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1
General introduction and outline of this thesis 

The innate immune response

The human immune system can be divided into the innate and the adaptive immune response 

[1, 2]. The adaptive immune response recognizes specific antigens and is relatively slow, result-

ing in long-lasting protection by induction of immune memory, and can thereby adapt to a 

changing environment [2]. The innate immune response is a more rapid response, which is 

activated immediately after stimulation and forms the first line of defence against danger 

signals and invading micro-organisms [1, 3]. This response is not antigen-specific, but relies 

on pattern recognition and cannot adapt to a changing environment [2]. Since the immune 

response evoked by trauma is mainly mediated by the innate immune system, this thesis will 

focus on the innate immune response.

The innate immune system

The effector mechanisms of the innate immune system include phagocytes, antimicrobial pep-

tides and the alternative complement pathway [1]. The innate immune response consists of a 

humoral and a cellular response [1]. The humoral response consists of two so-called cascade 

systems, i.e., the complement and coagulation systems. In addition, single antimicrobial mol-

ecules, such as defensins, play an important role. Cytokines are involved in the regulation and 

fine-tuning of the responses [2, 3]. Complement plays an important role in the elimination of 

invading pathogens by opsonisation for phagocytosis (C3b, C4b), chemotaxis (C3a, C5a) and 

by direct lysis of pathogens (membrane attack complex C5b-9) [4, 5]. The coagulation pathway 

consists of two different systems, the intrinsic and extrinsic pathways [6, 7]. Both pathways 

contribute to the coagulation by the release of factor Xa leading to proteolytic activation and 

conversion of prothrombin to thrombin [6-8].

The cellular response is mediated by many effector cells, particularly the cells of the myeloid 

lineage: monocytes, macrophages, neutrophils, eosinophils, basophils, dendritic cells and plate-

lets [2]. All of these cells are involved in phagocytosis and extracellular killing of microbes and 

are, therefore, highly important for host survival [2]. Neutrophils are the first leukocytes to be 

recruited to an inflammatory site and are thus pivotal in the early inflammatory phase [3, 9, 

10]. Neutrophils neutralize bacterial pathogens and defend against infection, by phagocytosing 

and killing pathogens. 

The innate immune system is the first line of defence against invading pathogens and employs 

very powerful cytotoxic mechanisms in protecting the host against invading micro-organisms. 

Therefore, aberrant activation of the innate immune response can lead to detrimental tissue 

damage due to enhanced migration of neutrophils toward the tissues and can contribute to 

inflammatory complications [9, 11]. 
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The innate immune response and inflammation

Acute systemic inflammation, such as the systemic inflammatory response syndrome (SIRS), 

occurs during severe trauma, sepsis and ischemia/reperfusion injury [12]. In healthy individuals, 

this can be partially mimicked by a systemic endotoxin (lipopolysaccharide, LPS) challenge [12]. 

This systemic innate immune response is activated via both cytokines and microbial compo-

nents (pathogen-associated molecular patterns or PAMPs). During sterile injury, this pathway 

is activated via similar cytokines and damage-associated molecular patterns (DAMPs) [13]. 

DAMPs are nuclear or cytosolic proteins released outside the cell or exposed on the surface 

of the cell following tissue injury, and they act as endogenous danger signals to promote and 

exacerbate the inflammatory response [9]. PAMPs are systemically liberated from invading 

microbes during infection and particularly sepsis [9]. The DAMPs and PAMPs are recognized 

by pattern-recognition receptors (PPRs) of which Toll-like receptors (TLR) are best studied [9, 

14]. However, the origin of the molecular patterns is different in DAMPs and PAMPs, as they 

seem to evoke an immune response in a similar manner [15]. 

Neutrophils in systemic inflammation

As indicated above, neutrophils play an essential role in the innate immune response and are 

even seen as the ‘key effector’ cell of the early posttraumatic immune response [4]. Upon 

inflammatory cues, the number of freely circulating neutrophils increase rapidly [16, 17], and 

the neutrophils can be recruited to the site of infection or injury [3]. Here, aberrant activation 

of these cells under conditions of sterile inflammation can lead to tissue damage of the host 

tissue by the mechanisms normally employed during killing of micro-organisms. 

After initiation of local infection or sterile tissue damage (see above), activated endothelial 

cells and innate immune cells release pro-inflammatory mediators, such as interleukin (IL)-1β, 

IL-6 and tumor necrosis factor (TNF)-α [9, 11]. Interaction with these mediators results in the 

pre-activation or priming of the circulating immune cells and particularly neutrophils. Priming 

is associated with pre-activation of several activation pathways, as well as with an altered 

expression and affinity of several receptors on the neutrophil [18, 19]. This latter characteristic 

allows the study of the kinetics of this important mechanism.

Upon (pre)activation, neutrophils marginate via reversible adhesion to the endothelial wall. 

Upon sufficient activation, the cells firmly attach and move through the endothelium in a pro-

cess referred to as trans-endothelial migration (TEM) [20]. This process occurs in three main 

steps. The first step is the rolling adhesion to the endothelial cells by which the immune cells 

are slowed down. This is essential for the subsequent steps. Rolling adhesion is mediated by 

selectins. Neutrophils express L-selectin (CD62L), and activated endothelial cells express E-se-

lectin (CD62E) and P-selectin (CD62P) [11, 21]. PSGL1 (P-selectin glycoprotein ligand 1) is an 

important ligand for all selectins and is expressed on multiple blood cells [10, 22]. The binding 

of PSGL1 to L-selectin enables leukocyte-leukocyte interactions and facilitates secondary leuko-
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cyte tethering, or capture of other leukocytes already interacting with the vessel wall [10, 11, 

22]. The second step, the firm adhesion of the neutrophil on the endothelial cell, is mediated 

by integrins [10, 22]. The adhesion molecules need a cellular signal to increase the affinity for 

their ligands in a process referred to as inside-out control [22]. Neutrophils particularly use 

Mac-1 (CD11b/CD18) for this firm adhesion to the vessel wall. The third step is the diapedesis 

of the neutrophils into the tissue [10, 22-24]. The migration of the adhered cells through the 

vascular wall to the site of infection or injury is referred to as homing [25, 26]. The under-

standing of the three steps in homing of neutrophils to the tissue was greatly facilitated by the 

description of children with leukocyte adhesion deficiency: LAD-1 (no or very low expression 

of β2-integrins), LAD-2 (rolling deficiency) and LAD-3 (deficiency in inside-out signals) [27, 28].

Neutrophil subpopulations

In homeostasis, neutrophils consist of a solid homogeneous population in the peripheral blood. 

During acute inflammation (e.g., during SIRS) a clear neutrophilia is evoked in the peripheral 

blood. The neutrophils responsible for this increase are shown to consist of three different 

subsets [17]. These subpopulations showed differences in the number of nuclear lobes, where 

CD16dim/CD62Lbright neutrophils showed a more banded nuclear phenotype, and CD16bright/

CD62Ldim neutrophils showed an increase in nuclear lobes and are therefore named hyper-

segmented neutrophils [17, 29]. Normal mature CD16bright/CD62Lbright neutrophils display the 

traditional nuclear lobularity of neutrophils. The three subsets are thought to have differences 

in functionality, but the full difference between the subsets has yet to be determined. It is 

already shown that hypersegmented neutrophils can inhibit T-cell proliferation in vitro [17]. 

Systemic inflammatory response in trauma

Hyperactivation of the systemic innate immune response is found during a systemic inflamma-

tory response syndrome (SIRS) [30, 31]. This response starts within thirty minutes after a major 

trauma and is a reaction to tissue injury rather than infection [32]. This excessive response 

results in an accumulation of neutrophils out of the peripheral blood with an overwhelming 

sequestration into the parenchyma of multiple organs [3, 32]. This can lead to damage of the 

tissues and can result in severe life-threatening complications, such as acute respiratory distress 

syndrome (ARDS) and/or multiple organ dysfunction syndrome (MODS) [31-33]. This abundant 

inflammatory response not only results in inflammatory complications early after trauma, 

but also can be involved in organ dysfunction and sepsis in a later phase (>3 days) after the 

initial injury [13, 31]. This late immune-deficient state is defined as the compensatory anti-in-

flammatory reaction syndrome (CARS) [34, 35]. In order to prevent systemic inflammatory 

complications due to polytrauma, it is essential to identify patients prone to the development 

of organ dysfunction after trauma [36, 37].
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One of the early released cytokines in systemic inflammation is the pro-inflammatory cyto-

kine IL-6. This cytokine has been widely used as an indicator for severity of the inflammatory 

response in studies [38]. Serum IL-6 also has a close relationship to the severity of the injury 

(first hit) and the effect of a surgical intervention (second hit) [39, 40]. 

In particular, femur fractures are associated with a profound inflammatory response and risk 

for inflammatory complications [41-43]. Fractures should be managed without significant 

delay to prevent excessive blood loss and preservation of function. However, internal fixation 

of femur fractures can increase the systemic inflammatory reaction [44]. In trauma patients 

with an already activated immune response this increase in inflammation due to the operation 

can enhance the risk of excessive immune response with inflammatory complications [45, 46]. 

At this time, it is not possible to identify patients prone to developing systemic complications 

[37]. Thus, there is an unmet clinical need for a good predictive marker to discriminate patients 

at risk from patients that will cope with reconstructive surgery. In addition, there is a need 

for an immunomodulator that can attenuate the excessive immune response due to trauma 

and the second hit of surgery. Both are essential for the prevention of the development of 

inflammatory complications after trauma. 

Human endotoxemia as a model for SIRS

The investigation of the systemic inflammatory response due to trauma is complicated by 

the wide variation in patients and the heterogeneity of the type and timing of injuries due to 

trauma. An alternative method to study neutrophil kinetics during acute inflammation in a 

more homogeneous way is the controlled induction of systemic inflammation due to a systemic 

endotoxin (lipopolysaccharide, LPS) challenge [47]. A model of human endotoxemia was devel-

oped for the study of the immune response to infectious diseases and sepsis [48, 49]. It was 

shown that the inflammatory neutrophil response evoked by endotoxemia showed similarities 

to the neutrophil response initiated by trauma [47]. Additionally, the models demonstrated a 

comparable release of pro- and anti-inflammatory cytokines [17, 48]. Also, the appearance of 

the three subpopulations of neutrophils is described both after trauma and after LPS admin-

istration [17, 47].

Immunomodulation

In order to attenuate the abundant inflammatory response, and thereby prevent inflammatory 

complications such as ARDS and/or MODS, immunomodulation is a potential option. Thus far, 

there is a lack of pharmacological interventions that can reduce the abundant systemic inflam-

matory response. A large group of immunomodulative interventions have been tested in order 

to reduce the systemic inflammatory response after trauma, but most of the tested anti-inflam-

matory drugs failed to improve mortality significantly [8, 50]. For example, glucocorticoids have 

been proven to be powerful inhibitors of the adaptive immune system [51]; however, they do 

not inhibit the innate immune response and may even lead to increase in neutrophil survival 
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and activation [52]. Nonsteroidal anti-inflammatory drugs (NSAIDs) also showed no effect on 

post-traumatic neutrophil activation [53]. Therefore, the systemic inflammatory response due 

to trauma is apparent, while the putative dampening treatment is not.

A promising possible intervention to attenuate this innate immune reaction is treatment with 

a high concentration of C1-esterase inhibitor (C1-INH) [54]. C1-INH is an acute phase protein 

which is secreted by various cells, such as hepatocytes, fibroblast, monocytes and macrophages 

[55]. C1-INH is upregulated during inflammation and inhibits both the complement and con-

tact pathways; therefore, it may be a potent anti-inflammatory protein possibly involved in 

dampening the immune response after trauma [55, 56]. The inhibition of the complement 

system results from the binding of C1-INH to two of the active sub-units of the first component 

of the complement system (namely, C1r and C1s). The contact system is inhibited by binding 

to factor XIIa and to kallikrein [57, 58]. 

Several animal studies [14, 59] and human studies [56, 60-62] investigated the effect of C1-INH 

[57]. Administration of C1-INH in baboons during a challenge with Escherichia coli, resulted 

in inhibition of activation of the contact system and the classical complement pathway and 

attenuated IL-6, IL-8 and IL-10 [59]. In a cecal ligation and puncture (CLP) model for sepsis in 

mice, treatment with C1-INH improved survival after sepsis, and also C1-INH deficient mice 

subjected to CLP had a higher mortality [14]. 

In humans, the beneficial effects of C1-INH have been demonstrated in sepsis and myocar-

dial infarction [60-62]. Administration of C1-INH in severe septic and septic shock patients 

did not demonstrate significant side effects of this dosage of C1-INH. The beneficial effect 

of this intervention was demonstrated by the findings that patients needed less vasopressor 

medication and had improved renal function [60, 61]. Zeerleder, et al. described suppressive 

effects by C1-INH on neutrophil activation in septic patients [56]. They studied circulating 

elastase-α1-antitrypsin complex (EA) as an indirect readout for neutrophil activation and found 

a reduced level of EA in patients treated with C1-INH [56]. 

Several studies have shown an increased production of C1-INH during acute phase responses 

up to 2,5 times the normal level [57, 63]. Various states of severe inflammation, such as found 

during sepsis, burns and ARDS, can lead to an enhanced consumption of C1-INH [64]. Thus, 

administration of C1-INH may result in attenuation of the systemic inflammatory response. 

Therefore, it is tempting to speculate that administration of C1-INH in patients with a severe 

inflammatory response, e.g., due to trauma or endotoxemia, results in attenuation of the sys-

temic immune response and, thereby, dampens the occurrence of inflammatory complications.

 

Scope and outline of this thesis

In the first part of this thesis, the kinetics of neutrophils during DAMP and PAMP initiated 

inflammatory responses are investigated. 

A retrospective study will be described that investigates the chronological relation between 

neutrophil characteristics and the occurrence of organ dysfunction after trauma (chapter 2). 
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The effect on neutrophil kinetics is not only studied in trauma patients, but also in several other 

in vitro and in vivo settings. In chapter 3, the focus will be on the effect of hypothermia on 

rolling adhesion behaviour of neutrophils. 

To investigate reproducibly the neutrophil response during a controlled systemic inflamma-

tion, an endotoxemia model will be used. This endotoxemia model provokes a PAMP induced 

inflammatory reaction. In order to determine whether DAMPs and PAMPs induce the same 

inflammatory response, we conducted an animal study (chapter 4).

In chapter 5, a descriptive study was performed in a cohort of trauma patients in order to 

investigate the neutrophil kinetics in polytrauma patients, a descriptive study was performed 

in a cohort of trauma patients. In chapter 6, neutrophil kinetics will be examined in a human 

endotoxemia model. In this study, in vivo deuterated glucose labelling was used to investigate 

the development of three neutrophil subsets occurring during severe inflammation. 

In the second part of this thesis, the possible immunomodulation of systemic inflammation is 

investigated on both DAMP and PAMP activated systemic responses. In chapter 7, the poten-

tial immunomodulator C1-INH is studied in a human endotoxemia model. In chapter 8, the 

rationale of a randomized controlled placebo-controlled study will be described, in which we 

investigate the effect of C1-INH on the immune response in polytrauma patients. In chapter 9,  

the results of C1-INH on neutrophil kinetics in polytrauma patients will be examined. Lastly, 

chapter 10 discusses the results of the previous chapters.
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Abstract

Introduction. Organ dysfunction remains a major cause of morbidity after trauma. The devel-

opment of organ dysfunction is determined by the inflammatory response, in which neutrophils 

are important effector cells. A femoral fracture particularly predisposes for the development 

of organ dysfunction. This study investigated the chronologic relation between neutrophil 

characteristics and organ dysfunction in trauma patients with a femoral fracture.

Methods. Patients with a femoral fracture presenting at the University Medical Center (UMC) 

Utrecht between 2007 and 2013 were included. Data of neutrophil characteristics from stan-

dard hematological analyzers were recorded on a daily basis until the 28th day of hospital stay 

or until discharge. Generalized Estimating Equations were used to compare outcome groups.

Results. In total 157 patients were analyzed, of whom 81 had polytrauma and 76 mono-

trauma. Overall mortality within 90 days was 6.4% (n=10). Eleven patients (7.0%) developed 

organ dysfunction. In patients who developed organ dysfunction a significant increase in 

neutrophil count (p = 0.024), a significant increase in neutrophil cell size (p = 0.026), a sig-

nificant increase in neutrophil complexity (p < 0.004) and a significant decrease in neutrophil 

lobularity (p < 0.001) were seen after trauma. The rise in neutrophil cell size preceded the 

clinical manifestation of organ dysfunction in every patient. 

Conclusion. Patients who develop organ dysfunction post injury show changes in neutrophil 

characteristics before organ dysfunction becomes clinically evident. These findings regarding 

post-traumatic organ dysfunction may contribute to the development of new prognostic tools 

for immune mediated complications in trauma patients.
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Introduction

The incidence of post-traumatic organ dysfunction has decreased in recent years due to 

improved therapeutic strategies. However, organ dysfunction, including acute respiratory dis-

tress syndrome (ARDS) and multiple organ dysfunction syndrome (MODS), remains a significant 

cause of morbidity and occasionally mortality after severe trauma (1,2). 

Immune imbalance is important in the pathogenesis of organ dysfunction (3–5). Expression 

of simultaneous hyper-inflammation and immune paralysis characterize this immune response 

(6). Hyper-inflammation can cause additional tissue damage, which can exacerbate and lead 

to organ dysfunction (7). Paradoxically, a parallel immune paralysis can lead to organ dysfunc-

tion as well, due to an increased risk of infections and sepsis (7). Neutrophils are important 

effector cells of the innate immune system. Neutrophil products and sequestration of primed 

neutrophils in end-organs are linked to organ dysfunction (8–11). 

A dose response relation exists between injury severity, immune dysfunction and the risk of 

developing organ dysfunction (12,13). Some injuries, such as femoral shaft and distal femoral 

fractures, are associated with a more profound immune response (14). Therefore, these injuries 

are independently associated with an increased incidence of inflammatory complications, in 

particular ARDS (15,16). 

Although a growing body of evidence suggests that neutrophil function is related to clin-

ical outcome, time dependency and recognition of patients at risk remain elusive. Better 

understanding of neutrophil kinetics after trauma in relation to the development of organ 

dysfunction is necessary to improve prognosis and targeted therapy. The aim of this study was 

to investigate the chronologic relation between neutrophil characteristics and the occurrence 

of organ dysfunction after trauma.

Materials and Methods

Study design

Neutrophil characteristics after trauma were compared between monotrauma patients and 

polytrauma patients with and without organ dysfunction. Data were retrospectively collected 

from the day patients arrived in the emergency department (ED) until the 28th day of their 

hospital stay or until discharge. Neutrophil characteristics were based on routinely available 

light scatter data obtained by a routine hematological analyzer (see below). To determine the 

occurrence of organ dysfunction, MODS and ARDS were determined daily during the first 28 

days with the use of the Denver score and the Berlin definition, respectively (17,18). MODS 

was defined as a Denver score > 3 on any given day at least 48 hours after injury. Both Injury 

Severity Score (ISS) and New Injury Severity Score (NISS) were used to quantify the severity of 

the trauma. 
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Patients

Patients were selected from the trauma registry database of the UMC Utrecht that collects data 

of all patients that were admitted to the trauma department (19,20). For demographic data see 

table 1. All patients were ≥ 16 years of age and had a femoral shaft or distal femoral fracture. 

Patients that presented in the ED of University Medical Center (UMC) Utrecht between the 

1st of January 2007 until the 31st of December 2013, were included. Patients were stratified 

in a polytrauma (ISS >16) group and a monotrauma (ISS 9-10) group. Hereafter, polytrauma 

patients who developed organ dysfunction (MODS and ARDS) were compared with polytrauma 

patients without organ dysfunction and with the monotrauma group. Exclusion criteria were 

pathologic fractures, dead or transfer < 48 hours and the absence of neutrophil parameters 

< 12 hours after trauma. Patient characteristics and data concerning trauma mechanism, 

injuries and treatment, were obtained. These data were collected from the trauma database 

and supplemented with information from the electronic medical record system. A waiver was 

provided by the institutional medical ethics committee for this retrospective analysis of a pro-

spective collected database. In addition, in line with the academic hospital policy, an opt-out 

procedure was in place for use of patient data for research purposes. The process and storage 

of data were in accordance with privacy and ethics regulations.

Hematological parameters

Neutrophil parameters and C-reactive protein (CRP) levels were obtained from the Utrecht 

Patient Oriented Database (UPOD). This database contains complete blood count analysis from 

the Abbott Cell-Dyn Sapphire hematology analyzer from every blood sample irrespective of 

the requested parameter (21). The analyzer uses laser light scattering (Multi Angle Polarised 

Scatter Separation [MAPSS]) to classify leukocytes. The analyzer registers the neutrophil cell 

size (axial light loss [ALL], 0° scatter), neutrophil cell complexity (intermediate angle scatter 

[IAS], 7° scatter) and neutrophil nuclear lobularity (polarized side scatter [PSS], 90° scatter) (22). 

Statistical analysis

All data were analyzed with SPSS version 23 (IBM Corporation, NY, United States). The dis-

tribution of continuous variables was assessed with the use of the Kolmogorov-Smirnov test. 

Results are presented as median with interquartile range, because the data were not normally 

distributed. Comparison of baseline characteristics between polytrauma patients with organ 

dysfunction and polytrauma patients without organ dysfunction was performed with a Fish-

er’s exact test or a Mann-Whitney U test as indicated. Statistical significance was defined as 

a p-value < 0.05. Graphs were created with SPSS version 23. Neutrophil characteristics of 

polytrauma patients with organ dysfunction were compared to neutrophil characteristics of 

polytrauma patients without organ dysfunction with the use of linear Generalized Estimating 

Equations, to account for within-subject correlation. Based on the spaghetti plots an exchange-

able correlation structure was chosen. Outcome groups consisted of a different composition 
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of patients at every time point depending on the availability of laboratory parameters. Patients 

who developed organ dysfunction were also compared to patients with a similar injury severity 

without organ dysfunction. This cohort of ten patients was matched on ISS and severity of 

thorax injury using the case-control matching option in SPSS. 

Results

Patient characteristics

A total of 157 patients with a femoral shaft fracture or distal femoral fracture were enrolled in 

the study. Eighty-one polytrauma patients were included. Nineteen polytrauma patients were 

excluded because of death or transfer within 48 hours to other hospitals (figure 1).  

Eleven polytrauma patients developed organ dysfunction. Seventy-six monotrauma patients 

were included after exclusion of 10 patients because of pathologic fractures or the absence 

of neutrophil parameters within the first 12 hours. No monotrauma patient developed organ 

dysfunction. Eleven polytrauma patients developed organ dysfunction (13.6%), of which 3 

developed isolated ARDS, 4 developed MODS, and 4 patients complied with both ARDS and 

MODS criteria. Patients developed ARDS on day 1-6 and MODS on day 2-9 after admission. 

One patient died due to organ dysfunction. There were no significant differences in gender, 

age, reaming of the femur shaft, neutrophil count at admission or mortality rates between 

groups (table 1).

Polytrauma patients with organ dysfunction had a higher ISS (p = 0.004) and NISS (p < 0.002), 

received more intravenous fluids within the first 3 days (p < 0.001), were more often intubated 

(p = 0.016) and had a longer hospital stay (p = 0.009) than polytrauma patients without organ 

dysfunction. Also, the mechanism of injury (p = 0.039) and the classification of the femoral 

fracture (p = 0.031) differed significantly between outcome groups.

Hematological data

The mean neutrophil count, neutrophil cell size, neutrophil complexity and neutrophil lobularity 

were analyzed over time and plotted in figures 2 - 4. Supplementary figure S1 shows CRP-levels 

after trauma. Upon presentation in the ED, a significant elevation in neutrophil cell size (ß 0.15, 

p = 0.029 over 0 – 48 hours) and significant decrease in lobularity (ß – 0.20, p < 0.001 over 

0 – 48 hours) was seen in patients who later developed organ dysfunction (figure 2). 

In all patients a decrease in lobularity within 5 days and an increase in neutrophil count after 6 

days was seen (figure 3). These shifts were significantly more pronounced in patients who later 

developed organ dysfunction (lobularity: ß -3.25, p < 0.001, day 1-4 and neutrophil count: ß 

2.30, p = 0.024, day 6-9). However, a significant increase in cell size (ß 2.64, p = 0.026 over 

day 1-5) and complexity (ß 1.23, p < 0.004 over day 1-9) within the first week after trauma 

was only observed in patients with organ dysfunction. Of these parameters, only neutrophil 
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cell size rose above reference values. 

Neutrophil parameters and CRP-levels in relation to the onset of organ dysfunction are depicted 

in figure 4 and supplementary figure S1, respectively. Neutrophil lobularity slightly decreased 

after the onset of organ dysfunction, whereas neutrophil complexity and neutrophil count 

increased. Neutrophil cell size, however, increased to levels only observed in patients with 

organ dysfunction, already before organ dysfunction became clinically evident. 

Figure 1. Flowchart of patients who met inclusion/exclusion criteria for the study population

Patients ≥ 16 years with ISS ≥ 16 and distal or shaft 
femurfracture 01/01/2007 – 12/31/2013 (n = 100)  

Polytrauma patients included (n = 81)  

Patients included (n = 157)  

Monotrauma patients included (n = 76)  

No parameters < 12 hours (n= 8) 
Pathologic fracture (n= 2) 

Transferred < 48 hours (n= 5) 
Died < 48 hours (n= 14) 

Patients ≥ 16 years with ISS 9-10 and distal or shaft 
femurfracture 01/01/2007 – 12/31/2013 (n = 86)  

Figure 1. Flowchart of patients who met inclusion/exclusion criteria for the study population.  
ISS = injury severity score 
 

ISS = injury severity score

Subsequently, neutrophil characteristics were analyzed in a cohort matched on injury severity (ISS 

and severity of thorax trauma) for 10 polytrauma patients with organ dysfunction and 10 poly-

trauma patients without organ dysfunction. In patients with organ dysfunction, neutrophil cell 

size and neutrophil complexity were increased and neutrophil lobularity was decreased (figures 

not shown). The differences between outcome groups were similar to those presented in figure 3. 

Linear regression showed that there was no significant relation between intravenous fluids 

and cell size after correction for ISS, leaving cell size as an early independently related factor 

in the development of organ dysfunction. 
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Table 1. Baseline characteristics

Monotrauma 
(n=76)

Polytrauma, no 
organ dysfunction 
(n = 70)

Polytrauma, organ 
dysfunction (n 
= 11)

P-value

Gender, male (%) 51 (67.1%) 51 (72.9%) 11 (100%) 0.059

Age 38.5 (21.0-56.8) 36.0 (20.0-46.3) 32.0 (22.0-48.0) 0.868

ISS 9 (9-10) 24 (19-30) 34 (25-41) 0.004

NISS 10.0 (9.0-16.3) 27.0 (22.0-34.0) 34.0 (34.0-41.0) 0.002

Intravenous fluids day 0-3 [L] 9.3 (7.2-10.2) 17.7 (12.6-19.7) <0.001

Mechanism of injury (%) 0.039

Traffic 35 (46.1%) 59 (84.3%) 8 (72.7%)

Fall from height 6 (7.9%) 7 (10%) 1 (9.1%)

Sport injury 11 (14.5%) 0 2 (18.2%)

Other 24 (31.6%) 4 (5.7%) 0

Classification of femoral fracture 0.031

Femoral shaft fracture 70 (92.1%) 47 (67.1%) 11 (100%)

Distal femoral fracture 5 (6.6%) 21 (30%) 0

Unknown 1 (1.3%) 2 (2.9%) 0

Reaming, n (%) 24 (31.6%) 16 (22.9%) 2 (18.2%) 1.000

Intubated pre-hospital or during 
hospital stay, n (%)

0 42 (60%) 11 (100%) 0.016

Neutrophil count [x109/l] at 
admission

7.7 (5.0-11.8) 12.3 (9.5-15.6) 12.2 (6.0-16.7) 0.770

Organ dysfunction

ARDS 3 (27.3%)

MODS 4 (36.4%)

ARDS + MODS 4 (36.4%)

Mortality 0.300

28 days 1 (1.3%) 4 (5.7%) 2 (18.2%)

90 days 2 (2.6%) 1 (1.4%) 0

Length of hospital stay (days) 9.0 (6.0-14.0) 19.0 (12.0-26.5) 49.0 (18.0-95.0) 0.009

Monotrauma versus polytrauma without organ dysfunction versus patients with organ dysfunction. Data are 
presented as median (IQR) or n (%). ISS = Injury Severity Score. NISS=New Injury Severity Score. ARDS = Acute 
Respiratory Distress Syndrome. MODS = Multiple Organ Dysfunction Syndrome. Intravenous fluids = crystalloids 
and colloids. Variables are compared between polytrauma patients with organ dysfunction and polytrauma patients 
without organ dysfunction with a Fisher’s exact test or a Mann-Whitney U test.
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Figure 2. Neutrophils 0 – 48 hours after trauma

A B 

C D

Figure 2. Neutrophil cell count (A) neutrophil cell size (B) neutrophil complexity (C) and neutrophil lobularity (D) 0 - 48 hours 
after trauma. Data are presented as mean with standard error of the mean (SEM). Neutrophil count and neutrophil characteristics 
of polytrauma patients with organ dysfunction are compared to neutrophil count and neutrophil characteristics of polytrauma 
patients without organ dysfunction.  AU = arbitrary units.
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Figure 2. Mean neutrophil cell size (A), neutrophil complexity (B), neutrophil lobularity (C) and neutrophil red fluorescence (D)
0-48 hours after trauma.

Data are presented as mean with standard error of the mean.
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after trauma. Data are presented as mean with standard error of the mean (SEM). Neutrophil count and neutrophil 
characteristics of polytrauma patients with organ dysfunction are compared to neutrophil count and neutrophil char-
acteristics of polytrauma patients without organ dysfunction. AU = arbitrary units.
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Figure 3. Neutrophils 28 days after trauma
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Figure 3. Neutrophil cell count (A) neutrophil cell size (B) neutrophil complexity (C) and neutrophil lobularity (D) during the
first 28 days after trauma. Data are presented as mean with standard error of the mean (SEM). Neutrophil count and neutrophil 
characteristics of polytrauma patients with organ dysfunction are compared to neutrophil count and neutrophil characteristics of 
polytrauma patients without organ dysfunction. AU = arbitrary units. 
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Figure 2. Mean neutrophil cell size (A), neutrophil complexity (B), neutrophil lobularity (C) and neutrophil red fluorescence (D)
0-48 hours after trauma.

Data are presented as mean with standard error of the mean.
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Neutrophil cell count (A), neutrophil cell size (B), neutrophil complexity (C) and neutrophil lobularity (D) during the 
first 28 days after trauma. Data are presented as mean with standard error of the mean (SEM). Neutrophil count and 
neutrophil characteristics of polytrauma patients with organ dysfunction are compared to neutrophil count and neu-
trophil characteristics of polytrauma patients without organ dysfunction. AU = arbitrary units.
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Figure 4. Neutrophils relative to the onset of organ dysfunction
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Figure 4. Neutrophil cell count (A) neutrophil cell size (B) neutrophil complexity (C) and neutrophil lobularity (D) relative to the 
onset of organ dysfunction. Day 0 is the first day that acute respiratory distress syndrome or multiple organ dysfunction syndrome 
occurred according to the Berlin definition and Denver criteria respectively. Data are presented as mean with standard error of the 
mean (SEM). AU = arbitrary units. 
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Figure 2. Mean neutrophil cell size (A), neutrophil complexity (B), neutrophil lobularity (C) and neutrophil red fluorescence (D)  
0-48 hours after trauma. 
 

 
 
Data are presented as mean with standard error of the mean.  
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Discussion

This study demonstrated that neutrophil characteristics differ between polytrauma patients 

who later develop organ dysfunction and polytrauma patients who do not. Of these differ-

ences, the increase in neutrophil cell size was most evident and already present before organ 

dysfunction was diagnosed. 

A number of studies focused on neutrophil cell size before. An increase in neutrophil volume 

has been associated with enhanced neutrophil migration (23,24). This is thought to play an 

important role in the development of inflammatory complications including organ dysfunction 

(4,7). Also, numerous studies found that cell size was an indicator of bacterial infection and 

sepsis (25), and that neutrophil cell size was a significant predictor of mortality in severely 

injured patients (26). Our findings also suggested that neutrophil size was related to the 

degree of inflammation, since changes in CRP seemed to coincide with changes in neutrophil 

size within outcome groups. However, the increase in CRP to levels observed during organ 

dysfunction, occurred after the onset of organ dysfunction, whereas the increase in neutrophil 

size to levels during organ dysfunction already started two days earlier. Moreover, neutrophil 

cell size in polytrauma patients who did not develop organ dysfunction remained stable and 

within reference values, while neutrophil cell size in polytrauma patients who did develop organ 

dysfunction raised above reference values during the entire first week after trauma. These 

findings suggest that neutrophil cell size is a superior parameter to distinguish patients at risk 

for organ dysfunction. Although an increasing body of evidence suggests the significance of 

neutrophil cell size, it remains unknown which mechanism underlie the increase in size.

A possible explanation for an increase in cell size is osmotic swelling of neutrophils due to 

administered fluids (27). Although patients who developed organ dysfunction received more 

intravenous fluids within the first 3 days, it seems unlikely that neutrophils enlarged mainly due 

to the administration of fluids. No correlation was found between the amount of intravenous 

fluids and increase in cell size after correction for ISS. Hence a more plausible explanation is 

that the increase in cell size and the administration of intravenous fluids were both the result of 

the inflammatory processes after severe injury. This is supported by our finding that CRP levels 

were significantly higher in patients who developed organ dysfunction. A direct link between 

inflammation and an increase in cell size was recently found by Denk, et al. They found that 

neutrophil activation with the pro-inflammatory complement product C5a leads to actin-cy-

toskeleton reorganization and polarization, which increases neutrophil cell size and enhances 

neutrophil migration (28). It has been described that these primed neutrophils accumulate in 

the pulmonary vasculature and cause lung injury after extravasation (11,29,30). Also, it has 

been suggested that these primed neutrophils can reenter the circulation and contribute to 

extra-pulmonary organ dysfunction (6). These findings support our hypothesis that an increase 

in neutrophil cell size reflects neutrophil activation and that an increase in neutrophil cell size 
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is independently related to organ dysfunction, possibly because it also reflects the degree of 

neutrophil extravasation. 

Previous studies showed a significant relation between inflammatory complications and injury 

severity (13). This is in line with our finding that ISS was significantly higher in patients who 

developed organ dysfunction, compared to other polytrauma patients and that differences in 

neutrophil cell size between outcome groups were already seen within 48 hours after trauma. 

This suggests that the severity of trauma determined the amplitude of the initial inflamma-

tory response and the susceptibility to organ dysfunction later on. This theory is supported 

by previous studies, that found a relation between early (< 24 hours) decreased neutrophil 

responsiveness and late (>5 days) onset septic complications (31,32). To investigate if neutrophil 

cell size was independently associated with organ dysfunction, we matched a cohort on injury 

severity and severity of thorax injury. An increase in mean cell size > 165 arbitrary units was only 

seen in patients who later developed organ dysfunction. Hence, the increase in cell size seemed 

to be more related to the development of organ dysfunction than the severity of the injury. 

Besides a consistent increase in neutrophil cell size, patients with organ dysfunction also 

showed a gradual decrease in neutrophil lobularity immediately after trauma. Young banded 

neutrophils are known to have a C-like shaped nucleus instead of a lobulated nucleus that 

mature segmented neutrophils have (33). These banded neutrophils have been described to 

circulate in the bloodstream directly after severe injury (34). Hence, the decrease in neutrophil 

lobularity directly after trauma might be explained by the release of banded neutrophils into 

the bloodstream. This was described before by Botha, et al. who found a significant higher 

percentage of banded neutrophils in patients who developed MODS (43.3%) compared to 

non-MODS patients (19.7%) 24 hours after trauma (9). There is also limited evidence that 

banded neutrophils are slightly bigger than segmented neutrophils (35). We showed that cell 

size further increased after 24 hours and remained elevated until day 10, whereas lobularity 

decreased until 4 days after trauma. Moreover, a decrease in lobularity was observed in all out-

come groups, whereas the increase in cell size was only observed in patients who later develop 

organ dysfunction. Therefore, the influx of banded neutrophils might explain the decrease in 

lobularity, but does not explain the increase in cell size. This was supported by van Hout, et 

al., who found a dose dependent increase in cell size of neutrophils after in vitro stimulation 

with lipopolysaccharide (LPS) (35) and by Denk, et al., who found an increase in cell size after 

in vitro stimulation with C5a (28). Moreover, an increase in neutrophil cell size has proven to 

be a separate and superior parameter in predicting sepsis, besides banded cell counts (25).  

Multiple studies focused on neutrophil characteristics in relation to post-traumatic organ dys-

function before. Some of these studies found a relation between neutrophil phenotype and 

the occurrence of septic complications after trauma (11,31,32). However, neutrophil pheno-

typing by looking at receptor expression profiles is costly and labor intensive, and therefore 

not yet suitable for routine assessment. Hence there has been a need for a routinely available 

parameter instead. This study investigated light scatter characteristics, which are automati-
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cally generated for every blood sample irrespective of the requested parameter. Since blood 

samples are frequently drawn from trauma patients, the assessment of neutrophil scatter data 

would not require any additional blood samples and is therefore particularly suitable for clin-

ical practice. Also, this is the first study to investigate neutrophil characteristics up to 28 days 

post-injury, adding to the existing literature on post-traumatic neutrophil kinetics before, during 

and after organ dysfunction. In addition, the plotting of light scatter parameters in relation 

to the onset of complications contributes to a better understanding of the time dependency 

between neutrophil characteristics and organ dysfunction. Since the increase in neutrophil size 

above reference values is already seen before organ failure occurs, neutrophil size is a promising 

marker for prognostic analysis and patient specific therapeutic regimes. 

A limitation of this study is that neutrophil parameters were not always available at each time 

point, which is inherent to the retrospective design and the choice to analyze routinely obtained 

laboratory parameters. This possibly resulted in a patient selection bias, because patients who 

were less severely injured tend to get discharged relatively fast after admission and thereafter 

laboratory data are often not available. Despite this bias, a difference could still be demon-

strated. A larger number of samples would enable a separate analysis for MODS and ARDS. 

However, since ARDS and non-infectious MODS are thought to have a similar pathogenesis, 

we chose to investigate both as parts of the disease entity organ dysfunction (4,5). Another 

limitation is that neutrophil surface markers and cytokines were not available. Therefore, future 

studies should focus on how these neutrophil scatter characteristics are related to surface 

markers and cytokines. Moreover, larger studies are needed to investigate the prognostic 

value of these factors and to investigate the additional prognostic value of neutrophil cell size.   

In conclusion, trauma patients who developed organ dysfunction had an increase in neutrophil 

cell size preceding the clinical manifestation of organ dysfunction. This increase in cell size 

seems to reflect the degree of inflammation and could not be explained by the injury severity 

alone. These findings may contribute to the development prognostic tools and targeted ther-

apies for immune mediated complications in trauma patients.



Chapter 2

38

References

1.  Sauaia A, Moore EE, Johnson JL, Chin TL, Banerjee A, Sperry JL, Maier R V, Burlew CC: Temporal trends of postinjury 

multiple-organ failure: still resource intensive, morbid, and lethal. JTrauma Acute Care Surg 76(3):582–92, 2014. 

2.  Van Wessem KJP, Leenen LPH, Van Wessem KJP: Reduction in mortality rates of postinjury multiple organ dysfunction 

syndrome: A shifting paradigm? A prospective population based cohort study. Shock 2017. 

3.  Lenz A, Franklin GA, Cheadle WG: Systemic inflammation after trauma. Injury 38(12):1336–45, 2007. 

4.  Keel M, Trentz O: Pathophysiology of polytrauma. Injury 36(6):691–709, 2005. 

5.  Tsukamoto T, Chanthaphavong RS, Pape HC: Current theories on the pathophysiology of multiple organ failure 

after trauma. Injury 41(1):21–6, 2010. 

6.  Lord JM, Midwinter MJ, Chen YF, Belli A, Brohi K, Kovacs EJ, Koenderman L, Kubes P, Lilford RJ: The systemic 

immune response to trauma: an overview of pathophysiology and treatment. Lancet 384(9952):1455–65, 2014. 

7.  Hietbrink F, Koenderman L, Rijkers G, Leenen L: Trauma: the role of the innate immune system. World J Emerg Surg 

:1:15, 2006. 

8.  Segel GB, Halterman MW, Lichtman MA: The paradox of the neutrophil’s role in tissue injury. J Leukoc Biol 

89(3):359–72, 2011. 

9.  Botha AJ, Moore FA, Moore EE, Sauaia A, Banerjee A, Peterson VM: Early neutrophil sequestration after injury: a 

pathogenic mechanism for multiple organ failure. J Trauma  39(3):411–7, 1995. 

10.  Donnelly SC, MacGregor I, Zamani A, Gordon MW, Robertson CE, Steedman DJ, Little K, Haslett C: Plasma elastase 

levels and the development of the adult respiratory distress syndrome. Am J Respir Crit Care Med 151(5):1428–33, 

1995. 

11.  Hietbrink F, Oudijk EJ, Braams R, Koenderman L, Leenen L: Aberrant regulation of polymorphonuclear phagocyte 

responsiveness in multitrauma patients. Shock 26(6):558–64, 2006. 

12.  Balogh ZJ, Offner PJ, Moore EE, Biffl WL: NISS Predicts Postinjury Multiple Organ Failure Better than the ISS. J Trauma 

Acute Care Surg 48(4):624–8, 2000. 

13.  Jones AR, Bush HM, Frazier SK: Injury severity, sex, and transfusion volume, but not transfusion ratio, predict 

inflammatory complications after traumatic injury. Hear Lung 46:114–9, 2017. 

14.  Morley JR, Smith RM, Pape HC, MacDonald DA, Trejdosiewitz LK, Giannoudis P V.: Stimulation of the local femoral 

inflammatory response to fracture and intramedullary reaming: a preliminary study of the source of the second hit 

phenomenon. J Bone Jt Surg Br 90–B(3):393–9, 2008. 

15.  Heeres M, Visser T, van Wessem KJ, Koenderman AH, Strengers PF, Koenderman L, Leenen LP: The effect of C1-es-

terase inhibitor on systemic inflammation in trauma patients with a femur fracture - The CAESAR study: study 

protocol for a randomized controlled trial. Trials 12:223, 2011. 

16.  Giannoudis P V., Cohen A, Hinsche A, Stratford T, Matthews SJ, Smith RM: Simultaneous bilateral femoral fractures: 

Systemic complications in 14 cases. Int Orthop 2000. 

17.  Ferguson ND, Fan E, Camporota L, Antonelli M, Anzueto A, Beale R, Brochard L, Brower R, Esteban A, Gattinoni 

L, et al.: The Berlin definition of ARDS: an expanded rationale, justification, and supplementary material. Intensive 

Care Med 38(10):1573–82, 2012. 

18.  Sauaia A, Moore EE, Johnson JL, Ciesla DJ, Biffl WL, Banerjee A: Validation of postinjury multiple organ failure 

scores. Shock 31(5):438–47, 2009. 

19.  Gunning AC, Lansink KWW, Wessem KJP Van, Balogh ZJ, Rivara FP, Maier R V, Leenen LPH: Demographic Pat-

terns and Outcomes of Patients in Level I Trauma Centers in Three International Trauma Systems. World J Surg 

39(11):2677–84, 2015. 

20.  Lansink KWW, Gunning AC, Spijkers ATE, Leenen LPH: Evaluation of Trauma Care in a Mature Level I Trauma Center 

in The Netherlands : Outcomes in a Dutch Mature Level I Trauma. World J Surg 37(10):2353–9, 2013. 



Neutrophil cell size precedes organ dysfunction

39

2

21.  ten Berg MJ, Huisman A, Van den Bemt PMLA, Schobben AFAM, Egberts ACG, van Solinge WW: Linking laboratory 

and medication data: New opportunities for pharmacoepidemiological research. Clin Chem Lab Med 45(1):13–9, 

2007. 

22.  Groeneveld KM, Heeres M, Leenen LPH, Huisman A, Koenderman L: Immunophenotyping of posttraumatic neu-

trophils on a routine haematology analyser. Mediators Inflamm 2012:509513, 2012. 

23.  Rosengren S, Henson PM, Worthen GS: Migration-associated volume changes in neutrophils facilitate the migratory 

process in vitro. Am J Physiol 267:1623–3162, 1994. 

24.  Worthen GS, Henson PM, Rosengren S, Downey GP, Hyde DM: Neutrophils increase volume during migration in 

vivo and in vitro. Am J Respir Cell Mol Biol 10(1):1–7, 1994 [cited 2017 May 6]. 

25.  Villanueva E, Almirol BJ: The Accuracy of Mean Neutrophil Volume Relative to Blood Culture for the Diagnosis of 

Sepsis: A Meta-analysis. Philipp J Pathol 2(1):18–22, 2017. 

26.  Lam SW, Leenen LP, van Solinge WW, Hietbrink F, Huisman A: Comparison between the prognostic value of the 

white blood cell differential count and morphological parameters of neutrophils and lymphocytes in severely injured 

patients for 7-day in-hospital mortality. Biomarkers 17(7):642–7, 2012. 

27.  Ting-beall H, Needham D, Hochmuth R: Volume and Osmotic Properties of Human Neutrophils. Blood 81(10):2774–

80, 1993. 

28.  Denk S, Taylor RP, Wiegner R, Cook EM, Lindorfer MA, Pfeiffer K, Paschke S, Eiseler T, Weiss M, Barth E, et al.: 

Complement C5a-Induced Changes in Neutrophil Morphology During Inflammation. 

29.  Summers C, Singh NR, White JF, Mackenzie IM, Johnston A, Solanki C, Balan KK, Peters AM, Chilvers ER: Pulmonary 

retention of primed neutrophils: a novel protective host response, which is impaired in the acute respiratory distress 

syndrome. Thorax 69(7):623–9, 2014. 

30.  Singh NRP, Johnson A, Peters AM, Babar J, Chilvers ER, Summers C: Acute lung injury results from failure of neu-

trophil de-priming: A new hypothesis. Eur J Clin Invest 42(12):1342–9, 2012. 

31.  Hietbrink F, Koenderman L, Althuizen M, Leenen LP: Modulation of the innate immune response after trauma 

visualised by a change in functional PMN phenotype. Injury 40(8):851–5, 2009. 

32.  Groeneveld KM, Koenderman L, Warren BL, Jol S, Luke P, Leenen H, Hietbrink F: Early decreased neutrophil 

responsiveness is related to late onset sepsis in multitrauma patients : An international cohort study. PLoS One 

12(6):e0180145, 2017. 

33.  Ruban G, Kosmacheva S, Goncharova N, Van Bockstaele D, Loiko V: Investigation of morphometric parameters for 

granulocytes and lymphocytes as applied to a solution of direct and inverse light-scattering problems. J Biomed 

Opt 12(4):44017, 2007. 

34.  Pillay J, Kamp VM, Hoffen E Van, Visser T, Tak T, Lammers J, Ulfman LH, Leenen LP, Pickkers P, Koenderman L: 

A subset of neutrophils in human systemic inflammation inhibits T cell responses through Mac-1. J Clin Invest 

122(1):327–36, 2012. 

35.  van Hout GPJ, van Solinge WW, Gijsberts CM, Teuben MPJ, Leliefeld PHC, Heeres M, Nijhoff F, de Jong S, Bosch 

L, de Jager SCA, et al.: Elevated mean neutrophil volume represents altered neutrophil composition and reflects 

damage after myocardial infarction. Basic Res Cardiol 110(6):58, 2015. 



Chapter 2

40

Supplementary data

Figure S1. CRP levels
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Figure S1. CRP-levels after trauma (A) and CRP-levels relative to the onset of organ dysfunction (B). 
Day 0 is the first day that acute respiratory distress syndrome or multiple organ dysfunction syndrome 
occurred according to the Berlin definition and Denver criteria respectively. Data are presented as 
mean with standard error of the mean (SEM). Polytrauma patients who developed organ 
dysfunction had significantly higher CRP-levels (ß 7.12, p = 0.012, day 1-10) than 
polytrauma patients who did not develop organ dysfunction. CRP-levels slightly increased 
before organ dysfunction and further increased thereafter, to levels only observed in patients 
with organ dysfunction. 
 
 

p = 0.012 

CRP-levels after trauma (A) and CRP-levels relative to the onset of organ dysfunction (B). Day 0 is the first day that acute 
respiratory distress syndrome or multiple organ dysfunction syndrome occurred according to the Berlin definition and 
Denver criteria respectively. Data are presented as mean with standard error of the mean (SEM). Polytrauma patients 
who developed organ dysfunction had significantly higher CRP-levels (ß 7.12, p = 0.012, day 1-10) than polytrauma 
patients who did not develop organ dysfunction. CRP-levels slightly increased before organ dysfunction and further 
increased thereafter, to levels only observed in patients with organ dysfunction.







M Heeres1,2, K.M. Groeneveld1,2, S.O. Algra3, B. Prakken3, 

N. Vrisekoop2, N.J. Jansen3, L.P.H. Leenen1, L. Koenderman2,

1Department of Trauma Surgery, University Medical Center Utrecht, Heidelberglaan 100, 

3508 GA, Utrecht, the Netherlands. 2Department of Pulmonary Diseases / Laboratory of 

Translational Immunology, University Medical Center Utrecht, Lundlaan 6, 3584 EA, Utrecht, 

the Netherlands. 3Department of Paediatric Immunology, University Medical Center Utrecht, 

Lundlaan 6, 3584 EA, Utrecht, the Netherlands

Manuscript in preparation

Chapter 3

Role of L-selectin in transition 
of neutrophils to the 

marginated pool during 
hypothermia



Chapter 3

44

Abstract

Introduction. Accidental hypothermia after trauma is known to increase mortality. However, 

induced hypothermia has shown to be protective during and after ischemia and reperfusion 

injury. The protective mechanisms of cooling remain controversial. This study aims to quantify 

the effect of hypothermia on the neutrophil response in vivo and in vitro.

Material and methods. Twelve neonates underwent cardiac surgery for which they were 

deeply cooled (18oC core temperature). Blood samples were drawn before and during cool-

ing. In vitro experiments were performed with the use of a flow chamber to simulate rolling 

of neutrophils on the endothelium, by which the effect of hypothermia (4oC) in comparison 

to normothermia (37oC) on neutrophil function and kinetics was studied. Marker expression 

on neutrophils was measured by flow cytometry both in vivo in neonates and in vitro before 

and after rolling.   

Results. White blood cell counts quickly decreased in the peripheral blood of the neonates 

during deep cooling in vivo. Marker expression on the remaining circulating neutrophils did 

not change. In vitro experiments showed a decreased velocity in rolling of neutrophils over 

HUVECs during hypothermia compared to normothermia. Rolling neutrophils had a higher 

expression of L-selectin during hypothermia compared to normothermia, suggesting more 

contact with endothelial cells and thus more margination at lower temperature. This decrease 

seemed to be L-selectin dependent. 

Conclusion. Hypothermia in vivo leads to decreased neutrophil counts, but the expression 

of surface markers remain the same. In vitro hypothermia showed an increased L-selectin 

expression on rolling neutrophils and, consequently, a slower rolling speed. This suggest that 

hypothermia leads to demargination of circulation neutrophils toward the marginated pool. 

These results may hold important clues for the understanding of the double-edged effect of 

hypothermia. 
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Introduction

Accidental hypothermia is a serious, but common complication in severely injured trauma 

patients. It is known that accidental hypothermia increases the mortality rate, as it is even an 

essential part of the lethal triad of death after trauma [1, 2]. In contrast, therapeutic hypother-

mia is used to prevent a pathological outcome after ischemia-reperfusion injury. The influence 

of controlled hypothermia on the immune response in humans is mainly investigated during 

cardiopulmonary bypass (CPB) settings [3, 4] and traumatic brain injury [5]. Here, patients are 

cooled in a controlled setting to prevent injury due to surgery or to improve outcome after e.g. 

cardiac arrest and traumatic brain injury [4, 5]. The underlying mechanism by which cooling 

protects patients for further damage or for complications is poorly understood. It is known 

that hypothermia has influence on several levels of the immune system, e.g. release and 

functionality of cytokines, neutrophil functions and leukocyte-endothelial interactions [6]. As 

a result of these diverse effects of accidental and therapeutic cooling, hypothermia is believed 

to have a double-edged effect. 

The mechanisms underlying the different effects of hypothermia on the immune response is a 

subject of interest in several studies. One of the returning findings in some of these studies is 

the occurrence of neutropenia due to hypothermia [3, 7, 8]. Both animal and human studies 

showed that profound hypothermia result in reversible leukopenia [3, 7, 8]. This decrease in 

immune cells might explain at least in part the reduced immune function during an episode 

of hypothermia. Why the amount of leukocytes decrease during hypothermia is not clear yet. 

Bouma, et al., hypothesized that neutrophils in animals during hibernation, and thus hypo-

thermia, stop circulating as a result of reversible transition to the marginated pool (adherence 

to endothelial cells of blood vessel walls) [7]. The marginated pool can act as a reservoir of 

leukocytes that are temporarily sequestrated from the circulating blood [9]. Here the cells 

have two choices: demarginating or moving through the endothelium toward the tissues in a 

process referred to as transendothelial migration (TEM) [10]. 

Migration of neutrophils from the peripheral blood toward the tissue occurs in three steps. 

The first step is the rolling or transient adherence to the endothelial cells, which is mediated 

by selectins. The selectin present on neutrophils is L-selectin, whereas activated endothelium 

express E- and P-selectin [11, 12]. PSGL1 (P-selectin glycoprotein ligand 1) is a dominant ligand 

for all selectins. The binding of PSGL1 to L-selectin enables leukocyte-leukocyte interactions 

and facilitates secondary leukocyte tethering or capture of other leukocytes to cells already 

present on the endothelial surface [12, 13]. The second step, the firm adhesion of the neu-

trophil on the endothelial cell, is mediated by integrins (CD11b/CD18) on the neutrophil. The 

third step is the diapedesis of the neutrophils into the tissue [13-15]. This final step is beyond 

the scope of this article.

Despite the above mentioned speculations, a mechanism underlying the increased margination 

during hypothermia has not been put forward yet. The aim of this study was to gain further 
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insight into the influence of hypothermia on neutrophil function and properties involved in 

neutrophil kinetics both in vivo and in vitro. 

Material and methods

Subjects and study design in vivo experiments

Blood was collected from neonates presenting with a hypoplastic aortic arch, who were 

assigned to undergo aortic arc reconstruction as be described earlier [16, 17]. The current 

study was performed as a part of a prospective randomized controlled trial (clinicaltrials.gov 

number NCT01032876). The institutional medical ethics committee approved the study and 

all parents of the included neonates gave written informed consent. 

Blood was drawn at two time points, one just before the start of the cooling and the other at 

the lowest temperature the patient had just before the surgery started.

Laboratory analysis

Blood was kept on ice during the entire procedure. White blood cells were obtained from 

sodium heparin anti-coagulated blood as described before [18]. In short, red blood cells were 

lysed using ice-cold isotonic NH4CL. Remaining white blood cells were washed with PBS2+ 

phosphate-buffered saline with added sodium citrate (0.38% wt/vol) and pasteurized plasma 

proteins (10% vol/vol). After washing and centrifugation at 1500 rpm for 5 minutes at 4oC, 

cells were resuspended in PBS2+. Resuspended cells were incubated with antibodies at 4oC for 

45 minutes. Monoclonal antibodies used were CD11b (αM) PE (clone 2LPM19c), CD11c FITC 

(clone BU15), CD14 FITC (clone M5E3), CD16 (FcγRIII) Alexa Fluor 647 (clone 3G8), CD32 

(FcγRII) PE (clone FLI8.26), CD49d RPE (clone 9F10), CD62L (L-selectin) FITC (clone MOPC-

21), CD64 FITC (clone 10), HLA-DR RPE (clone G46-6). Cells were washed in cold isolation 

buffer before analysis on FACSCalibur (Becton & Dickenson, Mountain View, CA, USA).

Subjects and study design in vitro experiments

Blood of healthy adult donors was collected in sodium-heparin coated sterile tubes. Neutrophils 

were isolated as described previously [19, 20]. In short, blood was diluted with phosphate-buf-

fers saline (PBS). Mononuclear cells were removed by centrifugation over Ficoll-Paque for 20 

min at 2000 rpm [21]. Erythrocytes were lysed using ice-cold isotonic NH4CL. After centrifu-

gation, the remaining cells were washed and centrifugated in HEPES buffer, containing 20mM 

Hepes, 132 mMNACL, 6mM KCl, 1 mM MgSO4 and 1.2 mM CaCl2, supplemented with 5 mM 

glucose, 1.0 mM CaCl2 and 0.5% (w/v) human serum albumin (HSA) [22], after which they 

were resuspended in HEPES buffer. 
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Endothelial cells

Human Umbilical Vein Endothelial Cells (HUVEC) were isolated from human umbilical cord 

veins [23-25]. The cells were cultured in endothelial cell growth medium-2 (Lonza, Walkers-

ville, MD, USA). Cell monolayers were grown to confluence in 5–7 days. Endothelial cells of 

the second passage or third passage were used in perfusion assays. HUVEC were activated by 

tumor necrosis factor (TNF)-α (100 U/ml, 4–7 h, 37°C) before the perfusion experiments, to 

induce an expression profile facilitating neutrophil interactions [22].

Perfusion chamber

Perfusions under steady flow were performed in a modified form of transparent parallel plate 

perfusion chamber exactly as described before [21-23]. This micro chamber had a slit height 

of 0.2 mm and width of 2 mm. The chamber contained a circular plug on which a cover slip 

(18mm x 18 mm) with confluent HUVEC was mounted. For these experiments the chamber 

was modified to accommodate perfusions at desired temperature of 4oC and 37oC.

Neutrophil perfusion and evaluation

In vitro flow chamber experiments were performed as described before [21, 25] with some 

modifications. In short, neutrophils (2 x 106 cells per mL) were pre-incubated with blocking 

anti-bodies against ß2-integrins (CD18, clone IB4), L-selectin (DREG-56) or control antibody 

against HLA-1 (clone W6/32) (10ug/ml) for 15 minutes and aspirated from a reservoir through 

the perfusion chamber. The neutrophil suspension was perfused during 3 min at shear stress 

1.5 dyn/cm2 to obtain an endothelial surface with firmly adhering and rolling cells. The per-

fusion experiments were recorded on video, to automatically determine the total adhering 

cells (rolling and firmly adherent), percentage of rolling cells and the velocity of rolling cells, 

custom-made software (Optimas 6.1) was used as described previously [22, 23].  

For the temperature experiments neutrophils at different temperatures (4oC and 37oC) were 

aspirated through the perfusion chamber at the respective temperature. During the exper-

iment, the flow was stopped and the cover slip with HUVEC and rolling neutrophils was 

extracted from the perfusion chamber. Neutrophils were loosened from the cover slip with 

EDTA (2mM) and after washing with PBS2+ the samples were incubated for 30 min at 4oC with 

monoclonal antibodies. Antibodies used were CD11b (αM) Alexa fluor 750 (clone bear1), 

CD16 (FcγRIII) Krome Orange (clone 3G8) and CD62L (L-selectin) ECD (clone Dreg56). Cells 

were washed in cold isolation buffer before flow-cytometry analysis on the GalliosTM system 

(Beckman Coulter, Brea, CA, USA). Functionally blocking antibodies DREG56 (anti-L-selectin) 

and IB4 (anti-ß2-integrin) or control antibody W6/32 (IgG1, anti-HLA-A, HLA-B, and HLA-C) 

were isolated from the supernatant of the hybridoma obtained from American Type Culture 

Collection (Manassas, VA, USA) [21].
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Statistical analysis and presentation

FCS express 4.0 (De Novo Software, Los Angeles, CA, USA) was used for the evaluation of the 

flow cytometry data. Data were analyzed with GraphPad Prism 6.0 (San Diego, CA, USA). Data 

are presented in mean ± SEM unless mentioned otherwise. A value of p<0.05 was considered 

to be significant. 

Results

Hypothermia decreases white bloods cells counts in vivo

A total of 11 neonates were included in this study. Nasal temperature of the patients at the 

maximum cooling was on average 17.6°C [17]. The cooling of the neonates led to drop in cell 

count in all white blood cells (figure 1). There was a marked decrease in leukocyte, neutro-

phil and monocyte counts at the time point of the lowest temperature. In other cell types an 

absolute decrease was also seen, though less striking. 

Figure 1. Kinetics of white blood cells before cooling and at the lowest temperature induced

Leukocyte count (A), neutrophil counts (B), lymphocyte count (C), monocyte count (D) and eosinophil count (E) in 
peripheral blood, just before cooling and during maximum cooling. Data are presented as mean ± SEM. *p < 0.05
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Figure 2. Marker expression on neutrophils measured by flow cytometry

Expression of antibodies, L-selectin (CD62L) (A), CD11b (αM) (B), CD16 (FcγRIII) (C), CD11c (D), CD64 (FcγRI) (E) and 
CD32 (FcγRII) (F) on neutrophils in peripheral blood before cooling and at the lowest temperature induced. Data are 
presented as mean ± SEM. 
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Receptor expression on neutrophils and monocytes in peripheral blood doesn’t 

change during hypothermia in vivo

Neutrophil characteristics during hypothermia can be evaluated by determining several expres-

sion markers. Activation of neutrophils is evident by an increase of CD11b (integrin alpha M) 

and shedding of L-selectin (CD62L) [13, 26, 27]. As shown in figure 2, there is a slight trend 

toward an increase in CD11b expression during hypothermia. However, L-selectin was not 

shedded, suggesting that circulating neutrophils in the peripheral circulation were not acti-

vated during hypothermia. All other markers, CD16 (FcγRIII), CD32 (FcγRII), CD64 (FcγRI) and 

CD11c, measured on neutrophils in peripheral blood before and at maximum cooling showed 

no significant differences (figure 2). 

Also there was no difference in marker expression on monocytes at these time points (figure 3).

Figure 3. Marker expression on monocytes 

Expression of antibodies on monocytes in peripheral blood before cooling and at the lowest temperature induced. 
Data are presented as mean ± SEM, ns = not significant.

Neutrophils roll less and at a slower speed during hypothermia 

The number of rolling cells and the rolling velocity per cell were evaluated in a series of 50

consecutive frames during 4 seconds. Stationary and rolling cells were distinguished by a set 

cut-off value of 1μm/s. 

The percentage of rolling neutrophils was temperature dependent, with a higher percentage 

of rolling at 37oC. Because of the limited number of experiments there was no statistical power 

to prove this difference to be significant, but data suggest a difference (figure 4A). More 

experiments have to be performed.

Also the rolling velocity per cell seemed to be temperature dependent, with a higher velocity 

at 37°C as compared to 4°C (figure 4B, W6/32). 
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Figure 4. Percentage and median velocity of rolling neutrophils over TNFα stimulated HUVEC

(A) The percentage of fast rolling neutrophils at 4oC and 37oC. (B) The median velocity (μm/sec) of rolling neutrophils at 
4oC and 37oC, after adding blocking antibodies to integrins (IB4) and selectins (DREG56), in comparison to the control 
antibody against HLA-1 (clone W6/32). Cut-of value for rolling cells was a velocity > 1μm/s.

Decrease in rolling speed is selectin dependent 

To investigate whether integrins or selectins played the leading role in the decreased rolling 

speed during hypothermia, neutrophils were treated with blocking antibodies before rolling. 

Blocking of β2-integrins by blocking antibody directed against CD18 (clone IB4) showed no sig-

nificant influence on the rolling speeds of neutrophils at 4°C or 37oC (figure 4B). On the other 

hand, blocking of L-selectin by DREG56, showed an increase in rolling speed of neutrophils at 

37oC (data did not reach statistical significance) (figure 4B). This data was preliminary (n=2). 

Nonetheless, this data suggested that the decreased rolling speed is mediated by L-selectin. 

We could also demonstrate a higher percentage of secondary tethering of the neutrophils at 

a lower temperature (data not shown).  

L-selectin is up-regulated in rolling during hypothermia

In order to investigate whether the expression of L-selectin on neutrophils was influenced by 

temperature we studied the expression of L-selectin on neutrophils that were rolling. Figure 

5 shows that neutrophils rolling at 4°C have a significant higher expression of L-selectin in 

comparison to neutrophils rolling at 37°C. A high L-selectin expression on the rolling neutro-

phils suggests that there is less shedding of CD62L causing slower rolling of the neutrophil. 

The lower L-selectin expression of rolling neutrophils at 37°C is likely a result of shedding of 

CD62L at this temperature. 
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Figure 5. Expression of markers on neutrophils during in vitro rolling 

The expression of L-selectin (CD62L) (A), CD11b (αM) (B) and (C) CD16 (FcγRIII) on neutrophils just before rolling and 
after rolling at different temperatures. Data are presented as mean ± SEM, *p < 0.05, ns = not significant.

Discussion

This study is the first to investigate the effect of hypothermia on neutrophils from humans 

in both in vivo and in vitro experiments. The in vivo study in cooled neonates showed a clear 

decrease in all white blood cell counts during cooling, but neutrophil and monocyte numbers 

were mainly effected. Strikingly, the marker expression of the low amount of remaining neu-

trophils in the peripheral circulating during hypothermia did not change in comparison to the 

neutrophils before cooling. This support the hypothesis that margination of neutrophils is not 

associated with neutrophil activation. Our in vitro experiment showed that neutrophils rolled 

at a lower speed on HUVECs during hypothermia. Moreover, the expression of L-selectin was 

significantly higher on neutrophils rolling during hypothermia in comparison to normothermia. 

The underlying mechanism is yet to be determined. It is tempting to speculate that this finding 

could either be the result of a mild activation and some shedding of L-selectin or preferential 

adhesion of cells with higher expression of this rolling receptor. Nonetheless, the L-selectin 

mediated changes during hypothermia can explain the drop in cell count in vivo, due to the 

higher L-selectin expression on neutrophils interacting with endothelial cells during hypother-
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mia. This would then lead to slower rolling, and more adhesion to the endothelial cells. This 

might lead to an increased margination to the endothelium and thus decreased numbers of 

free flowing neutrophils in the peripheral blood. 

The drop in white blood cell counts during hypothermia has been described before [7, 8]. 

The authors demonstrated that this decrease was reversible, and leukocyte counts returned 

to precooling values with an overshoot after re-warming [8]. This reversible phenomenon 

underscores our hypothesis of L-selectin mediated margination during hypothermia even more, 

since the neutrophils rolled at 37oC had a lower L-selectin expression and thus a less likely to 

be adhesive to the endothelial cells.   

There was no significant difference in receptor expression on neutrophils and monocytes in 

the peripheral blood of neonates before and during maximum cooling. This is in line with the 

hypothesis that the circulating neutrophils are not functionally affected by hypothermia. The 

decrease in neutrophil count could not be explained by, for example, an increased apoptosis 

or by activation of the neutrophils, because of the absence of activation marker expression 

(high CD11b and low CD62L). Similar phenomena have also been demonstrated in hibernating 

animals [28]. Conformation of increased margination of neutrophils, is demonstrated in a study 

where hibernating hedgehogs showed an increase in neutrophils in the lung, suggestive for 

retention of these cells from the peripheral blood into the lungs [29].

Margination depends on the interaction between leukocytes and endothelial cells as a result 

of expression of integrins, selectins, and adhesion molecules and detaching forces, such as 

shear forces, due to blood flow velocity [7]. In the in vitro study, rolling was simulated by flow 

chamber experiments, where neutrophils were perfused over HUVECs. This data showed a 

temperature dependent effect on the percentage of rolling neutrophils and the median rolling 

velocity. During extreme hypothermia (4°C), neutrophils rolled at a lower speed, compared to 

higher temperatures. Nash, et al., performed comparable research on the neutrophil-endo-

thelial interaction during different temperature settings and they also demonstrated a slower 

rolling velocity during hypothermic (10oC) settings [30]. The decreased rolling velocity of the 

neutrophils during hypothermia can possibly be the result of changes in the first step of the 

adhesion cascade, the selectin mediated contact, or in the later stage due to changes in the 

integrin mediated contacts. Most research done at the leukocyte adhesion cascade, proposes 

that slower rolling is the result of integrin mechanisms [15, 31]. However, it is important to 

keep in mind that all these propositions are made based on experiments during normothermia. 

In order to investigate the role of selectins and integrins in the altered rolling characteristics 

during hypothermia, blocking antibodies were added to rolling neutrophils. To control the 

effect of integrins, anti-β2-integrin-blocking monoclonal antibody (IB4) was added. There 

was no effect on the velocity of rolling neutrophils at 4oC. Nash, et al., also investigated the 

contribution of integrin in this temperature dependent effect, and treated neutrophils with 

an anti-body against CD18, this had no effect on the rolling velocity [30]. Strikingly, the first 

experiments blocking L-selectin with DREG56 resulted in an increased velocity of rolling neu-
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trophils at 37oC and not at 4oC. 

It is likely to assume that, due to the slower rolling, neutrophils can detect chemokines pre-

sented on the endothelium better, but only in context of activated endothelium. This may 

initiate the activation of signalling pathways in neutrophils that regulate integrin adhesion and 

thus lead to a firmer adhesion and extravasation of neutrophils [15, 32]. 

At a lower temperature there also seemed to be more secondary tethering. Secondary teth-

ering is the result of interaction of L-selectin on circulating neutrophils with PSGL-1 presented 

by already adherent neutrophils [15, 33]. It is known that neutrophils rolling at a high shear 

stress form long tethers [34]. An explanation for more tethering during cooling could be that 

hypothermia changes the viscosity of the medium and consequently on the applied shear 

stress. Another explanation could be the higher expression of L-selectin on rolling neutrophils 

during hypothermia, and thus more chance on interaction with PSGL-1. 

By examining the marker expression on rolling neutrophils after removing them from the 

HUVECs, we showed that the expression of L-selectin on neutrophils was indeed higher at a 

low temperature. That ruled out the explanation of neutrophils being activated by cold. The 

higher expression of L-selectin on neutrophils during hypothermia might explain the increased 

adherence to vessel walls at that temperature. This is supported by a study where reduced 

leukocyte rolling velocity by inhibiting L-selectin shedding resulted in an increased neutrophil 

adhesion [35, 36]. 

In this study we did not study the effect of rewarming of the neutrophils. However, several 

other studies describe the effect of rewarming on the white blood cell count in the peripheral 

blood. These studies underscore our hypothesis that during cooling neutrophils migrate toward 

the marginated pool, as the neutrophil counts in this study returned to precooling values after 

re-warming [7, 34]. This showed that neutrophils could be mobilized quickly to the peripheral 

circulation. This reversible drop in neutrophil count was suggestive for margination of the cells 

during hypothermia. 

In conclusion, during hypothermia in vivo neutrophil counts in peripheral blood are decreased 

without change in marker expression on the remaining circulating neutrophils and in vitro 

neutrophils showed a reduced rolling velocity during hypothermia. It is speculated that the 

slower rolling during hypothermia is the result of less L-selectin shedding during hypothermia 

and results in an increased exposure of the neutrophil to the endothelium. This is necessary 

for transition toward the marginated pool during cooling. This insight in the neutrophil mar-

gination behaviour upon hypothermia can provide a handle for further research on the insight 

of the effect of hypothermia.



Role of L-selectin in transition of neutrophils

55

3

References

1. Rotondo MF, Zonies DH. The damage control sequence and underlying logic. The Surgical clinics of North America. 

1997;77(4):761-77. Epub 1997/08/01. PubMed PMID: 9291979.

2. Jurkovich GJ, Greiser WB, Luterman A, Curreri PW. Hypothermia in trauma victims: an ominous predictor of survival. 

The Journal of trauma. 1987;27(9):1019-24. Epub 1987/09/01. PubMed PMID: 3656464.

3. Qing M, Vazquez-Jimenez JF, Klosterhalfen B, Sigler M, Schumacher K, Duchateau J, et al. Influence of temperature 

during cardiopulmonary bypass on leukocyte activation, cytokine balance, and post-operative organ damage. Shock 

(Augusta, Ga). 2001;15(5):372-7. Epub 2001/05/05. PubMed PMID: 11336197.

4. Oddo M, Schaller MD, Feihl F, Ribordy V, Liaudet L. From evidence to clinical practice: effective implementation of 

therapeutic hypothermia to improve patient outcome after cardiac arrest. Critical care medicine. 2006;34(7):1865-

73. Epub 2006/05/23. doi: 10.1097/01.Ccm.0000221922.08878.49. PubMed PMID: 16715035.

5. Polderman KH, Tjong Tjin Joe R, Peerdeman SM, Vandertop WP, Girbes AR. Effects of therapeutic hypothermia on 

intracranial pressure and outcome in patients with severe head injury. Intensive care medicine. 2002;28(11):1563-

73. Epub 2002/11/05. doi: 10.1007/s00134-002-1511-3. PubMed PMID: 12415442.

6. Hildebrand F, Giannoudis PV, van Griensven M, Chawda M, Pape HC. Pathophysiologic changes and effects of 

hypothermia on outcome in elective surgery and trauma patients. American journal of surgery. 2004;187(3):363-

71. Epub 2004/03/10. doi: 10.1016/j.amjsurg.2003.12.016. PubMed PMID: 15006564.

7. Bouma HR, Dugbartey GJ, Boerema AS, Talaei F, Herwig A, Goris M, et al. Reduction of body temperature governs 

neutrophil retention in hibernating and nonhibernating animals by margination. Journal of leukocyte biology. 

2013;94(3):431-7. Epub 2013/06/15. doi: 10.1189/jlb.0611298. PubMed PMID: 23766528.

8. Shenaq SA, Yawn DH, Saleem A, Joswiak R, Crawford ES. Effect of profound hypothermia on leukocytes and 

platelets. Annals of clinical and laboratory science. 1986;16(2):130-3. Epub 1986/03/01. PubMed PMID: 3963733.

9. Kuebler WM, Goetz AE. The marginated pool. European surgical research Europaische chirurgische Forschung 

Recherches chirurgicales europeennes. 2002;34(1-2):92-100. Epub 2002/02/28. doi: 10.1159/000048894. PubMed 

PMID: 11867908.

10. Woodfin A, Voisin MB, Beyrau M, Colom B, Caille D, Diapouli FM, et al. The junctional adhesion molecule JAM-C 

regulates polarized transendothelial migration of neutrophils in vivo. Nature immunology. 2011;12(8):761-9. Epub 

2011/06/28. doi: 10.1038/ni.2062. PubMed PMID: 21706006; PubMed Central PMCID: PMCPMC3145149.

11. Kuijper PH, Gallardo Torres HI, van der Linden JA, Lammers JW, Sixma JJ, Zwaginga JJ, et al. Neutrophil adhe-

sion to fibrinogen and fibrin under flow conditions is diminished by activation and L-selectin shedding. Blood. 

1997;89(6):2131-8. Epub 1997/03/15. PubMed PMID: 9058736.

12. Hietbrink F, Koenderman L, Rijkers G, Leenen L. Trauma: the role of the innate immune system. World jour-

nal of emergency surgery : WJES. 2006;1:15. Epub 2006/06/09. doi: 10.1186/1749-7922-1-15. PubMed PMID: 

16759367; PubMed Central PMCID: PMCPMC1481567.

13. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflammation: the leukocyte adhesion cas-

cade updated. Nature reviews Immunology. 2007;7(9):678-89. Epub 2007/08/25. doi: 10.1038/nri2156. PubMed 

PMID: 17717539.

14. Hildebrand F, van Griensven M, Giannoudis P, Schreiber T, Frink M, Probst C, et al. Impact of hypothermia on the 

immunologic response after trauma and elective surgery. Surgical technology international. 2005;14:41-50. Epub 

2006/03/10. PubMed PMID: 16525953.

15. Zarbock A, Ley K. Mechanisms and consequences of neutrophil interaction with the endothelium. The Ameri-

can journal of pathology. 2008;172(1):1-7. Epub 2007/12/15. doi: 10.2353/ajpath.2008.070502. PubMed PMID: 

18079440; PubMed Central PMCID: PMCPMC2189633.

16. Algra SO, Groeneveld KM, Schadenberg AW, Haas F, Evens FC, Meerding J, et al. Cerebral ischemia initiates 



Chapter 3

56

an immediate innate immune response in neonates during cardiac surgery. Journal of neuroinflammation. 

2013;10:24. Epub 2013/02/09. doi: 10.1186/1742-2094-10-24. PubMed PMID: 23390999; PubMed Central 

PMCID: PMCPMC3599234.

17. Algra SO, Schouten AN, van Oeveren W, van der Tweel I, Schoof PH, Jansen NJ, et al. Low-flow antegrade cerebral 

perfusion attenuates early renal and intestinal injury during neonatal aortic arch reconstruction. The Journal of tho-

racic and cardiovascular surgery. 2012;144(6):1323-8, 8.e1-2. Epub 2012/04/17. doi: 10.1016/j.jtcvs.2012.03.008. 

PubMed PMID: 22503201.

18. Tak T, Wijten P, Heeres M, Pickkers P, Scholten A, Heck AJR, et al. Human CD62L(dim) neutrophils identified as 

a separate subset by proteome profiling and in vivo pulse-chase labeling. Blood. 2017;129(26):3476-85. Epub 

2017/05/19. doi: 10.1182/blood-2016-07-727669. PubMed PMID: 28515092.

19. Pillay J, Ramakers BP, Kamp VM, Loi AL, Lam SW, Hietbrink F, et al. Functional heterogeneity and differential priming 

of circulating neutrophils in human experimental endotoxemia. Journal of leukocyte biology. 2010;88(1):211-20. 

Epub 2010/04/20. doi: 10.1189/jlb.1209793. PubMed PMID: 20400675.

20. Visser T, Hietbrink F, Groeneveld KM, Koenderman L, Leenen LP. Isolated blunt chest injury leads to transient 

activation of circulating neutrophils. European journal of trauma and emergency surgery : official publication of 

the European Trauma Society. 2011;37(2):177-84. Epub 2011/08/13. doi: 10.1007/s00068-010-0041-x. PubMed 

PMID: 21837259; PubMed Central PMCID: PMCPMC3150797.

21. Kamp VM, Pillay J, Lammers JW, Pickkers P, Ulfman LH, Koenderman L. Human suppressive neutrophils CD16bright/

CD62Ldim exhibit decreased adhesion. Journal of leukocyte biology. 2012;92(5):1011-20. Epub 2012/08/29. doi: 

10.1189/jlb.0612273. PubMed PMID: 22927481.

22. Pillay J, Kamp VM, Pennings M, Oudijk EJ, Leenen LP, Ulfman LH, et al. Acute-phase concentrations of soluble 

fibrinogen inhibit neutrophil adhesion under flow conditions in vitro through interactions with ICAM-1 and MAC-1 

(CD11b/CD18). Journal of thrombosis and haemostasis : JTH. 2013;11(6):1172-82. Epub 2013/04/16. doi: 10.1111/

jth.12250. PubMed PMID: 23581432.

23. Ulfman LH, Kuijper PH, van der Linden JA, Lammers JW, Zwaginga JJ, Koenderman L. Characterization of eosinophil 

adhesion to TNF-alpha-activated endothelium under flow conditions: alpha 4 integrins mediate initial attach-

ment, and E-selectin mediates rolling. Journal of immunology (Baltimore, Md : 1950). 1999;163(1):343-50. Epub 

1999/06/29. PubMed PMID: 10384134.

24. Ulfman LH, Kamp VM, van Aalst CW, Verhagen LP, Sanders ME, Reedquist KA, et al. Homeostatic intracellular-free 

Ca2+ is permissive for Rap1-mediated constitutive activation of alpha4 integrins on eosinophils. Journal of immu-

nology (Baltimore, Md : 1950). 2008;180(8):5512-9. Epub 2008/04/09. PubMed PMID: 18390735.

25. Ulfman LH, Joosten DP, van der Linden JA, Lammers JW, Zwaginga JJ, Koenderman L. IL-8 induces a transient arrest 

of rolling eosinophils on human endothelial cells. Journal of immunology (Baltimore, Md : 1950). 2001;166(1):588-

95. Epub 2000/12/21. PubMed PMID: 11123341.

26. Groeneveld KM, Koenderman L, Warren BL, Jol S, Leenen LPH, Hietbrink F. Early decreased neutrophil responsiveness 

is related to late onset sepsis in multitrauma patients: An international cohort study. PloS one. 2017;12(6):e0180145. 

Epub 2017/07/01. doi: 10.1371/journal.pone.0180145. PubMed PMID: 28665985; PubMed Central PMCID: 

PMCPMC5493351.

27. Hietbrink F, Oudijk EJ, Braams R, Koenderman L, Leenen L. Aberrant regulation of polymorphonuclear phago-

cyte responsiveness in multitrauma patients. Shock (Augusta, Ga). 2006;26(6):558-64. Epub 2006/11/23. doi: 

10.1097/01.shk.0000233196.40989.78. PubMed PMID: 17117129.

28. Bouma HR, Kroese FG, Kok JW, Talaei F, Boerema AS, Herwig A, et al. Low body temperature governs the decline 

of circulating lymphocytes during hibernation through sphingosine-1-phosphate. Proceedings of the National 

Academy of Sciences of the United States of America. 2011;108(5):2052-7. Epub 2011/01/20. doi: 10.1073/

pnas.1008823108. PubMed PMID: 21245336; PubMed Central PMCID: PMCPMC3033260.

29. Inkovaara P, Suomalainen P. Studies on the physiology of the hibernating hedgehog. 18. On the leukocyte counts 



Role of L-selectin in transition of neutrophils

57

3

in the hedgehog’s intestine and lungs. Suomalainen Tiedeakatemia toimituksia Sar A4: Biologica. 1973;200:1-21. 

Epub 1973/01/01. PubMed PMID: 4788806.

30. Nash GB, Abbitt KB, Tate K, Jetha KA, Egginton S. Changes in the mechanical and adhesive behaviour of human 

neutrophils on cooling in vitro. Pflugers Archiv : European journal of physiology. 2001;442(5):762-70. Epub 

2001/08/21. PubMed PMID: 11512033.

31. Fan Z, Ley K. Leukocyte arrest: Biomechanics and molecular mechanisms of beta2 integrin activation. Biorheology. 

2015;52(5-6):353-77. Epub 2015/12/20. doi: 10.3233/bir-15085. PubMed PMID: 26684674; PubMed Central 

PMCID: PMCPMC4869873.

32. Westermann S, Vollmar B, Thorlacius H, Menger MD. Surface cooling inhibits tumor necrosis factor-alpha-induced 

microvascular perfusion failure, leukocyte adhesion, and apoptosis in the striated muscle. Surgery. 1999;126(5):881-

9. Epub 1999/11/24. PubMed PMID: 10568188.

33. Eriksson EE, Xie X, Werr J, Thoren P, Lindbom L. Importance of primary capture and L-selectin-dependent secondary 

capture in leukocyte accumulation in inflammation and atherosclerosis in vivo. The Journal of experimental medicine. 

2001;194(2):205-18. Epub 2001/07/18. PubMed PMID: 11457895; PubMed Central PMCID: PMCPMC2193449.

34. Sundd P, Pospieszalska MK, Cheung LS, Konstantopoulos K, Ley K. Biomechanics of leukocyte rolling. Biorheology. 

2011;48(1):1-35. Epub 2011/04/26. doi: 10.3233/bir-2011-0579. PubMed PMID: 21515934; PubMed Central 

PMCID: PMCPMC3103268.

35. Hafezi-Moghadam A, Ley K. Relevance of L-selectin shedding for leukocyte rolling in vivo. The Journal of exper-

imental medicine. 1999;189(6):939-48. Epub 1999/03/17. PubMed PMID: 10075977; PubMed Central PMCID: 

PMCPMC2193047.

36. Hafezi-Moghadam A, Thomas KL, Prorock AJ, Huo Y, Ley K. L-selectin shedding regulates leukocyte recruitment. 

The Journal of experimental medicine. 2001;193(7):863-72. Epub 2001/04/03. PubMed PMID: 11283159; PubMed 

Central PMCID: PMCPMC2193368.





Karlijn J.P. van Wessem MD1, Marjolein Heeres MD1,2, Pieter

H.C. Leliefeld MD1,2, Leo Koenderman PhD2, Luke P.H. Leenen

1Department of Trauma Surgery and 2Respiratory Medicine, University Medical Center 

Utrecht, Utrecht, the Netherlands

J Trauma Acute Care Surg. 2013 Jan;74(1):37-43; discussion 43-4.

Chapter 4

Lipopolysaccharide and 
hemorrhagic shock cause 

systemic inflammation by 
different mechanisms



Chapter 4

60

Abstract

Background. Hemorrhagic shock (HS) and sepsis are common after trauma. These trauma 

patients often need ventilatory support. The resulting hyper-inflammatory state can cause 

neutrophil mediated complications such as Acute Respiratory Distress Syndrome (ARDS). An 

important underlying mechanism is neutrophil (PMN) priming by Damage-Associated Molecu-

lar Patterns (DAMPs, caused by e.g. HS and ventilation) and by Pathogen-Associated Molecular 

Patterns (PAMPs e.g. LPS in sepsis). The aim of this study was to compare the inflammatory 

response induced by DAMPs (liberated during HS) and PAMPs (LPS challenge) under conditions 

of high volume ventilation.

Methods. Twenty-seven male Sprague-Dawley rats were randomized for mechanical ven-

tilation (MV) alone (9 rats, positive end-expiratory pressure 5 cm H2O, Pressure Controlled 

+20 cm H2O, FiO2 0.33), MV+HS (9 rats, hemorrhage 30% volume loss) or MV+LPS (9 rats, 

LPS 5mg/kg intravenously). Five rats were used as controls. Total PMN count and differentials 

were determined. In addition, the expression of activation markers (CD62L and CD11b) on 

blood derived PMNs was measured by flow cytometry. Pulmonary inflammatory response was 

measured by PMN counts in broncho-alveolar fluid (BALF). The presence of neutrophils in the 

lung was determined by total myeloperoxidase (MPO). Results are expressed as means+SEM, 

p≤0.05 is considered statistically significant.

Results. All treated rats had more neutrophils in blood and BALF than controls. MPO was 

significantly higher in all groups compared to controls. MV and MV+HS rats had more blood 

neutrophils with CD62Lbright/CD11bdim phenotypes, whereas MV+LPS rats showed more 

CD62Ldim/CD11bbright neutrophils, indicative for activated cells.

Conclusions. All ventilated rats showed a systemic inflammatory response. The responses to 

HS and MV were very similar, suggesting a common pathway of DAMP associated inflamma-

tion. In marked contrast, LPS showed a different neutrophil phenotype (CD62Ldim/CD11bbright), 

suggesting a different inflammatory response. It is concluded that shock induced by DAMPs 

and PAMPs have different underlying mechanisms.
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Background

Hemorrhagic shock (HS) and sepsis are common after trauma and activate the immune system 

by priming neutrophils, which are also called polymorph neutrophil granulocytes (PMN). The 

resulting hyper-inflammatory state can cause neutrophil mediated complications, such as Acute 

Respiratory Distress Syndrome (ARDS) [1-5]. 

Mechanical ventilation (MV), as often used to support multi trauma patients in the first phase 

after the accident, can cause injury to the lung depending on the strategy and ventilation mode 

or attribute to existing lung damage [6,9-11]. Inflammatory effects seen in ventilator induced 

lung injury (VILI) and hemorrhagic shock (HS) are comparable [7,8]. An important underlying 

mechanism is neutrophil (PMN) priming by Damage-Associated Molecular Patterns (DAMPs, 

caused by e.g. HS and ventilation) and by Pathogen-Associated Molecular Patterns (PAMPs 

e.g. LPS in sepsis). 

PAMPs liberated from invading microbes are recognized by Toll-like receptors (TLRs) expressed 

by e.g. neutrophils. TLRs can detect the threat of microbes and start the required antimicrobial 

response. TLRs have also the ability to detect endogenous molecules known as DAMPs, which 

are produced in response to injury [12,13]. It has been debated whether there is a common 

pathway for DAMPs and PAMPs to activate neutrophils or that these molecular patterns have 

different underlying mechanisms [14,15]. 

The aim of this study was to compare the inflammatory response induced by DAMPs (liberated 

during HS) and PAMPs (LPS) in rats that were ventilated with high volume ventilation.

Methods

The study was approved by the animal care and use committee of the University Medical Center 

Utrecht, Utrecht, The Netherlands. All animal procedures were carried out in compliance with 

national and international standards for use of laboratory animals.

Animal preparation

Experiments were performed with healthy adult male Sprague-Dawley rats (Harlan, Zeist, The 

Netherlands) weighing 300-390 grams. The animals acclimated for at least 7 days in our animal 

facility with free access to standard rodent food and water. 
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Experimental design

A total of 27 rats were randomly assigned to the following 3 experimental groups: 9 rats were 

subjected to MV alone, 9 rats were subjected to MV+HS and 9 rats underwent MV+LPS. Five 

extra rats were directly terminated after induction anaesthesia and served as controls to obtain 

physiologic baseline levels.

At the start of the experiment all rats were anaesthetized using inhalation anaesthesia (5% 

Isoflurane, 1L/min oxygen and 1L/min room air, Isoflurane; Pharmachemie BV, Haarlem, The 

Netherlands). Hereafter, anaesthesia was maintained using a mix of 0.9 ml/kg ketamine (100 

mg/ml, AST Farma BV, Oudewater, The Netherlands), 0.5 ml/kg dexmedetomidine (0.5 mg/ml, 

Orion Corporation, Espoo, Finland) and 0.05 ml/kg atropine (1.0 mg/ml, American Regent Inc, 

Shirley, NY, USA) intraperitonally injected hourly. Body temperature was maintained between 

36-38oC with a heating pad to prevent hypothermia. A silicone catheter (0.02 ‘’x 0.037’’ 

Digamia silicone ltd, Israel) was inserted in the right carotid artery of all rats to monitor blood 

pressure and draw blood. Pain relief was obtained by 0.3 ml Buprenorfine 0.3 mg/ml/hr 10% 

intramuscularly (AST Farma BV, Oudewater, The Netherlands).

Mechanical ventilation

Rats subjected to MV were tracheotomized and a metal cannula was inserted. The cannula 

was connected to a ventilator (Servo Ventilator 900C; Siemens-Elema, Solna, Sweden) and 

rats were ventilated for 4 hours in a pressure controlled, time cycled mode (positive end-ex-

piratory pressure 5 cm H2O, Pressure Control +20 cm H2O, FiO2 0.33, frequency 10-20/min). 

Ventilator adjustments were only made in frequency to aim for neutral pH and normocapnia. 

Muscle relaxation was attained with 2 mg/kg/90min pancuronium bromide (Pavulon; Organon 

Technika, Boxtel, The Netherlands).

In order to prevent hemodynamic instability in ventilated rats, they were given 10 ml/kg/hr 

normal saline as proposed by Vreugdenhil, et al. [6]. 

Hemorrhagic shock

Animals randomized for MV+HS were subjected to a volume-controlled hemorrhage (30% 

volume loss; 20ml/kg, Class 3 shock according to the Advanced Trauma Life Support criteria) 

by rapid blood withdrawal from the carotid catheter. Blood was collected into a heparinized 

syringe to prevent from clotting and kept at 37oC. The shock was maintained for 30 minutes. 

After 30 minutes, rats were resuscitated with shed blood and normal saline (40 ml/kg) during 

the next hour. 

Blood gas analysis was performed at t=0, 30, 90, 180, 240 minutes using a pH/blood gas 

analyzer (ABL 505; Radiometer, Copenhagen, Denmark).



LPS and hemorrhagic shock cause systemic inflammation different

63

4

Endotoxemia by intravenous administration of Lipopolysaccharide (LPS) 

Animals included in MV+LPS group were subjected to a single intravenous bolus injection (5 

mg/kg) Escherichia coli serotype 0111:B4 endotoxin into the carotid artery catheter.

Blood and tissue collection

After 240 minutes rats were terminated by collecting blood by cardiac puncture. The lungs 

were harvested, the left lung was used for BALF analysis and the right lung was snap-frozen 

in liquid nitrogen and stored at -80°C until further analysis.

Neutrophil count in blood was used as measurement for systemic inflammation. The collected 

blood samples were centrifuged and lysed twice in ice-cold isotonic NH4Cl solution followed 

by centrifugation at 4°C. After a final wash with PBS2+ (phosphate-buffered saline with added 

sodium citrate [0.38% wt/vol] and pasteurized plasma proteins [10% vol/vol]), the neutrophil 

percentage was calculated. Differential cell counts were enumerated on cytospin-prepared 

slides stained with May-Grűnwald&Giemsa. 

Flow cytometry

Blood was collected in sodium-heparin coated syringes. Within one hour after sampling, blood 

samples were analyzed for neutrophil phenotype and functionality. 

The samples were cooled on melting ice, directly after withdrawal, and kept on ice during 

the whole procedure. Erythrocytes were lysed in ice-cold isotonic NH4Cl solution followed by 

centrifugation at 4oC. After two washes with PBS2+ and pasteurized plasma proteins [10% 

vol/vol]), the total leukocytes were stained with antibodies for 30 min at 4oC. Monoclonal 

antibodies used for flow cytometry were R-phycoerythrin (RPE)-labelled CD11b (clone M1/70; 

eBioscience, Vienna, Austria) and FITC-labelled CD62L (clone OX-85; AbD Serotec, Düsseldorf, 

Germany). Cells were washed before analysis on a FACS calibur flow-cytometer (Becton & 

Dickinson, Mountain View, CA, USA). Neutrophils were identified according to their specific 

forward- and sideward signals

Bronchoalveolar lavage fluid (BALF) analysis

After termination the left lung was lavaged three times with 5 ml normal saline at 37oC. 

BAL samples were centrifuged at 1500 rpm for 5 minutes at 10°C (Allegra 6R Centrifuge, 

Beckman Coulter, Woerden, The Netherlands). The pellet was resuspended in 200 μL of PBS, 

after that 20 μl BAL fluid was mixed with Turks suspension (lysis buffer). Total cell count of 

viable BAL cells was determined using a grid hemocytometer (Fuchs-Rosenthal, Marienfeld, 

Germany). Differential cell counts were enumerated on cytospin-prepared slides stained with 

May-Grűnwald&Giemsa. 
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Lung myeloperoxidase (MPO) activity

A part of the frozen right lung was thawed and homogenized in a buffer agent (4-(2-hydroxyeth-

yl)-1-piperazineethanesulfonic acid (HEPES)) and centrifuged for 30 minutes at 5000x g. The 

pellet was redissolved in 10mM sodium citrate buffer containing 25% hexadecyltrimethyl 

ammonium bromide (CTAC, Sigma-Aldrich, Zwijndrecht, The Netherlands). An aliquot of the 

supernatant was assayed by measuring H2O2-dependent oxidation of tetramethylbenzidine 

(TMB, Sigma-Aldrich, Zwijndrecht, The Netherlands) in phosphoric acid. Absorbance at 450 

nm of visible light was measured and MPO activity was calculated in units per microgram lung 

tissue as measure of pulmonary inflammation.

Statistical analysis

For analysis of absolute neutrophil numbers in blood and BALF and neutrophil surface recep-

tor expression Kruksal-Wallis test was used with post-hoc Dunns comparison. Mann-Whitney 

test was used for analysis between groups. Data are expressed as mean+standard error(SEM). 

P<0.05 was considered statistically significant.

Results

All rats survived the experimental protocol. Ventilated rats were all ventilated sufficiently with 

PaO2s well over 100mmHg and low PaCO2s during the whole experiment (table 1).

Mechanical ventilation induces an inflammatory response in rats

The effect of ventilation on systemic inflammation measured by absolute neutrophil count in 

blood showed a significant increase in MV rats compared to controls (fig 2). Pulmonary inflam-

mation measured by neutrophil counts in BALF showed also significantly more neutrophils in 

BALF of MV rats compared to control rats (fig 3). MPO of MV rats was significantly higher 

than control rats (fig 4). 

There was no difference in CD62L levels (fig 5a) between MV rats and controls, nor was there 

any difference in CD11b levels between both groups (fig 5b). Flow cytometric analysis and 

histograms of CD62L and CD11b expressions are shown in figure 6.

Mechanical ventilation and shock combined have similar inflammatory effect in rats 

as mechanical ventilation alone

As can be expected MV+HS rats had lower blood pressure (fig1), deeper base deficit and lower 

hemoglobin levels after 30 minutes than MV rats (table 1). After resuscitation, blood pressure 

stayed lower than in MV rats until 180 minutes (fig 1). Base deficit and hemoglobin stayed 

lower for the rest of the experiment (table 1). 

MV+HS rats had more blood neutrophils than controls, but there was no difference in neutro-
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phil counts between MV and MV+HS rats (fig 2).

As in blood, BALF neutrophil counts showed higher numbers in MV+HS compared to controls, 

but no difference in MV+HS rats compared to MV rats (fig 3). Further, MV+HS rats had signifi-

cantly more MPO activity than controls but lower activity than MV rats (fig 4).CD62L levels in 

MV+HS were similar to controls and MV rats (fig 5a). CD11b levels were slightly higher than 

controls but comparable to MV rats (fig 5b). Flow cytometric analysis and histograms of CD62L 

and CD11b expressions are shown in figure 6.

Table 1. Blood gas analysis and hemoglobin levels during experiment

Pa02 (mmHg) PaCO2 (mmHg) BE/BD (mEq/L) Hemoglobin (mmol/L)

T=0 min
MV
MV+LPS
MV+HS

186+6
178+7
173+11

34+2
29+1
27+2

4.2+1.3
2.3+0.9
0.5+1.4

16.1+0.3
15.9+0.5
15.6+0.6

T=30 min
MV
MV+LPS
MV+HS

174+3
174+3
151+22

32+2
32+1
18+4bc

1.5+1.0 abc

-0.7+0.9
-14.0+3.1

15.5+0.3 bc

15.6+0.5
11.5+2.4

T=90 min
MV
MV+LPS
MV+HS

173+4
176+4
176+10

33+2
34+3
28+3

-1.2+0.8 ab

-8.8+0.7
-14.3+3.7

15.9+0.4 bc

15.7+0.7
13.8+0.8

T=180 min
MV
MV+LPS
MV+HS

162+18
180+7
188+20

33+3
26+3
23+3

-3.5+1.2 ab

-20.4+2.1
-16.8+4.8

16.1+0.3 bc

16.8+0.7
13.9+1.5

T=240 min
MV
MV+LPS
MV+HS

169+8
158+12
154+23

29+3
21+2
31+6

-13.1+2.2 ab

-24.8+2.0
-19.4+3.9

16.0+0.5 bc

16.2+0.7
11.9+1.4

MV=mechanical ventilation; LPS=lipopolysaccharide; HS=hemorrhagic shock
a significant differences between MV and MV +LPS rats; b significant differences between MV and MV+HS rats; c 
significant differences between MV+LPS and MV+HS rats
No differences in PaO2 between the groups were observed during the experiment. At t=30 min PaCO2 was significantly 
lower in MV+LPS rats compared to other rats. This was corrected at 90 min. MV+LPS and MV+HS rats had significantly 
lower base deficits than MV rats after 30 min and it stayed lower for the remaining experiment. At t=30 min MV+HS 
rats had lower base deficits than MV+LPS rats. At t=30 min MV+HS rats had lower hemoglobin than the other rats 
and this remained lower till termination.

Mechanical ventilation and LPS induce a different inflammatory response in rats

MV+LPS rats had lower blood pressure than MV rats after 30 minutes, but their blood pressure 

did not fall as much as in MV+HS rats (fig 1). After resuscitation, blood pressure was compara-

ble to MV+HS rats but stayed lower than MV rats for 180 minutes. At termination there were 

no differences in blood pressure any more (fig 1). Base deficit fell after 30 minutes, to stay 

lower than MV rats for the rest of the experiment (table 1). As was anticipated hemoglobin 
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did not differ from MV rats.

The effect of LPS and ventilation on systemic inflammation measured by absolute neutrophil 

count in blood showed a significant increase compared to controls (fig 2). Pulmonary inflam-

mation measured by neutrophil counts in BALF showed significantly more neutrophils in BALF 

of MV+LPS rats compared to control rats (fig 3). MPO of MV+LPS rats was also significantly 

higher than control rats and MV+HS rats, but comparable to MV rats (fig 4).

CD62L levels of MV+LPS rats were significantly lower than all other rats (fig 5a). CD11b levels 

were significantly higher than all other rats (fig 5b). Flow cytometric analysis and histograms 

of CD62L and CD11b expressions are shown in figure 6.

Figure 1. Mean arterial blood pressure (MAP) during experiment  

BP=blood pressure; MV=mechanical ventilation; LPS=lipopolysaccharide; HS=hemorrhagic shock
*=significant differences between MV and MV+LPS rats. #=significant differences between MV and MV+HS rats. 
+=significant differences between MV+LPS and MV+HS rats
MAP is shown for the different treatment groups: (Δ)-MV; (●)-MV+LPS; (▲)-MV+HS. BP of all rats declined during the 
experiment. MV+LPS and MV+HS showed significant BP drops from t=30 min till t=180 min. After 30 min, there was 
no difference anymore between MV+LPS and MV+HS.
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Figure 2. Absolute neutrophil numbers in blood (* P<0.05)

MV=mechanical ventilation, LPS=lipopolysaccharide, HS=hemorrhagic shock. All treated groups had significantly more 
neutrophils in blood than controls, indicative for a systemic inflammatory response. There was no difference in neu-
trophil counts between MV, MV+LPS or MV+HS rats.

Figure 3. Absolute neutrophil numbers in bronchoalveolar fluid (BALF) (* P<0.05)

MV=mechanical ventilation, LPS=lipopolysaccharide, HS=hemorrhagic shock
All treated groups had significantly more neutrophils in broncho-alveolar fluid (BALF) than controls, indicative for a 
pulmonary inflammatory response. There was no difference in neutrophil counts between MV, MV+LPS or MV+HS rats.
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Figure 4. Myeloperoxidase (units per µg lung tissue, * P<0.05)

MV=mechanical ventilation, LPS=lipopolysaccharide, HS=hemorrhagic shock
Myeloperoxidase analysis showed a significantly higher reaction in the lungs of all treated groups compared to controls. 
MV and MV+LPS rats had higher number of units per µg lung tissue than MV+HS rats. This is consistent with the 
‘global homing theory’ that neutrophils spread to all organs after HS.

Figure 5. Receptor expression on neutrophil surface (*P<0.05)

MV=mechanical ventilation, LPS=lipopolysaccharide, HS=hemorrhagic shock. A: CD62L expression on neutrophil 
surface expressed in Mean Fluorescence Units (MFU). CD62L expression was lower in MV+LPS rats compared to con-
trols, MV and MV+HS rats. There was no difference in CD62L expression in neutrophils of controls, MV and MV+HS 
rats. B: CD11b expression on neutrophil surface expressed in Mean Fluorescence Units (MFU). CD11b expression was 
significantly higher in MV+LPS rats compared to controls, MV and MV+HS rats. There was no difference in CD11b 
expression in neutrophils of controls and MV rats. MV and MV+HS rats had similar CD11b levels, however MV+HS 
rats had slightly higher CD11b expression in neutrophils than controls.



LPS and hemorrhagic shock cause systemic inflammation different

69

4

Figure 6. Representative examples of flow cytometric analysis. Histograms show CD62L and CD11b expressions. A: 
control group; B: MV; C: MV + LPS; D: MV + HS

MV=mechanical ventilation, LPS=lipopolysaccharide, HS=hemorrhagic shock
Controls, MV rats and MV+HS rats showed CD62Lbright/CD11bdim PMN phenotype. LPS treated rats showed a reversed 
PMN phenotype (CD62Ldim and CD11bbright). This difference in PMN phenotype between LPS treated rats and the other 
rats is suggestive for at least a partial different pathway of early inflammatory response induction between LPS and HS.
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Discussion

All rats showed both a systemic and pulmonary inflammatory response. MV and MV+HS 

rats showed neutrophils with similar phenotypes (CD62Lbright/CD11bdim) in blood suggesting a 

common pathway of DAMP associated inflammation. In marked contrast, MV+LPS treated rats 

showed a different neutrophil phenotype (CD62Ldim/CD11bbright) suggesting that hemorrhagic 

shock induced by DAMPs has a different underlying mechanism than LPS induced by PAMPs.

When LPS treated rats were compared to HS rats, a difference in neutrophil localization was 

demonstrated; MV+LPS rats had the highest lung MPO, meaning the highest neutrophils 

concentration in the lung, indicating that neutrophils in MV+LPS rats accumulated in the lung. 

This conclusion was confirmed by the presence of neutrophils with the CD62Ldim/CD11bbright 

phenotype in blood of MV+LPS rats. CD62L, also known as L-selectin, is present on leukocyte 

surface membranes and up-regulation increases the interaction between leukocytes and the 

endothelial ligands, resulting in enhanced primary and secondary tethering. CD11b is a protein 

subunit of the β2 subfamily integrin that forms the heterodimeric integrin alpha-M beta-2 

(αMβ2; CD11b/CD18) molecule, also known as macrophage-1 antigen (Mac-1) or complement 

receptor 3 (CR3). CD11b is expressed on the surface of neutrophils and mediates inflammation 

by regulating leukocyte adhesion and migration.

The CD62Ldim/CD11bbright phenotype in MV+LPS rats is indicative for activated cells, as upon 

activation neutrophils shed CD62L and increase the surface expression of CD11b [16,17]. These 

changes in neutrophil adhesive protein expression are associated with vascular sequestration 

and pulmonary accumulation. This activated neutrophil phenotype found after LPS challenge 

has been described by others as well [17]. 

MV+HS rats showed significantly higher MPO levels than controls, but lower levels than 

MV+LPS rats. Further, both MV and MV+HS rats showed CD62Lbright/CD11bdim neutrophil 

phenotypes in blood. This neutrophil phenotype has also been previously described by White-

Owen, et al., and they have demonstrated that neutrophils lack CD11b expression early after 

injury [18]. There seems to be no clear explanation for this “inactive neutrophil’’ phenotype. 

It is possible that in MV and MV+HS rats all activated neutrophils have left for the tissues (not 

only the lung) and only the either very old or very young neutrophils (just released from bone 

marrow) not susceptible to activation, are left in the circulation. This has also been suggested 

by others [14,17,19,20]. Tanaka, et al., have analyzed the cause of death in forensic autopsy 

cases and found a significant increase of neutrophils in all organs in people who died of 

hemorrhagic shock compared to other causes of death [20]. This could indicate that activated 

neutrophils have left for the organs leaving inactive neutrophils behind in the circulation. This 

phenomenon of ‘’diffuse homing’’ not only certifies our results (lower lung MPO, because 

neutrophils spread to all organs), but also explains multiple organ failure frequently seen after 

trauma [24], as sign of neutrophil mediated complications. 
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An explanation for different neutrophil phenotypes between hemorrhagic shock and LPS might 

be the difference in magnitude and duration of the inflammatory stimulus; HS rats were in 

shock for 30 minutes and resuscitated for 90 minutes. LPS was injected as a bolus at t=0 min-

utes and no specific treatment for septic shock was started. Treatment of hemorrhagic shock 

(blood and/or fluid resuscitation) can have a profound effect on neutrophil phenotypes [21-23] 

and it is possible that the resuscitation has changed the neutrophil phenotype. Further, septic 

shock and hemorrhagic shock (HS) are two different clinical entities and it is clear that HS will 

develop sooner than septic shock as is demonstrated by the change in blood pressure (BP). 

Clinical studies have shown that both patients in septic shock and patients after hemorrhagic 

shock can develop similar neutrophil induced complications such as ARDS. This suggests that 

both HS and septic shock somehow induce a similar inflammatory response by activating 

neutrophils even though their clinical entity is different. The goal of the experiment was not to 

induce an identical shock, but to induce comparable insults leading to a similar induction of a 

systemic and neutrophil driven inflammatory response. Previous studies in humans have shown 

that the inflammatory response induced by endotoxemia is present after 3 hours [14]. The 

measured clinical physiologic signs (blood pressure, arterial blood gas) showed no differences 

between MV+HS rats and MV+LPS rats at termination (240 minutes). Further, the difference 

in base deficit at t =0 minutes and t=240 minutes in all 3 groups is about -20 mEq/L indicat-

ing that all rats had a similar physiologic insult during the experiment. In all groups injurious 

MV was used with high pressures. This resulted in relatively high PaO2 and low PaCo2. Not 

only the MV+LPS and MV+HS groups developed a deep base deficit during the course of the 

experiment, at termination the base deficit of the MV only group was also severely low (table 

1). Likely, normal saline administered (10 ml/kg/hr) to prevent hemodynamic instability during 

MV has attributed to the base deficit (hyperchloremic acidosis). A possible solution would 

have been to use sodium bicarbonate [25]. This was not done because this would not mimic 

the human, clinical situation.

In the results shown in figure 1 the Mean Arterial Pressure (MAP) continued to decrease steadily 

in all 3 groups throughout the 4 hour experimental time period. The gradual decline of the BP 

can be explained by MV itself. The BP drop is caused by a decreased venous return because 

of the high pressure ventilation, resulting in lower blood pressure. The insult of LPS caused a 

further decline during the remaining experiment because of septic shock. The BP of MV+HS 

rats showed an initial increase after resuscitation which dropped again later on. This could be 

explained by the combination of injurious MV and the response to ischemia and reperfusion 

injury. Furthermore, at 240 minutes MAP in all rats was 80 mmHg or more, which was still 

within physiological ranges. Likely, rats were stressed at the start of the experiment, which 

increased their BP. The drop in BP might have been aggravated by stress reduction during the 

experiment. Since this occurred in all 3 groups we felt the groups were still comparable.

In previous experiments we have investigated the effects of MV on inflammation. Furthermore, 

we have explored the role of hemorrhagic shock in combination with MV in induction of sys-
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temic inflammation. We have found that injurious MV induced both a systemic and pulmonary 

inflammatory response and that HS alone did not induce a systemic inflammatory response. 

Further, no synergistic inflammatory response between HS and MV was found. Our data 

showed that MV was the determining factor in the induction of the inflammatory response. 

The results found in MV and MV+HS groups in previous experiments were comparable to the 

results found in this experiment (data not shown).

This study is, to our knowledge, the first to study neutrophil phenotypes in ventilated rats 

receiving either HS or LPS. All our rats were ventilated and one can debate whether rats should 

have been included that were subjected to LPS or HS without ventilation. From previous expe-

rience we have learned that rats have trouble surviving LPS or HS for 240 minutes without MV. 

Therefore, we decided to ventilate all rats, realizing MV serves as a second hit. Since we have 

ventilated all rats and we included a group that only underwent MV we felt that the effect of 

HS and LPS could be studied properly. Further, adding MV relates more to the human situation 

since most trauma patients in hemorrhagic shock and septic patients need ventilatory support.

This animal model is useful to investigate the early phase in cellular response after both endo-

toxemia and trauma. The combination of CD62Ldim and CD11bbright (activated neutrophils) 

was seen in LPS treated animals and MV and MV+HS rats showed a reversed PMN phenotype 

(CD62Lbright/CD11bdim, inactive neutrophils).This difference in PMN phenotype between LPS 

treated rats and the other rats is suggestive for at least a partial different pathway of early 

inflammatory response induction between LPS and HS. Future studies need to focus on the 

exact role of neutrophils in PAMP and DAMP activation, as different phenotypes suggest a 

different induction of signalling pathways. It would be interesting to investigate neutrophil phe-

notypes during the natural course of hemorrhagic shock (without treatment) and determine 

whether hemorrhage alone will induce a similar inflammatory response. In order to identify 

the underlying mechanisms the time path for stimuli to induce the inflammatory response 

needs to be determined as well.

In conclusion, the inflammatory response to HS and MV were very similar suggesting a common 

pathway of DAMP associated inflammation. LPS however showed a different neutrophil phe-

notype, suggesting PAMPs and DAMPs have at least a partially different pathway in inducing 

an inflammatory response. A different original pathway would also explain the differences in 

clinical presentation and treatment strategies between HS and sepsis.
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Abstract

Severe systemic inflammation during the so-called systemic inflammatory response syndrome 

(SIRS) is often seen after severe trauma, sepsis and ischemia/reperfusion injury. This inflam-

matory condition is characterized by systemic activation of neutrophils and appearance of 

neutrophil subsets in the peripheral bloodstream and can lead to inflammatory complications, 

such as acute respiratory distress syndrome (ARDS) or multiple organ dysfunction syndrome 

(MODS). In this study the number of systemic neutrophil subsets was determined during 2 

weeks following severe injury. The aim of this study was to describe the kinetics and activation 

of these neutrophil subsets in polytrauma patients. 

Patients enrolled were part of two clinical trials focussed on pathological mechanisms in trauma 

patients. Nineteen patients were included in this study, with the following inclusion criteria 

of an Injury Severity Score > 18 and an age of 18-80 years old. Blood samples were obtained 

within 12 hours after presentation at the emergency department, and again at 72 hours, day 

6, day 10 and day 14 after admission. The presence and activation of the neutrophil subsets 

in the blood were determined using flow cytometry after staining neutrophils with CD16 and 

CD62L and several activation-associated markers. 

In the first hours after the initial injury there was a neutrophilia, predominantly characterized 

by the presence of banded neutrophils. These cells gradually disappear from the bloodstream, 

resulting finally in hardly any banded neutrophils present on day 10 after trauma. Neutrophilia 

in the second week was mainly caused by the appearance of hypersegmented neutrophils, 

which peaked at day 10. Progenitor cells were present in the bloodstream on day 6, 10 and day 

14, albeit only in small numbers. During the whole study, the neutrophil phenotypes showed 

differential expression of activation markers.    

In this study immune competent, banded, neutrophils were present in the early pro-inflam-

matory phase after trauma and disappeared after 6 days. The late increase of neutrophils 

with a hypersegmented nucleus might contribute to the inhibition of the adaptive immune 

system as these cells have been shown to inhibit activation of T-cells. This late occurrence of 

immune-modulatory cells can lead to a better understanding of the vulnerability to opportu-

nistic infections of severely injured patients during the anti-inflammatory phase post injury.
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Introduction

Neutrophils play an essential role in the innate immune system. Systemic inflammation, such as 

seen after severe trauma, sepsis and ischemia/reperfusion injury, is characterized by activation 

of neutrophils [1]. Excessive activation of neutrophils can lead to tissue damage by increased 

mobilization and migration of neutrophils toward the tissues [2]. This systemic inflammatory 

response syndrome (SIRS) can lead to the development of detrimental inflammatory compli-

cations, such as acute respiratory distress syndrome (ARDS) or multiple organ dysfunction 

syndrome (MODS) [3, 4]. The abundant inflammatory response can also lead to inflammatory 

complications in a later phase (>3 days after initial trauma) due to an immune deficient state 

which is defined as the compensatory anti-inflammatory reaction syndrome (CARS) [3, 5, 6].

Neutrophils in the peripheral circulation during homeostasis consist of a homogeneous popu-

lation. It is known that during acute inflammation, e.g. due to sepsis or trauma, the number 

of freely flowing neutrophils in the bloodstream increases rapidly [7, 8]. And strikingly, these 

increased peripheral neutrophils consist of heterogeneous subsets with different functionalities 

[8]. The three subsets of neutrophils that appear are phenotypically different: CD16dim/CD62Lbright 

neutrophils with a banded nuclear phenotype, CD16high/CD62Lbright cells with a normal nuclear 

phenotype and CD16bright/CD62Ldim neutrophils with a more hypersegmented nucleus [8, 9]. It 

is yet unclear how to interpret the presence of these subsets of neutrophils in the peripheral 

blood of humans during systemic inflammation in vivo, as most studies have a cross-sectional 

design. These populations are characterized by differences in functionality. For example, the 

hypersegmented neutrophils inhibit T-cell proliferation in vitro and are characterized by poor 

anti-bacterial capacity [8].

Neutrophils have been studied in many experimental settings in order to investigate the role 

of the cells in severe inflammation as induced by injury. Until now it remains unclear which 

patients are at risk for developing sepsis, ARDS and/or MODS. It is important to understand 

the behaviour of neutrophils in peripheral blood of polytrauma patients in detail, in order to 

predict or even prevent inflammatory complications. Little is known about the exact kinetics of 

neutrophil phenotypes in trauma patients. This study was designed to provide insight into neu-

trophil kinetics and systemic activation in polytrauma patients. Such improved understanding 

of the role of neutrophils in the immune paralysis after trauma may lead to novel strategies to 

prevent and/or treat infectious complications during the anti-inflammatory phase post injury. 
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Material and methods

Subjects

Trauma patients enrolled in this study, were part of two clinical trials performed at the University 

Medical Center Utrecht (UMCU, Utrecht, the Netherlands). Both studies were approved by the 

local ethics committee (ClinicalTrials.gov number NCT01275976 and NCT03489577). Written 

informed consent was obtained from all patients or their legal representatives in accordance 

with the Helsinki Declaration. Patients suffering a polytrauma with an ISS of at least 18 and 

admitted to the Department of Traumatology of the University Medical Center Utrecht were 

included in this study. Exclusion criteria were: <18 or > 80 years old, Injury Severity Score (ISS) 

< 18, an altered immunological status and pregnancy. 

When patients met the inclusion criteria, the first blood sample was obtained within 12 hours 

after the admission. Subsequent blood samples were obtained at day 3, 6, 10 and 14 after 

trauma. 

Clinical parameters

The ISS and Acute Physiology and Chronic Health Evaluation II (APACHE-II) score were calcu-

lated upon admission to the hospital [10, 11]. During admission at the hospital, the presence 

of systemic inflammation was determined: Systemic Inflammatory Response Syndrome (SIRS), 

Acute Respiratory Distress Syndrome (ARDS) and Multiple Organ Dysfunction Syndrome 

(MODS) [10, 12]. 

Hematological parameters

Laboratory measurements were performed at the central clinical laboratory of the UMC 

Utrecht. Routine hematological analysis for the Complete Blood Count (CBC; hemoglobin 

concentration, hematocrit, leucocyte count, leucocyte differential count, platelet count) was 

performed using the Cell-Dyn Sapphire hematology analyzer (Abbott Diagnostics, Santa Clara, 

CA, USA). CRP was measured using immunoturbidimetry on an AU5811 automated chemistry 

analyzer (Beckman-Coulter, Brea, CA, USA). Measurements were performed as part of standard 

clinical care and were obtained each day from each patient over the course of the first 2 weeks.

Neutrophil marker expression

For determination and characterization of neutrophil subsets, marker expression was measured by 

flow cytometry. White blood cells were obtained as described before [9, 13] from sodium heparin 

anti-coagulated blood samples. In short, after erythrocyte lysis in ice-cold isotonic erythrocyte lysis 

buffer (150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM NA2EDTA), leukocyte preparations were 

stained with antibodies in PBS, supplemented with 0.32% trisodium citrate and 10% human 

pasteurized plasma solution (Sanquin, Amsterdam, the Netherlands). Cellular concentrations 

were determined by a Cell-Dyn 1800 cell counter (Abbott Diagnostics, Santa Clara, CA, USA).  
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Neutrophils were identified based on their specific forward- and side-ward signals. 

Antibodies used were: CD11b-APC-Alexa750 (clone Bear1), CD16-Krome Orange (clone 3G8) 

and CD62L-ECD (clone DREG56) from Beckman Coulter (Pasadena, CA, USA); CD11c-PeCy5.5 

(clone BU15), CD35-FITC (clone E11), CD49d-PeCy7 (clone 9F10), CD64-Pacific Blue (clone 

10.1), CD66b-PerCPCy5.5 (clone G10F5) and TLR4-PE (clone HTA125) from Biolegend (San 

Diego, CA, USA); CD32-APC (clone Fli8.26) from BD (San Jose, CA, USA). CD54- PE (clone 

MEM-111) from EXBIO Praha (Vestec, Czech Republic); CD88-FITC (clone P12/1) from GeneTex 

(Irvine, CA, USA); CD181-PE (clone 42705) and CD182-APC (clone 48311) from R&D Systems 

(Oxon, UK); and active CD11b-Alexa700 (clone CBRM1/5) from eBiosciences (San Diego, CA, 

USA). 

Gating strategy

Neutrophils were initially gated based on their characteristic forward scatter and side scat-

ters. Contaminating eosinophils were gated out on the characteristic that they are CD16 

negative. To divide four neutrophil subsets, cells were gated by taking the lower threshold 

of CD62Lbright lymphocytes as the cut-off value for determination of CD62L dimness/bright-

ness as demonstrated in figure 2. After gating for CD62L, the lower threshold for CD16 of 

CD62Ldim neutrophils served as a cut-off value for division of CD16 dimness/brightness. 

Data analysis and statistics

FCS express 4.0 (De Novo Software, Los Angeles, CA, USA) was used for the evaluation of the 

flow cytometry data. Data from individual experiments were depicted as mean fluorescence 

intensities. Parameters will be presented as mean ± SEM or median and ranges, depending 

on their distribution.

Results

A total of 19 patients met the inclusion criteria and were enrolled in this study (18 men and 

1 woman) with an average age of 40 years old (see table 1). All patients were identified as 

polytrauma patients defined as an injury severity score (ISS) above 18 [10] with a mean ISS of 

33. Patients spent on average 6 days in the ICU. The majority of patients, 12 of the 19 included, 

needed respiratory support by mechanical ventilation for an average of 4 days. None of the 

patients died whilst all patients did meet SIRS criteria [12] at some point during the hospital 

admission (table 1). 
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Table 1. Patient demographics

Median (Range)

Number of patients 19

Male / Female 18/1

Age, years 40 (18-71)

Injury Severity Score 33 (17-50)

Time in ICU, days 
Days on ventilation machine

6 (0-20)
4 (0-16)

Mortality 0

Met SIRS criteria 19

Abbreviations: ICU = Intensive Care Unit, SIRS = Systemic Inflammatory Response Syndrome

Kinetics of hematological parameters

Hematological parameters (figure 1) showed a similar pattern with little variation in all patients, 

despite the relatively large differences in trauma mechanism, extent of injury (depicted in ISS) 

and involvement of different organ systems. C-reactive protein (CRP) was increased after 24 

hours and reached a plateau level 3 days after trauma (figure 1A). From this point on, values 

declined but still remained above 100 mg/ml in the majority of cases during the remaining 2 

weeks. 

Platelet numbers were found to be normal to slightly decreased during the first week following 

trauma (figure 1B). After the first week, platelets counts increased greatly and after two weeks, 

counts were 4 times higher than what was found on arrival. Hemoglobin levels decreased in 

the first 3 days after trauma and remained stable after this point (figure 1C). Leukocyte counts 

were enhanced in a biphasical pattern (figure 1D). Average leukocyte counts were elevated 

during the primary admission to the hospital and declined to normal values during the first 

week. Parallel to platelets, leucocyte counts started to increase from this point on. 

The increase in leukocyte counts was studied in more detail by determining the kinetics of the 

3 main subtypes of white blood cells. Monocytes and lymphocytes numbers increased relatively 

more than neutrophils, whilst neutrophil counts contributed the most when considering abso-

lute numbers (figure 1E). A relatively large variation in the amount of leukocytes was found 

between subjects which was not correlated to either magnitude of initial tissue damage by 

trauma nor to development of infectious complications during hospital admission. The biphasic 

pattern in the number of blood cells was found for all cell types.

Neutrophil subsets

As previously shown, different neutrophil subsets are found in the peripheral blood during 

acute inflammation [8, 9]. To study whether the inflammatory stimulus caused by trauma/

injury can also elicit the release of neutrophil subsets in the peripheral bloodstream, blood 

from severely injured patients was obtained at different time points, and expression patterns 

for CD16 and CD62L on neutrophils were determined by flow cytometry.  
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Figure 1. Hematological data

Hematological data presented over time during the first 2 weeks after trauma. (A) C-reactive protein, (B) platelet count, 
(C) hemoglobine, (D) total number of leucocytes, (E) white blood cell counts
Admission is time point of arrival at the emergency department after trauma. Grey boxes represent reference values 
during homeostasis.

Figure 2 shows an example of a typical distribution pattern of CD16 and CD62L expression 

on neutrophils over time for a severely injured patient following polytrauma. Similarly to the 

morphological differences between subsets found during LPS challenge [8, 14], we found 

clear differences in nuclear morphology between neutrophil subsets from trauma patients. 

CD16bright/CD62Ldim neutrophils were characterized by significantly more lobes (hyperseg-

mented cells) than CD16bright/CD62Lbright (mature) cells. Both these cells had in turn more lobes 

than both CD16dim/CD62Lbright (banded) and CD16dim/CD62Ldim (progenitor) cells (figure 3A). 

Next, data on neutrophil subsets from 19 patients over time was pooled (figure 4). In the hours 

after the initial accident, the neutrophilia was caused predominantly by presence of banded 

neutrophils (figure 4A and B, green bars). These cells gradually disappeared from the blood-

stream and on day 10 hardly any banded neutrophils were present. The neutrophilia in the 

second week was caused by the appearance of hypersegmented neutrophils, which peaked 

at day 10. Progenitor cells were encountered in the bloodstream on day 6, 10 and day 15 

albeit only in small numbers.
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Figure 2. Example of appearance of subpopulations over time after polytrauma in one patient
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Representative presentation of the appearance of subpopulation neutrophils over time after polytrauma. The CD16dim/
CD62Lbright neutrophils are the banded cells, CD16bright/CD62Lbright are known as the mature neutrophils and the 
CD16bright/CD62Ldim cells are the more hypersegmented.  CD16dim/CD62Ldim are the progenitor cells. Abbreviation: 
CD62L = L-selectin and CD16 = FcgammaRIII.

Neutrophil marker expression

Differential expression of CD11b (αM, MAC-1) on the surface of neutrophils is associated 

with activation of neutrophils. This integrin is important in the regulation of leukocyte adhe-

sion and migration [15]. Levels of CD11b are known to be up-regulated upon activation of 

neutrophils due to an inflammatory response [16, 17]. The expression of CD11b was highest 

on hypersegmented neutrophils at admission just after trauma (figure 5). This could implicate 

that hypersegmented neutrophils are more activated in comparison to the other subsets. 

After admission, the expression of CD11b on hypersegmented cells decreased to the value of 

banded and mature cells at day 3 after trauma. In the second week after trauma, the level of 

the activation marker increased again, mainly on hypersegmented and mature cells (figure 5). 
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Figure 3. Average number of lobes per neutrophil subset

Neutrophil subsets obtained from polytrauma patients were stained with CD16 and CD62L and sorted by flow cytom-
etry. From these samples, cytospins were obtained and were stained with nuclear stains. The number of lobes per 
nucleus were counted manually as described in the methods section. The CD16dim/CD62Lbright neutrophils are the 
banded cells, CD16bright/CD62Lbright are known as the mature neutrophils and the CD16bright/CD62Ldim cells are the more 
hypersegmented. The CD16dim/CD62Ldim neutrophils are the progenitor cells. 
Abbreviation: CD62L = L-selectin and CD16 = FcgammaRIII.

Figure 4. Percentage and average number of different neutrophil subpopulations over time

The CD16dim/CD62Lbright neutrophils are the banded cells (green), CD16bright/CD62Lbright are known as the mature neu-
trophils (grey) and the CD16bright/CD62Ldim cells are the more hypersegmented neutrophils (red). The CD16dim/CD62Ldim 
population are the progenitor cells (purple).
Abbreviation: CD62L = L-selectin and CD16 = FcgammaRIII.
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Figure 5. Neutrophil marker expression
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Receptor expression on neutrophils depicted over time after trauma. The CD16dim/CD62Lbright neutrophils are the banded 
cells, CD16bright/CD62Lbright are known as the mature neutrophils and the CD16bright/CD62Ldim cells are the more hyper-
segmented neutrophils.

Fcγ receptors (FcγR)II (CD32) and FcγRIII (CD16) play an important role in activation of neu-

trophils by binding to immunoglobulins [18]. FcγR on circulating neutrophils have been shown 

to decrease during systemic inflammation [19, 20]. CD32 however increased in the first 3 days 

after trauma in all subpopulations, but decreased at the start of the second week (figure 5). 

Other activation markers of neutrophils were chemoattractant receptors for IL-8; CXCR1 

(CD181), CXCR2 (CD182) and complement 5a receptor (C5aR, CD88) [7]. CD181 was also 

highest on hypersegmented and mature neutrophils, with a peak during day 3 after trauma 

(figure 5). CD88 showed a similar pattern in expression on the neutrophils subsets (figure 5). 

Decreased C5aR expression on neutrophils is described in severely injured trauma patients 

[18, 21].

CD66b is a degranulation marker, present in the membrane of specific granules in neutrophils 

which mobilize to the cell surface upon activation [18, 22]. CD66b levels are high in all sub-

populations in the first days after trauma. In the second week after the trauma, the expression 

of CD66b decreases in all populations (figure 5). 
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Discussion

To our knowledge, this is the first clinical study to investigate the effect of systemic inflam-

mation due to trauma on kinetics of neutrophil phenotypes in detail. We demonstrated 

that the neutrophil response in polytrauma patients showed a similar pattern over time, 

regardless of the heterogeneity in trauma mechanism and type of injury. None of the 

patients developed inflammatory complications, so it can be assumed that the neutrophil 

kinetics in blood depicted in this study are the kinetics found in a population of patients in 

which the immune response is representative for a non-pathogenic systemic inflammation 

in response to trauma

All patients had a leukocyte response in peripheral blood immediately after trauma. These 

leukocyte counts showed a biphasic pattern in the following days with a dip in leukocyte count 

around day 4. From day 6 on, the leukocyte count increased again during the second week 

after trauma. This pattern is identical for the neutrophil counts; therefore, we conclude that 

particularly neutrophils were responsible for this phenomenon. Interestingly, the detailed neu-

trophil kinetics over time provided additional insights into the leukocyte response to trauma. 

We demonstrated that neutrophils in the peripheral blood of polytrauma patients exist of at 

least three subpopulations of which the kinetics differ markedly over time. These data indicate 

that the initial (< 6 days) neutrophilia is mediated by banded neutrophils. These cells are likely 

involved in improved killing of microbial targets as they are superior in in vitro containment 

of bacteria (results not shown). The late neutrophilia is particularly mediated by cells with 

hypersegmented nuclei. These cells are thought to be important in immune regulation by their 

propensity of suppressing T-cells [8].

Marker expression on the different neutrophil subsets showed a rapid decrease in CD11b, 

an activation marker rapidly up-regulated after activation in vitro and in vivo [19, 23]. This 

enhanced expression was seen during the first day of admission and had a clear increase after 

the third day (figure 5). This pattern was similar in all subsets, but most pronounced in mature 

and hypersegmented neutrophils. This indicates that directly after trauma, systemic neutro-

phils become activated (high CD11b). The mechanism of decreased expression after 1 day is 

uncertain. It is tempting to speculate that activated neutrophils leave the peripheral circulation, 

leaving inactivated neutrophils behind in the peripheral blood [24]. It might be that the cells 

return into the circulation during the second week after trauma, but a second activation of 

the neutrophil compartment can also be an explanation. The underlying mechanism of such 

late activation is unknown. 

The modulation of expression of CD11b is relevant, because this integrin is necessary for the 

adhesion of the neutrophil to the endothelial cell, and essential step for homing of neutrophils 

toward the tissues [23, 25]. This implicates that upon trauma a population of hypersegmented 

neutrophils with a high expression of CD11b appear in the peripheral blood. These cells might 

be involved in immune suppression [8]. This hypothesis is supported by the finding of Tak, et 
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al., demonstrating that CD11b is essential in the prevention of pathology during influenza 

infection by CD11b-mediated suppression of T-cell responses [26].  

The additional roles of neutrophil subpopulations in the immune response after trauma remain 

unclear, but preliminary data from our research group showed that banded neutrophils have 

superior bacterial killing capacities, in comparison to hypersegmented neutrophils, which are 

deficient in the killing of bacteria. These findings, compared with the data of this study, make 

it tempting to speculate that banded neutrophils are released into peripheral blood after injury 

to protect the host from bacterial invasion due to the trauma and additional tissue damage.

The consensus was that hypersegmented neutrophils were older cells in a further differentiation 

stage of neutrophil proliferation [8]. However, in endotoxemia models in healthy volunteers, 

where neutrophils were labelled with 6,6-2H2-glucose, it was found that hypersegmented neu-

trophils were a separate neutrophil lineage and not a maturation type of normal segmented 

neutrophils [9]. In this study, we showed that directly after trauma there is a population of 

hypersegmented neutrophils present in the peripheral blood of polytrauma patients. This 

underscores the idea that hypersegmented neutrophils are a separate subset of neutrophils in 

contrast to the idea that they are older neutrophils. Pillay, et al., demonstrated that hyperseg-

mented, CD16bright/CD62Ldim neutrophils could inhibit T-cell proliferation in vitro and thereby 

function as immune suppressive cells [8]. Another in vitro study demonstrated that CD16dim/

CD62Lbright neutrophils showed a decreased capture on activated endothelium under flow con-

ditions and a decreased chemotaxis to N -formylmethionine-leucine-phenylalanine (fMLF) [27]. 

Therefore, these cells exhibited a lower capacity to migrate [27]. This may possibly explain the 

increasing number of hypersegmented neutrophils remaining in the blood of trauma patients 

over time in comparison to a decreasing amount of banded neutrophils extravasating over time. 

These changes in neutrophil kinetics support the hypothesis that after systemic inflammation, 

there is a balanced immune state of both pro- and anti-inflammatory responses [28]. Directly 

after trauma there is a population of banded neutrophils with a more pro-inflammatory, 

bacterial killing, capacity, but at the same time, a population of immune suppressive hyperseg-

mented neutrophils appear in the peripheral blood causing immune suppression. A disbalance 

in release of these subsets may contribute to either early or late inflammatory complications, 

such as MODS, ARDS or sepsis. 

During the second week after trauma, platelets and neutrophils counts were above reference 

values in all trauma patients. This phenomenon was described before in a population of 

trauma patients with a tibia fracture [29]. This data suggests that 1 week after trauma, there 

is an increase in myeloid cells in peripheral blood of trauma patients with no clinical compli-

cations [29, 30]. The underlying mechanism of increased myelopoiesis is unknown but seems 

stimulated by the initial injury [29, 30]. The appearance of banded neutrophils directly after 

initial trauma supports this suggestion that trauma stimulates myelopoiesis. Especially if we 

take into account that there are even progenitor cells present in the peripheral blood. Also, 

the clear increase in platelets supports this concept. The massive release of neutrophils out of 
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the bone marrow due to the initial trauma might result in a depletion of the bone marrow, 

but this needs to be established in future studies. 

Hemoglobin levels remained below the reference levels in all patients during the two weeks 

of the study. This can be explained by the blood loss due to trauma and possible surgery and 

also due to dilution as a result of resuscitation. 

A possible limitation of this study remains the heterogeneity of the trauma patients. Even 

though we aimed to investigate a study population as homogeneous as possible by including 

polytrauma patients with at least an ISS of 18, it still remains a heterogeneous population, 

for example in injury severity, injury patterns, comorbidity and age [31]. Although the cohort 

of patients is relatively small to make any hard conclusions, we can state that none of the 

patients developed inflammatory complications. Thus, it can be assumed that the neutrophil 

kinetics as found in this study were the kinetics of a neutrophil population in trauma patients 

in which the immune response was functional. Our study clearly demonstrated the complex 

innate immune response after trauma. 

The first studies have indicated that an aberrance in this immune response is associated with 

impaired tissue responses and can result in impaired fracture healing [29]. Future research 

should focus on the neutrophils kinetics in an aberrant immune response and their role in the 

development of inflammatory complications. 
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Abstract

During acute inflammation three neutrophil subsets are found in the blood: neutrophils with 

a conventional segmented nucleus, neutrophils with a banded nucleus and T-cell-suppressing 

CD62Ldim neutrophils with a high number of nuclear lobes. In this study (clinicaltrials.gov 

NCT01766414) we compared the in vivo kinetics and proteomes of banded, mature and 

hypersegmented neutrophils to determine whether these cell types represent truly different 

neutrophil subsets or reflect changes induced by LPS activation. 

Using in vivo pulse-chase labelling of neutrophil DNA with 6,6-2H2-glucose, we found that 
2H-labelled banded neutrophils appeared much earlier in blood than labelled CD62Ldim and 

segmented neutrophils, which shared similar label kinetics. Comparison of the proteomes by 

cluster analysis revealed that CD62Ldim neutrophils were clearly separate from conventional 

segmented neutrophils despite having similar kinetics in peripheral blood. Interestingly, the 

conventional segmented cells are more related at a proteome level to banded cells despite a 

two days difference in maturation time. The differences between CD62Ldim and mature neu-

trophils are unlikely to be a direct result of LPS-induced activation, due to the extremely low 

transcriptional capacity of CD62Ldim neutrophils and the fact that neutrophils do not directly 

respond to the low dose of LPS used in the study (2ng/kg bodyweight).

Therefore, we propose CD62Ldim neutrophils to be a truly separate neutrophil subset that is 

recruited to the bloodstream in response to acute inflammation.
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Introduction

Neutrophils engage in the resolution of infection by phagocytosing and killing pathogens.

Decreased functionality of neutrophils can lead to infectious complications and even sepsis [1]. 

On the other hand, hyperactivation can lead to severe pro-inflammatory conditions such as 

acute respiratory distress syndrome (ARDS). Neutrophils are involved in the balance of hyper- 

and hypo-activation of the immune system by releasing pro-inflammatory and toxic mediators 

[2,3], and by suppressing excessive immune responses [4].

Acute inflammation induces recruitment of neutrophil phenotypes into the peripheral blood 

that are not present in either circulation or the marginated pool during homeostasis [5].

Several studies have identified such inflammatory phenotypes focusing on different charac-

teristics, such as differential expression of 3-fucosyl-N-acetyl-lactosamine (CD15) and Fc-γ 

receptor-III (CD16) [6], IL-4Rα (CD124) expression [7], low buoyant density [8], arginase 

expression [9] or immunomodulatory functionality [10]. Based on the differential expression 

of CD16 and L-selectin (CD62L) [11], we have discriminated at least three different subsets 

of inflammatory neutrophils: 1. Neutrophils with a segmented nuclear morphology resem-

bling prototypically mature blood neutrophils characterized by CD16bright/CD62Lbright expression 

(segmented); 2. CD16dim/CD62Lbright cells with a banded nuclear morphology (banded) and 3. 

CD16bright/CD62Ldim cells with on average a larger number of nuclear lobes (although not as 

high as in foliate deficiency-induced hypersegmentation) that are capable of suppressing T-cell 

proliferation (CD62Ldim) [11].

The three neutrophil subsets have been observed in a range of acute inflammatory diseases, 

including sepsis [11], severe trauma [11], burn patients and cancer patients [12]. Due to their 

opposing pro- and anti-inflammatory functions, manipulation of neutrophil subset release 

and development might allow for steering the acute immune response. This can be achieved, 

for example, by activating CD62Ldim neutrophils during hyperinflammatory conditions or by 

inhibiting CD62Ldim neutrophils to counteract the Compensatory Anti-inflammatory Response 

syndrome (CARS) in severely ill patients [13]. Very little is known about the origins of these 

subsets, however. It is commonly thought that the increase in nuclear segmentation is associ-

ated with increasing cellular age [4,14], since banded neutrophils were shown to be younger 

cells in cancer patients [15,16] and CD62Ldim neutrophils have been shown to be aged cells in 

mice [17]. In humans, however, hypersegmented neutrophils that are observed in pernicious 

anaemia are thought to directly mature from banded cells into hypersegmented cells [18]. 

In addition, in vivo 3H-thymidine labelling in a patient with pernicious anaemia showed that 

labelled hypersegmented neutrophils start to appear in the circulation at the same time as 

normal neutrophils, although the peak in labelling of the hypersegmented neutrophils was 

observed one day later. Taken together, the conflicting data on CD62Ldim neutrophils in mice 

and hypersegmented neutrophils in pernicious anaemia patients illustrate that it remains an 
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open question whether the CD62Ldim neutrophil subset observed in acute inflammation rep-

resents aged cells.

All three subsets are detected in the bone marrow during homeostasis [19,20], but little 

is known regarding the presence of these cells outside the bone marrow and their relative 

numbers at the different tissue sites. The human endotoxemia model is a valuable model to 

study acute systemic inflammation [21] and induces changes in blood immune cells reminis-

cent of those found in septic [22,23] or severely injured patients [24]. These conditions induce 

the recruitment of banded and CD62Ldim neutrophils into the blood. Transcriptome analyses 

of neutrophil subsets in the human endotoxemia model [25,26] revealed large differences 

between banded and CD62Ldim neutrophils, but these studies did not relate these differences 

to the segmented neutrophil subset. Moreover, characterization of neutrophil subsets by tran-

scriptome analysis is hampered by the fact that these cells have a low transcriptional capacity 

[27] and many changes in protein expression levels may not be reflected by changes in mRNA 

expression. For example, most granule proteins are produced and stored during maturation 

in the bone marrow [3,28] and can be lost by degranulation. These changes will be missed 

by mRNA analysis.

Our study was designed to gain more insight into the properties and origins of the three 

neutrophil subsets found in acute inflammation. In vivo pulse-chase deuterium (2H)-labelling 

was performed to determine the maturation times of the different subsets observed during 

acute inflammation. In addition, we performed high-end proteomics analysis on purified blood 

neutrophil subsets to assess differences between the three subsets.

Materials and Methods

Subjects

Samples were obtained from 20 healthy human male volunteers who participated in a human 

endotoxemia trial (Clinicaltrials.gov identifier NCT01766414), in which 10 volunteers were 

treated with a C1-esterase inhibitor and 10 volunteers were treated with a placebo. The study 

was approved by the ethics review board of the Radboud University Medical Center and in 

compliance with the declaration of Helsinki (adapted by WMA general assembly, Fortaleza, 

Brazil 2013), ICH Good Clinical Practice guidelines and in compliance with the rulings of the 

Dutch Medical Research Involving Human Subjects Act (WMO). Written informed consent 

was obtained from all study participants. Subjects were screened and found healthy based on 

physical examination, electrocardiography and hematological laboratory values. All volunteers 

were negative for HIV and hepatitis B antibodies in serum. Subjects with febrile illness less than 

two weeks before LPS-injection were excluded, as were subjects taking prescription drugs.

Subjects were asked to refrain from caffeine and alcohol use in the 24h prior to LPS challenge 

and to refrain from food intake 12h prior to LPS challenge.
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In vivo 2H-labelling

The relative age of neutrophil subsets was determined using in vivo 2H-labelling, as described pre-

viously [29,30]. In short, all twenty volunteers were asked to drink 12 half-hourly doses of 6.67g 

of metabolic grade 6,6-2H2-glucose (total 80g, Cambridge Isotope Laboratories, Tewksbury, MA, 

USA) at three to eleven days before LPS administration (see below). The 6,6-2H2-glucose label 

is metabolized and incorporated into the DNA of all dividing cells via the de novo nucleotide 

synthesis pathway [17,18]. During the labelling procedure, blood was collected by finger prick 

to determine the availability of label in plasma, as described previously [30].

Experimental endotoxemia model

LPS challenge was performed according to a strict protocol as described previously [31]. In 

short, after admission to the research medium care unit of the Radboud Medical Center, 

heart rate and blood pressure were monitored starting at t=-1h until discharge at t=8h. A 

cannula was placed in an antecubital vein to permit infusion of hydration fluid (1.5L 2.5% 

glucose/0.45% saline) from t=-1h until t=0h. Then a single dose of 2ng per kg bodyweight LPS 

(US Standard Reference Endotoxin Escherichia Coli O:113, obtained from the Pharmaceutical 

Development Section of the NIH, Bethesda, MD, USA) was injected (t=0h). LPS injection was 

followed by continuous infusion of hydration fluid (2.5% glucose/0.45% saline, 150ml/h) 

from t=0 to t=8. The course of LPS-induced symptoms (headache, shivering, nausea, vomit-

ing, muscle pain, and back pain) was scored every 30 minutes on a 6-point Likert scale (0=no 

symptoms, 5=very severe symptoms; vomiting=3 points), adding up to a maximum of 28 

points [32]. WBC counts were analyzed on a routine hematocytometer at t=0, 1, 2, 6 and 8h.

Neutrophil isolation

Leukocytes were isolated from blood anticoagulated with sodium heparin 5 min before 

injection of LPS and at 1, 3, 6 and 8h after LPS injection. After erythrocyte lysis in ice-cold 

isotonic erythrocyte lysis buffer (150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM NA2EDTA), leu-

kocyte preparations were stained with antibodies in PBS supplemented with 0.32% trisodium 

citrate and 10% human pasteurized plasma solution (Sanquin, Amsterdam, the Netherlands): 

CD14-ECD (clone RMO52, Beckman Coulter Pasadena, CA, USA), CD62L-PE (clone SK11) and 

CD16-Alexa647 (clone 3G8) (both from BD Biosciences, San Jose, CA, USA). Neutrophil subsets 

were sorted using an AriaIII FACS sorter (BD, Biosciences). Neutrophils were identified based 

on a FSC/SSC granulocyte gate, doublet exclusion based on SSC height/width, and CD14neg 

expression. Subsequently, neutrophil subsets were sorted as CD16dim/CD62Lbright (banded), 

CD16bright/CD62Lbright (segmented) and CD16bright/ CD62Ldim (CD62Ldim) (see supplemental figure 

1). Sorted populations were re-analyzed and typically >99% pure.
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Neutrophil nuclear morphology

Neutrophil nuclear morphology was determined by manual counting of May-Grünwald-Giemsa 

stained cytospins by an experienced technician in a blinded manner. The microscope used was 

a Leica DMRXE microscope equipped with a 100x oil immersion objective (Leica Microsystems, 

Wetzlar, Germany). A strict definition was used to identify a separation between lobes in such 

a way that these were only scored when the connection between lobes was less than 33% of 

the width of the adjacent lobes.

Determination of 2H enrichment

DNA was isolated from sorted cell populations using a NucleoSpin Blood kit (Macherey-Nagel, 

Düren, Germany) and hydrolyzed and derivatized to pentafluoro triacetate (PFTA) as described 

in detail previously [30]. Relative quantities of unlabelled and 2H-labelled adenosine derived 

PFTA were determined with an Agilent 7980A/5975C GC-MS in negative chemical ionization 

mode scanning for m/z 435 (M+0, unlabelled) and m/z 437 (M+2, labelled). Resulting enrich-

ments were corrected for natural background enrichment and availability of 6,6-2H2-glucose 

in plasma as described previously [30].

Protein identification and quantification

A detailed description of the proteomics approach and Western blot analysis of several candi-

date proteins can be found in the supplemental Methods section and in supplemental figure 

2. In short, 3*106 cells of the different neutrophil subsets were isolated from blood derived 

from three volunteers in the placebo group 3 hours after LPS infusion as at this time point 

the largest number of cells from the different subsets are present. Cells of each subset were 

digested with trypsin, labelled with a different label for each subset and pooled in a 1:1:1 

ratio for each individual subject. This approach allows for internally controlled quantification 

of the mass spectrometry data.

Samples were fractionated using strong cation exchange chromatography (SCX).

Fractions were analyzed using a LTQ-Orbitrap LC-MS/MS [33]. Peptides were identified by 

searching the resulting peak lists against the Uniprot database (Homo sapiens), with exclu-

sion of common contaminants. Since glucose is not used for amino acid production and 

glycosylated peptides were not measured, in vivo 2H-labelling should not affect protein quan-

tifications. All results have been deposited in the ProteomeXchange Consortium via the PRIDE 

partner repository (dataset identifier PXD001674; DOI: 10.6019/PXD001674) [34].

Hierarchical clustering

Hierarchical clustering was employed to quantify the dissimilarities between the neutrophil 

subsets and the individual samples. Proteins detected or reliably quantified in only one of 

three individuals in any of the subsets were excluded from analysis. Remaining missing values 

were mean imputed. Using the pvclust plugin (version 1.3-0) for R (version 3.1.1), a Euclid-
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ean dissimilarity matrix was calculated from protein abundances and clustered hierarchically 

using the averages method. Significance of the resulting clusters was tested with multiscale 

bootstrapping (10,000 repeats) and reported as approximate unbiased p-values +/- 95% CI 

of the p-value [35].

Clustering of protein expression data

Sums of protein quantifications from three individual samples were standardized to an average 

expression of 0, with a standard deviation of 1. Proteins with missing values for two or more 

individuals in any of the three subsets were excluded from analysis. Standardized expression 

profiles were subjected to Fuzzy C-means clustering using R with the Mfuzz plugin (2.3.1) 

[36]. In addition to assigning each protein into a cluster, fuzzy clustering indicates how well 

each protein fits in each cluster. By choosing a minimal required membership value, outliers 

are excluded from analysis, making fuzzy clustering preferable over hard clustering methods 

such as the kmeans method.

The required number of clusters was determined by calculating the average centroid distance 

for clustering runs with two up to forty clusters [37]. After seven clusters, addition of extra 

clusters hardly improved the clustering results. Thus, the amount of clusters was set to seven. 

To prevent clustering of random data while keeping the false-negative rate as low as possi-

ble, the optimal value for fuzzifier parameter m was calculated as described previously [37], 

resulting in a value of 3.69.

Gene ontology enrichment analysis

Proteins with cluster membership values of at least 0.33 were analyzed by gene ontology 

(GO) enrichment analysis. Gene names of identified proteins were obtained from the Uniprot 

database. Subsequently, GO-terms of biological processes, molecular functions and cellular 

components were obtained for each protein and analyzed using the Gene Ontology enrich-

ment analysis and visualization tool (GOrilla) (accession date: January 20th 2015) [38,39]. 

Enrichment was determined for proteins in each cluster compared to the background set 

of all identified proteins using an exact mHG p-value computation, corrected for multiplicity 

using Benjamini and Hochberg’s false discovery rate (FDR) correction [38,40]. As this resulted 

in a list of up to 120 significantly enriched GO-terms in a cluster, results were summarized by 

removing highly similar GO-terms with REViGO and visualized in R using the ggplot2 plugin 

(version 0.9.3.1) [41].

Statistics on clinical data

Clinical data were tested for significant deviation from t=0 using one-way repeated measures 

ANOVA with p-values corrected for multiplicity using Dunnett’s correction.
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Results

Kinetics of clinical and inflammatory parameters after endotoxin challenge

As shown previously [42], infusion of LPS (2 ng/kg) in healthy volunteers induced clinical 

symptoms reminiscent of systemic inflammatory response syndrome (SIRS). Disease scores 

were increased 1.5 hours after LPS injection, followed by an increase in heart rate and body 

temperature at 2-5.5 hours post LPS (supplemental figure 3). The mean arterial pressure 

decreased from 2 hours after LPS injection until the end of the experiment.

Blood counts of all leukocytes were decreased one hour after LPS injection (figure 1A-B).

Circulating monocyte numbers had normalized after 6h, whereas lymphocyte, eosinophil and

basophil numbers remained low until 8h after LPS injection. After an initial decrease in neutrophil 

numbers at 1h after LPS, numbers increased to levels 2.5-fold higher than the pre-LPS count. 

FACS analysis revealed 3 neutrophil subsets based on CD16/CD62L expression (figure 1C), which 

were present at 3h and 6h post-LPS challenge (figure 1D). Microscopic examination of sorted 

subsets showed an increased average number of nuclear lobes in the CD16bright/ CD62Ldim pop-

ulation and a banded nuclear phenotype for the CD16dim/CD62Lbright (figure 1E) [11].

In vivo 2H-labelling

Since neutrophil progenitors do not proliferate after the myelocyte stage, in vivo 6,6-2H2-glu-

cose labelling can be used to determine the time required for the different subsets to mature 

and be released into the bloodstream. In contrast to deuterium labels such as 2H2O, 6,6-2H2-glu-

cose has a very rapid turnover in the circulation (figure 2A) and is rapidly metabolized. This 

allows the application of a short labelling pulse followed by a chase experiment. To correct for 

differences in label uptake between volunteers, the availability of label was determined in the 

plasma of each volunteer (figure 2A). Corrected DNA 2H-kinetcs under homeostatic conditions 

were determined on neutrophils isolated before injection of LPS. In these cells, the first 2H was 

detected in peripheral blood neutrophil DNA at day 7 after intake of label (figure 2B). This is 

in line with the notion that conventional neutrophils mature approximately 6 days in the bone 

marrow after the last division of their progenitors (myelocytes) [29]. Segmented neutrophils 

isolated at 3h post-LPS injection showed 2H-enrichment curves very similar to neutrophils 

isolated under homeostatic conditions, suggesting that the maturation kinetics of segmented 

neutrophils were not affected by LPS. CD62Ldim neutrophils also showed similar 2H-enrichment 

kinetics to homeostatic neutrophils, with the highest enrichment at 7 days after intake of label. 

In contrast, the banded neutrophil subset showed a different DNA 2H-enrichment, with highest 

enrichment measured as early as 5 days post-label intake, suggesting that maturation into a 

banded cell takes approximately two days less than maturation into the two other phenotypes. 

No significant differences in labelling kinetics were observed between placebo and C1-inhibitor 

treated groups (supplemental figure 4). Thus, labelling could be combined from both treatment 

groups, providing additional statistical power.
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Figure 1. Kinetics of WBCs and neutrophil subsets after LPS injection

Neutrophil counts (A) were decreased 1h after LPS injection (t=0), followed by increased counts. Counts of other 
leukocytes (B) were also decreased at t=1h, but most had recovered by t=6 or t=8h. Different neutrophil subsets (C) 
were identified (t=3h) based on CD16 and CD62L expression. The appearance of the banded and CD62Ldim subsets (D) 
was followed over time. After sorting, microscopic analysis (E) of the different subsets isolated at t=3h post LPS-chal-
lenge revealed an increasing nuclear lobularity from banded to segmented to CD62Ldim neutrophils. Symbols and bars 
(A,B,D) represent mean +/- 95%CI (n=20) or medians +/- IQR (n=7-8) (E). * indicates p<0.05, ** indicates p<0.01, 
*** indicates p<0.001 and **** indicates p<0.0001 compared to t=0, as determined by repeated measures one-way 
ANOVA with Dunnett’s or Holm-Sidak correction for multiplicity where applicable.

Hierarchical clustering of neutrophil subsets based on protein expression data

Proteome analysis by LC-MS/MS identified and quantified 2161 unique proteins in the three 

neutrophil subsets obtained from 3 individuals 3h after LPS injection, (see supplemental table 

2). LC-MS/MS protein quantification was validated for several proteins with different expression 

patterns across the three subsets (supplemental figure 2) by Western blotting or by comparison 

with previously published FACS data11. All tested proteins showed highly similar expression 

patterns with the different techniques even though results obtained by Western blotting 

showed a larger variability than those obtained by LC-MS/MS.

The relation between the three neutrophil subsets and each replicate were assessed using 

hierarchical clustering on proteins with no more than one missing value in each of the subsets 

(figure 3, 1755 out of 2161 proteins). For hierarchical clustering a Euclidean dissimilarity matrix 

was created to determine the correlation between all samples. Subsequently, a dendrogram 

was created to visualize the relations between samples (figure 3B). Replicates of each subset 

clustered tightly together in this dendrogram. Using multi-scale bootstrapping, we determined 
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that the existence of these clusters is supported by our data with a probability of over 99.9% 

[35]. At the proteome level, banded and segmented neutrophils correlated better and were 

distinctly separated from the CD62Ldim neutrophils.

Use of normalized protein expressions or different distance matrix calculations did not result 

in formation of different clusters (data not shown).

Figure 2. Label kinetics in plasma and in DNA of neutrophil subsets 

Healthy volunteers were labelled with 6,62H2-glucose over the course of 6h. During this period, the availability of label 
was monitored (A) by measuring the fraction 6,6-2H2-glucose in the total blood glucose pool in blood samples obtained 
by skin pricks. (B) DNA 2H-enrichment of the different inflammatory neutrophil subsets 3 hours after LPS-injection or total 
neutrophils isolated 5 min pre-LPS injection at 3-11 days after 6,6-2H2-glucose. Results suggest that banded neutrophils 
are less mature than the two other subsets. Fraction enrichment was corrected for availability of label for each individual 
(panel A). Symbols indicate mean +/- SD, with (A) N=20 and (B) N=4 volunteers at each time point, with a total of 20 
volunteers. * indicates p<0.05 for banded compared to segmented neutrophils, # indicates p<0.05 for banded neutro-
phils compared to neutrophils isolated before LPS injection and *** indicates p<0.001 for banded neutrophils compared 
to all three other subsets as determined by a repeated measures 2-way ANOVA with Tukey’s correction for multiplicity.

Characterization of neutrophil subsets by proteome analysis

To further examine the relation between the three neutrophil subsets, protein expression 

profiles were examined using functional enrichment analysis. To this end, proteins were first 

clustered based on their relative expression between the three subsets. Prior to clustering, the 

optimal number of protein clusters was determined to be 7, as addition of extra clusters did 

not lead to better results. The resulting protein clusters are clearly different in their relative 

expression between the three neutrophil subsets (figure 4). A total of 618 proteins had an 

expression pattern that differed too much from the seven clusters to be assigned to any of the 

clusters, and were treated as a separate cluster.

Subsequently, gene ontology enrichment analysis was performed on the seven clusters of 

proteins and the cluster of non-classified proteins. GO-terms describe biological processes, 

molecular functions or cellular components and are annotated to genes/proteins based on 

evidence from literature. Gene ontology enrichment analysis revealed significant GO-term 

enrichments in clusters 1, 2, 4 and 6. (See table 1 for the 10 most significantly enriched 
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GOterms in each cluster and supplemental table 3 for the complete list of enrichments).

Using ReViGO highly similar GO-terms were removed from clusters with significant enrichments 

and remaining GO-terms for biological processes were clustered based on semantic similarity 

(figure 5).

 

Figure 3. Hierarchical clustering of protein expression data

(A) Heatmap of normalized protein expression profiles. (B) Hierarchical clustering of non-normalized protein expres-
sion using averages clustering on a Euclidean distance matrix. Clusters were tested for statistical significance using 
multi-scale bootstrapping, which revealed four statistically significant clusters (indicated by red boxes): one for each 
neutrophil subset and one for the banded and segmented neutrophils together. P-values are approximately unbiased 
(AU) p-values. I.e., an AU p-value of 0.95 indicates that the existence of 2 clusters is supported by the data with 95% 
confidence. Numbers between brackets indicate the standard error of the AU p-value estimation.

Thereby, enrichments of proteins functions can clearly be recognized. Cluster 1, which consists 

of 336 proteins upregulated in CD62Ldim neutrophils, contains genes involved in adhesion and 

activation, response to stimuli, regulation of these responses and regulation of the immune 

system in general. Cluster 2, consisting of 238 proteins with a lower expression in CD62Ldim 

neutrophils, shows enrichment of proteins involved in protein shuttling, ribosomal proteins 

and proteins involved in RNA metabolism, splicing and translation. Similarly, cluster 4, which 

contains 337 proteins gradually reduced from banded, via segmented to CD62Ldim neutrophils, 

consists mostly of proteins involved in mRNA processing and biosynthesis. Lastly, cluster 6 
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contains 358 proteins with a lower expression in banded neutrophils, compared to segmented 

and CD62Ldim neutrophils. This cluster shows enrichment in proteins involved in nucleotide 

metabolism, MHC class I antigen presentation, protein degradation and suppression of the 

Wnt-signaling pathway. Taken together these data implicate differential functionalities for the 

different neutrophils subsets.

Figure 4. Clustering of protein expression profiles

Clustering analysis divides normalized protein expression patterns into 7 distinct clusters. Three clusters have high 
expression in one subset compared to the others (clusters 1, 3 and 5 for CD62Ldim, banded and segmented neutrophils, 
respectively), two clusters have decreased expression in one subset (clusters 2 and 7 for CD62Ldim and banded neutro-
phils, respectively) and two clusters have gradually increasing (cluster 6) or decreasing (cluster 4) protein expression 
levels from banded to segmented and CD62Ldim. Each line represents the expression pattern of one protein. Line colours 
indicate the cluster membership value, i.e., the higher the membership value, the more similar to the cluster average. 
A minimum cluster membership value of 0.33 was used for further analysis. Numbers between brackets indicate the 
number of proteins in each cluster with cluster membership values above 0.33.
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Figure 5. Gene ontology enrichment analysis for protein involvement in cellular processes

The seven clusters from figure 4 were subjected to gene ontology enrichment analysis. After correction for multi-
ple-testing, four clusters revealed significant GO enrichments, which are plotted based on semantic similarities (i.e., 
similar terms grouped together). Colours indicate FDR p-values for each term and the size indicates how general a 
term is, with a smaller size for a more specific term. Highly similar terms were removed for clarity, but are given in 
supplementary table 3.
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Table 1. Top 10 most significantly enriched GO-terms per cluster

Cluster 1: CD62Ldim ↑ FDR corrected p Enrichment Type

extracellular space 4.98E-09 2.43 Component

extracellular region 1.98E-08 2.69 Component

plasma membrane 5.60E-06 1.58 Component

response to organic substance 1.08E-05 1.86 Function

defense response 1.40E-05 1.86 Function

response to external stimulus 1.75E-05 2.07 Function

response to oxygen-containing compound 2.22E-05 2.04 Function

response to external biotic stimulus 2.41E-05 2.25 Function

response to chemical 2.52E-05 1.69 Function

response to biotic stimulus 3.41E-05 2.22 Function

Cluster 2: CD62Ldim ↓ FDR corrected p Enrichment Type

ribonucleoprotein complex 3.72E-07 2.25 Component

nucleic acid binding 1.01E-05 1.61 Function

RNA binding 2.02E-05 1.66 Function

RNA metabolic process 4.30E-05 1.82 Process

poly(A) RNA binding 9.61E-05 1.7 Function

nucleic acid metabolic process 3.81E-04 1.67 Process

structural constituent of ribosome 9.23E-04 2.99 Function

ribosomal subunit 1.55E-03 2.91 Component

mRNA metabolic process 1.82E-03 2.04 Process

translational elongation 2.04E-03 2.89 Process

Cluster 4: Band>Segmented> CD62Ldim FDR corrected p Enrichment Type

ribonucleoprotein complex 1.07E-15 2.34 Component

ribosomal subunit 2.57E-13 3.55 Component

RNA metabolic process 4.25E-13 1.89 Process

cotranslational protein targeting to membrane 4.97E-13 3.32 Process

SRP-dependent cotranslational protein targeting to membrane 5.26E-13 3.36 Process

protein targeting to ER 7.39E-13 3.28 Process

nucleic acid metabolic process 7.50E-13 1.78 Process

translational initiation 9.36E-13 3.03 Process

protein localization to endoplasmic reticulum 1.36E-12 3.2 Process

establishment of protein localization to endoplasmic reticulum 1.54E-12 3.2 Process

Cluster 6 CD62Ldim >Segmented>Band FDR corrected p Enrichment Type

extracellular vesicular exosome 2.32E-04 1.26 Component

extracellular vesicle 2.90E-04 1.26 Component

extracellular membrane-bounded organelle 3.86E-04 1.26 Component

vesicle 5.18E-04 1.23 Component

extracellular region part 5.57E-04 1.24 Component

extracellular organelle 5.80E-04 1.26 Component

membrane-bounded vesicle 8.88E-04 1.25 Component

actin binding 7.31E-03 2.18 Function

negative regulation of Wnt signaling pathway 2.00E-02 2.45 Process

nicotinamide nucleotide metabolic process 2.02E-02 3.72 Process
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Discussion

Our data challenge the hypothesis that the different neutrophil subsets (banded, segmented 

and CD62Ldim cells) follow a linear differentiation from banded (immature) to segmented 

(mature) to CD62Ldim (aged) as is the consensus in the field [4,11,12]. After pulse-chase label-

ling with 6,6-2H2-glucose, labelled banded neutrophils were observed several days earlier in the 

blood than labelled segmented and CD62Ldim neutrophils. As 2H-labelling of DNA only takes 

place during the S-phase of the cell cycle, these data demonstrate that banded neutrophils 

observed in acute inflammation take less time to mature from myelocytes than the other two 

subsets and, are therefore likely to be cells prematurely mobilized from the bone marrow 

[43,44]. These data are in agreement with previous studies in cancer patients [15,16]. This 

mobilisation is generally thought to be a compensation of the bone marrow to release as many 

neutrophils as possible, even if some of those are not yet fully mature and might have a low 

capacity for clearing pathogens [45].

Functional enrichment analysis supports the hypothesis that banded neutrophils are immature 

cells still in the process of producing large amounts of proteins, as these cells show the high-

est expression of proteins involved in de novo protein synthesis (figure 5 and supplemental 

figure 5). CD62Ldim neutrophils, on the other hand, show enrichment of proteins involved in 

immune regulation, which is in line with their previously published capacity for suppressing 

T-cell suppressing proliferation [11]. It is unknown, however, whether the capacity of CD62Ldim 

neutrophils for suppressing T-cell proliferation is in any way related to their low capacity for 

protein production.

In contrast to the banded neutrophils, CD62Ldim neutrophils had kinetics very similar to those 

of segmented neutrophils, with respect to maturation time and disappearance rates from 

peripheral blood. This suggests that CD62Ldim neutrophils need the same time to mature as 

segmented neutrophils and are thus not simply aged segmented neutrophils. These results are 

in agreement with a previous study describing the maturation time of CD62Ldim neutrophils in 

a patient with pernicious anaemia [16]. It should be noted, however, that the hypersegmen-

tation observed in pernicious anaemia is caused by defects in the DNA replication machinery 

[46], which causes banded neutrophils to immediately mature into hypersegmented neutro-

phils [18]. Since the maturation time of CD62Ldim neutrophils after the last DNA synthesis is 

at least 5 days, it is unlikely that the DNA replication defects causing hypersegmentation in 

pernicious anaemia are causing the hypersegmentation in the cells observed 3h after acute 

inflammation. The highly similar kinetics of segmented and CD62Ldim neutrophils were not 

reflected by comparable protein expression profiles. Hierarchical clustering of the proteomes 

of the different subsets revealed the segmented subset to be more similar to the less mature 

banded neutrophils than to the CD62Ldim neutrophils. Thus, the difference between segmented 

and CD62Ldim neutrophils is larger than the difference caused by two days of maturation from 
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banded to segmented neutrophil.

The large difference in the proteomes of CD62Ldim neutrophils compared to the other two 

subsets raises the issue of the putative origin of these cells. It is less likely that the CD62Ldim 

neutrophil subset originates from mature neutrophils in response to LPS. Although it has been 

shown that neutrophils isolated from healthy individuals can produce novel proteins after 

incubation with high doses of LPS in vitro (100ng/ml) [27], this does not seem to occur in our 

study for various reasons. In vitro experiments showing LPS-induced neutrophil activation use 

doses in the upper nanomolar range whereas the dose used in our study was 2ng/kg body-

weight (≈ 50pg/ml plasma) [47]. To our knowledge no studies have shown neutrophils to be 

directly responsive in the lower picomolar range. This consideration is in line with the results 

coming from the comparison between our data with the proteomes published by Fessler, et al., 

studying LPS induced changes in neutrophils activated in vitro. Only 3 out of 18 differentially 

expressed proteins found in neutrophils activated by LPS in vitro showed a similar behaviour 

with the results from our proteome profiling, whereas an additional 4 proteins showed the 

opposite behaviour (supplemental table 1). This makes it unlikely that CD62Ldim neutrophils are 

generated in direct response to LPS stimulation. In addition, all proteins involved in transcrip-

tion, translation and mRNA/protein transport that we detected in our proteome analysis were 

least abundant in CD62Ldim neutrophils (supplemental figure 5). This indicates that CD62Ldim 

neutrophils have an even lower capacity for protein production than segmented neutrophils, 

whilst having a higher expression of 336 proteins compared to segmented and banded cells 

(figure 4, cluster 1). Therefore, we propose that the CD62Ldim neutrophil phenotype is not 

rapidly induced from normal neutrophils in response to LPS, but is a neutrophil subset that 

enters the bloodstream in response to inflammation.

The existence of neutrophil subsets residing outside of the circulation is supported by the 

fact that under homeostasis large numbers of neutrophils do not reside in the peripheral 

blood. Neutrophils have been found in the lungs, spleen, liver and bone marrow, or can be 

recruited from the marginated pool [6,48,49]. In addition, reverse transmigrated neutrophils 

have been described which return from the tissue back into the bloodstream [50]. It is yet to 

be determined which tissues sites are the source of the neutrophil subsets released during 

acute inflammation. Reverse transmigrated neutrophils are not a likely source of CD62Ldim 

neutrophils, since CD62Ldim neutrophils do not exhibit the profile of reverse migrated cells: no 

increased expression of ICAM-1 (CD54) and no decreased CXCR1 and CXCR2 expression as 

determined by flow cytometric analysis [11] as well as by proteomics (see supplemental table 

2). Also the high expression of CD11c on CD62Ldim neutrophils is not found on reverse migrated 

neutrophils [50]. The marginated pool does not seem a likely source of CD62Ldim neutrophils 

either, as it consists of neutrophils with a similar phenotype as those in the circulation [5,49,51]. 

In contrast, the increase in neutrophil numbers after LPS is due to entrance of cells into the 

bloodstream with different characteristics than those present in homeostasis [5].

CD62Ldim neutrophils have been described in the bone marrow, albeit at lower numbers than 
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banded and segmented neutrophils [20]. Therefore, the bone marrow is also a potential source 

of CD62Ldim neutrophils. Alternatively, neutrophil reserves have been described in the liver 

and spleen and these are therefore also potential organs from which CD62Ldim neutrophils 

are recruited after LPS injection[6,48,49]. The kinetics of 2H-glucose labelling depend on both 

blood and bone marrow kinetics [52]. The fact that mature and CD62Ldim neutrophils show 

very similar label kinetics suggest a shared progenitor and similar kinetics in bone marrow 

and blood for the two cell types, but the exact developmental relation between the subsets 

remains to be elucidated. 

Taken together, our study shows that CD62Ldim neutrophils detected in the bloodstream after 

LPS challenge are of similar age as segmented neutrophils, but have a proteome profile that 

places them apart from both segmented and the two days younger banded neutrophils. 

Therefore, we propose CD62Ldim to be a subset of neutrophils that are only recruited to the 

blood stream during acute inflammatory conditions, where they can engage in immune reg-

ulation to fine-tune acute immune responses.
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Supplementary methods

Protein isolation and labelling

Cell pellets were reconstituted in a pH 8.0 buffer containing 100mM Tris, 10mM DTT, 2% 

SDS, and protease inhibitor cocktails (Complete Mini and PhosSTOP, Roche Diagnostics, 

Basel, Switzerland). Samples were sonicated for a total of 4 minutes and subsequently centri-

fuged at 14000g to remove cellular debris. Using the Filter Aided Sample Preparation (FASP) 

method [1], the SDS buffer was replaced by a 8M urea buffer pH 8.0, alkylated with 50mM 

iodoacetamide and digested by 4h incubation with Lys-c (Wako, Richmond, VA), followed by 

an overnight Trypsin incubation (Promega, Madison, WI) and subsequent acidification to 5% 

formic acid. After desalting with Sep- Pak C18 cartridges (Waters Corporation, Milford, MA), 

resulting peptides were labelled by stable isotope dimethyl labelling as described previously 

[2] (1H2-formaldehyde, 2H2- formaldehyde and 13C-2H2-formaldehyde for light, medium and 

heavy label, respectively). Peptides of the three neutrophil subsets were mixed in a 1:1:1 ratio, 

as determined by LC-MS.

Fractionation

Samples were dried in vacuo and resuspended in 10% formic acid and fractionated using 

Strong Cation Exchange (SCX) chromatography on an Agilent 1100 HPLC system equipped 

with a 0.8x50mm (3.5µm resin) Zorbax BioSCX-series II analytical column (both from Agilent 

Technologies, Waldbronn, Germany) and a 2.1x15mm (40μm inner density, 10Å Resin) Opti 

Lynx C18 trapping column (Optimize Technologies, Oregon, OR). Peptides were loaded on the 

trapping column in a 0.05% formic acid, pH 2.9 buffer and eluted using 0.05% formic acid, 

80% acetonitrile, pH 2.9 supplemented with non-linearly increasing concentrations of up to 

500mM NaCl for SCX fractionation. A total number of 50 SCX fractions were collected and 

dried in a vacuum centrifuge. Fractions containing 2+, 3+ and 4+ peptides were reconstituted 

in 10% formic acid for further analysis.

Liquid chromatography and tandem mass spectrometry (LC-MS/MS)

Samples were analyzed with Proxeon EASY-nLC 1000 coupled to a LTQ-Orbitrap Q- Exactive 

(Thermo Fisher Scientific, Bremen, Germany) equipped with a 20mm by 100µm inner den-

sity ReproSil-Pur C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) trapping column and a 

450mm by 50µm inner density Poroshell 120 EC-C18 (Agilent Technologies, Little Fall, DE, 

USA) analytical column (packed in house with 3 and 2.7μm resin, respectively). Fractions were 

submitted to 45-180 minute elutions (based on peptide content measured by 220nm UV-inten-

sity) with 0.1% formic acid containing an increasing concentration of 7 to 30% acetonitrile. 

Between fractions Columns were washed with 100% acetonitrile and equilibrated down to 7%. 

Nanospray was achieved using a distally coated fused silica emitter (inner and outer diameters 

375μm and 20μm, respectively; made in-house) biased to 1.7 kV. High resolution full survey 
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scans (35,0000 FHMW) were acquired on the orbitrap from m/z 350 to 1500, whereas the 

MS2 scan is acquired at a resolution of 17.500. The ten most intense precursors were isolated 

with an isolation width of 1.5 m/z and fragmented using High Energy Collision Dissociation 

(HCD). The target ion setting was 3*106 for MS and 5*104 for MS/MS, with a maximum fill-

time of 250 ms and 120 ms.

Data analysis: Identification and Quantitation

Peptide identification was performed by searching the peak lists against a concatenated tar-

get-decoy database of human protein sequences in the Uniprot database (release 2013_12) 

using Proteome Discoverer version 1.4.0.288 (Thermo Scientific, Bremen, Germany), supple-

mented with a common contaminants database using the Mascot search engine version 2.3 

(Matrix Science, London, United Kingdom). Search parameters allowed up to two missed 

trypsin cleavage sites per peptide, carbamidomethylation was assumed for all cysteine residues, 

allowed methionine oxidation as a result of sample handling and assumed labelling on both 

lysine residues and N-termini. Mass tolerances were set at 50ppm for precursor peptides, while 

fragment mass tolerance was set at 0.05Da using HCD fragmentation. Use of the percolator 

algorithm [3] resulted in a false-discovery rate of less than one percent. Identified peptides 

were filtered for an ion score of 20, and a peptide rank of 1 so only the best matching peptide 

is used. Resulting proteins with evidence only on cDNA level were manually re-analyzed for 

matching proteins with evidence on protein levels.

All results have been deposited in the ProteomeXchange Consortium via the PRIDE partner 

repository [4] with dataset identifier PXD001674 and DOI: 10.6019/PXD001674).

Validation of protein quantification

To assess the robustness of our proteomics approach, we verified the protein expression of 

several candidate protein by Western blot in cells sorted from an additional 5 volunteers 

undergoing endotoxin challenge (t=3h). Candidate proteins were chosen as highly abundant 

proteins with either a stable expression between all three subsets (ß-Tubulin), a marked low 

expression in CD62Ldim neutrophils (Ficolin and ribosomal protein S24, RPS24) or a markedly 

high expression in CD62Ldim neutrophils (Interleukin-1 Receptor Antagonist, IL-1RA). Pallets 

of 106 cells were resuspended in 40µl loading buffer and run on a 15% gel. Subsequently, 

proteins were transferred onto a PVDF membrane. Membranes were blocked with 4% BSA 

in TBST and incubated overnight with rabbit anti-IL1RA polyclonal (Bio-connect, Huissen, the 

Netherlands), rabbit anti-RPS24 polyclonal (ITK Diagnostics, Uithoorn, the Netherlands), sheep 

anti-Ficolin (R&D Systems) or rabbit anti-ß-tubulin H235 polyclonal (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). Membranes were washed and incubated with secondary swine-anti-

rabbit-HRP or rabbit-anti-goat-HRP polyclonal (Dako, Santa Clara, CA, USA). Quantification 

was performed using a Gel Doc EZ system and Image Lab 5.1 (Biorad. Hercules, CA, USA). 
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Intensities were adjusted for protein concentrations as determined using a Nanodrop 2000 

(Thermo Fisher Scientific, Waltham, MA, USA).

In addition, we compared our proteomics results to expression levels of previously published 

[5] surface marker expressions as determined by FACS. These were chosen for having a differ-

ence in surface marker expression between subsets of at least two- fold as observed by FACS. 

Furthermore, CD11c expression is of special interest, as its’ increased expression observed 

by proteomics indicates de novo synthesis instead of an increased surface expression due 

to degranulation. Also, the increased CXCR2 expression on CD62Ldim neutrophils makes it 

unlikely that these cells are reverse transmigrated neutrophils.
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Supplementary tables

Table S1. Overlap between in vitro LPS stimulated neutrophils and CD62Ldim neutrophils

Upregulated in Fessler, et al. UniProt
Accession #

Fold change
Fessler, et al.

Fold change
LC-MS/MS

p1

Proteasome ß chain P28070 1.51 0.78 0.35

Annexin III P12429 1.37 1.08 0.18

Actin B P607092 1.74 1.21 0.10

α-Enolase P06733 1.65 1.06 0.13

Rab-GDP dissociation inhibitor ß P50395 1.24 1.11 0.14

Glutathione S-transferase P P09211 1.54 1.06 0.030

Nicotinamide phosphoribosyltransferase P43490 1.29 7.46 0.0019

Twinfilin-2 Q9Y3F5 1.8 0.99 0.94

Protein phosphatase 1, catalytic subunit, ß P621402 2.0 1.14 0.062

Stathmin P16949 2.1 0.73 0.027

Nonmuscle myosin heavy chain P355792 ∞ 1.19 0.021

Leukocyte elastase inhibitor P30740 2.4 1.05 0.043

Grancalcin P28676 ∞ 1.05 0.22

Downregulated in Fessler, et al.

Adenylyl cyclase-associated protein 1 Q01518 0.53 1.26 0.046

Rho-GAP1 Q07960 0.67 1.037 0.74

Ficolin 1 O00602 0.74 0.52 0.013

Adenosylhomocysteinase P23526 0.4 0.95 0.017

PEST phosphatase interacting protein 1 O435862 0.5 1.32 0.43

Results from our proteome analysis of neutrophil subsets observed after in vivo LPS challenge 2ng/kg bodyweight LPS) 
were compared to results from in vitro LPS stimulated neutrophils (100ng/ml) as published by Fessler, et al. [6]. Very little 
overlap is observed, with only 3 out of 18 proteins showing at least a 1.2-fold change in expression (1.2 fold upregu-
lation or 0.8 fold downregulation) between segmented and CD62Ldim neutrophils similar as described by Fessler, et 
al., 2 of which were significant. However, another 4 out of 18 proteins showed a change in protein expression of at 
least 1.2-fold in the opposite direction as that described by Fessler, et al.
1. As determined by paired t-test between 3 proteome profiles of 3 segmented neutrophil LC-MS/MS samples and 3 
CD62Ldim neutrophil samples.
2. Original accession numbers by Fessler, et al., have become obsolete and are replaced.
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Supplementary figures

Figure S1. Sort strategy and sort results of neutrophil subsets

Granulocytes were gated based on FSC/SSC (A), with exclusion of doublets (B) and CD14pos monocytes (C). Sub-
sequently, neutrophil subsets (D) were gated as CD16dim/CD62Lbright, CD16bright/CD62Lbright and CD16bright/
CD62Ldim (E). Re- analysis of the sorted cell populations showed a clear separation between the subsets and micro-
scopic analysis of May-Grünwald-Giemsa stained cytospin preparations showed the expected banded (F), segmented 
(G) and hypersegmented (H) nuclear morphology.
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Figure S2. Validation of proteomics results

Relative protein contents determined by LS-MS/MS were compared to results obtained by western blot (A) or FACS 
analysis (B), with FACS results being obtained from Pillay, et al. [5]. Blot results show high similarity with LC-MS/MS 
results, although the variability between western blot samples is much higher than the between LC-MS/MS samples. 
Previously published FACS data also show similar results as those obtained by LS/MS-MS, although it should be noted 
these might also represent changes in subcellular localization. Bars represent means +/- SD from N=3 (LC-MS/MS) or 
N=4-5 (blots/FACS). Blots of 4 volunteers are shown, grouped for each volunteer, with C, B and S indicating CD62Ldim, 
segmented and banded neutrophils, respectively.
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Figure S3. Clinical parameters after LPS injection

Disease severity scores (A) were significantly increased at 1.5 hours after LPS injection (t=0), followed by an increased 
heart rate (B), core temperature (C) and a decreased mean arterial pressure (D). Data are represented as median +/- 
95%CI with n=10. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001 and **** indicates p<0.0001 
compared to t=0, as determined by repeated measures one-way ANOVA, corrected for multiplicity by Dunnett’s 
multiple comparisons test.
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Figure S4. Neutrophil DNA 2H-enrichment for placebo and C1-esterase inhibitor treated groups

Since it is not possible to perform repeated LPS injections into human volunteers, our kinetics of deuterium enrichment 
we have measurements of only 4 individuals at each time point. Excluding the data of volunteers receiving C1-esterase 
inhibitor would result in too little data for analysis, so we have pooled these data for figure 2. As it is paramount to 
determine whether C1-esterase inhibitor has an effect on the maturation kinetics of the neutrophils subsets, data were 
plotted separately for volunteers receiving C1-esterase inhibitor and placebo. No differences were observed between 
neutrophil kinetics of placebo and C1E inhibitor treated volunteers in neutrophils isolated just before LPS injection and 
the three subsets isolated 3h after LPS injection. Each symbol represents a single measurement in one volunteer, with 
2 volunteers per condition per time point, to a total of 20 volunteers.
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Figure S5. Expression pattern of ribosomal proteins

Gene ontology enrichment analysis in Fig. 5 and table 1 show enrichment of GO-terms for the ribosome, mRNA pro-
cessing and translation in clusters 3 and 4. To further illustrate this finding, we have plotted the expression patterns 
of all 65 detected ribosomal proteins of (A) the 40S ribosomal subunit, (B) the 60S ribosomal subunit and (C) an addi-
tional 37 eukaryotic initiation/elongation factors (EIF/EEF) and 7 mRNA splicing factors. Each circle represents a single 
measurement, lines connect measurements within the same individual. The abundance of some proteins lay below 
the detection limit (approximately 2 ppm, depending on protein length and sequence).
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Abstract

Introduction. A systemic inflammatory response (SIRS), such as found in multi-trauma patients, 

is characterized by mobilization of three different neutrophil phenotypes into the peripheral 

blood. The kinetics of this neutrophil response are still poorly understood. The acute phase 

protein C1-INH (C1-esterase inhibitor) is considered a potent anti-inflammatory protein that 

may affect the neutrophil response evoked by systemic inflammation. 

Objective. To investigate the effect of treatment with C1-INH in humans on the occurrence 

and kinetics of the different subpopulations of neutrophils in a standardized systemic inflam-

mation model: experimental endotoxemia.   

Material and Methods. In a double blind manner, ten healthy volunteers received C1-INH and 

ten healthy volunteers received placebo before a systemic challenge with lipopolysaccharide 

(LPS) was introduced. This LPS challenge resulted in an inflammatory response reminiscent of 

SIRS. Neutrophil kinetics were studied in the context of their activation phenotype which was 

determined by using flow cytometry.

Results. 1.5 hours after LPS challenge there was a relative neutropenia, and after 3 hours there 

was a neutrophilia in the peripheral blood. During neutropenia, neutrophils demonstrated a 

lower expression of activation markers compared to baseline, and at 3 hours after challenge, 

the expression was higher than baseline. LPS challenge resulted in the appearance of three 

neutrophil subsets in the peripheral blood 3 hours post challenge. There was no effect of 

C1-INH on the occurrence of these subpopulations. Also, there was no significant difference 

in expression of adhesion and activation markers in the C1-INH and placebo group, despite 

the fact that high concentrations (up to 0.8 g C1-INH antigen/l) in plasma were achieved.

Conclusion. SIRS evoked by LPS challenge led to an evident change in activation phenotype 

of circulating neutrophils. The low activation during neutropenia after 1.5 hours fits with 

the hypothesis that active cells home to the tissue during SIRS. The high activation pheno-

type during neutrophilia suggests the presence of a pro-inflammatory systemic response. The 

absence of any effect of C1-INH indicates that treatment of systemic inflammation with this 

acute phase protein is not affecting neutrophil kinetics and/or activation. 
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Introduction

Systemic inflammatory complications can occur after severe trauma and during infection [1]. 

This response is characterized by an altered neutrophil response in vivo, both in the context of 

kinetics and in activation phenotype [2, 3]. This innate immune response can be activated after 

trauma via damage-associated molecular patterns (DAMPs) and during infection via microbial 

components (pathogen-associated molecular patterns or PAMPs) [4, 5].

In the tissue, activated neutrophils may cause additional severity of disease by causing tissue 

damage independently from the damage caused by the injury itself. This may result in pro-in-

flammatory complications such as acute respiratory distress syndrome (ARDS) or multiple organ 

dysfunction syndrome (MODS) [1]. Until now it is not clear which patients are prone to develop 

inflammatory complications after trauma [6]. So there is an unmet clinical need to gain more 

insight into the mechanism of action of neutrophil kinetics in systemic inflammation, and 

perhaps to even develop a way to predict the occurrence of inflammatory complications. 

Unfortunately, the wide variation in patient characteristics and the heterogeneity of the type 

and timing of injuries in trauma patients definitely complicates research in this area. Human 

experimental systemic endotoxemia has been developed as a model for systemic inflammation 

and allows investigation of the systemic innate immune response in a standardized manner 

[7]. Administration of lipopolysaccharides (LPS), a Toll-like receptor 4 (TLR4) agonist, induces 

a rapid and profound systemic immune response reminiscent of SIRS [8] and exhibits charac-

teristics shared with the early cellular response of the innate immune system after trauma [9]. 

The endotoxemia model facilitates the study of the characteristics of neutrophil subpopulations 

during acute inflammation over time, as it is not complicated by heterogeneity of injury type 

or characteristic variation in trauma patients.    

Previous research has shown that during LPS evoked SIRS two extra neutrophil subpopulations 

can be found in the peripheral blood, besides the homogeneous neutrophil population present 

during homeostasis [10-12]. The same populations are described in trauma patients [13]. The 

exact differences in function of all these subpopulations are under study, but it has already 

been described that the CD62Ldim (L-selectindim) neutrophils are able to suppress T-cells [13]. 

The LPS-induced SIRS model in man can be used as a first step to develop a pharmaceuti-

cal intervention during the pro-inflammatory phase found during systemic inflammation in 

patients. An intervention that might attenuate this systemic innate immune response is the 

administration of C1-esterase inhibitor (C1-INH) [14]. C1-INH is an acute phase protein pro-

duced by the liver in response to inflammatory conditions. There is evidence that C1-INH can 

inhibit the innate immune response at several levels [15]. C1-INH is considered as a potent 

anti-inflammatory protein because of its ability to modulate ‘cascade’ systems present in the 

peripheral blood [16]. This is based on the findings that C1-INH can inhibit the classical com-

plement pathway (by inactivation of C1r and C1s), the contact (bradykinin-forming) system 

and the factor XII-dependent fibrinolytic cascade [16, 17]. 
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This study was designed to test the hypothesis that treatment with C1-INH could affect the 

kinetics and activation state of the different neutrophil phenotypes in peripheral blood.

Material and methods

Subjects

This study was approved by the Ethics Committee of the Radboud University Nijmegen Medical 

Center and was in accordance with the Declaration of Helsinki and the Good Clinical Practice 

guidelines. Written informed consent was obtained from all participating volunteers. The study 

was registered at ClinicalTrial.gov as NCT01766414.

Twenty healthy male volunteers were included in the study. The findings of the physical exam-

inations, electrocardiography and routine laboratory tests before the start of the experiment 

showed normal results in all the participants. Subjects were not taking prescription medication 

or any drugs. All volunteers were negative for HIV and hepatitis B antibodies in serum. Subjects 

refrained from all caffeine- and alcohol-containing substances twenty-four hours before the 

start of the endotoxemia challenge and from all food 12 hours before the start of the LPS 

administration.   

Study design and procedures

Subjects were randomized by an independent research nurse to receive blinded C1-INH (N=10, 

Cetor®, Sanquin, Amsterdam, the Netherlands) 100 U/kg bodyweight or placebo (equivalent 

volume of 0.9 % saline). The C1-INH was given after rehydration and before LPS challenge. 

The C1-INH or saline solution was prepared by an independent research nurse and provided 

to the researcher in identical IV bags ensuring the double blind design of this study. 

The LPS-challenge was performed at the research unit of the intensive care department of the 

Radboud University Medical Center, as described before [14, 18, 19]. In short, the radial artery 

was cannulated using a 20-Gauge arterial catheter (Angiocath, Becton Dickinson) under local 

anesthesia (20mg/mL lidocaine HCL) and connected to an arterial pressure monitor (Edwards 

Lifescience, Irvine, CA, USA) to allow the continuous monitoring of blood pressure and blood 

sampling. A cannula was placed in an antecubital vein allowing infusion. The subjects were 

pre-hydrated with 1.5 L of 2.5% glucose/0.45% saline 1.5 hours before LPS infusion followed 

by infusion of C1-INH or placebo for 30 min. Next, LPS (2 ng/kg) was administered as a bolus. 

Hereafter, the subjects received a continuous infusion of 150 mL/h saline until 6 h after the 

admission of LPS and 75 mL/h during the remainder of the experiment until discharge [14, 

20]. Heart rate and respiratory rate were monitored during the entire experiment, using a 

three-lead electrocardiogram. The purified lipopolysaccharide (LPS; US Reference Endotoxin 

Escherichia coli endotoxin O:113) was obtained from the Pharmaceutical Development Section 

of the National Institutes of Health and was prepared as described before [18, 20]. In short, 
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the lyophilized powder was reconstituted in 5 mL 0.9% saline for injection and vortex mixed 

for at least 20 min.       

Clinical data were recorded by a Philips (Eindhoven, the Netherlands) MP50 patient monitor 

every 30 seconds, starting directly after admission at the research unit and until discharge [20]. 

Subjects were asked every 30 min to score the severity of the endotoxin-induced flu-like 

symptoms (nausea, headache, shivering, muscle and back pain) [8] using a 6-point Likert 

scale subjective scoring system, varying from 0 (symptoms absent) to 5 (symptoms worst ever 

experienced), added up to a total symptom score [14, 20].  

 

Laboratory tests

C-reactive protein and hematologic values including leukocyte count and differentiation were 

determined by the Central Hematology Laboratory of the Radboud University Medical Center. 

C1-INH activity was measured from EDTA-plasma at Sanquin (Amsterdam, the Netherlands), 

by using the Berichrom C1-INH kit (Siemens healthcare diagnostics, Deerfield, IL, USA) and a 

Tecan Freedom EVO 150 robot (Tecan Group, Männedorf, Switzerland). C1-INH antigen levels 

were determined with the use of a Behring Nefelometer (Siemens healthcare diagnostics, 

Deerfield, IL, USA) [14].

FACS analysis

Anti-coagulated blood samples (sodium heparin) were collected at serially points prior to and 

following LPS administration. White blood cells were obtained as described previously [9]. In 

short, red blood cells were lysed twice with ice-cold isotonic NH4Cl solution. After lysis and a 

final wash with phosphate buffered saline with added sodium citrate (0.38% wt/vol) and pas-

teurized plasma proteins (10% vol/vol) (PBS2+), the cells were stained on ice with commercially 

obtained labeled antibodies for 30 min. Monoclonal antibodies used for flow-cytometry were: 

APC-Alexa Fluor 750 CD11b (clone Bear1), Krome Orange CD16 (clone 3G8), PeCy7 CD20 

(clone b9e9), PeCy5.5 CD56 (clone N901), ECD CD62L (clone DREG56) from Beckman Coulter, 

Pasadena, CA, USA. PeCy5.5 CD11c (clone BU15), APC700 CD29 (clone ts2/16), FITC CD35 

(clone E11), PeCy7 CD49d (clone 9f10), Pacific Blue CD64 (clone 10.1), PerCP/Cy5.5 CD66b 

(clone G10F5), FITC CD123 (clone 6h6), PE CD193 (clone 5e8), PE TLR4 (clone Hta125) from 

Biolegend, San Diego, CA, USA. FITC CD18 (clone L130) and APC CD32 (clone FLI8.26) from 

BD Biosciences, San Jose, CA, USA. PE CD181 (clone 42705) and APC CD182 (clone 48311) 

both from R&D Systems, Minneapolis, MN, USA. Alexa CBRM1/5 (clone CBR1/5) and CD274/

PDL-1 (clone M1H1) both from eBioscience, San Diego, CA, USA. PE CD54 (clone Mem-111; 

EXBIO, Vestec, Czech Republic) and FITC CD88 (clone P12/1; GeneTex, Irvine, CA, USA). After 

a final wash with PBS2+, the cells were measured on a FACS Gallios flow-cytometer (Beckman 

Coulter). Neutrophils were identified according to their specific forward and sideward signals. 

Contaminating eosinophils were gated out on the characteristics that they are low in expres-

sion of FcγRIII(CD16).
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Statistical analysis

FCS express 4.0 (De Novo Software, Los Angeles, CA, USA) was used for the evaluation of the 

flow cytometry data. Parameters are presented as mean ± SEM or median and ranges, depend-

ing on their distribution. A two-way repeated measures ANOVA was used to test variation over 

time. A p-value <0.05 was considered significant. Statistical analyses were performed with 

SPSS and GraphPad Prism 7 software (GraphPad software, La Jolla, CA, USA).

Results

Baseline characteristics

Twenty subjects were enrolled in the study protocol. Of these 20 volunteers, 10 were ran-

domized to receive C1-INH and 10 to receive placebo. There were no differences in baseline 

characteristics between both groups. The demographics are shown in table 1.

 Table 1. Baseline characteristics

Placebo C1-INH p-value

Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)
HR (bpm)
MAP (mmHg)

22.0 ± 1.6
185 ± 5.7
78.5 ± 4.7
23.1 ± 1.6
62 ± 9
90 ± 8

21.8 ± 1.2
183 ± 4.4
73.2 ± 8.7
21.8 ± 2.0
67 ± 6
91 ± 8

P=0.7026
P=0.5204
P=0.1113
P=0.1263
P=0.1141
P=0.9575

Data are presented as mean ± SD. P>0.05 was considered not statistically significant. 
cm = centimeter, kg = kilogram, BMI = Body Mass Index, HR = heart rate, bpm = beats per minute, MAP = Mean 
Arterial Pressure

Clinical and hemodynamic response

As shown previously [9, 10, 13], administration of the endotoxin (2 ng/kg bodyweight) in 

healthy volunteers induced an inflammatory response similar to that found during SIRS. LPS 

infusion resulted in the expected clinical changes in both the C1-INH and placebo group. 

Endotoxin-induced symptoms were scored by the subject and typically started with headache 

approximately 1 hour after induction of LPS. At 90 minutes after LPS a peak was experienced 

in the symptoms. There was no significant difference in the experience of endotoxemia-induced 

clinical symptoms between the C1-INH and the placebo group after the administration of LPS 

(data not shown), as described previously [14].

There was also no difference in hemodynamic response between the group that received 

C1-INH and the group that received placebo. LPS-induced changes in temperature, mean 

arterial blood pressure and heart rate did not significantly differ between groups (data not 

shown), as described previously [14].  
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C1-INH activity and C1-INH antigen

Plasma samples of all subjects were analyzed to establish whether the administration of C1-INH 

indeed led to the targeted concentrations of C1-INH antigen and activity in the peripheral 

blood. After administration of C1-INH at T=-30, a significant rise was detected in both C1-INH 

activity (p <0.001) and C1-INH antigen (p <0.001) in the group receiving C1-INH (table 2). 

Effect of treatment with C1-INH on the hematological response

The level of leukocyte, neutrophil, lymphocyte, monocyte and eosinophil count did not differ 

before (-30 min) or after administration of C1-INH or placebo (T=0; table 2). There were also 

no significant differences in the leukocyte response to LPS between the two groups (table 2). 

Both groups showed the earlier described [10, 14] typical response toward LPS with an iden-

tical decrease in all white blood cell counts 60 minutes after administration of endotoxin due 

to sequestration (table 2). After this initial decrease in the number of circulating leukocytes 

and neutrophils, there was an increase in counts. The number of neutrophils even increased 

to levels 2.5 times higher than before the LPS challenge. There was no significant increase in 

cell numbers found for lymphocytes, monocytes and eosinophils. 

Effect of treatment with C1-INH on neutrophil activation markers before and after 

LPS challenge

There was no difference in LPS-induced marker expression on the total pool of circulating 

neutrophils over time between the C1-INH and placebo group. C1-INH did not change the 

activation phenotype of neutrophils in blood after endotoxemia challenge illustrated by the 

expression of Fcγ receptor-III (CD16), L-selectin (CD62L) and αM (CD11b) shown in figure 1. 

Similarly, the activation markers CBRM1/5, CD11c, CD35, CD35, CD54 (ICAM-1), CD69 and 

CD274 (PDL-1) were also not affected by treatment with C1-INH (Supplemental figure S2).
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Figure 1. Expression of markers on neutrophils during human endotoxemia in the absence and presence of C1-INH

Expression of CD16 (FCγRIII), CD62L (L-selectin) and CD11b (αM) on circulating neutrophils measured by flow cytom-
etry, just before administration of C1-INH (◆) or placebo (∘) (T=-30), 30 minutes after administration of C1-INH or 
placebo (T=0). And several time points after administration of LPS (T=90, 90 minutes after LPS; T=180, 180 minutes 
after LPS; T=360, 360 minutes after LPS). 
None of the time points show a significant difference between C1-INH and placebo. 

Lack of modulation on the presence of subpopulations of neutrophils by C1-INH

After the induction of systemic inflammation by challenge with LPS, three subpopulations of 

neutrophils were defined based on their CD16/CD62L expression as previously described by 

Pillay, et al. [10, 13]. Microscopic examination of these subpopulations show differences in 

the number of nuclear lobes, with CD16dim/CD62Lbright neutrophils showing a more banded 

nuclear phenotype and CD16bright/CD62Ldim neutrophils showing an increase in nuclear lobes 

[12, 13], whereas mature CD16bright/CD62Lbright neutrophils displayed an intermediate nuclear 

lobularity of neutrophils. 

At the first time points, T=-30 and T=0, before the administration of LPS, the circulating blood 

consisted of mainly one population of neutrophils, the CD16bright/CD62Lbright mature cells. Treat-

ment by C1-INH itself did not induce a change in the occurrence of neutrophil subsets as there 

was no difference between T=-30 (before C1-INH) and T=0 (figure 2). Following endotoxemia, 

at T=90, a large pool of CD16bright/CD62Ldim neutrophils appeared in the peripheral blood. 

And three hours after LPS challenge at T=180, a population of CD16dim/CD62Lbright emerged. 

Treatment with C1-INH did not affect the presence nor kinetics of the different phenotypes.

Effect of treatment with C1-INH on the marker expression of neutrophil subpopula-

tions 

Activation markers

Upon activation, in vitro neutrophils change their marker expression. CD62L expression is 

decreased by shedding and CD11b expression is increased because of fusion of granules [21]. 

After LPS challenge, the neutrophil subpopulations exhibited an increase in CD11b expression 

as well as other activation markers at T=180 minutes in comparison to T=90 minutes. At T=360 

minutes the expression of the markers almost returned to the levels measured at 90 minutes 

after LPS challenge. The expression of L-selectin was, however, not lowered on the majority 
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of neutrophils at T=180 and remained normally expressed on these cells up to six hours after 

LPS. So the majority of neutrophils in the circulation did not shed L-selectin during the cytokine 

storm evoked by challenge with LPS. 

Figure 2. Neutrophil subsets before and after LPS challenge, with and without C1-INH

Percentages of neutrophil subpopulations were calculated from flow cytometry data with the use of CD16 and CD62L 
(L-selectin) stained neutrophils. In green the CD16dim/CD62Lbright neutrophils, in grey the CD16bright/CD62Lbright and in 
red the CD16bright/CD62Ldim neutrophils. Time point -30 is 30 minutes before administration of LPS, time point zero is 
just before the LPS challenge. Data are presented as mean±SEM.

 

Another activation marker is the activation epitope on CD11b recognized by CBRM1/5 mono-

clonal antibody [22]. The expression of this marker was increased on all subpopulations, but 

particularly on CD16bright/CD62Ldim neutrophils at T=180 minutes. No statistically significant 

differences were found between the C1-INH and placebo group (figure 3). 

Markers associated with transmigration

Reverse transmigrated neutrophils are characterized by high expression of ICAM-1 (CD54) and 

low expression of the IL-8 receptor, CXCR-1 (CD181) [23]. The expression of CD181 progres-

sively decreased over time after LPS activation in all three neutrophil subsets. The expression of 

CD54 was slightly increased in the peripheral blood three hours after LPS challenge. No statisti-

cally significant differences were found between the intervention and placebo group (figure 3).

Degranulation markers 

Increased expression of markers for degranulation was predominantly present at T=180, three 

hours after LPS challenge (T=180). Complement receptor 1 (CR1) or CD35, which is pres-

ent in secretory granules, showed a clear increase on all subpopulations, but especially on 

CD16bright/CD62Lbright and CD16bright/CD62Ldim neutrophils. CD11b found in tertiary granules 

was also increased on all subpopulations three hours after LPS challenge. Additionally, a small 

increase of expression of CD66b was seen on all subpopulations, indicative for fusion of specific 

granules with the plasma membrane. This indicated a degranulated state of neutrophils in 
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peripheral blood three hours after LPS challenge. No statistically significant differences were 

found between the C1-INH and placebo treated group (figure 3 and supplemental figure S2).

Figure 3. Expression of surface markers on subpopulations of neutrophils in the peripheral blood during human 
endotoxemia in the presence and absence of C1-INH
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Figure 3. Continued
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Figure 3. Continued

Expression of CD16 (FCγRIII), CD62L (L-selectin), CD11b (αM), CBRM1/5, PDL-1 (CD274), CD54 (ICAM-1), CD181 
(CXCR-1), CD35 and CD66b on circulating neutrophils measured by flow cytometry, just before administration of 
placebo (left graph) or C1-INH (right graph) on (T=-30), 30 minutes after administration of C1-INH or placebo (T=0). 
And several time points after administration of LPS (T=90, 90 minutes after LPS; T=180, 180 minutes after LPS; T=360, 
360 minutes after LPS). 
In green the CD16dim/CD62Lbright neutrophils, in grey the CD16bright/CD62Lbright and in red the CD16bright/CD62Ldim neutro-
phils. None of the time points showed a significant difference between C1-INH and placebo. MFI = mean fluorescence 
intensity. 

Discussion

Neutrophils play a pivotal role in systemic inflammatory complications during SIRS [1, 2, 4]. Up 

to now, no anti-inflammatory drugs have been shown to dampen this SIRS response. C1-INH 

is considered an anti-inflammatory protein acting on multiple pathways associated with SIRS 

[15, 24, 25]. We designed the study to investigate detailed kinetics and activation phenotype 

of neutrophils and evaluate the effect of C1-INH on this response in a standardized human 

model for acute systemic inflammation. Administration of LPS in healthy volunteers induced 

clinical symptoms corresponding with a systemic inflammatory response syndrome (SIRS) as 

shown previously [9, 26]. Furthermore, this study confirms that the administration of LPS is a 

good human model to investigate the systemic inflammation such as seen after trauma in a 

standardized manner. 

The decrease in leukocyte and neutrophil counts in the peripheral circulation 1.5 hours after LPS 

challenge is most likely due to margination of primed neutrophils to the vessel wall and possibly 

migration of these cells into the tissues. This margination evoked by systemic inflammation has 

been previously described for neutrophils [1, 2, 27] and eosinophils [28]. This in vivo behavior 

of neutrophils is likely mediated by an increased concentration of pro-inflammatory cytokines, 

which results in priming of neutrophils in the circulation as well as activation of endothelial 

cells [1, 29-31]. We found no difference in the neutropenia at 1.5 hours after endotoxemia 

between the C1-INH and placebo group. This suggests that there is no influence of C1-INH 

on the margination of neutrophils toward the tissues. There was also no difference in the 
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receptor expression of neutrophils remaining in the peripheral blood at 1.5 hours after the 

LPS challenge. From this we can cautiously conclude that treatment with C1-INH also has no 

influence on the priming and migration of neutrophils in vivo during systemic inflammation. 

Three hours after LPS challenge the early neutropenia was followed by neutrophilia in the 

peripheral blood of the LPS-challenged volunteers. This neutrophilia was mainly due to the 

mobilization of neutrophils with a banded nucleus (CD16dim) or a hypersegmented nucleus 

(CD62Ldim). The origin of these cells is yet to be determined, but there are three hypotheses 

explaining these findings: (1) release from the post-mitotic pool in the bone marrow [32, 33], 

(2) mobilization from the marginated pool [32], or (3) reverse transmigration of neutrophils 

[23]. 

Neutrophil release from the bone marrow is controlled by complex mechanisms involving G-CSF 

[32, 33], CXCL12/SDF-1 [34], CXCR4 [21, 32] and VLA-4 (CD49d) [32, 35]. This study showed a 

slight increase in CD49d levels at 3 hours after LPS in comparison to 90 minutes after challenge, 

which might indicate mobilization of early granulocytes into the circulation. This is supported 

by the occurrence of banded, CD16dim, neutrophils in the peripheral blood suggesting release 

of immature neutrophils from the bone marrow. Whether the increase in CD16bright neutrophil 

phenotypes also (partially) originates in the bone marrow is yet to be determined.

Alternatively, LPS challenge might have led to the mobilization of neutrophils from the margi-

nated pool. This marginated pool consists of around 50% of all neutrophils and likely exists of 

neutrophils that are attached to the microvasculature [3, 29]. A shift toward free flowing neu-

trophils is typically induced by exercise or treatment with stress hormones such as epinephrine 

[36]. These marginated cells are thought to be in free exchange with the free flowing pool and 

therefore indistinguishable from each other. The increase in activation markers on neutrophils 

in this study indicated that apart from demargination, the neutrophilia is also associated with 

activation of the cells in situ. 

Neutrophils that are recruited back from tissues to the peripheral blood are referred to as 

reversed transmigrated neutrophils [23]. These cells have been shown to be characterized by 

a high expression of ICAM-1 (CD54high), a low expression of CXCR1 (CD181low) and an increase 

in activation markers [23]. Unfortunately, the studies on reversed migrated neutrophils did not 

evaluate the differential participation of neutrophil phenotypes.

In this study, the neutrophils at time point 3 hours after LPS challenge showed a decreased 

expression of CD181 and a slightly higher expression of CD54 in comparison to 90 minutes after 

LPS challenge. So it is tempting to speculate that the neutrophils that appear in the peripheral 

blood after LPS (from T=90 minutes on) were at least in part originating from the tissues.

The precise mechanisms that underlie neutropenia and neutrophilia during acute systemic 

inflammation evoked by LPS remain to be defined. This was beyond the scope of our study. 

Nevertheless, our study indicates that treatment with C1-INH did not affect neutrophil kinetics 

evoked by LPS challenge. 
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Despite the previously described finding that C1-INH attenuated the cytokine storm induced 

by LPS challenge [14], we did not find an effect of C1-INH on neutrophil kinetics before and 

after LPS challenge. This seems in contrast with a study of Zeerleder, et al., in which adminis-

tration of C1-INH in human septic patients reduced the neutrophil activation [24]. However, 

they measured an indirect level of neutrophil activation in vivo, namely the elastase-1- anti-

trypsin complex (EA) in peripheral blood. This decreased level of EA in patients treated with 

C1-INH could also be explained by a reduced degranulation outside the peripheral blood.  

In several animal studies, with different models of acute inflammation it was demonstrated 

that treatment with a high dose of C1-INH improved survival [25, 37, 38]. Several hypotheses 

have been postulated to explain the underlying mechanisms for this improved survival. For 

example inhibition of neutrophil-endothelial interactions have been described [37], as well as 

reduced leukocyte activation [38]. A mice study of Cai, et al., suggest that there is an inter-

action of C1-INH with selectins which thereby inhibit transmigration of leukocytes over the 

endothelium toward the tissues [39]. Such interaction of C1-INH with at least L-selectin was 

not supported by data obtained in our study, since there is no difference in CD62L expression 

on neutrophils in the C1-INH treated group compared to the placebo treated group. This latter 

finding was supported by data of Thorgersen, et al., who found no effect of C1-INH on CD11b 

upregulation on human granulocytes after incubating whole blood with E.Coli bacteria [40].

C1-INH is considered a potent anti-inflammatory protein, because it inhibits both the classical, 

the contact and dependent fibrinolytic cascade [39, 41]. Apparently, these pathways are not 

essential in the neutrophil responses and/or kinetics in peripheral blood during LPS challenge, 

since there was no effect of C1-INH on these parameters in this study. 

The lack of effect of C1-INH cannot be explained by low levels of C1-INH in plasma, as the 

concentration was >3.2 IU/ml in the C1-INH treated group compared to 1.0 IU/ml in the pla-

cebo treated group. C1-INH was administrated 30 minutes before LPS challenge. Therefore, 

the plasma levels of C1-INH were high throughout the 8h experiment in the C1-INH treated 

group as the half-life of C1-INH is about 28 hours [15] (table 2). These findings are in line 

with the finding that there is no detectable complement activation in the first hours after LPS 

challenge [14].

In this study, no difference in neutrophil kinetics could be demonstrated between the C1-INH 

and placebo group. Human endotoxemia is proven to be an adequate model to study an acute 

systemic inflammatory response, but it does not completely recapitulate the complete cascade 

of events occurring in polytrauma patients or severe septic patients. Also, we have to take 

into account that the inflammatory response after LSP challenge is driven by a single PAMPs 

and the response after injury is driven by a combination of multiple DAMPs and sometimes 

PAMPs [1, 3]. We cannot rule out that C1-INH might interfere with such a multiple DAMP/

PAMP initiated immune response. 
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In conclusion, experimental endotoxemia in humans is characterized by a marked redistribution 

and activation of the complete neutrophil compartment. Despite the fact that this is likely 

mediated by LPS evoked cytokine storm, C1-INH, an acute phase protein able to suppress 

humoral innate immune responses, was not able to affect this response. The absence of 

any effect of C1-INH during LPS induced SIRS questions whether this putative treatment for 

antagonism of systemic neutrophil activation after injury or other sterile inflammation will find 

its way to the clinic. 
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Supplementary figures 

Supplementary figure S1. Expression of markers on neutrophils during human endotoxemia in the absence and 
presence of C1-INH

Expression of receptor markers on circulating neutrophils measured by flow cytometry, just before administration of 
C1-INH (black) or placebo (white) (T=-30), 30 minutes after administration of C1-INH or placebo (T=0). And several 
time points after administration of LPS (T=90, 90 minutes after LPS; T=180, 180 minutes after LPS; T=360, 360 
minutes after LPS). 
None of the time points show a significant difference between C1-INH and placebo. 
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Supplementary figure 2. Expression of surface markers on subpopulations of neutrophils in the peripheral blood 
during human endotoxemia in the absence and presence of C1-INH
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Supplementary figure 2. Continued
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C1-INH in a human endotoxemia model
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Supplementary figure 2. Continued

Expression of receptor markers on circulating neutrophils measured by flow cytometry, just before administration of 
placebo (left graph) or C1-INH (right graph) on (T=-30), 30 minutes after administration of C1-INH or placebo (T=0). 
And several time points after administration of LPS (T=90, 90 minutes after LPS; T=180, 180 minutes after LPS; T=360, 
360 minutes after LPS). 
In green the CD16dim/CD62Lbright neutrophils, in grey the CD16bright/CD62Lbright and in red the CD16bright/CD62Ldim neu-
trophils. 
None of the time points show a significant difference between C1-INH and placebo.
MFI = mean fluorescence intensity. 
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Abstract

Background. Systemic inflammation in response to a femur fracture and the additional fixation 

is associated with inflammatory complications, such as acute respiratory distress syndrome 

and multiple organ dysfunction syndrome. The injury itself, but also the additional procedure 

of femoral fixation induces a release of pro-inflammatory cytokines such as interleukin-6. 

This results in an aggravation of the initial systemic inflammatory response, and can cause an 

increased risk for the development of inflammatory complications. Recent studies have shown 

that administration of the serum protein C1-esterase inhibitor can significantly reduce the 

release of circulating pro-inflammatory cytokines in response to acute systemic inflammation.

Objective. Attenuation of the surgery-induced additional systemic inflammatory response by 

perioperative treatment with C1-esterase inhibitor of trauma patients with a femur fracture. 

Methods. The study is designed as a double-blind randomized placebo-controlled trial. Trauma 

patients with a femur fracture, Injury Severity Score ≥ 18 and age 18-80 years are included 

after obtaining informed consent. They are randomized for administration of 200U/kg C1-es-

terase inhibitor intravenously or placebo (saline 0.9%) just before the start of the procedure of 

femoral fixation. The primary endpoint of the study is Δ interleukin-6, measured at t = 0, just 

before start of the femur fixation surgery and administration of C1-esterase inhibitor, and t = 

6, 6 hours after administration of C1-esterase inhibitor and the femur fixation.

Conclusion. This study intents to identify C1-esterase inhibitor as a safe and potent anti-in-

flammatory agent, that is capable of suppressing systemic inflammation in trauma patients. 

This might facilitate early total care procedures by lowering the risk of inflammation in response 

to the surgical intervention. This could result in increased functional outcomes and reduced 

health care related costs.
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Background

Trauma is a major cause of morbidity and mortality in people under the age of 50 years in 

the western world [1]. Death can occur as a direct result of the trauma induced injury, or as 

result of a dysfunctional immune response [2]. This excessive immune reaction is caused by the 

response to tissue injury, such as seen after trauma, surgery or burns. An overwhelming innate 

immune response is considered to be a major risk factor in the development of post-traumatic 

organ failure and sepsis. Additional injury, induced by surgical intervention, can increase the 

overall immune inflammatory reaction [3].

The lung is most often the first organ to be affected by an exaggerated systemic immune 

response, which can result in an acute respiratory distress syndrome (ARDS). This functional 

impairment can be followed by other organs, such as the liver, gastrointestinal tract and kid-

neys, leading to the so-called multiple organ dysfunction syndrome (MODS). Presence of ARDS 

and MODS is a major risk factor for mortality, long time morbidity, a prolonged hospital stay 

and high health care costs [4].    

One of the early and systemically released cytokines in the early inflammatory response, is the 

pro-inflammatory cytokine interleukin-6 (IL-6). Therefore, this cytokine is widely used as an 

indicator for severity of the systemic inflammatory response in clinical studies [5]. Serum IL-6 

levels have been demonstrated to be closely related to the magnitude of the injury (burden 

of trauma/first hit) and to the operative procedure (second hit) [6,7]. There is a correlation 

between the IL-6 concentration and the underlying injury severity. Patients with a Injury Severity 

Score (ISS) > 18 showed a more pronounced rise of IL-6 concentration compared to patients 

with a lower injury severity [8]. 

Femur fractures, have been found associated with a profound systemic inflammatory response 

[9-11]. Ideally, fractures should be managed without a clinically important delay to prevent 

excess blood loss, and preserve function. However, in case of femur fractures, internal fixation 

increases systemic inflammation [12]. In trauma patients with an already activated inflamma-

tory response, this increase greatly enhances the risk of an excessive immune response [13,14]. 

To address this problem, the concept of damage control orthopedics (DCO) was developed 

[15,16]. This concept aims at minimizing the surgically induced inflammatory response through 

limiting surgical procedures [16,17]. However, DCO is a controversial approach, because limit-

ing surgical procedures, can lead to a reduced quality of fracture healing, multiple interventions 

and a prolonged hospital stay. This places the treating surgeon with a difficult dilemma: early 

total care versus damage control [18-20].  

Therefore, there is an unmet need for limiting/preventing the surgical induced inflammation, 

other than limiting or delaying surgery. Until now, there is a lack of pharmacological interven-

tions that can reduce this surgery induced inflammation. 

A promising intervention to attenuate the systemic innate immune response is the treatment 

with a high concentration of C1-esterase inhibitor (C1-INH) [21]. C1-INH is an acute phase pro-
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tein, produced by the liver in response to inflammatory conditions. C1-INH is a major inhibitor 

for both the complement and the contact system, and is, therefore, an important regulator 

of inflammatory reactions [22,23]. Apart from the modulation of the these systems, C1-INH 

has also been shown to attenuate systemic inflammation independently of the activation 

of complement [24]. In fact, Dorresteijn, et al., showed that administration of C1-INH, in a 

‘human endotoxemia model’, attenuates the release of pro-inflammatory cytokines, including 

IL-6, in healthy male volunteers [21]. This model evokes a systemic inflammatory response in 

the absence of complement activation [21,25]. 

Aim of the study 

The aim of this study is to ascertain whether administration of C1-INH in trauma patients with 

a femur fracture can reduce the release of pro-inflammatory cytokines and, therefore, will 

contribute to attenuation of the inflammatory response, in response to a surgical intervention 

(second hit). This study can provide proof of principle for C1-INH as a potential drug for the 

prevention of late inflammatory complications in trauma patients. 

Methods

Objectives

Attenuation of the surgery-induced additional systemic inflammatory response by perioperative 

treatment with C1-INH in trauma patients with a femur fracture. And the effect of C1-INH on 

clinical outcome (e.g., ARDS, MODS, mortality, length of hospital stay).

Study design

This clinical trial is a double blind, placebo-controlled, randomized study, investigating the 

anti-inflammatory effect of C1-INH on systemic inflammation induced by fixation of the femur 

fracture in trauma patients.

This study is conducted in accordance with the principles of the Declaration of Helsinki [26] 

and Good Clinical Practice Guidelines [27]. The independent ethics committee of the University 

Medical Center Utrecht (UMCU) approved the study. Written informed consent will be obtained 

from all participating patients.

Study population

Seventy multi-trauma patients presented at the emergency department of the UMCU with an 

ISS ≥ 18 and a femur fracture which need fixation, will be included in the study. Patients are 

eligible for the study if they meet all the inclusion and none of the exclusion criteria (table 1).
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Table 1. Patients in- and exclusion criteria

Inclusion criteria Exclusion criteria

•	 Multi-trauma patient
•	 ISS* ≥ 18
•	 Femur fracture
•	 Age 18-80 years
•	 Informed consent

•	 Congenital C1-inhibitor deficiency
•	 Use of immune suppressants
•	 Known hypersensitivity for blood products
•	 Pregnancy
•	 Fixation of the femoral fracture with external fixation or osteosynthesis

*ISS = Injury Severity Score

Randomization

Subjects are randomly allocated to either the C1-INH group (intervention-group) or the place-

bo-group just before the start of the surgical repair of the femur fracture, using an 1:1 allocation 

ratio. Randomization will be performed by the distributing pharmacy (UMCU, The Netherlands) 

with the use of Design version 2.0 (Systat Software Inc. , Chicago, IL, USA) . The C1-INH and 

placebo solutions are prepared in identical non-transparent infusion bags, ensuring the dou-

ble-blind fashion of the study. Patients, treating surgeons, investigators and nursing personnel 

involved in the study will be unaware of the randomization, and therefore, the solution applied. 

Study protocol

When trauma patients meet the inclusion criteria, a first blood sample is taken within 12 hours 

after trauma. This blood sample serves as a reference for the degree of inflammation imme-

diately after injury. Because the first blood sample needs to be drawn within 12 hours after 

trauma, it is possible that the first sample is drawn without the necessary informed consent 

and will be analyzed directly. This delayed informed consent may be required because the 

inflammatory response after the initial trauma is visible in the blood within the first 12 hours 

after trauma. Of course, the informed consent is obtained as soon as possible if the patient 

or his/her legal representative is able to. If no consent is obtained, the analyzed blood and 

the data will be destroyed and the patients will not receive C1-INH or placebo, because the 

randomization will only take place after informed consent is obtained. 

Outcome measurements

The primary outcome will be the change in serum IL-6 concentration before and after surgical 

repair of a femur fracture in trauma patients in the presence or absence of C1-INH. We have 

chosen IL-6 as our primary endpoint because IL-6 is one of the earliest released pro-inflamma-

tory cytokines after trauma, which is detectable by multiplex assays. Several clinical studies have 

shown that IL-6 is a good marker for the severity of inflammatory response [5,8,10]. Because 

not all patients are operated at the exact same time after trauma we will use the Δ IL-6 serum 

concentration (the difference in IL-6 level between t = 0, at the start of the operation, and t = 

6, six hours after start of the operation) as our primary endpoint. This allows the detection of 

the difference between the systemic inflammation in patients treated with or without C1-INH. 
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Figure 1. Time frame
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Patients receive femur fixation surgery according to the current protocol in the UMCU. Just after induction of anesthesia 
a second blood sample will be drawn and after this withdrawal the subject receives either C1-INH in a dose of 200 U/kg 
body weight (n=35) or placebo (saline 0.9%, n=35) intravenously. Two hours and six hours after the skin incision for the 
surgical procedure for femoral fixation the next blood samples are taken. The last samples are taken 24 and 48 hours 
and seven days after procedure of femoral fixation. An overview of the time frame of the study is shown in figure 1.

Secondary biochemical outcomes include the production of various pro- and anti-inflammatory 

cytokines, cellular activation markers and complement. Various hematological variables and 

clinical chemistry measurements, such as hemoglobin, hematocrit, leukocyte count, platelet 

count, C-reactive protein and fibrinogen, are also determined. These values reflect the clinical 

condition of the patient and the severity of inflammation.    

Secondary clinical outcomes include the effect of C1-INH on the presence or absence of ARDS 

or MODS and appearance of SIRS, sepsis or septic shock. To evaluate the presence of these 

clinical conditions the Systemic Response Syndrome (SIRS)-score [28] and the Sequential Organ 

Failure Assessment (SOFA)-score [29] will be calculated on a daily base during hospitalization of 

the study subjects. The duration of admission at the intensive care unit, duration of mechanical 

ventilation and total days of hospital admission are all recorded. 

Sample size calculation

The sample size calculation is based on damping of the increase in serum IL-6 concentration 

by 30% in the C1-INH group, compared to the placebo group [21,30,31]. With an expected 

standard deviation of 50% [30,31] and a relevant decrease of IL-6 concentration of 30% 
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[21,30,31], 35 patients in each sample-group (C1-INH or placebo) are needed to find a statis-

tically significant difference (power 80%, Type 1 error rate 0.05). 

Statistical analysis

The primary endpoint, the Δ IL-6, will be determined with the use of a Students’ t-test. The 

occurrence of inflammatory complications, such as MODS and ARDS, will be examined with 

the use of a survival analysis, such as Kaplan Meier or Cox proportional Hazard [32]. For com-

parisons, a t-test or Mann Whitney U-test will be used as appropriate. Changes over time will 

be analyzed using repeated measurement analysis with time as within factor and treatment 

as between factor, using Analysis of Variance. A p-value < 0.05 is considered statistically 

significant.

The data will be analyzed using software programs SPSS version 17.0 (SPSS Inc., Chicago, IL, 

USA) and GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA).

Interim analysis

In this study there will be two analysis performed, one interim and the final analysis, using the 

O’Brien Fleming method [33]. The alpha used for the interim analysis will be 0.0054, and for 

the final analysis the alpha used will be 0.0492.  

The interim analysis will be conducted by an independent Data Safety Monitoring Board 

(DSMB) after the inclusion of 35 succeeding patients. The DSMB is composed of three inde-

pendent members, of which two clinicians and one statistician. After the interim analysis 

the DSMB is able to make recommendations. In case of clear benefit, harm or futility of the 

treatment, the DSMB might decide to end the study early. 

Discussion

This study represents a novel therapeutic approach for the attenuation of the inflammatory 

response in trauma patients undergoing surgical intervention. To our knowledge this is the 

first randomized, placebo-controlled trial examining the effect of the acute-phase protein 

C1-INH on the suppression of the dysfunctional inflammatory reaction in trauma patients 

during fixation of their femur fracture. Our research, focusing on the potential therapeutic 

effect of C1-INH, could have important impact on outcome of patients after a severe trauma. 

C1-INH is proven to be effective as treatment for improving the outcome in a variety of inflam-

matory disease models [22,24], including SIRS induced by infusion of LPS [21]. 

The dosage C1-INH of 200U/kg bodyweight is distinct from earlier clinical studies. It is shown 

that C1-INH synthesis increases up to 2.5 times the normal rate during an acute phase response 

[34,35]. Various states of severe inflammation, such as found during sepsis, burns and ARDS, 
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give a rise in the consumption of C1-INH [36]. Nuijens and colleagues also showed a reduc-

tion in functional C1-INH in patients with sepsis complicated by shock or ARDS [37]. Caliezi, 

et al., claimed that this decrease in C1-INH levels, as result of the consumption, is probably 

due to a relative deficiency in functional C1-INH as result of enzymatic cleavage in inflamed 

or ischemic tissue [22]. 

We also expect consumption of C1-INH in the severely injured trauma patients in our study and 

thus a relative deficiency in functional C1-INH. We hypothesize that this consumption is mainly 

due to (i) the trauma itself, (ii) the blood loss during trauma, (iii) the possible extra blood loss 

during operation, and (iv) the dilution of the blood compartment during resuscitation because 

of the use of e.g., saline infusion or packed cells (erythrocytes). To compensate this natural 

consumption of C1-INH in our patients, we will administer a dose of 200U/kg bodyweight, 

approximately a dose of 14.000-16.000U per patient. This dose is expected to increase the 

circulating C1-INH concentration at least as found under acute phase conditions [21].

C1-INH is found to be well tolerated up to a dose of 19.000 units in patients suffering from 

acute myocardial infarction [38]. In the study of Strüber, et al., a dose of 15.000U, followed 

by 7.500U and 5.000U (total of 27.500U) was administered and tolerated without any side 

effects [39].  

It is anticipated that this study will take three years to complete. The study is expected to start 

in October of 2011 and will end after the last blood sample is drawn from the seventieth 

successful included patient.   

Conclusion 

To the best of our knowledge this study is the first randomized controlled trial designed to 

assess the use of C1-INH as a possible drug for attenuation of the inflammatory response in 

trauma patients after a second hit.  

And, if our hypothesis is proved correct, it will result in increased functional outcome in trauma 

patients and reduced health care related costs. 
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Abstract 

Introduction. Polytrauma is often associated with a systemic inflammatory response syn-

drome (SIRS). A second inflammatory hit, e.g., surgery, after initial trauma increases the risk 

for inflammatory complications. Treatment with the acute phase protein C1-esterase inhibi-

tor (C1-INH) can reduce the cytokine response during acute inflammation. In this study, the 

hypothesis tested was whether treatment with C1-INH could attenuate systemic neutrophil 

activation in trauma patients. 

Material and methods. A double-blind randomized placebo-controlled trial was designed 

in which trauma patients with at least a femur or pelvic fracture, an Injury Severity Score of 

> 18 and an age of 18-80 were included. They were randomized for C1-INH (200 U/kg body 

weight) or placebo (saline 0.9%) treatment, peri-operatively during femur or pelvic fixation. 

The effect on systemic inflammation was monitored by both changes in serum IL-6 levels and 

differences in the neutrophil compartment.

Results. Eleven patients were included in this study. The patients included in the C1-INH 

group had an early peak in the level of C1-activity in their serum. After 48 hours, the level 

of C1-INH in the serum was comparable in both groups. C1-INH treatment did not induce a 

significant difference in interleukin-6 levels nor did it have an influence on the systemic neu-

trophil response in the study population.

Conclusion. Treatment of trauma patients with C1-INH peri-operatively did not lead to changes 

in systemic immune responses. It is, however, unclear whether the endogenous production of 

C1-INH in response to trauma suffices as an anti-inflammatory mechanism for the prevention 

of inflammatory complications, and if the administration of C1-INH could be beneficial, as 

there were no inflammatory complications detected in this small cohort.
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Introduction

Despite optimal trauma care and the introduction of damage control orthopaedics, systemic 

inflammatory response syndrome (SIRS) is still a major threat for polytrauma patients [1]. SIRS 

can develop into multiple organ dysfunction syndrome (MODS) and acute respiratory distress 

syndrome (ARDS), which are potentially life-threatening complications. Any type of tissue 

injury, including surgery, can lead to an inflammatory response. Exogenous factors, like the 

injury itself (the “first hit” or “trauma load”) and the resuscitation or surgical intervention (the 

“second hit” or “intervention load”) play a key role in the development of SIRS and thereby 

ARDS and MODS [2]. 

The second-hit theory implies that the first hit, the initial trauma, is responsible for the first 

phase of systemic inflammation that is associated with pre-activation or priming of neutrophils. 

A second hit, surgical intervention for example, would then result in aberrant activation of the 

neutrophils that could lead to an abundant immune response [3]. The resulting (severe) inflam-

matory complications will lead to a higher morbidity, prolonged hospital stay and mortality [4]. 

One of the earliest systemically released cytokines after trauma is pro-inflammatory interleu-

kin-6 (IL-6) [5, 6]. IL-6 is therefore widely used as an indicator for trauma severity and for the 

degree of the systemic inflammatory response [5, 7]. The serum IL-6 level has been demon-

strated to be a marker for injury severity after trauma [6-8].

Neutrophils are important effector cells of the innate immune system [9, 10]. The systemic 

inflammatory response is characterized by an altered neutrophil response in vivo, both in kinet-

ics as well in as in activation phenotype [2, 10, 11]. Activated neutrophils can be detrimental 

because of tissue damage caused independently from the trauma damage itself. This can 

lead to inflammatory complications, such as ARDS and MODS. Also, it is known that during 

a systemic inflammatory response, large numbers of neutrophils consisting of heterogeneous 

subsets are released into the circulation [10, 12]. It is still unknown what the exact function of 

the different subpopulations of neutrophils is, although neutrophils subsets have been linked 

with immune regulation [13-15]. 

Femur and pelvic fractures are associated with a profound systemic inflammatory response [7, 

16]. The surgical treatment of these types of fractures is accompanied by an extra increase of 

IL-6 concentration in the peripheral blood [17-19]. This may lead to an increased risk for sys-

temic inflammatory complications. This is particularly evident in trauma patients with an already 

activated inflammatory response. These patients might benefit from damage control surgery 

despite the fact that long-term clinical success is lower in this patient group [20]. These patients 

could possibly benefit from a targeted anti-inflammatory therapy. So there is an unmet med-

ical need for limiting surgically-induced systemic inflammation, particularly in severely injured 

polytrauma patients. Unfortunately, there is a clear lack of pharmacological options that can 

reduce this surgically-induced inflammation. The currently available anti-inflammatory drugs, 

including corticosteroids, have a poor response on this type of systemic inflammation [21]. 
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A promising intervention to inhibit the systemic immune response could be C1-esterase 

inhibitor (C1-INH) [22]. C1-INH is an acute phase protein, produced by various cells, such as 

fibroblast, monocytes, macrophages and hepatocytes, in response to inflammatory condi-

tions [23]. It plays an important role in the modulation of both the complement and contact 

pathways [24, 25]. Excessive activation of the complement system, for example due to severe 

inflammation, is associated with tissue damage [26]. C1-INH is known to reduce the production 

of pro-inflammatory mediators, such as IL-6, anaphylatoxins (C3a, C5a) and bradykinin, and, 

therefore, reduce neutrophil activation [27]. 

This study was designed to investigate the possible attenuation of the surgically-induced addi-

tional systemic inflammatory response by peri-operative treatment with C1-INH, in polytrauma 

patients (Injury Severity Score >18) with a femur or pelvic fracture. The primary outcome of 

the study was the change in the pro-inflammatory IL-6 levels measured just before and 6 

hours after surgery. 

Material and methods

Patient inclusion and sampling

The study has been previously described in detail [28]. The local ethics committee approved the 

study (clinicaltrials.gov number NCT01275976) and written informed consent was obtained 

from all patients or their legal representatives in accordance with the Declaration of Helsinki.

Polytrauma patients were included after admission to the Department of Traumatology at the 

University Medical Center Utrecht (UMCU) in the Netherlands with at least a femur or pelvic 

fracture and an injury severity score (ISS) of 18 or higher. As described previously, exclusion 

criteria for patients were: <18 or >80 years old, ISS < 18, no femur or pelvic fracture, an altered 

immunological status, known C1-INH deficiency, pregnancy or fixation of the femoral fracture 

with external fixation or plate osteosynthesis [28]. 

When patients met the inclusion criteria, the first blood sample was drawn within 12 hours 

after the trauma. After informed consent, patients were randomized in a double-blind fashion 

for either a dose of C1-INH (200 U/kg bodyweight) or placebo (saline 0.9%), administrated 

just before the start of the femur fixation by intramedullary nailing or pelvic fixation [28]. 

After induction of anaesthesia, a second blood sample was drawn, directly followed by the 

double-blind infusion of C1-INH or placebo. The subjects received fixation according to the 

current protocol in the UMCU. Two hours and six hours after the start of the surgery, the next 

blood samples were taken. The remaining samples were taken at 24 hours, 48 hours, 7 days 

and 12 days after the femur or pelvic fixation surgery (flowchart 1). 
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Flowchart 1. Time frame of the study 
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Overview of the study’s time frame. The 8 moments of blood withdrawal and the moment of administration of study 
medication (placebo or C1-INH) are depicted. 
Abbreviations: C1-INH = C1-esterase inhibitor, T = time point

Clinical parameters

On admission, sex, age and trauma mechanism were recorded for each individual and the 

Acute Physiology and Chronic Health Evaluation II score was calculated. The Injury Severity 

Score (ISS) and New ISS (NISS) were calculated once all injuries in a given patient were iden-

tified. On admission, sex, age and trauma mechanism were recorded for each individual and the 

Acute Physiology and Chronic Health Evaluation II score was calculated. The Injury Severity Score 

(ISS) and New ISS (NISS) were calculated once all injuries in a given patient were identified. On 

admission, sex, age and trauma mechanism were recorded for each individual and the Acute 

Physiology and Chronic Health Evaluation II score was calculated. The Injury Severity Score (ISS) 

and New ISS (NISS) were calculated once all injuries in a given patient were identified. The ISS 

was calculated [29] on admission at the emergency department, together with the Acute Physi-

ology and Chronic Health Evaluation II (APACHE-II) score [30]. During admission in the hospital, 

the presence of systemic inflammation, e.g., systemic inflammatory response syndrome (SIRS), 

acute respiratory distress syndrome (ARDS) and multiple organ dysfunction syndrome (MODS) 

were registered [29, 31]. 

Hematological parameters

Laboratory measurements were performed at the central laboratory of the UMC Utrecht. 

Routine hematological analysis for the Complete Blood Count (CBC; hemoglobin concentra-

tion, hematocrit, leucocyte count, leucocyte differential count, platelet count) was performed 

using the Cell-Dyn Sapphire hematology analyzer (Abbott Diagnostics, Santa Clara, CA, USA). 

CRP was measured using immunoturbidimetry on an AU5811 automated chemistry analyzer 

(Beckman-Coulter, Brea, CA, USA). 
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Cytokines  

Blood was collected in EDTA coated sterile tubes (BD, San Jose, CA, USA). Plasma was obtained 

by spinning the sample at 2000G. Cytokines, interleukin (IL)-1, IL-1ß, IL-1RA, IL-6, IL-8, IL-10, 

interferon gamma (IFNƴ), monocyte chemotactic protein-1 (MCP-1), tumor necrosis factor 

alfa (TNFα), Vascular Cell Adhesion Molecule (VCAM) and Inter-Cellular Adhesion Molecule 

(ICAM) were determined using a multiplex assay as described previously [32, 33]. In short, 

measurements were performed using an in-house developed and validated (ISO9001 certi-

fied) multiplex immunoassay (Laboratory of Translational Immunology, UMCU, Utrecht, the 

Netherlands) based on Luminex technology (xMAP, Luminex Austin, TX USA). Acquisition was 

performed with the Biorad FlexMAP3D (Biorad laboratories, Hercules USA) in combination with 

xPONENT software version 4.2 (Luminex). Data were analyzed by 5-parametric curve fitting 

using Bio-Plex Manager software, version 6.1.1 (Biorad).

Complement factors

C1-INH activity levels were measured from EDTA-plasma by Sanquin (Amsterdam, the Neth-

erlands), by using the Berichrom C1-INH kit (Siemens healthcare diagnostics, Deerfield, IL, 

USA) and a Tecan Freedom EVO 150 robot (Tecan Group, Männedorf, Switzerland). C1-INH 

antigen levels were determined with the use of a Behring Nefelometer (Siemens healthcare 

diagnostics, Deerfield, IL, USA) [22]. 

Neutrophil subsets and marker expression

Receptor expression was measured by flow cytometry in order to analyze the presence of 

neutrophil subsets. White blood cells were obtained from sodium heparin anti-coagulated 

blood, as described previously [34, 35]. In short, red blood cells were lysed twice with ice-

cold isotonic NH4Cl solution. After lysis and a final wash with phosphate buffered saline with 

added sodium citrate (0.38% wt/vol) and pasteurized plasma proteins (10% vol/vol) (PBS2+), 

the cells were stained on ice with commercially obtained labelled antibodies for 30 minutes 

before analysis on a Gallios flow cytometer (Beckman Coulter, Pasadena, CA, USA). Antibodies 

used were: CD11b-allophycocyanin (APC)-Alexa750 (clone Bear1), CD16-Krome Orange (clone 

3G8) and CD62L-endothelial cell density (ECD) (clone DREG56) from Beckman Coulter (Pasa-

dena, CA, USA); CD11c-phycoerythrin-cyanin 5.5 (PeCy5.5) (clone BU15), CD35-fluorescein 

isothiocyanate (FITC) (clone E11), CD49d-PeCy7 (clone 9F10), CD64-Pacific Blue (clone 10.1), 

CD66b- Peridinin-chlorophyll protein-cyanin 5.5 (PerCPCy5.5) (clone G10F5) and TLR4-PE 

(clone HTA125) from Biolegend (San Diego, CA, USA); CD32-APC (clone Fli8.26) from BD 

(San Jose, CA, USA); CD54-phycoerythrin (PE) (clone MEM-111) from EXBIO Praha (Vestec, 

Czech Republic); CD88-FITC (clone P12/1) from GeneTex (Irvine, CA, USA); CD181-PE (clone 

42705) and CD182-APC (clone 48311) from R&D Systems (Oxon, UK); active CD11b-Alexa700 

(clone CBRM1/5) from eBiosciences (San Diego, CA, USA). 

Neutrophils were identified based on their specific forward and side-ward scatters [34, 35].
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Data analysis and statistics

FCS express 4.0 (De Novo Software, Los Angeles, CA, USA) was used for the evaluation of the 

flow cytometry data. Data from individual experiments were depicted as median fluorescence 

intensities. 

Data were analyzed with GraphPad Prism 7.0 (San Diego, CA, USA). Statistical analysis was 

performed with non-parametric Mann-Whitney U test for two groups (C1-INH vs. placebo). 

Data are presented in mean ± SEM unless mentioned otherwise. A value of P<0.05 was con-

sidered to be statistically significant. 

Results

Patient characteristics

A total of eleven patients met the inclusion criteria and were included in the study performed 

between April 2012 and December 2014 (flowchart 2). The mean ISS was 28 (18-41) and all 

patients had at least a femur or pelvic fracture that needed surgical stabilisation. Ten patients 

developed at least 1 day of SIRS (table 1). None of the patients developed systemic inflamma-

tory complications, such as sepsis, ARDS or MODS (table 1).  

C1-INH activity, antigen and levels of complement factors C1q, C2, C3 and C4 in serum

Administration of C1-INH led to an expected increase of levels of C1-activity and C1-antigen 

(figure 1). Two hours after administration of C1-INH or placebo (time point 3), the levels of 

C1-INH activity and antigen were significantly higher in the C1-INH group compared to the 

placebo group. Strikingly, 6 hours after surgery, the C1-INH activity and antigen levels also 

increased in the placebo group and reached the same levels as the C1-INH group at T6, 48 

hours after trauma (figure 1). 

There was no significant difference in the levels of C1q, C3 and C4 in the two groups. The 

levels all increased over time after trauma and surgery (figure 1). Only C2 showed a significant 

difference at the time point 7 days after surgery, the difference being a higher level of C2 in 

the serum of C1-INH group (figure 1).

Hematological data

C1-INH did not result in significantly different blood values in the polytrauma patients, except 

for leukocyte count at T7 (1 week after operation) (table 2). Total leukocyte and neutrophil 

counts showed a pattern similar as described before by Bastian, et al., [37] in the blood of 

polytrauma patients. On arrival in the emergency department, the leukocyte and neutrophil 

counts were above reference values, and 24 hours after trauma, the counts were decreased 

to reference values. An increase in these values was again found one week after operation 

(table 2).
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Flowchart 2. Included patients

 

 

 

 

Assessed for eligibility 
n = 28 

Possible inclusions 
n = 24 

Exclusion (n = 12 ): 
- No intramedullary fixation (n = 4) 
- Not English or Dutch speaking ( n= 2) 
- Deceased before inclusion (n = 3) 
- No informed consent obtained / 
   not possible to obtain informed    
   consent (n = 3) 
 

Randomized 
n = 12 

Missed 
(n = 4) 

Analyzed 
n = 11 

Deceased before administration of study 
medication (n = 1) 

Table 1. Patient demographics 

Placebo group C1-INH group p-value

Number of patients (n) 4 7

Male/female (n) 3/1 7/0

Age, years (mean) 37.8 (20-65) 40.7 (24-59) 0,6848

ISS (mean) 27 (19-41) 29 (18-41) 0,8273

APACHE-II score (mean) 12 (8-16) 15 (3-26) 0,7143

Length of hospital stay, days (mean) 23 (14-27) 19 (8-41) 0,1758

Time in ICU, days (mean) 3 (0-9) 3 (0-10) >0,9999

Time on ventilation, days (mean) 3 (0-8) 2 (0-8) 0,9545

SIRS, days (mean) 4 (2-7) 2 (0-6) 0,2303

Sepsis/Septic shock 0 0 -

ARDS/MODS 0 0 -

Abbreviations: C1-INH = C1-esterase inhibitor, ISS = Injury Severity Score, ICU = Intensive Care Unit, ARDS = Acute 
Respiratory Distress Syndrome, MODS = Multiple Organ Dysfunction Syndrome, SIRS = Systemic Inflammatory Response 
Syndrome
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Figure 1. C1-INH activity, antigen and levels of complement factor in serum after treatment with C1-INH or placebo

Levels of C1-INH activity and antigen, C1q, C2, C3 and C4 over time. Time points: see flowchart 1. Abbreviations: 
C1-INH = C1-esterase inhibitor



Chapter 9

172

Ta
b

le
 2

. H
em

at
ol

og
ic

al
 d

at
a

T1
T4

T5
T6

T7
T8

p
-v

al
u

e

Le
u

ko
cy

te
s 

Pl
ac

eb
o

16
.7

±
3.

4
7.

1±
0.

2
9.

0±
0.

3
8.

6±
1.

1
13

.4
±

1.
7*

11
.4

±
1.

5
* p

=
0,

02
42

(x
10

9 /
L)

C
1-

IN
H

17
.7

±
2.

8
8.

8±
0

8.
9±

0.
9

8.
2±

1.
1

8.
6±

0.
7*

12
.3

±
2.

0

N
eu

tr
o

p
h

ils
 

Pl
ac

eb
o

16
.5

±
3.

5
5.

2±
0.

1
6.

7±
0.

4
6.

7±
0.

7
10

.4
±

2.
1

9.
0±

1.
9

ns

(x
10

9 /
L)

C
1-

IN
H

16
.5

±
2.

0
N

D
7.

5±
0.

8
6.

8±
0.

8
6.

5±
0.

6
8.

1±
1.

9

C
R

P
Pl

ac
eb

o
2±

0
11

3±
14

13
3±

36
15

4±
40

97
±

26
61

±
29

ns

(m
g/

L)
C

1-
IN

H
1±

0.
3

82
±

0
12

8±
18

16
7±

43
10

9±
44

69
±

52

H
b

 
Pl

ac
eb

o
9.

0±
0.

3
5.

1±
0.

2
5.

4±
0.

4
4.

8±
0.

2
5.

6±
0.

1
6.

3±
0.

3
ns

(m
m

ol
/L

)
C

1-
IN

H
7.

8±
0.

7
5.

2±
0

5.
2±

0.
2

5.
1±

0.
2

5.
0±

0.
3

7.
2±

0

Pl
at

el
et

s 
Pl

ac
eb

o
32

2±
61

13
8±

70
13

6±
27

16
1±

20
38

0±
86

68
6±

12
6

ns

(x
10

9 /
L)

C
1-

IN
H

21
9±

30
13

1±
0

12
8±

9
11

5±
7

34
9±

75
77

1±
11

2

H
em

at
ol

og
y 

da
ta

 fr
om

 p
at

ie
nt

s 
tr

ea
te

d 
w

ith
 C

1-
IN

H
 o

r p
la

ce
bo

 a
t d

iff
er

en
t t

im
e 

po
in

ts
 a

ft
er

 p
ol

yt
ra

um
a.

 T
im

e 
po

in
ts

: s
ee

 fl
ow

ch
ar

t 1
. A

t T
2 

an
d 

T3
 n

o 
he

m
at

ol
og

ic
al

 d
at

a 
w

as
 d

et
er

m
in

ed
.

A
bb

re
vi

at
io

ns
: C

1-
IN

H
 =

 C
1-

es
te

ra
se

 in
hi

bi
to

r;
 C

RP
 =

 C
-r

ea
ct

iv
e 

pr
ot

ei
n;

 H
b 

=
 h

em
og

lo
bi

n;
 N

D
 =

 n
ot

 d
et

er
m

in
ed



Effect of C1-INH after polytrauma

173

9

C-reactive protein (CRP), an acute phase protein produced by the liver, showed an increase in 

the first 48 hours after trauma and operation. After these time points, there was a decrease 

over time in CRP. There was no difference in CRP levels between the C1-INH and placebo group 

(table 2). Hemoglobin levels and platelets counts also did not differ significantly between the 

C1-INH and the placebo group (table 2). 

Cytokines

Increase in systemic IL-6 levels

The change in the pro-inflammatory IL-6 levels just before and 6 hours after surgery was 

defined as the primary outcome of this study. This is depicted as peri-operative delta IL-6 

(ΔIL-6). There was no effect on the ΔIL-6 between T=2 (just before start of the operation and 

before the admission of the randomized study medication) and T=4 (6 hours after start of the 

surgery) in the placebo group compared to the C1-INH group (figure 2). 

Figure 2. Peri-operative Δ interleukin-6 levels during treatment with C1-INH and placebo 

Interleukin (IL)-6 levels were measured in the blood of polytrauma patients to determine the effect of C1-INH on delta 
interleukin-6 induced by the second hit (operative intervention). 
T2 is just before start of the femur- of pelvic fixation, and just before admission of placebo or C1-INH. T4 is 6 hours 
after start of the operation. There was no significant difference in the levels IL-6 in the placebo or C1-INH treated 
patients before and after surgical intervention. 

Pro-inflammatory cytokines

Pro-inflammatory cytokines measured were IL-6, IL-8 and MCP-1 (figure 3). Over time, there 

was no significant difference in the level of pro-inflammatory cytokines in the peripheral blood 

between the placebo and the C1-INH group. The pro-inflammatory cytokines IL-1ß, IFNƴ and 

TNFα were not detectable in any of the patients (data not shown). 
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Figure 3. Cytokines and soluble adhesion molecules levels over time after C1-INH or placebo treatment

Levels of cytokines and soluble adhesion molecules over time. Time points: see flowchart 1. 
Abbreviations: C1-INH = C1-esterase inhibitor; IL-6 = interleukin-6; IL-8 = interleukin-8; MCP-1 = monocyte chemotactic 
protein-1; IL-10 = interleukin-10; ICAM = Inter-Cellular Adhesion Molecule; VCAM = Vascular Cell Adhesion Molecule 
There were no significant differences in the cytokine levels in the placebo or C1-INH treated patients before and after 
surgical intervention. 

Anti-inflammatory cytokines

Also, the anti-inflammatory cytokine IL-10 serum levels showed no significant difference 

between the placebo and C1-INH group (figure 3). IL-1RA, another anti-inflammatory cyto-

kines was not detectable in any of the patients (data not shown).

Soluble adhesion molecules

Levels of serum Vascular Cell Adhesion Molecule (VCAM) and Inter-Cellular Adhesion Molecule 

(ICAM), two soluble adhesion molecules, did not differ between the placebo and the C1-INH 

group (figure 3).
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Figure 4. Percentage of subpopulations of neutrophils, eosinophils and progenitors over time

Percentage subpopulations of neutrophils, eosinophils and progenitor cells over time. 
The CD16dim/CD62Lbright neutrophils are the banded cells, CD16bright/CD62Lbright are known as the mature neutrophils 
and the CD16bright/CD62Ldim cells are the more hypersegmented neutrophils. 
Time points: see flowchart 1. 
Abbreviations: C1-INH = C1-esterase inhibitor; CD62L = L-selectin.
There were no significant differences in percentage of leukocytes in the placebo or C1-INH treated patients before 
and after surgical intervention.

Figure 5. Development of subpopulations over time after polytrauma
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Representative presentation of the appearance of subpopulation neutrophils over time after polytrauma. The CD16dim/
CD62Lbright neutrophils are the banded cells, CD16bright/CD62Lbright are known as the mature neutrophils and the CD16bright/
CD62Ldim cells are the more hypersegmented 
Time points: see flowchart 1.

Neutrophil subpopulations

Based on the expression of FcγRIII (CD16) and L-selectin (CD62L), at least 3 subsets of neu-

trophils appeared in the blood of trauma patients: neutrophils with a banded morphology 

(CD16dim/CD62Lbright), neutrophils with a morphology resembling mature neutrophils (CD16bright/

CD62Lbright) and neutrophils with a more segmented nucleus (CD16bright/CD62Ldim).
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The percentages of the subpopulations that were present in the peripheral blood of trauma 

patients differed over time. Early after trauma there was an excess of banded neutrophils 

(CD16dim/CD62Lbright) found in the peripheral blood. These numbers decreased after 48 hours 

and this decrease was accompanied by an increase of mature (CD16bright/CD62Lbright) and hyper-

segmented (CD16bright/CD62Ldim) cells. The total neutrophil count slowly decreased over time. 

The CD16bright/CD62Ldim cells were more pronounced after 2 to 7 days (T6 and T7) after trauma 

(figure 4 and 5). 

Treatment with C1-INH did not significantly affect the presence of neutrophil subsets in the 

peripheral blood on any of the time points measured (figure 4). In addition, this treatment did 

not affect the activation status of the neutrophils measured by the activation markers CD11b, 

CD62L, CD35 and CD11c (supplement 1).

Discussion

This is the first randomized controlled trial designed to investigate C1-INH as a potential 

treatment for the attenuation of the systemic inflammatory response in polytrauma patients 

experiencing a second inflammatory hit caused by surgery. The hypothesis of this study was 

based on animal and in vivo studies where C1-INH was suggested to inhibit the innate immune 

response [22, 37]. In a cecal ligation and puncture (CLP) model for sepsis in mice, treatment 

with C1-INH improved survival after sepsis, and also C1-INH deficient mice subjected to CLP 

had a higher mortality [37]. Further, in a human endotoxemia study, C1-INH attenuates the 

inflammatory response during human endotoxemia in the absence of activation of the comple-

ment system [22]. Since trauma is associated with systemic inflammation and can even result 

in an aberrant inflammatory response, C1-INH was thought to affect these immune responses. 

As expected, we found a rise in C1-INH activity and antigen in the serum of patients in the 

C1-INH treatment group. This proved the validity of the intervention. Strikingly, there was 

also later (>6 hours) a marked increase of C1-INH activity and antigen found in the placebo 

group polytrauma patients, demonstrating that the host response to trauma involves the 

endogenous production of C1-INH. The levels of C1-activity and antigen in the placebo group 

were, at 48 hours after surgical intervention (time point 6), as high as the levels in the C1-INH 

group, indicating that our trial medication could only make a difference in the first 48 hours. 

Therefore, administration of extra C1-INH in polytrauma patients resulted in an earlier rise of 

the peak, but not in higher levels after 1 - 2 days. Since our study showed late activation of 

the complement system (> 48 hours, see figure 1), the lack of effect of our intervention on 

complement activation was not surprising. The lack of increase in serum C1-INH after 48 hours 

in the C1-INH group can be explained by the half-life of C1-INH, which is about 28 hours [24]. 

Hereafter, the endogenous production of C1-INH could take over. This is in line with earlier 

data showing that levels of C1-INH rise 2 - 2.5 fold during acute inflammation [23]. 



Effect of C1-INH after polytrauma

177

9

C1-INH is known to block both the spontaneous activation of C1 and activated C1, preventing 

the formation of the C2,4 complex [38]. In this study, C2 levels at 12 days after surgery (T8) 

were significantly higher in the C1-INH group. This suggested that the C2,4 complex forming 

was blocked by C1-INH [38]. The C4 level was not significantly increased in the C1-INH group, 

but there was a large variation in outcome at T8. Due to this, no firm conclusions could be 

drawn from these findings.  

Treatment with C1-INH had no effect on hematological parameters in this study. There is no 

difference in the leukocyte count in the trauma patients treated with C1-INH or placebo, except 

for 7 days after surgery. Both leukocyte and neutrophil counts showed a curved time course, 

in which there is an early leucocytosis on arrival in the hospital, followed by a decrease in the 

following days. Interestingly a similar rise in neutrophil count was measured 7 days after surgery 

in an earlier study described by Bastian, et al. [36]. They showed that this late neutrophilia 

was correlated with a better outcome in union of fractures. They provided evidence that low 

neutrophil count in the second week after trauma were correlated with the development of 

non-union. However, this study shows that there is no difference in leukocyte counts at the 

time point 12 days after surgery. We concluded that there is an unlikely chance that C1-INH 

has an effect on union of the fractures in polytrauma patients. 

The primary outcome of the study was change in the pro-inflammatory IL-6 levels measured just 

before and 6 hours after surgery. There was no effect of C1-INH on the change in IL-6 levels. 

In addition, none of the other measured pro- and anti-inflammatory cytokines were influenced 

by the treatment of C1-INH. Opposite effects have been demonstrated in animal and human 

endotoxemia studies where C1-INH administration induced a decrease in IL-6 levels [22, 39]. 

These seemingly contradicting findings might be explained by differences in experimental set 

up. Also, the pathogen-associated molecular pattern LPS and the damage-associated molecular 

patterns in trauma might evoke different in vivo mechanisms [40]. 

Another described effect of C1-INH is the induction of a decrease in expression of selectins 

(mainly P- and E-selectin) on epithelial cells and thereby inhibiting the transmigration of the 

leukocyte to the site of inflammation [41-43]. In our study, however, there was no difference 

in the expression of L-selectin expressed by leukocytes in the placebo or C1-INH treated group.

The lack of effect of C1-INH on systemic inflammation caused by polytrauma and a second 

inflammatory hit induced by surgery seems in marked contrast to other studies [44, 45]. This 

difference can possibly be explained by the fact that almost all research showing the beneficial 

effects of C1-INH on systemic inflammation has been performed in vitro or in animal models. 

Only a small number of studies have evaluated the effect of C1-INH on inflammation in humans 

[46, 47], and none of these studies have been performed in polytrauma patients. A human 

study, in which patients with septic shock were treated with C1-INH, showed a reduced mor-

tality [46]. In addition, protection from reperfusion injury by C1-INH after myocardial operation 

[47] was found in small human studies. This discrepancy might be explained by the fact that 

our patients did not exhibit peri-operative signs of additional inflammation and/or reperfusion 
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injury. Zeerleder, et al., described suppressive effects by C1-INH on neutrophil activation in 

septic patients [25]. They studied circulating elastase-α1-antitrypsin complex (EA) as an indi-

rect readout for neutrophil activation and found a reduced level of EA in patients treated with 

C1-INH [25]. In our study, direct activation of neutrophils was studied by flow cytometry and 

activation of these cells was evaluated by the increased expression of CD11b and CD35, and 

lower expression of CD62L on their cell surface. The activation of neutrophils showed no differ-

ence between the placebo and C1-INH group. This again underscores the conclusion that there 

was no effect on neutrophil activation due to C1-INH treatment in severely injured patients. 

A limitation of this study is the fact that the study was ended prematurely after inclusion of 

eleven patients, due to futility and limited feasibility. This was approved by the independent 

data safety monitoring board and the institutional medical ethical review board. 

In conclusion, based on this small cohort of polytrauma patients, it was not possible to show 

an effect of C1-INH administration on the systemic neutrophil response. Therefore, treatment 

with C1-INH does not seem to add significantly to a future therapy focussed on attenuation 

of hyperactivation of neutrophils in polytrauma patients.
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Supplementary figure

Supplement figure 1. Neutrophil kinetics 
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Supplement figure 1. Continued 

Receptor expression on neutrophils. The CD16dim/CD62Lbright neutrophils are the banded cells, CD16bright/CD62Lbright 

are known as the mature neutrophils and the CD16bright/CD62Ldim cells are the more hypersegmented neutrophils. 
Time points: see flowchart 1. 
Abbreviations: C1-INH = C1-esterase inhibitor; CD62L = L-selectin; MFI = Mean Fluorescence Intensity
There were no significant differences in receptor expression on neutrophil subsets in the placebo or C1-INH treated 
polytrauma patients. 
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General discussion

The research presented in this thesis focusses on the kinetics of neutrophils in systemic 

inflammation, evoked by polytrauma, hypothermia and endotoxemia (lipopolysaccharide, 

LPS). Systemic inflammation, pathogen- or damage-associated, results in an innate immune 

response. When this response is aberrant, it may result in systemic inflammatory complications 

with detrimental consequences for the host [1, 2]. Neutrophils play a pivotal role in this systemic 

inflammatory response syndrome (SIRS), since they are the first cells to respond during systemic 

inflammation. Polytrauma can lead to massive systemic immune activation, which may also 

trigger in damage of initially uninjured organs [3]. In the first part of this thesis, neutrophil 

kinetics during systemic inflammation were investigated.

Currently, it is not known which patients are prone to developing inflammatory complications. 

Furthermore, attempts to dampen the immune response with the use of immunomodulating 

drugs has not yet proven to be successful. In the second part of this thesis, a potential immu-

nosuppressive drug has been tested in order to attenuate the excessive immune response both 

in an LPS challenge model and in polytrauma patients. In this chapter, the conclusions of both 

parts of this thesis are discussed. 

Neutrophil response in systemic inflammation

In recent years, the incidence of systemic inflammatory complications post-trauma has increased 

mainly due to decreased mortality from improved therapeutic strategies and the introduction of 

damage control orthopaedics [4, 5]. However, the occurrence of inflammatory complications 

such as multiple organ dysfunction syndrome (MODS) and acute respiratory distress syndrome 

(ARDS) remain a significant cause of mortality and morbidity in trauma patients [6, 7]. It is 

known from literature that trauma patients with an already activated inflammatory status have 

an increased risk of developing these inflammatory complications. In order to gain a better 

understanding of the appearance of an abundant systemic inflammation, neutrophil kinetics 

need to be studied in much more detail.

In chapter 2, neutrophil characteristics of a large cohort of trauma patients were analyzed. A 

striking difference was found between trauma patients with and without the development of 

inflammatory complications. The patients that developed systemic inflammatory complications 

had an increased neutrophil cell size at the first time points in the hospital. This difference was 

already evident in the blood of trauma patients, before inflammatory complications were pres-

ent. This could make neutrophil cell size a prognostic predictor of mortality in trauma patients. 

The mechanism underlying the induction of changes in cell size remains to be established. An in 

vitro study showed that neutrophils that migrated toward N -formylmethionine-leucine-phenyl-

alanine (fMLF) were significantly larger than neutrophils that did not migrate, suggesting that 

activation of neutrophils results in increased cell size [8]. In a pig ischemia/reperfusion model 

it was shown that mean neutrophil volume increased due to altered neutrophil composition 
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and systemic neutrophil activation [9]. Again, this underscored our hypothesis that neutro-

phil cell size is a possible predictor of the development of detrimental inflammatory diseases 

after systemic inflammation. The anaphylatoxin C5a, a complement activation product, has 

been described to be a central molecule in the pro-inflammatory immune response [3, 10]. It 

was suggested that C5a was responsible for, among other things, the increase in cell size of 

neutrophils and, thereby, transforming the neutrophil into a cell able to migrate toward the 

inflammatory site [10]. It was also described that C5a-induced neutrophil activation resulted 

in endothelial damage [11], and this could explain the theory that patients with an increased 

neutrophil size develop organ dysfunction (ARDS and/or MODS). 

Neutrophil homeostasis 

During homeostasis, neutrophils belong to a homogeneous population in a fine balance with 

granulopoiesis, storage and release from bone marrow, margination and neutrophil clearance 

or apoptosis [12, 13]. The neutrophil population in bone marrow consists of three populations: 

stem cells, mitotic pool (committed granulocytic progenitors) and post-mitotic pool (fully dif-

ferentiated neutrophils) [12]. 

Under normal conditions, neutrophils are thought to occur in two populations: a free-flowing 

pool present in blood and a marginated pool of cells (i.e., neutrophils not freely circulating 

but attached to the microvasculature) that are not retrieved by blood sampling [12-14]. This 

marginated pool acts as a reservoir of neutrophils temporarily sequestrated from the circulating 

blood flow [15]. As discussed in chapter 3, margination of neutrophils occurs under influence 

of L-selectin. In vivo data showed no change in neutrophil phenotype of circulating neutrophils 

before and during extreme hypothermia, although the numbers of neutrophils were decreased 

during this hypothermic state. In vitro data then suggested that neutrophils showed a decrease 

in rolling velocity and that neutrophils that rolled at low temperature showed less shedding of 

L-selectin. This suggested an increase in exposure of neutrophils to endothelium, underscoring 

the hypothesis that neutropenia during hypothermia is the result of increased margination 

without activation of the neutrophils. 

Interestingly, in mice and zebra fish, a process of reverse transmigration has been shown, in 

which neutrophils seem to migrate from peripheral tissues back into the bloodstream [16, 17]. 

This reversed transmigration suggests that extravasation of neutrophils out of the circulating 

blood does not necessarily lead to neutrophil clearance in the tissue, suggesting that also 

already migrated neutrophils can move back into the circulating blood flow [16, 17].  

Neutrophil response in systemic inflammation

Upon systemic inflammation induced by trauma (chapter 5) and LPS (chapter 6), there are 

rapid changes in phenotype of the neutrophils. At least three subpopulations of neutrophils 

can be recognized in the peripheral blood of both trauma patients and volunteers challenged 

with LPS. Besides the CD16bright/CD62Lbright (mature) cells present during homeostasis, at least 
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two other subsets appear: the CD16bright/CD62Ldim (cells with a hypersegmented nucleus) neu-

trophils, characterized by more nuclear lobes than the mature neutrophils, and the CD16dim/

CD62Lbright (cells with a banded nucleus) neutrophils, with the least amount of nuclear lobes 

[18]. 

The rapid increase of neutrophils directly after activation of the immune response is thought 

to be the result of release from both the post-mitotic pool in the bone marrow as well as the 

marginated pool [12, 14]. Such presence of progenitor cells in the peripheral blood directly 

after trauma makes it plausible that also the mitotic pool of the bone marrow participates 

during systemic inflammation. The presence of progenitor cells in the peripheral blood was 

demonstrated before in humans after physical exercise [19], demonstrating that this is not 

only specific for trauma-induced inflammation.

In chapter 5, it was demonstrated that the early neutrophilia directly after trauma is mainly 

caused by an increase in the amount of banded CD16dim/CD62Lbright neutrophils. In chapter 6 

we also showed the appearance of these banded neutrophils three hours after LPS challenge. 

Hypersegmented neutrophil became more present in circulation several days after trauma, 

during the days of neutropenia and the second rise of neutrophil counts (chapter 5). 

Neutrophil subsets 

The exact function of the neutrophil subpopulations is still under research. Early research into 

the function of neutrophil subsets proposed that banded neutrophils are likely to be immature 

and less functional cells [20, 21]. However, a later in vitro study demonstrated that banded neu-

trophils showed an increased chemotaxis toward fMLF and C5a [22], suggesting that banded 

neutrophils were particularly capable of migrating toward the tissues rapidly upon activation. 

Preliminary data of our research group also showed that banded neutrophils have superior bac-

terial killing capacities in comparison to hypersegmented neutrophils (unpublished data from 

P. Leliefeld). This makes it tempting to speculate that banded neutrophils are necessary in the 

early inflammatory response to eradicate pathogens, and this can explain the large amount of 

banded neutrophils directly after trauma (chapter 3). The neutrophil characteristics of trauma 

patients investigated in chapter 2 also showed a gradual decrease in neutrophil nuclear lobu-

larity until four days after trauma. This corresponds with the findings in chapter 5 that there is 

a large amount of banded, CD16dim/CD62Lbright, neutrophils in the peripheral blood of trauma 

patients during the first days after trauma. The decrease in nuclear lobularity was similar in 

both the patients that developed inflammatory complications and the patients that did not. 

Therefore, the presence of banded neutrophils in the peripheral blood directly after trauma 

does not seem to explain the later development of systemic inflammatory complications. 

In the later phase (>3 days) after systemic inflammation evoked by trauma, the increase in 

occurrence of hypersegmented neutrophils in the peripheral circulation becomes more pre-

dominant. Originally it was suggested that hypersegmented neutropils were older neutrophils, 

differentiated from normal mature neutrophils [18]. In chapter 6, we investigated the origin 
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of these hypersegmented neutrophils and suggested that hypersegmented neutrophils are not 

a further differentiated subset, but are a separately developing subset. This conclusion was 

based on the argument that mature and hypersegmented neutrophils had similar 2H-enrich-

ment kinetics, making it unlikely that hypersegmented neutrophils were significantly older. The 

exact function of hypersegmented neutrophils is yet to be determined, but research has shown 

that this subset is able to inhibit T-cell proliferation and thereby display an immune suppressive 

capacity [18]. If we extrapolate these findings to the neutrophil kinetics described in chapter 

5, it is tempting to speculate that hypersegmented neutrophils have an important role in the 

anti-inflammatory phase in the second week after trauma. 

In the study conducted in chapter 5, none of the patients developed inflammatory complica-

tions; thus, this ratio of neutrophil subpopulations over time depict the kinetics of neutrophils 

in a non-detrimental inflammatory response. Therefore, this could be an indicator that banded 

neutrophils are needed in the early inflammatory phase, mainly to eradicate bacteria, and 

that hypersegmented neutrophils are needed later in the inflammatory response to display 

immunosuppression. 

Modulation of the immune response

In chapter 2, we discuss that the group of trauma patients who develop systemic inflamma-

tory complications such as MODS and ARDS, have an increase in neutrophil cell size pointing 

at a more pronounced activation of these neutrophils. It is believed that suppression of this 

abundant neutrophil response can result in less inflammatory complications [23].

C1-esterase inhibitor (C1-INH) is a serine protease inhibitor that simultaneously addresses the 

contact activation system of coagulation and the classical complement pathway [24]. The main 

function of C1-INH is to prevent spontaneous activation of the complement system and control 

factor XII and the kallikrein-kinin system [25]. By regulating all three complement activation 

pathways, C1-INH inhibits the release of complement activation products, e.g., C3a and C5a, 

and can, thereby, modulate the inflammatory response [26]. C1-INH was also assumed to 

have an inhibitory effect on the rolling of leukocytes [26, 27], which could potentially lead to 

a decrease of adhesion and thus homing. 

C1-INH is an acute phase protein with a plasma concentration of 250 mg/L [25, 28]. Although its 

level can increase up to twofold, it is believed that there is a relative deficiency in C1-INH activity 

during acute inflammation [28, 29]. This is mainly due to inactivation of C1-INH by proteases, 

such as neutrophil elastase, consumption of C1-INH and leakage to the extravascular space [28, 

30]. In various states of severe inflammatory response, e.g., sepsis, burns and ARDS, a rise in the 

consumption of C1-INH has been shown [31]. This presumed deficiency during inflammation 

makes it worthwhile to test the hypothesis that administration of C1-INH in settings of systemic 

inflammation will attenuate the abundant immune response. The mechanism by which C1-INH 

works on inflammatory cells is only partly understood. However, there is evidence that part of 

the effect of C1-INH on neutrophils is independent of the complement and contact system [32].   
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It was demonstrated in a human endotoxemia model that administration of C1-INH 30 min-

utes after LPS challenge resulted in an inhibition of pro-inflammatory cytokine release and an 

increase in the release of the anti-inflammatory cytokine IL-10 [33]. The underlying mechanism 

by which C1-INH attenuates the cytokine release is as yet unknown. The blunted cytokine 

release during experimental endotoxemia occurs in the absence of complement and con-

tact activation [33]. The reduced pro-inflammatory cytokine release may be the result of an 

increased release of the anti-inflammatory cytokine IL-10. Yet, the role of IL-10 in C1-INH 

induced reduction of pro-inflammatory cytokine release remains to be elucidated. 

C1-esterase inhibitor in systemic inflammation

In order to investigate the effect of C1-INH on neutrophil kinetics in a pathogen-associated 

molecular pattern (PAMP) evoked inflammatory response, C1-INH was administered in a human 

LPS model (chapter 7). It has been demonstrated previously that acute systemic inflammation 

can be induced by a low-dose of Escherichia coli lipopolysaccharide (LPS; endotoxin) in healthy 

volunteers. This challenge can be used as a model for SIRS, which is an important part of the 

pathophysiological changes observed in septic patients [34, 35]. Despite all arguments dealt 

with above, we did not find an effect of treatment with C1-INH in the appearance of neutrophil 

subsets after trauma (chapter 7).

The lack of effect of C1-INH on LPS induced systemic inflammation indicated that neither 

the complement nor the kallikrein system were involved. This is not completely surprising as 

these pathways are appreciably activated by systemic LPS challenge at a low dose. Also, the 

C1-INH administered in the study was expected to be high enough to mimic the levels during 

inflammation, with a C1-INH antigen level up to 0,8g/l in volunteers treated with C1-INH, 

compared to a level of 0,3 g/l in patients treated with placebo. Thus, the lack of effect on the 

cellular response could not be explained by a deficiency of C1-INH. 

In chapter 7, C1-INH was administered 30 minutes before the LPS challenge. This was done 

to exclude the possibility that the LPS-induced inflammatory response was over before C1-INH 

was administered. However, if we want to extrapolate the use of C1-INH as an immuno- 

modulator in trauma patients, this setting does not mimic the clinical situation. 

PAMPs and DAMPs

One of the limitations of the human endotoxemia model is the short duration of the inflam-

matory stimulus. The human endotoxemia model cannot mimic the abundant cascade of 

events occurring in systemic inflammation during, for example, trauma. This might suggest 

that a single PAMP (LPS) and multiple damage-associated molecular pattern (DAMP) induced 

inflammatory responses are not the same. In chapter 4, at least a partially different pathway 

of early inflammation induced by DAMPs and PAMPs was suggested. We found different 

activation phenotypes in rats subjected to LPS (PAMP) and hemorrhagic shock (PAMP). The 

animals treated with LPS showed a population of neutrophils with a CD62Ldim/CD11bbright phe-
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notype, suggesting them to be activated. The animals treated with hemorrhagic shock showed 

an inactive phenotype of CD62Lbright and CD11bdim. However, in the tissues of hemorrhagic 

shock animals, we found more neutrophils compared to the LPS animals. It is possible that, 

in hemorrhagic shock, the activated neutrophils have migrated toward the tissues and the 

inactivated neutrophils remain in the tissue. Since the remaining neutrophils in the circulating 

had a CD62Ldim phenotype, it is tempting to speculate that these were hypersegemented or 

progenitor cells. It is good to keep in mind that this study only investigated the differences 

in neutrophil phenotypes after termination, 240 minutes after the start of the experiment. 

On the other hand, a human study showed similar neutrophil responses after DAMP (trauma) 

and PAMP (LPS challenge) in the first hour after onset of systemic inflammation [36]. This effect 

was mainly present in the humoral response and was mainly characterized by an increase in 

anti-inflammatory cytokine IL-10. 

Effect of C1-INH in trauma

As indicated above, a large difference in the systemic inflammation evoked by LPS and trauma 

is the duration of the response. Challenge with LPS provides a short stimulus (t ½ of plasma LPS 

is proximately 15 minutes), whereas the stimulus evoked by trauma is long-term. This may be 

due to tissue damage, hypoperfusion due to anemia and hypoxia, and surgical interventions. 

Here, C1-INH may still have a positive clinical effect. 

In chapter 8, we described the setup for a double-blind randomized placebo-controlled trial 

in which we investigated the possible immunosuppressive effects of C1-INH in polytrauma 

patients. Even though we attempted to obtain a study population to be as homogeneous 

as possible by including femur and/or pelvic fractures, the trauma patients still belong to a 

heterogeneous population, e.g., in concerning injury severity, injury patterns, comorbidity 

and age [24]. By administration of C1-INH just before the second hit (operation of femur or 

pelvic fracture), the timing of the administration was controlled as well as possible in order to 

equalize the intervention in this heterogeneous population.  

In chapter 9, we did not find any effect of C1-INH on the neutrophils kinetics within the time 

frame of the experiment. This lack of effect could possibly be explained by the duration of the 

inflammatory stimulus after severe trauma. The levels of C1-INH antigen were significantly 

different just after administration of C1-INH in comparison to placebo. However, we demon-

strated that, 6 hours after the administration of C1-INH, the levels of C1-INH were comparable 

in the C1-INH group and placebo group. This makes it tempting to speculate that, upon 

trauma, there is a continuous production of C1-INH by the injured host. This could possibly 

explain why we could not find any effect of C1-INH administration on neutrophil kinetics. 

It is assumed that the dose of 200 U/kg bodyweight only results in a short beneficial rise of 

C1-INH, but this presumed beneficial effect is too short to show any significant differences in 

neutrophil kinetics. Further research should involve a continuous administration of C1-INH in 

order to achieve a putative immunomodulating effect.
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The results of chapter 7 and chapter 9 make it tempting to speculate that, in the innate 

immune response, there is a major cross talk between damage- and pathogen-associated 

molecular patterns. It is not only a single stimulus activating the immune response, but also 

an interplay between DAMPs and PAMPs. This can, in turn, eventually generate a vicious cycle 

of tissue injury and damaging immunological processes [2, 37, 38]. In order to attenuate the 

inflammatory response after trauma more research must be done to the exact function of 

neutrophil subsets after trauma and their role in this vicious cycle of inflammatory processes.

Conclusion

This thesis describes the complex neutrophil response during acute systemic inflammation. The 

data support beneficial roles of neutrophils in dealing with infections, in immune modulation 

and likely in repair of tissue damage. Different neutrophil phenotypes are involved in these 

various functions. On the other hand, aberrant activation of the neutrophil compartment is 

associated with tissue damage due to collateral damage caused by these cells. It is of utmost 

importance to differentiate between these beneficial and pathological functions of these 

neutrophils in order to allow normal function of neutrophils in trauma patients and inhibit 

aberrant activation. Unfortunately, current anti-inflammatory drugs are not acting such that 

they are beneficial for trauma patients. Better understanding of the innate immune response 

after trauma is essential to meet the medical need for development of new anti-inflammatory 

drugs targeting aberrant activation of neutrophils while preserving the beneficial function of 

these important cells.
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Immuunreactie

Het immuunsysteem beschermt het menselijk lichaam tegen binnendringende pathogenen, 

zoals bacteriën en virussen. Het immuunsysteem is in te delen in een aangeboren (adaptive; 

aspecifiek) en verworven (innate; specifiek) systeem. In dit proefschrift wordt het verworven 

immuunsysteem onderzocht.

De verworven afweerreactie zorgt voor de snelle eerste reactie op ongewenste indringers. 

Het immuunsysteem wordt geactiveerd door infectie en door weefselschade, bijvoorbeeld 

door chirurgie of verwonding door een ongeluk (trauma). Als gevolg van activatie van dit 

afweersysteem komen er allerlei ontstekingsmediatoren en ontstekingscellen vrij. Deze reactie 

bevordert de bescherming tegen bacteriën en helpt bij de wondgenezing.

Soms ontstaat er een overmatige reactie van het immuunsysteem, welke juist nadelige gevolgen 

heeft voor het lichaam. Er kan dan extra weefselschade optreden en organen kunnen hierdoor 

beschadigd raken met complicaties zoals (meervoudig) orgaanfalen als gevolg. Aan de andere 

kant kan de overmatige activatie van het immuunsysteem ook leiden tot een verminderde 

afweer in een latere fase (> 3 dagen na trauma). Hierdoor is het lichaam juist gevoeliger voor 

infecties en zijn infecties niet goed onder controle te krijgen. Ook hierdoor kan weefselschade 

en orgaanfalen ontstaan.

Neutrofiel

Een belangrijke cel in de verworven immuunreactie is de neutrofiel, deze cel behoort tot de 

groep van witte bloedcellen (leukocyten). De neutrofiel speelt een essentiële rol in de eerste 

afweerreactie. Neutrofielen kunnen schadelijke stoffen opnemen en verteren en beschermen 

tegen bacteriën. 

Neutrofielen worden geactiveerd door de ontstekingsmediatoren die vrij komen bij activatie van 

het immuunsysteem. Activatie van neutrofielen zorgt voor een verandering van expressie van 

receptoren op het celmembraan van de neutrofielen en hierdoor kunnen de neutrofielen naar 

het gebied van ontsteking of weefselschade migreren om daar te beschermen tegen onder 

andere bacteriën. Bij een overmatige reactie van het immuunsysteem zorgen de neutrofielen 

juist voor weefselschade.

In het bloed van gezonde mensen is er één populatie neutrofielen aanwezig. Het is bekend dat als 

gevolg van activatie van het immuunsysteem, door bijvoorbeeld een trauma, er tenminste twee 

nieuwe subpopulaties van neutrofielen in het bloed ontstaan. Deze nieuwe subpopulaties hebben 

een andere vorm van celkern. De normale neutrofiel heeft een aantal lobben of segmenten. De 

ene nieuwe subpopulatie heeft een meer staafkernige vorm en de andere subpopulatie heeft 

meer segmenten (hypersegment). De exacte rol van deze nieuwe subpopulaties neutrofielen 

is nog niet bekend, behalve dat de hyper-gesegmenteerde neutrofiel andere witte bloedcellen 

(T-cellen) kan afremmen en daarmee mogelijk ontstekingen kan remmen. 
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DAMPs en PAMPs

De systemische immuunrespons wordt geactiveerd door damage associated mollecular 

patterns (DAMPs) of pathogen associated molecular patterns (PAMPs). DAMPs zijn stoffen 

die vrijkomen na beschadiging van lichaamseigen cellen. PAMPs zijn pathogenen, onderdelen 

van ziekteverwekkers. Zowel PAMPs als DAMPs worden herkend door speciale receptoren 

(pattern recognition receptors; PRRs), die er voor zorgen dat de cellen van het afweersysteem 

de door hen op te ruimen partikels herkennen. 

De neutrofiel reactie veroorzaakt door trauma is een DAMP gemedieerde respons. Onderzoek 

naar de immuunreactie veroorzaakt door trauma is gecompliceerd door de diversiteit in 

patiënten, onder andere door de heterogeniteit in type trauma en ernst van het trauma. 

Om onderzoek te doen naar de neutrofiel reactie veroorzaakt door een PAMP wordt er 

een humaan endotoxemie model gebruikt. In dit model krijgen gezonde vrijwilligers een 

onderdeel van de celwand van gramnegatieve bacteriën, endotoxine (lipopolysaccharide; LPS) 

geïnjecteerd. Dit model maakt het mogelijk om de neutrofiel kinetiek tijdens acute inflammatie 

op een meer homogene manier te onderzoeken. 

Immuun-modulatie

Een overmatige immuunreactie kan inflammatoire complicaties veroorzaken, zoals orgaanfalen. 

Om deze complicaties te voorkomen, zou remming van de overmatige immuunrespons door 

middel van medicatie een optie kunnen zijn. De medicijnen die tot nu toe zijn getest om de 

overmatige immuunreactie te dempen zijn onsuccesvol gebleken. 

Een veelbelovend medicijn om deze demping van de immuunrespons wel te bewerkstelligen 

is C1-esterase inhibitor (C1-INH). C1-INH is een lichaamseigen remmer van het aangeboren 

afweersysteem, een acute fase eiwit. 

Dit proefschrift

In het eerste deel van dit proefschrift wordt gekeken naar de kinetiek van de neutrofielen in 

het bloed van patiënten waarbij het immuunsysteem is geactiveerd, door trauma, onderkoeling 

of in een model van inflammatie (algehele ontstekingsreactie). In het tweede deel van dit 

proefschrift wordt gekeken of de overmatige reactie van het immuunsysteem kan worden 

afgeremd door het medicijn C1-esterase inhibitor (C1-INH) toe te dienen aan mensen met 

inflammatie. 

In hoofdstuk 2 wordt in een database-onderzoek de neutrofiel karakteristieken van 

trauma-patiënten bestudeerd. Bij de trauma-patiënten die inflammatoire complicaties, zoals 

orgaanfalen, ontwikkelden viel het op dat ze bij binnenkomst in het ziekenhuis grotere 

neutrofielen in hun bloed hadden dan de patiënten die geen complicaties ontwikkelden. 

Dit verschil was dus al te zien in het bloed voordat de complicaties zich voordeden. Dit zou 
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kunnen betekenen dat de grootte van de neutrofielen in het bloed van trauma-patiënten bij 

binnenkomst op de eerste hulp, een voorspellende waarde heeft welke patiënten complicaties 

gaan ontwikkelen en wie niet.  

In normale toestand, homeostase, bevinden neutrofielen zich in 2 populaties, een groep vrij 

bewegende neutrofielen in het bloed en een groep van neutrofielen die niet vrij bewegen 

maar vast zitten aan de wand van een bloedvat. Deze laatste groep dient als een reservoir 

van neutrofielen. In hoofdstuk 3 beschrijven we het effect van hypothermie, koude, op de 

mogelijkheid van migreren van neutrofielen naar en door de celwand van een bloedvat. 

In hoofdstuk 4 wordt in een ratmodel de ontstekingsreactie veroorzaakt door verbloedingshock 

vergeleken met shock veroorzaakt door infectie (septische shock). Er werd gekeken naar de 

reactie van neutrofielen op inflammatie veroorzaakt door een DAMP (verbloedingshock) en 

veroorzaakt door een PAMP (LPS), beide in combinatie met beademing. De door DAMP en 

PAMP geactiveerde inflammatie laat een verschillend fenotype van neutrofielen zien, waarbij 

verbloedingshock een inactief fenotype (CD62Lbright/CD11bdim) van neutrofielen laat zien en 

septische shock een geactiveerd fenotype (CD62Ldim/CD11bbright) neutrofielen laat zien. Dit 

suggereert dat er, tenminste ten dele, een ander mechanisme van immuun activatie door 

DAMPs en PAMPs bestaat. 

Er ontstaat een verandering in subpopulaties van neutrofielen door systemische inflammatie 

opgewekt door een trauma (hoofdstuk 5) en opgewekt door LPS (hoofdstuk 6). 

In hoofdstuk 5 beschrijven we de neutrofiel kinetiek van zwaar gewonde trauma-patiënten 

over een periode van twee weken. In deze studie beschrijven we het ontstaan van de 

drie subpopulaties neutrofielen over tijd, waarin opvallend is dat direct na trauma er veel 

staafkernige neutrofielen te vinden zijn en in de week na trauma is er een toename van 

hyper-gesegmenteerde neutrofielen. Geen enkele van de patiënten in deze studie ontwikkelde 

inflammatoire complicaties, dus het lijkt dat de neutrofiel kinetiek die hier is beschreven een 

normale neutrofiel respons is. 

In de studie beschreven in hoofdstuk 6 wordt deuterium, een vorm van waterstof, gebruikt 

om te achterhalen wat de verhouding is van de twee subpopulaties neutrofielen die ontstaan 

bij acute ontsteking ten opzichte van de normale neutrofiel subpopulatie. De staafkernige 

neutrofiel lijkt twee dagen eerder uit het beenmerg te komen en lijkt dus een voorloper van de 

normale neutrofiel te zijn. De hyper-gesegmenteerde neutrofiel lijkt even oud als de normale 

neutrofiel en lijkt een populatie te zijn die zich apart ontwikkelt van de normale neutrofiel. 

Modulatie van de immuunreactie

Het medicijn C1-INH is een veel belovende mogelijke methode om de overmatige 

immuunrespons te dempen en hiermee inflammatoire complicatie, zoals orgaanfalen, te 

voorkomen. In hoofdstuk 7 hebben we onderzocht wat het effect van het medicijn C1-INH 

is op de vroege immuunreactie veroorzaakt door LPS. Toediening van C1-INH 30 minuten voor 

LPS injectie liet geen verschil zien in de neutrofiel kinetiek in vergelijking met toediening van 
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een placebo. In deze PAMP veroorzaakte immuunrespons was er dus geen effect door C1-INH.

Om te onderzoeken of er wel effect van C1-INH gevonden kon worden in een DAMP 

gemedieerde immuunreactie werd er een studie opzet bedacht waarin trauma-patiënten 

C1-INH toegediend kregen (hoofdstuk 8). In de CAESAR studie hebben we zwaar gewonde 

trauma-patiënten geïncludeerd die tenminste een dijbeen (femur) breuk of bekkenbreuk 

hadden. Vlak voor de start van de operatie aan hun dijbeenbreuk of bekkenbreuk werd een 

hoge dosering C1-INH of een placebo toegediend en werd gedurende 8 dagen de neutrofiel 

respons gemeten. 

In hoofdstuk 9 beschrijven we de uitkomst van de CAESAR studie. Er wordt ook in deze 

PAMP geïnduceerde immuunreactie geen effect gezien van C1-INH op de neutrofiel kinetiek.  

De beschreven resultaten van hoofdstuk 7 en hoofdstuk 9 maken het aannemelijk om te 

speculeren dat tijdens een systemische immuunreactie er een samenspraak is van PAMPs en 

DAMPs en dat er niet één enkele stimulus is die de immuunrespons veroorzaakt. Er moet meer 

onderzoek worden gedaan naar de exacte functie van de neutrofiel subpopulaties en hun rol 

in de systemische inflammatie om een manier te vinden de overmatige immuunrespons te 

kunnen remmen.

Conclusie

Dit proefschrift geeft inzicht in de neutrofiel respons tijdens systemische inflammatie. We laten 

zien dat neutrofielen gunstig zijn in het bestrijden van infecties, immuun-modulatie en herstel 

van weefsel schade. Verschillende neutrofiel subpopulaties zijn betrokken bij deze verschillende 

functies. Maar aan de andere kant laten we ook zien dat overmatige activatie van neutrofielen 

geassocieerd is met het ontstaan van weefselschade. Het is belangrijk om een goed onderscheid 

te kunnen maken tussen de gunstige en schadelijke functie van neutrofielen om complicaties 

door overmatige activatie van neutrofielen te kunnen voorkomen in de toekomst. 

Helaas hebben de huidige anti-inflammatoire medicijnen nog geen effect gehad op het 

dempen van de overmatige immuunreactie door neutrofielen. Een nog beter inzicht in de 

immuunreactie na trauma is essentieel om nieuwe medicijnen te ontwikkelen die de schadelijke 

effecten van neutrofielen teniet doen, maar wel de gunstige werking van neutrofielen kan 

behouden. 
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