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Abstract

Background: It is known that the use of a cardiopulmonary bypass (CPB) during cardiac surgery leads to leukocyte
activation and may, among other causes, induce organ dysfunction due to increased leukocyte recruitment into different
organs. Leukocyte extravasation occurs in a cascade-like fashion, including capturing, rolling, adhesion, and transmigration.
However, the molecular mechanisms of increased leukocyte recruitment caused by CPB are not known. This clinical study
was undertaken in order to investigate which steps of the leukocyte recruitment cascade are affected by the systemic
inflammation during CPB.

Methods: We investigated the effects of CPB on the different steps of the leukocyte recruitment cascade in whole blood
from healthy volunteers (n = 9) and patients undergoing cardiac surgery with the use of cardiopulmonary bypass (n = 7) or
in off-pump coronary artery bypass-technique (OPCAB, n = 9) by using flow chamber experiments, transmigration assays,
and biochemical analysis.

Results: CPB abrogated selectin-induced slow leukocyte rolling on E-selectin/ICAM-1 and P-selectin/ICAM-1. In contrast,
chemokine-induced arrest and transmigration was significantly increased by CPB. Mechanistically, the abolishment of slow
leukocyte rolling was due to disturbances in intracellular signaling with reduced phosphorylation of phospholipase C (PLC)
c2, Akt, and p38 MAP kinase. Furthermore, CPB induced an elevated transmigration which was caused by upregulation of
Mac-1 on neutrophils.

Conclusion: These data suggest that CPB abrogates selectin-mediated slow leukocyte rolling by disturbing intracellular
signaling, but that the clinically observed increased leukocyte recruitment caused by CPB is due to increased chemokine-
induced arrest and transmigration. A better understanding of the underlying molecular mechanisms causing systemic
inflammation after CPB may aid in the development of new therapeutic approaches.
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Introduction

Cardiopulmonary bypass (CPB) triggers a systemic inflamma-

tion which is caused by an increase in the blood concentration of

inflammatory markers and activation of immune cells [1,2]. Organ

dysfunction is attributed to a multitude of factors involving

a cascade of inflammatory responses culminating in the in-

appropriate recruitment of leukocytes from the circulation [3].

Cellular indicators of inflammation include neutrophil activation

and can be detected by measuring release of inflammatory

cytokines as well as upregulation and release of adhesion molecules

[4]. Increased blood cytokine concentrations and neutrophil

activation are reported in acute complications after CPB [5].

Experimental and clinical studies implicate the activation of

neutrophils in both acute and chronic vascular complications

[6,7,8,9].

Various treatment strategies have been tested to reduce the

severity of the systemic inflammation induced by CPB and to

improve the treatment, including anti-inflammatory drugs, novel

components of the CPB, and new surgical techniques, but no

single strategy has been proven effective yet [10,11].

Leukocyte adhesion constitutes an essential process in the

immune system, one that enables the accumulation of immune
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cells at sites of infection and inflammation [12]. Leukocyte

recruitment occurs in a cascade of events that involves a series of

adhesion and homing receptors [12]. In order to leave the vessel at

sites of tissue damage or inflammation, leukocytes have to interact

with and roll along the endothelium before they arrest and

transmigrate into inflamed tissue [12]. Leukocyte capturing and

rolling is mediated by selectins expressed on inflamed endothelial

cells and their counter-receptors on neutrophils [13]. Slow rolling

and arrest is predominantly mediated by integrins interacting with

their ligands expressed on endothelial cells [14]. Integrins are

members of a large family of functionally conserved adhesion

receptors, which occur in low affinity conformational states on

circulating leukocytes [15]. During rolling, leukocytes collect

different inflammatory signals that activate intracellular signaling

pathways [16]. Selectin engagement activates a signaling pathway

in neutrophils causing the conformational change of integrins and

the initiation of slow rolling [17]. This signaling pathway consists

of the signaling molecules phospholipase (PLC) c2, p38 mitogen-

activated protein kinase (p38 MAPK), and Akt [18]. The binding

of chemokines to their receptors induces the activation of signaling

pathways in leukocytes which activates integrins (high affinity

state) and induces leukocyte arrest [19]. Following arrest, integrins

bound to their ligands transduce signals into leukocytes, which

strengthen adhesion and induce transmigration.

The aim of this study was to elucidate how the CPB during

cardiac surgery alters the different steps of the leukocyte

recruitment cascade. By using flow chamber assays with human

whole blood samples, in vitro transmigration assays, and bio-

chemical phosphorylation experiments, we demonstrate that CPB

during cardiac surgery abolishes selectin-mediated slow leukocyte

rolling by altering intracellular signaling including the phosphor-

ylation of PLCc2, Akt, and p38 MAPK while increasing

chemokine-induced arrest and transmigration of neutrophils.

Materials and Methods

Reagents
Unlike otherwise stated, all reagents were obtained from Sigma

Aldrich (Taufkirchen, Germany).

Observational study
To investigate the effects of CPB on the different steps of

leukocyte recruitment, we conducted a prospective observational

study in patients undergoing cardiac surgery for bypass grafting.

This study was approved by the local ethic committee of the

University of Münster (Institutional Review Board). Informed

written consent for inclusion into the study was obtained from

every patient more than 24 hours before enrollment. Patients

received cardiac surgery for bypass grafting and were scheduled

either for operation with the use of CPB (on-pump group) or

surgery in off-pump coronary artery bypass-technique (OPCAB

group). Two experienced, skilled cardiac surgeons were involved

in this study and all on-pump and OPCAB patients were operated

by these surgeons. The decision regarding the operation technique

(on-pump or OPCAB) was only made by the surgeons based on

the planned positions of the bypass grafts and overall patient

status. 25 patients (7 on-pump, 9 OPCAB, 9 healthy volunteers)

were included in this study and analyzed. The patients in both

groups received the same anesthesia regiment with sodium

thiopental, sufentanil, and cisatracurium for induction of anesthe-

sia and sevoflurane or isoflurane to maintain general anesthesia.

Blood samples were obtained after the induction of general

anesthesia, immediately following protamine administration (on-

pump and OPCAB), and 24 hours after the end of the surgical

procedure. Healthy volunteers did not receive anesthesia or any

type of surgery and donated whole blood samples at the

corresponding time points. Patients were excluded from the study

if they met one of the following exclusion criteria: age ,18 years,

pregnancy, immunosuppressive therapy within the last 7 days,

chronic renal insufficiency (eGFR ,60 ml/min), renal replace-

ment therapy, pre-existing hematologic diseases and/or HIV-

infection, acute of chronic inflammatory condition, organ trans-

plantation or any malignancy in patient medical history.

Blood-perfused human microflow chamber
To investigate selectin-mediated slow neutrophil rolling, we

used a whole blood perfused human microflow chamber system as

described previously [20,21]. Briefly, glass capillaries were coated

with E-selectin (3,5 mg/ml, R&D Systems, Minneapolis, MN,

USA), P-selectin (20 mg/ml, R&D Systems, Minneapolis, MN,

USA), E-selectin/ICAM-1 (3,5/3,5 mg/ml, R&D Systems, Min-

neapolis, MN, USA) or P-selectin/ICAM-1 (20/5 mg/ml, R&D

Systems, Minneapolis, MN, USA) for 2 hours. Chambers were

blocked with casein 1% (Fisher Scientific, Waltham, MA, USA) for

1 hour and afterwards perfused with heparinised whole blood

samples at a constant shear stress of 5–6 dynes/cm2. It has been

demonstrated before, that .90% of rolling cells in this system are

polymorphonuclear neutrophils [20]. To investigate the chemo-

kine-induced arrest of rolling neutrophils, a separate set of flow

chambers was used. This flow chambers were coated with P-

selectin (20 mg/ml), ICAM-1 (5 mg/ml) and Interleukin-8 (50 mg/
ml, Peprotech, Rocky Hill, NJ, USA) or P-selectin and ICAM-1 as

a control. Rolling and adhering cells per field of view were counted

after 2 minutes of perfusion with whole blood at 5–6 dynes/cm2

and the ratio of adhering to rolling cells was calculated.

In vitro transmigration assay
The transendothelial migration of isolated human neutrophils

through a monolayer of cultured human umbilical vein endothelial

cells (HUVEC) was performed as previously described [22].

Briefly, the 6.5 mm transwell filters (Corning Life Sciences,

Corning, NY, USA) were coated with fibronectin (0.01%) for

1 hour. 46104 HUVECs were seeded per well and grown to

confluence for 2 days. HUVECs were stimulated with TNF-

a (5 nM, Peprotech, Rocky Hill, NJ, USA) for 16 hours. Human

neutrophils were isolated from whole blood by Histopaque density

centrifugation, resuspended in control plasma or plasma obtained

from on-pump or OPCAB patients after administration of

protamine and incubated at 37uC for 30 minutes in the presence

or absence of a blocking antibody directed against Mac-1 (clone

ICRF44, Biolegend, San Diego, CA, USA). 56105 neutrophils

were applied on top of each transwell filter. Transmigration was

allowed for 30 minutes and the number of transmigrated cells in

the outer well was counted.

FACS-analysis of neutrophils from human whole blood
The surface expression of leukocyte surface adhesion molecules

on neutrophils was analyzed by flow cytometry. Human

neutrophils were incubated with different antibodies (anti-human

PSGL-1-antibody, clone KPL-1, BD Biosciences, Franklin Lakes,

NJ, USA; anti-human LFA-1-antibody, clone MEM-25, Immu-

noTools, Friesoythe, Germany; anti-human Mac-1-antibody,

clone MEM-174, ImmunoTools) for 20 minutes. Samples were

analyzed on a FACSCanto flow cytometer (BD Biosciences,

Franklin Lakes, NJ, USA). FACS data was processed using FlowJo

(version 7.5.5; Tree Star Inc., Ashland, OR, USA).

CPB Affects Leukocyte Recruitment
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Western blotting
For biochemical assays, isolated neutrophils from human whole

blood were stimulated with immobilized E-selectin as described

previously [23,24]. Following stimulation, cells were lysed using

RIPA buffer [23]. Lysate was boiled with Laemmli sample buffer

at 95uC for 10 minutes, run on a 10% PAGE-SDS gel and

immunoblotted with antibodies against Akt, phospho-Akt, PLCc2,
phospho-PLCc2, p38 MAPK and phospho-p38 MAPK (all from

Cell Signaling Technology, Danvers, MA, USA). Blots were

developed using the Amersham ECL Prime detection system (GE

Healthcare, Piscataway, NJ, USA).

Statistical analysis
Statistical analysis was performed with SPSS (version 20.0) using

one-way ANOVA, Student-Newman-Keuls test, post-hoc correc-

tion or t-test where appropriate. All data are represented as means

6 SEM. A p-value ,0.05 was taken as statistically significant.

Results

Selectin-mediated slow leukocyte rolling is abolished in
patients after CPB
One of the first steps of the leukocyte recruitment cascade is the

selectin-mediated transition from rolling to slow rolling [12].

Binding of selectins to their ligands on neutrophils induces the

activation of an intracellular signaling pathway leading to

activation of the b2-integrin LFA-1 which mediates slow leukocyte

rolling [25]. In order to investigate the effect of cardiopulmonary

bypass (CPB) on neutrophil slow rolling, we conducted a pro-

spective observational study in patients undergoing cardiac

surgery. There were no significant differences regarding de-

mographic data, including age, weight and serum electrolytes

between the patient groups (Table 1). There were no differences

with respect to the clinical severity of the underlying cardiovas-

cular disease, as detected by preoperative EuroSCORE, acute or

previous myocardial infarctions, ejection fraction, presence of

cerebrovascular diseases, and history of cerebral stroke (Table 1).

We also included the NYHA and ASA scores.

To investigate the effect of CPB on selectin-mediated slow

leukocyte rolling, we used a previously published flow chamber

system [20,21]. The advantage of the flow chamber system is that

the neutrophil rolling behavior can be investigated in whole blood

without isolating neutrophils. This is important, because it has

been shown that the isolation process might alter the activation

status and rolling ability of neutrophils [26,27,28]. After the

induction of anesthesia, neutrophils from both patient groups and

healthy volunteers showed the same rolling velocity on E-selectin

or P-selectin alone and a reduction of the rolling velocity on E-

selectin or P-selectin in the presence of the LFA-1 ligand ICAM-1

(Figure 1 A+B). After the administration of protamine, neutrophils

from on-pump patients failed to reduce their rolling velocity on E-

or P-selectin when ICAM-1 was added to the substrate, whereas

neutrophils from OPCAB patients and healthy volunteers showed

a reduction of the rolling velocity on E-selectin and ICAM-1 or P-

selectin and ICAM-1 (Figure 1 C+D). During cardiac surgery with

the use of CPB and in OPCAB technique, systemic antic-

oagulation with heparin was antagonized with protamine.

Onpump patients were anticoagulated before connection to the

cardio-pulmonary bypass with heparin at a dose of 400 I.U./kg

bodyweight. OPCAB patients received heparin at a dose of 200

I.U./kg bodyweight. Heparin was antagonized with protamine at

a ratio of 1 I.U. protamine per 1 I.U. heparin. Onpump patients

received 3458362770 I.U. protamine, whereas OPCAB patients

received 1637561849 I.U. protamine (p = 0.00). In an additional

experiment we investigated whether protamine can directly

influence selectin-mediated slow leukocyte rolling. In order to

show that protamine has no direct effect on neutrophil rolling and

adhesion, whole blood samples from some healthy volunteers were

treated with protamine at a dose of 0, 16 or 32 I.U./ml,

corresponding to the administration of protamine at 0, 200 or 400

I.U./kg bodyweight in patients (as calculated from the assumption

of 80 ml blood per 1 kg bodyweight). No difference in neutrophil

rolling and arrest was observed between the groups (data not

shown).

Interestingly, slow neutrophil rolling in on-pump patients was

still defective 24 hours after the end of the surgical procedure

(Figure 1 E+F). These data suggest that the use of CPB during

cardiac surgery abolishes selectin-mediated integrin activation and

subsequently alters neutrophil recruitment.

CPB during cardiac surgery increases chemokine-induced
arrest of neutrophils
During rolling along the endothelium, neutrophils are activated

by different chemokines presented by inflamed endothelial cells

[12]. Binding of chemokines to their receptors on neutrophils

induces integrins activation and leads to leukocyte arrest [19].

Similar to selectin-mediated slow leukocyte rolling, chemokine-

induced neutrophil arrest is LFA-1 dependent [29]. This process

occurs partly overlapping with selectin-mediated slow rolling. To

Table 1. Demographic and clinical patient data.

On-pump
patients

OPCAB
patients p-value

No. of patients 7 9

Gender (m/f) 6/1 6/3

Age [yrs] 7164 6763 n.s.

Body weight [kg] 85.865.7 84.666.3 n.s.

Body surface area [m2] 2.0560.08 1.9960.09 n.s.

CPB time [min] 9566 -

Aortic-clamp time
[min]

6267 -

Procedure duration
[min]

230620 181661 n.s.

Preoperative NYHA
score

2.060.26 2.3860.18 n.s.

ASA score 2.8360.31 2.8860.23 n.s.

Cardiovascular diseases

Previous MI
(.90d)

2/7 4/9 n.s.

Acute MI (,90d) 2/7 4/9 n.s.

Ejection fraction
[%]

5467 5063

Cerebrovascular disease 1/7 2/9

Stroke 0/7 2/9

EuroSCORE 3.67 61.02 4.2561.01

No. of treated vessels 2.860.20 2.060.26 n.s.

ICU days 865 562 n.s.

Transfused blood products
[ml]

219688 292677 n.s.

Values are presented as mean +/2 SEM or numbers of patients. MI: myocardial
infarction. ICU: intensive care unit. n.s.: not significant.
doi:10.1371/journal.pone.0045738.t001
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investigate the effect of CPB on chemokine-induced arrest, we

performed experiments with flow chambers coated with P-selectin,

ICAM-1 and immobilized interleukin (IL)-8. After inducing

anesthesia, the ratio of adherent neutrophils to rolling neutrophils

in flow chambers coated with P-selectin and ICAM-1 was low in

both patient groups and in healthy volunteers at the corresponding

time point (Figure 2A). The ratio of adherent neutrophils to rolling

neutrophils in flow chambers coated with P-selectin, ICAM-1, and

IL-8 significantly increased in all three groups (Figure 2A). After

administration of protamine, the ratio of adherent to rolling

neutrophils was increased in on-pump patients compared to

OPCAB patients and controls at the corresponding time point

(Figure 2B). This effect was still present 24 hours after the end of

the surgical procedure (Figure 2C). These data show that the use of

CPB increases chemokine-induced arrest of circulating neutro-

phils.

Figure 1. Selectin-mediated slow leukocyte rolling is abolished in patients after CPB. The rolling velocity of neutrophils in whole blood
from healthy control volunteers (dashed line), on-pump patients (straight line) and OPCAB patients (dotted line) was measured after induction of
anesthesia (A, B), following administration of protamine (C, D), and 24 hours after the end of surgery (E, F) using microflow chambers coated with E-
selectin or P-selectin alone and in combination with ICAM-1. The average rolling velocity of neutrophils is presented as mean 6 SEM (n= 7–9). The
wall shear stress in all flow chamber experiments was 5–6 dynes/cm2. # p,0.05.
doi:10.1371/journal.pone.0045738.g001
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CPB does not alter the expression of adhesion molecules
on neutrophils involved in slow leukocyte rolling and
chemokine-induced arrest, but increases Mac-1
expression
Activation of neutrophils might be associated with the change of

the surface expression of different adhesion molecules including

PSGL-1 and integrins [30,31,32]. To elucidate whether the effects

of CPB on neutrophil slow rolling and chemokine-induced arrest is

caused by an altered expression profile of surface adhesion

molecules involved in leukocyte recruitment, we investigated the

surface expression of PSGL-1, LFA-1, and Mac-1 on neutrophils

by flow cytometry. The expression of PSGL-1 (Figure 3A) and

LFA-1 (Figure 3B) on neutrophils from both patient groups and

from healthy volunteers was not significantly different after

inducing anesthesia, following protamine administration, and

24 hours after the end of the surgical procedure. In contrast, the

expression level of Mac-1 on neutrophils from on-pump patients

was significantly elevated after the end of CPB compared to the

other groups (Figure 3C). However, the increased Mac-1

expression on neutrophils from on-pump patients cannot explain

the altered selectin-mediated slow leukocyte rolling and chemo-

kine-induced arrest, because both steps are dependent on the b2-
integrin LFA-1 [29,33]. In order to show that Mac-1 is not

involved in slow leukocyte rolling and chemokine-induced arrest,

we blocked Mac-1 in whole blood samples obtained from healthy

volunteers with a monoclonal antibody and showed that the

blockade of Mac-1 has no effect on selectin-mediated slow rolling

and chemokine-induced adhesion (data not shown).

CPB affects intracellular signaling
It is known that binding of selectins to their counter ligands on

neutrophils induces the activation of an intracellular signaling

cascade leading to integrin activation and slow leukocyte rolling in

vivo [13,34]. Following selectin engagement, Btk is phosphorylated

in a Syk-dependent manner, and the signaling pathway down-

stream of Btk divides into PLCc2- and PI3Kc-dependent
branches, which both regulate b2-integrin–mediated slow rolling

[35]. p38 MAPK is located downstream of PLCc2 [24,36]. To

study, whether the observed effects of CPB on neutrophil rolling

velocity might be caused by a disruption of intracellular signal

transduction, we investigated the phosphorylation of PLCc2, Akt
(as a readout for PI3K activation), and p38 MAPK. Phosphory-

Figure 2. CPB during cardiac surgery increases chemokine-induced leukocyte arrest. Chemokine-induced arrest of neutrophils was
investigated in a human microflow chamber assay. Flow chambers coated with P-selectin/ICAM-1 or P-selectin/ICAM-1/Interleukin-8 were perfused
with whole blood from healthy control volunteers (black bars) or from cardiac surgery patients operated with the use of CPB (on-pump patients, grey
bars) or from patients operated in OPCAB technique (OPCAB patients, white bars) after induction of anesthesia (A), after the administration of
protamine (B), and 24 hours after the end of the surgery (C). The ratio of adherent/rolling cells was calculated after 2 minutes of perfusion at
a constant wall shear stress of 5–6 dynes/cm2 (n = 7–9). # p,0.05.
doi:10.1371/journal.pone.0045738.g002
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lation of PLCc2, Akt, and p38 MAPK after E-selectin stimulation

could be detected in neutrophils from OPCAB patients and on-

pump patients after inducing anesthesia (Figure 4). However,

immediately after the administration of protamine, E-selectin-

induced phosphorylation of PLCc2, Akt, and p38 MAPK was

completely abolished in neutrophils from on-pump patients,

whereas E-selectin induced phosphorylation of these molecules

was normal in neutrophils from OPCAB patients (Figure 4). The

abolished phosphorylation of PLCc2, Akt and p38 MAPK

following stimulation in neutrophils from on-pump patients was

still present 24 hours after the end of the surgical procedure

(Figure 4). These data suggest that CPB inhibits selectin-mediated

integrin activation by interfering with intracellular signaling

pathways.

Figure 3. CPB does not alter the expression of adhesion molecules on neutrophils involved in slow leukocyte rolling and
chemokine-induced arrest, but increases Mac-1 expression. The surface expression of different adhesion molecules on human neutrophils
from healthy control volunteers (black bars), patients undergoing cardiac surgery with CPB (on-pump patients, grey bars) or without CPB (OPCAB
patients, white bars) were analyzed by flow cytometry after induction of anesthesia, after administration of protamine, and 24 hours after the end of
the surgery. The mean fluorescence intensity as a measure for surface expression of PSGL-1 (A), LFA-1 (B), and Mac-1 (C) was quantified (n = 7–9). #

p,0.05.
doi:10.1371/journal.pone.0045738.g003
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CPB causes increased Mac-1 dependent neutrophil
transmigration in vitro
The last step in the leukocyte recruitment cascade is trans-

migration, when the leukocytes leave the vessel and emigrate into

the inflamed tissue [12]. To investigate the effect of CPB on the

transmigration process, we performed an in vitro transmigration

assay using a transwell system with TNF-a-stimulated human

umbilical vein endothelial cells (HUVEC) and isolated neutrophils

from healthy volunteers incubated with plasma from on-pump

patients, OPCAB patients, or healthy volunteers. Neutrophils

incubated with plasma from healthy volunteers and OPCAB

patients (obtained after protamine administration) show similar

transmigration rates through the TNF-a-stimulated HUVEC-

monolayer (Figure 5). However, the number of transmigrated

neutrophils increased after 30 minutes of incubation with plasma

obtained from on-pump patients (obtained after protamine

administration, Figure 5). This effect could be nearly completely

reversed by pre-incubation with a blocking Mac-1 antibody

(Figure 5), suggesting that CPB increases the Mac-1 dependent

transmigration by a direct effect on neutrophils.

Discussion

Lamy and colleagues have shown that the overall 30-day

mortality is not different between cardiac surgery patients with off-

pump or on-pump coronary-artery bypass grafting [37]. However,

this study and other studies demonstrated a significantly lower

incidence of acute kidney injury, respiratory complications, and

postoperative delirium in the off-pump groups compared to on-

pump patients. These postoperative complications have multifac-

torial causes, including hypoperfusion, hypoxia and inflammation.

The CPB circuit induces a release of pro-inflammatory cytokines

and activation of leukocytes resulting in systemic inflammation

[2,3]. The inflammatory response and the inappropriate displace-

ment of leukocytes frequently induces organ dysfunction after

using a CPB circuit [38]. These organ dysfunctions may contribute

to postoperative complications and procedure-associated mortality

[1,39,40]. Although cardiac surgery without CPB reduces the

inflammatory response [41], it does not modulate hypoperfusion

and hypoxia during the procedure. This goes along with our

results, showing that cardiac surgery with CPB is associated with

increased leukocyte recruitment. As the pathogenesis of the organ

dysfunction is multifactorial, it is not surprising that modulating

inflammation does not translate into a survival benefit. However,

reducing inflammation and additional causes promoting organ

dysfunction (e.g. hypoxia and hypoperfusion) may reduce mortal-

ity under these conditions.

The mechanisms by which CPB alters leukocyte recruitment

remain unknown. A better understanding of the molecular

pathways causing systemic inflammation might be valuable for

the improvement of the clinical management of patients with

cardiac surgery. By performing a clinical trial, we here show that

CPB alters different steps of the leukocyte recruitment cascade.

The use of a CPB circuit during cardiac surgery abolished selectin-

mediated slow leukocyte rolling. This effect appears to be

mediated by altered intracellular signaling rather than by changing

the surface expression of adhesion molecules. However, chemo-

kine-induced arrest and transmigration was significantly increased

after cardiac surgery with CPB, showing that the different steps of

the recruitment cascade are differently affected by the use of a CPB

circuit.

During CPB-induced inflammation, selectins expressed on

inflamed endothelial cells mediate the first contact between

leukocytes and endothelial cells and initiate leukocyte recruitment.

The subsequent activation of neutrophils by a number of pro-

inflammatory mediators, including platelet-activating factor (PAF)

and IL-8, provokes an increase of CD11b/CD18 (Mac-1) integrin

levels on the leukocyte surface [42]. Released cytokines and

chemokines upregulate the expression of intercellular adhesion

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

and platelet-endothelial cell adhesion molecule (PECAM)-1 on the

surface of endothelial cells [43]. The binding of integrins to

ICAM-1 and VCAM-1 initiates firm adhesion of leukocytes to

endothelial cells, leading to their transendothelial migration into

the tissue. Here, leukocytes release their lysosomal contents

Figure 4. CPB affects intracellular signaling. The phosphorylation
of PLCc2, Akt, and p38 MAPK was investigated by western blot.
Neutrophils derived from patients undergoing cardiac surgery with CPB
(ON) or without CPB (OFF) obtained after induction of anesthesia, after
administration of protamine, and 24 hours after the end of the surgery
were left unstimulated or stimulated by rolling on E-selectin–coated
wells for 10 minutes. Lysates were prepared and immunoblotted with
antibodies against phosphorylated PLCc2 (phospho PLCc2 (Tyr1217)),
total PLCc2, phosphorylated Akt (phospho Akt (S473)), total Akt,
phosphorylated p38 MAPK (phospho-p38), or total p38 MAPK
(exemplary blot of 3 experiments).
doi:10.1371/journal.pone.0045738.g004

Figure 5. CPB causes increased Mac-1 dependent neutrophil
transmigration in vitro. Isolated neutrophils from healthy volunteers
were preincubated with control serum (black bars) or serum obtained
from cardiac surgery patients operated with the use of CPB (grey bars)
or in OPCAB technique (white bars) at 37uC for 30 minutes in the
presence or absence of a blocking Mac-1 antibody. The neutrophils
were allowed to transmigrate through a confluent HUVEC monolayer in
a transwell system in vitro. The endothelial cell layer has been
stimulated with TNF-a for 16 hours. After 30 minutes, the number of
transmigrated neutrophils was determined (n = 3). # p,0.05.
doi:10.1371/journal.pone.0045738.g005
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[44,45]. These agents stimulate lipid peroxidation of endothelial

cells and myocyte membranes, causing cellular dysfunction, edema

and cell death [46]. CPB is associated with increased levels of

soluble adhesion molecules [47]. Higher levels of adhesion

molecules are briefly expressed and return to normal within

a few hours but they are believed to be responsible for the

dysfunction of multiple organ systems observed in the post-

operative period [47]. A relationship between adhesion molecule

expression and inflammatory mediators has also been shown [48].

To further study the underlying mechanisms of the altered

leukocyte recruitment during cardiac surgery with CPB, we used

a newly developed microfluidic whole blood perfusion system

originally developed for mouse blood [25,49]. The advantage of

this system is that neutrophils can be investigated in whole blood

without isolation. This is important, because it has been shown

that the isolation process might alter the activation status and

rolling ability of neutrophils.

We studied the rolling of neutrophils from on-pump patients,

OPCAP patients, and healthy volunteers in the autoperfused flow

chamber assay. Neutrophils from all patients demonstrated similar

rolling velocities on P-selectin and E-selectin. Neutrophils from on-

pump patients, however, did not display reduced rolling velocities

on P-selectin/ICAM-1 or E-selectin/ICAM-1 after protamine

administration. These data suggest that the signaling pathway

linking PSGL-1 to integrin activation is disturbed. It has been

demonstrated that this pathway is important for Gai-independent
leukocyte recruitment [18,23,25,50].

Leukocyte adhesion molecules, including selectins and their

ligands, play a crucial role in leukocyte recruitment [51].

Nonetheless, we could not detect changes in surface expression

of adhesion molecules involved in selectin-mediated integrin

activation on neutrophils (PSGL-1 and LFA-1).

Since CPB drastically affects selectin-dependent leukocyte

rolling, we next investigated the intracellular, selectin-dependent

signaling pathways. Both the PI3Kc- and PLCc2-dependent
pathways and their phosphorylation are crucial for leukocyte

recruitment [18]. Whereas we could find E-selectin-stimulated

phosphorylation in neutrophils from OPCAP patients, we could

not detect E-selectin-stimulated phosphorylation in neutrophils

from on-pump patients. We therefore hypothesize that CPB

inhibits selectin-mediated integrin activation by means of in-

terference with intracellular signaling pathways and thereby

ultimately impairs slow leukocyte rolling. Similar to these findings,

we could recently show that acute uremia also abolishes selectin-

mediated slow leukocyte rolling [21]. However, the molecular

mechanisms of disturbed selectin-induced intracellular signaling

remain elusive.

However, in contrast to other adhesion molecules, Mac-1

(CD11b) was up-regulated on neutrophils from on-pump patients.

Neutrophil CD11b expression is up-regulated during systemic

inflammation caused by different stimuli [52,53,54]. and positively

correlates with indicators of disease severity [55] and adverse

outcomes [56,57]. Our data are in accordance to the findings of

another study showing that the surface expression of CD11b is up-

regulated following cardiac surgery with CPB [42]. However,

increased CD11b expression does not necessarily equate to

augmented CD11b-dependent adhesion [58,59] which is requisite

for neutrophil-endothelial interactions [60]. Increased expression

of conformationally active CD11b is seen on circulating leukocytes

during CPB [61] and systemic inflammation [57,62,63]. Based on

these data and the fact that neutrophil transmigration is Mac-1

dependent, [64] our observation of an increased transmigration of

neutrophils incubated with plasma from on-pump patients can be

explained. Blocking Mac-1 by a blocking antibody completely

inhibited neutrophil transmigration in the transwell assay, showing

that the increased transmigration of neutrophils incubated with

plasma from on-pump patients is Mac-1 dependent. The increased

chemokine-induced arrest and transmigration may be implicated

in inadvertent tissue injury during cardiac surgery with CPB. The

reasons why anti-Mac-1 strategies failed to improve outcomes in

human trails may be a result of the failure of antibodies to

specifically inhibit conformationally active CD11b on circulating

leukocytes [65]. The effectiveness of blocking GPIIa/IIIb in acute

coronary syndromes may be partially attributed to its ability to

bind conformationally active CD11b and inhibit Mac-1 mediated

leukocyte adhesion [66].

It is known that hypoxia, which may occur during cardiac

surgery, can cause an inflammatory response by signaling

pathways involving the hypoxia-inducible transcription factor

(HIF) [67]. It has been demonstrated that HIF-1a, a key sensor of

ischemia-reperfusion, is up-regulated in cardiac surgery patients

during CPB and is associated with increased release of in-

flammatory mediators [68]. However, the precise molecular

signaling pathways leading to Mac-1 up-regulation on neutrophils

during CPB are still unknown. A possible mechanism for this

observations is that the different proinflammatory mediators

released during CPB directly activate neutrophils [69] and induce

the up-regulation of Mac-1 on the cell surface. Another possible

mechanism is that the exposition of blood to non-physiological

surfaces during CPB activates platelets [70] which subsequently

may interact with neutrophils and form platelet-neutrophil

aggregates [71]. It is known that this interaction induces the up-

regulation of Mac-1 on neutrophils [72].

The expression of HIF-1a during hypoxic conditions has been

shown to trigger the production and release of adenine nucleotides

[67,73]. These mediators cause an increased expression of Mac-1

on the cell surface of neutrophils, similar to our observations

during CPB [74]. In addition, HIF-1a enhances the endothelial

production of TNF-a by activation of NF-kB [67,75], which may

cause the enhanced recruitment of neutrophils into different

organs in response to CPB. TNF-a can also directly activate

neutrophils and up-regulate Mac-1 on the cell surface [76].

Our study has some limitations. Although the transfused blood

products did not significantly differ between the groups, it has to

be considered that blood transfusion may have an influence on

inflammation [77]. In addition, the low number of patients

included in this study does not entirely rule out the possibility of

additional factors affecting leukocyte activation. The regulation of

proteins involved in circadian rhythmicity has recently been shown

to play a role in the control of HIF (hypoxia-inducible factor)-

dependent cardiac metabolism and ischemia tolerance [78].

However, since all patients underwent surgery in the morning

and experiments with blood from healthy volunteers were

conducted at the same time point, we can exclude a possible

effect of circadian rhythmicity on the observed results.

To this end, our data show that CPB during cardiac surgery

impairs leukocyte slow rolling, but significantly elevates chemo-

kine-induced arrest and transmigration. The defect in selectin-

mediated integrin activation appears to be, at least partially, due to

decreased phosphorylation of selectin-dependent intracellular

signaling. The increased transmigration is caused by an increased

Mac-1 expression on circulating neutrophils after CPB. These data

suggest that the inappropriate leukocyte displacement during

CPB-induced inflammation is caused by an increased chemokine-

induced arrest and transmigration.

The pharmacological blockade of Mac-1 could be a promising

target for a novel therapeutic approach to reduce leukocyte
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recruitment during CPB-induced systemic inflammation and

dampen the severity of this condition in cardiac surgery patients.

Author Contributions

Conceived and designed the experiments: PKZ AZ. Performed the

experiments: JR CB. Analyzed the data: JR CB AZ. Wrote the paper: JR

AZ. Equally contributed to this work and share first authorship: JR CB.

Equally contributed to this work and share senior authorship: AR AZ.

Revised the manuscript: HVA HHS PKZ.

References

1. Warren OJ, Smith AJ, Alexiou C, Rogers PL, Jawad N, et al. (2009) The

inflammatory response to cardiopulmonary bypass: part 1–mechanisms of
pathogenesis. Journal of cardiothoracic and vascular anesthesia 23: 223–231.

2. Paparella D, Yau TM, Young E (2002) Cardiopulmonary bypass induced

inflammation: pathophysiology and treatment. An update. European journal of
cardio-thoracic surgery : official journal of the European Association for Cardio-

thoracic Surgery 21: 232–244.

3. Asimakopoulos G (2001) Systemic inflammation and cardiac surgery: an update.

Perfusion 16: 353–360.

4. Landis RC (2009) Redefining the systemic inflammatory response. Seminars in
cardiothoracic and vascular anesthesia 13: 87–94.

5. Ben-Abraham R, Weinbroum AA, Dekel B, Paret G (2003) Chemokines and the

inflammatory response following cardiopulmonary bypass-a new target for
therapeutic intervention? -A review. Paediatric anaesthesia 13: 655–661.

6. Braude S, Nolop KB, Fleming JS, Krausz T, Taylor KM, et al. (1986) Increased
pulmonary transvascular protein flux after canine cardiopulmonary bypass.

Association with lung neutrophil sequestration and tissue peroxidation. The
American review of respiratory disease 134: 867–872.

7. Hind CR, Griffin JF, Pack S, Latchman YE, Drake HF, et al. (1988) Effect of

cardiopulmonary bypass on circulating concentrations of leucocyte elastase and
free radical activity. Cardiovascular research 22: 37–41.

8. Gillinov AM, Redmond JM, Zehr KJ, Wilson IC, Curtis WE, et al. (1994)
Inhibition of neutrophil adhesion during cardiopulmonary bypass. The Annals

of thoracic surgery 57: 126–133.

9. Dreyer WJ, Michael LH, West MS, Smith CW, Rothlein R, et al. (1991)
Neutrophil accumulation in ischemic canine myocardium. Insights into time

course, distribution, and mechanism of localization during early reperfusion.

Circulation 84: 400–411.

10. Abdel-Rahman U, Margraf S, Aybek T, Logters T, Bitu-Moreno J, et al. (2007)
Inhibition of neutrophil activity improves cardiac function after cardiopulmo-

nary bypass. Journal of inflammation 4: 21.

11. Landis C (2007) Pharmacologic strategies for combating the inflammatory
response. The Journal of extra-corporeal technology 39: 291–295.

12. Ley K, Laudanna C, Cybulsky MI, Nourshargh S (2007) Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol 7:

678–689.

13. Zarbock A, Ley K, McEver RP, Hidalgo A (2011) Leukocyte ligands for
endothelial selectins: specialized glycoconjugates that mediate rolling and

signaling under flow. Blood 118: 6743–6751.

14. Laudanna C, Bolomini-Vittori M (2009) Integrin activation in the immune

system. Wiley interdisciplinary reviews Systems biology and medicine 1: 116–
127.

15. Alon R, Ley K (2008) Cells on the run: shear-regulated integrin activation in

leukocyte rolling and arrest on endothelial cells. Curr Opin Cell Biol 20: 525–
532.

16. Zarbock A, Ley K (2009) Neutrophil adhesion and activation under flow.

Microcirculation 16: 31–42.

17. Zarbock A, Muller H, Kuwano Y, Ley K (2009) PSGL-1-dependent myeloid

leukocyte activation. J Leukoc Biol 86: 1119–1124.

18. Mueller H, Stadtmann A, Van Aken H, Hirsch E, Wang D, et al. (2010)
Tyrosine kinase Btk regulates E-selectin-mediated integrin activation and

neutrophil recruitment by controlling phospholipase C (PLC) gamma2 and
PI3Kgamma pathways. Blood 115: 3118–3127.

19. Ley K (2003) Arrest chemokines. Microcirculation 10: 289–295.

20. Kuwano Y, Spelten O, Zhang H, Ley K, Zarbock A (2010) Rolling on E- or P-
selectin induces the extended but not high-affinity conformation of LFA-1 in

neutrophils. Blood 116: 617–624.

21. Rossaint J, Spelten O, Kassens N, Mueller H, Van Aken HK, et al. (2011) Acute
loss of renal function attenuates slow leukocyte rolling and transmigration by

interfering with intracellular signaling. Kidney international 80: 493–503.

22. Schnoor M, Lai FP, Zarbock A, Klaver R, Polaschegg C, et al. (2011) Cortactin

deficiency is associated with reduced neutrophil recruitment but increased
vascular permeability in vivo. The Journal of experimental medicine 208: 1721–

1735.

23. Zarbock A, Abram CL, Hundt M, Altman A, Lowell CA, et al. (2008) PSGL-1

engagement by E-selectin signals through Src kinase Fgr and ITAM adapters
DAP12 and FcR gamma to induce slow leukocyte rolling. J Exp Med 205: 2339–

2347.

24. Mueller H, Stadtmann A, Van Aken H, Hirsch E, Wang D, et al. (2010)
Tyrosine kinase Btk regulates E-selectin-mediated integrin activation and

neutrophil recruitment by controlling phospholipase C (PLC) gamma2 and
PI3Kgamma pathways. Blood 115: 3118–3127.

25. Zarbock A, Lowell CA, Ley K (2007) Spleen tyrosine kinase Syk is necessary for
E-selectin-induced alpha(L)beta(2) integrin-mediated rolling on intercellular

adhesion molecule-1. Immunity 26: 773–783.

26. Forsyth KD, Levinsky RJ (1990) Preparative procedures of cooling and re-
warming increase leukocyte integrin expression and function on neutrophils.

J Immunol Methods 128: 159–163.

27. Glasser L, Fiederlein RL (1990) The effect of various cell separation procedures

on assays of neutrophil function. A critical appraisal. Am J Clin Pathol 93: 662–
669.

28. Kuijpers TW, Tool AT, van der Schoot CE, Ginsel LA, Onderwater JJ, et al.

(1991) Membrane surface antigen expression on neutrophils: a reappraisal of the
use of surface markers for neutrophil activation. Blood 78: 1105–1111.

29. Kunkel EJ, Dunne JL, Ley K (2000) Leukocyte arrest during cytokine-dependent

inflammation in vivo. J Immunol 164: 3301–3308.

30. Lewis SM, Treacher DF, Bergmeier L, Brain SD, Chambers DJ, et al. (2009)
Plasma from patients with sepsis up-regulates the expression of CD49d and

CD64 on blood neutrophils. American journal of respiratory cell and molecular
biology 40: 724–732.

31. Lo Presti R, Canino B, Montana M, Ferrara F, Carollo C, et al. (2004)

Polymorphonuclear leukocyte integrin profile in vascular atherosclerotic disease.
Clinical hemorheology and microcirculation 30: 53–60.

32. Marsik C, Mayr F, Cardona F, Schaller G, Wagner OF, et al. (2004) Endotoxin

down-modulates P-selectin glycoprotein ligand-1 (PSGL-1, CD162) on neu-
trophils in humans. Journal of clinical immunology 24: 62–65.

33. Kuwano Y, Spelten O, Zhang H, Ley K, Zarbock A (2010) Rolling on E- or P-

selectin induces the extended but not high-affinity conformation of LFA-1 in
neutrophils. Blood 116: 617–624.

34. Zarbock A, Muller H, Kuwano Y, Ley K (2009) PSGL-1-dependent myeloid

leukocyte activation. Journal of leukocyte biology 86: 1119–1124.

35. Zarbock A, Kempf T, Wollert KC, Vestweber D (2012) Leukocyte integrin
activation and deactivation: novel mechanisms of balancing inflammation.

Journal of molecular medicine 90: 353–359.

36. Stadtmann A, Brinkhaus L, Mueller H, Rossaint J, Bolomini-Vittori M, et al.
(2011) Rap1a activation by CalDAG-GEFI and p38 MAPK is involved in E-

selectin-dependent slow leukocyte rolling. Eur J Immunol 41: 2074–2085.

37. Lamy A, Devereaux PJ, Prabhakaran D, Taggart DP, Hu S, et al. (2012) Off-
Pump or On-Pump Coronary-Artery Bypass Grafting at 30 Days. The New

England journal of medicine 366: 1489–1497.

38. Murphy GJ, Angelini GD (2004) Side effects of cardiopulmonary bypass: what is

the reality? Journal of cardiac surgery 19: 481–488.

39. Marcantonio ER, Goldman L, Mangione CM, Ludwig LE, Muraca B, et al.

(1994) A clinical prediction rule for delirium after elective noncardiac surgery.

JAMA : the journal of the American Medical Association 271: 134–139.

40. Kumar AB, Suneja M, Bayman EO, Weide GD, Tarasi M (2012) Association

between postoperative acute kidney injury and duration of cardiopulmonary

bypass: a meta-analysis. Journal of cardiothoracic and vascular anesthesia 26:
64–69.

41. Raja SG, Berg GA (2007) Impact of off-pump coronary artery bypass surgery on

systemic inflammation: current best available evidence. Journal of cardiac
surgery 22: 445–455.

42. Asimakopoulos G, Kohn A, Stefanou DC, Haskard DO, Landis RC, et al.

(2000) Leukocyte integrin expression in patients undergoing cardiopulmonary
bypass. The Annals of thoracic surgery 69: 1192–1197.

43. Vestweber D (2007) Adhesion and signaling molecules controlling the

transmigration of leukocytes through endothelium. Immunol Rev 218: 178–196.

44. Klebanoff SJ (2005) Myeloperoxidase: friend and foe. Journal of leukocyte
biology 77: 598–625.

45. Hampton MB, Kettle AJ, Winterbourn CC (1998) Inside the neutrophil

phagosome: oxidants, myeloperoxidase, and bacterial killing. Blood 92: 3007–
3017.

46. Vinten-Johansen J (2004) Involvement of neutrophils in the pathogenesis of

lethal myocardial reperfusion injury. Cardiovascular research 61: 481–497.

47. Wei M, Kuukasjarvi P, Laurikka J, Kaukinen S, Iisalo P, et al. (2003) Soluble
adhesion molecules and myocardial injury during coronary artery bypass

grafting. World journal of surgery 27: 140–144.

48. Hambsch J, Osmancik P, Bocsi J, Schneider P, Tarnok A (2002) Neutrophil
adhesion molecule expression and serum concentration of soluble adhesion

molecules during and after pediatric cardiovascular surgery with or without

cardiopulmonary bypass. Anesthesiology 96: 1078–1085.

49. Chesnutt BC, Smith DF, Raffler NA, Smith ML, White EJ, et al. (2006)

Induction of LFA-1-dependent neutrophil rolling on ICAM-1 by engagement of

E-selectin. Microcirculation 13: 99–109.

CPB Affects Leukocyte Recruitment

PLOS ONE | www.plosone.org 9 September 2012 | Volume 7 | Issue 9 | e45738



50. Block H, Herter JM, Rossaint J, Stadtmann A, Kliche S, et al. (2012) Crucial

role of SLP-76 and ADAP for neutrophil recruitment in mouse kidney ischemia-
reperfusion injury. The Journal of experimental medicine 209: 407–421.

51. Zarbock A, Ley K (2008) Mechanisms and consequences of neutrophil

interaction with the endothelium. Am J Pathol 172: 1–7.
52. Tellado JM, Christou NV (1993) Activation state of polymorphonuclear

leukocytes in surgical patients: characterization of surface receptor expression.
Surgery 113: 624–630.

53. Rosenbloom AJ, Pinsky MR, Bryant JL, Shin A, Tran T, et al. (1995) Leukocyte

activation in the peripheral blood of patients with cirrhosis of the liver and SIRS.
Correlation with serum interleukin-6 levels and organ dysfunction. JAMA : the

journal of the American Medical Association 274: 58–65.
54. Asimakopoulos G, Taylor KM (1998) Effects of cardiopulmonary bypass on

leukocyte and endothelial adhesion molecules. The Annals of thoracic surgery
66: 2135–2144.

55. Chishti AD, Shenton BK, Kirby JA, Baudouin SV (2004) Neutrophil chemotaxis

and receptor expression in clinical septic shock. Intensive care medicine 30: 605–
611.

56. Rinder CS, Fontes M, Mathew JP, Rinder HM, Smith BR (2003) Neutrophil
CD11b upregulation during cardiopulmonary bypass is associated with

postoperative renal injury. The Annals of thoracic surgery 75: 899–905.

57. Inoue T, Uchida T, Yaguchi I, Sakai Y, Takayanagi K, et al. (2003) Stent-
induced expression and activation of the leukocyte integrin Mac-1 is associated

with neointimal thickening and restenosis. Circulation 107: 1757–1763.
58. Schleiffenbaum B, Moser R, Patarroyo M, Fehr J (1989) The cell surface

glycoprotein Mac-1 (CD11b/CD18) mediates neutrophil adhesion and mod-
ulates degranulation independently of its quantitative cell surface expression.

Journal of immunology 142: 3537–3545.

59. Vedder NB, Harlan JM (1988) Increased surface expression of CD11b/CD18
(Mac-1) is not required for stimulated neutrophil adherence to cultured

endothelium. The Journal of clinical investigation 81: 676–682.
60. Elliott MJ, Finn AH (1993) Interaction between neutrophils and endothelium.

The Annals of thoracic surgery 56: 1503–1508.

61. Orr Y, Taylor JM, Cartland S, Bannon PG, Geczy C, et al. (2007)
Conformational activation of CD11b without shedding of L-selectin on

circulating human neutrophils. Journal of leukocyte biology 82: 1115–1125.
62. May AE, Schmidt R, Kanse SM, Chavakis T, Stephens RW, et al. (2002)

Urokinase receptor surface expression regulates monocyte adhesion in acute
myocardial infarction. Blood 100: 3611–3617.

63. Rosenbloom AJ, Pinsky MR, Napolitano C, Nguyen TS, Levann D, et al. (1999)

Suppression of cytokine-mediated beta2-integrin activation on circulating
neutrophils in critically ill patients. Journal of leukocyte biology 66: 83–89.

64. Diacovo TG, Roth SJ, Buccola JM, Bainton DF, Springer TA (1996) Neutrophil
rolling, arrest, and transmigration across activated, surface-adherent platelets via

sequential action of P-selectin and the beta 2-integrin CD11b/CD18. Blood 88:

146–157.

65. Faxon DP, Gibbons RJ, Chronos NA, Gurbel PA, Sheehan F (2002) The effect

of blockade of the CD11/CD18 integrin receptor on infarct size in patients with
acute myocardial infarction treated with direct angioplasty: the results of the

HALT-MI study. Journal of the American College of Cardiology 40: 1199–

1204.
66. Simon DI, Xu H, Ortlepp S, Rogers C, Rao NK (1997) 7E3 monoclonal

antibody directed against the platelet glycoprotein IIb/IIIa cross-reacts with the
leukocyte integrin Mac-1 and blocks adhesion to fibrinogen and ICAM-1.

Arteriosclerosis, thrombosis, and vascular biology 17: 528–535.

67. Eltzschig HK, Carmeliet P (2011) Hypoxia and inflammation. N Engl J Med
364: 656–665.

68. Liangos O, Domhan S, Schwager C, Zeier M, Huber PE, et al. (2010) Whole
blood transcriptomics in cardiac surgery identifies a gene regulatory network

connecting ischemia reperfusion with systemic inflammation. PloS one 5:
e13658.

69. Cameron D (1996) Initiation of white cell activation during cardiopulmonary

bypass: cytokines and receptors. Journal of cardiovascular pharmacology 27
Suppl 1: S1–5.

70. Sniecinski RM, Chandler WL (2011) Activation of the hemostatic system during
cardiopulmonary bypass. Anesthesia and analgesia 113: 1319–1333.

71. Rinder CS, Bonan JL, Rinder HM, Mathew J, Hines R, et al. (1992)

Cardiopulmonary bypass induces leukocyte-platelet adhesion. Blood 79: 1201–
1205.

72. Rahman M, Zhang S, Chew M, Ersson A, Jeppsson B, et al. (2009) Platelet-
derived CD40L (CD154) mediates neutrophil upregulation of Mac-1 and

recruitment in septic lung injury. Annals of surgery 250: 783–790.
73. Cramer T, Yamanishi Y, Clausen BE, Forster I, Pawlinski R, et al. (2003) HIF-

1alpha is essential for myeloid cell-mediated inflammation. Cell 112: 645–657.

74. Freyer DR, Boxer LA, Axtell RA, Todd RF 3rd (1988) Stimulation of human
neutrophil adhesive properties by adenine nucleotides. Journal of immunology

141: 580–586.
75. Chen LW, Egan L, Li ZW, Greten FR, Kagnoff MF, et al. (2003) The two faces

of IKK and NF-kappaB inhibition: prevention of systemic inflammation but

increased local injury following intestinal ischemia-reperfusion. Nature medicine
9: 575–581.

76. Montecucco F, Steffens S, Burger F, Da Costa A, Bianchi G, et al. (2008) Tumor
necrosis factor-alpha (TNF-alpha) induces integrin CD11b/CD18 (Mac-1) up-

regulation and migration to the CC chemokine CCL3 (MIP-1alpha) on human
neutrophils through defined signalling pathways. Cellular signalling 20: 557–

568.

77. Urner M, Herrmann IK, Buddeberg F, Schuppli C, Roth Z’graggen B, et al.
(2012) Effects of blood products on inflammatory response in endothelial cells in

vitro. PloS one 7: e33403.
78. Eckle T, Hartmann K, Bonney S, Reithel S, Mittelbronn M, et al. (2012)

Adora2b-elicited Per2 stabilization promotes a HIF-dependent metabolic switch

crucial for myocardial adaptation to ischemia. Nature medicine 18: 774–782.

CPB Affects Leukocyte Recruitment

PLOS ONE | www.plosone.org 10 September 2012 | Volume 7 | Issue 9 | e45738


