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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, remain unknown. We aimed to investigate whether brain death (BD)-induced
lung injury is complement dependent and dissected the contribution of the comple-
ment activation pathways. BD was induced and sustained for 3 hours in wild-type
(WT) and complement deficient mice. C3”" mice represented total complement de-
ficiency, C47" 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 as-
sessed. Systemic and local complement levels were reduced in C3”" mice. In addition,
histological lung injury and inflammation were attenuated, as corroborated by influx of
neutrophils and gene expressions of interleukin (IL)-6, IL-8-like KC, TNF-a, E-selectin,
and MCP-1. In C4™~ mice, complement was reduced on both systemic and local levels
and 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 demon-
strated that BD-induced lung injury is complement dependent, with a primary role for

the classical/lectin activation pathway.
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1 | INTRODUCTION

Brain-dead donors are the major source for donor lungs, which
are received by patients who suffer from end-stage lung disease.!
However, unavoidably, the brain death (BD) process deteriorates
donor lung quality due to hemodynamic instability, hormonal dys-
regulation, and activation of the immune system.Z’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 comple-
ment system can be activated through 3 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.”® In brain-dead donors, an increase of C5b-9 is found
in plasma.” 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.®
As for lungs, the presence of complement activation in BD-induced
pathophysiology was suggested by Cheng et al, who showed ele-
vated expression of the C3a receptor in lungs upon BD.
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 com-
plement activation pathways. To this purpose, we subjected mice
to 3 hours of BD and compared lungs from wild-type (WT) mice to
lungs from complement deficient mice. C3™" mice represented total
complement deficiency, since all complement activation routes sig-
nal through central complement component C3. C4 is an important
protein in both the CP and LP; therefore, the 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.’

2 | MATERIALS AND METHODS

2.1 | Mice

Male WT, C3-, C4-, and P-deficient mice, all on C57BI/6 background,
were provided by C. Stover (University of Leicester, Leicester, UK)
and J.S. Verbeek (University of Leiden, Leiden, the Netherlands).1%*!
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.”'? Mice between 8 and 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.*®

Classical

FIGURE 1 Complement system. The complement system can
be activated through 3 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 3 activation pathways signal through C3, which is cleaved into
C3a and C3b. C3b splits C5 into C5a and C5b, and 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
Cb5a are anaphylatoxins, which further stimulate the inflammatory
response

2.2 | Experimental groups

BD was induced in 4 groups: (1) WT mice (n = 4); (2) C3™" mice, rep-
resenting total complement deficiency (n = 8); (3) C4™~ mice, repre-
senting CP and LP deficiency (n = 8); and (4) p- mice, representing
AP deficiency (n = 8). Sham-operated mice (n = 3) served as control.

2.3 | BD induction and lung procurement

The BD procedure was performed according to a previously
described model.¥* Mice were anaesthetized with 5% isoflu-
rane/100% O,. The right carotid artery and left jugular vein were

cannulated for mean arterial pressure (MAP) measurements and
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fluid administration. Intubation was performed after tracheos-
tomy using a 20G intravenous catheter. Mice were lung-protec-
tive ventilated on a mouse ventilator Minivent type 845 (Harvard
Apparatus, Holliston, MA), with a respiratory rate of 190 breaths/
min, a tidal volume of 225 pL/stroke, and a positive end-expiratory
pressure (PEEP) of 1 cm H,O. 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 (Edwards
Lifesciences, Irvine, CA) was inserted in the epidural space. BD was
induced by inflation of the balloon with 14 uL saline/min, until a
total of 70 uL was reached. Isoflurane was switched off after con-
firmation of BD by performing an apnea test. The balloon remained
inflated during the experiment. The first 30 minutes after BD induc-
tion, mice were ventilated with 100% O,. Thereafter, the ventilator
was switched to 50% O,/50% medical air. MAP was continuously
monitored and maintained above 60 mmHg. To prevent blood pres-
sure drops, 50 pL of a saline/lepirudin mixture (12 pg/mL) was ad-
ministered every 15 minutes. Lepirudin (Celgene, Summit, NJ) was
used as anticoagulant, since heparin can affect complement activ-
ity.15 In case of hypotension despite the standard fluid regimen,
extra saline was administered up to a total maximum of 1200 pL.
BD was maintained for 3 hours, after which lungs were procured.
Sham-operated mice were subjected to the same procedure, with-
out inflation of the balloon catheter, and ventilated for 5 minutes
under anesthesia with a mixture of 2.5% isoflurane/100% O, be-
fore lung procurement. Lungs were partially formalin fixed and par-
affin embedded and partially snap-frozen in liquid nitrogen.

24 | RT-gPCR

RT-qPCR was performed to detect the level of proinflammatory
gene expression in donor lungs. Total RNA was extracted from fro-
zen lungs using TRIzol (Invitrogen Life Technologies, Breda, the
Netherlands), according to manufacturer's instructions. RNA integ-
rity was confirmed by gel electrophoresis and DNase | (Invitrogen
Life Technologies) was used to remove genomic DNA. RNA to cDNA
synthesis was performed according to manufacturer's instructions.
The Tagman Applied Biosystems 7900HT RT-gPCR system (Applied
Biosystems, Carlsbad, CA) was used to amplify and detect RT-gPCR
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 f-actin and ex-

pressed relative to the mean CT value of WT sham-operated mice.

2.5 | iC3bELISA

C3b/iC3b/C3c was measured in plasma as described previously, to

quantify systemic complement activation at the level of complement

AJT

C3.% 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 stand-
ard curve and expressed in arbitrary units/mL (AU/mL). Samples were

analyzed in duplicate and measured at an OD of 450 nm.

2.6 | Lung morphology

Paraffin sections (4 um) were stained with hematoxylin and eosin
(H&E) to assess lung morphology. Tissue areas were quantified ac-
cording to a lung injury score, as described before.” Briefly, 10 snap-
shots on x400 magnification were scored for 5 independent variables:
(1) neutrophil infiltration in interstitium and alveolar space, (2) alveolar
septal thickening, (3) intra- and extra-alveolar hemorrhage, (4) intra-
alveolar edema, and (5) overinflation. Neutrophil infiltration scores
(1) were derived from automated scoring in Ly6G-stained sections
as described next. Sections were graded from 0-4:0 = <10 neutro-
phils/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 2-5 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 mor-
phological examination was performed by 2 blinded investigators.

2.7 | Immunohistochemistry

Paraffin-embedded lung sections (4 um) were stained for neutro-
phils and local MAC formation. After deparaffinization and antigen
retrieval, sections were blocked with endogenous peroxidase for
30 minutes. For neutrophil staining, primary antibody Ly6G (10 pg/
mL, eBioscience, San Diego, CA) was incubated for 1 hour at room
temperature. Thereafter, sections were incubated for 30 minutes
with appropriate horseradish peroxidase-conjugated secondary and
tertiary antibodies (Dako, Carpinteria, CA). Reaction was developed
by 3,3'-diaminobenzidine (DAB)-peroxidase substrate solution. For
MAC staining, primary antibody C9 (2 pug/mL, kindly provided by C.
van Kooten, Leiden University Medical Center, the Netherlands) was
incubated overnight at 4°C and the secondary horseradish peroxi-
dase-conjugated antibody was incubated for 30 minutes. 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, MD). MAC complex for-
mation was semiquantitative quantified by 2 independent, blinded
observers using Aperio ImageScope (Leica Biosystems, Vista, CA).
Amount and intensity of staining were graded from 0 to 3 (0 = nega-

tive, 1 = mild, 2 = moderate, and 3 = severe).
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2.8 | Statistics

Statistical analyses were performed with IBM SPSS Statistics 23 (IBM
Corporation, New York, NY). 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 2 groups.
Outliers were identified by Grubb's test and excluded from analyses.
All statistical tests were 2-tailed and P < .05 was considered signifi-
cant. Data are presented as mean + standard deviations (SD).

3 | RESULTS

3.1 | BD 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 comple-
ment activation in WT brain-dead vs WT sham-operated mice. Levels
of iC3b in plasma were measured as a marker for systemic comple-
ment activation, since its presence is a direct result of activation of
the complement cascade.'® 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.” 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 dep-
osition (Figure 2A,D). Next, we investigated involvement of the CP/
LP and AP in BD-induced complement activation. Systemic comple-
ment activation was significantly reduced in C47"" brain-dead mice,
representing the CP/LP, compared to WT brain-dead mice (Table 1).
In addition, local C3 gene expression levels and deposition of C? 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 SystemiciC3b levelsin plasma

Strain Pathway iC3b (AU/mL) SD (AU/mL)
WT BD - 20.56 2.59
WT sham - 10.43" 0.32
c3 7" All 0.00" 0.00
c4 CP/LP 15.64° 217
P/ AP 16.35 3.54

Note: Asterisks denote significant differences in comparison to WT
brain-dead mice: ‘P < .05, P <.01, P <.001.

3.2 | BD-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 histo-
logical lung damage in WT brain-dead mice vs 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

““mice represented total

activation pathways signal through C3, C3
complement deficiency.” 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 be-
tween WT brain-dead mice vs C4™~ and P~ brain-dead mice. Both
C4™~ and P~ brain-dead mice showed diminished histological dam-
age compared to WT brain-dead mice (Figure 3A,B,E,F). Collectively,
these results show that BD-induced lung injury is attenuated in the
absence of a functional complement system and shows involvement
of both the classical/lectin and alternative complement activation

pathways.

3.3 | The classical/lectin activation pathway
is mainly involved in BD-induced pulmonary
inflammation

Pulmonary inflammation upon BD was assessed by neutrophil influx
and cytokine expressions in WT brain-dead vs WT sham-operated
mice. WT brain-dead mice showed increased neutrophil influx, com-
pared to WT sham-operated mice (Figure 4A-C). In addition, gene
expression levels of proinflammatory cytokines interleukin (IL)-6
and TNF-a, 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 C37" brain-dead mice, the number of in-
filtrated neutrophils was significantly lower than in WT brain-dead
mice (Figure 4A,B,D). Additionally, proinflammatory gene expressions
of IL-6, TNF-a, KC, MCP-1, E-selectin, and VCAM-1 were downreg-
ulated 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 C47" brain-dead mice than in lungs from WT
brain-dead mice (Figure 4A,B,E). Thereby, gene expressions of IL-6,
TNF-a, 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-a, MCP-1, and
E-selectin were significantly downregulated in P~ brain-dead mice
compared to WT brain-dead mice, although IL-6, KC, and VCAM-1

gene expressions were not affected (Figure 5A-C). Taken together, the
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FIGURE 2 Braindeath (BD) induces systemic and local complement activation. BD was induced in wild-type (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 activation pathway. Sham-operated mice served as controls.

A, Local mRNA gene expressions of C3 and quantification of local C9 deposition lung tissue. C3 mMRNA gene expression levels are shown
relative to B-actin. Values of sham-operated mice are set at 1, the other values were calculated accordingly. B-F, Representative C9-stained
lung slides of brain-dead WT mice, sham-operated controls, and brain-dead complement deficient mice. Data are presented as mean * SD.
*P < .05, **P < .01. Asterisks indicate significance relative to WT brain-dead mice

CP/LP seems mainly involved in neutrophil influx and pulmonary in-
flammation upon BD, while the AP seems to be moderately involved.

4 | DISCUSSION

Activation of the immune system upon BD has been widely recog-
nized and described in literature.>* 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 preclinical and clinical studies, the BD process is de-
scribed to augment cytokine formation, worsen lung morphology,
and increase cellular influx.?%%° Consequently the donor lung is
injured, which aggravates primary graft dysfunction and graft fail-
ure upon transplantation.?2* Our model reflected BD-induced lung
injury, as corroborated by worsened lung morphology and an in-
crease in neutrophil influx in WT brain-dead mice, compared to WT
sham-operated controls. Besides, we observed the BD-induced cy-
tokine storm in line with previous studies, as supported by increased
levels of IL-6, TNF-a, MCP-1, E-selectin, and VCAM-1 in brain-dead
mice, compared to sham-operated controls.?%2°

The presence of complement activation in BD-induced patho-
physiology was previously suggested by Cheng et al. They found

elevated mRNA and protein expressions of the C3a receptor in lungs
donated after BD, compared to lungs derived from living mice.? 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 con-
trast, 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.?? In the mentioned study, they described that
lung transplant recipients are at higher risk for chronic rejec-
tion, when receiving donor lungs with a CD59 single nucleotide
polymorphism (SNP) configuration. Under normal circumstances,
CD59 acts as a potent MAC-regulatory protein.”> However, in
donor lungs with a CD59 SNP expression, the regulatory function
of CD59 is disturbed, which lowers the threshold for MAC activa-
tion and cell lysis. Based on the mentioned study, dysregulation of
the complement system in the donor seems an important contrib-
uting factor to donor lung quality and survival. In this study, we
showed that BD-induced lung injury is indeed complement depen-
dent. This was corroborated by improved lung morphology scores,
attenuated neutrophil infiltration and reduced proinflammatory
gene expressions in brain-dead C3”~ mice, which represented
total complement deficiency. Thereby, C9 deposition was absent
in lungs from C37" mice, which supports that MAC formation is

prevented in absence of central component C3. No studies have
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FIGURE 5 Brain death (BD) -induced proinflammatory gene expression is mainly attenuated in absence of a functional classical/lectin
and alternative pathway. BD was induced in wild-type (WT) mice, central complement C3™" mice, C4™" mice, and P~ mice. C37~ 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, mMRNA gene expressions of cytokines IL-6 and
TNF-a. 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 p-actin. Values of sham-operated mice are set at 1, the other values were calculated accordingly.
Data are presented as mean + SD. *P < .05, **P < .01. Asterisks indicate significance relative to WT brain-dead mice
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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.?®

We studied the contribution of complement activation path-
ways in BD-induced lung injury in C4”" and P”" mice, which rep-
resented, respectively, the CP/LP and the AP. Improved histology,
attenuated neutrophil infiltration, and reduced cytokine expres-
sion in C4™~ mice strongly suggest CP and/or LP involvement in
BD-induced lung injury. P~ mice showed less pronounced results
based on unaltered numbers of infiltrated neutrophils and unaf-
fected 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 C47 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.?* To our knowledge, no previous studies dis-
sected the contribution of the classical/lectin and alternative com-
plement activation pathways in BD-induced lung injury. Though
in hearts from brain-dead mice, Atkinson et al showed IgM depo-
sition, which can form antigen-antibody complexes and activate
the CP.2% Moreover, they showed C4d deposition in hearts from
human brain-dead donors, which further supports involvement of
the CP.%° Nevertheless, it should be noted that dissimilarities be-
tween physiology of organs might lead to different ways of com-
plement activation.?® 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 sus-
ceptibility to infections.?” Especially in lungs, given their function as
a first line barrier defense to microorganisms. With regard to acti-
vation pathways, we speculate that the CP and/or LP are potential
targets to treat BD-induced lung injury, which leaves the AP func-
tional 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 promis-
ing complement targets in BD-induced lung injury. However, one
limitation of our study is that the contribution of the CP vs the LP
was not further dissected, which should be considered in future
studies. Furthermore, it should be noted that complement defi-
ciency might show different results than complement inhibition of
the same protein. To enable a more accurate translation to thera-
peutic 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 comple-
ment 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 depo-
sition. 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 chemo-
tactic split products such as C3a and C5a, which on itself might
provoke influx and activation of inflammatory cells.>® 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 simultane-
ously 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
favoring local treatment modalities.?® Earlier studies described
pulmonary alveolar type Il epithelial cells as capable to secrete
complement proteins C2, C3, C4, C5, and factor B.%? Furthermore,
bronchiolar epithelial cells seem able to generate €3.%% However,
besides resident lung cells, circulating immune cells recruited to
the proinflammatory environment of the lung, might contribute to
complement activation. The pathophysiology of BD is described to
alter the hemostatic status of organ donors, in which amongst oth-
ers, activation of blood platelets occurs.?! The link between com-
plement activation and thrombosis has been widely described in
literature.®? Recently, it has been shown that complement proteins
can be expressed on the surface of blood platelets, in which both
the CP and AP may be involved.?33* We consider the identifica-
tion 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. Last,
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 func-
tionality after transplant.

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 comple-
ment dependent, with a primary role for the CP and/or LP activation

pathway.

DISCLOSURE
The authors of this manuscript have no conflicts of interest to dis-
close as described by the American Journal of Transplantation.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID

Judith E. van Zanden " https://orcid.org/0000-0003-0095-2098


https://orcid.org/0000-0003-0095-2098
https://orcid.org/0000-0003-0095-2098

ZANDEN ET AL.

1001

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Eurotransplant. Number of deceased donors used for a transplant,
by donor country, from 2013 to 2017; 2017. http://www.Eurot
ransplant.org/cms/mediaobject.php?file=803150+020288+Stati
stical+Report+2017+%280nline%2913.pdf. Accessed June 21,
2019

Zweers N, Petersen AH, van der Hoeven JAB, et al. Donor brain
death aggravates chronic rejection after lung transplantation in
rats. Transplantation. 2004;78(9):1251-1258. http://www.ncbi.nlm.
nih.gov/pubmed/15548960. Accessed February 15, 2019

Bos EM, Leuvenink HGD, van Goor H, Ploeg RJ. Kidney grafts from
brain dead donors: inferior quality or opportunity for improve-
ment? Kidney Int. 2007;72(7):797-805. https://doi.org/10.1038/
sj.ki.5002400

Avlonitis VS, Fisher AJ, Kirby JA, Dark JH. Pulmonary
Transplantation: the role of brain death in donor lung injury.
Transplantation. 2003;75(12):1928-1933. https://doi.org/10.1097/
01.TP.0000066351.87480.9E
WalportMJ.Complement.NewEngl.J).Med.2001;344(14):1058-1066
Walport MJ. Complement - two of two parts. English J.
2001;344(15):1140-1144. https://doi.org/10.1056/NEJM200104
123441506

Damman J, Seelen MA, Moers C, et al. Systemic complement activa-
tion in deceased donors is associated with acute rejection after renal
transplantation in the recipient. Transplantation. 2011;92(2):163-
169. https://doi.org/10.1097/TP.0b013e318222c%a0

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

Cheng Ql, Patel K, Lei B, et al. Donor pretreatment with nebulized
complement C3a receptor antagonist mitigates brain-death in-
duced immunological injury post-lung transplant. Am J Transplant.
2018;18(10):2417-2428.

Wessels M, Butko P, Ma M, Warren H, Lage A, Carroll M. Studies
of group B streptococcal infection in mice deficient in complement
component C3 or C4 demonstrate an essential role for comple-
ment in both innate and acquired immunity. Proc Natl Acad Sci USA.
1995;92:11490-11494.

Stover CM, Luckett JC, Echtenacher B, et al. Properdin plays
a protective role in polymicrobial septic peritonitis. J Immunol.
2008;180:3313-3318.

National Research Council (U.S.). Committee for the Update of
the Guide for the Care and Use of Laboratory Animals, Institute
for Laboratory Animal Research (U.S.). Guide for the Care and
Use of Laboratory Animals. National Academies Press; 2011.
Animal Welfare Body Utrecht. Act of 12 January 1977,
Concerning Rules Relating to Scientific Procedures on Animals;
2017.

Kolkert J, 't Hart N, van Dijk A, Ottens P, Ploeg R, Leuvenink H. The
gradual onset brain death model: a relevant model to study organ
donation and its consequences on the outcome after transplanta-
tion. Lab Anim. 2007;41(363).

Poppelaars F, Damman J, de Vrij EL, et al. New insight into the
effects of heparinoids on complement inhibition by C1-inhibitor.
Clin Exp Immunol. 2016;184(3):378-388. https://doi.org/10.1111/
cei.12777

Kotimaa JP, van Werkhoven MB, O'Flynn J, et al. Functional as-
sessment of mouse complement pathway activities and quantifi-
cation of C3b/C3c/iC3b in an experimental model of mouse renal
ischaemia/reperfusion injury. J Immunol Methods. 2015;419:25-34.
https://doi.org/10.1016/j.jim.2015.02.010

Krebs J, Pelosi P, Tsagogiorgas C, et al. Open lung approach associ-
ated with high-frequency oscillatory or low tidal volume mechanical

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

AJT

ventilation improves respiratory function and minimizes lung injury
in healthy and injured rats. Crit Care. 2010;14(5):R183. https://doi.
org/10.1186/cc9291

Schramm EC, Staten NR, Zhang Z, et al. A quantitative lat-
eral flow assay to detect complement activation in blood.
Anal Biochem. 2015;477:78-85. https://doi.org/10.1016/j.
ab.2015.01.024

Tegla CA, Cudrici C, Patel S, et al. Membrane attack by comple-
ment: the assembly and biology of terminal complement com-
plexes. Immunol Res. 2011;51(1):45-60. https://doi.org/10.1007/
$12026-011-8239-5

Wauters S, Somers J, De Vleeschauwer S, et al. Evaluating lung in-
jury at increasing time intervals in a murine brain death model. J
Surg Res. 2013;183(1):419-426. https://doi.org/10.1016/j.jss.2013.
01.011

Avlonitis VS, Wigfield CH, Golledge HDR, Kirby JA, Dark JH.
Early hemodynamic injury during donor brain death deter-
mines the severity of primary graft dysfunction after lung
transplantation. Am J Transplant. 2007;7(1):83-90. https://doi.
0rg/10.1111/j.1600-6143.2006.01593.x

Budding K, van de Graaf EA, Kardol-Hoefnagel T, et al. A promoter
polymorphism in the CD59 complement regulatory protein gene in
donor lungs correlates with a higher risk for chronic rejection after
lung transplantation. Am J Transplant. 2016;16(3):987-998. https://
doi.org/10.1111/ajt.13497

Atkinson C, Varela JC, Tomlinson S. Complement-dependent in-
flammation and injury in a murine model of brain dead donor
hearts. Circ Res. 2009;105(11):1094-1101. https://doi.org/10.1161/
CIRCRESAHA.109.194977

Thurman JM, Holers VM. The central role of the alternative com-
plement pathway in human disease. J Immunol. 2006;176(3):1305-
1310. https://doi.org/10.4049/jimmunol.176.3.1305

Atkinson C, Floerchinger B, Qiao F, et al. Donor brain death ex-
acerbates complement-dependent ischemia/reperfusion injury in
transplanted hearts. Circulation. 2013;127(12):1290-1299. https://
doi.org/10.1161/CIRCULATIONAHA.112.000784

van Zanden JE, Jager NM, Daha MR, Erasmus ME, Leuvenink HGD,
Seelen MA. Complement therapeutics in the multi-organ donor:
do or don't? Front Immunol. 2019;10:329. https://doi.org/10.3389/
fimmu.2019.00329

Ram S, Lewis LA, Rice PA. Infections of people with complement
deficiencies and patients who have undergone splenectomy.
Clin Microbiol Rev. 2010;23(4):740-780. https://doi.org/10.1128/
CMR.00048-09

Behnsen J, Hartmann A, Schmaler J, Gehrke A, Brakhage
AA, Zipfel PF. The opportunistic human pathogenic fungus
Aspergillus fumigatus evades the host complement system.
Infect Immun. 2008;76(2):820-827. https://doi.org/10.1128/
1A1.01037-07

Strunk RC, Eidlen DM, Mason RJ. Pulmonary alveolar type Il
epithelial cells synthesize and secrete proteins of the classical
and alternative complement pathways. J Clin Invest. 1988;81(5):
1419-1426.

Varsano S, Kaminsky M, Kaiser M, Rashkovsky L. Generation of
complement C3 and expression of cell membrane complement in-
hibitory proteins by human bronchial epithelium cell line. Thorax.
2000;55:364-369.

Lisman T, Leuvenink HGD, Porte RJ, Ploeg RJ. Activation
of hemostasis in brain dead organ donors: an observational
study. J Thromb Haemost. 2011;9(10):1959-1965. https://doi.
org/10.1111/j.1538-7836.2011.04442.x

Eriksson O, Mohlin C, Nilsson B, Ekdahl KN. The human platelet
as an innate immune cell: Interactions between activated platelets
and the complement system. Front Immunol. 2019;10(JULY):1590.
https://doi.org/10.3389/fimmu.2019.01590


http://www.Eurotransplant.org/cms/mediaobject.php?file=803150%2B020288%2BStatistical%2BReport%2B2017%2B%28online%2913.pdf://www.Eurotransplant.org/cms/mediaobject.php?file=803150%2B020288%2BStatistical%2BReport%2B2017%2B%28online%2913.pdf
http://www.Eurotransplant.org/cms/mediaobject.php?file=803150%2B020288%2BStatistical%2BReport%2B2017%2B%28online%2913.pdf://www.Eurotransplant.org/cms/mediaobject.php?file=803150%2B020288%2BStatistical%2BReport%2B2017%2B%28online%2913.pdf
http://www.Eurotransplant.org/cms/mediaobject.php?file=803150%2B020288%2BStatistical%2BReport%2B2017%2B%28online%2913.pdf://www.Eurotransplant.org/cms/mediaobject.php?file=803150%2B020288%2BStatistical%2BReport%2B2017%2B%28online%2913.pdf
http://www.ncbi.nlm.nih.gov/pubmed/15548960
http://www.ncbi.nlm.nih.gov/pubmed/15548960
https://doi.org/10.1038/sj.ki.5002400
https://doi.org/10.1038/sj.ki.5002400
https://doi.org/10.1097/01.TP.0000066351.87480.9E
https://doi.org/10.1097/01.TP.0000066351.87480.9E
https://doi.org/10.1056/NEJM200104123441506
https://doi.org/10.1056/NEJM200104123441506
https://doi.org/10.1097/TP.0b013e318222c9a0
https://doi.org/10.1093/ndt/gfq717
https://doi.org/10.1093/ndt/gfq717
https://doi.org/10.1111/cei.12777
https://doi.org/10.1111/cei.12777
https://doi.org/10.1016/j.jim.2015.02.010
https://doi.org/10.1186/cc9291
https://doi.org/10.1186/cc9291
https://doi.org/10.1016/j.ab.2015.01.024
https://doi.org/10.1016/j.ab.2015.01.024
https://doi.org/10.1007/s12026-011-8239-5
https://doi.org/10.1007/s12026-011-8239-5
https://doi.org/10.1016/j.jss.2013.01.011
https://doi.org/10.1016/j.jss.2013.01.011
https://doi.org/10.1111/j.1600-6143.2006.01593.x
https://doi.org/10.1111/j.1600-6143.2006.01593.x
https://doi.org/10.1111/ajt.13497
https://doi.org/10.1111/ajt.13497
https://doi.org/10.1161/CIRCRESAHA.109.194977
https://doi.org/10.1161/CIRCRESAHA.109.194977
https://doi.org/10.4049/jimmunol.176.3.1305
https://doi.org/10.1161/CIRCULATIONAHA.112.000784
https://doi.org/10.1161/CIRCULATIONAHA.112.000784
https://doi.org/10.3389/fimmu.2019.00329
https://doi.org/10.3389/fimmu.2019.00329
https://doi.org/10.1128/CMR.00048-09
https://doi.org/10.1128/CMR.00048-09
https://doi.org/10.1128/IAI.01037-07
https://doi.org/10.1128/IAI.01037-07
https://doi.org/10.1111/j.1538-7836.2011.04442.x
https://doi.org/10.1111/j.1538-7836.2011.04442.x
https://doi.org/10.3389/fimmu.2019.01590

ZANDEN ET AL.

1002 | AJT

33.

34.

Peerschke EIB, Yin W, Grigg SE, Ghebrehiwet B. Blood
platelets activate the classical pathway of human comple-
ment. J Thromb Haemost. 2006;4(9):2035-2042. https://doi.
org/10.1111/j.1538-7836.2006.02065.x

Del Conde |, Craz MA, Zhang H, Lépez JA, Afshar-Kharghan V.
Platelet activation leads to activation and propagation of the
complement system. J Exp Med. 2005;201(6):871-879. https://doi.
org/10.1084/jem.20041497

How to cite this article: van Zanden JE, Jager NM, Seelen MA,
et al. Brain death-induced lung injury is complement
dependent, with a primary role for the classic/lectin pathway.
Am J Transplant. 2021;21:993-1002. https://doi.org/10.1111/
ajt.16231



https://doi.org/10.1111/j.1538-7836.2006.02065.x
https://doi.org/10.1111/j.1538-7836.2006.02065.x
https://doi.org/10.1084/jem.20041497
https://doi.org/10.1084/jem.20041497
https://doi.org/10.1111/ajt.16231
https://doi.org/10.1111/ajt.16231

