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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 
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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.

150358-vanzanden-layout.indd   20150358-vanzanden-layout.indd   20 17/05/2021   15:4717/05/2021   15:47



21

General introduction and outline of the thesis

REFERENCES
1. Hardy JD, Webb WR, Dalton ML, Walker GR. Lung 

Homotransplantation in Man: Report of the Initial 
Case. JAMA J Am Med Assoc. 1963;186(12):1065-
1074. doi:10.1001/jama.1963.63710120001010

2. Venuta F, Van Raemdonck D. History of lung 
transplantation. J Thorac Dis. 2017;9(12):5458-
5471. doi:10.21037/jtd.2017.11.84

3. Eurotransplant - Statistics. https://
s t a t i s t i c s . e u r o t r a n s p l a n t . o r g / i n d e x .
p h p ? s e a r c h _ t y p e = o v e r v i e w & s e a r c h _
o r g a n = l u n g & s e a r c h _ r e g i o n = & s e a r c h _
per iod=&search_character ist ic=&search_
text=9023&search_collection=. Accessed August 
20, 2020.

4. Eurotransplant. Annual Report.; 2019.
5. Van Raemdonck D, Neyrinck A, Verleden GM, et 

al. Lung Donor Selection and Management. Proc 
Am Thorac Soc. 2009;6(1):28-38. doi:10.1513/
pats.200808-098GO

6. Somers J, Ruttens D, Verleden SE, et al. A decade of 
extended-criteria lung donors in a single center: 
Was it justified? Transpl Int. 2015;28(2):170-179. 
doi:10.1111/tri.12470

7. Smits JM, Gottlieb J, Verschuuren E, et al. Impact 
of donor lung quality on post-transplant recipient 
outcome in the Lung Allocation Score era in 
Eurotransplant – a historical prospective study. 
Transpl Int. 2020;33(5):544-554. doi:10.1111/
tri.13582

8. Yusen RD, Edwards LB, Dipchand AI, et al. The 
Registry of the International Society for Heart and 
Lung Transplantation: Thirty-third Adult Lung and 
Heart Lung Transplant Report 2016; Focus Theme: 
Primary Diagnostic Indications for Transplant. 
J Hear Lung Transplant. 2016. doi:10.1016/j.
healun.2016.09.001

9. Wijdicks EFM. The Diagnosis of Brain Death. 
NEJM. 2001;344(16):1215-1221. https://www-
nejm-org.proxy-ub.rug.nl/doi/pdf/10.1056%2FN
EJM200104193441606. Accessed November 26, 
2020.

10. Dunne K, Doherty P. Donation after circulatory 
death. Contin Educ Anaesth Crit Care Pain. 
2011;11(3):82-86. doi:10.1093/bjaceaccp/mkr003

11. Keller CM, Chulpayev B, Hoffmann M. The 
determination of brain death. In: The Brain-Dead 

Organ Donor: Pathophysiology and Management. 
Vol 9781461443049. Springer New York; 2013:13-
19. doi:10.1007/978-1-4614-4304-9_3

12. Novitzky D, Cooper DK. The Brain-Dead Organ 
Donor. 1st ed. (Novitzky D, Cooper DK, eds.). 
Springer-Verlag New York; 2013. doi:10.1007/978-
1-4614-4304-9

13. Avlonitis VS, Fisher AJ, Kirby JA, Dark JH. Pulmonary 
transplantation: The role of brain death in 
donor lung injury. Transplantation. 1928;75(12). 
doi:10.1097/01.TP.0000066351.87480.9E

14. Machado C. Diagnosis of brain death. Neurol Int. 
2010;2(1):7-13. doi:10.4081/ni.2010.e2

15. Novitzky D, Wicomb WN, Rose AG, Cooper DK, 
Reichart B. Pathophysiology of pulmonary edema 
following experimental brain death in the chacma 
baboon. Ann Thorac Surg. 1987;43(3):288-294. 
http://www.ncbi.nlm.nih.gov/pubmed/3827373. 
Accessed February 15, 2019.

16. Avlonitis VS, Wigfield CH, Kirby JA, Dark JH. The 
hemodynamic mechanisms of lung injury and 
systemic inflammatory response following brain 
death in the transplant donor. Am J Transplant. 
2005. doi:10.1111/j.1600-6143.2005.00755.x

17. Watts RP, Thom O, Fraser JF. Inflammatory 
signalling associated with brain dead organ 
donation: from brain injury to brain stem death 
and posttransplant ischaemia reperfusion 
injury. J Transplant. 2013;2013:521369. 
doi:10.1155/2013/521369

18. Amado JA, López-Espadas F, Vázquez-Barquero 
A, et al. Blood levels of cytokines in brain-
dead patients: Relationship with circulating 
hormones and acute-phase reactants. Metabolism. 
1995;44(6):812-816. doi:10.1016/0026-
0495(95)90198-1

19. Takada M, Nadeau KC, Hancock WW, et al. Effects 
of explosive brain death on cytokine activation 
of peripheral organs in the rat. Transplantation. 
1998;65(12):1533-1542. http://www.ncbi.nlm.
nih.gov/pubmed/9665067. Accessed February 15, 
2019.

20. Lentsch AB, Ward PA. Regulation of experimental 
lung inflammation. In: Respiration Physiology. Vol 
128. Respir Physiol; 2001:17-22. doi:10.1016/
S0034-5687(01)00260-2

150358-vanzanden-layout.indd   21150358-vanzanden-layout.indd   21 17/05/2021   15:4717/05/2021   15:47



22

Chapter 1

21. Fisher AJ, Donnelly SC, Hirani N, et al. Elevated 
levels of interleukin-8 in donor lungs is associated 
with early graft failure after lung transplantation. 
Am J Respir Crit Care Med. 2001;163(1):259-265. 
doi:10.1164/ajrccm.163.1.2005093

22. Walport MJ. Complement. First of two parts. N Engl 
J Med. 2001. doi:10.1056/NEJM200104053441406

23. Walport MJ. Complement - Two of Two Parts. N 
Engl J Med. 2001;344(15):1140-1144. doi:10.1056/
NEJM200104123441506

24. Hourcade DE. The role of properdin in the assembly 
of the alternative pathway C3 convertases of 
complement. J Biol Chem. 2006;281(4):2128-2132. 
doi:10.1074/jbc.M508928200

25. Kusaka M, Pratschke J, Wilhelm MJ, et al. 
Activation of inflammatory mediators in rat renal 
isografts by donor brain death. Transplantation. 
2000;69(3):405-410. doi:10.1097/00007890-
200002150-00017

26. Damman J, Nijboer WN, Schuurs TA, et al. Local 
renal complement C3 induction by donor brain 
death is associated with reduced renal allograft 
function after transplantation. Nephrol Dial 
Transplant. 2011;26(7):2345-2354. doi:10.1093/
ndt/gfq717

27. Cheng Q, Patel K, Lei B, et al. Donor pretreatment 
with nebulized complement C3a receptor 
antagonist mitigates brain-death induced 
immunological injury post-lung transplant. Am J 
Transplant. March 2018. doi:10.1111/ajt.14717

28. Rosengard BR, Feng S, Alfrey EJ, et al. Report of 
the Crystal City meeting to maximize the use of 
organs recovered from the cadaver donor. Am J 
Transplant. 2002;2(8):701-711. doi:10.1034/j.1600-
6143.2002.20804.x

29. Pennefather, SH. Bullock, RE. Dark J. The effect of 
fluid therapy on alveolar arterial oxygen gradient 

in brain-dead organ donors. Transplantation. 
1993;56(6):1418-1422.

30. Krebs J, Pelosi P, Tsagogiorgas C, et al. Open 
lung approach associated with high-frequency 
oscillatory or low tidal volume mechanical 
ventilation improves respiratory function and 
minimizes lung injury in healthy and injured rats. 
Crit Care. 2010;14(5):R183. doi:10.1186/cc9291

31. Ocejo A, Correa R. Methylprednisolone. StatPearls 
Publishing; 2020. http://www.ncbi.nlm.nih.gov/
pubmed/31335060. Accessed August 3, 2020.

32. Follette, DM. Rudich, SM. Babcock W. Improved 
oxygenation and increased lung donor recovery 
with high-dose steroid administration after brain 
death. J Hear Lung Transplant. 1998;17(4):423-429.

33. Steen S, Sjöberg T, Pierre L, Liao Q, Eriksson L, 
Algotsson L. Transplantation of lungs from a non-
heart-beating donor. Lancet. 2001. doi:10.1016/
S0140-6736(00)04195-7

34. Cypel M, Yeung JC, Liu M, et al. Normothermic 
Ex Vivo Lung Perfusion in Clinical Lung 
Transplantation. N Engl J Med. 2011;364(15):1431-
1440. doi:10.1056/NEJMoa1014597

35. Hsin M, Au T. Ex vivo lung perfusion: A potential 
platform for molecular diagnosis and ex 
vivo organ repair. J Thorac Dis. 2018;10(Suppl 
16):S1871-S1883. doi:10.21037/jtd.2018.04.119

36. Van Raemdonck D, Neyrinck A, Cypel M, 
Keshavjee S. Ex-vivo lung perfusion. Transpl Int. 
2015;28(6):643-656. doi:10.1111/tri.12317

37. Dupuis S, Amiel J-A, Desgroseilliers M, et al. 
Corticosteroids in the management of brain-dead 
potential organ donors: a systematic review. Br J 
Anaesth. 2014;113(3):346-359. doi:10.1093/bja/
aeu154

150358-vanzanden-layout.indd   22150358-vanzanden-layout.indd   22 17/05/2021   15:4717/05/2021   15:47



150358-vanzanden-layout.indd   23150358-vanzanden-layout.indd   23 17/05/2021   15:4717/05/2021   15:47



150358-vanzanden-layout.indd   24150358-vanzanden-layout.indd   24 17/05/2021   15:4717/05/2021   15:47



RAT DONOR LUNG QUALITY 
DETERIORATES MORE AFTER 
FAST THAN SLOW BRAIN 
DEATH INDUCTION

Judith E. van Zanden
Rolando A. Rebolledo
Dane Hoeksma
Jeske M. Bubberman
Johannes G. Burgerhof
Annette Breedijk
Benito A. Yard
Michiel E. Erasmus
Henri G.D. Leuvenink
Maximilia C. Hottenrott

PLOS ONE, November 2020 
DOI: 10.1371/journal.pone.0242827

150358-vanzanden-layout.indd   25150358-vanzanden-layout.indd   25 17/05/2021   15:4717/05/2021   15:47



26

Chapter 2

ABSTRACT

Donor brain death (BD) is initiated by an increase in intracranial pressure (ICP), which 
subsequently damages the donor lung. In this study, we investigated whether the speed 
of ICP increase affects quality of donor lungs, in a rat model for fast versus slow BD 
induction. Rats were assigned to 3 groups: 1) control, 2) fast BD induction (ICP increase 
over 1 min) or 3) slow BD induction (ICP increase over 30 min). BD was induced by 
epidural inflation of a balloon catheter. Brain-dead rats were sacrificed after 0.5 hours, 
1 hour, 2 hours and 4 hours to study time-dependent changes. Hemodynamic stability, 
histological lung injury and inflammatory status were investigated. We found that fast 
BD induction compromised hemodynamic stability of rats more than slow BD induction, 
reflected by higher mean arterial pressures during the BD induction period and an 
increased need for hemodynamic support during the BD stabilization phase. Furthermore, 
fast BD induction increased histological lung injury scores and gene expression levels of 
TNF-α and MCP-1 at 0.5 hours after induction. Yet after donor stabilization, inflammatory 
status was comparable between the two BD models. This study demonstrates that fast 
BD induction deteriorates quality of donor lungs more on a histological level than slow 
BD induction.
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INTRODUCTION

Lung transplantations are generally performed with lungs derived from brain-dead 
donors, who suffered from extensive central nervous system injury secondary to trauma, 
hemorrhage or infarction.1,2 An interesting observation in lung donation is the lower 
procurement rate compared to other solid organs, with an acceptance rate of 56% for 
lungs in contrast to 76% for livers and 82% for kidneys.3,4 Besides multiple risk factors for 
donor lung injury such as mechanical ventilation, aspiration and infection, the process of 
brain death (BD) is described to cause lung damage.5–7

BD is initiated by an increase in intracranial pressure (ICP), which leads to ischemia of 
the brain and brainstem. Subsequently, a massive release of catecholamines in the blood 
occurs, also known as the ‘autonomic storm’. This phase is accompanied by a severe 
increase in systemic vascular resistance (SVR).8–10 The sudden change in SVR results in 
pooling of a large proportion of blood in the cardio-pulmonary vasculature. Shortly after 
this autonomic storm, SVR decreases and the aortic blood flow normalizes or even results 
in hypotension, of which the latter is seen in most subjects.11 Along with hemodynamic 
changes, BD induces a pro-inflammatory environment. Cytokine formation and 
complement activation lead to a systemic inflammatory response (SIRS), which further 
damages peripheral organs.12–14 As for the lungs, both early hemodynamic changes as 
well as the pro-inflammatory immune response are described to cause pulmonary edema 
and capillary leakage.15–17 Eventually, BD-related changes contribute to inferior outcomes 
after transplantation.18

The observed BD-related hemodynamic changes differ between various causes of BD, 
all of which correspond with different speeds of ICP increase. Clinically, traumatic brain 
injury is the most common cause of a fast ICP increase, while cerebrovascular events such 
as hemorrhagic stroke usually refer to a slower increase in ICP.19,20 Whether the speed of 
intracranial pressure increase contributes to the degree of donor lung damage, remains 
to be clarified. The aim of this study is to elucidate whether the speed of ICP increase 
affects quality of donor lungs from brain-dead donors, investigated in a rat model for fast 
versus slow BD induction. We showed that fast BD induction deteriorates quality of donor 
lungs more on a histological level than slow BD induction.
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MATERIALS AND METHODS

Rats
Male Fischer (F344) rats weighing 270-300 g were obtained from Harlan Netherlands B.V. 
(Melderslo, the Netherlands). Before start of the experiments, rats were acclimatized for 
1 week. Rats were housed under clean conventional conditions, in groups of 3 to enable 
social interactions. Standard rat chow was available ad libitum. Rats received humane care 
in compliance with the Principles of Laboratory Animal Care (NIH Publication No.86-23, 
revised 1996) and the Dutch Law on Experimental Animal Care. The experimental protocol 
was approved by the Institutional Animal Care and Use Committee – Rijksuniversiteit 
Groningen (IACUC-RUG), approval No. 6645. All operations were performed under general 
anesthesia to minimize animal suffering.

Experimental groups
Prior to the experiment, power analyses were performed to define the minimal amount 
of rats needed per experimental group. IL-6 was defined as the primary endpoint, since 
previous experiments in our laboratory showed that IL-6 is increased a 100-fold in 
brain-dead rats compared to sham-operated rats. With an absolute difference of 50%, a 
variability of 0.3 and power of 0.9, 8 rats per group were required. Rats were randomly 
assigned to 3 donor groups, (Figure 1): 1) control (immediate sacrifice, n=8), 2) fast BD 
induction (ICP increase over 1 min, n=32) or 3) slow BD induction (ICP increase over 30 
min, n=32). Group 2 and 3 served as BD models and brain-dead rats were sacrificed at 
4 different time points: 0.5 hours, 1 hour, 2 hours and 4 hours after confirmation of BD. 
Humane endpoints were defined as: >15% loss of bodyweight prior to the experiment, 
e.g. due to stress and behavioral changes such as reduced exploratory activity. During 
preparatory steps for BD induction, depth of anesthesia was confirmed by absence of 
muscle movement after toe pinch assessments. After induction, BD was confirmed by 
absence of corneal reflexes. No rats required euthanasia at humane endpoints. Six 
rats were lost in the fast BD group due to inability of ventilation, as a consequence of 
fulminant lung edema immediately after BD induction. The cause of death was considered 
a direct result of fast BD induction and lost rats were replaced. No other rats were lost 
prior to our experimental endpoint.

Rat brain death model
The BD procedure was based on previously described models.21,22 Isoflurane was selected 
for anesthesia and analgesia of rats, given its combination of hypnotic, analgesic and 
muscle relaxant properties.23 Anesthesia was induced with a mixture of oxygen (1 l/
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min) and 5% isoflurane and thereafter reduced to oxygen (1 l/min)/2% isoflurane for 
continuation. Rats were intubated with a 14G polyethylene tube and volume-controlled 
ventilated (Harvard apparatus model 683) according to the following settings: tidal 
volume of 6.5 ml/kg of body weight (BW), Positive End-Expiratory Pressure (PEEP) of 3 
cmH2O and an inspiration:expiration ratio of 1:1. Fraction of inspired oxygen (FiO2) was 1, 
and after completion of BD induction reduced to 0.5. Respiratory frequency was initially 
120/min and titrated throughout the experiment to keep end-tidal CO2 (ETCO2) between 
20-22 mmHg.

Figure 1: Experimental outline of the study. Rats were randomly assigned to 3 donor groups: 1) control 
(immediate sacrifice), 2) fast brain death (BD) induction (intracranial pressure (ICP) increase over 1 min) or 
3) slow BD induction (ICP increase over 30 min). Rats subjected to BD were sacrificed at 4 different time 
points: 0.5 hours, 1 hour, 2 hours and 4 hours after BD induction. Figure created in the Mind the Graph 
platform: www.mindthegraph.com.

The left femoral artery and vein were cannulated for mean arterial pressure (MAP) 
monitoring and fluid administration. In case of blood pressure drops below 80 
mmHg, colloidal solution (HAES-steril 100 g/l, Fresenius, Bad Homburg, Germany) was 
administered with a maximum volume of 1 ml/h. In case of unresponsiveness to HAES, 
noradrenalin (NA, 0.01 mg/ml, Eu Pharma, Almere, the Netherlands) was administered per 
infusion.

In rats subjected to BD, a fronto-lateral hole was drilled through the skull (Dremel, Breda, 
the Netherlands), after application of lidocaine drops (10 mg/ml, Pfizer, Capelle aan 
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den IJssel, the Netherlands) for local analgesia. Thereafter, a Fogarty catheter (Edwards 
Lifesciences LLC, Irvine, U.S.A.) was inserted in the epidural space. The total time needed 
for preparation steps from induction of anesthesia to insertion of the Fogarty catheter 
was 30 min. In the fast BD model, the catheter was expanded with 0.41 ± 0.02 ml saline 
over 1 min with a syringe perfusor pump (Terufusion Syringe Pump, model STC-521, 
Sintec, Almere, the Netherlands). In the slow BD model, the catheter was expanded with 
0.41 ± 0.03 ml saline over 30 min. Rocuronium bromide (0.6 mg/kg of BW, Fresenius) was 
administered to reduce muscle movements during BD induction and body temperature 
was stabilized at 38°C with a heating pad. Upon completion of BD induction, anesthesia 
was withdrawn. The total duration of anesthesia induction to withdrawal was 31 min for 
the fast BD group and 60 min for the slow BD group. BD was confirmed by absence of 
corneal reflexes at 30 min and 1 hour after BD induction was completed. An additional 
apnea test was performed in the pilot experiment to validate the BD model, in absence 
of anesthesia and rocuronium. However due to fast desaturation, this test was omitted in 
the experiment.

Prior to organ harvest, suxamethonium chloride (0.1 mg/kg of BW, Fresenius) was 
administered to prevent spinal reflex movements. A laparo-thoracotomy was performed 
and blood was collected from the aorta, after which the circulatory system was flushed 
with 40 ml cold saline. Lungs were procured after inflation with 2 ml air. Control rats were 
euthanized by exsanguination upon direct procurement of organs, under anesthesia with 
a mixture of oxygen (1 l/min) and 5% isoflurane. Since control rats were not intubated, 
lungs were not inflated upon procurement.

RNA isolation and RT-qPCR
RT-qPCR analyses were performed to detect pro-inflammatory gene expression levels in 
lungs. Total RNA was isolated from snap-frozen lung tissue with Trizol (Invitrogen Life 
Technologies, Breda, the Netherlands) according to manufacturer’s instructions, and RNA 
integrity was analyzed by gel electrophoresis. cDNA synthesis was performed according 
to manufacturer’s instructions. Primer sets (Table 1) were loaded with 5 μl cDNA (2ng/
μl) and SYBR green (Applied Biosystems, Foster City, USA). Amplification and detection 
were performed with the Taqman Applied Biosystems 7900-HT RT-qPCR system (Applied 
Biosystems), measuring SYBR green emission. PCR reaction consisted of 40 cycles at 
95°C for 15 s and 60°C for 60 s after initiation for 2 min at 50°C and 10 min at 95°C. 
Dissociation curve analyses ensured amplification of specific products. Gene expressions 
were corrected for appropriate housekeeping genes (β-actin, EIF2b1 and PPIA) and 
calculated with the ΔΔCt method.24
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Plasma analysis
The BD-induced catecholamine storm and inotropic support might substantially affect 
the heart and subsequently the lung.25 To investigate heart injury, plasma levels of 
troponin and creatine kinase-MB (CK-MB) were determined in the clinical laboratory.

Histological lung injury
Formalin-fixed, paraffin embedded lung slices (4 μm) were scored for histological injury 
after hematoxylin-eosin staining, according to a semi-quantitative scoring system 
as previously described.22 Briefly, lungs were scored for: A) intra- and extra-alveolar 
hemorrhage, B) intra-alveolar edema, C) inflammatory infiltration of the inter-alveolar 
septa and airspace, D) over-inflation and E) erythrocyte accumulation below the pleura. 
Variables A-D were graded as: 0 = negative, 1 = slight, 2 = moderate, 3 = high, and 4 = 
severe. Variable E was scored as 0 = absent or 1 = present. Lungs were scored by two 
blinded investigators, with a conventional light microscope at a magnification of 200x 
across 10 random, non-coincidental fields.

Immunohistochemistry
The number of activated neutrophils in lung tissue was quantified after myeloperoxidase 
(MPO) staining of paraffin embedded lungs. After deparaffinization, antigen retrieval 
was performed and sections were blocked for 30 min with endogenous peroxidase. 
Primary polyclonal rabbit anti-human antibody MPO (dilution 1/500, cat. No. A0398, 
Dako, Carpenteria, CA, USA) was incubated for 1 hour at room temperature. Thereafter, 
secondary antibodies (horseradish peroxidase (HRP)-conjugated goat anti-rabbit, dilution 
1/100, cat. No. P0448, Dako) and tertiary antibodies (HRP-conjugated rabbit anti-goat, 
dilution 1/100, cat. No. P0160, Dako) were incubated for 30 min. Reaction was developed 
through addition of 3,3’-diaminobenzidine-peroxidase substrate solution and sections 
were counterstained with hematoxylin. ImageJ Software (National Institutes of Health, 
Bethesda, MD, USA) was used to quantify 50 snapshots per lung on a 400x magnification.

Statistical Analysis
Statistical analyses were performed with IBM SPSS 22 (IBM corporation, New York, 
USA). The effect of BD model and time was examined by two-way mixed ANOVA tests 
for physiological parameters (pulmonary airway pressure (Paw), heart rate (HR), gene 
expressions, histological scoring, total volume administration, NA, CK-MB and troponin). 
Outliers and normality distributions were assessed by boxplot and probability-probability 
plot inspections. Not normally distributed data were transformed by the natural 
logarithm, after 0.1 was added to correct zero values of total volume administration and 
histological scoring. In case of non-linear changes over time (MAP, MCP-1 and VCAM-
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1), polynomials were applied prior to statistical tests. To determine differences between 
BD models, Mann-Whitney tests were performed (MAP, NA, HR, CK-MB, troponin, edema, 
Paw and neutrophil infiltration). Associations between BD model and pleura infarction 
were assessed by a Chi-square test, followed by Phi and Cramer’s V for the strength of 
association. Data from rats with failure of hemodynamic stabilization were excluded from 
analysis. P<0.05 was considered statistically significant. Data are presented as mean ± SD, 
unless mentioned otherwise.

RESULTS

Fast BD induction negatively affects hemodynamic stability of the donor
To investigate whether the mode of BD affects hemodynamic stability, we compared MAP, 
HR, required inotropic support and total fluid administration between the two BD models. 
In the 20 min before end of BD induction, MAP significantly decreased in the slow BD 
model (Figure 2). At the initial phase of hemodynamic stabilization (t=0), MAP returned 
to pre-intervention values in the slow BD model. In contrast, peak MAP levels of rats 
subjected to fast BD did not return to pre-intervention values at t=0. After 4 hours of 
stabilization, MAP levels were comparable between groups, although need of total fluid 
administration was higher in the fast BD model (1.2 ± 1.1 ml versus 0.6 ± 0.5 ml, p=0.003). 
Thereby, more inotropic support with noradrenalin was required (0.72 ±1.07 ml versus 
0.11 ± 0.26 ml) and HR was elevated in the fast BD model (Fig 3A-B). CK-MB and troponin 
were assessed as heart injury markers, since the catecholamine storm and inotropic 
support might detrimentally affect the heart and subsequently the lung.25 CK-MB release 
in plasma was higher in the fast BD model than in the slow BD model at time point 0.5 
hours, although differences between groups were comparable after 4 hours of BD. CK-MB 
levels were not affected by time (Figure 4A). Troponin levels increased over time in both 
BD models, but did not differ significantly between fast and slow BD induction (Figure 
4B). Collectively, these results suggest that rats subjected to fast BD induction are more 
hemodynamically compromised and require more assertive donor stabilization measures 
than rats subjected to slow BD induction.
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Figure 2: Mean arterial pressure. Rats were subjected to fast brain death (BD) induction (intracranial 
pressure (ICP) increase over 1 min) versus slow BD induction (ICP increase over 30 min). Expansion of 
the Fogarty catheter and induction of BD was finished at time point zero in both models. After BD was 
induced, all animals were stabilized above a mean arterial pressure of 80 mmHg for 0.5 - 4 hours, of which 
the first 30 min are presented in this figure. Values are depicted as mean. Data displayed in the grey 
area are significant between groups, as indicated by the asterisk: * p<0.05. FM – fast BD induction model, 
expansion of the Fogarty catheter over 1 min; SM – slow BD induction model, expansion of the Fogarty 
catheter over 30 min.
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Figure 3: Inotropic support and heart rate. Rats were subjected to fast brain death (BD) induction 
(intracranial pressure (ICP) increase over 1 min) versus slow BD induction (ICP increase over 30 min) 
and subsequently stabilized for 0.5 - 4 hours on a mean arterial pressure of > 80 mmHg. (A) Required 
noradrenalin administration for hemodynamic stabilization. (B) Heart rate of brain-dead rats during the 
BD stabilization period. Values are presented as mean ± SEM. Asterisks denote significant differences 
between the two BD models per time point: * p<0.05, ** p<0.01. X-axis 0.5–4 hours – brain-dead group 
with period of ventilation and hemodynamic stabilization time; BL – baseline measurement before BD 
induction; Control – immediately sacrificed without intervention; FM – fast BD induction model, expansion 
of the Fogarty catheter over 1 min; SM – slow BD induction model, expansion of the Fogarty catheter over 
30 min.
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Figure 4: Heart muscle injury markers CK-MB and troponin. Rats were subjected to fast brain death (BD) 
induction (intracranial pressure (ICP) increase over 1 min) versus slow BD induction (ICP increase over 30 
min) and subsequently stabilized for 0.5 - 4 hours on a mean arterial pressure of > 80 mmHg. (A) Plasma 
CK-MB levels and (B) plasma troponin levels of brain-dead rats and controls. Values are presented as 
mean ± SEM. Asterisks denote significant differences between the two BD models per time point: *** 
p<0.001. X-axis 0.5-4 hours – brain-dead group with period of ventilation and hemodynamic stabilization 
time; BL – baseline measurement before BD induction; CK-MB – Creatine kinase (myocardium); Control 
– immediately sacrificed without intervention; FM – fast BD induction model, expansion of the Fogarty 
catheter over 1 min; SM – slow BD induction model, expansion of the Fogarty catheter over 30 min.

Fast BD induction results in more severe histological lung injury
Subsequently, we assessed whether severity of histological lung injury is affected by the 
mode of BD induction. In the fast BD group, six rats were lost due fulminant lung edema 
immediately after BD induction. This diagnosis was presented by visible lung fluid in the 
ventilation tube, with a subsequent inability to ventilate and macroscopic appearance of 
lung edema at dissection of the thoracic cavity. In contrast, no mortality occurred in the 
slow BD model. Histological lung injury scores increased over time and were significantly 
higher in the fast BD model (5.09 ± 2.11 at 4 hours after fast BD induction versus 4.38 ± 
1.24 at 4 hours after slow BD induction, p=0.040, Figure 5). This was the result of more 
pronounced hemorrhagic lung parenchyma in the fast BD model (1.70 ± 1.43 at 4 hours in 
the slow model versus 0.26 ± 0.33 at 4 hours in the fast model, p=0.010) and more evident 
lung edema (0.81 ± 1.19 at 4 hours in the fast model versus 0.013 ± 0.04 at 4 hours in the 
slow model, p=0.035). Furthermore, we observed a strong association between the fast 
BD induction model and pleura infarction (p=0.000). Despite results on histological lung 
injury, no differences were observed in Paw between the BD models (Figure 6). Taken 
together, these results indicate that histological lung injury is more pronounced after fast 
induction of BD when compared to a slow induction of BD.
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Figure 5: Histological lung injury score. Rats were subjected to fast brain death (BD) induction (intracranial 
pressure (ICP) increase over 1 min) versus slow BD induction (ICP increase over 30 min). Lungs were 
procured after 0.5 - 4 hours of donor stabilization and histological lung injury scores were assessed. All 
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time point: * p<0.05. ‘#’-symbols indicate significant differences compared to controls. X-axis 0.5–4 hours 
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Figure 6: Pulmonary airway pressure. Rats were subjected to fast brain death (BD) induction (intracranial 
pressure (ICP) increase over 1 min) versus slow BD induction (ICP increase over 30 min). Subsequently, 
rats were hemodynamically stabilized and ventilated for 0.5 - 4 hours and pulmonary airway pressures 
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ventilation and hemodynamic stabilization time; BL – baseline measurement before BD induction; FM – 
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Figure 8: Infiltration of activated neutrophils. Rats were subjected to fast brain death (BD) induction 
(intracranial pressure (ICP) increase over 1 min) versus slow BD induction (ICP increase over 30 min). 
Lungs procured after 4 hours of donor stabilization were stained for myeloperoxidase (MPO) to assess 
infiltration of activated neutrophils. (A) Quantification of neutrophils as depicted by MPO staining. (B-D) 
Representative MPO-stained lung slides of controls and rats subjected to fast or slow BD induction. Values 
are presented as mean ± SEM. ‘#’-symbols indicate significant differences compared to controls. Control 
– immediately sacrificed without intervention; FM - fast BD induction model, expansion of the Fogarty 
catheter over 1 min; SM - slow BD induction model, expansion of the Fogarty catheter over 30 min.

Fast and slow BD induction lead to a comparable pulmonary immune 
response
Pulmonary inflammation after fast versus slow BD-induction was investigated through 
analyses for pro-inflammatory gene expressions and infiltration of activated neutrophils. 
In both BD models, gene expression levels of TNF-α, IL-6, IL-8-like CINC-1, MCP-1, VCAM-
1 and central complement component C3 were significantly increased compared to 
controls (Figure 7A-F). For MCP-1 and VCAM-1 an increase in a quadratic regression was 
noted over time, with time centered at 1.5 hours. Between the BD models, expressions of 
TNF-α, MCP-1 and VCAM-1 showed significant differences at time point 0.5 hours. TNF-α 
and MCP-1 expression levels were higher in the fast BD model, while VCAM-1 was more 
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pronounced in the slow BD model. However, from 1 hour after BD induction and after, 
cytokine levels were comparable between the two BD models. Additionally, infiltration of 
activated neutrophils after 4 hours did not differ between the models, as depicted by the 
number of MPO-stained leukocytes (Figure 8A-D). Collectively, these results suggest that 
the BD-induced immune response after donor stabilization is comparable between fast 
and slow BD induction.

DISCUSSION

The cause of BD substantially influences early outcomes after transplantation, as 
described for kidney and heart transplantation.26,27 However, with regard to donor lungs, 
studies failed to show a correlation between cause of BD and graft outcome in terms of 
survival.28–30 Whether the cause of BD contributed to a decreased quality and availability 
of the donor lung, was not investigated in these studies. The aim of our study was to 
elucidate whether the speed of ICP increase affects quality of lungs from brain-dead 
donors, investigated in a rat model for fast versus slow BD induction. This study showed 
that fast BD induction deteriorates donor lung quality more than slow BD induction.

First, we studied the effect of fast versus slow BD induction on hemodynamic stability of 
rats. We observed higher MAP during the initial phase of the hemodynamic stabilization 
period in the fast BD model, and more fluid administration and inotropic support was 
required. These results support the observation that rats subjected to fast BD induction 
show deteriorated hemodynamic stability when compared to rats subjected to slow BD 
induction, as previously described in a comparative study with emphasis on the heart.19 
In the mentioned study, the acute MAP increase in the fast BD model was described 
as the result of more pronounced sympathetic discharge, followed by more profound 
hypotension. In accordance, we found a more pronounced elevation of heart enzymes in 
the fast BD model than in the slow BD model, which probably reflects a more extensive 
intrinsic catecholamine release.19

Next, we investigated whether the mode of BD affects the degree of histological lung 
damage. The observation that more rats were lost due to fulminant lung edema directly 
after BD induction in the fast BD model, together with higher histological lung injury 
scores, strongly suggest that lung damage is more evident after fast BD induction. 
Increased histological lung injury scores were the result of more pronounced hemorrhagic 
infarcted lung parenchyma and edema. This is possibly due to the observed differences 
in MAP, since a sudden MAP increase is described to rupture the capillary-alveolar 
membrane and disrupt barrier integrity.15 Thereby, Avlonitis et al. demonstrated that 
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changes in capillary-alveolar membrane integrity are prevented when the hypertensive 
response is eliminated.15 These observations could explain why acute cerebral insults 
and BD have been associated with the onset of pulmonary edema, while this is rarely 
observed in subarachnoid hemorrhage, an example of gradual ICP increase.11,31–33

Last, we investigated whether differences in lung damage were accompanied by 
a different inflammatory status in fast versus slow BD models. Despite that the more 
pronounced histological lung damage upon fast BD was evident up to 4 hours after BD 
induction, inflammatory status was comparable between BD models at 4 hours of BD. 
Nevertheless, at time point 0.5 hours, we found higher TNF-α and MCP-1 levels after 
fast BD induction than after slow BD induction. These results might be explained by the 
observed course in MAP, since a correlation is suggested between hemodynamic changes 
and the inflammatory immune response during BD.15,34,35 Indeed, higher MAP in the fast 
BD model preceded increased TNF-α and MCP-1 levels in the fast BD model. In addition, 
from 1 hour of BD and after, inflammatory status as well as MAP were comparable 
between groups. Another possible explanation for comparable gene expressions after 
the initial BD period is development of prerenal acute kidney injury (AKI) in the slow 
BD model, due to the observed hypotensive phase.36 The double hit of ischemic AKI 
and onset of BD might have increased pro-inflammatory gene expressions in the slow 
BD model, which possibly resulted in a similar degree of pulmonary inflammation as 
determined in the fast BD model.37,38

Previous experimental studies have extensively investigated the pathophysiological 
mechanisms of BD in controlled models.5 However to our knowledge, a comparison of 
fast versus slow induction of BD and the effect on lung quality has not been described 
before. Despite that experimental models provide the opportunity to study BD-related 
pathophysiology in a controlled manner, it should be noted that the heterogeneity of BD in 
humans makes a direct translation to the clinical setting inaccurate. Previously performed 
clinical studies investigated the relation between mode of BD and transplantation 
outcomes, however with inconsistent results. An early retrospective study of Waller et 
al. compared outcome of donors involved in major trauma to donors with nontraumatic 
origin, and showed no differences in early complications after lung transplantation.28 
However in a later retrospective study by Ciccone et al., traumatic BD seemed to 
predispose to higher rejection episodes in the first year after lung transplantation and 
subsequent development of bronchiolitis obliterans syndrome, though the mechanisms 
involved were not identified.39 Pilarczyk et al. found no differences in early complications 
or 1 and 3-year survival in their prospective study comparing traumatic and non-
traumatic causes of BD, yet 5-year survival was suggested to be lower in recipients 
from donor lungs subjected to traumatic BD.40 However, it should be noted that none of 
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these clinical studies reported whether the mode of BD affected donor lung suitability. 
Therefore, injured donor lungs due to traumatic causes of BD might therefore have been 
excluded. In addition, the time-point of evaluation of potential donor lungs is extremely 
variable between donors, which contributes to the heterogeneity of BD-induced injury in 
clinical donors.

In this study, we focused on the isolated effect of two modes of BD on donor lung 
quality in homogenous groups, in contrast to the clinical setting. The fast and slow BD 
model are well established in our laboratory, which we both adjusted to enable a direct 
comparison between models.21,22 The fixed time-point of lung procurement at 4 hours 
after induction of BD contributed hereto. Since the primary outcome measure in our 
study was quality of donor lungs at time of retrieval, we chose to not include a transplant 
model in the current study. Nevertheless, we consider our controlled rat study to be 
an important contribution to the current, fundamental knowledge on BD-induced lung 
injury. Possible clinical implications might include a broader approach to the selection 
of potential donor lungs, especially in patients who suffered from traumatic causes of 
BD. Thereby, understanding the pathophysiological mechanisms in different modes of BD 
may inspire to a more customized approach in donor management to improve donor 
lung quality. Albeit not directly compared to slow induction modes of BD, earlier studies 
already suggested that protective lung ventilation strategies seem particularly important 
in the setting of acute, massive brain damage.41 Furthermore, the application of ex vivo 
perfusion strategies may facilitate the tailored approach to improve donor lung quality, 
while other potential donor organs may benefit from different optimization strategies. As 
our group previously published, abdominal organs seem to suffer more from detrimental 
consequences of slow BD induction than fast BD induction.36 Therefore, ex vivo treatment 
may further improve lung quality in an isolated manner and thereby increase the pool of 
suitable donor lungs.

In conclusion, this study accentuates the consequence of BD mode on donor lung quality, 
by demonstrating that fast BD induction deteriorates quality of donor lungs more on a 
histological level than slow BD induction, while inflammatory levels were comparable.
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ABBREVIATIONS
AKI Acute kidney injury
BD Brain death
BW Body weight
CK-MB Creatine Kinase-MB
ETCO2 End-tidal CO2

FiO 2 Fraction of inspired oxygen
HR Heart rate
HRP Horseradish peroxidase
RUG Institutional Animal Care and Use Committee of the University of 

Groningen
ICP Intracranial pressure
MAP Mean arterial pressure
MPO Myeloperoxidase
NA Noradrenalin
Paw Pulmonary airway pressure
PEEP Positive end-expiratory pressure
SIRS Systemic inflammatory response
SVR Systemic vascular resistance
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ABSTRACT

Background
The process of brain death (BD) leads to a pro-inflammatory state of the donor lung, which 
deteriorates its quality. In an attempt to preserve lung quality, methylprednisolone is 
widely recommended in donor lung management. However, clinical treatment doses vary 
and the dose-effect relation of methylprednisolone on BD-induced lung inflammation 
remains unknown. The aim of this study was to investigate the effect of three different 
doses methylprednisolone on the BD-induced inflammatory response.

Methods
BD was induced in rats by inflation of a Fogarty balloon catheter in the epidural space. 
After 60 minutes of BD, saline or methylprednisolone (low dose (5 mg/kg), intermediate 
dose (12.5 mg/kg) or high dose (22.5 mg/kg)) was administered intravenously. The lungs 
were procured and processed after 4 hours of BD. Inflammatory gene expressions were 
analyzed by RT-qPCR and influx of neutrophils and macrophages were quantified with 
immunohistochemical staining.

Results
Methylprednisolone treatment reduced neutrophil chemotaxis as demonstrated by 
lower IL-8-like CINC-1 and E-selectin levels, which was most evident in rats treated 
with intermediate and high doses methylprednisolone. Macrophage chemotaxis was 
attenuated in all methylprednisolone treated rats, as corroborated by lower MCP-1 levels 
compared to saline treated rats. Thereby, all doses methylprednisolone reduced TNF-α, 
IL-6 and IL-1β tissue levels. In addition, intermediate and high doses methylprednisolone 
induced a protective anti-inflammatory response, as reflected by upregulated IL-10 
expression when compared to saline treated brain-dead rats.

Conclusion
We showed that intermediate and high doses methylprednisolone share most potential 
to target BD-induced lung inflammation in rats. Considering possible side effects of 
high doses methylprednisolone, we conclude from this study that an intermediate 
dose of 12.5 mg/kg methylprednisolone is the optimal treatment dose for BD-induced 
lung inflammation in rats, which reduces the pro-inflammatory state and additionally 
promotes a protective, anti-inflammatory response.
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INTRODUCTION

Despite developments in deceased after circulatory death (DCD) donation, donation after 
brain death (DBD) still serves as the major source for donor lungs.1 In both DCD and 
DBD donors pathophysiological changes occur, which affect both quantity and quality 
of organs available for transplantation.2,3 Since only 30% of donor lungs are considered 
suitable for transplantation, lungs seem highly susceptible to damage. In contrast, over 
70% of the abdominal organs are procured and utilized for transplantation.4 One of the 
mechanisms that detrimentally affects lung quality in DBD donors is activation of the 
immune system, which aggravates rejection of organs after transplantation.5

From the onset of brain death (BD), inflammatory mediators such as TNF-α, IL-1β, IL-6 
and IL-8 are released by the ischemic brain.6–9 Local inflammation and the direct effect 
of the insult itself cause disruption of the blood-brain-barrier and brain stem death. 
Along with local activation of the immune system in the brain, a systemic inflammatory 
response syndrome (SIRS) occurs.10,11 The peripheral immune system is activated 
and pro-inflammatory cytokines are released from the spleen, which augments the 
inflammatory response.12 Eventually, the BD-induced immunological mechanisms lead to 
a pro-inflammatory state of the potential donor lung, which is associated with increased 
rejection rates of transplanted donor lungs.13

Most clinical guidelines recommend administration of methylprednisolone in brain-
dead lung donors, to promote hemodynamic stability of the donor and improve lung 
function after transplantation.14,15 These treatment regimens vary from fixed single 
doses of 1-5 g methylprednisolone, to weight-based doses ranging from 15 – 60 mg/kg 
methylprednisolone.16 The effect of varying doses methylprednisolone on the BD-induced 
inflammatory status, has not been elucidated. The aim of this study was to investigate 
the effect of different doses methylprednisolone on the BD-induced inflammatory 
status of donor lungs. To this end, we subjected rats to BD and treated them with a low, 
intermediate or high dose methylprednisolone during donor management. We showed 
that an intermediate dose of 12.5 mg/kg methylprednisolone is the optimal treatment 
dose for BD-induced lung inflammation in rats.
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MATERIALS AND METHODS

Experimental outline
Rats were randomly assigned to one of four experimental groups (6-8 rats/group, Figure 
1). BD was induced in all experimental groups, and 1 hour after BD induction rats were 
treated intravenously with 1) 0.9% saline (control, n = 7), 2) low dose methylprednisolone 
(5 mg/kg of bodyweight (BW), n = 6), 3) intermediate dose methylprednisolone (12.5 mg/
kg of BW, n = 8) or 4) high dose methylprednisolone (22.5 mg/kg of BW, n = 7). The various 
doses of methylprednisolone administration were defined based on previous pilot 
experiments, in which 22.5 mg/kg methylprednisolone was the maximum dose in which 
hemodynamic stability was maintained.

Figure 1: Experimental outline of the study. Rats were randomly assigned to one of four experimental 
groups, each consisting of 6-8 rats. Brain death (BD) was induced in all experimental groups, and 1 
hour after BD induction rats were treated intravenously with 1) 0.9% saline (control, n = 7), 2) low dose 
methylprednisolone (MP, 5 mg/kg of bodyweight (BW), n = 6), 3) intermediate dose methylprednisolone 
(12.5 mg/kg of BW, n = 8) and 4) high dose methylprednisolone (22.5 mg/kg of BW, n = 7).
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Rats
Male adult Fischer F344 rats (Harlan Netherlands B.V., Melderslo, the Netherlands) with 
a weight of 250-300 g were used. Rats received standard humane care in compliance 
with the Principles of Laboratory Animal Care (NIH Publication No. 86-23, revised 1985) 
and the Dutch Law on Experimental Animal Care. Permission to conduct this study was 
approved by the local animal committee, according to the Experiments on Animals Act.17

Rat brain death model
BD was induced as previously described.18 Rats were anesthetized by a mixture of 100% O2 
and 5% isoflurane. The femoral vessels were cannulated to enable mean arterial pressure 
(MAP) measurements and fluid administration. Rats were tracheotomized, intubated with 
a 14G polyethylene tube and ventilated with tidal volumes of 2-3 ml/stroke. Respiratory 
rate was titrated throughout the experiment to maintain end-tidal CO2

 between 20-22 
mmHg, with a minimum frequency of 50/min and a maximum frequency of 120/min. 
 Positive end-expiratory pressure (PEEP) was 1-1.5 cmH2O. Fraction of inspired oxygen 
(FiO2) was 1 until 30 minutes after BD induction, after which FiO2 was reduced to 0.5. A 
frontolateral hole was drilled in the skull and a No. 4 balloon Fogarty catheter (Edwards 
Lifesciences Co, Irvine, CA) was inserted and inflated in the epidural space. Inflation of 
the balloon catheter induced initially a characteristic hypotensive period. When MAP 
returned to its basal level, inflation of the balloon catheter was ceased and anesthesia 
withdrawn. BD was confirmed by the absence of corneal and pupillary reflexes. Body 
temperature was maintained at 38 °C with a heating pad and MAP was stabilized above 
80 mmHg during the BD period. In case of blood pressure drops, Hydroxyethyl starch 
(HAES-steril 100 g/l, Fresenius Kabi AG, Bad Hamburg, Germany) was administered in a 
bolus of 0.5 ml with a maximum infusion rate of 1 ml/h. In case of unresponsiveness to 
HAES, noradrenalin (NA, 0.01 mg/ml, Eu Pharma, Almere, the Netherlands) infusions were 
added. One hour after BD induction, rats were treated with either 0.9% saline or a low, 
intermediate or high dose methylprednisolone (40 mg/ml, Pfizer, Capelle aan den IJssel, 
the Netherlands). Rats were stabilized for 4 hours, after which a laparo-thoracotomy was 
performed. All organs were flushed with 60 mL 0,9% cold saline through the abdominal 
aorta, after the inferior vena cava was incised for drainage. Lungs were procured and 
partially snap frozen in liquid nitrogen and partially fixed in formalin and embedded in 
paraffin.
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RT-qPCR
To assess inflammatory status of donor lungs, gene expression levels were detected by 
RT-qPCR analyses. TRIzol reagent (Invitrogen Life Technologies, Breda, the Netherlands) 
was used for isolation of RNA from frozen lung sections. Absence of genomic DNA 
contamination was verified and integrity was analyzed by gel electrophoresis. Thereafter, 
cDNA was synthesized according to manufacturer’s instructions. Primer sets used 
for amplifying fragments of several genes are described in Table 1. Amplification and 
detection of PCR products were performed by the TaqMan Applied Biosystems 7900HT 
RT-qPCR system (Applied Biosystems, Foster City, USA), measuring SYBR green (Applied 
Biosystems) emission. Thermal cycling was performed with a hot start for 2 min on 
50°C, followed by 10 min on 95°C. After that, the denaturation step was started with 
15 s at 95°C followed by the annealing step and DNA synthesis for 60 s at 60°C, which 
was repeated 40 times. Melt curve analyses were performed to confirm generation of 
single, specific amplicons. Samples were analyzed in triplicate and house-keeping gene 
β-actin was used for normalization of gene expression. Gene expressions were calculated 
according to the -ΔΔCT method.19

Immunohistochemistry
Formalin-fixed paraffin embedded lung sections were stained for myeloperoxidase (MPO) 
to quantify the number of activated neutrophils, and CD68 to investigate macrophage 
count. After deparaffinization, antigen retrieval was performed with Tris/HCl 0.1 M and 
sections were blocked with endogenous peroxidase for 30 min. Thereafter, primary 
antibody MPO (100 μg/ml Hycult, Uden, the Netherlands) or CD68 antibody (ED-1, 2 μg/
ml, Bio-Rad, Lunteren, the Netherlands) was incubated for 1 hour. Secondary goat anti-
rabbit (Dako Carpenteria, CA, USA) and rabbit anti-mouse (Dako) horseradish peroxidase 
(HRP)-conjugated antibodies were incubated for 30 min. Next, tertiary rabbit anti-mouse 
and goat anti-rabbit HRP-antibodies were incubated for 30 min. All incubations were 
performed at room temperature and phosphate-buffered saline was used for washing 
steps. Reaction was developed by 3,3’-diaminobenzidine-peroxidase substrate solution 
and sections were counterstained with Haematoxylin. ImageJ Software (National 
Institutes of Health, Bethesda, USA) was used for quantification of cells. Per lung, 10 
random snapshots were analyzed on a 400x magnification. Empty or marginal snapshots 
and snapshots with collapsed or overextended lung tissue were excluded from analyses. 
Data are presented as mean number of cells/10 snapshots.

150358-vanzanden-layout.indd   52150358-vanzanden-layout.indd   52 17/05/2021   15:4717/05/2021   15:47



53

Dose comparison of methylprednisolone in brain death-induced lung injury

Ta
bl

e 
1:

 R
T-

qP
CR

 p
rim

er
s

Pr
im

er
Ge

ne
Fo

rw
ar

d 
Pr

im
er

Re
ve

rs
e 

Pr
im

er
Am

pl
ic

on
 (b

p)

TN
F-
α

Tu
m

or
 n

ec
ro

si
s 

fa
ct

or
-a

lp
ha

AG
GC

TG
TC

GC
TA

CA
TC

AC
TG

AA
TG

AC
CC

GT
AG

GG
CG

AT
TA

CA
67

IL
-6

In
te

rl
eu

ki
n-

6
CC

AA
CT

TC
CA

AT
GC

TC
TC

CT
AA

TG
TT

CA
AG

TG
CT

TT
CA

AG
AG

TT
GG

AT
89

IL
-1
β

In
te

rl
eu

ki
n-

1 
be

ta
CA

GC
AA

TG
GT

CG
GG

AC
AT

AG
TT

GC
AT

TA
GG

AA
TA

GT
GC

AG
CC

AT
CT

75

C3
Ce

nt
ra

l c
om

pl
em

en
t c

om
po

ne
nt

 3
CA

GC
CT

GA
AT

GA
AC

GA
CT

AG
AC

A
TC

AA
AA

TC
AT

CC
GA

CA
GC

TC
TA

TC
96

Ci
nc

-1
Ch

em
ok

in
e 

(C
-x

-C
 m

ot
if

) l
ig

an
d-

1
TG

GT
TC

AG
AA

GA
TT

GT
CC

AA
AA

GA
AC

GC
CA

TC
GG

TG
CA

AT
CT

A
78

E-
se

l
E-

se
le

ct
in

GT
CT

GC
GA

TG
CT

GC
CT

AC
TT

G
CT

GC
CA

CA
GA

AA
GT

GC
CA

CT
AC

73

Cc
l-

2 
(M

cp
-1

)
Ch

em
ok

in
e 

(C
-C

 m
ot

if
) l

ig
an

d-
2

CT
TT

GA
AT

GT
GA

AC
TT

GA
CC

CA
TA

A
AC

AG
AA

GT
GC

TT
GA

GG
TG

GT
TG

T
78

IL
-1

0
In

te
rl

eu
ki

n-
10

GC
AA

CA
GC

TC
AG

CG
CA

TC
T

AC
AA

AC
TG

GT
CA

CA
GC

TT
TC

GA
71

IL
-4

In
te

rl
eu

ki
n-

4
CC

AG
GG

TG
CT

TC
GC

AA
AT

T
TT

CA
CC

GA
GA

AC
CC

CA
GA

CT
T

76

150358-vanzanden-layout.indd   53150358-vanzanden-layout.indd   53 17/05/2021   15:4717/05/2021   15:47



54

Chapter 3

Statistics
Statistical analyses were performed with IBM SPSS Statistics 23 (IBM Corp., Armonk, USA). 
One-way Analysis of Variance tests were used for multiple comparisons between groups 
in normally distributed data, followed by post-hoc Bonferroni tests to compare between 
two groups. In data with skewed distribution, Kruskall-Wallis tests were performed, 
followed by Mann-Whitney tests to compare between two groups. P-values of <0.05 were 
considered statistically significant. Results are presented as mean ± standard deviation 
(SD).

RESULTS

Chemotaxis and infiltration of leukocytes in lung tissue of brain-dead 
donors
To investigate the effect of different doses methylprednisolone on chemotaxis of 
leukocytes, we measured gene expression levels of IL-8-like Chemokine (C-x-C motif) 
ligand 1 (CINC-1), E-selectin and MCP-1 in lung tissue. Additionally, we determined the 
number of activated neutrophils and macrophages. Expression of CINC-1 and E-selectin, 
involved in chemo-attraction of neutrophils, were down regulated in lungs from brain-
dead rats, after treatment with methylprednisolone (Figure 2A-B). The effect was 
significant in all groups, except for E-selectin levels in the low dose treatment group. 
As for influx of activated neutrophils, a decrease was seen in rats treated with an 
intermediate or high dose methylprednisolone, although significance was not reached 
(Figure 2C-G). As for macrophages, gene expression levels of MCP-1 showed significant 
down regulation in all methylprednisolone treated groups (Figure 3A). Nevertheless, the 
number of infiltrated macrophages was not significantly affected by methylprednisolone 
treatment on a histological level (Figure 3B-F). Taken together, these results suggest that 
methylprednisolone treatment reduces gene expressions of chemotactic cytokines for 
neutrophils and macrophages in lungs from brain-dead donors, primarily in intermediate 
and high doses.
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Figure 3: Chemotaxis of macrophages and infiltration of macrophages in lung tissue. Brain death (BD) 
was induced in rats assigned to one of four experimental groups, and 1 hour after BD induction rats 
were treated intravenously with 1) 0.9% saline (control) 2) low dose methylprednisolone (5 mg/kg of 
bodyweight (BW), 3) intermediate dose methylprednisolone (12.5 mg/kg of BW) and 4) high dose 
methylprednisolone (22.5 mg/kg of BW). (A) mRNA gene expression levels of MCP-1, involved in chemo-
attraction of macrophages. Data are shown as expressions relative to housekeeping gene β-actin. (B) 
Quantification of CD68-stained macrophages in lung tissue, presented as mean count per 10 random 
fields. (C-F) Representative snapshots of lung slides stained for CD68. Values are presented as mean ± SD. 
** p<0.01. 
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Pro-inflammatory gene expressions in lung tissue of brain-dead donors
The pro-inflammatory state of donor lungs upon treatment with different doses 
methylprednisolone, was investigated by RT-qPCR analyses in lung tissue. In all 
methylprednisolone treated groups, gene expressions of TNF-α, IL-6 and IL-1β were 
attenuated compared to the saline treated control group (Figure 4A-C). Activation of the 
complement system has previously been described in BD-induced organ damage.20 To 
investigate whether methylprednisolone affected the complement system, we assessed 
central complement component C3 gene expression levels. No significant differences 
were seen in C3 gene expression levels between the saline treated control group and the 
methylprednisolone treated groups (Figure 4D). Collectively, these results indicate that 
methylprednisolone treatment downregulates pro-inflammatory cytokine expression, but 
does not involve the complement system.
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Figure 4: Pro-inflammatory gene expressions in lung tissue. Brain death (BD) was induced in rats assigned 
to one of four experimental groups, and 1 hour after BD induction rats were treated intravenously with 1) 
0.9% saline (control) 2) low dose methylprednisolone (5 mg/kg of bodyweight (BW), 3) intermediate dose 
methylprednisolone (12.5 mg/kg of BW) and 4) high dose methylprednisolone (22.5 mg/kg of BW). mRNA 
gene expression levels of (A) TNF-α, (B) IL-6, (C) IL-1β and (D) C3. Data are shown as expressions relative 
to housekeeping gene β-actin. Values are presented as mean ± SD. * p<0.05, ** p<0.01.
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Anti-inflammatory gene expressions in lung tissue of brain-dead donors
Gene expressions of IL-10 and IL-4, traditionally known to be involved in 
immunoregulating functions, were measured to investigate whether different doses 
methylprednisolone affect gene expression levels of anti-inflammatory cytokines.21,22 
Gene expression levels of IL-10 in lung tissue were significantly higher in rats treated 
with intermediate and high doses methylprednisolone, than IL-10 gene expression 
levels in the saline control group (Figure 5A). In contrast, a decrease in IL-4 expression 
was seen in all methylprednisolone treated groups (Figure 5B). These results suggest 
that intermediate and high doses methylprednisolone induce an IL-10 mediated, anti-
inflammatory shift in lungs from brain-dead donors.
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Figure 5: Anti-inflammatory gene expressions in lung tissue. Brain death (BD) was induced in rats assigned 
to one of four experimental groups, and 1 hour after BD induction rats were treated intravenously with 1) 
0.9% saline (control) 2) low dose methylprednisolone (5 mg/kg of bodyweight (BW), 3) intermediate dose 
methylprednisolone (12.5 mg/kg of BW) and 4) high dose methylprednisolone (22.5 mg/kg of BW). mRNA 
gene expression levels of (A) IL-10 and (B) IL-4. Data are shown as expressions relative to housekeeping 
gene β-actin. Values are presented as mean ± SD. ** p<0.01.

DISCUSSION

Methylprednisolone treatment of the potential lung donor is recommended in 
most clinical protocols, in an attempt to improve lung function and increase organ 
procurement rates. However, the applied doses vary between centers, which suggests 
that methylprednisolone treatment guidelines can be optimized in terms of dosing.16 
Dhar et al. suggested that the methylprednisolone dose regimen should be further 
studied, and investigated the effect of methylprednisolone dose on lung function and 
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organ procurement rate. In the mentioned study, a fixed, low-dose regimen of 300 mg 
hydrocortisone was compared to a higher dose of 15 mg/kg methylprednisolone in 
human donors. They showed that the lower dose of 300 mg hydrocortisone led to similar 
lung function and lung procurement rates, when compared to the higher dose regimen.23 
The immunoregulatory effect of methylprednisolone doses on pulmonary immune status 
was not studied. In this study, we aimed to investigate the effect of three different doses 
methylprednisolone on the BD-induced inflammatory response, in a rat model for BD. 
We showed that an intermediate dose of 12.5 mg/kg methylprednisolone reduces BD-
induced lung inflammation and additionally promotes a protective, anti-inflammatory 
response.

We first studied the effect of different doses methylprednisolone on chemotaxis of 
leukocytes on a gene expression level. All three doses methylprednisolone reduced gene 
expression levels of potent chemo-attractants for neutrophils and macrophages, reflected 
by lower IL-8-like CINC-1, E-selectin and MCP-1 gene expression levels. Nevertheless, no 
significance was reached in reduced neutrophil count, although a trend was observed 
upon treatment with intermediate and high doses methylprednisolone. Earlier studies 
investigated an even higher treatment dose of 30 mg/kg methylprednisolone in 
brain-dead rats. Also in these studies, the amount of neutrophils was not affected by 
methylprednisolone treatment, even when methylprednisolone was administered shortly 
after BD induction.24,25 Based on these observations, we speculate that methylprednisolone 
treatment minimally affects donor-derived neutrophils, which are immediately attracted 
to the site of damage upon BD. However in contrast, reduced neutrophil chemo-
attractants may have a forthcoming beneficial effect on recipient-derived neutrophil 
infiltration, as described by Paulus et al. In the mentioned study, lungs were flushed with 
12 mg/kg methylprednisolone before preservation, which reduced neutrophil infiltration 
after lung transplantation.26

Along with the amount of neutrophils in lung tissue, macrophage count was not affected 
upon treatment with different doses methylprednisolone. However, the present tissue 
macrophages may shift from a cytotoxic (M1) to a more anti-inflammatory (M2) phenotype, 
which contributes to a downregulating effect on pro-inflammatory response. We first 
studied the effect of methylprednisolone on pro-inflammatory mediators, which may 
be downregulated through inhibition of NF-κB.27 Indeed, in line with previous studies in 
which 30 mg/kg methylprednisolone was administered, we show a strong, downregulating 
effect of all doses methylprednisolone on TNF-α, IL-6 and IL-1β gene expressions, 
cytokines that may be secreted by M1 macrophages.24,25 In addition, glucocorticoids 
such as methylprednisolone are described to stimulate polarization from M1 to the 
M2c subset of M2 macrophages, which are described to secrete the anti-inflammatory 
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cytokine IL-10.28,29 Our results are in line with previously described immunoregulatory 
effects of methylprednisolone through IL-10, although an upregulation of IL-10 was only 
observed in rats treated with intermediate and high doses methylprednisolone.26,30 Hence, 
intermediate and high doses methylprednisolone may stimulate M2 polarization through 
the M2c subset of M2 macrophages. In addition, Paulus et al. described an upregulation of 
IL-4 expression upon methylprednisolone treatment. In the mentioned study, the effect of 
methylprednisolone pretreatment on the immune response was investigated, measured 
at 48 hours after lung transplantation.26 The cytokine IL-4 is described to stimulate 
polarization to the M2a subset of M2 macrophages, which may subsequently lead to 
secretion of the anti-inflammatory cytokine IL-10.29 However in our study, IL-4 expression 
was decreased in all methylprednisolone treated groups, when compared to the saline 
treated control group. The controversial effects of corticosteroids on IL-4 expression have 
previously been illustrated, and are suggested to be the result of direct versus indirect 
effects of corticosteroids on target cells.31–36 On a short term, corticosteroids might 
directly inhibit cytokine synthesis in both Th1 and Th2-cells, such as IL-4. However on a 
longer term, corticosteroids downregulate IL-12 production by macrophages, which might 
indirectly stimulate IL-4 production.37 Our study represents a snapshot at only 4 hours 
after induction of BD. Therefore, we speculate that the results on IL-4 expression in our 
study reflect a short-term, inhibiting effect of methylprednisolone, and M2 polarization 
through the M2a subset is thereby not evident in our model.

The BD-induced inflammatory response in donor lungs is an important target, since the 
postoperative inflammatory status in transplanted lungs is described to be associated 
with long-term outcome.38 Nevertheless, despite that methylprednisolone treatment is 
recommended in various donor management protocols, the benefit of methylprednisolone 
has not yet been irrefutably proven. Duipuis et al. concluded in their review that the current 
clinical evidence is conflicting and of poor quality, which is partially due to the lack of 
homogeneous data. In addition, interacting factors such as simultaneous administration 
of other hormonal therapies, complicate research on the clinical effect of corticosteroids 
in donor management. For that reason, we emphasize the importance of fundamental 
research in the search for the significance of methylprednisolone treatment on BD-
induced injury. We consider our rat model for BD as the strong point of our study, which 
allows us to investigate the effect of different doses methylprednisolone on BD-induced 
lung damage alone. Based on our results, we consider the intermediate dose of 12.5 mg/
kg methylprednisolone as most suitable to target BD-induced lung inflammation, since 
both the pro-inflammatory response was reduced and an additional anti-inflammatory 
response was promoted. The high dose of 22.5 mg/kg showed no additional beneficial 
effect, which suggests that the maximum effect has been achieved with an intermediate 
dose methylprednisolone. Besides that, possible negative effects of high doses 
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methlyprednisolone should be carefully considered. High doses methylprednisolone 
might dysregulate blood glucose levels in organ donors, which negatively effects organ 
retrieval rate and graft function.39,40 In addition, the effect of methylprednisolone on 
other potential donor organs should be taken into account. Rebolledo et al. studied the 
effect of different doses methylprednisolone on the quality of donor livers and kidneys, 
and showed that a high dose of 22.5 mg/kg showed no additional beneficial effect 
compared to an intermediate dose of 12.5 mg/kg methylprednisolone. Thereby, 22.5 mg/
kg methylprednisolone even correlated with higher liver tissue injury markers, which 
possibly reflects reduced quality of the donor liver.18

The recommended methylprednisolone dose of 12.5 mg/kg for rats in our study, might 
be close to doses previously investigated in human studies. However, it should be 
noted that extrapolation of the optimal treatment dose from rats to humans should 
be carefully performed, given the biological differences between species. Scaling of 
dose based on body weight might be insufficient, due to differences in body surface 
area and pharmacokinetics.41 In a retrospective study by Folette et al., human donors 
subjected to 14.5 mg/kg methylprednisolone were compared to untreated controls. 
The authors concluded that methylprednisolone treatment of the organ donor led 
to better oxygenation ratios and higher procurement rates.15 In addition, Nath et al. 
showed increased lung procurement rates when donors were treated with 15 mg/kg 
methylprednisolone.42 In a randomized-controlled study, Venkateswaran et al. compared 
donor treatment with 15 mg/kg methylprednisolone to untreated controls, and found 
less pumonary edema and higher suitability of donor lungs, despite no differences in 
oxygenation ratio.43 More recently, Dhar et al. compared donor treatment of 15 mg/kg 
methlyprednisolone to a fixed, low dose of 300 mg hydrocortisone, which corresponds to 
a dose of <1 mg/kg methylprednisolone for a 70-kg donor. In the mentioned study, they did 
not find differences between lung procurement rates or donor lung function, suggesting 
that lower corticosteroid doses might be sufficient in donor management.23 Yet, the 
beforementioned studies did not specifically focus on the effect of methylprednisolone 
dose on pulmonary inflammation elicited by the pathophysiology of BD. Nevertheless, 
speculations may be drawn from other disease models, such as acute respiratory stress 
syndrome (ARDS). Early ARDS is characterized by diffuse alveolar injury, lung edema 
and neutrophil-mediated inflammation, which resembles the pathophysiology of BD-
induced lung damage. An early study by Bernard et al. in 1987 showed no improvement 
in mortality or ventilatory characteristics when patients were treated with high doses 
methylprednisolone of 30 mg/kg every 6 hours, possibly due to suppression of the 
hypothalamic–pituitary–adrenal axis and higher risk of infection.44 A recent retrospective 
and observational study confirmed that high dose methylprednisolone may not be 
suitable for patients with ARDS, by showing increased mortality rates in ARDS patients 
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treated with high dose methylprednisolone (defined as >500 mg methylprednisolone/
day) compared to the non-high-dose group.45 In contrast, studies investigating low-dose 
methylprednisolone (1 mg/kg/day) showed reduced mortality and duration of mechanical 
ventilation in patients with early ARDS, after treatment for several weeks.46 In addition, 
patients with unresolving ARDS treated with 2 mg/kg/day methylprednisolone showed 
obvious reductions in TNF-a, IL-1β and IL-6 serum levels, after 4 weeks of treatment.47 
However, the effect of low-dose methlyprednisolone treatment on anti-inflammatory 
cytokines was not addressed. Whether low doses of 1-2 mg/kg methylprednisolone 
are sufficiently adequate to both downregulate the pro-inflammatory response and 
stimulate an anti-inflammatory response in human brain-dead donors as observed in our 
rat model, requires further clinical investigation. In addition, it should be noted that the 
beforementioned doses in the treatment of ARDS are administered over several weeks, 
while the time frame of donor mangement is closer to several hours or days.

Data from laboratory animal models can be of exceptional value, since pathophysiological 
mechanisms may be difficult to test in humans, while animal models provide more 
experimental possibilities. Nevertheless, even though BD-induced lung damage and 
inflammation were reliably reproduced in our rat model, it is impossible to reproduce all 
the characteristics of the human lung transplantation process in an animal model. The 
whole chain of events in human lung donation- and transplantation is highly complex due 
to many confounding factors. In our study we did not investigate the effect of different 
doses methylprednisolone on ischemia-reperfusion injury, since transplantation of donor 
lungs was not included in our model. Hence, the possible longer-term immunomodulatory 
effects of different doses methylprednisolone, in presence of circulating recipient-derived 
leukocytes, requires attention in future studies.

This study provides a foundation for further research on methylprednisolone regimens 
and BD-induced lung inflammation. We conclude from this study that an intermediate 
dose of 12.5 mg/kg methylprednisolone is the optimal treatment dose for BD-induced 
lung inflammation in rats, which reduces the pro-inflammatory state and additionally 
promotes a protective, anti-inflammatory response.
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ABBREVIATIONS
ARDS Acute respiratory distress syndrome
BD Brain death
BW Body weight
DBD Donation after brain death
DCD Deceased after circulatory death
FiO2 Fraction of inspired oxygen
HAES Hydroxyethyl starch
HRP Horseradish peroxidase
MAP Mean arterial pressure
MPO Myeloperoxidase
NA Noradrenalin
PEEP Positive end-expiratory pressure
SD Standard deviation
SIRS Systemic inflammatory response syndrome
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ABSTRACT

Background
Despite progress in lung transplantation (LTx) techniques, a shortage of donor lungs 
persists worldwide. Ex vivo lung perfusion (EVLP) is a technique that evaluates, optimizes 
and enables transplantation of lungs that would otherwise have been discarded. Herein, 
we present our centre's first EVLP experiences between July 2012 and June 2016, during 
which a total of 149 lung transplantations were performed.

Methods
It was a single-center, retrospective analysis of a prospectively collected database in 
the Netherlands. The EVLP group (n=9) consisted of recipients who received initially 
discarded donor lungs that were reconditioned using EVLP. The non-EVLP (N-EVLP) group 
(n=18) consisted of data-matched patients receiving conventional quality lungs in the 
traditional way. Both groups were compared on primary graft dysfunction (PGD) grades 
0-3, pulmonary function, chronic lung allograft dysfunction (CLAD) and survival.

Results
In the EVLP group, 33% (3/9) developed PGD1 at 72 hours post-LTx. In the N-EVLP group, 
11% (2/18) developed PGD1, 6% (1/18) PGD2 and 11% (2/18) PGD3 at 72 hours post-LTx. 
At 3 and 24 months post-LTx, forced expiratory volume in 1 s as percentage of predicted 
was similar in the EVLP (78% and 92%) and N-EVLP group (69% and 89%). Forced vital 
capacity as a percentage of predicted was comparable in the EVLP (77% and 93%) and 
N-EVLP group (68% and 101%). CLAD was diagnosed in one N-EVLP patient at two years 
post-LTx. Three-year survival was 78% (7/9) (EVLP group) versus 83% (15/18) (N-EVLP 
group).

Conclusion
These results are in line with existing literature suggesting that transplantation of 
previously discarded lungs recovered by EVLP leads to equal outcomes compared to 
traditional LTx methods. 
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INTRODUCTION

For many lung patients for whom therapeutic options have been exhausted, lung 
transplantation (LTx) has proven to be an effective treatment.1 However, constant demand 
forced research to develop new techniques and expand transplantation criteria, such as 
the use of extended-criteria donor lungs, donation after circulatory death (DCD), and the 
recent development of ex vivo lung perfusion (EVLP).2,3 This has led to an increase in the 
number of LTxs and median survival.4 Despite these advancements a shortage of donor 
lungs persists, resulting in a waiting list mortality of 10.2% in the Netherlands.5 Aimed at 
increasing the number of donor lungs, the Netherlands approved the use of DCD donors 
awaiting circulatory arrest (so-called controlled DCD, cDCD) for lung donation in 2005.6 
These cDCD organs are procured after withdrawal of life-sustaining cardiorespiratory 
support. In addition, an EVLP program was established at the University Medical Center 
Groningen (UMCG) in 2012. Implementation of EVLP allows previously discarded lungs to 
be assessed and treated within the transplantation window.7 A transplantation window 
that accepts up to 12 hours of cold ischemic time (CIT) was upheld. The lungs treated 
on EVLP have to reach certain parameters to be eligible for transplantation, such as 
arterial oxygen pressure (PaO2) >50 kPa. To be considered for EVLP, the lungs must have a 
persistent low PO2 despite optimization of donor management. The lungs that improved 
at retrieval after ventilation with open sternum were not used for EVLP. Furthermore, the 
lungs with aspiration, infiltration, bleeding or severe contusion in combination with a low 
PO2, were not considered for EVLP. The low PO2 of the included EVLP lungs were mostly 
due to lung edema in combination with persistent large areas of atelectasis. For reference, 
rejection criteria for conventional LTx are a consistent PO2 of <40 kPa, lung edema, lung 
hemorrhage, massive contusion, bronchoscopic proven aspiration, or evidence of lung 
infiltrate. The primary aim of EVLP is to test and improve donation after brain death 
(DBD) and cDCD lungs that have been rejected for conventional transplantation due 
to lung edema and subsequent low PaO2. The purpose of this study is to compare the 
outcomes of implanted, initially discarded extended-criteria donor lungs optimized by 
EVLP, to those of implanted conventional lungs.
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METHODS

Study group
One hundred and forty-nine LTxs were performed in the UMCG between July 2012 and 
June 2016. During that period, 14 EVLPs were performed of which 10 were done using 
initially discarded lungs. Nine of these were transplanted. Each of these 9 EVLP lungs was 
matched with 2 conventional donor lungs, which resulted in a study group of 27 patients. 
By matching 1:2, we aimed to increase our statistical power, even with a limited number 
of EVLP cases. To minimize differences between the procedures, all cases were matched in 
time as close as possible with selection based on the recipients’ underlying lung disease 
and donor type (DBD or cDCD). Both patient groups received conventional postoperative 
care, including maintenance immunosuppression with tacrolimus, mycophenolate mofetil 
and prednisolone. The study protocol was approved by the Medical Ethics Review Board 
of the UMCG.

Donor protocol
Donor lungs were offered through the Eurotransplant International Foundation. Donor 
lungs that met any of the following indications were included in the EVLP procedure: 1) 
lungs with a PaO2/fraction of inspired oxygen (FiO2) <40 kPa at a positive end-expiratory 
pressure (PEEP) of 5 cmH2O and 100% oxygen with clinically evident lung edema, and 2) 
lungs that had a persistent low PaO2/FiO2 <40 kPa after active lung recruitment without 
a clear reason (e.g. atelectasis). Donor lungs with any of the following were excluded 
from EVLP: pneumonia or persisting purulent secretions at bronchoscopy; significant 
lung trauma with bleeding or consolidation due to severe contusion; inadequately 
treated infection; aspiration; malignancy; HIV, persistent hepatitis B or C; lung diseases 
and sepsis. Donor procedures were performed in the conventional manner in which 
an antegrade flush was first performed with Perfadex (50 mL/kg bodyweight, XVIVO 
Perfusion, Göteborg, Sweden). Subsequently, lung explantation was performed and 
followed by a retrograde flush with Perfadex until clear effluent on the back-table. For 
cDCD donors, circulatory arrest was defined as the absence of peripheral pulsations and 
had to occur within 90 minutes after withdrawal of treatment.6 For warm ischemic time a 
maximum of 60 minutes was adhered, defined as the time between circulatory arrest and 
start of antegrade flush.6

Recipient selection
All recipients on our waiting list were candidates for both DBD and cDCD LTxs. Every 
recipient that signed an informed consent could have received an EVLP lung. Allocation 
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was based on the Eurotransplant lung allocation score (LAS 0 – 100).8 Based on current 
medical information of the patient, such as type of lung disease and ability to perform 
daily tasks, a calculation is made. This calculation provides insight in the medical situation 
and it also represents the chance of success in case of transplantation. All LAS scores 
between 0 and 50 are considered low LAS scores, and medical information of these cases 
must be updated after 180 days. All scores of 50 or higher are considered high LAS scores, 
and medical information of these cases must be updated every 14 days.

Ex vivo lung perfusion protocol
The lungs were placed in a perfusion dome (XVIVO Perfusion). Lung cannulas (XVIVO 
Perfusion) were sewn to the left atrium (LA) and the pulmonary artery. After opening 
the trachea, any secretions present were aspirated and an endotracheal tube was placed 
and fixated. The LA cannula was then connected and deaired, and a retrograde flush 
(100 ml/min) was started until the outflowing perfusate became clear. Subsequently, the 
pulmonary artery cannula was connected, deaired and antegrade perfusion was started. 
During the procedure, maximum flow was set at 40% of the calculated cardiac output, in 
accordance with the Toronto Protocol.7 The LA pressure (LAP) was maintained between 
3 and 5 mmHg by changing the height difference between the lungs and reservoir. 
Ventilation was started when the outflowing perfusate temperature reached 32 °C. A 
lung-protective ventilation strategy was applied, in which ventilation parameters were 
gradually increased over 10 min until a frequency of 7 breaths/min, a tidal volume of 7 
ml/kg of donor bodyweight, a maximum airway pressure of 20 cmH2O, a PEEP of 5 cmH2O 
and an FiO2 of 40% was reached.

Recruitment, if necessary, was performed by temporarily increasing the PEEP to 10 
cmH2O to optimize ventilation in the lungs and to achieve homogenous inflation and 
deflation. Perfusion was set to a maximum pulmonary artery pressure (PAP) of 15 mmHg, 
and if the calculated perfusion flow was not reached within this pressure limit, lungs 
were rejected. If necessary, a bronchoscopy was done to aspirate the sputa. The Lung 
Assist (Organ Assist BV, Groningen, the Netherlands) was used as perfusion machine. 
For ventilation, an Oxylog 3000 (Dräger BV, Zoetermeer, the Netherlands) was used. The 
circuit consisted of a reservoir, a leukocyte filter and an oxygenator. The system was 
primed with 2 l of STEEN solution (XVIVO Perfusion) and supplemented with heparin, 
cefuroxime and dexamethasone. STEEN solution is a crystalloid, buffered, extracellular 
solution containing human serum albumin and dextran 40 to provide an optimal colloid 
osmotic pressure.
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Ex Vivo Evaluation
Lung quality was evaluated every hour for 4 hours. The perfusate was deoxygenated 
with a gas mixture of 86% N2, 8% CO2 and 6% O2, which was started 10 minutes before 
evaluation at a flow of 1-2 l/min. During evaluation, FiO2 was set at 100%, tidal volume 
at 10 ml/kg of donor bodyweight and respiratory frequency at 10/min. Target parameters 
during pulmonary function evaluation were oxygenation capacity (PaO2/FiO2) >50 kPa; 
pulmonary vascular resistance (pulmonary vascular resistance = PAP – LAP/pump flow); 
decline <15% compared to baseline; peak airway pressure decline <15% compared to 
baseline and clinical suitability for transplantation. In general, if one or more of these 
criteria were not met, the lungs were discarded.

Baseline characteristics
Collected donor variables included age, gender, duration of mechanical ventilation, cause 
of death, smoking history, estimated total lung capacity, cDCD or DBD procedure and 
preretrieval PaO2 after a minimum of 10 min of ventilation with 100% oxygen and a 
PEEP of 5 cmH2O. Moreover, ischemic times and duration of EVLP were registered. In 
recipients, the following variables were included: age, gender, LTx urgency, bilateral LTx, 
primary or secondary LTx, the need for extracorporeal circulation during transplantation, 
intensive care unit (ICU) stay, hospital stay, and underlying diagnosis. The first CIT (CIT1) 
was defined as the time between cross-clamp and the start of EVLP. The second CIT (CIT2) 
was defined as the moment the lungs were cooled on EVLP until the reperfusion of the 
last implanted lung.9 We defined a total preservation time (TPT) from cross-clamp to the 
reperfusion of the second lung in the EVLP group, including CIT1, EVLP time and CIT2. In 
the non-EVLP (N-EVLP) group, TPT only included CIT (time between the cross-clamp and 
the start of reperfusion of the last implanted lung).

End points
End points were primary graft dysfunction (PGD), pulmonary function, chronic lung 
allograft dysfunction (CLAD) and survival. PGD was only assessed at 48 and 72h post-LTx 
(T48 and T72) to better discriminate for mortality.10,11 PGD grade 0 – 1 (PGD0 and PGD1) 
were representative for adequate graft function. PGD grades 2 – 3 (PGD2 and PGD3) 
represented compromised graft function.10 Forced expiratory volume in 1 s (FEV1) and 
forced vital capacity (FVC) as a percentage of predicted (FEV1% and FVC%, respectively) 
were used to assess pulmonary function. CLAD was defined as a persistent (>3 months) 
decline in pulmonary function, expressed as FEV1 <80% of baseline (average of the 2 best 
post-LTx values for FEV1 obtained >3 weeks apart).12 Post-LTx follow-up was 3 years.
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Statistical analysis
Normally distributed continuous variables were analyzed using Student t-tests. Mann-
Whitney U tests were performed to compare non-normally distributed data. All data 
are expressed as mean ± standard deviation (SD) or as median and range, unless stated 
otherwise. For nominal variables, either the χ2 test or the Fisher’s exact test was used; 
variables are expressed in percentages and numbers. Overall survival and CLAD cases 
were visualized using the Kaplan-Meier method. Comparisons between groups were 
made using a Log-rank test. No correction for multiple comparisons at different time 
points was performed. A statistical difference of p<0.05 was considered significant. All 
calculations were performed using IBM SPSS Statistics 21.0 software (IBM Corporations, 
Armonk, NY, USA).

RESULTS

The lungs of an 18-year-old donor were tested on EVLP as doubts had arisen during 
quality assessment at retrieval. During EVLP, criteria were not met due to increasing 
lung edema and ventilation peak pressures >30 cmH2O in the first hour. Therefore, the 
lungs were not transplanted. Three conventional quality lungs were installed on EVLP 
for logistical reasons and, therefore, excluded from this study. The 10 remaining initially 
discarded lungs were evaluated on EVLP: 8 lungs due to low PaO2 and lung edema, 1 
lung with a low PaO2 due to persistent atelectasis and 1 lung due to severe lung edema, 
yet good PaO2 was maintained. The last mentioned lung did not improve during EVLP, 
and was discarded accordingly. This resulted in our group of 9 LTxs post-EVLP. Donor 
age in the EVLP group tended to be lower, although this was not statistically significant. 
The mean duration of EVLP was 3.8 ± 1.0 hours (median 4.0 hours). The EVLP group 
had an average total CIT (equals CIT1 + CIT2) of 12.0 ± 1.4 hours compared to 7.9 ± 2.7 
hours total CIT in the N-EVLP group (p = 0.001). The EVLP group had a CIT1 of 4.3 ± 0.6 
hours and a CIT2 of 7.7 ± 1.5 hours on average, TPT was 15.7 ± 1.8 hours (Table 1). The 
preretrieval PaO2 in the EVLP group (38.1 ± 13.3 kPa) was significantly lower compared to 
conventional donor procedure lungs (60.2 ± 7.9 kPa, p <0.001). Thirty-three percent of the 
EVLP group and 39% of the N-EVLP group were cDCD donors.
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Table 1: Donor characteristics

  EVLP (n=9) N-EVLP (n=18) p-value

Age (years) 41 ± 12.7 52 ± 16.3 0.083

Female 56% (5) 50% (9) 1.00

cDCD 33% (3) 39% (7) 1.00

TPT (hours) 15.7 ± 1.8 7.9 ± 2.7 <0.001

EVLP (hours) 4 (3.5 – 4.2) -

Total CIT (hours) 12.0 ± 1.4 7.9 ± 2.7 0.001

CIT1 (hours) 4.3 ± 0.6 7.9 ± 2.7 <0.001

CIT2 (hours) 7.7 ± 1.5

Agonal phase time (min) 13 ± 2.6 15.3 ± 7.9 0.65

Warm ischemic time (min) 19.3 ± 1.2 19.3 ± 6.9 0.99

Predicted TLC (l) 6.8 ± 0.8 6.8 ± 0.6 0.97

Time on ventilator (days) 4 (2.5 – 5.5) 4 (2 – 7) 0.66

PaO2 at FiO2 100% (kPA) 38.1 ± 13.3 60.2 ± 7.9 <0.001

Smoking history 44% (4) 44% (8) 1.00

Cause of death 

SAB 33% (3) 17% (3) 0.37

CVA 22% (2) 33% (6) 0.68

Cerebral anoxia 22% (2) 11% (2) 0.58

Trauma 11% (1) 17% (3) 1.00

SDH 0% (0) 11% (2) 0.54

Primary brain tumor 0% (0) 6% (1) 1.00

Miscellaneous  0% (0) 6% (1) 1.00

Data are presented as percentages (n), mean ± SD or median (IQR).
CIT: cold ischemic time; CIT1: period between cross-clamp up to start EVLP; CIT2: period between cooling on 
EVLP up to reperfusion of last implanted lung; CVA: cerebral vascular accident; cDCD: controlled donation after 
circulatory death; EVLP: ex vivo lung perfusion (group); FiO2: fraction of inspired oxygen; IQR: interquartile 
range; N-EVLP: conventional lung transplantation without EVLP-group; PaO2: preretrieval arterial oxygen 
pressure; SAB: subarachnoid bleeding; SD: standard deviation; SDH: subdural hematoma; predicted TLC: 
predicted total lung capacity; TPT: total preservation time.

Recipient characteristics
The average age of patients was 53 years in the EVLP group and 50 years in the N-EVLP 
group. The majority (66.7%, 18/27) had chronic obstructive pulmonary disease as LTx 
indication. Additionally, all recipients were primary lung recipients and received bilateral 
transplants. Characteristics did not significantly differ (Table 2).
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Table 2: Recipient characteristics

  EVLP (n=9) N-EVLP (n=18) p-value

Age (years) 53 ± 13.3 50 ± 9.5 0.12

Female 56% (5) 56% (10) 1.00

Primary LTx 100% (9) 100% (18) 1.00

ECC use 33% (3) 33% (6) 1.00

ICU stay (days) 11 (4 – 26) 5.2 (3 – 13) 0.21

Hospital stay (days) 31 (27 – 46) 42 (25 – 50) 0.64

Diagnosis 

COPD 67% (6) 67% (12) 1.00

CF 22% (2) 22% (4) 1.00

Fibrosis 11% (1) 11% (2) 1.00

Data are presented as percentages (n), mean ± SD or as median (IQR).
CF: cystic fibrosis; COPD: chronic obstructive pulmonary disease; ECC: extracorporeal circulation; EVLP: ex vivo 
lung perfusion (group); ICU stay: intensive care unit stay; IQR: interquartile range; LTx: lung transplantation; 
N-EVLP: conventional lung transplantation without EVLP-group; SD: standard deviation.

Survival
No significant difference in survival was observed between the 2 groups (p = 0.73) (Figure 
1). In the EVLP group, 2 recipients died during follow-up. One recipient died following 
candida empyema with subsequent pulmonary hemorrhage and hypovolemic shock (1 
month post-LTx), and 1 recipient died due to metastatic lung cancer without evidence 
of a primary tumor in the implanted lungs (31 months post-LTx); this was most likely a 
lung carcinoma originating from the recipient. Of the total 135 recipients of conventional 
lungs, 22 (16.3%) patients died during the 36-month follow-up; 3 (16.7%) of these deaths 
were part of the 18 conventional/N-EVLP study cases in this study. One recipient died of 
brain herniation with meningitis (4 months post-LTx), 1 recipient died from respiratory 
insufficiency caused by lung fibrosis development post-LTx (23 months post-LTx) and 1 
recipient died of urosepsis (26 months post-LTx).

Primary graft dysfunction
PGD differences were non-significant. Neither PGD2 nor PGD3 was observed in the EVLP 
group at either T48 or T72. In the EVLP group, PGD1 was observed in 22% of patients 
(2/9) at T48, with an increase to 33% (3/9) at T72 (Figure 2). In the N-EVLP group, 6% 
(1/18) of patients had PGD2, at both T48 and T72. PGD3 was observed in 11% of patients 
(2/18) at T72. Additionally, PGD1 decreased from 17% (3/18) at T48 to 11% (2/18) at T72.
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Figure 1: Survival curve of the EVLP and N-EVLP LTx recipients. EVLP: ex vivo lung perfusion; LTx: lung 
transplant; N-EVLP: non-EVLP.
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Figure 2: PGD grades 0–3 at 48 h (T48) and 72 h (T72) post-transplantation in the EVLP and N-EVLP 
groups. Percentages of the recipients in each PGD grade at different time points are shown. EVLP: ex vivo 
lung perfusion; N-EVLP: non-EVLP; PGD: primary graft dysfunction.

Pulmonary function
In the EVLP group, the mean FEV1% changed from 78% to 92% between 3 and 24 months 
post-LTx compared to 69 – 89% in the N-EVLP group (p = 0.62). The mean FVC% in the 
EVLP group changed from 77% to 93% between 3 and 24 months, compared to 68% and 
101% in the N-EVLP group (p= 0.39, Figure 3 and Figure 4).

150358-vanzanden-layout.indd   78150358-vanzanden-layout.indd   78 17/05/2021   15:4717/05/2021   15:47



79

EVLP for initially discarded human donor lungs in the Netherlands

0 3 6 9 12 15 18 21 24
0

25

50

75

100

125

Follow up after LTx (months)

N-EVLP

FE
V

1
(%

)
Forced vital capacity

EVLP

Figure 3: Mean forced expiratory volume in 1 s as a percentage of predicted (FEV1%) in the EVLP and 
N-EVLP groups post-LTx. Data are presented as percentages (n), mean ± SD or median (IQR). EVLP: ex 
vivo lung perfusion; IQR: interquartile range; LTx: lung transplantation; N-EVLP: non-EVLP; SD: standard 
deviation.
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Figure 4: Mean forced vital capacity as a percentage of predicted (FVC%) in the EVLP and N-EVLP 
groups post-LTx. Data are presented as percentages (n), mean ± SD or median (IQR). EVLP: ex vivo lung 
perfusion; FVC%: forced vital capacity as a percentage of predicted; IQR: interquartile range; LTx: lung 
transplantation; N-EVLP: non-EVLP; SD: standard deviation.
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Chronic lung allograft dysfunction
During 3 years of follow-up, 1 N-EVLP case was diagnosed with CLAD at 24 months post-
LTx (p = 0.45).

DISCUSSION

This study reports the first experiences with EVLP in the Netherlands. Our results did not 
present any significant differences in PGD, pulmonary function, CLAD or survival between 
our 2 groups.

Using our strategy of only accepting the lungs with edema or the lungs that should be 
of good quality but have an unexplainably low PaO2 for EVLP, we achieved a favorable 
conversion rate of 90% (9 of 10). Established conversion rates vary between 34% and 97% 
(Table 3). Because of the high cost of EVLP and the extra demands it places on personnel, 
we might have been more selective in accepting the lungs as compared to other EVLP 
lung transplant centers. With more centers starting to use EVLP, it is important to note 
that extended criteria lungs can still be successfully transplanted without EVLP.13 This 
includes lungs with a PO  2 of <40 kPa.14 However, in those cases, one might imagine that 
there is a smaller comfort zone in accepting and using extended-criteria donor lungs.

Of great interest was the observation that our EVLP lungs did not develop PGD3. PGD 
is an acute lung injury that can arise in transplanted lungs within the first 72 hours 
post-LTx.10 Since the standardization of PGD in 2005, studies have shown that PGD3 
occurrence at T72 compared to PGD0 at T72 leads to a significantly higher risk of 30-day 
mortality.11, 15 Diamond et al. also showed that PGD3 at T48 or T72 after regular LTx was 
associated with increased mortality in the first 90 days compared to PGD0 (23% vs. 5%, p 
<0.001), as well as a higher one-year mortality (34% vs. 11%, p <0.001).15 Various studies 
report differences in PGD3 incidence within the same groups (EVLP or N-EVLP) (Table 
3). For example, Boffini et al. described a PGD3 percentage of 0% at T72 post-LTx (EVLP 
group), but others as high as 28%.16, 17 Considering that PGD3 at T72 tends to be higher in 
conventional single LTx, we hypothesized this might be due to the difference in number 
of single LTxs in each study. This tendency could be explained by the influence of the 
native lung on PGD grading through ventilation-perfusion mismatch, as reported by Oto 
et al.18 This mismatch may lead to worse PGD grades but yields equal results in ICU stay 
and survival. Studies indeed appeared to have an incidence of PGD3 numerically related 
to the number of single LTxs in each group (Table 3). As PGD3 is strongly correlated with 
early post-transplant mortality, we propose to correct for single and bilateral LTxs in 
future EVLP studies to more precisely value EVLP.19
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Another important finding was that prolonged out-of-body times with increased CIT 
using EVLP was not harmful. This was shown by the absence of PGD3 at T48 and T72 
post-LTx in the EVLP group, despite the fact that the EVLP group had significantly longer 
CIT and TPT (total CIT = 12 hours and TPT = 15.7 hours) compared to our N-EVLP group 
(7.9 hours CIT/TPT). Our results were comparable to a study of Yeung et al., in which they 
split their cohort of 906 patients into two groups: TPT > 12 hours (n = 97 of which 95% 
underwent EVLP) and TPT < 12 hours (n = 809 of which 5% underwent EVLP). PGD3 at 
T72 post-LTx was 10% in both of their groups. Although each phase (CIT1, EVLP and CIT2) 
was significantly longer for their EVLP lungs in the TPT > 12 hours group compared to 
their EVLP lungs in the TPT < 12 hours group, the results of these EVLP lungs (PGD grade, 
ICU stay, hospital stay and survival) did not show significant differences. 20 In our study, 
TPT and total CIT in the EVLP group were both ≥12 hours, whereas TPT (which equals 
total CIT) in the N-EVLP group was 7.9 hours. Arango-Tomas et al. found a greater PGD 
risk (36% PGD3 at 72 hours) and higher one-year mortality (45%) to be associated with 
CIT2 >5 hours.21 Interestingly, all our CIT2 times were ≥6 hours and 25 min, so prolonged 
CIT time in our group did not impair outcome. We speculate that non-apparent protocol 
differences, such as the ventilation strategy during EVLP, might cause these differences 
in outcome.

When considering our 12-month survival and trends in the FEV1% and FVC% function 
over 24 months post-LTx, the EVLP group again showed good performance. This finding 
is comparable to what Fisher et al. presented on their FEV1% results over 12 months: 
at 3 months post-LTx, both the EVLP and the N-EVLP groups had an FEV1% of 71%. At 
12 months, this increased to 93% for the EVLP group and 78% for the N-EVLP group.22 
Our FEV1% increased from 78% to 93% in the EVLP group and from 69% to 86% in the 
N-EVLP group at 12 months post LTx. The FVC% presented in the study by Fisher et al. 
increased by 20% (the EVLP group) and 31% (the N-EVLP group). Our FVC% at 3 months in 
the EVLP and N-EVLP groups were 77% and 68%, which increased to 94% (17% increase) 
and 93% (25% increase) at 12 months post-LTx, respectively (Figure 4). As this was our 
first experience with EVLP, the selection of the lungs was executed with a high level of 
caution, focusing on the lungs that would offer the best chance of improvement.

Our relatively strict selection criteria may be a limitation of this study. Another limitation 
may have been the small sample size, as well as our learning curve with EVLP, even 
though no differences were noticeable between the earlier and later EVLP cases.

In conclusion, this study describes the Dutch experiences with EVLP over the recent 4 
years. By accepting discarded lungs for EVLP, the addition of this single-centre EVLP 
procedure increased the number of LTxs by 6.4% (9 EVLP/149 LTxs). Despite the small 
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number of EVLPs performed, these yielded excellent results in terms of PGD, pulmonary 
function and survival. We conclude that EVLP provides a reliable platform to evaluate LTx 
suitability of donor lungs with edema and/or bad oxygenation.
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ABBREVIATIONS
cDCD Controlled donation after circulatory death
CF Cystic fibrosis
CIT Cold ischemic time
CLAD Chronic lung allograft dysfunction
COPD Chronic obstructive pulmonary disease
CVA  Cerebral vascular accident
DBD Donation after brain death
DCD Donation after circulatory death
ECC Extracorporeal circulation
EVLP Ex vivo lung perfusion
FEV1 Forced expiratory volume in 1 s
FiO2  Fraction of inspired oxygen
FVC Forced vital capacity
ICU Intensive care unit
IQR Interquartile range
LA Left atrium
LAP Left atrium pressure
LAS Lung allocation score
LTx Lung transplantation
N-EVLP Non-ex vivo lung perfusion
PaO2 Arterial oxygen pressure
PAP Pulmonary artery pressure
PEEP Positive end-expiratory pressure
PGD Primary graft dysfunction
SAB  Subarachnoid bleeding
SD Standard deviation
SDH Subdural haematoma
TLC Total lung capacity
TPT Total preservation time
UMCG University Medical Center Groningen

150358-vanzanden-layout.indd   84150358-vanzanden-layout.indd   84 17/05/2021   15:4717/05/2021   15:47



85

EVLP for initially discarded human donor lungs in the Netherlands

REFERENCES
1. Orens JB, Garrity ER. General Overview of Lung 

Transplantation and Review of Organ Allocation. 
Proc Am Thorac Soc. 2009;6(1):13-19. doi:10.1513/
pats.200807-072GO

2. Steen S, Sjöberg T, Pierre L, Liao Q, Eriksson L, 
Algotsson L. Transplantation of lungs from a non-
heart-beating donor. Lancet. 2001. doi:10.1016/
S0140-6736(00)04195-7

3. Cypel M, Yeung JC, Liu M, et al. Normothermic 
Ex Vivo Lung Perfusion in Clinical Lung 
Transplantation. N Engl J Med. 2011;364(15):1431-
1440. doi:10.1056/NEJMoa1014597

4. Yusen RD, Edwards LB, Dipchand AI, et al. 
The Registry of the International Society 
for Heart and Lung Transplantation: Thirty-
third Adult Lung and Heart–Lung Transplant 
Report—2016; Focus Theme: Primary Diagnostic 
Indications for Transplant. J Hear Lung Transplant. 
2016;35(10):1170-1184. doi:10.1016/j.
healun.2016.09.001

5. Groot S de, Haase-Kromwijk B, Heemskerk 
M, Schaefer B, Reiger J, Segeren E. Dutch 
Transplantation Association Year Report 2016.; 
2016.

6. van Suylen V, Luijk B, Hoek RAS, et al. A 
Multicenter Study on Long-Term Outcomes After 
Lung Transplantation Comparing Donation After 
Circulatory Death and Donation After Brain 
Death. Am J Transplant. 2017;17(10):2679-2686. 
doi:10.1111/ajt.14339

7. Cypel M, Yeung JC, Hirayama S, et al. Technique for 
Prolonged Normothermic Ex Vivo Lung Perfusion. 
J Hear Lung Transplant. 2008. doi:10.1016/j.
healun.2008.09.003

8. Smits JM, Nossent GD, Vries E De, et al. 
Evaluation of the lung allocation score in 
highly urgent and urgent lung transplant 
candidates in Eurotransplant. J Hear Lung 
Transplant. 2011;30(1):22-28. doi:10.1016/j.
healun.2010.08.006

9. Erasmus ME, Verschuuren EAM, Nijkamp DM, 
Vermeyden JW, van der Bij W. Lung Transplantation 
from Nonheparinized Category III Non-Heart-
Beating Donors. A Single-Centre Report. 
Transplantation. 2010;89(4):452-457. doi:10.1097/
TP.0b013e3181c46a74

10. Christie JD, Carby M, Bag R, et al. Report of the 
ISHLT Working Group on Primary Lung Graft 
Dysfunction Part II: Definition. A Consensus 
Statement of the International Society for 
Heart and Lung Transplantation. J Hear Lung 
Transplant. 2005;24(10):1454-1459. doi:10.1016/j.
healun.2004.11.049

11. Christie JD, Bellamy S, Ware LB, et al. Construct 
validity of the definition of primary graft 
dysfunction after lung transplantation. J Hear Lung 
Transplant. 2010;29(11):1231-1239. doi:10.1016/j.
healun.2010.05.013

12. Verleden GM, Raghu G, Meyer KC, Glanville 
AR, Corris P. A new classification system for 
chronic lung allograft dysfunction. J Hear Lung 
Transplant. 2014;33(2):127-133. doi:10.1016/j.
healun.2013.10.022

13. Kotecha S, Hobson J, Fuller J, et al. Continued 
Successful Evolution of Extended Criteria 
Donor Lungs for Transplantation. Ann Thorac 
Surg. 2017;104(5):1702-1709. doi:10.1016/J.
ATHORACSUR.2017.05.042

14. Zafar F, Khan MS, Heinle JS, et al. Does donor 
arterial partial pressure of oxygen affect outcomes 
after lung transplantation? A review of more 
than 12,000 lung transplants. J Thorac Cardiovasc 
Surg. 2012;143(4):919-925. doi:10.1016/j.
jtcvs.2012.01.044

15. Diamond JM, Lee JC, Kawut SM, et al. Clinical 
risk factors for primary graft dysfunction after 
lung transplantation. Am J Respir Crit Care Med. 
2013;187(5):527-534. doi:10.1164/rccm.201210-
1865OC

16. Boffini M, Ricci D, Bonato R, et al. Incidence 
and severity of primary graft dysfunction after 
lung transplantation using rejected grafts 
reconditioned with ex vivo lung perfusion. 
doi:10.1093/ejcts/ezu239

17. Valenza F, Rosso L, Coppola S, et al. Ex vivo lung 
perfusion to improve donor lung function and 
increase the number of organs available for 
transplantation. Transpl Int. 2014;27(6):553-561. 
doi:10.1111/tri.12295

18. Oto T, Griffiths AP, Levvey BJ, Pilcher D V., Williams 
TJ, Snell GI. Definitions of primary graft dysfunction 
after lung transplantation: Differences between 

150358-vanzanden-layout.indd   85150358-vanzanden-layout.indd   85 17/05/2021   15:4717/05/2021   15:47



86

Chapter 4

bilateral and single lung transplantation. J Thorac 
Cardiovasc Surg. 2006;132(1). doi:10.1016/j.
jtcvs.2006.03.029

19. Christie JD, Sager JS, Kimmel SE, et al. Impact of 
primary graft failure on outcomes following lung 
transplantation. Chest. 2005;127(1):161-165. 
doi:10.1378/chest.127.1.161

20. Yeung JC, Krueger T, Yasufuku K, et al. Outcomes 
after transplantation of lungs preserved for more 
than 12 h: a retrospective study. Lancet Respir 
Med. 2017;5(2):119-124. doi:10.1016/S2213-
2600(16)30323-X

21. Arango Tomas E, Sanchez P, Davis RD. Post 
EVLP Cold Preservation Period Is Associated 
With Clinical Outcomes. J Hear Lung Transplant. 
2015;34(4):96-97.

22. Fisher A, Andreasson A, Chrysos A, et al. An 
observational study of Donor Ex vivo lung 
perfusion in UK lung transplantation: DEVELOP-
UK. Health Technol Assess (Rockv). 2016;20(85). 
doi:10.3310/hta20850

23. Sage E, Mussot S, Trebbia G, et al. Lung 
transplantation from initially rejected donors 

after ex vivo lung reconditioning: The 
French experience. Eur J Cardio-thoracic Surg. 
2014;46(5):794-799. doi:10.1093/ejcts/ezu245

24. Wallinder A, Riise GC, Ricksten SE, Silverborn M, 
Dellgren G. Transplantation after ex vivo lung 
perfusion: A midterm follow-up. J Hear Lung 
Transplant. 2016;35(11):1303-1310. doi:10.1016/j.
healun.2016.05.021

25. Henriksen IS une I, Møller-Sørensen H, Møller 
CH oldfold, et al. First Danish experience with 
ex vivo lung perfusion of donor lungs before 
transplantation. Dan Med J. 2014;61(3):A4809.

26. Sanchez P, Davis R, DOvidio F, et al. The NOVEL 
Lung Trial One-Year Outcomes. J Hear Lung 
Transplant. 2014;33:S71-S72. doi:10.1016/j.
healun.2014.01.226

27. Tikkanen JM, Cypel M, Machuca TN, et al. Functional 
outcomes and quality of life after normothermic 
ex vivo lung perfusion lung transplantation. J Hear 
Lung Transplant. 2014;34(4):1-10. doi:10.1016/j.
healun.2014.09.044

150358-vanzanden-layout.indd   86150358-vanzanden-layout.indd   86 17/05/2021   15:4717/05/2021   15:47



150358-vanzanden-layout.indd   87150358-vanzanden-layout.indd   87 17/05/2021   15:4717/05/2021   15:47



150358-vanzanden-layout.indd   88150358-vanzanden-layout.indd   88 17/05/2021   15:4717/05/2021   15:47



A TRANSLATIONAL RAT 
MODEL FOR EX VIVO LUNG 
PERFUSION OF PRE-INJURED 
LUNGS AFTER BRAIN DEATH

Judith E. van Zanden
Henri G.D. Leuvenink
Erik A.M. Verschuuren
Michiel E. Erasmus
Maximilia C. Hottenrott

Manuscript in preparation

150358-vanzanden-layout.indd   89150358-vanzanden-layout.indd   89 17/05/2021   15:4717/05/2021   15:47



90

Chapter 5

ABSTRACT

Donor lungs are commonly procured from brain-dead donors, which are in several 
countries the only donor source. However, the majority of potential donor lungs is 
considered not suitable for transplantation, due to deteriorated quality. This is the result 
of brain death (BD)-induced pathophysiological changes, which detrimentally affect 
donor lung quality. Ex vivo lung perfusion (EVLP) is a technique originally designed 
to evaluate marginal donor lungs. Nowadays, its potential as a treatment platform is 
increasingly studied to repair damaged donor lungs. Experimental rat models for EVLP 
have previously been described in literature to investigate potential treatment modalities, 
yet the pathophysiology of BD was not included in these protocols. The aim of this study 
was to establish a stable rat model for BD and EVLP to enhance translatability to the 
clinical setting. In this report we provide a detailed protocol for BD and EVLP in rats, and 
describe tips and pitfalls to enhance reproducibility of our model by other researchers.
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INTRODUCTION

Brain-dead, multi-organ donors have the potential to save multiple lives of patients 
suffering from end-stage organ failure. However, the process of brain death (BD) is a 
major factor in the deterioration of graft quality, to which donor lungs seem particularly 
susceptible.1 As a result, only 20-30% of the potential donor lungs meet the quality 
criteria to qualify for donation.2,3 In an attempt to narrow the global gap between donor 
lung supply and demand, the technique of ex vivo lung perfusion (EVLP) is increasingly 
applied to evaluate marginal donor lungs. Due to improved confidence in utilization of 
these lungs, experienced centers for clinical EVLP have reported an expansion of lung 
transplant activity by 70%.4 Besides quality testing, EVLP is suggested to be a promising 
platform to treat donor lungs in an isolated manner, in an attempt to repair damaged 
donor lungs and possibly improve lung graft survival after transplantation.5 Rat models 
for EVLP provide a valuable starting point for experimental research in the search for new 
applications and interventions of EVLP. Multiple rat EVLP models have previously been 
described in literature, yet the BD-induced pathophysiology and resulting lung damage 
was not included in these reports. To increase translatability to the clinical setting, we 
aimed to establish a stable and reproducible EVLP model for pre-injured donor lungs 
from brain-dead rats. This report details our successfully established protocol for BD and 
EVLP in rats, and describes tips and pitfalls to facilitate reproduction by other researchers.

MATERIALS AND METHODS

Rats, husbandry and care
Male inbred Lewis rats with a weight of 350-450 g were used, obtained from Harlan 
Laboratories, Melderslo, the Netherlands. Rats were housed under standard conditions, 
with ad libitum access to food and water. The environment was maintained at room 
temperature with a 12/12 light/dark cycle. This study was performed in compliance 
with the Principles of Laboratory Animal Care (NIH Publication No. 86-23, revised 1985) 
and the Dutch Law on Experimental Animal Care. The experiment was approved by the 
Institutional Animal Care and Use Committee of the University of Groningen (IACUC-
RUG), approval No. 6826A. The protocol was designed to minimize animal suffering and 
accordingly, all operations were performed under general anesthesia.

Experimental groups
Since IL-6 is one of the most pronounced inflammatory markers in brain death, IL-6 
expression was defined as the primary endpoint for power analyses.1 With an absolute 
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difference of 0.53, a variance of 0.3 and power of 0.9, 7 rats per group were required. 
Lungs from donor rats were randomly assigned to one of the following experimental 
groups (n=7/group, Figure 1): 1) healthy, directly procured lungs, 2) lungs procured from 
rats subjected to 3 hours of BD and 1 hour cold storage (CS), 3) healthy, directly procured 
lungs subjected to 6 hours EVLP and 4), lungs procured from rats subjected to 3 hours of 
BD, 1 hour CS and 6 hours EVLP.

Figure 1: Experimental outline of the study. Lungs from donor rats were randomly assigned to one of 
four experimental groups (n=7/group): 1) healthy, directly procured lungs, 2) lungs procured from rats 
subjected to 3 hours of brain death (BD) and 1 hour cold storage (CS), 3) healthy, directly procured lungs 
subjected to 6 hours ex vivo lung perfusion (EVLP) and 4), lungs procured from rats subjected to 3 hours 
of BD, 1 hour CS and 6 hours EVLP. A reduction of >15% of bodyweight prior to the experiment e.g. due to 
stress and changes in behavior, such as reduced exploratory activity, were defined as humane endpoints. 
Nevertheless, no rats required euthanasia at humane endpoints for this study.

Anesthesia and pre-operative preparation
Reagents required for this protocol are outlined in Table 1 and the list of instruments used 
is shown in Table 2. General anesthesia was induced by subcutaneous administration of 
ketamine (75 mg/kg) and medetomidine hydrochloride (0.5 mg/kg). For continuation of 
anesthesia, 1/4th of the initial dose was administered every 15 min. Absence of muscle 
movement after toe pinch assessments confirmed the appropriate depth of anesthesia. 
Rat fur was removed with an electrical razor around the ears for insertion of the BD 
Fogarty balloon catheter, on the ventral side of the neck for intubation and at the 
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inguinal regions for cannulation of the femoral vessels. To compensate for reductions 
in circulating volume due to blood and heat loss, 3 ml saline was administered 
subcutaneously. The rat was placed in supine position on a heating pad under a 
conventional light microscope and a rectal temperature probe was inserted. The right 
femoral artery was cannulated for mean arterial pressure (MAP) measurements and the 
right femoral vein was cannulated for fluid administrations to maintain MAP above 80 
mmHg. To do so, the skin in the inguinal region was incised and subcutis and connective 
tissue were dissected upon vision of the femoral vessels. First, the proximal femoral vein 
was encircled with a suture and a loose knot was placed. The distal vein was encircled 
and ligated. After incision of the femoral vein, the catheter was inserted and secured with 
the proximal knot. The arterial femoral catheter was inserted accordingly. The venous 
catheter was connected to a saline infusion pump for blood pressure stabilization during 
the BD period, and the arterial catheter was connected to the MAP sensor for arterial 
blood pressure measurements.

Table 1: List of reagents

Reagent Manufacturer

Bovine serum albumin Sigma-Aldrich, Zwijndrecht, the Netherlands

Cefuroxime Sandox, Almere, the Netherlands

DNAse I Invitrogen Life Technologies, Breda, the Netherlands

Gas mixture (6% O2, 8% CO2, 86% N2) SOL s.p.a., Monza, Italy

Glucose solution Baxter B.V., Utrecht the Netherlands

Hydroxyethyl starch Pharmacy-Fresenius Kabi, Bad Homburg, Germany

Heparin Leo Pharma B.V., Amsterdam, the Netherlands

Ketamine Alfason B.V., Woerden, the Netherlands

Medetomidine hydrochloride Orion Pharma, Mechelen, the Netherlands

Perfadex XVIVO Perfusion, Gothenburg, Sweden

Saline Baxter B.V. Utrecht, the Netherlands

Steen solution XVIVO Perfusion, Gothenburg, Sweden

SYBR Green Applied Biosystems, Carlsbad, USA

TRIzol Invitrogen Life Technologies, Breda, the Netherlands

150358-vanzanden-layout.indd   93150358-vanzanden-layout.indd   93 17/05/2021   15:4717/05/2021   15:47



94

Chapter 5

Table 2: List of instruments for brain death, lung procurement and cold storage procedures

Instrument Manufacturer

Blood pressure sensors Edwards Lifesciences, Irvine, USA

Electrical razor Aesculap Inc., Tuttlingen, Germany

Femoral artery catheter Hand-made, polyethylene tubing 0.4 x 0.8 mm (Smith 
Medical International LTD, UK) 30 cm long and marked 
at 3 cm, connected to a blunted 25G needle

Femoral vein catheter Hand-made, polyethylene tubing 0.58 x 0.96 mm 
(Smith Medical International LTD, UK) 30 cm long and 
marked at 5 cm, connected to a blunted 23G needle. 

4F Fogarty balloon catheter Edwards, Lifesciences, Irvine, USA

Heating pad JUMO, Fulda, Germany

Light microscope Leica Biosystems, Wetzlar, Germany

Microdrill Dremel 3000 Hornbach, Breda, the Netherlands

Pulmonary artery catheter Harvard Apparatus, Holliston, USA

Rectal temperature probe JUMO, Fulda, Germany

Syringe infusion pump Terumo Corporation, Tokyo, Japan

Tracheal tube 14G polyethylene cannula, Kliniject, KLINIKA 
Medical GmbH, Usingen, Germany

Ventilator Babylog 8000 plus Draeger, Lübeck, Germany

Brain death, lung procurement and cold storage
The BD procedure was adapted from previously described models by our group.6,7 In 
prone position, a median incision was made on the forehead and lidocaine drops were 
administered for local analgesia. After the periosteum was removed on both sides of 
the sagittal suture line, a hole was drilled frontolateral of the lambdoidal suture at a 
45° angle, with a microdrill. A 4F Fogarty deflated balloon catheter was inserted into 
the epidural space. Thereafter, the rat was turned to supine position for intubation and 
ventilation. A vertical incision was made in the median line of the throat and the trachea 
was dissected and separated from the esophagus. The trachea was encircled with a 
suture and a loose knot was placed. After tracheotomy, a 14G polyethylene cannula was 
inserted in the trachea and secured with the suture. The ventilator was connected and 
a recruitment maneuver was performed with positive inspiratory pressure (PIP) at 20 
cmH2O and positive end expiratory pressure (PEEP) at 15 cmH2O for 5 seconds. Thereafter, 
pressure-regulated volume controlled ventilation was initiated at the following settings: 
tidal volume (VT) of 7 ml/kg of bodyweight (BW), PEEP of 3 cmH2O, inspiratory/expiratory 
ratio (I:E) of 1:1 and fraction of inspired oxygen (FiO2) of 0.5. Rats were hyperventilated 
for 10 min on a respiratory rate of 150/min for preoxygenation prior to BD induction, and 
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thereafter respiratory rate was reduced to a frequency of 133/min. BD was induced by 
manual inflation of the Fogarty catheter with 0.6 ml distilled water, continuously over 
60 sec. The saline infusion pump was started at a rate of 3 ml/h to prevent hypovolemia 
due to ventilation. The heating pad established a body temperature of 37 °C and when 
necessary, an additional heating lamp was used to maintain normothermia. At 15 min 
after BD induction, a second recruitment maneuver was performed as described above. 
Absence of corneal reflexes and toe pinch assessments were tested at 30 min after BD 
induction to confirm BD. Rats were stabilized for 3 hours at MAP >80 mmHg and in case of 
blood pressure drops, saline and Hydroxyethyl starch (HAES) were manually administered 
at a maximum of 5 ml/hour saline and 2 ml/hour HAES. In group 1, the healthy control 
group, femoral vessel cannulation was omitted and lungs were immediately procured 
after intubation.

Before lung procurement, 0.5 ml saline was administered to prevent hypovolemia during 
lung procurement, and a recruitment maneuver was performed as described above. 
PEEP was lowered to 3 cmH2O and respiratory rate was lowered to 60/min to prevent 
lung damage during procurement. A median laparo-thoracotomy was performed and 
1000 IU heparin were administered in the right ventricle. The pericardium and thymus 
were dissected and the aorta and pulmonary artery were encircled with a suture and a 
loose double knot. After incising the right ventricle, a flushed, air-bubble free cannula 
was inserted in the pulmonary artery and secured with the suture. The left ventricle 
was excised for drainage of lung flush with destruction of the mitral valve, to ensure 
outflow. Lungs were flushed with room temperature Perfadex, at a pressure of 15 mmHg 
for 2 min. Subsequently, the heart-lung block was procured by dissecting the trachea 
from the larynx and separating the connective tissue between lungs and vertebrae. After 
a recruitment maneuver was performed as described above, PEEP was lowered to 5 
cmH2O and the trachea was clamped with a bulldog. The inflated lungs were stored in a 
container with 100 ml cold Perfadex, placed on ice for 1 hour.

Ex vivo lung perfusion
Reagents are mentioned in Table 1 and instruments used for EVLP are outlined in Table 3. 
The EVLP circuit consisted of a graft humidity chamber, reservoir, roller pump, leukocyte 
filter, deoxygenator, heat exchanger, funnel, and a pressure sensor. A ventilator and water 
bath were additionally connected to the circuit (Figure 2). The funnel was added to the 
system to convert the pulsatile pump flow to a continuous flow, and pressure of flow 
was regulated by adjusting the height of the funnel. All components of the system were 
connected by silicone tubing and bubble traps were incorporated. To prevent heat loss 
during perfusion of lungs, the EVLP system was placed in an isolation chamber.
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Table 3: List of instruments for the ex vivo lung perfusion model

Instrument Manufacturer

Deoxygenator Hand-made of 6 m 1706 Python silicone tubing (QEW 
Engineered Rubber B.V., Hoogezand, the Netherlands)

Funnel Research Support Facility UMCG, Groningen, the Netherlands

Heat exchanger Radnoti LLC, Covina, USA

Humidity chamber Research Support Facility UMCG, Groningen, the Netherlands

Isolation chamber Research Support Facility UMCG, Groningen, the Netherlands

Leukocyte filter Pall Corporation, New York, USA

Pressure sensors Edwards Lifesciences, Irvine, USA

Reservoir Research Support Facility UMCG, Groningen, the Netherlands

Roller pump ISMATEC, Wertheim, Germany

Silicone tubing Masterflex L/S 16 3.1 mm, Thermo Fisher Scientific, Waltham, USA 

Water bath JULABO, Boven-Leeuwen, the Netherlands

Figure 2: Schematic overview of the rat ex vivo lung perfusion model. Lungs from healthy or brain-dead 
donor rats were subjected to 6 hours ex vivo lung perfusion (EVLP). The EVLP circuit consisted of a (1) graft 
humidity chamber, (2) reservoir, (3) roller pump, (4) leukocyte filter, (5) deoxygenator, (6) heat exchanger, (7) 
funnel, (8) pressure sensor, (9) ventilator, and a (10) water bath.
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The perfusate was prepared one day before the experiment, to ensure absence of 
microbubbles that possibly developed due to homogenization of contents. The EVLP 
system was primed with 150 ml Steen solution at room temperature, supplemented with 
6 g bovine serum albumin and 0.12 g cefuroxime. After 1 hour of CS, the lungs were 
connected to the ventilator. The trachea was wrapped with wet gauze dressings and lungs 
were covered with plastic foil to prevent dehydration during perfusion. A recruitment 
maneuver was performed as described before and thereafter, pressure-regulated volume 
controlled ventilation was initiated at the following settings: VT of 4 ml/kg of BW, PEEP 
of 5 cmH2O, I:E of 1:1 and FiO2 of 0.21. Subsequently, the pulmonary artery cannula was 
connected to the perfusion system and perfusion flow was initiated at a pressure of 9 
mmHg. The water bath was started to gradually increase temperature to 37°C. After 10 
minutes of reperfusion, VT was increased to 7 ml/kg of BW and perfusion pressure was 
adjusted to 12 mmHg. The first 5 ml of erythrocyte-rich perfusate exiting the lung were 
collected and discarded. Glucose levels of the perfusate were measured every hour and 
corrected with glucose solution (50 g/l) in case levels dropped <9 mmol/l. After 6 hours 
of EVLP, lungs were partially snap frozen and partially formalin-fixed, paraffin embedded 
for further analyses.

Criteria for successful brain death and ex vivo lung perfusion
The BD and subsequent EVLP procedure were considered successful if the following 
criteria were achieved: 1) successful inflation of the balloon catheter and confirmation of 
BD by absence of corneal reflexes and toe pinch assessments, 2) stable 3 hour BD period 
in which MAP >80 mmHg was maintained under maximum volume administrations of 
5 ml/hour saline and 2 ml/hour HAES, 3) successful lung procurement without lung 
damage and adequate flushing, 4) stable ventilation of the lung on the EVLP platform at 
maximum ventilation pressures of 45 cmH2O sustained for 6 hours8, 5) ability to achieve 
a stable outflow of perfusate from the left ventricle sustained for 6 hours and 6) create a 
stable inflow through the pulmonary artery cannula with a maximum MAP of 15 mmHg, 
sustained for 6 hours.

Ventilation parameters and perfusion flow
PIP required to ventilate with VT of 7 ml/kg of BW was noted over time. Dynamic 
compliance (Cdyn) was calculated by the following equation: Cdyn = VT/(PIP-PEEP). PaO2 
was measured by an ABL 90 blood gas analyzer. Before sample taking, FiO2 was increased 
to 1 and the perfusate was deoxygenated for 5 min with a gas mixture of 6% O2, 8% 
CO2 and 86% N2. Oxygenation status was calculated by the PaO2/FiO2 ratio. Perfusion 
flow was determined by measuring the number of milliliters of perfusate exiting the left 
ventricle over 1 min.
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Metabolic profile analyses
Glucose and lactate levels pre- and post-lung were measured by means of blood gas 
analyses. Glucose consumption was calculated by the following equation: ΔGlucose = 
glucoseinflow – glucoseoutflow. Lactate production was calculated by the following equation: 
ΔLactate = lactateoutflow – lactateinflow. Glucose consumption and lactate production are 
presented as cumulative levels over time.

RT-qPCR
Pro-inflammatory gene expressions were assessed by means of RT-qPCR. TRIzol reagent 
was used according to manufacturer’s instructions, to extract total RNA from frozen lung 
tissue. RNA integrity was analyzed by gel electrophoresis and genomic DNA was removed 
with DNAse I. RNA to cDNA transcription was performed according to manufacturer’s 
instructions. RT-qPCR products were amplified by the Taqman Applied Biosystems 7900 
HT RT-qPCR system (Applied Biosystems, Carlsbad, USA) and detected by measurement 
of SYBR Green emission. Melt curve analyses confirmed generation of single, specific 
amplicons. Samples were measured in triplicate and gene expressions were normalized 
relative to house-keeping genes Ppia and Eif2b1. The ΔΔCt method was applied for 
calculation of gene expression levels.9

Quantitative lung edema measurements
Severity of lung edema was measured by wet/dry (W/D) ratio calculations of the right 
middle lobe, before and after drying for 24 hours at 100°C. W/D ratio was calculated 
according to the following equation: W/D ratio = (weight pre-drying – weight Eppendorf 
tube) / (weight post-drying – weight Eppendorf tube).

Histological lung morphology
To assess histological lung morphology, formalin-fixed and paraffin embedded lung 
sections (4μm) were stained for hematoxylin and eosin (H&E). Per lung section, 10 
random fields were quantified in a blinded manner on 400x magnification, based on 
a previously described lung injury score.10 Five independent variables were scored: 1) 
inflammatory cell influx in interstitium and alveolar space, 2) alveolar septal thickening, 
3) intra- and extra-alveolar hemorrhage, 4) intra-alveolar edema and 5) over-inflation. 
Variables were scored from 0 – 4: 0 = negative, 1 = slight, 2 = moderate, 3 = high and 4 = 
severe. The sum of the scored variables generated the total lung injury scores.

Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics 26 (IBM Corporation, New 
York, USA). Multiple comparisons between groups were analyzed by Kruskal-Wallis tests. 
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In case of statistical significance, Mann-Whitney U post-hoc tests were performed to 
compare differences between two groups. Dependent variables measured over time were 
analyzed by mixed-model analyses of variance (ANOVA) tests, to analyze the effect of 
group and time. As follow-up tests, one-way ANOVA tests were performed with post-
hoc Bonferroni tests to investigate differences between groups at specific time points. 
Statistical tests were 2-tailed and p<0.05 was considered statistically significant. Data 
are presented as mean ± standard deviations (SD). 

RESULTS

In total 36 rats were subjected to either BD or a direct lung procurement, with or without 
EVLP (Figure 3). No rats were excluded from group 1, the direct procurement of healthy 
lungs, and group 2, the BD + CS group. In group 3, healthy donor lungs subjected to EVLP, 
1 rat was excluded because of absence of flow during EVLP with unknown cause. In group 
4, in which lungs from brain-dead donors were subjected to CS and EVLP, 7 rats were 
excluded. Of these, 3 rats were excluded because of absence of perfusion flow during 
EVLP, of which in 2 cases an air embolus was observed. Another 3 rats were excluded 
from group 4 because the ventilation cut-off point of 40 cmH2O PIP needed to maintain 
ventilation at 7 ml/kg of BW was reached, and 1 rat was excluded because of an observed 
puncture in the lung. Eventually, 7 rats per group were included in the final protocol, of 
which the results will be presented in further detail in this article.

Brain death induction and blood pressure management
Acute traumatic BD was induced in rats assigned to experimental group 2 and 4, with or 
without EVLP. Upon induction of acute traumatic BD, a characteristic pattern of MAP is 
observed, of which an example from previous studies is presented in Figure 4.11 Initially 
a hypotensive period occurs followed by a short peak in MAP, which probably reflects the 
‘autonomic storm’ associated with BD.1 Subsequently, MAP stabilizes to baseline MAP or 
even leads to hypotension. In the current study, baseline MAP was 148.86 ± 20.72 mmHg 
and after 3 hours of BD induction MAP was 90.93 ± 14.68 mmHg. The mean total volume 
of saline and HAES administered to maintain MAP >80 mmHg was 12.4 ± 1.67 ml.
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Figure 3: Experimental groups with number of rats utilized and rationale for exclusion. Lungs from donor 
rats were randomly assigned to one of four experimental groups (n=7/group): 1) healthy, directly procured 
lungs, 2) lungs procured from rats subjected to 3 hours of brain death (BD) and 1 hour cold storage (CS), 3) 
healthy, directly procured lungs subjected to 6 hours ex vivo lung perfusion (EVLP) and 4), lungs procured 
from rats subjected to 3 hours of BD, 1 hour CS and 6 hours EVLP. In total, 38 rats were utilized for the 
establishment of a stable BD and EVLP protocol, of which 10 rats were excluded. Eventually, 7 rats per 
group were included in the final protocol.

0 60 120 180

50

100

150

200

250

Mean arterial pressure

Minutes

Figure 4: Mean arterial pressure during brain death. The process of brain death (BD) leads to a 
characteristic pattern of mean arterial pressure (MAP), of which an example from our previous studies is 
presented in this figure.11 Initially a hypotensive period is observed followed by a short peak in MAP, which 
probably reflects the ‘autonomic storm’ associated with BD. Subsequently MAP stabilizes to baseline MAP 
or even hypotension occurs.
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Ventilation parameters, inflammatory status and lung morphology after 
lung procurement
Since the pathophysiology of BD is known to induce lung damage and inflammation, we 
compared ventilation parameters, inflammatory status and lung morphology of healthy 
donor lungs to lungs procured from brain-dead donors.1 PIP required to maintain VT at 7 
ml/kg of BW was measured at the time of lung procurement, and was significantly higher 
in brain-dead rats when compared to healthy donor rats. In addition, Cdyn of rat lungs from 
brain-dead donors was significantly lower than Cdyn of healthy donor lungs at time of lung 
procurement (Figure 5A). Pro-inflammatory status of the donor lung was investigated 
by gene expression analyses of pro-inflammatory cytokines and histological influx of 
inflammatory cells. In lungs from brain-dead donors, pro-inflammatory gene expressions 
of TNF-α, IL-1β, IL-6, MCP-1 and central complement component C3 were significantly 
upregulated, compared to healthy donor lungs (Figure 5B). On a histological level, total 
lung injury scores were higher in lungs from brain-dead donors than in healthy donor 
lungs (Figure 6A-C), which was mainly the result of a significantly increased influx of 
inflammatory cells. Presence of edema on a histological level seemed more evident in 
lungs from brain-dead donors, though not significant (p=0.073). In addition, quantification 
of edema as reflected by W/D ratio, was comparable between groups (5.70 ± 0.18 in lungs 
subjected to BD versus 5.74 ± 0.42 in healthy donor lungs). These results indicate that 
our experimental BD model induced lung damage and inflammation, in line with the BD-
induced pathophysiology as described in literature.12

Ventilation and perfusion performance during ex vivo lung perfusion
Lungs from healthy versus brain-dead donors were subjected to EVLP and in both groups, 
7 lungs met the inclusion criteria for stable EVLP. Ventilation and perfusion parameters 
were compared between groups to investigate performance during EVLP. PIP required to 
maintain VT at 7 ml/kg of BW significantly increased over time in lungs from brain-dead 
donors, while lungs from healthy donors were stable over time. From 3.5 hours onward, 
lungs from brain-dead donors required significantly higher PIP than lungs from healthy 
donors (Figure 7A). Cdyn values showed a comparable pattern. Lungs from brain-dead 
donors showed a significant decrease in Cdyn over time, while Cdyn in lungs from healthy 
donors was stable over time. From 4 hours of reperfusion, Cdyn was significantly worse in 
lungs from brain-dead donors when compared to lungs from healthy donors (Figure 7B). 
Nevertheless, oxygenation capacity as reflected by PaO2/FiO2 ratio was not significantly 
different between groups (Figure 7C). With regard to perfusion, flow was significantly 
affected by time and was lower in lungs from brain-dead donors than in healthy donor 
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lungs, though significance was not reached (Figure 7D). Collectively, these results show 
that a stable model for EVLP was established, in which lungs from brain-dead donors 
show worse ventilation performance than lungs from healthy donors.
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Figure 5: Ventilation parameters and inflammatory status after lung procurement. Lungs were procured 
from either healthy rats or rats subjected to 3 hours of brain death (BD). (A) Pulmonary Inspiratory 
Pressure (PIP) required to maintain tidal volume at 7 ml/kg of bodyweight and dynamic compliance (Cdyn) 
of healthy donor lungs versus donor lungs subjected to 3 hours of BD, at time of lung procurement. (B) Pro-
inflammatory gene expressions of TNF-α, IL-1β, IL-6, MCP-1 and C3 of healthy donor lungs versus donor 
lungs subjected to 3 hours of BD. ** p<0.01 in healthy donor lungs versus lungs from brain-dead donors.
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Figure 6: Lung morphology after lung procurement. Lungs were procured from either healthy rats or rats 
subjected to 3 hours of brain death (BD). Histological lung injury was scored after staining for hematoxylin 
and eosin (H&E). (A) Quantification of lung injury scores in H&E-stained lung slides. (B-C) Representative 
H&E-stained slices of healthy donor lungs and lungs from brain-dead donors. ** p<0.01 in healthy donor 
lungs versus lungs from brain-dead donors.
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Figure 7: Ventilation and perfusion performance during ex vivo lung perfusion. Lungs from healthy donor 
rats or rats subjected to 3 hours of brain death (BD) and 1 hour cold storage (CS) were ex vivo perfused 
for 6 hours (EVLP). (A) Positive Inspiratory Pressure (PIP) required to maintain tidal volume at 7 ml/kg of 
bodyweight over time, during EVLP. (B) Dynamic compliance (Cdyn) of donor lungs over time, during EVLP. 
(C) Oxygenation capacity of donor lungs as reflected by PaO2/FiO 2 ratio. (D) Perfusion flow of donor lungs 
over time, during EVLP. * p<0.05 in healthy donor lungs versus lungs from brain-dead donors subjected to 
EVLP. ** p<0.01 in healthy donor lungs versus lungs from brain-dead donors subjected to EVLP.
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Figure 8: Metabolic profile and inflammatory status after ex vivo lung perfusion. Lungs from healthy donor 
rats or rats subjected to 3 hours of brain death (BD) and 1 hour cold storage (CS) were ex vivo perfused for 
6 hours (EVLP). (A) Cumulative glucose consumption of healthy donor lungs versus lungs from brain-dead 
rats. (B) Cumulative lactate production of healthy donor lungs versus lungs from brain-dead rats. (C) Pro-
inflammatory gene expressions of TNF-α, IL-1β, IL-6, MCP-1 and C3 in donor lungs, after 6 hours of EVLP. * 
p<0.05 in healthy donor lungs versus lungs from brain-dead donors subjected to EVLP. ** p<0.01 in healthy 
donor lungs versus lungs from brain-dead donors subjected to EVLP.

Metabolic profile, inflammatory status and lung morphology after ex vivo 
lung perfusion
Glucose consumption and lactate production were measured to investigate the metabolic 
profile of lungs during EVLP. While cumulative glucose consumption by lungs from brain-
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dead donors seemed higher than healthy donor lungs, no significance was reached 
(p=0.196). Nevertheless, cumulative lactate production was significantly higher by lungs 
from brain-dead donors than by healthy donor lungs (Figure 8A). These results suggest 
that lungs from brain-dead donors shift to an anaerobic metabolism, which does not occur 
in lungs from healthy donors. Pro-inflammatory status of donor lungs after EVLP was 
investigated by gene expression analyses of pro-inflammatory cytokines and histological 
influx of inflammatory cells. Overall, pro-inflammatory gene expressions were elevated 
in lungs from brain-dead donors compared to healthy donor lungs. However, only IL-
1β gene expression reached significance (p=0.002), in contrast to TNF-α (p=0.085), IL-6 
(p=0.224) and MCP-1 (p=0.277). Gene expressions of C3 were similar between healthy 
donor lungs and lungs from brain-dead donors (p=0.749, Figure 8B).

On a histological level, total lung injury scores after EVLP were higher in lungs from brain-
dead donors than in healthy donor lungs (Figure 9A-C), which was mainly the result of an 
increased amount of inflammatory cells. Presence of edema on a histological level was 
comparable between lungs from brain-dead donors and healthy donor lungs subjected 
to EVLP (p=0.429). In accordance, the amount of lung edema as reflected by W/D ratio, 
was similar between healthy lungs and lungs from brain-dead donors (respectively 6.10 
± 0.31 versus 6.24 ± 0.43). Taken together, these results suggest that both healthy donor 
lungs and lungs from brain-dead donors show an increase in inflammatory status after 
reperfusion, which seems more evident in pre-damaged donor lungs from brain-dead 
donors.
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Figure 9: Lung morphology after ex vivo lung perfusion. Lungs from healthy donor rats or rats subjected 
to 3 hours of brain death (BD) and 1 hour cold storage (CS) were ex vivo perfused for 6 hours (EVLP). 
Histological lung injury was scored after staining for hematoxylin and eosin (H&E). (A) Quantification of 
lung injury scores in H&E-stained lung slides. (B-C) Representative H&E-stained slices of healthy donor 
lungs and lungs from brain-dead donors. ** p<0.01 in healthy donor lungs versus lungs from brain-dead 
donors subjected to EVLP.
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DISCUSSION

The technique of EVLP rapidly emerges in the clinical field of lung transplantation. 
While originally designed to test and assess marginal donor lungs, the potential of EVLP 
as a treatment platform is now increasingly being investigated.13 Rat models for EVLP 
provide a reproducible, cost- and time effective manner to perform experimental studies, 
due to small animal size.14 However, rat EVLP models currently described in literature, 
are commonly performed with lungs procured from living, anesthetized rats or from rats 
deceased after circulatory arrest (Table 4). Since clinically most donor lungs are procured 
from brain-dead donors, we aimed to set up a stable model for rat EVLP with pre-injured 
lungs from brain-dead donors to increase translatability to the clinical setting. This 
report details the technical aspects of a BD induction protocol in rats and EVLP of rat 
donor lungs, which can be applied in future studies focused on BD-induced lung injury 
and potential treatment modalities.

Table 4: Donor type characteristics of reported rat ex vivo lung perfusion models

Author, ref Donor type Mode of euthanasia 

Bassani15 Living donation Exsanguination 

Dacho16 Living donation Exsanguination 

Davis17 Living donation Exsanguination 

Francioli18 DCD Exsanguination, lung left in situ for 1 hour warm ischemia

Hirata19 Living donation Exsanguination

Hijiya20 DCD Withdrawal of hemodynamic and ventilatory support

Hodyc21 DCD Overdose sodium thiopental 

Inokawa22 DCD Overdose intrahepatic pentobarbital sodium 

Liu23 Living donation Exsanguination 

Markou24 Living donation Exsanguination 

Motoyama25 DCD Airway occlusion

Nelson26 Living donation Exsanguination 

Noda27 Living donation Exsanguination 

Ohsumi28 Living donation Exsanguination 

Pêgo-Fernandes29 Living donation Exsanguination 

Roffia30 Living donation Exsanguination 
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The BD protocol used in this report is modified from previously described BD models by 
our group.6,7 The mentioned models were developed with emphasis on BD-induced liver 
and kidney injury and describe both fast and slow induction models, which each represent 
different clinical pathophysiological mechanisms of BD. Traumatic brain injury reflects a 
fast mode of BD, while cerebrovascular events such as hemorrhagic stroke usually refer 
to a slower induction of BD.31,32 In this protocol, we preferred fast BD induction over slow 
BD induction, since previous findings by our group show that fast BD leads to more lung 
damage than slow BD induction, which provides an additional challenge to establish a 
stable protocol when combined with EVLP.11

The clinically described pathophysiological features associated with donor BD are 
mimicked in our rat BD model, which therefore provides a reliable setting for experimental 
BD studies. In our BD protocol a characteristic MAP peak is observed directly after BD 
induction, which possibly represents the release of catecholamines as a response to 
ischemic changes in the brainstem.31 Additionally in accordance with clinical observations, 
the process of BD resulted in lung injury and inflammation in our model.12,33,34 This was 
corroborated by higher PIP, lower Cdyn, upregulated pro-inflammatory gene expression 
levels and increased histological injury scores in lungs from brain-dead donors compared 
to healthy donor lungs.

The deteriorated quality of lungs from brain-dead donors compared to healthy 
donor lungs was evident after reperfusion on the EVLP platform as well. Ventilation 
performance of lungs from brain-dead donors worsened during EVLP as corroborated 
by PIP and Cdyn values, while healthy donor lungs showed a stable course over time. 
Nevertheless, oxygenation status was not affected, although the reliability of this test 
is questioned in the condition of acellular perfusate and an open perfusion system. In 
plasma-like solutions only few oxygen molecules can significantly change PaO2 values, 
which suggests that lung compliance may be a more accurate parameter to assess lung 
quality.35 Metabolically, the process of BD is described to induce a change from aerobic 
to anaerobic metabolism.36 In our study, this anaerobic shift was indeed evident in lungs 
from brain-dead donors as corroborated by increased lactate production during EVLP, 
when compared to healthy donor lungs. Ischemia-reperfusion injury (IRI) was evident 
in lungs from brain-dead donors as well as in healthy donor lungs, as supported by 
generally higher pro-inflammatory gene expressions after 6 hours of EVLP compared to 
the inflammatory state at the time of lung procurement. The overall trend showed a 
more evident pro-inflammatory augmentation in lungs from brain-dead donors compared 
to healthy donor lungs, yet significance was only reached for IL-1β gene expressions. 
These observations possibly reflect the ‘double hit’ damage model of the transplantation 
process, in which BD exacerbates IRI.37
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In addition to the ‘double hit’ damage model, other factors were carefully considered in 
this protocol to increase translatability to the clinical setting. Bassani et al. previously 
provided an overview of perfusion lengths of various rat EVLP models described in 
literature, and emphasized the importance of prolonged perfusion length to reproduce 
the clinical condition. While most experimental rat EVLP models did not achieve 
perfusion for longer than 30-120 min, Bassani et al. established a stable rat EVLP model 
for 3 hours.15 Clinical protocols generally recommend to perfuse for a minimum of 3 
hours in the evaluation of lung function, before a final decision can be made.38 For 
future ex vivo repair strategies or prognostic testing, even longer perfusion lengths are 
pursued.39 Our rat EVLP model met the criteria for stable EVLP up to 6 hours of perfusion, 
which we consider an adequate basis for experimental studies.

The establishment of a prolonged perfusion length in small animal models is challenging, 
because of their higher susceptibility to lung edema and atelectasis compared to larger 
animal models.14 One of the key aspects that enabled a perfusion length of 3 hours in 
the rat EVLP model described by Bassani et al. was the step-wise initial reperfusion 
phase, which included a gradual increase of flow rate, tidal volume and temperature.15 
In most described rat EVLP models flow rate is a set parameter, calculated based on 
the estimated cardiac output. The corresponding pulmonary arterial pressures seem 
variable, albeit not registered for every described model.15 Low pulmonary arterial 
perfusion pressures is a key feature for successful EVLP.39,40 To minimize lung edema 
formation, we therefore chose to perfuse rat lungs with a pressure-controlled strategy 
at 12 mmHg, after an initial perfusion pressure of 9 mmHg for 10 min. Corresponding 
flow rates ranged from 4.7 – 12.4 ml/min, which is in line with flow ranges described for 
previously established models.15 Lungs were ventilated according to a lung-protective 
ventilation strategy, initiated at tidal volumes of 4 ml/kg and increased to 7 ml/kg after 
10 min. Perfusate temperatures were increased from room temperature to physiological 
values in the initial reperfusion phase, although no strategized slow-rewarm approach 
was included in our model. Another strategy applied by previously described models to 
prolong perfusion length is the addition of anti-inflammatory agents to the perfusate.21,27 
Although successful in prevention of edema formation, a stable rat EVLP model without 
anti-inflammatory agents is preferred to enable experimental studies focused on 
immunomodulatory mechanisms. With the beforementioned reperfusion strategy, we 
achieved stable EVLP for 6 hours without addition of anti-inflammatory agents.

Trial and error developments of the BD and EVLP procedure allowed us to identify 
key learning points, which we outline here to facilitate reproduction by other research 
groups. As for the BD procedure, excessive blood loss should be avoided to minimize 
MAP instability during the BD period. In addition, the Fogarty catheter for induction of BD 
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should be carefully inspected for air bubbles and must be left inflated until termination 
of the experiment. We recommend to stabilize the brain-dead donor rat on a MAP >80 
mmHg with saline and HAES administrations, though at a maximum of 5 ml/h saline and 
2 ml/h HAES to prevent edema formation. If MAP does not respond to these measures 
or volume limitations are reached, venous backflow to the heart can be increased by 
elevation of the legs. Hypothermia should be avoided to prevent dysfunction of the heart 
and coagulation cascades, for which we recommend to use a surgical heating pad and, 
if required, an additional heating lamp.41 At time of lung procurement, lung damage 
should be avoided and we therefore advise to carefully inspect the donor lung before 
proceeding with the protocol. In order to reduce the risk of lung damage by sharp rib 
ends, we decreased PEEP to 3 cm H2O and respiratory rate to 60/min to enhance visibility 
during the lung procurement procedure. Lungs were flushed with Perfadex at room 
temperature, which was previously described by our group to be more beneficial for lung 
graft preservation than cold flush.42 The flush cannula should be carefully inspected 
for air bubbles, since introduction of air during lung flush leads to tissue damage and 
increased pulmonary vascular resistance. No retrograde flush was performed in contrast 
to clinical protocols, since we did not cannulate the left atrium. By cannulation of the left 
atrium a physiological slight positive atrial pressure can be maintained, which is known 
to protect the pulmonary vasculature. However, we chose for an open-atrium strategy by 
incising the left ventricle with destruction of the mitral valve. We preferred the open-
atrium strategy in our model, since a downside of left atrial cannulation is possible 
unintended high left atrium pressures or negative pressures during EVLP, which cause 
lung injury and air bubble formation in the EVLP system.43

During EVLP air bubbles should be avoided, therefore we recommend inclusion of bubble 
traps in the system and careful priming of the perfusion system. The occurrence of an 
air embolism during EVLP might become evident by a sudden decrease of flow for a 
given perfusion pressure. Although, the same observation might result from a dislocated 
pulmonary arterial cannula. Similarly, a twisted tracheal cannula might cause a sudden 
inability to reach aspired tidal volumes. Therefore, we advise to inspect and confirm the 
correct position of both ventilation and perfusion cannulas regularly.

This report describes for the first time a rat EVLP model with pre-injured donor lungs 
from brain-dead donors. Small rodent models share advantages over large animal models 
in terms of cost effectiveness and reproducibility, which makes our just described rat 
model an excellent starting point for experimental studies. Nevertheless, large animal 
models might be preferred in follow-up studies, given their comparable size to human 
donor lungs and thereby closer translatability to the clinics.14
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In conclusion, we established a stable rat EVLP model for pre-injured lungs from brain-
dead donors, which contributes to future studies on mechanisms of BD-induced injury, 
procedural adjustments and pharmacological interventions. We consider this report to 
be of importance to transplantation scientists, since a detailed protocol might facilitate 
reproduction by other research groups and reduce the required number of laboratory rats, 
in favor of the 3R principles of animal research.
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ABBREVIATIONS
ANOVA Analyses of variance
BD  Brain death
BW Body weight
Cdyn Dynamic compliance
CS Cold storage
EVLP Ex vivo lung perfusion
FiO2 Fraction of inspired oxygen
HAES Hydroxyethyl starch
H&E Hematoxylin and eosin
IACUC-RUG Institutional Animal Care and Use Committee of the University of 

Groningen (IACUC-RUG)
I:E  Inspiratory/expiratory ratio
IRI Ischemia-reperfusion injury
MAP Mean arterial pressure
PEEP Positive end-expiratory pressure
PIP Positive inspiratory pressure
SD Standard deviation
VT Tidal volume
W/D ratio Wet/dry ratio
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ABSTRACT

Background
The onset of brain death (BD) leads to the deterioration of potential donor lungs. 
Methylprednisolone is considered to increase lung oxygenation capacity and enhance 
the procurement yield of donor lungs, when applied in situ, during donor management. 
However, whether BD-induced lung damage is ameliorated upon treatment with 
methylprednisolone during acellular ex vivo lung perfusion (EVLP), remains unknown. We 
aimed to investigate whether the quality of lungs from brain-dead donors improves upon 
methylprednisolone treatment during EVLP.

Methods
Rat lungs were randomly assigned to one of three experimental groups (n=8/group): 1) 
healthy, directly procured lungs subjected to EVLP, 2) lungs from brain-dead rats subjected 
to cold storage and EVLP and 3) lungs from brain-dead rats subjected to cold storage and 
EVLP with 40 mg methylprednisolone added to the perfusate. Ventilation and perfusion 
parameters, histology, edema formation, metabolic profile and inflammatory status of 
lungs were investigated.

Results
Methylprednisolone treatment of lungs from brain-dead donors improved positive 
inspiratory pressures needed to maintain tidal volumes of 7 ml/kg of bodyweight, which 
was 25.6 ± 5.8 cmH2O in untreated lungs and 18.0 ± 3.0 cmH2O in methylprednisolone 
treated lungs, after 6 hours EVLP. Furthermore, dynamic lung compliance increased upon 
methylprednisolone treatment, with values of 0.11 ± 0.05 ml/cmH2O in untreated lungs 
versus 0.18 ± 0.04 ml/cmH2O in methylprednisolone treated lungs, after 6 hours of EVLP. 
Methylprednisolone treatment ameliorated the amount of lung edema, as corroborated 
by a reduction of 0.7 in wet/dry ratio. While glucose consumption levels were comparable, 
the BD-induced cumulative lactate production decreased from 0.44 ± 0.26 mmol/l to 0.11 
± 0.16 mmol/l upon methylprednisolone treatment. Finally, BD-induced inflammatory 
status was reduced upon methylprednisolone treatment compared to untreated lungs 
from brain-dead donors, as reflected by lower pro-inflammatory gene expression levels 
of IL-1β, IL-6 and MCP-1, and IL-6 perfusate levels.

Conclusion
We showed that methylprednisolone treatment during EVLP attenuates BD-induced lung 
injury.
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INTRODUCTION

Despite an increase in donor lung procurement rates over the last years, half of the 
cadaveric lung donors are considered unsuitable for transplantation.1 One of the 
main factors that contribute to decreased lung quality, is lung damage caused by 
pathophysiological changes upon brain death (BD). With the onset of BD, a catecholamine 
storm occurs and a pro-inflammatory environment is created, which eventually leads to 
pulmonary edema formation.2

A newly developed strategy to increase the yield of lung donation is ex vivo lung 
perfusion (EVLP). This technique provides an opportunity to assess and test donor lungs 
with questionable quality, in a safe setting for the potential recipient. In addition, EVLP 
might serve as a promising treatment platform to improve donor lung quality.3

Methylprednisolone is considered to increase lung oxygenation capacity and enhance 
the procurement yield of donor lungs when applied in situ.4 Also, the anti-inflammatory 
properties of methylprednisolone might dampen the BD-induced immune response.5 
Yet, the application of methylprednisolone treatment in the donor remains a subject of 
debate, mainly due to contradictory results on quality of abdominal organs.6,7 In some 
countries methylprednisolone treatment is recommended in all donors, while in other 
countries only potential lung donors are treated.5 Furthermore, negative side effects 
such as steroid-induced hyperglycemia may detrimentally affect organ function.8,9 In 
clinically applied EVLP, methylprednisolone is conventionally added to the acellular 
perfusate. However, whether BD-induced lung damage is ameliorated upon treatment 
with methylprednisolone during EVLP, remains unknown.

We aimed to investigate whether quality of lungs from brain-dead donors improves upon 
methylprednisolone treatment during EVLP. To this end, we induced BD in rats, and after 
3 hours donor stabilization and 1 hour cold storage (CS) we subjected the procured lungs 
to EVLP for 6 hours, in which methylprednisolone was added to the perfusate or omitted.
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MATERIALS AND METHODS

Experimental outline
Lungs from donor rats were randomly assigned to one of three experimental groups 
(n=8/group, Figure 1): 1) healthy, directly procured lungs subjected to EVLP, 2) lungs from 
brain-dead rats subjected to CS and EVLP and 3) lungs from brain-dead rats subjected to 
CS and EVLP with 40 mg methylprednisolone added to the EVLP perfusate.

Figure 1: Outline of the study. Lungs from donor rats were randomly assigned to one of three experimental 
groups: 1) healthy, directly procured lungs subjected to 6 hours ex vivo lung perfusion (EVLP), 2) lungs 
from brain-dead rats (brain death (BD) sustained for 3 hours) subjected to 1 hour cold storage (CS) and 
6 hours EVLP, and 3) lungs from brain-dead rats (BD sustained for 3 hours) subjected to 1 hour CS and 6 
hours EVLP with 40 mg methylprednisolone added to the perfusate.

Rats
Male inbred Lewis rats (Harlan Laboratories, Melderslo, the Netherlands) with a weight of 
350-450 g were used. Rats were fed standard rat chow ad libitum, and received humane 
care in compliance with the Principles of Laboratory Animal Care (NIH Publication No. 
86-23, revised 1985) and the Dutch Law on Experimental Animal Care. The Institutional 
Animal Care and Use Committee of the University of Groningen (IACUC-RUG) provided 
consent for the experiment.

Brain death induction, lung procurement and ex vivo lung perfusion
The BD procedure was adapted from the experimental BD model described by Kolkert et 
al.10 Briefly, rats were subcutaneously anesthetized with ketamine hydrochloride (75 mg/
kg, Alfason B.V., Woerden, the Netherlands) and medetomidine (0.5 mg/kg, Orion Pharma, 
Mechelen, the Netherlands). Thereafter, anesthesia was continued with subcutaneous 
boluses of ketamine hydrochloride/medetomidine mixture administered every 15 min, 
at 1/4th of the initial dose. The right femoral vessels were cannulated for mean arterial 
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pressure (MAP) measurements and fluid administration. MAP was stabilized above 80 
mmHg by administration of Hydroxyethyl starch (HAES- steril 100 g/l, Fresenius Kabi, Bad 
Homburg, Germany) and saline (Baxter B.V., Utrecht, the Netherlands), with a maximum 
of 2 ml HAES and saline per hour. A craniotomy was performed in prone position and a 
4F Fogarty catheter (Edwards Lifesciences LLC, Irvine, USA) was inserted in the epidural 
space. Thereafter, rats were placed in supine position, tracheotomized and intubated 
with a 14G polyethylene tube (Kliniject, KLINIKA Medical GmbH, Usingen, Germany). 
Lungs were pressure-regulated volume control ventilated (Babylog 8000 ventilator, 
Draeger, Luebeck, Germany). Ventilation settings were as follows: tidal volume (VT) 7 ml/
kg of bodyweight (BW), positive end-expiratory pressure (PEEP) 3 cm H2O, inspiratory/
expiratory ratio (I:E) 1:1, and fraction of inspired oxygen (FiO2) 0.5. Directly after 
intubation, a recruitment maneuver was performed. PEEP was increased to 15 cmH2O at a 
maximum positive inspiratory pressure (PIP) of 20 mmH2O. Respiratory rate was increased 
to 150/min for 10 min for preoxygenation before BD induction, and thereafter reduced 
to a frequency of 133/min. BD was induced by inflation of the Fogarty catheter over 60 s 
and confirmed by the absence of corneal reflexes 30 min after BD induction. Brain-dead 
rats were stabilized for 3 hours. In group 1, the non-BD healthy control, femoral vessel 
cannulation was omitted and lungs were immediately procured after intubation.

Before lung procurement, the respiratory rate was reduced to 60 breaths/min followed 
by a recruitment maneuver as described before. A median laparo-thoracotomy was 
performed and 1000 IU heparin (Leo Pharma B.V., Amsterdam, the Netherlands) were 
injected into the right ventricle. The pulmonary artery was cannulated and lungs were 
flushed with Perfadex (XVIVO Perfusion, Gothenburg, Sweden) for 2 min on a pressure of 
15 mmHg. Thereafter, lungs were procured and cold-stored in Perfadex on ice for 1 hour, 
with a PEEP of 5 cmH2O.

Next, lungs were placed on the EVLP platform. After initial recruitment, ventilation was 
continued with a VT of 4 ml/kg of BW and a respiratory rate of 60/min. PEEP was set 
at 5 cmH2O and FiO2 was 0.21. Lungs were reperfused at room temperature with Steen 
solution (XVIVO Perfusion, Gothenburg, Sweden) supplemented with 6 g bovine serum 
albumin (Sigma-Aldrich, Zwijndrecht, the Netherlands) and 0.12 g cefuroxime (Sandoz, 
Almere, the Netherlands), at an initial perfusion pressure of 9 mmHg. The water bath 
was started to gradually increase perfusate temperature to 37°C. In group 3, 40 mg 
methylprednisolone (40 mg/ml, Pfizer, Capelle aan den IJssel, the Netherlands) was added 
to the perfusate. The methylprednisolone dose was chosen to approach the dilution in 
the circulating perfusate as applied in clinical EVLP models.11 After 10 min of reperfusion, 
VT was increased to 7 ml/kg of BW and perfusion pressure to 12 mmHg. Lungs were 
perfused for 6 hours. During EVLP, glucose levels of the perfusate in the reservoir were 
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measured and corrected with glucose solution (50 g/l, Baxter B.V.) in the case of levels 
<9 mmol/l. PIP required to ventilate with 7 ml of BW was noted over time. Dynamic lung 
compliance (Cdyn) was calculated by the equation Cdyn = VT/(PIP-PEEP). Perfusion flow 
was determined by measuring the amount of outflowing perfusate over 1 min. Perfusate 
was collected at baseline, 15 min, 30 min and subsequently every hour after the start of 
reperfusion. At the end of EVLP lungs were clamped with a PEEP of 10 cmH2O and placed 
on ice. The right and left main bronchi were ligated and the right upper and lower lobe 
were snap-frozen in liquid nitrogen. The right middle lobe was used to determine the 
wet/dry (W/D) ratio and the left lung lobe was formalin-fixed and paraffin embedded.

Oxygenation capacity and metabolic profile of ex vivo perfused lungs
Blood gas analyses were performed (ABL90 blood gas analyser) to measure oxygenation 
capacity, glucose and lactate levels of ex vivo perfused lungs. Before sample taking, FiO2 

was increased to 1 and the perfusate was deoxygenated for 5 min with a gas mixture 
of 6% O2, 8% CO2 and 86% N2. Glucose consumption by the lung was calculated by the 
equation ΔGlucose = Glucoseinflow – Glucoseoutflow. Lactate production by the lung was 
calculated by ΔLactate = Lactateoutflow – Lactateinflow. Subsequently, cumulative glucose 
consumption and lactate production were calculated over time.

Lung edema
The severity of lung edema was investigated by the W/D ratio of the lung tissue. The 
right middle lung lobe was collected in an Eppendorf tube and weighed before and after 
drying for 24 hours at 100 °C. W/D ratio was calculated by the equation W/D ratio = 
(weight pre-drying – weight Eppendorf tube) / (weight post-drying – weight Eppendorf 
tube).

RT-qPCR
RT-qPCR analyses were performed to detect pro-inflammatory gene expression levels in 
lungs. Total RNA was isolated from the snap-frozen lung tissue using Trizol (Invitrogen 
Life Technologies, Breda, the Netherlands), according to the manufacturer’s instructions. 
Integrity of total RNA was analyzed by gel electrophoresis and RNA was treated with 
DNAse I (Invitrogen) to remove genomic DNA. RNA was transcribed into cDNA by adding 
M-MLV Reverse Transcriptase (Invitrogen) in the presence of dNTPs (Invitrogen), after 
initial incubation with Oligo-dT primers (Invitrogen). Gene expression analyses were 
performed at mRNA level by TaqMan low density array. Designed primer sets (Table 1) 
were loaded with 5 μl cDNA (2 ng/μl) and SYBR green (Applied Biosystems, Foster City, 
USA). Amplification and detection were performed with the ABI Prism 7900-HT Sequence 
Detection System, which measures SYBR green emission. The PCR reaction consisted of 
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40 cycles at 95 °C for 15 s and 60 °C for 60 s, after initiation for 2 min at 50 °C and 10 min 
at 95 °C. Dissociation curve analyses were performed to ensure amplification of specific 
products. All samples were measured in triplicate. Gene expressions were normalized to 
housekeeping genes Ppia and Eif2b1 and gene expression values were calculated by the 
ΔΔCt method.12

IL-6 ELISA
Protein levels of IL-6 in the EVLP perfusate were quantified by sandwich ELISA, according 
to manufacturer’s instructions (R&D systems, Abingdon, UK). Briefly, maxisorp 96-
well plates were coated overnight with the capture antibody (4.0 ug/ml). After plates 
were blocked with reagent diluent for 1 hour, samples were incubated for 2 hours. The 
detection antibody was diluted in reagent diluent and 2% heat-inactivated normal goat 
serum, to an end concentration of 400 ng/ml. After the detection antibody was incubated 
for 2 hours, Streptavidin-Horseradish Peroxidase was added and incubated for 20 min 
in the dark. Substrate solution was incubated for 35 min in the dark, and thereafter 
stop solution was added. Appropriate washing steps were applied between incubations, 
and all incubation steps were performed at room temperature. The amount of reacted 
substrate was measured at an optical density of 450 nm (VICTOR-3, 1420 multilabel 
counter, PerkinElmer, Waltham, USA).

Lung morphology
Formalin-fixed and paraffin embedded lung sections (4μm) were stained with hematoxylin 
and eosin (H&E) to assess lung morphology. Lung morphology was quantified based on a 
previously described lung injury score with inclusion of alveolar septal thickening.13 Per 
lung section, 10 snapshots were scored in a blinded manner on 400x magnification for 5 
independent variables: 1) inflammatory cell influx in interstitium and alveolar space, 2) 
thickening of the alveolar septa, 3) intra- and extra-alveolar hemorrhage, 4) intra-alveolar 
edema and 5) over-inflation. The variables were scored from 0-4: 0 = negative, 1 = slight, 
2 = moderate, 3 = high and 4 = severe. Total lung morphology scores were calculated by 
the sum of the scored variables.

Statistics
Statistical analyses were performed with IBM SPSS Statistics 26 (IBM corporation, New 
York, USA). Data from multiple observations over time were analyzed with mixed-model 
analyses of variance (ANOVA) tests to analyze the effect of group and time on ventilation 
and perfusion parameters. As follow-up tests, one-way ANOVA’s with post-hoc Bonferroni 
tests were performed to test differences between groups at specific time points. To 
determine differences of dependent variables between multiple groups, Kruskal-Wallis 
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tests were performed, followed by Mann-Whitney U post-hoc tests. P-values of <0.05 
were considered statistically significant and results are presented as mean ± standard 
deviations (SD).

RESULTS

Methylprednisolone treatment beneficially affects lung ventilation 
performance of lungs from brain-dead donors
Ventilation and perfusion parameters during EVLP were compared between groups to 
investigate whether methylprednisolone affects performance of lungs procured from 
brain-dead donors. PIP required to maintain ventilation at a tidal volume of 7 ml/kg of 
BW, showed an interaction between time and treatment group (p=0.008). PIP increased 
over the perfusion period, and from 3.5 hours after reperfusion onward, this increase in 
PIP was higher in untreated lungs from brain-dead donors, than in healthy donor lungs 
(Figure 2A), with PIP levels of 25.6 ± 5.8 cmH2O versus 17.1 ± 3.4 cmH2O after 6 hours 
of EVLP (p=0.005). Methylprednisolone treatment of lungs from brain-dead donors 
attenuated the BD-induced PIP increase to 18.0 ± 3.0 cmH2O (p=0.012) after 6 hours of 
EVLP, comparable to values of healthy donor lungs (p=1.000). Dynamic lung compliance 
values showed a main effect for time (p=0.000) and treatment group (p=0.021), yet no 
interaction between time and group was observed (p=0.589, Figure 2B). Cdyn worsened 
over time, and from 4 hours after reperfusion onward, Cdyn values were lower in 
untreated lungs from brain-dead donors than in healthy donor lungs, with Cdyn values 
of 0.11 ± 0.05 ml/cmH2O versus 0.20 ± 0.05 ml/cmH2O after 6 hours of EVLP (p=0.013). 
Methylprednisolone attenuated Cdyn decrease of lungs from brain-dead donors to 0.18 ± 
0.04 ml/cmH2O after 6 hours of EVLP (p=0.036), comparable to values of healthy donor 
lungs (p=1.000). Nonetheless, no effect of time (p=0.075) nor treatment group (p=0.365) 
were observed in oxygenation status of donor lungs on EVLP, as reflected by PaO2/FiO2 
ratio (Figure 2C). Perfusion flow of lungs on EVLP decreased over time (p=0.000), but was 
not affected by methylprednisolone treatment (p=0.267, Figure 2D). Collectively, these 
results indicate that methylprednisolone treatment during EVLP beneficially affects lung 
ventilation performance of lungs from brain-dead donors.
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Figure 2: Ventilation and perfusion parameters during ex vivo lung perfusion. Lungs from donor rats were 
randomly assigned to one of three experimental groups: 1) healthy, directly procured lungs subjected to 6 
hours ex vivo lung perfusion (EVLP), 2) lungs from brain-dead rats (brain death (BD) sustained for 3 hours) 
subjected to 1 hour cold storage (CS) and 6 hours EVLP, and 3) lungs from brain-dead rats (BD sustained 
for 3 hours) subjected to 1 hour CS and 6 hours EVLP with 40 mg methylprednisolone (Pred) added to the 
perfusate. (A) Positive inspiratory pressures required to maintain tidal volumes of 7 ml/kg of bodyweight. 
(B) Dynamic lung compliance of lungs during EVLP. (C) Oxygenation status of lungs during EVLP, reflected 
by PaO2/FiO2 ratio. (D) Perfusion flow of lungs during EVLP. * p<0.05 in BD lungs versus BD + Pred lungs, ** 
p<0.01 in BD lungs versus BD + Pred lungs, # p<0.05 in BD lungs versus healthy lungs, ## p<0.01 in BD lungs 
versus healthy lungs.

Methylprednisolone does not ameliorate histological lung injury, yet 
reduces the quantity of edema formation in lungs from brain-dead donors
Subsequently, we assessed whether lung morphology is affected by methylprednisolone 
treatment during EVLP. Overall histological evidence of lung injury was higher in lungs 
from brain-dead donors subjected to EVLP than healthy donor lungs subjected to EVLP 
(p=0.012, Figure 3A-D). This was mainly the result of higher inflammatory cell influx in 
lungs from brain-dead donors than in lungs from healthy donors (p=0.002). Qualitative 
evidence of edema formation in H&E-stained lung tissue was similar between groups 
(p=0.798). However, quantitative measurements by means of W/D ratio showed that 
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methylprednisolone reduced the amount of lung edema in lungs from brain-dead donors 
with 0.7 (5.5 ± 0.4 versus 6.2 ± 0.4, p=0.013), even lower than healthy donor lungs (5.5 ± 
0.4 versus 6.1 ± 0.3, p=0.018). These results suggest that histological lung injury does not 
improve upon methylprednisolone treatment during EVLP, yet the amount of pulmonary 
edema is reduced in methylprednisolone treated lungs from brain-dead donors.
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Figure 3: Lung morphology of lungs after ex vivo lung perfusion. Lungs from donor rats were randomly 
assigned to one of three experimental groups: 1) healthy, directly procured lungs subjected to 6 hours ex 
vivo lung perfusion (EVLP), 2) lungs from brain-dead rats (brain death (BD) sustained for 3 hours) subjected 
to 1 hour cold storage (CS) and 6 hours EVLP, and 3) lungs from brain-dead rats (BD sustained for 3 
hours) subjected to 1 hour CS and 6 hours EVLP with 40 mg methylprednisolone (Pred) added to the 
perfusate. Lung morphology scores were assessed after 6 hours of EVLP by means of hematoxylin and 
eosin (H&E)-staining. (A) Quantification of lung morphology scores in H&E-stained lung slides. (B-D) 
Representative H&E-stained slices of healthy donor lungs, untreated lungs from brain-dead donors and 
methylprednisolone treated lungs from brain-dead donors, after 6 hours of EVLP. # p<0.05 in BD lungs 
versus healthy lungs.

Methylprednisolone attenuates lactate production by lungs from brain-dead 
donors
Considering that pulmonary lactate production is increased in acute lung injury, 
we investigated the metabolic profile of ex vivo perfused lungs.14,15 The amount of 
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cumulative glucose consumption was comparable in all three groups (p=0.348, Figure 
4A). In contrast, cumulative lactate production was higher by untreated lungs from 
brain-dead donors, than by healthy donor lungs (0.44 ± 0.26 mmol/l versus 0.14 ± 0.10 
mmol/l, p=0.014, Figure 4B). Methylprednisolone treatment decreased cumulative lactate 
production by lungs from brain-dead donors to 0.11 ± 0.16 mmol/l (p=0.017), comparable 
to healthy donor lungs (p=0.547). Taken together, these results suggest that a shift to 
anaerobic metabolism occurs in lungs from brain-dead donors, which is attenuated by 
methylprednisolone treatment during EVLP.
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Figure 4: Metabolic profile of lungs during ex vivo lung perfusion. Lungs from donor rats were randomly 
assigned to one of three experimental groups: 1) healthy, directly procured lungs subjected to 6 hours ex 
vivo lung perfusion (EVLP), 2) lungs from brain-dead rats (brain death (BD) sustained for 3 hours) subjected 
to 1 hour cold storage (CS) and 6 hours EVLP, and 3) lungs from brain-dead rats (BD sustained for 3 hours) 
subjected to 1 hour CS and 6 hours EVLP with 40 mg methylprednisolone (Pred) added to the perfusate. 
(A) Cumulative glucose consumption by lungs during EVLP. (B) Cumulative lactate production by lungs 
during EVLP. * p<0.05 in BD lungs versus BD + Pred lungs, # p<0.05 in BD lungs versus healthy lungs.

Methylprednisolone downregulates the BD-induced pro-inflammatory 
response
Since the process of BD leads to a pro-inflammatory state of the donor and subsequently 
donor organs, we investigated the effect of methylprednisolone on pro-inflammatory gene 
expression levels of ex vivo perfused lungs (Figure 5A-E).16–18 Overall, pro-inflammatory 
gene expressions were higher in lungs from brain-dead donors compared to healthy donor 
lungs. Nevertheless, significance was reached only in IL-1β gene expression (p=0.002), in 
contrast to TNF-α (p=0.085), IL-6 (p=0.224) and MCP-1 (p=0.277). Complement C3 gene 
expressions were similar between lungs from healthy donors and lungs from brain-dead 
donors (p=0.749). Methylprednisolone downregulated gene expression levels of IL-1β 
(p=0.009), IL-6 (p=0.006), and MCP-1 (p=0.002) in lungs from brain-dead donors, when 
compared to untreated lungs from brain-dead donors. To confirm the anti-inflammatory 
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effect of methylprednisolone on a protein level, IL-6 perfusate levels were measured 
over time and an interaction between time and treatment group was observed (p=0.026). 
IL-6 perfusate levels increased over the perfusion period and from 3 hours onward, this 
increase was higher in the perfusate of untreated lungs from brain-dead donors than in 
the perfusate of methylprednisolone treated lungs (51631.06 ± 34635.20 pg/ml versus 
17067.59 ± 12418.92 pg/ml after 6 hours of EVLP, p=0.047, Figure 5F). All together, these 
results show that the pro-inflammatory response in lungs from brain-dead donors is 
attenuated upon methylprednisolone treatment during EVLP.

DISCUSSION

In vivo methylprednisolone administration is a generally accepted treatment to 
improve lung quality during donor management. However, the wide effect range of 
methylprednisolone might be accompanied by adverse systemic side effects and the 
effect on quality of abdominal organs is debated.6,7 Therefore, methylprednisolone 
treatment in an isolated setting might be preferable. In this study, we aimed to 
investigate whether quality of lungs from brain-dead donors is improved upon ex vivo 
methylprednisolone treatment. We showed that BD-induced lung injury is attenuated 
upon methylprednisolone treatment during EVLP.

The improved Cdyn of lungs upon methylprednisolone treatment during EVLP probably 
reflects the impact of alveolar fluid clearance in the donor lung, as described before in 
literature.19 While less edema was present upon methylprednisolone treatment in our 
study, this observation did not result in improved PaO2/FiO2 levels. Oxygenation status 
is traditionally considered most important when evaluating lung function. However, 
when measured in an acellular perfusate and open system during EVLP, the reliability 
of this test is questioned. Since only a few molecules of oxygen can significantly change 
PaO 2 values in plasma-like solutions, lung compliance is suggested as a more accurate 
parameter for assessing lung quality.20

Methylprednisolone treatment during EVLP was suggested to limit a shift to anaerobic 
metabolism in our study, which possibly occurred in untreated lungs from brain-dead 
donors. Lactate levels are often used as a marker of poor prognosis and in clinically 
performed EVLP, in presence of methylprednisolone, lactate levels are described to 
increase over time. However, it is suggested that this lactate increase represents 
physiologic lactate accumulation in a setting with reduced lactate clearance, because 
lactate levels do not correlate with transplantation outcomes.21 Since a clinical 
comparative study with and without methylprednisolone treatment has not been 
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performed, it is unknown whether lactate levels would be detrimentally increased in 
human EVLP lungs, in absence of methylprednisolone. We speculate that the routine 
administration of methylprednisolone in clinically performed EVLP limits the BD-induced 
anaerobic shift. This theory might explain unsuitability for lactate as a marker of poor 
prognosis, in an EVLP setting in presence of methylprednisolone.

The increase in inflammatory cells as suggested by histological injury scores of lungs 
from brain-dead donors compared to healthy donor lungs, probably reflect the earlier 
recruitment of inflammatory cells to the donor lung during the BD period. The ability of 
EVLP to wash out these donor-derived leukocytes into the perfusate has been described in 
the literature before.22 Yet in our model, the appearance of inflammatory cell influx after 6 
hours of EVLP was not decreased upon methylprednisolone treatment. Nevertheless, the 
downregulated levels of pro-inflammatory gene expressions upon methylprednisolone 
treatment during EVLP probably reflect an attenuated inflammatory state of the donor 
lung. While Stone et al. suggested that the technique of EVLP itself beneficially alters 
the inflammatory signaling profile of the donor lung, methylprednisolone might further 
contribute to the reduction of donor lung immunogenicity.23 Methylprednisolone 
is known to bind glucocorticoid receptors, which are present on most cells, including 
airway epithelial cells. Upon binding, activation of nuclear factor kappa B (NF-kB) is 
inhibited and pro-inflammatory gene expression is blocked. Our findings are in line with 
methylprednisolone treated lungs as described by Martens et al., who studied the effect 
of methylprednisolone in a porcine model for donation after circulatory death (DCD) 
donors and showed a reduction in IL-1β and TNF-α cytokine expression.24 Yet, it should 
be noted that the importance of the cytokine profile during acellular EVLP as a marker 
for lung injury has not yet been fully elucidated, since absence of blood circulation 
or bone marrow in an EVLP circuit excludes the effect of recruited leukocytes.25 In 
contrast, when the lung is transplanted in a recipient with functioning bone marrow, 
elevated cytokine production is associated with poor graft function.26 In our study, BD-
induced MCP-1 expression was downregulated by methylprednisolone treatment, which 
suggests diminished chemoattraction of recruited macrophages. Macrophage count after 
methylprednisolone treatment during EVLP, remained unaffected in our study (results not 
shown).

To our knowledge, comparative studies of EVLP with and without methylprednisolone 
treatment with a focus on quality of lungs from brain-dead donors, have not been 
performed before. Noda et al. described their designed rat EVLP model for healthy donor 
lungs, and noted the necessity of methylprednisolone in the perfusate to establish a stable 
perfusion model. When methylprednisolone was omitted in their study, evident lung 
edema was noticed and perfusion for >1 hour was not achieved.27 Martens et al. showed 
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in their porcine DCD model, that lung quality was improved upon methylprednisolone 
treatment during EVLP.24 In line with our findings, Cdyn was ameliorated and oxygen 
status was unaffected in methylprednisolone treated lungs from DCD donors. However, 
it should be noted that the pathophysiological mechanisms of DCD donors eminently 
differ from brain-dead donors.28 Besides, in the mentioned study, methylprednisolone 
was administered in both the donor and during EVLP. Therefore, the exact effect of 
methylprednisolone during EVLP only, remained unknown.

While the strong point of our study is the specific focus on the effect of methylprednisolone 
on BD-related lung injury, a limitation is the absence of lung transplantation in our model. 
Whether methylprednisolone treatment during EVLP has an extended effect on recruited 
leukocytes associated with reperfusion injury, remains therefore unknown. In addition, 
it should be noticed that in our model, methylprednisolone treatment did not improve 
quality of lungs compared to baseline values, in accordance with previously described 
rat models for EVLP.27,29 We attribute the deterioration in quality over time in our model 
to the small organ size of rats. Given the fundamental differences in anatomy and 
physiology between small and large animal models or even human models, we believe 
that methylprednisolone treatment in large EVLP models might improve quality of lungs 
from brain-dead donors over time.30

Methylprednisolone treatment has been applied from the very beginning of 
immunosuppression in lung transplantation, and remained a corner stone in both 
donor management and recipient immunosuppressive strategies.31 Traditionally, 
methylprednisolone is added to the EVLP perfusate, despite that its effect on BD-
induced lung injury has not specifically been studied before. Before investigating new 
anti-inflammatory treatment modalities, we aimed to identify potentially confounding 
anti-inflammatory properties of methylprednisolone on BD-induced lung injury. The 
current, clinically applied EVLP strategy is described to significantly increase the amount 
of potential human donor lungs.32 However, other potential agents and particularly 
combined treatment strategies might even further enhance quality of potential donor 
lungs. Most lung transplant recipients conventionally receive a triad of maintenance 
immunosuppression consisting of a calcineurin inhibitor (CNI), antiproliferative agent 
and corticosteroid, with the goal to minimize immune-mediated injury to the donor 
lung.31 It might be suggested, that donor lung preconditioning with this treatment triad 
additionally benefits donor lung quality. Haam et al. already investigated the potential 
of the CNI cyclosporine in preconditioning donor lungs during EVLP, and showed 
improved lung graft preservation due to anti-inflammatory and mitochondrial protective 
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properties.33 Furthermore, new treatment strategies such as IL-10 gene therapy have 
been tested on the EVLP platform with positive results, which suggests that future donor 
lung optimization strategies may shift from general to a more specific approach.34

In conclusion, this study contributes to the current knowledge on the potential of EVLP 
as a treatment platform, by showing that methylprednisolone treatment during EVLP 
attenuates BD-induced lung injury.
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ABBREVIATIONS
ANOVA Analyses of variance
BD Brain death
BW Bodyweight
Cdyn,  Dynamic compliance
CNI Calcineurin inhibitor
CS Cold storage
DCD  Deceased after circulatory death
EVLP Ex vivo lung perfusion
FiO   2 Fraction of inspired oxygen
HAES  Hydroxyethyl starch
H&E Hematoxylin and eosin
IACUC-RUG  Institutional Animal Care and Use Committee of the University of 

Groningen
I:E  Inspiratory/expiratory ratio
PEEP Positive end-expiratory pressure
PIP Positive inspiratory pressure
MAP Mean arterial pressure
NF-kB  Nuclear factor kappa B
SD Standard deviation
VT Tidal volume
W/D ratio Wet/dry ratio
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ABSTRACT

Over the last decade, striking progress has been made in the field of organ transplantation, 
such as better surgical expertise and preservation techniques. Therefore, organ 
transplantation is nowadays considered a successful treatment in end-stage diseases of 
various organs, e.g. the kidney, liver, intestine, heart and lungs. However, there are still 
barriers which prevent a lifelong survival of the donor graft in the recipient. Activation of 
the immune system is an important limiting factor in the transplantation process. As part 
of this pro-inflammatory environment, the complement system is triggered. Complement 
activation plays a key role in the transplantation process, as highlighted by the amount of 
studies in ischemia-reperfusion injury and rejection. However, new insights have shown 
that complement is not only activated in later stages of transplantation, but already 
commences in the donor. In deceased donors, complement activation is associated 
with deteriorated quality of donor organs. Of importance, since most donor organs are 
derived from either brain-dead donors or donors deceased after circulatory death. The 
exact mechanisms and the role of the complement system in the pathophysiology of 
the deceased donor have been underexposed. This review provides an overview of the 
current knowledge on complement activation in the (multi-)organ donor. Targeting the 
complement system might be a promising therapeutic strategy to improve the quality 
of various donor organs. Therefore, we will discuss the complement therapeutics that 
already have been tested in the donor. Finally, we question whether complement 
therapeutics should be translated to the clinics and if all organs share the same potential 
complement targets, considering the physiological differences of each organ.
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INTRODUCTION

Donor condition
Organ transplantation is the gold standard treatment for end-stage diseases in 
various organs, including the kidney, liver, intestine, heart and lungs.1 The field of 
organ transplantation has made enormous progress over the last decades. From 
immunosuppression and tissue matching to organ procurement and preservation, 
all these developments significantly contributed to the progress made in the field 
of transplantation.2 Nevertheless, donor availability and quality are still important 
limitations. Organs are mostly retrieved from deceased donors, and to much lesser extent 
from living donors (Figure 1). Deceased donors include donation after brain death (DBD) 
and donation after circulatory death (DCD). The DCD donor can be divided into ‘expected’ 
and ‘unexpected’. Expected DCD donation takes place after planned withdrawal of life-
sustaining ventilator support. In contrast, unexpected death refers to a donor who had 
an unanticipated cardiac arrest, without successful resuscitation. Due to the cessation of 
circulation, DCD-derived organs have a variable period of warm ischemia time prior to 
retrieval.3 Since the past few years, the number of DCD donors is increasing, in particular 
in Belgium, Spain, The United Kingdom and the Netherlands. However, within Europe, 
most organs are still retrieved from DBD donors (Figure 2).

Brain death is the irreversible, total loss of brain function. Due to artificial ventilation and 
cardiovascular support, the circulation remains intact. Therefore, DBD donors do not have 
a nominable time of warm ischemia. The occurrence of brain death is an important risk 
factor for organ quality, since brain death is associated with a cascade of hemodynamic, 
hormonal and immunologic events that become operational after brain injury or/and 
brain death.6 Intracranial events leading to brain death promote the disruption of the 
blood-brain barrier integrity and the neurovascular system, which results in vascular 
leakage, edema and hemorrhage. With these changes an immediate rise in intracranial 
pressure occurs, which causes hypoperfusion of the brain and brainstem. Ischemia of the 
medulla leads to sympathetic hyperactivation which causes a catecholamine storm, and 
subsequently a rise of the mean arterial pressure and peripheral vasoconstriction. The 
activation of the sympathetic nervous system activates the parasympathetic nervous 
system as well, resulting in bradycardia. This physiological nervous system response is 
also known as the Cushing response. In addition, brain ischemia results into damage of 
the hypothalamus-pituitary-axis, causing hormonal depletion. As a consequence, plasma 
levels of all hormones are lower in DBD donors. Depletion of the antidiuretic hormone 
increases diuresis as well as the risk for hypovolemia in the DBD donor. Last but not 
least, the immune system responds quickly to brain injury with both a sterile and non-
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sterile immune reaction. Concerning the DCD donor, only a few experimental studies 
have investigated the pathophysiological processes following circulatory arrest in the 
target organs. These studies show that apoptosis is one of the most important pathways 
of injury in DCD donors, in contrast to the inflammatory pathways in DBD donors. Whole 
genome microarray analyses performed by Damman et al. supports these findings, in 
which it was observed that DCD reperfusion biopsies have enriched NOD-like receptor 
pathways. These results suggest that tissue hypoxia in deceased organs leads to cell 
necrosis and the release of damage-associated molecular pattern molecules (DAMPs). In 
addition, the study demonstrates that the multiple hypoxia-related pathways found in 
DCD reperfusion biopsies are related with delayed graft function (DGF).7

Figure 1. Overview of donor types. Organs are retrieved from living and deceased organ donors. Organs 
from living donors can be donated partially, so-called ‘splitted’ organ donation, or as a whole organ. The 
rest of the organs is retrieved from deceased donors, either from brain death (DBD) donors or donors 
deceased after circulatory death (DCD). The DBD donor includes brain death with an intact circulation 
and preserved respiration. DCD donation refers to a donor with cardiac arrest or loss of cardiac function, 
occurred before procurement of organs. DCD donation can be divided in both expected and unexpected 
donation. Expected DCD donation refers to the procurement of organs after a planned withdrawal of life-
sustaining treatments. Unexpected DCD donation refers to a donor with unexpected cardiac arrest, from 
which this donor could not be resuscitated. The quality of organs retrieved from deceased donors are 
variable, therefore deceased organs are classified into two groups: standard-criteria donors or extended-
criteria donors (ECD). This subdivision is introduced to reflect the quality of the organ, of which ECD 
include potential donor organs that do not match standard donor criteria.
DBD - donation after brain death; DCD - donation after circulatory death; SCD - standard criteria donor; 
ECD - extended criteria donor.
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Figure 2. The number of donor organs transplanted in 2017, per type of donor, per organ. The number of 
donor organs transplanted in 2017, as documented by the Eurotransplant International Foundation, per type 
of donor, per organ.4,5 *In 2017, the number of intestines donated was six. DBD - donation after brain death; 
DCD - donation after circulatory death. The data was consulted on the 25th of October 2018, permission 
for publication was obtained.

Currently, deceased donors represent the primary source of transplanted organs. However, 
the increasing demand for organ transplants mandated for expansion of the donor pool. 
Therefore alternative strategies are deployed, such as an increase of the number of living 
donors, extension of the criteria for deceased donation and improvements in donor 
management and procurement.8 Still, continuing efforts to improve and preserve donor 
organs are important, for which interventions in the donor seem a promising strategy. In 
the last decade, several donor pretreatment interventions have been explored in both 
animal and human studies, such as the effect of thyroid hormone treatment and steroid 
treatment.9–11 However, no consensus has been reached regarding these donor treatment 
strategies, due to inconsistent results.12 Nevertheless, (pre)treatment of the deceased 
donor or the separate donor organs provides us a window of opportunity to improve 
graft function and graft survival. In the search for the optimal target in the donor, the 
complement system might play an important role.

The complement system
When the complement system was discovered more than a century ago, it was described 
as ‘heat-labile components in serum, complementing antibodies in eliminating bacteria’. 
Nowadays, the complement system is known as a part of the innate immune system that 
consists of over 50 proteins in plasma and on cell surfaces. In brief, the complement 
system contains three activation pathways: the classical pathway (CP), lectin pathway 
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(LP) and the alternative pathway (AP). The CP was the first pathway discovered and is 
activated by antigen-antibody complexes. These complexes are recognized by C1q, 
inducing a cascade via C2 and C4, leading to the production of CP C3 convertase (C4b2b). 
The same result is achieved when pattern recognition molecules of the LP (mannose-
binding lectin (MBL), ficolins or collectin-11) bind to their MBL-associated serine 
proteases (MASP) to cleave C2 and C4. The AP is spontaneously activated by hydrolysis of 
C3 to C3(H2O). Factor B is recruited and cleaved by factor D to form the AP C3 convertase 
(C3bBb). These convertases are intrinsically unstable, but their half-life is lengthened 
by interaction with factor properdin, a positive stabilizing regulator of the AP.13 The C3 
convertases formed by the different pathways are responsible for a low grade cleavage 
of C3, thereby forming C3b. C3b mediates opsonization or binds to the C3 convertase to 
form the C5 convertase. The C5-convertases cleave C5 into C5a and C5b after which the 
membrane attack complex (MAC) is formed, trough attachment of C5b to C6, C7, C8 and 
C9. The MAC complex induces the formation of lipophilic complexes in cell membranes, 
which finally leads to cell lysis. Furthermore, C5b-9 induces tissue injury through intra-
cellular pro-inflammatory signaling pathways.14 Finally, injury can be amplified by the 
formed split products C3a and C5a, which act as anaphylatoxins that provoke influx and 
activation of inflammatory cells.15,16

The complement system in the organ donor
Under normal circumstances, the complement system is strictly controlled by 
complement regulators to prevent the destruction of healthy cells and tissues.15 
However, when this fine balance is disturbed, the activated complement system may 
result in tissue injury. Damman et al. demonstrated the involvement of complement 
activation in deceased organ donors.17 In both DBD and DCD donors, increased systemic 
complement levels of C5b-9 were found in plasma, compared to C5b-9 levels of living 
donors. These higher complement levels were associated with increased local tissue 
injury in deceased donors compared to the living counterparts. Deceased donors also 
have a higher incidence of acute rejection in renal allografts.17 Van Werkhoven et al. 
showed an additional upregulation of C5a in plasma from DBD donors compared to 
living controls.18 Furthermore, De Vries et al. demonstrated that soluble C5b-9 (sC5b-9) 
release is detected in both DBD and DCD donors before reperfusion, but not in living 
donors.19 These higher levels of sC5b-9 in deceased donors are associated with inferior 
renal allograft function after transplantation.20 In accordance, systemic C4d and Bb levels 
were significantly higher in the deceased donor than in the living counterpart, with both 
complement proteins being associated with sC5b-9 levels in the DBD donor. Interestingly, 
there was no association seen between MBL and sC5b-9, which suggests that both the 
CP and AP are involved in brain death-induced injury, but not the LP. However, with the 
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recent findings of the potential bypasses in the complement system, the LP might still 
play a role in complement activation in the deceased donor.21,22 Not only in kidneys, 
but also in lungs it has been demonstrated that plasma complement levels correlate 
with tissue injury after transplantation. Shah et al., measured plasma complement 
levels in recipients before transplantation and found an association with risk for acute 
lung injury and a higher incidence of mortality in lung transplant recipients.23 These 
studies indicate that activation of the complement system already commences in the 
donor, and that systemic complement activation may lead to local inflammation of the 
potential donor graft. As a result of inflammation, the donor organs are damaged. For 
DBD donors it is hypothesized that brain death initiates a sterile immune response 
through the release of endogenous DAMPS. Those danger signals are released by cells 
under conditions of cellular stress or tissue injury. In DBD donors, these endogenous 
DAMPs are either actively secreted by stressed immune cells or passively released from 
dying brain cells or damaged extracellular matrix, which contributes to CP activation. 
Sterile inflammation can also cause further tissue destruction by the release of excessive 
amounts of DAMPs by necrotic cells. As a result, an extension of the local inflammation to 
the systemic circulation occurs, in a similar manner as is seen during microbial invasion. 
C1q and properdin will bind to these necrotic cells, which triggers the activation of the 
complement system. In addition, brain death causes an increase in intestinal permeability, 
that results in the release of pathogen-associated molecular pattern molecules (PAMPs) 
such as Lipopolysaccharides (LPS). This way, the complement system is activated through 
the AP. In contrast, data referring to the pathogenic mechanisms in DCD-induced organ 
injury are scarce.24,25 Taken together, despite the beforementioned hypotheses of injury 
mechanisms, large knowledge gaps exist with regard to this topic. The exact role of 
complement activation and the involved complement components have not been 
fully elucidated in different donor organs and different donor types, especially in DCD 
donors. Of importance, since the physiological differences between organs and donor 
types might lead to various routes of immunological activation and therefore require 
different therapeutic approaches. The purpose of this review is to provide an overview 
of the current knowledge on the complement system in the donor, the current existing 
knowledge gaps and future perspectives on this topic. Furthermore, we will answer the 
question if complement therapeutics should be clinically applied in the multi-organ 
donor.
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RENAL TRANSPLANTATION

Challenges in renal transplantation
The kidney was the first organ successfully transplanted, in 1954.26 Nowadays, renal 
transplantation (RTx) is the optimal treatment for patients with end-stage renal disease. 
Besides experience in years, the number of performed kidney transplants exceeds 
the number of all other solid organ transplants. In 2017, 4.419 renal transplants were 
performed in Europe, as registered by the Eurotransplant International Foundation (Figure 
2). However, the number of patients waiting for a renal transplant is extensive and still 
increasing.27 The growing shortage of donor kidneys led to exploration of alternative 
strategies. First, the number of living donations increased significantly over the years. 
Living kidney donation is constantly evolving and goes nowadays beyond relatives, such 
as individuals who donate a kidney to an anonymous recipient, so-called altruistic or 
Samaritan donation. In addition special programs are developed, such as the Old for 
Old program or domino transplantation. In the Old for Old program kidneys of donors 
over 65 years or older are donated to recipients of the same age, without taking tissue-
matching characteristics into account.28 A domino transplant occurs when the removed 
organ from first recipient is transplanted in a second recipient.29 Furthermore, the 
donor pool consisting of both DBD and DCD donors is expanded by the use of kidneys 
from extended-criteria donors (ECD), which refers to older donors and donors with 
comorbidities.3 Compared to standard-criteria donor (SCD) organs, kidneys from ECDs are 
associated with up to a two-fold increased risk of DGF, acute rejection, and graft loss.30 
Kidneys from older donors are generally more immunogenic than kidneys from young 
donors, which makes immunomodulatory approaches in organs from ECDs an interesting 
topic for future research.30 With the increased utility of kidneys from ECDs in the clinics, 
more randomized controlled trials should be performed with ECD kidneys included.31 
Potentially, these ECD kidneys form a subgroup who can benefit from treatment already 
introduced in the donor.

The complement system in renal transplantation
Most of the evidence for activation of the complement system in deceased donors is 
known from studies that focus on the kidney. Early studies performed by Kusaka 
et al. detected local C3 deposition in kidney isografts from DBD rats 1 hour post-
transplantation, while no C3 deposition was seen in living donor controls. C3 deposition 
was located on the endothelial cells and glomeruli of DBD kidneys, and could still be 
detected at day 5 after RTx.32 In accordance, Damman et al. showed higher renal C3 gene 
expression rates before transplantation in DBD rats than in living donors.33 No additional 
C3 gene expression was found after RTx, so renal C3 is deposited as a direct result of 
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brain death. These results were confirmed in the human setting, in which significantly 
more C3 gene expression was found in kidney biopsies taken from DBD donors than 
in biopsies from living donors. The results on a transcriptional level were supported by 
immunohistochemistry. C3d deposition was seen in renal grafts from human DBD donors, 
but not in living donors. Again, no additional C3d deposition was found after ischemia 
and reperfusion.33 The functional importance of local C3 synthesis is demonstrated by 
multiple studies. Pratt et al. showed in a murine model that renal allografts lacking C3 
production survive more than five times as long as renal allografts that produce C3.34 
In addition, Brown et al. demonstrated that expression of C3 alleles by renal cells in 
the deceased human donor significantly affects graft survival.35 However, the association 
between the C3 allotypes and graft survival could not be replicated by others. Varagunam 
et al., detected no significant differences between the C3 alleles on long-term renal 
allograft survival in patients.36 These results are in accordance with the study of Damman 
et al., which observed that donor C3F allotypes are not associated with renal allograft 
outcome after renal transplantation. Only subgroup analysis within the DCD group 
revealed a protective effect of the donor C3F allotype for primary non-function. These 
divergent results could possibly be explained by the differences in sample size and post-
transplantation follow-up data.37

The importance of the complement system is underlined by the in-depth analysis of the 
gene expression differences between human renal allograft biopsies from living and 
deceased donors. Significant renal overexpression of many complement components 
were seen in deceased donor kidneys before reperfusion.38 Primarily complement-related 
genes of the CP were involved, namely C1q, C1s, C1r, C2 and C4. Factor B, an component of 
the AP, was additionally upregulated in deceased kidneys. Similar results were seen in the 
whole genome microarray study performed by Damman et al. This study shows enrichment 
of both the hypoxia and complement coagulation pathways in DBD kidneys. The same 
pathways were involved in the DCD kidney, but in a later phase of transplantation, during 
ischemia.7 Focusing on the downstream complement components, the C5a-C5aR-axis 
seems to play an important role. C5a is not only systemically upregulated in the deceased 
donor, but Van Werkhoven et al. showed an increased renal tubular expression of the C5a 
receptor 1 (C5aR1).18 Altogether, these studies suggest that the local immune activation 
in the deceased renal allograft is important for the outcome after RTx. Thus, targeted 
therapy interfering with (local) complement activation before organ recovery or during 
organ storage is an attractive therapeutic approach. However, assessing local immune 
activation requires invasive techniques. For that reason, using complement deposition 
as an indicator for organ damage might not be preferred. A recent study by Schröppel et 
al. investigated the potential for less invasive markers by evaluating C3a and C5a levels 
in donor urine. They found that donor urinary C5a levels were correlated with DGF after 
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kidney transplantation. However, no correlation was seen between urinary C3a and post-
transplant DGF, despite higher levels of C3a in urine from deceased donors than in urine 
from healthy controls. Whether other complement proteins measured in urine correlate 
with graft function, potentially serving as biomarkers, has not yet been elucidated.39

Already a few complement therapeutics were tested in the deceased kidney donor or 
during kidney preservation. One of the most potent complement inhibitors is C1-
esterase-inhibitor (C1-INH). As a serine protease inhibitor, in-vitro data demonstrated that 
C1 inhibitor modulates activation of the classical- and lectin pathway.40–42 Pre-clinical 
studies with C1-INH in the deceased donor showed promising results. Poppelaars et al. 
tested a high-dose and low-dose C1-INH in a rat model of brain death, in which C1-
INH was administered 30 minutes after confirmation of brain death. High-dose C1-INH 
treatment of the DBD donor resulted in significantly lower renal pro-inflammatory 
gene expressions and decreased serum levels of IL-6. In addition, C1-INH led to an 
improved renal function reflected by lower serum creatinine levels, and less renal injury 
as demonstrated by lower kidney injury molecule-1 gene expression levels.40 C1-INH is 
currently tested as a treatment strategy in human DBD donors to improve outcome after 
RTx (NCT02435732). At this moment, this study is in the phase of recruiting patients. In 
ECD donors C1-INH treatment might be of potential therapeutic use as well, which is 
currently being investigated by Fernandez et al. in a non-human primate model.43

Besides C1-INH, more complement therapeutics are already tested in the deceased donor 
in experimental setting. Soluble complement receptor 1 (sCR1) was administered to DBD 
rats and treatment with sCR1 before and after confirmation of brain death led in both 
cases to significantly improved renal allograft function. In addition, treatment with sCR1 
led to reduced renal gene expression of IL-6, IL-1β and TGF-β. These results provide 
proof that complement inhibition in the donor is effective, even after the confirmation of 
brain death.44

Next to the use of complement therapeutics in the donor, already a few studies tested the 
effect of complement therapeutics during renal preservation. Patel et al. were the first and 
evaluated the effect of APT070, also known as Mirococept.45 Mirococept is a membrane-
localizing complement regulator, which is a derivate from complement receptor 1. Rat 
donor kidneys were perfused with Mirococept and subsequently subjected to 16 hours of 
cold storage. After 16 hours of cold storage, the kidneys were transplanted into syngeneic 
recipients. APT070 perfused renal grafts had survival rates of 64% compared to a survival 
rate of 26% in control-treated renal allografts. Currently, Mirococept is tested in a 
multicenter randomized controlled trial, in which Mirococept is ex vivo administered to 
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deceased donor kidneys. The trial, called EMPIRIKAL, is still ongoing and aims to evaluate 
the efficacy of Mirococept in reducing the incidence of delayed graft function in renal 
transplants from deceased donors.46

Furthermore, Lewis et al. demonstrated that pharmacological targeting of the C5aR is 
also of potential benefit. In this study a C5aR antagonist named A8Δ71−773 was used, which 
targets both the C5aR1 and C5aR2.47 Donor kidneys were flushed and stored for 2 hours 
with University of Wisconsin (UW) or UW + C5aR antagonist. Kidneys treated with the 
C5aR antagonist had significantly improved renal function and increased graft survival 
compared to untreated kidneys. In addition, the C5aR antagonist significantly prevented 
renal injury, reflected by lower gene expression levels of TNF-α and macrophage 
inflammatory protein-2/CXCL2. C5 was also targeted in a recent study, in which a 
monoclonal antibody against C5 was used.48 Rat donor kidneys were cold stored for 28 
hours with or without anti-C5. Treatment with anti-C5 significantly increased the survival 
rate of the renal allografts, from 22% to 100% after 21 days. Another C5 complement 
inhibitor is the recently generated recombinant anti-C5 antibody called Ergidina, which 
is coupled to a cyclic-arginylglycylaspartic (RGD) acid-peptide. The RGD peptide has 
the property to migrate to the ischemic endothelial cell. Thus, when bound to anti-C5 
it will not only be able to migrate, but also be able to control ischemia tissue injury. 
In a study of Durigutto et al., rat donor kidneys were procured and cold stored for 24 
hours. Thereafter, kidneys were ex vivo infused with Ergidina, and stored for either 15 
or 30 minutes. Results showed that Ergidina was bound to the vascular endothelium of 
the kidney and already reached a plateau after 15 min. Next, the efficacy of Ergidina 
was evaluated in a rat model of ischemia-reperfusion injury (IRI). Rats received Ergidina 
45 minutes before ischemia and were sacrificed at day 1 or day 4. Ergidina preserved 
renal function, prevented tissue injury at glomerular and tubular level and prevented C9 
deposition in kidneys at both day 1 and day 4.49

Besides anti-C5, Yu et al, also evaluated the effect of AP inhibitor TT30. TT30 is a 
complement receptor 2/factor H fusion protein. Ex vivo preservation with TT30 for 28 
hours, significantly improved renal function and graft survival compared to control-
treated kidneys. The 21-day graft survival rate was 66% in the TT30 treated group, 
compared to the 100% in the anti-C5 treated group.48 These survival rates did not 
significantly differ, but imply that next to the AP, activation of the CP or LP might play an 
role in in ischemia-induced injury.

Based on the studies already performed, it can be hypothesized that the renal allograft 
is already primed for complement activation in the deceased donor. Therapeutics 
interfering with complement activation before organ recovery would be an attractive 
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therapeutic approach that deserves further investigation. Most importantly, studies using 
complement therapeutics in order to prevent renal injury seem to be most effective 
when the therapeutics are specifically delivered to the site of complement activation. 
Therefore, with the increased availability of new complement therapeutics, it is crucial to 
unravel the role of complement system in the deceased donor. Especially, it is essential to 
learn whether complement therapeutics can be administered in the donor before organ 
retrieval, or if treatment after organ procurement is preferred.

LIVER TRANSPLANTATION

Challenges in liver transplantation
Currently, more than 1.500 liver transplantations (LiTx) are performed in Europe per year 
(Figure 2). In general, LiTx is considered for patients who suffer from acute liver failure, 
end-stage liver disease and primary hepatic malignancy. However, after a rapid growth, 
the annual number of LiTx has stopped increasing over the last 10 years. An important 
limitation for the stagnant number of LiTx is donor shortage.50 Therefore, alternatives to 
DBD donation of liver transplants are more frequently implemented. First, the concept 
of ‘split liver transplantation’ is used, which enables surgeons to transplant one donor 
liver into two recipients. However, this technique is only feasible with ideal livers, mostly 
derived from young DBD donors. Second, there is an increase in living-related liver 
transplantation. Living donation for adults is still associated with major complications 
and a substantial risk for the living donor.51 Therefore, both splitting and living LiTx 
have not gained widespread acceptance. Finally, more extended criteria are introduced 
such as advanced age, steatosis and DCD liver grafts. Controversy exists about DCD liver 
transplants, since studies that compare graft outcome of DCD donors with standard DBD 
donors have been variable. Studies performed so far, suggest decreased graft survival in 
the first year following DCD LiTx.52 Despite that ECD donation reduces the gap between 
supply and demand, managing the risk for the recipient is a critical factor in ECD donor 
livers. ECD livers are vulnerable to hypoxia and tissue injury associated with DGF or graft 
survival. In order to improve the quality of these suboptimal liver grafts, several studies 
evaluated the effect of intervention during donor management, such as the administration 
of steroids, dopamine, and hormone replacement.10,11,53 Taken these data into account, the 
current strategies applied in LiTx have mainly been focusing on treatments to stabilize 
hemodynamic disorders associated with deceased donation. Yet, their effects on liver 
graft function and survival remain unknown. Therefore, it could be beneficial to consider 
other molecular pathways involved, including the complement system.
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Complement system in liver transplantation
The number of studies that investigated the role of the complement system in 
deceased donation for LiTx, are scarce. Of interest, since the liver is responsible for 
the biosynthesis of 90% of plasma complement components and soluble complement 
regulators.54 Other celltypes including immune cells and endothelial cells produce 
complement components as well, but their contribution to plasma levels appear to be 
minor compared to hepatocytes. Moreover, several complement receptors are expressed 
in the liver; e.g. C5aR, CR1, CR3, CR4 and complement receptor immunoglobulins (CRIg). 
These complement receptors have multiple functions on different cells in the liver, from 
inducing the acute phase response to the clearance of C3-opsonized immune complexes. 

Thus, the complement system is involved in multiple liver diseases, which includes 
transplant-associated injury.55

The role of the complement system in the deceased liver is mainly investigated in the 
DBD donor. Rebolledo et al. were the first to show complement activation in DBD donor 
livers. In this study, rats were subjected to brain death for a period of 4 hours. Results 
showed that DBD donor livers had a significant increase in C3 mRNA levels compared to 
the control group. Next, rats were pretreated with methylprednisolone 30 minutes before 
induction of brain death as a proof of principle. Pretreatment with methylprednisolone 
resulted in a reduced pro-inflammatory state, reflected by lower mRNA levels of IL-
6, IL-1β, TNF-α and MCP-1. In contrast, mRNA levels of C3 were upregulated in the 
methylprednisolone treated rats.9 In an additional study, Rebolledo et al., administered 
methylprednisolone after confirmation of brain death to investigate treatment potential. 
Again, methylprednisolone reduced the levels of pro-inflammatory cytokine gene 
expression, but did not increase nor decrease the C3 expression compared to untreated 
DBD rats. These divergent C3 expressions after administration methylprednisolone are 
not fully understood, but could be explained by the fact that complement is involved in 
liver regeneration.11

So far, only one study investigated the effect of complement inhibitors on the donor 
liver before transplantation. Bergamaschini et al. studied the potential of C1-inhibitor 
(C1-INH) treatment during preservation. Porcine livers were removed from donors and 
perfused with UW, with or without addition of C1-INH, and stored statically at 4˚C for 
8 hours. To assess liver function, livers were subsequently reperfused for 2 hours with 
pig blood on an extracorporeal circuit. Results demonstrated less complement activation, 
reflected by normal levels of complement haemolytic activity and absence of C3 
activation products in both plasma and tissue at time of reperfusion. Morphological 
analysis of the livers showed significantly decreased inflammation as shown by only 
a mild increase in portal and lobular inflammatory infiltration, compared to necrotic 
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lesions in the untreated group.56 Taken together, C1-INH treatment during preservation 
seems to protect the liver against cell injury and inflammation during the preservation 
phase. Therefore complement therapeutics in the donor, but also the preservation phase, 
might be beneficial for the liver.

Important to take into account in LiTx is the process of liver regeneration. Liver 
regeneration is a process in the liver that allows mature hepatocytes to re-enter the cell 
cycle, proliferate and eventually replace lost or damaged hepatocytes.57 Liver regeneration 
is important for both donors and recipients of liver transplants, especially in the case of 
a failing remnant liver after ‘splitted’ liver donation or transplantation of a small-for-size 
liver in the recipient.58 So far, no therapy exists for these patients, so there is a significant 
need for strategies that stimulate the regenerative capacity of livers. The complement 
system seems to have a key role in liver regeneration, primarily during the early phases, 
when the hepatocyte re-enters the cell cycle and proliferates. Recently performed studies 
demonstrated an important role for the complement effector proteins, C3a and C5a.59,60 
Strey et al. subjected C3- and C5-deficient mice to a 70% partial hepatectomy model. 
Deficiency of C3 or C5 led to significantly less liver regeneration, as reflected by fatal 
liver failure. Reconstitution of effector molecules C3a and C5a resulted in hepatocyte 
proliferation, which indicates that C3 and C5 are key factors in regeneration of hepatocytes. 
The precise role of complement in the deceased donor still needs to be elucidated, 
but IRI studies showed an important role for both C5a and C5b-9 in the induction of 
injury.61,62 These contradictive results with regard to the role of complement in hepatic 
IRI versus liver regeneration, emphasize the need for a fine balance between complement 
activation and inhibition. Therefore, it is important to have a good understanding of the 
two processes and test potential complement inhibitors in both disease models. A study 
performed by He et al. evaluated the effect of CR2-Crry in a combined mouse model 
of total IRI and 70% partial hepatectomy. CR2-Crry is a fusion protein that specifically 
targets the sites of C3 activation. The mentioned study shows that CR2-Crry is able to 
protect against hepatic IRI alone, however a combination of IRI and partial hepatectomy 
resulted in significant liver damage and a failure to regenerate compared to WT mice. 
The failure to regenerate is probably a result of the inability to generate sufficient levels 
of C3a, C5a and C5b-9, complement effector molecules important for liver regeneration.63 
Given these observations, CR2-CD59 might be a potential complement therapeutic. CR2-
CD59 is a fusion protein that migrates to sites of complement activation and specifically 
inhibits the MAC, without the blockage of other complement components. CR2-CD59 
was tested by Marshall et al., in the same mouse model of total IRI and 70% partial 
hepatectomy as described by He et al. The study performed by Marshall et al. showed 
that livers treated with CR2-CD59 have less injury, and more hepatic regeneration than 
control-treated mice. CR2-CD59 mice had a 100% 7-day survival rate, whereas in the 
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CR2-Crry treated group only 40% of the mice survived.64 These results imply that in MAC-
induced injury, the regenerative response of the liver is impaired. Therefore, these studies 
highlight the need for a tailor-made approach to protect the liver against ischemia injury 
and enhance the regenerative capacity. Although only a few studies are performed, they 
all point towards the involvement of the complement system in the deceased donor liver. 
The exact role of complement in the deceased donor liver and its consequences on liver 
transplant viability and survival remains unknown. Therefore more studies, especially 
focused on the complement-dependent balance between injury and regeneration in the 
liver, need to be conducted.

INTESTINAL TRANSPLANTATION

Challenges in intestinal transplantation
Intestinal transplantation (ITx) is the least common form of organ transplantation. The 
field of ITx is small, with only 6 ITx reported in 2017 by the Eurotransplant International 
Foundation (Figure 2). ITx is indicated for patients with intestinal failure who suffer 
from life-threatening complications when using parenteral nutrition. Despite the 
advances, ITx is still a challenging procedure due to multiple factors. First, the 
intestine is highly immunogenic because it consists of a large amount of lymphoid 
tissue, including the patches of Peyer and the mesenteric lymph nodes.65 Second, the 
intestine carries an enormous bacterial load. These characteristics create a fine balance 
between the maintenance of tolerance to healthy self-tissue and eliminating invading 
pathogens. Moreover, the intestinal mucosa is extremely vulnerable to injury, especially 
hypoxia injury, which is negatively associated with graft outcome.66 As a result of the 
susceptibility for hypoxia, DCD donor intestinal grafts are not yet accepted for ITx.67 This 
makes DBD donors the sole source for intestinal grafts. Despite major achievements 
in intestinal grafts retrieved from DBD donors, such as improved immunosuppression, 
the physiological abnormal state in the DBD donor still significantly compromises 
the viability of the intestine. Therefore, it is concerned that ITx is underutilized due to 
complex pathophysiological processes and difficulties to identify markers for intestinal 
injury.68

The complement system in intestinal transplantation
Hardly any studies are performed to unravel the pathophysiological processes in the 
intestine of a deceased donor, probably since the number of ITx performed per year is 
low. However, based on the few studies there are, it is likely that the deceased donor state 
causes significant alterations in the intestine and affects intestinal barrier function. The 
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degree of permeability already changes in response to a low level of pro-inflammatory 
cytokines, which results in the translocation of intestinal bacteria. The intestine contains 
microbial LPS, which is thought to be one of the most potent activators of the AP of 
the complement system. While earlier studies showed that LPS from different bacterial 
strains interact in qualitatively different ways with complement, LPS from gram-negative 
bacteria indeed induces consumption of complement.69 A study performed by Koudstaal 
et al. confirmed the involvement of LPS in the DBD donor by using a brain death model 
for rats. Rats subjected to 4 hours of brain death had higher serum levels of LPS and 
LPS-binding protein, as evidence of endotoxemia. Besides, mRNA gene expression levels 
of LPB were significantly higher in DBD rats than in living controls. DBD rats expressed 
a high inflammatory state, reflected by the strongly elevated levels of IL-6 and MCP-1.70 
The mentioned study shows enhanced intestinal permeability in DBD rats, which results 
in a high immunological response.

The observation that brain injury can rapidly induce significant damages to the intestine 
is demonstrated by a study of Hang et al. This study investigated the histopathological 
alterations of the intestinal mucosa in rats after 3-72 hours following brain injury. The 
intestinal mucosa was already severely damaged after 3 hours, reflected by shedding 
and apoptosis of epithelial cells, mucosal atrophy and loss of increase in intestinal 
permeability. The level of plasma endotoxin was positively related to the degree of 
intestinal permeability. Compared with the control group, serum endotoxin levels were 
significantly increased at 3, 12 and 24 hours with a maximal peak at 72 hours. The first 
peak of endotoxin levels, at 3 hours, might be the result of acute gut mucosal damage due 
to ischemia-induced sympathetic hyperactivation. The second peak of serum endotoxin 
might be induced by mucosal damage and increased epithelial necrosis, which occurs at 
72 hours.71 Whether complement is activated in the intestine of both the DBD and DCD 
donor remains to be elucidated. However, the current knowledge suggests that protection 
of the intestine in the multi-organ donor is necessary, since translocation of intestinal 
bacteria and endotoxin lead to a systemic inflammatory response syndrome and sepsis, 
with subsequent multi-organ failure.72

 Further research needs to focus on the exact role 
of complement activation in the deceased intestinal donor. This could not only create 
a new window of opportunity for immunosuppressive strategies, but also improve the 
clinical success of ITx.
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HEART TRANSPLANTATION

Challenges in heart transplantation
The technique for heart transplantation (HTx) was already developed in 1967. 
Nevertheless, it took more than a decade before immunosuppressive treatment strategies 
improved this technique to such an extent, that HTx became the gold standard treatment 
for end-stage heart diseases.73 In 2017, 548 heart transplants were performed in Europe, 
as registered by the Eurotransplant International Foundation (Figure 2). Both non-ischemic 
and ischemic cardiomyopathy are the underlying diagnoses responsible for over 80% 
of heart transplants.74 The increased need for HTx over the years led to the inevitable 
gap between donor demand and supply, analogous to other donor organs. Despite the 
attempt to minimize this gap by the introduction of techniques such as left ventricular 
assist devices (LVAD), these therapies mainly serve as a short-term, ‘bridge-to-transplant’ 
solution.

Unfortunately, the majority of potential heart donors is not procured and transplanted, 
for several reasons. First, most countries are limited to the use of DBD hearts, and do 
not utilize the DCD donor pool. Anxieties exist concerning warm ischemic injury to the 
myocardium after circulatory death, together with the inability to assess heart function. 
However, new techniques are being developed to tackle these issues. In an attempt to 
limit warm ischemia times, implementation of techniques such as in situ normothermic 
regional perfusion for thoracic organs are explored in order to convert from a DCD to 
a DBD-type procurement.75 In addition, normothermic regional perfusion provides the 
opportunity to functionally assess the donor heart. Furthermore, implementation of 
techniques such as ex situ heart perfusion are being studied.76 Despite its experimental 
nature it is suggested that those techniques lead to usage of more donor hearts, with 
comparable outcomes to the current gold standard of DBD HTx.77 A second reason for 
low procurement rates of potential donor hearts is the relatively strict cardiac donor 
selection criteria. Age <55 years old, appropriate hemodynamics and limited inotropic 
support are examples of selection criteria that impede suitability.78 Godino et al. showed 
that hemodynamic dysfunction represented the major cause for unsuitability of heart 
donors, a complication that occurs frequently in DBD donors.79

In terms of immunology, experimental transplantation models have shown that hearts 
have different rejection patterns compared to abdominal organs such as kidneys and 
livers, leading to higher rejection rates.73 These organ-specific differences in immunology 
might contribute to the differences seen in graft-survival rates between organs in human 
transplantation. Of importance, since the immunologically active state of the organ 
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already commences in the donor. Brain death in the DBD donor has shown to exacerbate 
post-transplantation cardiac IRI which subsequently reduces allograft survival, in which 
the complement system might play a key role.80

The complement system in heart transplantation
The role of the complement system in the deceased heart donor has only been studied in 
DBD donation, which raises questions for involvement in DCD donation. An experimental 
mouse study performed by Atkinson et al., showed increased local complement C3d 
deposition in the heart after brain death. C3d deposition was primarily seen in the 
vascular endothelium and surrounding myocytes, and in a significantly higher amount 
than in grafts from sham-operated mice. In addition, the mentioned study demonstrated 
that absence of C3 reduced cardiac damage, reflected by less endothelial swelling and 
lower serum levels of cardiac troponin I. Also, significantly less leukocytes infiltrated the 
heart tissue and gene expression of P-selectin, ICAM-1, VCAM-1, TNF-α and IL-1β were 
reduced upon brain death. In order to investigate whether therapeutically targeting C3 
would diminish DBD-induced cardiac damage as well, mice were treated with CR2-Crry 
after receiving a living or DBD heart. CR2-Crry is a complement inhibitor, that targets C3 
split products by binding local C3b deposits. Upon treatment with CR2-Crry, recipients 
who received DBD donor hearts showed reduced cardiac troponin I levels and histological 
injury scores, similar to levels of transplanted hearts from living donors. Thereby, CR2-Crry 
treatment diminished neutrophil and macrophage infiltration, and prolonged allograft 
survival of treated DBD donor hearts compared to untreated controls.81

Based on these studies, it is suggested that complement inhibitory strategies applied to 
the deceased donor may provide protection of the cardiac allograft. To see whether the 
results seen in rodent models are clinically relevant, Atkinson et al. analyzed complement 
deposition in human DBD heart biopsies and living donors. The human biopsies 
taken from DBD donors before implantation showed C3d complement deposition and 
inflammation in all grafts, compared to minimal C3d deposition in biopsies from living 
donor hearts. The complement staining patterns in human DBD hearts demonstrate 
that complement activation already occurs in the DBD donor, independently from the 
ischemia-reperfusion phase.80 However, the contribution of each activation pathway of 
the complement system in DBD heart injury is not fully known. The CP might be involved, 
since immunoglobulin M (IgM) complexes show similar distribution patterns as seen 
for C3d staining in murine DBD hearts.81 In human heart biopsies from both DBD and 
living donors stained for C4d, 50% of the cases showed C4d deposition in DBD biopsies 
before implantation into the recipient. In contrast, living donor hearts showed no C4d 
deposition at all, which again suggests a potential role for the CP in DBD-induced heart 
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injury.80 Whether the other complement activation pathways are involved as well, needs 
to be further elucidated. Furthermore, the role of the complement system in DCD heart 
donation requires additional attention. Zhang et al. investigated the role of natural 
immunoglobulins in a model for myocardial warm IRI and revealed that pre-existing 
IgM’s, which recognize ‘ischemic antigens’, are the main initiator of pathology through 
activation of the complement system.82 Given the variable warm-ischemia times in DCD 
donors, this might be an interesting field of future research.

LUNG TRANSPLANTATION

Challenges in lung transplantation
In 2017, 1.233 lung transplants have been performed in Europe, as registered by the 
Eurotransplant International Foundation (Figure 2). The most important indications for 
bilateral lung transplantation (LuTx) are Chronic Obstructive Pulmonary Disease (COPD), 
Cystic Fibrosis (CF), Interstitial Pulmonary Fibrosis (IPF) and Primary Pulmonary Arterial 
Hypertension (PPAH).83 Although the number of LuTx is much lower than the numbers of 
abdominal organs transplanted, donor shortage is an important issue in LuTx as well. This 
observation is mainly the result of a lower utilization rate of lungs than of abdominal 
organs. More than 70% of the donor livers and kidneys are procured and used for 
transplantation, while lungs are only suitable for transplantation in around 20% of the 
cases.84 Lung injury is an important reason for excluding donor lungs for transplantation, 
and is caused by the process of donor death and complications at the intensive-care 
unit.85

Most donor lungs are procured from DBD donors, in which the process of brain death 
leads to inflammation and pericapillary leakage, resulting in pulmonary edema.86 Those 
mechanisms of injury make the lung more susceptible to IRI and lead to poor graft 
survival rates of only 54% after 5 years.87 The last years attempts have been made to 
enlarge the donor pool. Examples are transplantation of lungs from DCD 3 donors, usage 
of extended-criteria donors, living-donor lobar lung transplantation, and application of 
the technique of ex vivo lung perfusion (EVLP) in an attempt to test and repair discarded 
donor lungs.88–91 So far, these attempts have demonstrated similar outcomes on graft 
survival compared to standard DBD lungs.92,93 However, these efforts have not yet closed 
the gap between supply and demand in LuTx and did not lead to improved graft survival.

From an immunological point of view the lung is an interesting organ, because of 
the continuous exposure to the outside environment, serving as a first line barrier to 
infection. As a result, the immunomodulatory treatment regimens in lung transplant 
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recipients make these patients more prone to fungal infections.94 This issue emphasizes 
the challenge to create a balance between infection and rejection. In order to do so, 
the exact immunological pathways involved in donor lung injury need to be further 
elucidated before development of novel immunosuppressive strategies, which tackle the 
issues of donor shortage and graft survival in the field of LuTx.

The complement system in lung transplantation
Complement in LuTx has mostly been studied in recipients, focused on the role of the 
complement system on lung IRI and rejection. However, Budding et al. demonstrated that 
the complement system is already involved from the first step of the lung transplantation 
process. The mentioned study showed that recipients who received a donor lung with 
a CD59 protein single nucleotide polymorphism (SNP) configuration, had a higher risk 
for chronic rejection after LuTx. Under normal circumstances CD59 acts as a regulatory 
protein, which suppresses MAC formation by binding C9 to C5b-C8 complexes, resulting 
into inhibited cell lysis. The presence of a CD59 SNP configuration affects CD59 
expression and sensitivity to complement-mediated cell lysis, which increases the risk for 
rejection in recipients who receive a CD59 SNP donor lung.95 These results suggest that 
C5b-9 is involved in donor-related lung injury. However, considering the direct effects 
of complement split-products such as C3a and C5a produced in the earlier steps of the 
complement system, the question is raised whether regulatory proteins of the terminal 
pathway should be the target of interest. In lungs, C5a, but also C3a, have shown to 
induce acute pulmonary injury by constriction of smooth muscle walls in bronchioles and 
pulmonary arteries, and cause focal atelectasis.96 C3a levels in plasma have additionally 
been described to be associated with later development of acute respiratory distress 
syndrome (ARDS) in polytrauma patients.97 Furthermore, C3a and C5a are known to attract 
and activate neutrophils.98,99 Of importance, since the amount of recruited and infiltrated 
neutrophils are associated with graft survival after LuTx.100 The beneficial effect of 
targeting the donor lung on the level of C3a has been demonstrated by Cheng et al. in a 
mouse model for LuTx. First, the study confirmed that the process of brain death induces 
donor lung injury. Pathology lung injury scores examining congestion, hemorrhage and 
inflammation, were significantly increased. Secondly, the amount of infiltrated neutrophils 
and macrophages were elevated in DBD mice compared to both sham-operated mice 
and living donor mice. Furthermore, a significantly elevated expression of complement 
receptor C3a (C3aR) in DBD donor lungs was found. The C3aR was mainly expressed on 
bronchial and epithelial cells and lung endothelium. Thereafter, targeting the C3aR with 
a nebulized complement C3a receptor antagonist was tested in a mouse model of LuTx. 
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Recipients of untreated DBD donor lungs showed aggravated IRI and acute rejection 
grades, which was ameliorated after treatment with the C3aR antagonist. IRI and acute 
rejection grades even returned to levels as seen after living-donor LuTx.101

Despite the limited amount of research performed on the topic of DBD-related lung injury, 
it is suggested that the complement system is already involved from the first step of the 
process, namely the donor. Of particular interest, given the observation that lungs are 
able to locally produce complement proteins. Pulmonary alveolar type II epithelial cells 
generate proteins of the CP and AP, in particular C2, C3, C4, C5 and factor B.102 Besides 
that, human bronchiolar epithelial cells are able to synthesize C3.103 However, literature 
on the mechanisms of the complement system in the lung donor and the contribution of 
local complement production in this pathophysiology is scarce. Which specific pathway 
should be the target of interest, and if treatment focused on those components will lead 
to improved graft survival without compromised defense mechanisms against pathogens, 
needs to be further investigated.

FUTURE PERSPECTIVES

The complement system regained new interest in the field of transplantation and the 
amount of acquired knowledge is increasing. The complement system was first studied 
in renal transplantation, revealing its potential role in reperfusion injury and survival. 
However, new studies elucidated that the complement system already plays a role from 
the first step of the transplantation process, in the donor.33 Other studies showed that 
this damage accumulates throughout the rest of the transplantation process.81 Striving 
to restore an immunologically overactive organ before implementation in the recipient 
may have advantages, in favor of transplantation outcomes in patients. The complement 
system might be a potential therapeutic target for this purpose, and not only in the 
field of renal transplantation. However, multiple knowledge gaps exist with regard to 
the topic of the complement system throughout the transplant process, which need to 
be elucidated before therapeutics can be implemented in the clinical setting. For some 
organs, the pace of research developments can be complicated by the small number of 
transplants performed. The intestines, for example, have only been transplanted 6 times 
in 2017, as registered by the Eurotransplant International Foundation (Figure 2).

One of the questions that remains unanswered with regard to complement-targeted 
interventions is the optimal timing of drug delivery to the donor graft. Different timing 
possibilities are 1) treatment in the organ donor, 2) during preservation, or 3) after 
implementation in the recipient. The main benefit of treating the organ donor is the 
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opportunity to target the immunologically overactive state of the organs, nearly directly 
after the damage has occurred. However, it should be considered that all organs will be 
subjected to the same type and dose of treatment. An important disadvantage of this 
strategy is the possibility that not all donor organs benefit from the same treatment. One 
organ might benefit from certain therapy, while the other organ might be even negatively 
affected. This is of particular importance for the liver, given the fine balance between 
injury and regeneration in this organ.63,64

The preservation state, however, provides a window of opportunity to treat the organ 
in an isolated manner. Various approaches are herein possible, which depends on the 
method of preservation. Cold static storage is the preservation technique with the longest 
history and is mostly used.1 Therapeutics can be added to the storage solution or organs 
can be infused just before cold static storage. The latter approach was demonstrated 
by Durigutto et al. who infused renal allografts with a targeted complement inhibitor, 
with beneficial results after reperfusion.49 However, the technique of cold storage 
is increasingly taken over by ex vivo perfusion systems. Various strategies in ex vivo 
perfusion are being practiced, such as different perfusion solutions and perfusion 
temperatures.1 Nevertheless, in all ex vivo perfusion strategies blood flow through the 
organ is mimicked, thereby reducing ischemia times. Besides, oxygen and other additives 
can be supplemented to the perfusate solution in order to preserve or improve the 
quality of the organ, which provides opportunities for complement therapeutics as well. 
As for the lungs, even ex vivo inhalation of therapeutics can be considered as a route of 
administration. An important benefit of treating the organ in an isolated manner is that 
a lower treatment dose might be required, especially in in organs with little metabolic 
activity. This might lower costs of complement-targeted therapies. However, little is 
known about the approach of treatment during preservation, especially with regard to 
the effect of treatment on donor-related injury. The few experimental studies that have 
been performed mainly focused on preventing or diminishing IRI, by treating unharmed, 
‘healthy’ organs with complement inhibitors during the preservation phase.48,56,104 
Therefore, the question whether inhibiting complement during the preservation phase 
has an effect on deceased donor-related injury as well, should still be investigated. 
Furthermore, it should be considered that the complement system might be activated by 
interaction with foreign materials.105

Finally, treatment of the organ after implementation in the recipient should be considered 
as a possible timing of drug delivery. It should be emphasized that donor-related graft 
injury is amplified by the inevitable event of IRI.81 Beneficial effects of treatment 
applied in the organ donor or the isolated graft might not cover this second-hit of injury, 
occurring in the latter phase of the transplantation process. Application of complement-
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therapeutics in the recipient might tackle this issue, as demonstrated by Ferraresso et al. 
in a rat model for HTx. They showed that treatment of the recipient with anti-C5 therapy 
prior to reperfusion, prevented IRI-induced graft injury.106 Nevertheless, possible adverse 
side effects of complement therapeutics in the recipient need to be elucidated before 
implementation in the clinics. Finally, it can be considered to combine multiple time 
points of drug delivery, of which the net effects need to be further studied.

Another unanswered question is the translatability of results from one organ, to other 
organ systems. Especially since most knowledge on the involvement of complement is 
gained from research in deceased donor kidneys, it is questioned whether those findings 
apply to other organs as well. In order to answer this question, more studies are needed 
that focus on unravelling the mechanisms of complement activation, specifically per 
organ and donor type. Especially, given the physiological dissimilarities between organs 
and the differences in mechanisms of pathophysiology between DBD and DCD donors. 
The role of the complement system has been underexposed mostly in DCD donation. Yet 
this will be of growing importance, since DCD donors are increasingly deployed in an 
attempt to expand the donor pool.

CONCLUSION

In conclusion, it has become evident that the complement system plays an important 
role in the donor, affecting all potential donor organs. To answer the question whether 
complement therapeutics should be clinically applied in the multi-organ donor, several 
uncertainties need to be elucidated first. These uncertainties include the timing, route 
of drug delivery and optimal target of complement therapeutics, complicated by 
dissimilarities in the pathophysiology of organs and differences between donor types. 
A tailor-made approach for each donor organ is pursued, aiming to improve the quality 
of donor grafts that possibly leads to an enlargement of the donor pool and improved 
outcomes after transplantation.
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ABBREVIATIONS
AP Alternative pathway
ARDS Acute respiratory distress syndrome
C1-INH C1-inhibitor
C3aR C3a receptor
C5aR1 C5a receptor 1
C5aR2 C5a receptor 2
CF Cystic fibrosis
CP  Classical pathway 
COPD  Chronic obstructive pulmonary disease
CRIg Complement receptor immunoglobulins
DAMPs Damage-associated molecular pattern molecules
DBD Donation after brain death
DCD Donation after circulatory death
DGF Delayed graft function
ECD Extended-criteria donor
EVLP Ex vivo lung perfusion
HTx Heart transplantation
IgM Immunoglobulin M
ITx Intestinal transplantation
IPF Idiopathic pulmonary fibrosis
IRI Ischemia-reperfusion injury
LiTx Liver transplantation
LP  Lectin pathway
LPS  Lipopolysaccharides
LuTx Lung transplantation
LVAD Left ventricular assist device
MAC Membrane attack complex
MASP  Mannan-binding lectin-associated serine protease
MBL Mannose-binding lectin
RTx Renal transplantation
PAMPs Pathogen-associated molecular pattern molecules
PPAH  Primary pulmonary arterial hypertension
RGD Aarginylglycylaspartic acid
sC5b-9 Soluble C5b-9
SCD Standard-criteria donor
sCR1 Soluble complement receptor-1
SNP Single nucleotide polymorphism
UW University of Wisconsin
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ABSTRACT

In brain-dead donors immunological activation occurs, which deteriorates donor lung 
quality. Whether the complement system is activated and which pathways are herein 
involved, remains unknown. We aimed to investigate whether brain death (BD)-induced 
lung injury is complement dependent, and dissected the contribution of the complement 
activation pathways. BD was induced and sustained for 3 hours in wildtype (WT) and 
complement deficient mice. C3-/- mice represented total complement deficiency, C4-

/- mice represented deficiency of the classical and lectin pathway and factor Properdin 
(P)-/- mice represented alternative pathway deficiency. Systemic and local complement 
levels, histological lung injury and pulmonary inflammation were assessed. Systemic 
and local complement levels were reduced in C3-/- mice. In addition, histological 
lung injury and inflammation were reduced, as corroborated by influx of neutrophils 
and gene expressions of IL-6, IL-8-like KC, TNF-α, E-selectin and MCP-1. In C4-/- mice, 
complement was reduced on both systemic and local level. Thereby, histological lung 
injury and inflammatory status were ameliorated. In P-/- mice histological lung injury was 
attenuated, though systemic and local complement levels, IL-6 and KC gene expressions 
and neutrophil influx were not affected. We demonstrated that BD-induced lung injury is 
complement dependent, with a primary role for the classical/lectin activation pathway.
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INTRODUCTION

Brain-dead donors are the major source for donor lungs, which are received by patients 
who suffer from end-stage lung disease.1 However unavoidably, the brain death (BD) 
process deteriorates donor lung quality due to hemodynamic instability, hormonal 
dysregulation and activation of the immune system.2–4 The complement system is part of 
the innate immune system, which consists of over 50 proteins present in plasma and on 
cell surfaces. The complement system can be activated through three pathways (Figure 
1): the classical pathway (CP), the lectin pathway (LP) and the alternative pathway (AP). 
Activation of each of these pathways leads to central complement component C3 and 
subsequently C5 activation. Upon C5 activation a complex is formed from the subunits 
C5b, C6, C7, C8 and C9 (C5b-9), also known as the membrane attack complex (MAC). 
The MAC is the end result of complement activation and forms transmembrane pores 
in the cell membrane. The membrane integrity of the targeted cell is disrupted, which 
leads to lysis and cell death.5,6 In brain-dead donors, an increase of C5b-9 is found in 
plasma.7 Thereby, local production of complement proteins has been described in kidneys 
derived from brain-dead donors, which was negatively associated with graft function 
after transplantation.8 As for lungs, the presence of complement activation in BD-induced 
pathophysiology was suggested by Cheng et al., who showed elevated expression of the 
C3a receptor in lungs upon BD.9

Understanding the role of complement activation upon BD might be critical to protect 
against BD-induced lung injury. The aim of this study was to investigate whether BD-
induced lung injury is complement dependent, and to dissect the contribution of the 
complement activation pathways. To this purpose, we subjected mice to 3 hours of BD 
and compared lungs from wildtype (WT) mice to lungs from complement deficient mice. 
C3-/- mice represented total complement deficiency, since all complement activation 
routes signal through central complement component C3. C4 is an important protein in 
both the CP and LP, therefore absence of the CP and LP was represented by C4-/- mice. The 
AP is stabilized by factor Properdin (P), hence AP deficiency was represented by P-/- mice.5
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Figure 1: Complement system. The complement system can be activated through three different pathways: 
the classical pathway (CP), the lectin pathway (LP) and the alternative pathway (AP). The CP is activated 
by antigen-antibody complexes binding to C1q, and the LP is activated by binding of mannose-residues 
on pathogens to mannose binding lectin (MBL). Activation of either the CP or the LP cleaves C4, which 
leads to downstream activation of C3. The AP is continuously activated due to spontaneous C3 hydrolysis, 
although only on low levels due to deactivation by complement regulators. However, when activated by 
external stimuli such as pathogens or surface molecules, AP activation is stabilized by factor Properdin 
(P), which leads to downstream activation of C3. All three activation pathways signal through C3, which is 
cleaved into C3a and C3b. C3b splits C5 into C5a and C5b, with subsequent generation of the membrane 
attack complex (MAC) C5b-9. The MAC is the end-result of complement activation, forming a pore in the 
cell membrane which induces cell lysis. Split products C3a and C5a are anaphylatoxins, which further 
stimulate the inflammatory response.

150358-vanzanden-layout.indd   174150358-vanzanden-layout.indd   174 17/05/2021   15:4717/05/2021   15:47



175

Complement in brain death-induced lung injury

MATERIALS & METHODS

Mice
Male WT, C3-, C4- and P-deficient mice, all on C57Bl/6 background, were provided 
by C. Stover (University of Leicester, Leicester, UK) and J.S. Verbeek (University of 
Leiden, Leiden, the Netherlands).10,11 Mice were bred in the local animal facility in the 
University Medical Center Groningen and received humane care in compliance with the 
‘Principles of Laboratory Animal Care’ and the 'Guide for the Care and Use of Laboratory 
Animals'.12 Mice between 8-12 weeks of age, with a weight of 25-28 g were used. The 
experimental protocol was approved by the local animal ethics committee according to 
the Experiments on Animals Act.13

Experimental groups
BD was induced in 4 groups: 1) WT mice (n=4), 2) C3-/- mice, representing total complement 
deficiency (n=8), 3) C4-/- mice, representing CP and LP deficiency (n=8) and 4) P-/- mice, 
representing AP deficiency (n=8). Sham-operated mice (n=3) served as control.

Brain death induction and lung procurement
The BD procedure was performed according to a previously described model.14 Mice 
were anaesthetized with 5% isoflurane/100% O2. The right carotid artery and left 
jugular vein were cannulated for mean arterial pressure (MAP) measurements and fluid 
administration. Intubation was performed after tracheostomy using a 20G intravenous 
catheter. Mice were lung-protective ventilated on a mouse ventilator Minivent type 845 
(Harvard apparatus, Holliston, MA, USA), with a respiratory rate of 190 breaths/min, a tidal 
volume of 225 μl/stroke and a positive end-expiratory pressure (PEEP) of 1 cm H2O. Body 
temperature was monitored and maintained at 37˚C. In prone position, a frontolateral 
hole was drilled through the skull and a Fogarty balloon catheter was inserted in the 
epidural space. BD was induced by inflation of the balloon with 14 μl saline/min, until 
a total of 70 μl was reached. Isoflurane was switched off after confirmation of BD by 
performing an apnea test. The balloon remained inflated during the experiment. The 
first 30 min after BD induction, mice were ventilated with 100% O2. Thereafter, the 
ventilator was switched to 50% O2/50% medical air. MAP was continuously monitored 
and maintained above 60 mmHg. To prevent blood pressure drops, 50 μl of a saline/
lepirudin mixture (12 μg/ml) was administered every 15 min. Lepirudin (Celgene Summit, 
NJ, USA) was used as anticoagulant, since heparin can affect complement activity.15 In 
case of hypotension despite the standard fluid regimen, extra saline was administered up 
to a total maximum of 1200 μl. BD was maintained for 3 hours, after which lungs were 

150358-vanzanden-layout.indd   175150358-vanzanden-layout.indd   175 17/05/2021   15:4717/05/2021   15:47



176

Chapter 8

procured. Sham-operated mice were subjected to the same procedure, without inflation 
of the balloon catheter, and ventilated for 5 min under anesthesia with a mixture of 2.5% 
isoflurane/100% O2 before lung procurement. Lungs were partially formalin-fixed and 
paraffin embedded, and partially snap-frozen in liquid nitrogen.

RT-qPCR
RT-qPCR was performed to detect the level of pro-inflammatory gene expressions 
in donor lungs. Total RNA was extracted from frozen lungs using TRIzol (Invitrogen 
Life Technologies, Breda, the Netherlands), according to manufacturer’s instructions. 
RNA integrity was confirmed by gel electrophoresis and DNAse I (Invitrogen) was 
used to remove genomic DNA. RNA to cDNA synthesis was performed according to 
manufacturer’s instructions. The Taqman Applied Biosystems 7900HT RT-qPCR system 
(Applied Biosystems, Carlsbad, USA) was used to amplify and detect RT-qPCR products, by 
measuring SYBR green (Applied Biosystems) emission. Thermal cycling was initiated with 
a hot start on 50 °C and increased to 95 °C for denaturation. Thereafter, the annealing 
step and DNA synthesis were achieved after 40 repeated cycles at 60 °C. Generation 
of single, specific amplicons were confirmed by melt curve analyses. CT-values were 
corrected for house-keeping gene β-actin and expressed relative to the mean CT-value of 
WT sham-operated mice.

iC3b ELISA
C3b/iC3b/C3c was measured in plasma as described previously, to quantify systemic 
complement activation at the level of complement C3.16 A rat anti-mouse monoclonal 
antibody against C3b/iC3b/C3c was used as capture antibody (Hycult Biotech, Uden, 
the Netherlands). C3b/iC3b/C3c was detected with a biotinylated rabbit anti-mouse 
polyclonal antibody against C3 (Hycult). A standard curve was created from zymosan 
activated serum and fresh normal mouse serum. C3b/iC3b/C3c in the samples was 
determined on the basis of the standard curve and expressed in arbitrary units/ml (AU/
ml). Samples were analyzed in duplicate and measured at an OD of 450 nm.

Lung morphology
Paraffin sections (4μm) were stained with hematoxylin and eosin (H&E) to assess lung 
morphology. Tissue areas were quantified according to a lung injury score, as described 
before.17 Briefly, 10 snapshots on 400x magnification were scored for 5 independent 
variables: A) neutrophil infiltration in interstitium and alveolar space, B) alveolar septal 
thickening, C) intra- and extra-alveolar hemorrhage, D) intra-alveolar edema and E) 
over-inflation. Neutrophil infiltration scores (A) were derived from automated scoring 
in Ly6G stained sections as described below. Sections were graded from 0-4: 0 = <10 
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neutrophils/50 snapshots, 1 = 10-20 neutrophils/50 snapshots, 2 = 20-40 neutrophils/50 
snapshots, 3 = 40-60 neutrophils/50 snapshots and 4 = 60–80 neutrophils/50 snapshots. 
Variables B-E were graded as 0 = negative, 1 = slight, 2 = moderate, 3 = high and 4 = 
severe. Lung injury scores were calculated by the sum of the variables after morphological 
examination was performed by two blinded investigators.

Immunohistochemistry
Paraffin-embedded lung sections (4μm) were stained for neutrophils and local MAC 
formation. After deparaffinization and antigen retrieval, sections were blocked with 
endogenous peroxidase for 30 min. For neutrophil staining, primary antibody Ly6G (10 
μg/ml, eBioscience, San Diego, CA, USA), was incubated for 1 hour at room temperature. 
Thereafter, sections were incubated for 30 min with appropriate horseradish peroxidase-
conjugated secondary and tertiary antibodies (Dako, Carpenteria, CA, USA). Reaction 
was developed by 3,3’-diaminobenzidine (DAB)-peroxidase substrate solution. For MAC 
staining, primary antibody C9 (2 μg/ml, kindly provided by C. van Kooten, Leiden University 
Medical Center, the Netherlands) was incubated overnight at 4 °C and the secondary 
horseradish peroxidase-conjugated antibody was incubated for 30 min. Reaction was 
developed by 3-amino-9-ethylcarbazole (AEC, Dako). Sections were counterstained with 
hematoxylin and embedded in Aquatex mounting agent (Merck, Darmstadt, Germany). 
For quantification of neutrophils, 50 fields per slide were analyzed with ImageJ software 
(National Institutes of Health, Bethesda, USA). MAC complex formation was semi-
quantitative quantified by two independent, blinded observers using Aperio ImageScope 
(Leica Biosystems, Vista, CA, USA). Amount and intensity of staining were graded from 0-3 
(0 = negative, 1 = mild, 2 = moderate and 3 = severe).

Statistics
Statistical analyses were performed with IBM SPSS Statistics 23 (IBM Corporation, New 
York, USA). Kruskal-Wallis tests were performed for multiple comparisons between groups. 
Mann-Whitney U tests were used as a post-hoc test to compare differences between two 
groups. Outliers were identified by Grubb’s test and excluded from analyses. All statistical 
tests were 2-tailed and p<0.05 was considered significant. Data are presented as mean ± 
standard deviations (SD).
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RESULTS

Brain death induces systemic and local complement activation
To investigate whether the complement system is involved in the pathophysiology 
of BD, we assessed both systemic and local complement activation in WT brain-dead 
versus WT sham-operated mice. Levels of iC3b in plasma were measured as a marker 
for systemic complement activation, since its presence is a direct result of activation of 
the complement cascade.18 When compared to WT sham-operated mice, WT brain-dead 
mice showed significantly higher levels of iC3b in plasma (Table 1). On a local level, 
gene expression levels of C3 were assessed in lung tissue and histological deposition 
of C9 was quantified, of which the latter reflects MAC formation, the final step in the 
complement activation cascade.19 Lungs of WT brain-dead mice showed elevated local 
C3 gene expression levels and more C9 deposition than lungs of WT sham-operated 
mice (Figure 2A-C). As expected, C3-/- brain-dead mice lacking the central complement 
component, showed absence of systemic and local complement deposition (Figure 2A,D). 
Next, we investigated involvement of the CP/LP and AP in BD-induced complement 
activation. Systemic complement activation was significantly reduced in C4-/- brain-dead 
mice, representing the CP/LP, when compared to WT brain-dead mice (Table 1). In addition, 
local C3 gene expression levels and deposition of C9 were significantly diminished in 
C4-/- brain-dead mice (Figure 2A-B,E). In contrast, systemic complement activation did 
not differ between P-/- brain-dead mice and WT brain-dead mice (Table 1), as well as 
local gene expression levels of C3 and deposition of C9 (Figure 2A-B,F). These results 
demonstrate that BD induces systemic complement activation and local MAC formation, 
primarily via the CP/LP.

Table 1: Systemic iC3b levels in plasma

Strain Pathway iC3b (AU/mL) Standard deviation (AU/mL)

WT BD - 20.56 2.59

WT sham - 10.43** 0.32

C3-/- All 0.00*** 0.00

C4-/- CP/LP 15.64* 2.17

P-/- AP 16.35 3.54

*Denotes significant differences in comparison to WT brain-dead mice. *p<0.05, **p<0.01, ***p<0.001.
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Brain death-induced histological lung injury is reduced in absence of a 
functional classical/lectin and alternative pathway
To investigate whether BD induces lung injury, we assessed histological lung damage in 
WT brain-dead mice versus WT sham-operated mice. WT brain-dead mice showed more 
pronounced histological lung injury when compared to WT sham-operated mice (Figure 
3A-C). Next, we investigated whether a dysfunctional complement system attenuated BD-
induced lung injury. Since all complement activation pathways signal through C3, C3-

/-mice represented total complement deficiency.5 Histological lung injury in C3-/- brain-
dead mice was significantly reduced, when compared to lungs from WT brain-dead mice 
(Figure 3A-B,D). Next, we assessed the involvement of the CP/LP and AP in BD-induced 
lung injury by comparisons between WT brain-dead mice versus C4-/- and P-/- brain-
dead mice. Both C4-/- and P-/- brain-dead mice showed diminished histological damage 
compared to WT brain-dead mice (Figure 3A-B,E-F). Collectively, these results show that 
BD-induced lung injury is attenuated in absence of a functional complement system, and 
shows involvement of both the classical/lectin and alternative complement activation 
pathways.

The classical/lectin activation pathway is mainly involved in brain death-
induced pulmonary inflammation
Pulmonary inflammation upon BD was assessed by neutrophil-influx and cytokine 
expressions in WT brain-dead versus WT sham-operated mice. WT brain-dead mice 
showed increased neutrophil influx, when compared to WT sham-operated mice (Figure 
4A-C). In addition, gene expression levels of pro-inflammatory cytokines IL-6 and TNF-α, 
chemokine MCP-1 and adhesion molecules E-selectin and VCAM-1 were significantly 
higher in WT brain-dead mice than in WT sham-operated mice. IL-8-like keratinocyte 
chemoattractant (KC) was reduced in sham-operated mice, although not significant 
(Figure 5A-C). In lungs from C3-/- brain-dead mice, the number of infiltrated neutrophils 
was significantly lower than in WT brain-dead mice (Figure 4A-B,D) Additionally, pro-
inflammatory gene expressions of IL-6, TNF-α, KC, MCP-1, E-selectin and VCAM-1 were 
downregulated in C3-/- brain-dead mice compared to WT brain-dead mice (Figure 5A-
C). As for CP/LP activation, less neutrophil infiltration was observed in lungs from C4-/- 
brain-dead mice than in lungs from WT brain-dead mice (Figure 4A-B,E). Thereby, gene 
expressions of IL-6, TNF-α, KC, MCP-1 and E-selectin were pronouncedly downregulated 
in C4-/- brain-dead mice. Nevertheless, VCAM-1 gene expression was not affected in C4-

/- brain-dead mice (Figure 5A-C). In P-/- brain-dead mice representing the AP, neutrophil 
influx was similar to WT brain-dead mice (Figure 4A-B,F). Gene expressions of TNF-α, 
MCP-1 and E-selectin were significantly downregulated in P-/- brain-dead mice when 
compared to WT brain-dead mice, although IL-6, KC and VCAM-1 gene expressions were 
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Figure 5: Brain death-induced pro-inflammatory gene expression is attenuated in absence of a functional 
classical/lectin and alternative pathway. Brain death (BD) was induced in wildtype (WT) mice, central 
complement C3-/- mice, C4-/- mice and P-/- mice. C3-/- mice represented total complement deficiency and C4-

/- mice and P-/- mice respectively represented deficiency of the classical/lectin and alternative complement 
activation pathway. Sham-operated mice served as controls. (A) mRNA gene expressions of cytokines IL-6 
and TNF-α. (B) mRNA gene expressions of chemokines KC and MCP-1. (C) mRNA gene expressions of 
adhesion molecules E-selectin and VCAM-1. Data are shown as expression relative to β-actin. Values of 
sham-operated mice are set at 1, the other values were calculated accordingly. Data are presented as 
mean ± SD. *p<0.05, **p<0.01. Asterisks indicate significance relative to WT brain-dead mice.
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not affected (Figure 5A-C). Taken together, the CP/LP seems mainly involved in neutrophil 
influx and pulmonary inflammation upon BD, while the AP seems to be moderately 
involved.

DISCUSSION

Activation of the immune system upon BD has been widely recognized and described in 
literature.2,4 However, the role of complement activation in BD has been underexposed, 
especially with regard to donor lungs. In this study, we investigated whether BD-induced 
lung injury is complement dependent, and which pathways are herein involved. We 
showed that BD-induced lung injury is dependent on activation of the complement 
system, and elucidated a primary role for the CP and/or LP activation pathway.

In both pre-clinical and clinical studies, the BD process is described to augment cytokine 
formation, worsen lung morphology and increase cellular influx.2,9,20 Consequently the 
donor lung is injured, which aggravates primary graft dysfunction and graft failure upon 
transplantation.2,21 Our model reflected BD-induced lung injury, as corroborated by 
worsened lung morphology and an increase in neutrophil influx in WT brain-dead mice, 
when compared to WT sham-operated controls. Besides, we observed the BD-induced 
cytokine storm in line with previous studies, as supported by increased levels of IL-6, 
TNF-α, MCP-1, E-selectin and VCAM-1 in brain-dead mice, when compared to sham-
operated controls.2,9,20

The presence of complement activation in BD-induced pathophysiology was previously 
suggested by Cheng et al. They found elevated mRNA and protein expressions of the C3a 
receptor in lungs donated after BD, when compared to lungs derived from living mice.9 In 
our study, we showed that complement is activated on a systemic level, as corroborated by 
increased plasma levels of iC3b in WT brain-dead mice compared to WT sham-operated 
mice. On a local level, we demonstrated MAC formation in lungs from brain-dead mice 
by the presence of C9 deposition. In contrast, C9 deposition was absent in sham-operated 
mice. Clinical importance of the MAC in brain-dead donors and its detrimental effect 
on recipient graft survival has previously been emphasized by Budding et al.22 In this 
study, they described that lung transplant recipients are at higher risk for chronic 
rejection, when receiving donor lungs with a CD59 single nucleotide polymorphism 
(SNP) configuration. Under normal circumstances, CD59 acts as a potent MAC-regulatory 
protein.5 However, in donor lungs with a CD59 SNP expression, the regulatory function 
of CD59 is disturbed, which lowers the threshold for MAC activation and cell lysis. Based 
on the mentioned study, dysregulation of the complement system in the donor seems an 
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important contributing factor to donor lung quality and survival. In this study, we showed 
that BD-induced lung injury is indeed complement dependent. This was corroborated 
by improved lung morphology scores, attenuated neutrophil infiltration and reduced 
pro-inflammatory gene expressions in brain-dead C3-/- mice, which represented total 
complement deficiency. Thereby, C9 deposition was absent in lungs from C3-/- mice, 
which supports that MAC formation is prevented in absence of central component C3. 
No studies have previously been published on complement deficiency or blockade on a 
C3 level in lungs from brain-dead donors. However, Atkinson et al. studied the effect of 
C3 deficiency in hearts from brain-dead donors, and showed similar beneficial results in 
cardiac histology and inflammatory gene expression.23

We studied the contribution of complement activation pathways in BD-induced 
lung injury in C4-/- and P-/- mice, which represented, respectively, the CP/LP and the AP. 
Improved histology, attenuated neutrophil infiltration and reduced cytokine expression in 
C4-/- mice strongly suggests CP and/or LP involvement in BD-induced lung injury. P-/- mice 
showed less pronounced results based on unaltered numbers of infiltrated neutrophils 
and unaffected gene expression levels of IL-6 and KC, which suggests that the AP is to 
a lesser extent involved in BD-induced lung injury. Besides that, reduced C9 deposition 
in C4-/- mice but unaffected C9 deposits in P-/- mice, implies that BD-induced MAC 
formation runs mainly through the CP and/or LP. Based on these results, we speculate 
that the AP serves more as an amplifier than an initiator in complement activation upon 
BD, a role that has been described for the AP before.24 To our knowledge, no previous 
studies dissected the contribution of the classical/lectin and alternative complement 
activation pathways in BD-induced lung injury. Though in hearts from brain-dead mice, 
Atkinson et al. showed IgM deposition, which can form antigen-antibody complexes and 
activate the CP.23 Moreover, they showed C4d deposition in hearts from human brain-
dead donors, which further supports involvement of the CP.25 Nevertheless, it should be 
noted that dissimilarities between physiology of organs might lead to different ways 
of complement activation.26 Therefore, it remains important to study contribution of 
different complement components in the organ of interest.

Complement-targeted therapies in the donor may reduce BD-induced lung injury, which 
potentially improves transplantation outcomes in recipients. While inhibition on the 
level of C3 seems a promising target, central complement inhibition might increase 
susceptibility to infections.27 Especially in lungs, given their function as a first line barrier 
defense to micro-organisms. With regard to activation pathways, we speculate that the 
CP and/or LP are potential targets to treat BD-induced lung injury, which leaves the AP 
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functional for complement activation. A functional AP is important, since aspergillus 
infection, a common complication in lung transplantation recipients, is known to be 
eliminated via the AP.28

This study serves as a first step in the identification of promising complement targets 
in BD-induced lung injury. However, one limitation of our study is that the contribution 
of the CP versus the LP was not further dissected, which should be considered in future 
studies. Furthermore, it should be noted that complement deficiency might show 
different results than complement inhibition of the same protein. To enable a more 
accurate translation to therapeutic options, the effect of complement inhibitors on BD-
induced lung injury needs to be investigated. Topics that herein require attention are 
the identification of cells responsible for complement activation, and the most effective 
administration route of complement-targeted therapeutics. In this study, we identified 
BD-induced complement activation on both a systemic and local level, as corroborated 
by systemic iC3b levels and local C9 deposition. C9 deposition reflects MAC formation, 
the final step in the complement activation cascade. However, it should be noted that 
absence of C9 does not rule out the presence of upstream chemotactic split products 
such as C3a and C5a, which on itself might provoke influx and activation of inflammatory 
cells.5,6 From the results of this study, it is suggested that both systemic and local 
therapies might be beneficial to attenuate BD-induced lung injury, such as intravenous 
or inhaled therapeutics. A possible benefit of systemic treatment in the organ donor, is 
the ability to treat all potential donor organs damaged by the BD process. However, it 
should be noted that not all organs might share the same target to inhibit BD-induced 
complement activation, thus favouring local treatment modalities.26 Earlier studies 
described pulmonary alveolar type II epithelial cells as capable to secrete complement 
proteins C2, C3, C4, C5 and factor B.29 Furthermore, bronchiolar epithelial cells seem able 
to generate C3.30 However, besides resident lung cells, circulating immune cells recruited 
to the pro-inflammatory environment of the lung, might contribute to complement 
activation. The pathophysiology of BD is described to alter the haemostatic status of 
organ donors, in which amongst others, activation of blood platelets occurs.31 The link 
between complement activation and thrombosis has been widely described in literature.32 
Recently, it has been shown that complement proteins can be expressed on the surface of 
blood platelets, in which both the classical and alternative pathway may be involved.33,34 
We consider the identification of complement producing cells and their contribution to 
BD-induced complement activation an important factor in the search for complement 
therapeutics in the brain-dead organ donor. Lastly, addition of a transplantation model 
might enhance translatability to the human transplant setting in future studies. This 
study was designed to focus on BD-induced lung injury alone. Therefore, we did not 
address the effect of complement inhibition on lung functionality after transplantation.
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We consider this study to be of importance for both scientists and clinicians, since we 
provide a foundation in understanding the role of complement activation in BD-induced 
lung injury. In this study, we demonstrated that BD-induced lung injury is complement 
dependent, with a primary role for the CP and/or LP activation pathway.
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ABBREVIATIONS
AEC 3-amino-9-ethylcarbazole
AP Alternative pathway
BD Brain death
CP Classical pathway
DAB 3,3’-diaminobenzidine
H&E Hematoxylin and eosin
KC Keratinocyte chemoattractant
LP Lectin pathway
MAC Membrane attack complex
MAP Mean arterial pressure
MBL Mannose binding lectin
P Factor properdin
PEEP Positive end-expiratory pressure
SD Standard deviation
SNP Single nucleotide polymorphism
WT Wildtype
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SUMMARY AND GENERAL DISCUSSION

Lung transplantation remains a treatment of last resort for patients suffering from 
end-stage lung diseases, such as chronic obstructive pulmonary disease, cystic fibrosis 
and idiopathic pulmonary fibrosis. However, the global discrepancy between available 
donor lungs and waitlist recipients is extensive, which leads to a considerable number 
of patients dying on the waiting list. In the year 2019, 1375 lung transplants were 
performed throughout Europe, as registered by the Eurotransplant International Foundation. 
Nevertheless, 107 patients died while on the waiting list or were considered unfit for lung 
transplantation and at the end of 2019, 671 patients were still awaiting a suitable donor 
lung.1 A major issue in the short supply of donor lungs is their susceptibility to injury, 
since worldwide only 20-30% of the potential donor lungs are considered suitable for 
transplantation.2,3 Besides ventilation injury and intensive care-unit related complications, 
the pathophysiology of brain death (BD) itself detrimentally affects the quality of donor 
lungs due to hemodynamic changes and activation of the immune system.4 Optimizing 
quality of donor lungs might increase the procurement yield and eventually narrow the 
gap between organ supply and demand. This thesis focuses on immunomodulation of 
donor lungs from brain-dead donors, with the aim to improve donor lung quality. First, 
we elucidated pathophysiological mechanisms upon different modes of BD. Next, we 
studied the significance of the traditional and versatile drug methylprednisolone in the 
treatment of BD-induced lung injury and explored the potential of an ex vivo treatment 
approach. Finally, we investigated the potential of complement-specific strategies in 
immunomodulation of donor lung grafts. The findings of this thesis contribute to the 
currently available knowledge on immunoregulation of potential donor lungs, and 
identifies new targets to treat BD-induced lung injury.

BD is defined by the irreversible loss of all functions of the brain and brainstem. In 
brain-dead donors the circulation remains intact, while ventilation is required to prevent 
apneas.5 An increase of intracranial pressure (ICP) beyond the systemic mean arterial 
pressure is considered the primary mechanism of BD. As a consequence, cerebral blood 
flow is obstructed, which leads to ischemia of the brain and brainstem.6 The speed of ICP 
increase differs between various causes of BD. Traumatic brain injury is the most common 
cause of a fast ICP increase, while cerebrovascular evens such as hemorrhagic stroke 
usually refer to a slower increase in ICP.7,8 In Chapter 2, we studied whether the speed of 
ICP increase affects quality of donor lungs from brain-dead donors, investigated in a rat 
model for fast versus slow BD induction. In this study, we show that the pathophysiological 
mechanisms of fast BD are more detrimental to donor lung quality than slow BD induction. 
Rats subjected to fast BD were more hemodynamically compromised and required more 
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inotropic support. In addition, histological lung injury scores were more pronounced in 
lungs subjected to fast BD than in lungs subjected to slow BD. Nevertheless, the BD-
induced inflammatory response was comparable between fast and slow BD induction 
in our model. Activation of the immune system upon BD is associated with increased 
rejection rates of donor lungs after transplantation.9 Methylprednisolone is a long-
established corticosteroid drug with a wide range of physiologic effects, applied in the 
treatment of multiple inflammatory diseases.10 In an attempt to improve hemodynamic 
stability of the donor and lung function after transplantation, methylprednisolone 
treatment of the brain-dead lung donor is recommended in most clinical guidelines. 
However, treatment regimens vary from fixed single doses of 1 - 5 g methylprednisolone 
to weight-based doses ranging from 15 – 60 mg/kg methylprednisolone, which suggests 
that methylprednisolone treatment guidelines can be optimized in terms of dosing.11 In 
Chapter 3, we studied the effect of 3 different doses methylprednisolone on the BD-
induced inflammatory response of rat donor lungs. We showed that an intermediate 
dose of 12.5 mg/kg methylprednisolone is the optimal dose to treat BD-induced lung 
inflammation in rats. Upon treatment with 12.5 mg/kg methylprednisolone, gene 
expressions of general cytokines were reduced, in addition to chemokines involved in 
chemotaxis of neutrophils and macrophages. Furthermore, we found an upregulation of 
IL-10 gene expression levels, which suggests that an anti-inflammatory shift is induced. 
However, despite the presumable benefits of methylprednisolone treatment for donor 
lungs, it should be noted that the wide effect range of methylprednisolone might be 
accompanied by adverse side effects when administered in the multi-organ donor. With 
regard to kidneys and livers, the effect of methylprednisolone on organ quality seems 
questionable and possibly even detrimental.12,13 Therefore, isolated methylprednisolone 
treatment of potential donor lungs might be preferable.

Ex vivo lung perfusion (EVLP) is a new, clinically applied technique used to assess donor 
lungs with questionable quality in an isolated manner.14 In Chapter 4, we describe 
our first clinical experiences with this technique. Initially discarded donor lungs were 
assessed on the EVLP platform and either considered suitable for transplantation or 
declined. Lungs transplanted after EVLP showed similar patient survival, post-transplant 
pulmonary function, primary graft dysfunction and chronic lung allograft dysfunction 
rates as conventional donor lungs. As a result, the number of lung transplants increased 
by 6.4% over 4 years. In addition to using EVLP as an assessment platform, this technique 
can be applied as a treatment platform with the aim to improve damaged donor lungs. 
In clinically applied EVLP, methylprednisolone is traditionally added to the acellular 
perfusate. However, whether BD-induced lung injury is ameliorated upon treatment with 
methylprednisolone during EVLP, remained unknown. In order to answer this question, 
we first developed a rat EVLP model in our laboratory, presented in Chapter 5. We 
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successfully established a stable rat model for EVLP, and describe tricks and pitfalls in 
the application of this model. In Chapter 6, we next used the newly developed rat EVLP 
model to investigate whether ex vivo methylprednisolone treatment affected BD-induced 
lung injury. In this study, we compared ventilation and perfusion parameters, metabolic 
profile and inflammatory status of lungs from brain-dead donors to lungs from brain-
dead donors treated with methylprednisolone during EVLP. Methylprednisolone treated 
lungs from brain-dead donors showed better ventilation performance, attenuated lactate 
production and downregulated pro-inflammatory gene expressions, when compared 
to untreated lungs from brain-dead donors. Thus, the results of this study suggest that 
ex vivo methylprednisolone treatment of lungs from brain-dead donors attenuates BD-
induced lung injury.

Expanding the current knowledge on BD-induced inflammatory mechanisms might 
inspire to a more targeted approach in the optimization of donor lungs. As part of 
the innate immune system, the complement system has regained interest in the field 
of transplantation. Initially, complement activation was described in the context of 
renal ischemia-reperfusion injury (IRI).15 More recently, other studies showed that 
the complement system is already activated from the first step of the transplantation 
process, in the deceased organ donor.16 In both brain-dead donors and donors deceased 
after circulatory arrest, systemic complement levels of C5b-9 were elevated in plasma, 
which was associated with tissue injury and acute rejection of the donor kidney.17 While 
originally most complement-related research was focused on kidney transplantation, the 
acquired knowledge is now extended to other organ systems as well. In Chapter 7, we 
provide an overview of the current knowledge on complement activation in the multi-
organ donor. Furthermore, complement therapeutics that already have been tested in the 
donor, are discussed. However, as elaborately discussed in this review, it should be noted 
that not all potential donor organs might share the same target to inhibit BD-induced 
complement activation. Cheng et al. already suggested the presence of complement 
activation in BD-induced lung injury. In their study, elevated mRNA and protein 
expressions of the C3a receptor were observed in donor lungs from brain-dead rats, when 
compared to healthy controls.18 In Chapter 8, we further demonstrated that complement 
is activated on a systemic level in brain-dead mice, when compared to sham-operated 
mice. In addition, we investigated the complement activation pathways involved in BD-
induced inflammation. To this extent, we induced BD in wildtype (WT) versus complement 
deficient mice. We showed that BD-induced lung injury was ameliorated in mice lacking 
the central complement component C3, which suggests that BD-induced lung injury is 
complement dependent. In addition, we showed that histological lung injury, neutrophil 
infiltration and local complement production were most pronouncedly attenuated in C4 
deficient mice. These results suggest a primary role for the classical/lectin activation 
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pathway in BD-induced lung injury. To our knowledge, no previous studies dissected 
the contribution of the different complement activation pathways in BD-induced lung 
injury. However, in hearts from brain-dead mice, Atkinson et al. already demonstrated the 
involvement of the classical pathway as demonstrated by IgM and C4d deposition.19,20 
Nevertheless, dissimilarities in anatomy, physiology and immunology between hearts 
and lungs, emphasize the importance to study the contribution of different complement 
components in the organ of interest.

FUTURE PERSPECTIVES

The results of this thesis expand on the currently available knowledge on donor lung 
injury upon BD and immunomodulation of the potential donor lung. Of importance, since 
the findings of this thesis contribute to the quest of improving donor lung quality for 
transplantation. Nevertheless, the search continues and new questions have emerged, 
which should be considered in future research.

Careful selection of donor lungs and accurate donor management strategies contribute 
to improved outcomes after lung transplantation.2 From our results in Chapter 2, it is 
suggested that traumatic brain injury detrimentally affects donor lung quality more than 
non-traumatic causes of BD. Therefore, cause of death might be considered in clinical 
donor selection and management. The currently applied lung donor score (LDS) in Europe 
is adapted from the original Oto score by the Eurotransplant International Foundation.21,22 
Based on this score, donor lung quality is quantified based on six variables which 
include age, donor and smoking history, oxygenation ratio and findings on X-ray or at 
bronchoscopy. Donor cause of death is not specifically included in the LDS, although 
consequences of traumatic brain injury such as edema formation might indirectly be 
included in the score due to abnormal X-ray findings. Few clinical studies addressed the 
cause of donor death in relation to transplantation outcome, with inconsistent results. 
While Waller et al. did not find any differences in early graft function and recipient 
outcome, Ciccone et al. reported higher cases of acute and chronic rejection in recipients 
that received donor lungs from donors deceased after traumatic brain injury when 
compared to non-traumatic causes of BD.23,24 The absence of consensus with regard to this 
topic, emphasizes the importance of further research. Besides donor cause of death, the 
factor sex matching has regained new interest in the field of transplantation. Currently, 
donor and recipient sex are not directly considered nor matched for transplantation. 
However, it is suggested that survival after lung transplantation is shortened when a 
female donor lung is received by a male recipient.25 A possible explanation for this 
phenomenon is the involvement of sex hormones on BD-induced lung injury. In a septic 
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environment, females are better immunologically protected and female hormones such 
as estradiol have shown to modulate generation of inflammatory mediators.26,27 However 
in the pathophysiology of BD pituitary failure occurs, which leads to a sharp reduction of 
estradiol and progesterone. As a result, IL-8 like CINC-1 gene expressions and leukocyte 
infiltration is significantly increased in female lungs from brain-dead donors when 
compared to male lungs from brain-dead donors.28 These findings suggest that female 
donor lungs are more susceptible to BD-induced injury than male donor lungs, due to the 
loss of protecting hormones. In this thesis, only male laboratory animals were studied. 
Currently, in collaboration with the University of São Paulo, we are investigating donor 
lung quality from male versus female brain-dead donor rats, during EVLP. Preliminary 
results suggest that lungs from female brain-dead donors show worse ventilation and 
perfusion performance during EVLP than lungs from male brain-dead donors. This 
observation is corroborated by lower dynamic compliance values and lower flow in 
female lungs than in male lungs during EVLP. In addition, lactate production during EVLP 
seems higher by female donor lungs than by male donor lungs, which might suggest a 
more pronounced shift to anaerobic metabolism in female than in male lungs from brain-
dead donors. With regard to the inflammatory state of donor lungs, female donor lungs 
recruited more neutrophils than male donor lungs during the BD period. In addition, IL-
1β protein levels were higher in EVLP perfusate from female brain-dead donors than 
in perfusate from male brain-dead donors, which corroborates the more pronounced 
inflammatory state in lungs from female brain-dead donors. Thus, preliminary results 
from this study are in line with previous observations in literature, which suggest that 
lungs from female brain-dead donors are more susceptible to BD-induced injury than 
male donor lungs. Altogether, future donor selection and management strategies might 
shift from a general to a more customized approach, in which baseline factors of the lung 
donor such as cause of death and sex, give direction to tailor-made treatment strategies 
to improve donor lung quality.

Methylprednisolone has traditionally been applied in lung donor management to improve 
lung oxygenation values and increase donor lung procurement rates.29 In Chapter 3 and 6 
we showed that methylprednisolone ameliorates the BD-induced immune response, even 
when applied ex situ during EVLP. However, gene expressions of central complement 
component C3 were not affected by methylprednisolone treatment in both studies. The 
unique aspect of lungs in relation to other donor organs is their continuous exposure to 
the outside environment. The lung epithelium serves as a first-line barrier to infections, in 
which the innate immune system including the complement system, plays an important 
role. However when complement activation is excessive or poorly controlled, the fine 
balance between health and disease might be disturbed, with tissue injury as a result. In 
Chapter 7 and 8 of this thesis, we outlined the importance of complement activation in 
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BD-induced lung injury and defined the contribution of different complement activation 
pathways. These results provide a foundation in the search for a complement-targeted 
treatment approach of BD-induced lung injury. Future studies may elaborate on our 
findings in Chapter 8, and focus on the identification and contribution of complement-
producing cells in the context of BD-induced lung injury, to identify specific potential 
treatment strategies. Previous studies identified pulmonary alveolar type II epithelial 
cells as capable to secrete complement proteins C2 – C5 and factor B.30 In addition, C3 
can be generated by bronchiolar epithelial cells.31 In an extensive study by Cleary et 
al., the interaction between complement activation and endothelial cells were identified 
as key mediators in a model for transfusion-related acute lung injury (TRALI). In the 
mentioned study, they showed that LPS-challenged mice deficient for endothelial MHC 
I, are protected from lung edema and mortality. In addition, they showed that the anti-
MHC-mediated lung injury is dependent on complement activation on the endothelial 
surface.32 Though investigated in a model for TRALI, BD-induced injury and especially 
IRI, may share pathophysiological principles. Besides resident lung cells, circulating 
immune cells might contribute to complement activation in BD-induced lung injury. 
The pathophysiology of BD is described to alter the haemostatic status of organ donors, 
which includes activation of blood platelets.33 Previous studies demonstrated expression 
of complement proteins on the surface of blood platelets, in which both the classical and 
alternative pathway may be involved.34,35 We consider the identification of complement 
producing cells, and their contribution to BD-induced lung injury, an important factor in 
the search for complement therapeutics in the brain-dead organ donor.

No clinical trials with complement inhibitors have yet been conducted in multi-organ 
donors, focused on improving donor lung quality. Although in extended criteria kidney 
donors, a complement C1-inhibitor will be tested with the aim to decrease the incidence 
of delayed graft failure in kidney transplantation (NCT02435732, not yet recruiting). 
Besides systemic administration of complement inhibitors in the donor, more local 
strategies such as inhalation might be considered to optimize quality of the donor lung. 
Cheng et al. already showed this potential in their study, in which they treated brain-dead 
donor rats with a nebulized C3a receptor antagonist. After transplantation, recipients of 
untreated donor lungs showed evident IRI and high acute rejection grades, which was 
ameliorated when donor lungs were treated with the C3a receptor antagonist.18 Besides 
treatment of the multi-organ donor, administration of complement inhibitors during 
EVLP may be considered in future studies. Possible advantages of the application of this 
technique are less systemic side effects and lower required treatment doses, due to a 
smaller circulating volume.
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To dampen the overly activated immune response in organs from brain-dead donors 
before transplantation may have advantages, in favor of outcomes in the recipient. Besides 
activation of the complement system, the role of alveolar macrophages (AM) as part of the 
innate immune system has regained new interest in lung donation and transplantation. 
Donor AM take up to 80% of the tissue-resident macrophages in lungs, and protect the 
respiratory surface from potential airborne infectious and polluting agents. However up 
to several years after lung transplantation, donor AM seem to leave their immunological 
footprint in the lung transplant recipient.36 Nayak et al. showed that 3.5 years after lung 
transplantation more than 85% of the AM are donor-derived, which have a preserved 
responsiveness to various infectious and inflammatory stimuli. Despite that the exact 
mechanisms still need to be identified, it is suggested that donor AM contribute to donor 
specific antibody (DSA)-mediated pathogenesis, such as development of bronchiolitis 
obliterans syndrome (BOS).37 Not only in the long term but also directly after IRI, donor 
AM have shown to contribute to local inflammation through pro-inflammatory cytokine 
production.38,39 Investigating molecular pathways involved in donor AM, IRI and rejection 
may contribute to improved survival of the transplanted donor graft. Although beyond 
the scope of this thesis, we started pilot experiments in collaboration with Washington 
University Saint Louis, to investigate the role of amphiregulin (AREG) in donor AM and 
IRI. AREG is a protein of the epidermal growth factor (EGF) family, suggested to regulate 
pulmonary injury and repair.40 In our pilot experiments, lungs from AREG deficient (AREG-

/- ) mice were transplanted in WT mice and WT lungs transplanted in WT recipients 
served as controls. Preliminary results showed that neutrophil influx was increased in 
transplanted AREG-/- lungs transplanted in WT recipients, which suggests a protective 
role for AREG in IRI. In addition, we observed that in transplanted AREG-/-

 donor lungs, 
more donor AM were present than in transplanted WT donor lungs. From these findings 
we speculate that presence of AREG might be protective in the pathophysiology of 
IRI, possibly through elimination of donor AM. However, future studies will focus on 
elucidating the molecular mechanisms involved in these observations.

The central message of this thesis is that optimizing donor lung quality and thereby 
graft survival commences in the brain-dead donor. We believe that immunomodulation 
of potential donor lungs might increase the suitable donor pool, which contributes to the 
quest of narrowing the global discrepancy between donor lung supply and demand.
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SAMENVATTING EN ALGEMENE 
DISCUSSIE

Voor patiënten die lijden aan eindstadium longziekten zoals chronisch obstructief 
longlijden, taaislijmziekte en idiopathische longfibrose, is een longtransplantatie een 
laatste redmiddel. De wereldwijde discrepantie tussen vraag naar- en aanbod van donor 
longen is echter zeer omvangrijk. In het jaar 2019 werden 1375 long transplantaties 
verricht in Europa, zoals geregistreerd door de Eurotransplant International Foundation. 
Desondanks overleden 107 wachtlijstpatiënten in het desbetreffende jaar, en aan het 
einde van 2019 waren 671 patiënten nog in afwachting van een geschikte donor long.1 
Een belangrijke kwestie in het grote donortekort is de kwetsbaarheid van donor longen. 
Wereldwijd wordt slechts 20-30% van de potentiële donor longen geschikt bevonden 
voor transplantatie.2,3 Naast longschade door mechanische ventilatie en complicaties 
geassocieerd met opname op de intensive care, wordt de kwaliteit van donor longen 
ernstig aangetast door de pathofysiologie van het hersendood proces in de donor. 
Hemodynamische instabiliteit en activatie van het immuunsysteem spelen hierin een 
sleutelrol.4 Het optimaliseren van de kwaliteit van donor longen zou kunnen leiden 
tot een groter aantal geschikte donor longen, waardoor de discrepantie tussen vraag 
en aanbod afneemt. Dit proefschrift richt zich op immunomodulatie van longen van 
hersendode donoren, met als doel de kwaliteit van donor longen te verbeteren. In het 
eerste deel van dit proefschrift onderzochten wij de pathofysiologische mechanismen 
betrokken bij verschillende manieren van hersendood. Vervolgens bestudeerden 
wij de toepassing van het traditionele en veelzijdige medicijn methylprednisolon 
in de behandeling van hersendood-geïnduceerde longschade. In aanvulling daarop 
onderzochten wij de toepassing van ex vivo behandelstrategieën. In het laatste deel van 
dit proefschrift verkenden wij de potentie van therapeutische strategieën gericht op 
het complement systeem. De bevindingen van dit proefschrift leveren een belangrijke 
bijdrage aan de huidige literatuur betreffende immunoregulatie van potentiële donor 
longen. Tevens legt dit proefschrift een basis voor toekomstig onderzoek, gericht op 
nieuwe behandelstrategieën ter verbetering van hersendood-geïnduceerde longschade.

Het fenomeen ‘hersendood’ wordt gedefinieerd als een onomkeerbaar functieverlies 
van de hersenen en hersenstam. In hersendode donoren is de circulatie intact en 
is mechanische ventilatie noodzakelijk ter voorkoming van apneus.5 Het primaire 
mechanisme van hersendood is een toename van intracraniële druk, welke de 
gemiddelde systemische arteriële druk overschrijdt. Dit leidt tot een obstructie 
in de cerebrale bloeddoorstroom, met ischemie van hersenen en hersenstam tot 
gevolg.6 Verschillende oorzaken van hersendood leiden tot verschillende snelheden 
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in de toename van intracraniële druk. De meest voorkomende oorzaak van een snelle 
toename in intracraniële druk is traumatische hersenschade. In tegenstelling, gaan 
cerebrovasculaire accidenten (CVA) zoals hemorragisch CVA, over het algemeen 
gepaard met een langzamere toename in intracraniële druk.7,8 In Hoofdstuk 2 van dit 
proefschrift onderzochten wij of de snelheid van hersendood inductie de kwaliteit van 
de donor longen beïnvloedt. In het desbetreffende onderzoek toonden wij aan dat de 
pathofysiologische mechanismen gepaard met snelle hersendood inductie, meer schade 
toebrengen aan donor longen dan een langzame hersendood inductie. Laboratorium 
ratten onderworpen aan een snelle hersendood inductie waren hemodynamisch 
instabieler en vereisten meer hemodynamische ondersteuning. Daarnaast was de 
histologische longschade meer uitgesproken in donor longen onderworpen aan een snelle 
hersendood inductie. Desondanks, was de hersendood-geïnduceerde immuunrespons 
vergelijkbaar tussen snelle en langzame inductie van hersendood. Activatie van het 
immuunsysteem in hersendode donoren is geassocieerd met een hoger risico op 
afstoting van de donor long na transplantatie.9 In de behandeling van vele inflammatoire 
ziekten wordt methylprednisolon voorgeschreven, een eeuwenoud en breed toepasbaar 
corticosteroïd.10 Methylprednisolon wordt tevens aanbevolen in de meeste klinische 
richtlijnen rondom longdonatie- en transplantatie, vanwege het stabiliserende effect op 
de hemodynamiek van de longdonor en de verbetering van longfunctie na transplantatie. 
Echter, de aanbevolen dosering van methylprednisolon varieert tussen vaste doseringen 
van 1 – 5 mg, tot doseringen gebaseerd op lichaamsgewicht van 15 – 60 mg/kg. Deze 
discrepantie suggereert dat de klinische richtlijnen kunnen worden geoptimaliseerd met 
betrekking tot de dosering van methylprednisolon.11 In Hoofdstuk 3 van dit proefschrift 
onderzochten wij het effect van 3 verschillende doseringen methylprednisolon op de 
inflammatoire respons in donor longen van hersendode laboratorium ratten. Uit deze 
studie concludeerden wij dat de middelste dosering van 12.5 mg/kg methylprednisolon, 
het meest effectief is in de immunomodulatie van hersendood-geïnduceerde longschade 
in donor ratten. Deze dosering leidt tot een lagere genexpressie van pro-inflammatoire 
cytokinen, en tevens chemokinen betrokken bij de chemotaxis van neutrofielen en 
macrofagen. Daarnaast werd een anti-inflammatoire respons geïnduceerd, gezien 
de hogere genexpressie van het anti-inflammatoire cytokine IL-10 in donor longen 
behandeld met 12.5 mg/kg methylprednisolon. Echter, naast de gunstige effecten 
van methylprednisolon in de multi-orgaan donor, dienen ook het brede scala aan 
bijwerkingen overwogen te worden. De behandeling van methylprednisolon in potentiële 
nier- en leverdonoren is omstreden, en veroorzaakt zelfs mogelijke schade aan het 
donor orgaan.12,13 Derhalve zou een geïsoleerde behandeling van de donor long met 
methyplrednisolon een mogelijke uitkomst bieden.

150358-vanzanden-layout.indd   210150358-vanzanden-layout.indd   210 17/05/2021   15:4717/05/2021   15:47



211

Nederlandse samenvatting, algemene discussie van het proefschrift en toekomstperspectieven

Ex vivo long perfusie (EVLP) is een recent ontwikkelde techniek, welke klinisch wordt 
toegepast om de kwaliteit van potentiële donor longen in een geïsoleerde setting te 
beoordelen.14 In Hoofdstuk 4 van dit proefschrift beschrijven wij onze eerste klinische 
ervaringen met deze techniek in het Universitair Medisch Centrum Groningen. Initieel 
ongeschikt verklaarde donor longen werden beoordeeld middels EVLP, en vervolgens 
geaccepteerd of afgewezen voor transplantatie. Donor longen welke geschikt werden 
bevonden voor transplantatie na initiële beoordeling middels EVLP, toonden uitkomsten 
overeenkomend met conventioneel geaccepteerde en getransplanteerde donor longen. 
Als resultaat van het inzetten van de EVLP techniek, nam het aantal geschikte donor 
longen toe met 6.4% over 4 jaar. Naast de toepassing van deze techniek als een 
testplatform, bestaat de potentie om EVLP toe te passen als behandelingstechniek. In 
de klinische setting wordt standaard methylprednisolon toegevoegd aan het acellulaire 
EVLP perfusaat. Echter, het effect van methylprednisolon toediening tijdens EVLP op 
hersendood geïnduceerde longschade is niet eerder onderzocht. Om deze vraag te 
kunnen beantwoorden, ontwikkelden wij een EVLP model voor longen van laboratorium 
ratten, welke wordt beschreven in Hoofdstuk 5 van dit proefschrift. Tevens worden in 
dit hoofdstuk tips en valkuilen benoemd in de toepassing van dit model. In Hoofdstuk 
6 wordt het ontwikkelde ratten model voor EVLP toegepast. In de desbetreffende studie 
onderzochten wij of de toediening van methyprednisolon tijdens EVLP de hersendood 
geïnduceerde longschade vermindert. Longen van hersendode laboratorium ratten 
behandeld met methylprednisolon tijdens EVLP toonden betere ventilatie parameters, 
verminderde lactaat productie en afgenomen inflammatoire genexpressies, vergeleken 
met onbehandelde donor longen van hersendode laboratorium ratten. De resultaten 
van deze studie suggereren dat hersendood geïnduceerde longschade inderdaad wordt 
verminderd na ex vivo behandeling met methylprednisolon.

De uitbreiding van de huidige kennis op gebied van hersendood-geïnduceerde 
inflammatoire mechanismen, inspireert tot een meer specifieke benadering in de 
verbetering van donor longen. Het complementsysteem is een eeuwenoud onderdeel 
van het aangeboren immuunsysteem, waarvan de betekenis op gebied van transplantatie 
nog niet volledig is opgehelderd. De aanwezigheid van complement activatie in het 
transplantatie proces werd initieel beschreven in de context van renale ischemie-
reperfusie schade (IRI).15 Meer recente studies toonden aan dat het complement systeem 
al actief is vanaf het begin van het transplantatieproces, in de overleden orgaan donor.16 
Zowel hersendode donoren als donoren overleden na circulatoir arrest tonen verhoogde 
waarden van C5b-9 in plasma, het eindproduct van een geactiveerde complementcascade. 
Deze C5b-9 waarden bleken geassocieerd met weefselschade en acute rejectie in 
getransplanteerde donornieren.17 De meeste kennis ten aanzien van complement 
activatie in donor organen is opgedaan op gebied van niertransplantatie. Echter, heden 
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ten dage wordt deze opgedane kennis tevens uitgebreid naar andere orgaansystemen. 
In Hoofdstuk 7 van dit proefschrift geven wij een overzicht van de huidige kennis ten 
aanzien van complement activatie in de multi-orgaan donor. Tevens beschrijven wij 
de reeds geteste complement-specifieke therapieën in de donor. Echter, zoals ook 
uitgebreid benadrukt in deze review, is het van belang op te merken dat mogelijk niet 
alle donor organen profiteren van dezelfde behandeling. Cheng et al. suggereerden 
al eerder de aanwezigheid van complement activatie in hersendood-geïnduceerde 
longschade. In het door hen uitgevoerde onderzoek, observeerden zij toegenomen 
mRNA en eiwit expressies van de C3a receptor in donor longen van hersendode 
laboratorium ratten, vergeleken met de gezonde controlegroep.18 In Hoofdstuk 8 van 
dit proefschrift toonden wij in hersendode muizen aan dat complement activatie tevens 
plaatsvindt op systemisch niveau, in vergelijking met placebo-geopereerde muizen. In 
aanvulling daarop onderzochten wij de complement activatie routes welke betrokken 
zijn in hersendood-geïnduceerde longschade. Om dit te onderzoeken werd hersendood 
geïnduceerd in wildtype (WT) muizen versus genetisch gemodificeerde muizen, welke 
deficiënt waren voor een specifiek complement eiwit. In dit onderzoek toonden wij 
aan dat deficiënte muizen voor het centrale complement eiwit C3, minder longschade 
toonden na hersendood dan WT muizen. Daarbij was de mate van longschade, infiltratie 
van neutrofielen en lokale complement productie verminderd in muizen deficiënt voor 
complement eiwit C4. Deze resultaten suggereren dat de klassieke/lectine route de 
voornaamste rol speelt in hersendood-geïnduceerde longschade. De specifieke rol van 
de verschillende complement activatie routes is niet eerder onderzocht in de context van 
hersendood geïnduceerde longschade. Echter met betrekking tot harten van hersendode 
muizen, toonden Atkinson et al. reeds de betrokkenheid aan van de klassieke complement 
activatie route.19,20 Echter, harten en longen verschillen aanzienlijk in anatomie, fysiologie 
en immunologie. Derhalve beschouwen wij het van groot belang de bijdrage van 
verschillende complement componenten te onderzoeken in het orgaan van interesse.

TOEKOMSTPERSPECTIEVEN

De resultaten van dit proefschrift leveren een belangrijke bijdrage aan de huidige 
kennis over longschade na hersendood en immunomodulatie van de potentiële donor 
long. Uiteindelijk draagt deze kennis bij aan de zoektocht naar het verbeteren van 
de kwaliteit van donor longen voor transplantatie. De resultaten beschreven in dit 
proefschrift inspireren tot nieuwe onderzoeksvragen, welke overwogen dienen te worden 
in toekomstig onderzoek.
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Een nauwkeurige selectie van donor longen en de inzet van adequate technieken van 
donor management, dragen bij aan verbeterde uitkomsten na longtransplantatie.2 De 
resultaten van Hoofdstuk 2 suggereren dat traumatische hersenschade gepaard gaat 
met meer longschade dan niet-traumatische oorzaken van hersendood. De oorzaak 
van overlijden zou daarom een belangrijke factor kunnen zijn in de klinische selectie 
en management van hersendode donoren. De huidige, Europese long donor score (LDS) 
zoals opgesteld door de Eurotransplant International Foundation, is gebaseerd op de 
originele Oto score.21,22 Het beoordelen van de kwaliteit van de donor long middels deze 
LDS score is gebaseerd op zes variabelen: leeftijd, voorgeschiedenis, huidig of voormalig 
rookgedrag, oxygenatie index en bevindingen op de thoraxfoto of bij bronchoscopie. De 
oorzaak van overlijden van de donor is geen directe variabele in de LDS score. Echter, 
de gevolgen van traumatische hersenschade zoals het ontstaan van longoedeem zijn 
mogelijk op indirecte wijze geïncludeerd in de LDS score, door zichtbare afwijkingen op 
een thoraxfoto. De relatie tussen de oorzaak van overlijden van de donor en uitkomsten na 
transplantatie is reeds onderzocht in enkele klinische studies, echter met tegenstrijdige 
resultaten. Waller et al. beschreven geen relatie tussen oorzaak van overlijden en vroeg 
transplantaat falen of overleving van de ontvanger.23 Echter, Ciccone et al. rapporteerden 
meer gevallen van acute en chronische rejectie na transplantatie, wanneer de longdonor 
was overleden na traumatische hersenschade vergeleken met niet-traumatische 
oorzaken van hersendood.24 Het ontbreken van consensus onderstreept het belang 
van verder onderzoek naar de relatie tussen oorzaak van overlijden van de donor en 
uitkomsten na transplantatie. Daarnaast staat de betrokkenheid van de factor ‘geslacht’ 
in het matchen van donor en ontvanger ter discussie. Heden ten dage wordt het geslacht 
van de donor en de ontvanger hierin niet als directe factor meegenomen. Echter, in de 
literatuur wordt gesuggereerd dat overleving na longtransplantatie is verkort wanneer 
een vrouwelijke donor long wordt getransplanteerd in een mannelijke ontvanger.25 Een 
mogelijke verklaring voor dit fenomeen is de betrokkenheid van geslachtshormonen 
bij hersendood-geïnduceerde longschade. Onder infectieuze condities zijn vrouwen 
beter immunologisch beschermd door de modulerende effecten van oestradiol op 
ontstekingsmediatoren.26,27 Echter in de pathofysiologie van hersendood treedt hypofyse 
insufficiëntie op, wat leidt tot een sterke afname van oestradiol en progesteron. Het 
gevolg is een significant verhoogde genexpressie van IL-8 en toename van leukocyten 
infiltratie in longen van vrouwelijke hersendode donoren, vergeleken met longen van 
mannelijke hersendode donoren.28 Deze bevindingen suggereren dat vrouwelijke donor 
longen gevoeliger zijn voor hersendood geïnduceerde longschade dan mannelijke 
donor longen, vanwege de verminderde aanwezigheid van beschermende hormonen. 
In dit proefschrift is slechts gebruik gemaakt van mannelijke proefdieren. Momenteel 
vergelijken wij, in samenwerking met de Universiteit van São Paulo, de longkwaliteit van 
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mannelijke hersendode donor ratten met de longkwaliteit van vrouwelijke hersendode 
donor ratten, door middel van EVLP. De voorlopige resultaten suggereren dat longen 
van vrouwelijke hersendode donoren, slechtere ventilatie- en perfusie parameters tonen 
tijdens EVLP dan longen van mannelijke hersendode donoren. Deze waarneming wordt 
ondersteund door de lagere dynamische compliantie en flow in vrouwelijke donor longen 
dan in mannelijke donor longen tijdens EVLP. Bovendien lijkt de lactaat productie tijdens 
EVLP door vrouwelijke donor longen hoger dan door mannelijke donor longen, wat zou 
kunnen duiden op een meer uitgesproken verschuiving naar een anaeroob metabolisme 
in longen van vrouwelijke donoren. Betreffende de inflammatoire status van donor 
longen was het aantal gerekruteerde neutrofielen tijdens de hersendood periode hoger in 
longen van vrouwelijke hersendode donoren, dan in longen van mannelijke hersendode 
donoren. Bovendien was er sprake van hogere IL-1β levels in het EVLP perfusaat van 
vrouwelijke donor longen, wat de meer uitgesproken inflammatoire toestand in longen 
van vrouwelijke hersendode donoren bevestigt. De voorlopige resultaten van deze studie 
zijn dan ook in lijn met eerdere waarnemingen in de literatuur, welke suggereren dat 
vrouwelijke longen gevoeliger zijn voor hersendood-geïnduceerde longschade. Al met al 
zouden toekomstige strategieën in donorselectie- en management kunnen verschuiven 
van een algemene naar een meer op maat gemaakte benadering. Hierin zouden basis 
kenmerken van de longdonor, zoals oorzaak van overlijden en geslacht, richting kunnen 
geven aan op maat gemaakte behandelstrategieën met als doel verbetering van de 
kwaliteit van de donor long.

Methylprednisolon wordt van oudsher toegepast in de behandeling van longdonoren, ter 
verbetering van longoxygenatie en daarmee het verhogen van het aantal geschikte donor 
longen.29 In Hoofdstuk 3 en 6 toonden wij aan dat methylprednisolon een positief effect 
heeft op de hersendood-geïnduceerde immuunrespons, zelfs wanneer dit ex situ wordt 
toegediend tijdens EVLP. Echter, de genexpressie van het centrale complement component 
C3 werd niet beïnvloed door behandeling met methylprednisolon. In tegenstelling tot 
andere donor organen, worden longen voortdurend blootgesteld aan de omgevingslucht. 
Om deze reden dient het longepitheel als een eerstelijns barrière tegen infecties, waarin 
het aangeboren immuunsysteem, inclusief het complement systeem, een belangrijke rol 
speelt. Wanneer de activatie van het complement systeem echter overmatig aanwezig 
of slecht gecontroleerd is, kan de fijne balans tussen gezondheid en ziekte worden 
verstoord, met weefselschade tot gevolg. In Hoofdstuk 7 en 8 van dit proefschrift hebben 
wij de betrokkenheid van complementactivatie in hersendood geïnduceerde longschade 
uiteengezet en de rol van de verschillende complement activatie routes onderzocht. 
Deze resultaten bieden een fundering in de zoektocht naar een complement-gerichte 
behandeling van donor longen, beschadigd door hersendood. Toekomstige studies 
kunnen voortbouwen op onze bevindingen in Hoofdstuk 8, door verder onderzoek te 

150358-vanzanden-layout.indd   214150358-vanzanden-layout.indd   214 17/05/2021   15:4717/05/2021   15:47



215

Nederlandse samenvatting, algemene discussie van het proefschrift en toekomstperspectieven

verrichten naar het identificeren van complement-producerende cellen in de context 
van hersendood geïnduceerde longschade. Eerdere studies hebben reeds aangetoond dat 
pulmonale alveolaire type II epitheelcellen in staat zijn complementeiwitten C2-C5 en 
factor B uit te scheiden.30 Bovendien kunnen bronchiale epitheelcellen C3 produceren.31 
In een uitgebreide studie verricht door Cleary et al., werd de interactie tussen complement 
activatie en endotheelcellen geïdentificeerd als belangrijkste mediator in een model voor 
transfusie gerelateerde, acute longschade (TRALI). In deze studie werd aangetoond dat 
muizen welke deficiënt waren voor endotheliale MHC-I cellen, beschermd waren tegen 
de ontwikkeling van longoedeem en mortaliteit na blootstelling aan LPS. Bovendien 
werd in deze studie aangetoond dat de anti-MHC-gemedieerde longschade afhankelijk is 
van complement activatie van endotheel.32 Hoewel onderzocht in een model voor TRALI, 
zouden hersendood geïnduceerde longschade en met name IRI, pathologische principes 
kunnen delen. Naast lokale longcellen, kunnen ook circulerende immuun cellen bijdragen 
aan complementactivatie tijdens acute longschade. De pathofysiologie van hersendood 
verandert de stollingsstatus van orgaandonoren, waaronder door trombocyten activatie.33 
Eerdere studies toonden de expressie van complement eiwitten aan op het oppervlak 
van trombocyten, waarbij zowel de klassieke als alternatieve activatieroutes betrokken 
zouden zijn.34,35 Wij beschouwen de identificatie van complement-producerende cellen 
en hun bijdrage in hersendood geïnduceerde longschade, als een belangrijke factor in de 
zoektocht naar complementgerichte therapieën in de hersendode orgaandonor.

Complement-remmende behandeling van multi-orgaandonoren, gericht op het 
verbeteren van longkwaliteit, is nog niet eerder klinisch onderzocht. Echter wat 
betreft suboptimale nierdonoren, zal binnenkort een complement C1-remmer 
getest worden met als doel vermindering van het vertraagd op gang komen van de 
niertransplantaatfunctie (NCT02435732, nog niet rekruterend). Naast systemische 
toediening van complementremmers in de donor, zouden meer lokale strategieën zoals 
inhalatie overwogen kunnen worden om de kwaliteit van donor longen te optimaliseren. 
Cheng et al. beschreven al de potentie van inhalatie medicatie door hersendode donor 
ratten te behandelen met een vernevelde C3a-receptor antagonist.18 De ontvangers van 
onbehandelde donor longen toonden duidelijke IRI en een hoge mate van acute rejectie, 
wat afgenomen was in ontvangers van longen behandeld met de C3a-receptor antagonist. 
Naast behandeling van de multi-orgaan donor, kan toediening van complement remmers 
tijdens EVLP overwogen worden in toekomstige studies. Mogelijke voordelen van de 
toepassing van deze techniek zijn minder systemische bijwerkingen en lagere benodigde 
doseringen door een kleiner circulerend volume.

Het dempen van de geactiveerde immuunrespons in organen van hersendode donoren 
heeft mogelijk voordelen ten gunste van transplantatie uitkomsten in de ontvanger. 
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Naast activatie van het complementsysteem, wordt de rol van alveolaire macrofagen (AM) 
als onderdeel van het aangeboren immuunsysteem weer volop onderzocht op gebied 
van longdonatie- en transplantatie. Donor AM omvatten 80% van de lokale macrofagen 
in longen, welke de longen beschermen tegen mogelijke besmettelijke en vervuilende 
stoffen in omgevingslucht. Echter tot enkele jaren na longtransplantatie, lijken donor-AM 
hun immunologische voetafdruk achter te laten in de ontvanger.36 Nayak et al. toonden 
aan dat 3.5 jaar na longtransplantatie, meer dan 85% van de AM in het longtransplantaat 
nog afkomstig zijn van de donor. Deze AM hebben een behouden reactievermogen op 
verschillende infectieuze en inflammatoire stimuli. Ondanks dat de exacte mechanismen 
nog niet zijn opgehelderd, wordt gesuggereerd dat donor AM bijdragen aan donor 
specifieke antistoffen (DSA)-gemedieerde pathogenese, zoals de ontwikkeling van 
bronchiolitis obliterans syndroom (BOS).37 Niet alleen op de lange termijn, maar ook 
direct na IRI is aangetoond dat donor AM bijdragen aan lokale inflammatie door pro-
inflammatoire cytokine productie.38,39 Onderzoek naar moleculaire pathways betrokken 
bij donor AM, IRI en afstoting kan bijdragen aan een betere overleving van de 
getransplanteerde donor long. Hoewel buiten de strekking van dit proefschrift, zijn we 
gestart met pilot experimenten in samenwerking met de Washington University Saint 
Louis, om de rol van amphiregulin (AREG) in donor AM en IRI te onderzoeken. AREG is een 
eiwit behorende tot de familie van epidermale groeifactoren, waarvan de betrokkenheid 
wordt gesuggereerd in regulatie van longschade en herstel.40 In onze pilot experimenten 
werden longen van AREG deficiënte (AREG-/-) donor muizen getransplanteerd in WT-
ontvangers. Longen van WT-donoren getransplanteerd in WT-ontvangers dienden als 
controles. De voorlopige resultaten tonen aan dat het aantal gerekruteerde neutrofielen 
hoger is in getransplanteerde AREG-/- longen in WT ontvangers, wat een beschermende rol 
voor AREG in IRI suggereert. Bovendien observeerden wij dat in getransplanteerde AREG-

/- donor longen, meer donor AM aanwezig waren dan in getransplanteerde WT-donor 
longen. Op basis van deze bevindingen speculeren wij dat de aanwezigheid van AREG 
beschermend zou kunnen zijn in de pathofysiologie van IRI, mogelijk door eliminatie van 
donor AM. In toekomstige studies zal de betrokkenheid van moleculaire mechanismen bij 
deze bevindingen, verder worden onderzocht.

De centrale boodschap van dit proefschrift is dat het verbeteren van de kwaliteit van de 
donor long, en daarmee de overleving van de ontvanger, begint bij de hersendode donor. 
Wij beschouwen immunomodulatie van potentiële longdonoren als een sleutelfactor 
in het vergroten van de geschikte donor pool, wat de wereldwijde discrepantie tussen 
vraag- en aanbod van donor longen zal verkleinen.
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