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General introduction and outline of the thesis

INTRODUCTION

In 1963, the first successful clinical lung transplant was performed at the University of 
Mississippi, by Dr. J. Hardy and his colleagues. After the operative technique was practiced 
and optimized in more than 400 animal experiments, the lung transplant procedure was 
attempted in a human patient. The carefully selected donor died of a massive myocardial 
infarction, after resuscitative attempts failed in the emergency room. The left lung was 
transplanted to a patient who suffered from respiratory failure, due to carcinoma of the 
left main bronchus. The recipient lived for 18 days post-transplant before he died of renal 
failure. Nevertheless, Hardy et al. concluded that transplantation of lungs was technically 
feasible.1 In the next several decades, experimental studies and clinical attempts led to 
major improvements in transplantation technique and immunosuppressive regimens. 
In particular, the discovery of the calcineurin inhibitor cyclosporine enabled long-term 
survival of lung transplant recipients for the first time.2 Nowadays, lung transplantation 
is a well-accepted and viable treatment option for patients suffering from end-stage lung 
diseases, such as chronic obstructive pulmonary disease, cystic fibrosis and idiopathic 
pulmonary fibrosis.

Every year, around 1300 lungs are transplanted in Europe, as registered by the 
Eurotransplant International Foundation.3 Nevertheless, the number of performed lung 
transplants mismatches the number of patients urgently in need of a donor lung. 
At the end of 2019, 671 patients were still awaiting a suitable donor lung, while 107 
patients died on the waiting list.4 Deteriorated donor lung quality adds to the paucity 
of suitable donor lungs, in which the process of donor death is an important injurious 
factor. As a result, only 20-30% of the potential donor lungs is procured and used for 
transplantation.5,6 Besides affecting donor lung availability, the quality of the donor lung 
significantly impacts long-term survival in the lung transplant recipient.7 Nowadays lung 
transplant survival is still inferior to other solid organ transplants, with a median survival 
rate of only 5.8 years.8

While the first transplanted donor lung was procured from a deceased after circulatory 
death (DCD) donor, most donor lungs are nowadays procured from donors deceased 
after brain death (DBD).1,4 DBD donors suffered from complete and irreversible brain 
damage, and are legally declared death by neurological criteria (Table 1).9 In contrast, 
DCD donors do not meet the formal brain death criteria, despite the presence of 
devastating brain injury. In controlled DCD donors, after the decision is made to withdraw 
life-sustaining cardiorespiratory support and informed consent is obtained, the patient 
dies due to circulatory arrest caused by anoxia. An important difference between the 
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two donor types is the duration of warm ischemia time (WIT), defined as the interval 
between asystole and initiation of cold organ flush. The inevitable time interval between 
asystole and cold flush in DCD donors leads to longer WIT than in DBD donors, in which 
organs are cold flushed and procured with an intact donor circulation. DCD donors are 
considered less favorable donors than DBD donors due to the accumulation of ischemic 
metabolites during WIT, in addition to the pre-existing brain damage.10 Nevertheless, 
despite the ‘heart-beating’ donation in DBD donors and thus preserved circulation of 
oxygen and nutrients, peripheral donor organs are detrimentally affected. This is due to 
pathophysiological mechanisms associated with brain injury and subsequent brain death, 
which compromises donor lung quality.

Table 1: Clinical criteria for brain death

• Coma

• Absence of motor responses

• Absence of corneal reflexes

• Absence of caloric responses

• Absence of gag reflex

• Absence of coughing in response to tracheal suctioning

• Absence of sucking and rooting reflexes

• Absence of respiratory drive at a PaCO2 of 60 mmHg or 20 mmHg above normal base-line values

• Optional: confirmatory tests such as abnormal cerebral angiography, electroencephalography, 
transcranial Doppler ultrasonography or cerebral scintigraphy. 

Pathophysiology of brain death
Multiple etiologies such as traumatic brain injury, cerebrovascular accidents or hypoxic 
conditions may lead to catastrophic brain injury and even brain death (BD).11 The 
diagnosis of BD is primarily clinically established and is defined by the triad of irreversible 
coma, absence of brainstem reflexes and apnoeas.12 Despite a preserved systemic 
circulation and mechanic ventilation of the organ donor, donor lungs are exposed to 
the risk of multiple injurious factors such as ventilation-associated trauma, pneumonia 
and aspiration. In addition, the pathophysiology of the BD process itself detrimentally 
affects donor lung quality (Figure 1).5,13 The primary mechanism of BD is an increase in 
intracranial pressure beyond the mean arterial pressure, which leads to the absence of 
cerebral blood flow and eventually ischemia of the brain and brainstem.14 In an attempt 
to maintain the cerebral blood flow a ‘sympathetic storm’ is initiated, characterized by 
an immense discharge of catecholamines. Stimulation of α-adrenergic receptors leads 
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to severe systemic vasoconstriction and as a result, blood is suddenly shifted from the 
systemic to the cardiopulmonary vasculature. While the lungs and the left heart contain 
24% of the total blood volume under normal circumstances, this amount is increased 
to 72% by the hemodynamic disturbances associated with BD.15 The enormous increase 
in hydrostatic pressure leads to damage to the pulmonary capillary vasculature and 
endothelium. This phenomenon is clinically reflected by signs of lung edema, due to an 
increased permeability of the alveolar–capillary membrane.16

At the same time besides the sympathetic storm, a pro-inflammatory environment 
is created in brain-dead donors.13,17 A sterile immune response is developed by the 
injured ischemic brain through a local release of pro-inflammatory cytokines. The local 
immune response together with the direct effect of the insult itself lead to disruption 
of the blood-brain barrier (BBB), which allows a bidirectional flow of the inflammatory 
mediators. Directly upon BD an acute increase of IL-6 protein levels is observed in 
serum of human donors, which correlates with serum C-reactive protein levels.13,18 The 
circulating cytokines in the context of a systemic inflammatory response are thought to 
be responsible for inflammation of peripheral donor organs. In lungs from brain-dead 
donors an upregulation of pro-inflammatory cytokines IL-1, IL-6 and TNF-α is observed, 
of which the importance is recognized in the development of acute lung injury (ALI).19,20 
In addition, production of IL-8 serves as a potent chemoattractant for neutrophils, which 
have been described to infiltrate peripheral organs within few hours of BD.19 The IL-8 
signal and correlated infiltrated neutrophils in pre-transplanted lung tissue, negatively 
contribute to early graft failure after lung transplantation.21

Besides the sterile immune response, a non-sterile immune response is created through 
gut-derived pro-inflammatory mediators. The intestinal wall is damaged by inflammation 
and hypoperfusion, as a consequence of hemodynamic disturbances associated with the 
sympathetic storm. Subsequently the permeability of the intestinal wall is increased, also 
known as the ‘leaky gut’. Eventually, sterile and non-sterile inflammation augment the 
development of a global inflammatory response, which contributes to the development 
of ALI and thereby deteriorated donor lung quality.

Brain death and the complement system
As part of the global inflammatory response in brain-dead donors, the innate immune 
system is activated. Specifically, the contribution of the innate complement system 
has regained new interest in the field of organ donation and transplantation. The 
complement system was initially discovered in the 19th century, and its proteins were 
found to play an important role in opsonization and defense against bacterial infections. 
Nowadays, over 50 complement proteins have been identified, and the importance of 

150358-vanzanden-layout.indd   15150358-vanzanden-layout.indd   15 17/05/2021   15:4717/05/2021   15:47



16

Chapter 1

the complement system has been increasingly recognized in multiple disease models. 
While the complement system is an efficient player in host defense against infections, 
overactivation of the complement system may lead to detrimental tissue injury.22,23

Figure 1: Pathophysiology of brain death. Donor lung quality is detrimentally affected by 
pathophysiological mechanisms in brain-dead donors. A ‘sympathetic storm’ is initiated, which stimulates 
α-adrenergic receptors and induces a sudden blood pooling in the cardiopulmonary vasculature. As a 
result, pulmonary capillaries are damaged and the endothelium is activated. At the same time, a pro-
inflammatory environment is created due to the injured, ischemic brain and the damaged intestinal wall. 
A bidirectional flow of inflammatory mediators over the blood-brain barrier (BBB) and the leaky gut is 
created, with global inflammation as a result. Eventually, both pathophysiological mechanisms lead to 
deteriorated lung quality as a consequence of lung edema and acute lung injury.

The complement system can be activated through three activation pathways: the classical 
pathway (CP), lectin pathway (LP) and the alternative pathway (AP), which all downstream 
lead to the formation of central complement component C3 (Figure 2). The CP is the 
oldest pathway discovered and can be activated by antigen-antibody complexes, which 
are recognized by C1q. Subsequently the C3 convertase C4b2b is formed through C2 and 
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C4, which splits C3 into C3a and C3b. The LP is activated by binding of mannose-binding 
lectin (MBL) to mannose residues on pathogen surfaces, which leads to the formation of 
the same C3 convertase C4b2b as the CP. The AP is under physiological circumstances 
continuously activated on a low level, by spontaneous hydrolysis of C3 to C3(H2O). 
Interaction between factor B and factor D forms the AP C3 convertase C3bBb, which is 
intrinsically unstable. However, when activated by external stimuli such as pathogens 
or surface molecules, C3bBb is stabilized by factor Properdin and C3 is downstream 
activated.24 Upon C3 activation by each of the activation pathways, C3 is cleaved into 
C3a and C3b. C3b acts as an opsonin and can trigger the lytic pathway by downstream 
C5b-9 formation, also known as the membrane-attack complex (MAC). The MAC forms a 
pore which induces permeabilization of the cell membrane, which eventually leads to 
lysis of the targeted host cell. In addition, tissue injury can be amplified by the formation 
of anaphylatoxins C3a and C5a, which provoke the influx and activation of inflammatory 
cells.22,23

BD-induced complement activation was first described in brain-dead kidney donors. Local 
deposition of C3 was found in renal allografts from brain-dead donors while in contrast, no 
C3 deposition was observed in living donor controls.25 In addition, our lab demonstrated 
that complement levels in kidneys from brain-dead donors are negatively associated with 
graft function after transplantation.26 As for lungs, BD-induced complement activation 
was suggested by Cheng et al. In the mentioned study, elevated expression of the C3a 
receptor was found in lungs from brain-dead donors, mainly expressed on bronchial 
and epithelial cells and lung endothelium.27 Nevertheless, the exact role of complement 
activation in BD-induced lung injury has not yet been fully elucidated.

Management of the potential donor lung
Shortage of donor lungs and limited graft survival are the driving forces behind the 
development of new treatment strategies and techniques to optimize donor lung quality. 
Since the first lung transplant was performed, the concept of donor management has 
been considerably improved.5,28 As the process from identification of the brain-dead 
donor to organ procurement may take up to 24 hours, preservation and optimization 
of the potential donor lung in this time frame is essential. Some donor management 
strategies are generally applied to preserve and optimize all potential donor 
organs, while others are specifically applied to target a specific organ. General donor 
management strategies include maintenance of body temperature, blood pressure 
stabilization, monitoring of electrolytes and infection prevention. Specifically for donor 
lungs, attention is provided to the amount of fluid administration and donor ventilation 
strategies. The hemodynamic disturbances associated with the sympathetic storm 
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increase lung susceptibility for edema formation, which might further be augmented by 
excessive fluid administration and high tidal volume ventilation.29,30 Low tidal volume 
ventilation is currently recommended in donor lung management, combined with regular, 
controlled recruitment maneuvers to prevent atelectasis.5 Furthermore, administration of 
methylprednisolone to the potential lung donor is advocated in most clinical protocols. 
Methylprednisolone is a potent corticosteroid with a wide effect range, which includes 
inhibition of inflammatory cytokines through blockade of the NF-κB transcription factor 
and reversing capillary permeability.31 Early studies in clinical lung donors showed that 
corticosteroid administration results in improved oxygenation and an increased lung 
procurement yield, which provided a foundation for methylprednisolone administration 
in potential lung donors.32

In addition to the optimization of donor management protocols, newly developed 
techniques such as ex vivo lung perfusion (EVLP) are introduced to the field of lung 
transplantation. EVLP is a technique originally developed by Steen et al., which provides 
the opportunity to test and assess quality of questionable donor lungs in an isolated 
manner, prior to transplantation.33 Application of this technique to extended-criteria 
(ECD) donor lungs, so-called donor lungs that do not completely meet the traditional 
empiric criteria, increased the number of lung transplants. Upon transplantation of these 
ECD lungs, outcomes were comparable to standard-criteria donor lungs.34 Besides the 
application of EVLP as a tool for quality assessment, a growing body of research focuses 
on the application of EVLP as a treatment platform.35 During EVLP bronchial secretions 
or pulmonary emboli can be removed, and atelectatic lung regions can be restored by 
recruitment strategies. In addition, different pharmacological interventions such as 
anti-inflammatory, anti-fungal, anti-bacterial and even thrombolytic and vasodilating 
agents may be administered. Routes of administration may be endotracheally or 
intravascularly through the perfusate, alone or in a combined approach. An advantage 
of EVLP as a treatment platform is the isolated setting, which enables administration of 
higher treatment doses. Systemic side effects in the donor or injury to other potential 
donor organs are thereby minimized. Additionally, the quality of the donor lung may be 
optimized in a safe setting for the potential recipient.36
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Figure 2: The complement system. The complement system can be activated by three activation 
pathways: the classical pathway (CP), lectin pathway (LP) and alternative pathway (AP). The CP is activated 
by antibody-antigen complex formation and the LP is activated by binding of mannose-binding lectin 
(MBL) to mannose residues on pathogen surfaces. The CP and LP both lead to the formation of the same 
C3 convertase C4b2b. The AP is continuously activated on a low level under normal circumstances, though 
downstream complement activation is prevented due to intrinsic instability of the C3 convertase C3bBb. 
However, in presence of external stimuli, the AP is stabilized by factor Properdin (fP). The C3 convertases 
of the activation pathways induce cleavage of C3 into C3a and C3b. C3b mediates opsonization or induces 
downstream membrane-attack complex (MAC) formation, which consists of C5b-9. Activation of the 
MAC creates permeability and thereby lysis of the targeted cell. In addition, split-products C3a and C5a 
augment the inflammatory response by mediating chemotaxis and activation of inflammatory cells.
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AIM OF THIS THESIS

Despite major developments in the field of lung donation and transplantation, quality of 
donor lungs should be further optimized to reduce the gap between donor lung supply 
and demand. Further understanding of the mechanisms involved in BD-induced lung 
injury is herein essential. This thesis focuses on immunomodulation of donor lungs from 
brain-dead donors, with the aim to improve donor lung quality.

Since the hemodynamic disturbances associated with BD are known to detrimentally 
affect the potential donor lung, we questioned whether the speed of intracranial 
pressure increase affects the degree of lung damage.16 In Chapter 2 of this thesis, we first 
investigate the different pathophysiological mechanisms in fast versus slow BD induction 
and study whether the two modes of BD differently affect donor lung quality.

Next, we investigated the significance of the traditional and versatile drug 
methylprednisolone in the treatment of BD-induced lung injury. Despite that most 
clinical protocols recommend methylprednisolone administration in potential lung 
donors, treatment guidelines vary widely in terms of dosing.37 in Chapter 3, we studied 
the effect of 3 different doses methylprednisolone on the BD-induced inflammatory 
response. However, given the wide effect range and possible systemic side effects of 
methylprednisolone, we questioned whether ex vivo treatment might be preferable, 
and explored the potential of EVLP. In Chapter 4, our first clinical experiences with this 
technique are described. To enable pre-clinical, experimental studies focused on ex 
vivo treatment of lungs from brain-dead donors, we established a rat EVLP model that 
we present in Chapter 5. In Chapter 6, we applied the established rat EVLP model to 
investigate whether BD-induced lung injury is ameliorated upon ex vivo treatment with 
methylprednisolone.

Last, we investigated the role of complement activation in BD, in the search for a 
more specific approach to target BD-induced lung injury. In Chapter 7, we provide an 
overview of the current knowledge on complement activation in the multi-organ donor. 
In Chapter 8, we further investigated complement activation in lungs from brain-dead 
donors, and elucidated the involved complement activation pathways. In Chapter 9, 
we discuss the results of this thesis and provide an overview of future perspectives on 
immunomodulation of BD-induced lung injury.
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