min at 200g at

room temperature. Following centrifugation, the platelet rich

plasma was removed from the top layer, and 20 ml of a 4%

Dextran solution (138 mM NaCl, 5 mM KCl, 0.34 mM

Na2HPO4, 0.4 mM KH2PO4, 4.2 mM NaHCO3, 5.6 mM

Glucose, 10 mM HEPES, 12.9 mM sodium citrate and

250 mM Dextran; pH 7.4) was added per tube. The tubes were

gently mixed, and the red blood cells were left to sediment for

Immunosuppressive drugs and the human neutrophil inflammatory response

D Vitiello et al

41

Cellular & Molecular Immunology



45 min at room temperature. The upper layer containing the

white blood cells was collected and gently deposited on a

12.5 ml layer of Ficoll-Paque Plus (GE Healthcare, Baie

d’Urfé, QC, Canada) in 50 ml tubes before being spun for

28 min at 400g at room temperature. Following this centrifu-

gation, the monocytes and lymphocytes were separated from

the neutrophils by Ficoll gradient. The remaining red blood

cells and neutrophils were found in the pellet. To remove the

red blood cells from the neutrophils, we used a water lysis

procedure, in which we added 20 ml of distilled water to the

neutrophil and red blood cell pellet and mixed gently for 20 s,

followed by the quick addition of 20 ml of Hank’s balanced salt

solution (HBSS) 23 solution while continuing mixing, for a

final concentration of 13 HBSS (pH 7.4). Neutrophils were

then spun for 10 min at 200g at room temperature. The pellet

was then resuspended in RPMI 1640 medium (Lonza, Basel,

Switzerland) supplemented with 25 mM HEPES (N-2-hydro-

xyethylpiperazine-N9-2-ethane sulfonic acid) and 1% penicil-

lin/streptomycin. The contamination of the isolated neutrophil

suspension with peripheral blood mononuclear cells was less

than 0.5%, as confirmed by Wright-Giemsa staining, and the

viability was found to be greater than 98%, as assessed by

Trypan blue dye exclusion assay.32,33

Neutrophil stimulation and treatment

Purified neutrophils (53106/ml, 500 ml) were incubated in

RPMI-1640 solution (Gibco, Carlsbad, CA, USA) supplemen-

ted with 5% fetal bovine serum (PAA Laboratories, Etobicoke,

ON, Canada), 1% penicillin/streptomycin/GlutaMAX (P/S)

(Gibco) and 25 mM HEPES (Sigma, Oakville, ON, Canada),

hereafter termed RPMI (for complete RPMI-1640 solution). In

the first series of experiments, neutrophils were stimulated for

2 and 24 h with control vehicle (phosphate-buffered saline

(PBS)), N-Formyl-Met-Leu-Phe (fMLP; 1027 M) (Sigma),

bacterial lipopolysaccharide (LPS; Escherichia coli 0111:B4;

1 mg/ml) (Sigma) or TNF-a (10 ng/ml) (Peprotech, Rocky

Hill, NJ, USA) at 37 uC and 5% CO2. Following stimulation,

neutrophils were centrifuged at 900g for 7 min, and the super-

natants were stored at280 uC for future ELISA quantification

of IL-1RA, IL-8 and VEGF (R&D Systems, Minneapolis, MN,

USA) according to the manufacturer’s instructions. The afore-

mentioned agonists (i.e., fMLP, LPS or TNF-a) were used

because of their capacity to promote IL-1RA, IL-8 and VEGF

release by the neutrophils.33–36 In another set of experiments,

neutrophils (53106/ml; 500 ml) were pre-treated with immu-

nosuppressive drugs that are routinely used in heart transplant

recipients, such as CsA, tacrolimus (TAC), MPA, SIR or EVE.

Pre-treatment of neutrophils was performed using IDs alone or

in combination at three different concentrations (i.e., CsA (10,

100, 1000 ng/ml), TAC (1, 10, 100 ng/ml), MPA (20, 200,

2000 ng/ml), SIR (1, 10, 50 ng/ml) and EVE (1, 10, 100 ng/ml))

for 30 min prior to agonist stimulation for 2 and 24 h. To

address the effect of various immunosuppressors on the release

of cytokines by the neutrophils at early and late time periods,

we elected to address the effect of the immunosuppressors on

the release of VEGF and IL-1RA at 2 h, and on the release of

IL-8 at 24 h post-stimulation. Following stimulation, neutro-

phils were centrifuged at 900g for 7 min, and supernatants were

collected and stored at280 uC for subsequent quantification of

IL-1RA, IL-8 and VEGF by ELISA. The ID concentrations were

selected based on the regimen provided to patients undergoing

various organ transplants.37–39

Neutrophil adhesion experiments

Neutrophil adhesion to human umbilical vascular endothelial

cells (HUVECs) or human extracellular matrix (hECM; BD

Bioscience, Mississauga, ON, Canada) was measured under sta-

tic conditions as described previously.40 HUVECs were seeded

(40 000 cells/well; 24-well plates) and cultured in endothelial

basal medium 2 (Clonetics, San Diego, CA, USA) containing

10% fetal bovine serum (PAA Laboratories), endothelial growth

medium 2 singlequot (Clonetics) and 2% antibiotics (penicillin

and streptomycin; Sigma, St Louis, MO, USA). HUVECs were

used at passages 3–5. Three (3) days post-confluent HUVECs

were rinsed with PBS (37 uC). HBSS1CaCl2 (5 mM) (termed

HBSS1) was added to HUVECs at 37 uC. For the adhesion

experiments, neutrophils (23105 cells in 250 ml HBSS1) were

pre-treated with or without immunosuppressive drugs (30 min)

alone or in combination, and when applicable, a blocking

human b2-integrin/CD18 antibody (2 mg/ml, Gln23-Asn700,

Accession Number #AAA59490; R&D Systems) was added to

neutrophils 15 min prior to the addition of neutrophils onto

HUVECs and the addition of PBS or TNF-a (10 ng/ml) for

7.5 min. The wells were carefully rinsed with PBS to remove

non-adherent neutrophils, and the adhered neutrophils were

then fixed with a 1% paraformaldehyde/ 1% glutaraldehyde-

PBS solution. Adhesion of the neutrophils to HUVEC mono-

layers was assessed using a color video digital camera adapted to

a binocular microscope. For each well, four fields of view were

randomly selected, and the neutrophils in each field of view were

counted and recorded as the number of adhered neutrophils/

mm2. For the adhesion assay of neutrophils onto hECM, 24-well

plates were coated with 250 ml/well of hECM diluted in serum-

free RPMI at a concentration of 20 mg/ml. Briefly, the plates were

incubated with the hECM dilution for 2 h at room temperature,

washed twice with serum-free RPMI (250 ml/wash) and dried for
a minimum of 2 h. The neutrophils were then treated and added

to hECM, as described for the HUVEC experiments.

Statistical analysis

All results were expressed as the mean6s.e.m. Statistical compar-

isons were made by a one-way analysis of variance, followed by a

Bonferroni t-test using Statview 5.0 (SAS Institute Inc., Cary, NC,

USA). Differences were considered significant at P valuesf0.05.

RESULTS

Effect of pro-inflammatory agonists on the release of

selected cytokines by neutrophils

We assessed the capacity of selected pro-inflammatory agonists

to induce the release of cytokines that are known to be

expressed and released by human neutrophils.10,15 We assessed
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the release of VEGF (pro-inflammatory/pro-angiogenic medi-

ator), IL-1RA (anti-inflammatory cytokine) and IL-8 (pro-

inflammatory cytokine). Treatment with fMLP (1027 M), LPS

(1 mg/ml) and TNF-a (10 ng/ml) induced the release of VEGF,

IL-1RA and IL-8 by neutrophils (53106/ml, 500 ml) (Figure 1).
The quantification of VEGF and IL-1RA proteins was performed

at 2 h post-stimulation, and the quantification of IL-8 protein

occurred at 24 h.15,41 All pro-inflammatory agonists significantly

increased the release of VEGF. The most potent effect was

evoked by LPS, corresponding to a 403% increase compared

with PBS-treated neutrophils. For the release of IL-1RA, there

was a significant 110% and 151% increase induced by LPS and

TNF-a, respectively, whereas fMLP had no significant effect. All

pro-inflammatory agonists increased the release of IL-8 by the

neutrophils. LPS induced a 65-fold (6400%) increase, whereas

fMLP and TNF-a produced more modest increases in IL-8

release (213% and 595%, respectively) (Figure 1).

Effect of IDs on cytokine release by neutrophils under basal

conditions

We investigated the capacity of CsA (10, 100, 1000 ng/ml), TAC

(1, 10, 100 ng/ml), MPA (20, 200, 2000 ng/ml), SIR (1, 10,

50 ng/ml) and EVE (1, 10, 100 ng/ml), alone or in combination,

to alter the release of VEGF, IL-1RA and IL-8 by neutrophils

under basal (PBS) and stimulated (fMLP, LPS and TNF-a)

conditions. To facilitate data interpretation, the basal values

of VEGF, IL-1RA and IL-8 release under the PBS-treated con-

dition were set to 1, and the increases mediated by fMLP, LPS

and TNF-a were expressed as the fold increase (Figures 2–4).

Under the basal (PBS) condition, pre-treatment of neutro-

phils with IDs, individually or in combination, significantly

decreased the release of VEGF (Figure 2a), with the highest

decreases induced by mTOR inhibitors (SIR and EVE; ,65%

reduction). Pre-treatment of neutrophils with IDs, alone or in

combination, had no or very slight effects on IL-1RA release

(Figure 3a). Most pre-treatments with IDs, alone or in com-

bination, significantly decreased IL-8 release (Figure 4a).

However, at their highest concentrations, SIR or TAC had no

effect or increased IL-8 release, respectively. The greatest

inhibition of basal IL-8 release was observed when neutrophils

were pre-treated with EVE alone (290%) or in combination

with another ID (Figure 4a).

Effect of IDs on VEGF release by neutrophils under pro-

inflammatory conditions

Pre-treatment with CsA did not have a significant effect

on VEGF release under all pro-inflammatory stimulations

(Figure 2b–d). Pre-treatment with TAC and MPA had no sig-

nificant effect on fMLP-induced VEGF release, but it did

induce a significant decrease in VEGF release under LPS and

TNF-a stimulations, where the most efficient inhibitory effect

was obtained at the lowest concentrations (Figure 2c–d). Pre-

treatment with SIR and EVE, alone or in combination with CsA

or TAC, significantly decreased the release of VEGF by neutro-

phils following all pro-inflammatory stimulations (Figure 2b–

d). The effect of these two IDs was nearly equivalent, reducing

the VEGF release induced by fMLP, LPS and TNF-a by 88%–

100% compared with the PBS-treated cells (Figure 2b–d).

Notably, when SIR was combined with MPA, we observed a

complete or partial loss of the capacity of SIR to prevent VEGF

release, whereas the capacity of EVE was maintained upon its

combination with MPA (Figure 2b–d).
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Effect of IDs on IL-1RA release by neutrophils under pro-

inflammatory conditions

Pre-treatment with CsA or TAC had no effect or a minor inhib-

itory effect on IL-1RA release by neutrophils following pro-

inflammatory stimulation (Figure 3b–d). Pre-treatment with

MPA or SIR at all concentrations had a tendency to reduce the

IL-1RA release induced by fMLP, LPS and TNF-a (Figure 3b–d).

Pre-treatment with EVE did not alter the IL-1RA release induced

by fMLP (Figure 3b). However, LPS- or TNF-induced IL-1RA

release was increased twofold by EVE compared with the effect of

either LPS or TNF-a alone. Furthermore, the capacity of EVE to

increase IL-1RA release was maintained even when combined

with CSA, TAC orMPA during pre-incubation (Figure 3c and d).

Effect of IDs on IL-8 release by neutrophils under pro-

inflammatory conditions

Pre-treatment with CsA or TAC alone had no significant effect

on IL-8 release by neutrophils following pro-inflammatory

stimulation (fMLP, LPS or TNF-a) (Figure 4b–d). Pre-treat-
ment with MPA alone reduced the release of IL-8 upon fMLP

stimulation by approximately 47% (Figure 4b). Using mTOR

inhibitors, we observed an intermediate inhibitory effect of SIR

on the IL-8 release evoked by fMLP (255%), whereas EVE

completely abrogated the fMLP-mediated release of IL-8

(Figure 4B). When SIR or EVE were combined with other

IDs (CsA, TACorMPA), SIRwas no longer capable of reducing

fMLP-induced IL-8 release, whereas such combinations with

EVE failed to alter its capacity to reduce IL-8 release (Figure 4b).

In LPS-treated neutrophils, SIR alone did not reduce IL-8

release, whereas EVE partially inhibited IL-8 release from 65-

fold to approximately 40-fold (Figure 4c). In addition, the

inhibitory capacity of EVE was retained even when combined

with CsA, TAC orMPA. In contrast, SIR produced a significant

inhibition of IL-8 release when combined with CsA or TAC,

but not in combination with MPA (Figure 4c). Pre-treatment

with EVE alone at the highest concentration reduced IL-8
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release following TNF-a stimulation (266%) (Figure 4d). Pre-

treatments withmTOR inhibitors (SIR or EVE) combinedwith

CsA or TAC had the same inhibitory effect (Figure 4d). The

combination of EVE with MPA induced a more potent inhib-

itory effect than did the combination of SIR with MPA,

decreasing the release of IL-8 following TNF-a stimulation

by approximately 48%, compared with a 16%decrease induced

by SIR plus MPA (Figure 4d).

Effect of IDs on neutrophil adhesion to HUVECs and hECM

We next examined the effect of IDs on neutrophil adhesion to

HUVEC and hECM. For this study, we used the intermediate

concentration of the different IDs used in the experiments

described in Figure 4, which had a maximal or near-maximal

effect on VEGF, IL-1RA or IL-8 release. Moreover, these con-

centrations are representative of those detected in the sera of

patients having undergone an organ transplant.37–39 In basal

HBSS1 alone, neutrophil adhesion onto HUVECs was 38.3

cells/mm2 and rose by 114% upon stimulation with TNF-a
(10 ng/ml) (Figure 5). Pre-treatment of neutrophils with

CsA, TAC, SIR or EVE had no effect (CsA, TAC, EVE) orminor

inhibitory effects (SIR, 221%) on the basal adhesion of neu-

trophils to HUVECs. However, an equivalent pre-treatment

with MPA did increase the basal adhesion of neutrophils onto

HUVECs by 67% (Figure 5a; left panel). In cells stimulated with

TNF-a, pre-treatment with CsA or MPA provided a slight

(non-significant) increase of neutrophil adhesion to HUVECs

(Figure 5a; right panel), whereas pre-treatment with TAC, SIR

or EVE decreased neutrophil adhesion to HUVECs by approxi-

mately 74% (Figure 5a; right panel).

TNF-a is known to promote the activation of the b2-integrin

(CD11b/CD18) complex on neutrophils, contributing to their

adhesiveness to ECs via b2-integrin binding to ICAM-1. We

assessed whether these IDs affected neutrophil adhesion via the
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Figure 3 Effect of immunosuppressive drugs on IL-1RA release by neutrophils. Neutrophils were pre-treated with CsA (10, 100, 1000 ng/ml), TAC
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***P,0.001 compared with PBS-treated neutrophils. #P,0.05, ##P,0.01; ###P,0.001 compared with the respective neutrophils without ID pre-
treatment. CsA, cyclosporine A; EVE, everolimus; fMLP, Formyl-Met-Leu-Phe; ID, immunosuppressive drug; IL-1RA, interleukin-1 receptor
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modulation of CD11b/CD18 activation. Pre-treatment of neu-

trophils with an antibody against human b2-integrin/CD18 did
not affect their adhesion to HUVECs either under basal-

HBSS1 conditions or when pre-treated with CsA, TAC, SIR

or EVE. However, blocking human b2-integrin/CD18 did pre-

vent an increase in neutrophil adhesion induced by MPA

(Figure 5a; left panel). Furthermore, blocking human b2-integ-
rin/CD18 prevented the increase of neutrophil adhesion

induced by TNF-a (Figure 5a; right panel) in the presence or

absence of immunosuppressive drugs.

The combination of IDs had no effect orminor effects (slight

reduction) on the basal adhesion of neutrophils toHUVECs. In

addition, the effect of MPA alone was prevented by its com-

bination with TAC, SIR, EVE and only in part by CsA

(Figure 5b; left panel). Blocking b2-integrin/CD18 in conjunc-

tion with the addition of combinations of IDs tended to reduce

neutrophil adhesiveness to levels slightly below those observed

under basal HBSS1 conditions (Figure 5b, left panel). Pre-

treatment of neutrophils with a combination of IDs prior to

TNF-a stimulation failed to augment the effects of TNF-a on

neutrophil adhesion to HUVECs (Figure 5b; right panel). The

combination of TAC with mTOR inhibitors (EVE or SIR) pre-

vented the increase of neutrophil adhesion induced by TNF-a
by 96% and 80%, respectively. The results obtained with other

combinations did not reach statistical significance, but the

combination of CsA1SIR and MPA1EVE displayed a trend

to reduce the adhesion of neutrophils by 46% (P50.08) and

53% (P50.09) (Figure 5b; right panel). As observed with IDs

administered individually (Figure 5a; right panel), blocking

b2-integrin/CD18 in the presence or absence of various com-

binations of IDs abrogated the ability of TNF-a to increase

neutrophil adhesion (Figure 5b; right panel).

To assess the effects of IDs on the adhesiveness of activated

neutrophils independently from the activation of endothelial
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cells, we used hECM as a binding substrate. Under basal

(HBSS1) conditions, the adhesion of neutrophils onto hECM

was 27.6 cells/mm2 and rose by 175% following stimulation with

TNF-a (10 ng/ml; Figure 6). Pre-treatment of neutrophils with

CsA, TAC, SIR or EVE had no effect on the basal adhesion of

neutrophils onto hECM. However, as observed when using

HUVECs (Figure 5), pre-treatment with MPA activated neutro-

phils and increased their adhesion onto hECM by 80%

(Figure 6a; left panel). In contrast to its effects under basal con-

ditions, pre-treatment with CsA increased neutrophil adhesion

in cells treated with TNF-a (294% over HBSS1 and 43% over

TNF-a; Figure 6a, right panel). However, pre-treatment with

MPA had no significant effect, whereas pre-treatment with

TAC, SIR or EVE reduced TNF-a-mediated neutrophil adhe-

sion onto hECM by 65%, 80% and 60%, respectively (Figure 6a;

right panel).

Blocking b2-integrin/CD18 in neutrophil preparations under

basal-HBSS1 conditions and in the presence or absence of IDs

reduced the adhesion of neutrophils to hECM by ,48%

(Figure 6a; left panel). In addition, pre-treatment with a
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blocking human b2-integrin/CD18 antibody completely pre-

vented the ability of TNF-a to increase neutrophil adhesion

onto hECM. Furthermore, we observed that certain IDs were

able to reduce the ability of TNF-a to increase neutrophil adhe-

sion and that the residual binding of neutrophils to hECM was

eliminated upon blocking b2-integrin/CD18 (Figure 6a; right

panel).

In general, we observed that the combination of IDs either

lacked any effect or enhanced (up to 147%; TAC1MPA) the

basal adhesion of neutrophils onto hECM (Figure 6b; left panel).

In each case, the addition of a blocking human b2-integrin/
CD18 antibody reduced the basal adhesion of neutrophils to

,50% of that observed under the basal HBSS1 condition

(Figure 6b; left panel). Pre-treatment with all of the combina-

tions of IDs prior to TNF-a stimulation (except for TAC1MPA;

225%) significantly reduced the adhesion of neutrophils onto

hECM (by 47%–71%), (Figure 6b; right panel). Finally, blocking

b2-integrin/CD18 maintained neutrophil adhesion at levels

comparable to those of control HBSS1-treated neutrophils, even

when the cells were pre-treated with various combinations of

IDs followed by TNF-a (Figure 6b; right panel).

DISCUSSION

In the present study, we report that neutrophils isolated from

the venous blood of healthy volunteers are able to release IL-8,

VEGF and IL-1RA in response to a pro-inflammatory stimulus.
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Using different IDs alone or combined, as routinely given to

heart transplant recipients, we observed that mTOR inhibitors,

namely, EVE and SIR, were the most efficient IDs and had

maximal or nearmaximal inhibitory effects on the neutrophils’

pro-inflammatory response. Globally, EVE was more efficient

than SIR alone to decrease IL-8 and VEGF release from neu-

trophils. Notably, EVE was the only ID capable of promoting

the release of the anti-inflammatory cytokine IL-1RA.

Additionally, this latter effect of EVE was maintained when

combined to other IDs such as CsA, TAC or MPA. Finally,

we report that in response to a pro-inflammatory stimulation

(TNF-a), pre-treatment with TAC, EVE or SIR, alone or in

combination, decreased the activation of the b2-integrin com-

plex (CD11b/CD18), resulting in reduced neutrophil adhesive-

ness to HUVECs and hECM.

CTX remains the predominant treatment for patients suffer-

ing from end stage heart failure.42 Despite the improvement of

immunosuppressive therapies, the first cause of mortality at 5

years following CTX remains the development of CAV,1 and

the rate of late rejection remains unchanged, achieving an

approximately 50% survival rate at 10 years post-transplant.43

Although the pathological changes of CAV are well documen-

ted,1,2 its etiology remains unclear, and the intimate mechan-

isms underlying the development of this condition are not fully

understood. Investigative efforts have focused primarily on the

acquired immune system, particularly on the involvement of

lymphocytes,44,45 with less attention given to the impact of

innate immune cells. Previous animal studies demonstrated

the potential deleterious effect of neutrophil graft infiltration46

and neutrophil myocardial accumulation via the participation

of activated integrins upon heart transplantation.13,14 However,

though neutrophils are able to release pro-inflammatory med-

iators, no studies have determined the potential role of neutro-

phil-mediated inflammation in the development of CAV in

humans. Thus, we aimed to assess the impact of different ID

regimens on the inflammatory response of neutrophils isolated

from venous blood of healthy volunteers. First, we report that

neutrophils are able to release different mediators such as

VEGF, IL-1RA and IL-8 in response to pro-inflammatory

stimulation, which is consistent with previous reports.10,15 In

our study, LPS and TNF-awere the two most potent agonists in

triggering the release of the three cytokines.

Effect of immunosuppressive drugs on the release of

cytokines by human neutrophils

Over the last 30 years, immunosuppressive therapies have been

the gold standard approach to prevent organ rejection in heart

transplant recipients.47 Although the use of IDs has led to an

improvement in the survival rates after CTX,48 their beneficial

outcome is plagued by adverse side effects. For instance, some

studies have reported inefficient or worsening renal function

induced by CsA treatment,49,50 while other groups have

observed negative effects of MPA and TAC by inducing

endothelial cell dysfunction and altering vasorelaxation prop-

erties.51–53 However, still other studies have reported beneficial

effects of mTOR inhibitors, including the capacity of SIR to

decrease long-term CAV progression26 and EVE to delay or

prevent CAV progression.27,28 In the present study, we dem-

onstrate that under basal conditions, all immunosuppressive

drugs (CsA, TAC, MPA, SIR and EVE) reduced the release of

pro-inflammatory mediators (VEGF and IL-8) without affect-

ing the basal release of the anti-inflammatory cytokine IL-1RA.

Under basal (PBS) and pro-inflammatory (fMLP, LPS or TNF-

a) conditions, mTOR inhibitors, alone or in combination,

were the most efficient at decreasing VEGF and IL-8 release.

Although SIR and EVE appear to be the most efficient IDs at

preventing the release of pro-inflammatory cytokines in res-

ponse to TNF-a, EVE showed a more prominent protective

effect than did SIR. For instance, EVE was able to completely

abrogate the release of VEGF and IL-8 by the neutrophils under

fMLP stimulation while also being the most efficient at prevent-

ing an increase in IL-8 release in response to LPS stimulation. In

addition, while EVE (alone) provided an anti-inflammatory

activity via the inhibition of VEGF and IL-8 release, it also

promoted the induction of IL-1RA release, and this effect

was maintained when combined with any of the other IDs

examined in the present study. Under the same conditions,

SIR was not as efficient as EVE when combined with other

IDs. For instance, when combined with MPA, SIR was either

equally or less efficient in preventing VEGF release in res-

ponse to pro-inflammatory stimulation. Notably, EVE was

able to further increase the release of IL-1RA from neutro-

phils during stimulation with LPS or TNF-a. Our data are

consistent with recent studies reporting that SIR is more effi-

cient than calcineurin inhibitors (CsA and TAC) at decreasing

the release of pro-inflammatory mediators by neutrophils from

healthy volunteers under pro-inflammatory conditions.54

The mTOR pathway (phosphatidylinositol 3-kinase–Akt–

mTOR) is a critical signaling pathway that is sensitive to input

frommultiple signals (e.g., growth factors, hormones, nutrients,

cytokines and stress) and responds by specifically enhancing the

translation of messenger RNAs encoding key proteins.55,56

Previous studies have reported that the two best characterized

pathways downstream of mTOR activation are mediated by

ribosomal protein S6 kinase and by eukaryotic initiation factor

binding protein, which participate in mRNA translation into

corresponding proteins.57 The inhibitors of mTOR, including

EVE (or analogs), may inhibit the translation machinery

directly or through unknown mechanisms.58 In the latter study,

the authors reported that EVE increases the basal release of

multiple cytokines in mouse macrophages (e.g., IL-6, MCP-1,

Rantes and TNF-a). The authors also reported that the inhibi-

tion of protein translation induces p38 MAPK activation, thus

leading to cytokine synthesis and release. In a recent study, we

observed that LPS and angiopoietin-1 are both capable of

increasing IL-1RA mRNA transcription in human neutrophils

without promoting its de novo protein synthesis. In addition, we

observed that human neutrophils have a high level of constitu-

tive IL-1RA protein content and that stimulation with either

LPS or angiopoietin-1 induces approximately 10% of the total

endogenous content of the IL-1RA protein.59 Our data suggest
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that under basal condition, EVE is not sufficient to trigger the

basal release of IL-1RA from human neutrophils; however,

under pro-inflammatory stimuli (e.g., LPS or TNF-a), it

appears sufficient to potentiate IL-1RA release, and this latter

effect seems to be specific to EVE compared with SIR. The

mechanism underlying the discrepancy between these mTOR

inhibitors remains to be elucidated.

Effect of immunosuppressive drugs on human neutrophil

activation and adhesion

Other studies have explored the effects of IDs on neutrophil

activation, adhesion and/or migration. Treatment of human

neutrophils with SIR and TAC inhibits granulocyte-macro-

phage colony-stimulating factor and IL-8-mediated chemotac-

tic activity.60,61 In mice, SIR decreased Toll-like receptor-2- and

-4-induced neutrophil activation.62

In the present study, we examined the acute/immediate

effect of IDs on neutrophil activation. Specifically, we assessed

the formation of an active CD11b/CD18 complex that binds to

its counter-receptor ligand, ICAM-1, which is constitutively

expressed on endothelial cells.63 Following TNF-a stimulation,

we observed a marked increase in neutrophil adhesion to

HUVECs that was completely abrogated (back to basal levels)

when neutrophils were pre-treated with an antibody that

blocks b2-integrin/CD18. These findings demonstrate that

the active CD11b/CD18 complex is essential for the acute/

immediate adhesion of neutrophils to HUVECs under pro-

inflammatory conditions, which is in agreement with previous

reports.64,65 By pre-treating neutrophils with IDs, we were able

to assess their relative effects on CD11b/CD18 complex activa-

tion and neutrophil adhesion. Our data demonstrated that

under basal conditions, all of the IDs tested (with the exception

of MPA) failed to induce either the adhesion of neutrophils

onto HUVECs or the activation of the CD11b/CD18 complex.

The ability of MPA to promote neutrophil adhesion to

HUVECs was abrogated by blocking b2-integrin/CD18, dem-

onstrating that MPA alone can induce acute/immediate neu-

trophil activation. Pre-treatment with TAC, SIR or EVE

reduced (by approximately 70%) the TNF-a induced adhesion

of neutrophils to HUVECs, whereas CsA orMPA had no effect.

Blocking b2-integrin/CD18 fully abrogated TNF-a-mediated

neutrophil activation in the presence of CsA orMPA and com-

pleted the inhibitory effect of TAC, SIR and EVE. Taken

together, these data demonstrate the capacity of TAC, SIR

and EVE to reduce TNF-a-mediated neutrophil activation.

Even when administered in various combinations, these three

IDs maintained their capacity to prevent neutrophil adhesion

onto HUVECs and activation of the CD11b/CD18 complex

under basal and TNF-a-stimulated conditions.

Upon activation, P-selectin translocates to the surface of

endothelial cells. P-selectin is the ligand for P-selectin gly-

coprotein, which is constitutively expressed on neutrophils.66

To confirm the direct effect of IDs on neutrophils and exclude

the potential contribution of endothelial cell activation, we

assessed the binding of neutrophils onto hECM. Under non-

stimulated conditions, we observed a basal level of neutrophil

adhesion onto hECM; this level was partly reduced upon block-

ing b2-integrin/CD18, suggesting a basal level of CD11b/CD18
activation. Upon the addition of IDs, we essentially observed

the same pattern of effects upon adhesion as observed in the

presence of HUVECs. Only MPA promoted the adhesion of

neutrophils onto hECM under basal conditions, and this effect

was abrogated in upon blocking b2-integrin/CD18. These

results confirm that MPA is able to activate neutrophils.

These data are consistent with a previous study demonstrating

that MPA induces a chronic increase in the expression of vas-

cular cell adhesion molecule-1 and E-selectin on HUVECs.67

Furthermore, we observed that TAC, SIR and EVE were all

capable of reducing TNF-a-induced neutrophil adhesion to

hECM. In contrast, CsA or MPA were unable to decrease neu-

trophil adhesion. In each case, blocking b2-integrin/CD18 sup-
pressed the adhesion of neutrophils onto hECM to the levels

detected under basal conditions. Finally, as observed in our

studies of neutrophil adhesion to HUVECs, binary combina-

tions of TAC, SIR and EVE proved to be the most effective at

reducing CD11b/CD18 complex activation and the resulting

adhesion of neutrophils to hECM.

In summary, our study demonstrates that TAC, SIR and EVE

are the most effective immunosuppressive drugs at reducing

CD11b/CD18 complex activation and the corresponding neu-

trophil adhesion to hECM or endothelial cells. In addition, we

observed that mTOR inhibitors (SIR and EVE) were the most

effective at preventing the release of pro-inflammatory media-

tors (VEGF and IL-8) by neutrophils. Notably, only the new

generation mTOR inhibitor, EVE, promoted the release of the

anti-inflammatory cytokine IL-1RA. It is also important to

note that in our studies, when EVE was combined with differ-

ent IDs, it retained its anti-inflammatory activities. This was

not always the case for SIR. These studies investigated neutro-

phils isolated from healthy volunteers, and the clinical impact

of our observations thus needs to be validated in patients fol-

lowing organ transplantation.
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