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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.! 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.?® 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.* 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.® 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.® 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”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.” Methylprednisolone is a long-
established corticosteroid drug with a wide range of physiologic effects, applied in the
treatment of multiple inflammatory diseases.!® 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.'* 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.!?!* 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!* 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).!> 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.® 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.}” 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.!® 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.t>2°
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.?**
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.?*?* 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.?> 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.2*?” 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.?? 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 Sao 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-
1B 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.? 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 Il epithelial
cells as capable to secrete complement proteins C2 - C5 and factor B.*° In addition, C3
can be generated by bronchiolar epithelial cells.’ 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
|, 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.’? 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.**> Previous studies demonstrated expression
of complement proteins on the surface of blood platelets, in which both the classical and
alternative pathway may be involved.**** 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 IRl and high acute rejection grades, which was
ameliorated when donor lungs were treated with the C3a receptor antagonist.!® 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.

200



Summary, general discussion of the thesis and future perspectives

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.*® 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).*” 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.’®* Investigating molecular pathways involved in donor AM, IRl 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.’ 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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