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Introduction 

Kidney transplantation – overview 

Kidney transplantation is the preferred treatment for patients with end-stage kidney 

disease, providing superior survival, improved quality of life, as well as cost-

effectiveness compared with maintenance dialysis1–4. Since the first successful 

clinical kidney transplant in 1954 by Dr Joseph Murray, advances in surgical 

technique, donor management, organ preservation and immunosuppressive 

treatment have steadily improved outcomes, establishing kidney transplantation as 

a routine and durable form of renal replacement therapy5–9. In 2024, approximately 

110 000 kidney transplants were performed worldwide, including 512 in 

Sweden10,11. 

A substantial proportion of these advances is attributable to the development of 

immunosuppressive therapy predominantly targeting the adaptive immune system, 

particularly the alloreactive T cell response. The introduction of the calcineurin 

inhibitor cyclosporine in the 1980s marked a major advance in immunosuppression, 

followed by subsequent adoption of new antimetabolite and calcineurin inhibitor 

drugs such as mycophenolate mofetil and tacrolimus, as well as poly- and 

monoclonal antibody induction therapies, leading to marked reduction of acute 

rejection rates and improved graft survival9,12,13. Subsequent refinement of dosing 

strategies and immunosuppressive drug combinations has further improved 

therapeutic safety and efficacy14–16. By effectively targeting adaptive immune 

responses, these advances have contributed to improved short-term outcomes, 

prolonged patient and graft survival, and have consolidated kidney transplantation 

as a safer and more predictable clinical intervention. 

Despite these achievements, several challenges remain. Long-term functional 

decline continues to limit graft longevity, even in the era of modern 

immunosuppression. Chronic alloimmune injury, immunosuppressive drug-induced 

nephrotoxicity, as well as recurrent primary disease, all contribute to progressive 

graft dysfunction and late graft loss16–18. 

Notably, disparities in long-term outcome between living-donor and deceased-

donor kidneys have not substantially changed throughout the years, with living-

donor kidneys showing consistently superior survival in large registry data19–21. This 

persistent gap highlights long-lasting donor-related factors inherent to deceased-
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donor kidneys that shape subsequent graft trajectory. Moreover, at a population 

level, access to kidney transplantation remains limited by the global shortage of 

donor organs, driving efforts to expand the utilization of deceased-donor kidneys 

traditionally considered higher risk in order to reduce organ discard and increase 

transplant activity22,23. 

A major unresolved challenge in kidney transplantation is the early injury imposed 

by the transplantation process itself. All kidneys are subjected to an unavoidable 

period of total oxygen deprivation – ischemia – during organ procurement and 

preservation, followed by the abrupt restoration of blood flow – reperfusion – upon 

implantation in the recipient. In deceased donors, ischemic stress may also precede 

organ procurement due to hemodynamic instability during intensive care. This 

sequence induces severe metabolic stress and structural cell damage, which 

culminate in exaggerated injurious responses at reperfusion, termed ischemia-

reperfusion injury, and represents the principal early insult in kidney 

transplantation. Although more pronounced in deceased-donor kidneys, ischemia-

reperfusion injury affects all allografts to varying degrees and is closely associated 

with early graft dysfunction and adverse long-term outcomes24,25. 

Despite its clear clinical relevance, ischemia-reperfusion injury remains largely 

unmitigated and insufficiently characterized in the clinical setting, particularly 

during the immediate reperfusion phase following the first contact between the 

allograft and recipient blood. 

Donor categories 

Kidney allografts are obtained from two principal sources: living and deceased 

donors. The degree of ischemic and physiological stress sustained before 

implantation differs by donor types. These differences shape the condition of the 

allograft at the time of implantation and influence its susceptibility to reperfusion 

injury. 
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Figure 1. Living and deceased kidney donation. Schematic illustration depicting the difference in 
ischemic exposure to kidneys of different donor types until recipient implantation. 

Living donation 

Living donor nephrectomy is performed electively in healthy individuals under 

controlled surgical and hemodynamic conditions, typically using minimally 

invasive surgical techniques26–28. As recipient surgery is elective and routinely 

performed simultaneously with, or immediately after, donor nephrectomy, warm 

ischemia (ischemia at physiological temperature, from vascular clamping to 

initiated back-table cold perfusion) is minimal, cold ischemic time is short, and 

reperfusion occurs within a narrow and predictable timeframe. These conditions 

reduce the magnitude of tissue stress responses. As a result, living-donor kidneys 

provide a clinical reference point for minimal ischemic insults and are preset at 

lower risk of early injury and dysfunction after reperfusion, often resulting in 

superior early allograft function29,30. 

Deceased donation 

Deceased donation involves two principal categories: donation after brain death and 

donation after circulatory death. Unlike the planned circumstances in living 

donation, deceased donors are individuals from the general population who have 

suffered acute or acute on chronic illness requiring intensive care, followed by 

multi-organ procurement shortly after death is declared. Moreover, these donation 

modalities involve distinct donor-physiological and procedural characteristics that 

differentially add to the ischemic stress and vulnerable state of the kidney. 
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Donation after brain death 

Donation after brain death refers to organ procurement from donors in whom death 

has been determined by the irreversible cessation of all brain function, established 

according to standardized neurological criteria and, when required, confirmed by 

cerebral angiography or radionuclide perfusion imaging31. Following formal 

declaration of brain death, and acquired information on consent to organ donation, 

organ procurement is initiated –  within 24 hours in Sweden – while donor 

circulation is maintained through ongoing mechanical ventilation and hemodynamic 

support32. This allows for surgery under conditions of preserved systemic perfusion 

until vascular cannulation and the start of in situ cold perfusion, at which point the 

blood is flushed out by preservation solutions. However, despite intact circulation 

during procurement, brain death itself can alter the donor’s physiological state, as 

this process entails a surge of catecholamines and inflammatory mediators, leading 

to transient hypertension followed by hypotension, and systemic inflammation33–36. 

Donation after circulatory death 

In contrast, donation after circulatory death involves organ procurement after death 

has been determined based on irreversible cessation of circulatory and respiratory 

function37. According to the Maastricht classification, donation after circulatory 

death is subdivided into controlled and uncontrolled categories38,39. In Sweden, 

controlled donation after circulatory death (Maastricht category III) was 

implemented into clinical practice following a national pilot project conducted 

between 2016 and 2019. Initial clinical cases were performed from 2018, and by 

2019 donation after circulatory death had been formally implemented as a 

complement to donation after brain death within established ethical and legal 

frameworks40,41. 

Table 1. The original Maastricht classification of donation after circulatory death38. 

Category Type Circumstances 

I Uncontrolled Dead on arrival 

II Uncontrolled Circulatory arrest with unsuccessful 
resuscitation 

III Controlled Circulatory arrest after planned 
withdrawal of life sustaining treatments 

IV Uncontrolled controlled Circulatory arrest in a brain dead 
patient 

 

In controlled donation after circulatory death, withdrawal of life-sustaining 

treatment is planned in an intensive care setting following a formal decision that 

continued treatment is no longer in the patient’s best interest. This decision is made 

independently of, and prior to, any consideration of organ donation. After this 

breakpoint decision, and once consent to donation has been established, organ-

preserving treatment is instituted to optimize organ function up until withdrawal of 
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life-sustaining treatment. The withdrawal of life support initiates an agonal phase, 

during which progressive hypoxia and circulatory deterioration occur, cumulating 

in circulatory arrest. Death is declared after a predefined no-touch observation 

period of 5 minutes (in Sweden), during which the persistent absence of circulation 

and respiration is confirmed37,42. Organ procurement must then be promptly 

initiated, as organs are no longer oxygenated. 

Unlike donation after brain death, procurement in donation after circulatory death 

is initiated in the absence of ongoing circulation, resulting in unavoidable warm 

ischemia arising from hemodynamic instability during the agonal phase and 

throughout circulatory arrest until vascular cannulation43. 

Organ recovery may then proceed via one of two distinct strategies: (i) rapid 

cannulation with immediate initiation of in situ cold perfusion, resulting in prompt 

organ cooling and termination of warm ischemia; or (ii) establishment of 

normothermic regional perfusion (NRP), in which oxygenated circulation is first 

restored to the abdominal organs, while cerebral reperfusion is excluded, for 

approximately 120-180 minutes, allowing controlled reperfusion and metabolic 

stabilization prior to organ procurement44. 

Following cannulation and initiation of in situ cold perfusion, the subsequent 

procurement procedure largely parallels to that of donation after brain death, after 

which organs enter the preservation phase (outlined below). 

Donor risk assessment 

Heterogeneity in donor characteristics and comorbidities, together with procedure-

related factors inherent to donation after brain death and donation after circulatory 

death and typically longer cold ischemic times increases the vulnerability of 

deceased-donor kidneys. Clinically, this is reflected in higher rates of early graft 

dysfunction and inferior long-term outcomes compared with living-donor 

kidneys45,46. 

These differences have driven the development of composite donor risk indices to 

support organ allocation and acceptance decisions. Among these, the Kidney Donor 

Risk Index (KDRI) and its derivative, Kidney Donor Profile Index (KDPI) are the 

most widely used. Originally developed in the United States, the KDRI estimates 

the relative risk of graft failure for a deceased-donor kidney compared to a reference 

donor (initially an otherwise healthy brain-dead 40-year-old male without a 

cerebrovascular cause of death, which was later changed to the median donor of the 

previous calendar year). The scores integrate donor age, weight, height, history of 

hypertension and diabetes, creatinine level, cause of death, procurement by donation 

after circulatory death, hepatitis C status, and, initially, ethnicity. KDPI is a 

percentile mapping based on KDRI, expressing the risk as a percentage relative to 

all kidneys recovered in the previous calendar year. The results can be applied to 

aid in kidney allocation and acceptance as well as longevity matching between 
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donors and recipients47,48. For example, the KDPI score may also serve as a more 

continuous measure of donor quality compared to binary categorizations such as 

standard versus expanded criteria donors (a classification based on donor age and 

selected comorbidities), although the implementation of KDPI has not resulted in 

decreased discard rates compared to binary assessments49. While higher 

KDRI/KDPI values are associated with reduced graft survival and early dysfunction 

reflected by delayed graft function (commonly defined clinically as the need for 

dialysis within the first post-operative week)50,51, these population-based estimates 

only incorporate preretrieval factors and do not fully capture the biological 

heterogeneity underlying early graft vulnerability. Indeed, external validation 

efforts have reported variable precision in applying specific cutoffs of these scores 

to reflect actual clinical outcome trajectories47,52–55. 

Among modifiable factors, cold ischemic time remains a particularly influential 

determinant of kidney transplant outcomes, associated with higher rates of delayed 

graft function, acute rejection, and poorer long-term outcomes across donor types 

and characteristics56–59. Even in living-donor kidney transplantation, prolonged cold 

ischemic times have been associated with higher risk of early dysfunction, further 

underscoring the intrinsic vulnerability of the renal parenchyma to ischemic 

insults59. 

Preservation methods 

Organ preservation constitutes an inherent component of clinical practice and aims 

to maintain cellular integrity and limit further metabolic deterioration during the 

interval between procurement and transplantation. Central to current standard 

preservation strategies is hypothermia, which reduces cellular metabolic demand, 

slows enzymatic reactions, and serves to maintain cellular homeostasis and tissue 

integrity until implantation60,61. In clinical kidney transplantation, preservation 

strategies can be broadly divided into static cold storage and hypothermic machine 

perfusion, which differ in complexity and logistical requirements. 

Static cold storage 

Static cold storage is the most widely used method for kidney preservation 

worldwide and constitutes the standard approach in many transplant settings, 

reflecting its simplicity and low logistical demands62,63. Following organ 

procurement and in situ cold perfusion, the kidney is rapidly cooled and stored in a 

static state at approximately 4°C in preservation solution. 

Preservation solutions used for static cold storage aim to mitigate hypoxia-

associated cellular injury by limiting osmotic cell swelling, stabilizing cellular 
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membranes, buffering acidosis, and reducing ionic imbalance8. Commonly used 

solutions include University of Wisconsin (UW) solution and histidine–tryptophan–

ketoglutarate (HTK), which differ in electrolyte composition, buffering systems, 

antioxidative components, and inclusion of metabolic intermediates intended to 

support cellular energy homeostasis during cold storage64. 

Although hypothermia markedly slows cellular metabolism and lowers oxygen 

demand, static cold storage relies on passive distribution of preservation solutions 

without dynamic control. 

Hypothermic machine perfusion 

Hypothermic machine perfusion represents an alternative preservation strategy in 

which the kidney is placed in a device and continuously perfused with cold 

preservation solutions under controlled pressure and flow conditions. By providing 

ongoing low-temperature perfusate circulation, hypothermic machine perfusion 

allows dynamic regulation of perfusion conditions and real-time monitoring of 

parameters, such as flow and vascular resistance, which may provide supplementary 

information on graft condition prior to implantation64. 

Clinical studies have demonstrated that hypothermic machine perfusion, compared 

to static cold storage, is potentially associated with improved early graft outcomes, 

most consistently reflected in reduced rates of delayed graft function, particularly in 

kidneys from higher estimated risk profiles, including those retrieved after 

circulatory death65–67. Accordingly, hypothermic machine perfusion has been 

preferentially applied in these donor contexts to improve transplantability and 

reduce discard rates. 

Oxygenated hypothermic machine perfusion is a modification of hypothermic 

machine perfusion in which controlled amounts of oxygen are added to the perfusion 

circuit. At hypothermic temperatures, in which cellular metabolism is reduced, 

supplementation of oxygen is intended to limit hypoxia-related metabolic stress 

without inducing normothermic metabolic demand68,69. Clinical studies indicate that 

oxygenated hypothermic machine perfusion is safe and may confer benefits in 

selected donor populations, particularly with respect to early complications and 

graft survival. However, consistent benefits have not been uniformly 

demonstrated70. Thus, while oxygen supplementation represents a biologically 

plausible refinement of hypothermic machine perfusion, its precise clinical role and 

benefit remain to be fully determined. 
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Innate immunity 

To better understand how ischemic stress and reperfusion responses affect kidney 

allografts, it is essential to consider the innate arm of the immune system. Innate 

immunity is fundamental in the dynamic process of injury and repair, carrying the 

immediate mechanisms for recognizing and responding to tissue stress. 

Unlike adaptive immunity, which relies on antigen specificity and clonal expansion, 

innate immune mechanisms are preconfigured, rapidly activated and operate 

without prior sensitization71. This immediate recognition is achieved through 

detection of structural and molecular patterns rather than individual highly specific 

antigens. These include so-called danger signals from pathogen-associated 

molecular patterns (PAMPs), derived from microbial structures, and damage-

associated molecular patterns (DAMPs), which originate from stressed, injured, or 

dying host cells72,73. DAMPs encompass a broad range of intracellular and 

extracellular constituents, including nucleic acids such as DNA, histones, 

mitochondrial components, and extracellular matrix fragments that are normally 

concealed from the intravascular compartment but become exposed or released 

during tissue injury74,75. Through pattern-recognition receptors in both soluble form 

and expressed on immune and non-immune cells, these signals enable innate 

immunity to function as a rapid sensor of invasive pathogens and altered tissue 

integrity76. 

Main components 

Intravascular innate immune responses are rapidly executed through coordinated 

actions of cellular and soluble components. Together, these elements allow 

immediate recognition of tissue infection or stress, triggering the initiation of both 

inflammatory and reparative programs. 

Key immune effector cells include circulating leukocytes such as neutrophils, 

monocytes, dendritic cells, natural killer (NK) cells, and innate-like T cell subsets71. 

These cells are equipped with pattern-recognition receptors and respond rapidly to 

changes in tissue integrity through mechanisms ranging from phagocytosis, 

cytokine production, chemotaxis, antigen-presentation, direct cytotoxicity, to 

modulation of vascular permeability and endothelial activation71,77,78. Platelets also 

play an important effector role, acting as sensors of vascular injury, binding DAMPs 

and interacting with immune cells, releasing inflammatory mediators, and 

interacting with soluble innate inflammatory cascades79,80. 

Complementing cellular components, innate immunity also encompasses soluble 

plasma protein components. These include the complement, coagulation, and 

kallikrein-kinin/contact cascade systems, as well as natural antibodies and pattern 

recognition molecules such as pentraxins81. Together, these components interact 
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closely with immune cells, and amplify effector mechanisms, modulate vascular 

permeability, while shaping downstream inflammatory responses82. 

The complement system 

The complement system represents one of the evolutionary oldest and most rapidly 

acting plasma-borne recognition mechanisms of host defense83,84. It can be activated 

through three principal pathways and serves an integrative role in inflammation and 

repair in injurious conditions. Each pathway converges on the cleavage of 

complement components C3 and C5, producing the anaphylatoxins C3a and C5a 

that attract and activate leukocytes, the opsonin C3b that facilitates phagocytosis, 

and the terminal end-activation complex C5b-9 that, when inserted into cell 

membranes as the membrane attack complex (MAC), promotes cell activation or 

lysis85. A soluble form of the terminal complex, soluble C5b-9 (sC5b-9), reflects 

terminal complement activation in the fluid phase (Figure 2). 

The classical pathway 

The classical pathway is initiated by C1q, a recognition protein mainly produced by 

mononuclear myeloid cells such as monocytes, macrophages and dendritic cells86.  

C1q binds to the Fc regions of aggregated, antigen-bound IgG or IgM antibodies  or 

pentraxins, such as C-reactive protein, leading to subsequent activation of C1r and 

C1s87. C1q may also recognize negatively charged surfaces signaling injury or 

infection such as double-stranded DNA and PAMPs on bacteria88,89.  Activated C1s 

cleaves C4 and C2, forming the C4b2a complex, which constitutes the classical 

pathway C3 convertase that cleaves C3 into C3a and C3b. This enables downstream 

amplification and progression toward C5 cleavage and subsequent formation of 

C5b-985. 

The lectin pathway 

The lectin pathway is activated when pattern-recognition molecules such as 

mannose-binding lectin, ficolins or collectins bind to DAMPs or PAMPs on 

damaged cells and pathogens90,91. Ligand binding activates the mannose-associated 

serine proteases 1 and 2 (MASP-1 and MASP-2), which cleave C4 and C2 to 

generate the C4b2a lectin pathway C3 convertase. 

The alternative pathway 

The alternative pathway is continuously active at a low level, by proposed 

mechanisms such as spontaneous hydrolysis of C3 as well as contact-activation of 

C3 to biological and artificial surfaces, forming C3(H2O) that initiates the fluid-

phase C3 convertase variant C3(H2O)Bb upon binding factor B92–94. Additionally, 

any C3b deposited on a surface, regardless of pathway origin, may bind factor B 

and is subsequently cleaved by factor D to assemble the alternative pathway C3 
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convertase termed C3bBb95. This convertase is further stabilized into C3bBbP by 

properdin, a protein capable of recognizing damaged cells and itself stimulate 

alternative pathway activation96,97. 

In contrast to the C4b2a convertase of the classical and lectin pathways, C3bBb also 

serves as a positive feedback amplification loop, generating additional C3b that can 

bind factor B to form new convertase complexes and thereby propagate surface 

activation if complement regulation is insufficient. 

Complement activation is tightly regulated by soluble fluid-phase inhibitors, 

including C1-inhibitor (C1INH), clusterin, factor H, factor I, and C4b-binding 

protein (C4BP), as well as membrane-bound regulators expressed on host cells such 

as membrane cofactor protein (MCP), decay-accelerating factor (DAF), and 

CD5985,98. Together, the presence of these regulators confines complement 

activation to appropriate surfaces by limiting pathway initiation, C3 and C5 

convertase amplification, and C5b-9 formation. 
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Figure 2. The complement system. 

C1-INH = C1-inhibitor, MAC = membrane attack complex (C5b-9), sC5b-9 = soluble C5b-9. Source: 
Biglarnia, AR., Huber-Lang, M., Mohlin, C. et al. The multifaceted role of complement in kidney 
transplantation. Nat Rev Nephrol 14, 767–781 (2018). https://doi.org/10.1038/s41581-018-0071-x. 
Image reproduced with permission from © Springer Nature. 

The coagulation system 

The coagulation cascade maintains hemostasis through thrombin generation and 

fibrin formation. The activation of the coagulation cascade (like complement) is a 

surface-oriented event which normally takes place on the surface of aggregated 

platelets which have been activated during primary coagulation. The cascade can be 

initiated by two pathways: the tissue factor pathway (extrinsic) or contact system 
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pathway (intrinsic), both of which converge on activation of factor X (FX) to FXa 

and subsequent thrombin generation from prothrombin. Thrombin then converts 

soluble fibrinogen into fibrin and activates FXIII, which cross-links fibrin into net 

formations99. 

The extrinsic pathway is initiated when tissue factor is exposed on activated or 

damaged cells, such as endothelial cells or monocytes100,101, and binds circulating 

FVII, forming the tissue factor-FVIIa complex that activates both FIX and FX. 

Furthermore, FIXa, FXa and subsequent thrombin generation are largely amplified 

by the intrinsic tenase (FIXa–FVIIIa) and prothrombinase (FXa–FVa) complexes 

on activated platelets102. 

The intrinsic pathway is triggered by contact system component FXIIa that activates 

FXI to FXIa, with downstream activation of FIX to FIXa and thereby initiating the 

common coagulation pathway by FXIa and its co-factor FVIIIa activating FX to 

FXa99 (Figure 3). 

Thrombin drives a powerful amplification loop by activating FV, FXI and FVIII, 

thereby accelerating factor Xa and thrombin generation. This is counterbalanced by 

endogenous inhibitors, including antithrombin (AT), which neutralizes thrombin 

and factor Xa, the protein C system, which inactivates FVa and FVIIIa, and tissue 

factor pathway inhibitor, which limits tissue factor–dependent initiation103. 

The kallikrein-kinin/contact system 

The kallikrein-kinin and contact system is activated when FXII is converted to 

FXIIa upon contact with negatively charged or altered surfaces such as exposed 

basement membrane components and free DNA. FXIIa cleaves plasma prekallikrein 

to kallikrein (KK) and activates FXI, with high-molecular-weight kininogen (HK) 

acting as a co-factor. Kallikrein amplifies FXII activation, reinforcing the contact 

pathway, and cleaves HK to release bradykinin, a potent vasoactive peptide 

promoting vasodilation, endothelial permeability and leukocyte recruitment, as well 

as angiogenesis in the long term99,104. 

FXIIa and kallikrein are primarily inhibited by C1INH, with additional control by 

AT and α2-macroglobulin105, while bradykinin is mainly inactivated by angiotensin-

converting enzyme106. 
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Figure 3. The coagulation and kallikrein-kinin/contact systems. 

KK = kallikrein, PK = prekallikrein, TF = tissue factor. Source: Ekdahl, K., Soveri, I., Hilborn, J. et 
al. Cardiovascular disease in haemodialysis: role of the intravascular innate immune system. Nat Rev 
Nephrol 13, 285–296 (2017). https://doi.org/10.1038/nrneph.2017.17. Image reproduced with 
permission from © Springer Nature. 

Thromboinflammation 

The intravascular innate immune system (IIIS), encompassing these soluble cascade 

components and circulating effector cells, shares many non-alloimmune triggers 

from danger signals such as PAMPs and DAMPs. As a result, danger signals may 

engage the IIIS components in a cross-talk response, linking pro-thrombotic and 

pro-inflammatory pathways into a unified thrombo-inflammatory response107,108. 

Although the cascade systems are classically described as distinct entities, 

experimental findings demonstrate that they are functionally interconnected. This 

integration is supported by several points of intersection. For example, contact 

activation via FXII can initiate both intrinsic coagulation and kallikrein–kinin 

system activation, while kallikrein itself can amplify FXII activation and cleave 

complement component C3. Furthermore, complement-derived anaphylatoxins 

such as C5a can promote tissue factor expression and leukocyte activation104,109–111. 
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Thrombin, in turn, not only drives fibrin formation but also engages protease-

activated receptors on endothelial cells, platelets, and leukocytes, further amplifying 

vascular inflammation112. While the precise hierarchy and relative contribution of 

individual pathways likely vary across biological contexts, their combined 

activation enables a unified and multifaceted response. This framework provides a 

basis supporting how IIIS activation can rapidly escalate in settings enriched by 

danger signals when regulatory control is insufficient. 

Innate immunity in sterile injury 

A defining feature of innate immunity is its ability to distinguish self from non-self 

at a species level, but not at the individual level. Consequently, innate immune 

activation inherently lacks dependency on alloantigen recognition and can be 

triggered by damaged- or altered-self stimuli in the absence of infection. While 

acting as a first responder to pathogens, innate immunity is equally essential in 

responding to sterile injury. This property underlies its central role in a wide range 

of non-infectious injurious conditions including trauma, myocardial infarction, 

stroke, and organ transplantation113–116. 

Importantly, innate immune activation to damaged-self provides an important 

maintenance function in tissue homeostasis through the clearance of damaged cells 

and debris, as well as initiation of tissue repair117–119. On the other hand, when 

activated excessively and in dysregulated conditions, innate immune responses can 

disproportionally amplify tissue injury rather than facilitate resolution. This duality 

is particularly relevant in the context of ischemia-reperfusion injury, where the 

response to injury leads to aggravated damage120. 

Ischemia-reperfusion injury 

Upon implantation, the transplanted kidney is abruptly transitioned from ischemia 

to reperfusion of warm, oxygenated blood. While inevitable and essential for graft 

viability and recovery, this transition marks the point at which accumulated 

ischemic insults translate into acutely amplified damage, referred to as ischemia-

reperfusion injury, a process that has been extensively investigated in experimental 

models25,120,121. 

Ischemia primes renal cells through metabolic stress and progressive disruption of 

structural integrity and cell-surface regulatory functions. Under ischemic conditions 

anaerobic metabolism, mitochondrial dysfunction, intracellular acidosis, and lost 

ionic gradient homeostasis develop122–124. Transcriptional programs shift toward 

stress responses, including induction of pro-inflammatory mediators and activation 

of regulated necrotic cell death pathways120,124,125. 
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Importantly, ischemia induces phenotypic changes in both endothelial and 

parenchymal cells that are recognized by the innate immune system. Critically, 

ischemic injury extends beyond intracellular compartments to remodel the 

endothelial–blood interface. Under physiological conditions, the endothelial surface 

is inherently anti-inflammatory, largely due to the presence of the glycocalyx, a 

three-dimensional luminal structure, composed of proteoglycans, glycoproteins, and 

glycosaminoglycans such as heparan sulfate126. The glycocalyx serves as a 

physiological barrier that prevents direct interaction between circulating blood 

components and the endothelial cell surface, while simultaneously functioning as a 

regulatory platform that limits vascular permeability and leukocyte adhesion and 

anchors key local regulators of the innate immune system126–128. 

However, ischemic conditions drive enzymatic degradation and shedding of the 

glycocalyx through upregulation of metalloproteinases and heparanases. As a 

consequence, surface-bound regulators, such as factor H, antithrombin (AT), tissue 

factor pathway inhibitor (TFPI), C4b-binding protein (C4BP), and C1-inhibitor 

(C1INH) are lost from the endothelial surfaces116,127 (Figure 4). In parallel, 

endothelial activation from ischemia increases the expression of pattern-recognition 

receptors and cell adhesion molecules, further altering the appearance of the cells129–

132. 

 

Figure 4. The glycocalyx layer under normoxic and ischemic conditions. 
The normoxic endothelium is protected by the glycocalyx, which binds fluid-phase regulators of the 
complement system, including C1 inhibitor (C1INH), factor H and C4b-binding protein (C4BP) as well 
as the coagulation inhibitors antithrombin (AT), tissue factor pathway inhibitor (TFPI) and activated 
protein C (APC). In addition, endothelial expression of membrane cofactor protein (MCP; also known 
as CD46) inhibits C3 and C5 convertase activity, maintaining an anti-inflammatory and antithrombotic 
surface. During ischaemia and reperfusion, cytokine exposure and/or complement activation products 
such as the membrane attack complex (MAC) result in the breakdown of the glycocalyx and 
subsequent loss of regulators. In this setting complement activation can be driven by molecules such 
as ficolin 2 and natural antibodies, resulting in the formation of complexes between activated platelets 
and polymorphonuclear leukocytes (PMNs) such as neutrophils. Activated PMNs bind to the 
endothelial cells and migrate through the endothelium into the parenchyma, thereby aggravating the 
inflammatory response. Errata: TPFI should be TFPI. Source: Biglarnia, AR., Huber-Lang, M., Mohlin, 
C. et al. The multifaceted role of complement in kidney transplantation. Nat Rev Nephrol 14, 767–781 
(2018). https://doi.org/10.1038/s41581-018-0071-x. Image reproduced with permission from © Springer 
Nature. 
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Upon reperfusion in the recipient, functional denudation of the cell surface 

combined with ischemia-induced phenotype changes exposes cell surfaces to direct 

interaction with circulating key components of the innate immune system116,127,133. 

Concurrently, injured cells release and expose DAMPs such as alarmins, histones 

and cell-free DNA fragments, which act as potent danger signals that amplify the 

initial inflammatory response120,132,134,135. 

Rather than restoring homeostasis, reperfusion thus initiates a coordinated response 

in which complement, coagulation, and contact systems, together with platelets and 

leukocytes are concurrently activated. This complex and interlinked activation of 

the intravascular innate immune system culminates in a prompt thrombo-

inflammatory response that propagates inflammation and tissue injury beyond the 

damage imposed by ischemia alone136. This sequence of events captures the core 

pathophysiological mechanism of ischemia-reperfusion injury. 

The fundamental mechanism by which ischemia alters the appearance of cell 

surfaces, thereby eliciting a comprehensive innate immune response upon 

reperfusion, is demonstrated by a recent experimental study employing ex vivo 

surface shielding of kidney allografts137. In this study, ischemia-exposed porcine 

kidney allografts were treated ex vivo by intra-arterial administration of an inert 

amphiphilic polymer, polyethylene glycol–conjugated lipid (PEG-LIPID), which 

spontaneously inserts into cell membranes to form a dense, biocompatible protective 

coating. This artificial surface layer physically masks denudated cell surfaces and 

replaces the lost barrier function of the glycocalyx, thereby preventing direct 

interaction between circulating innate immune components and ischemia-primed 

cell surfaces. As a result, the prompt thromboinflammation together with 

downstream inflammatory response to reperfusion was markedly attenuated. These 

recent findings provide direct evidence that loss of structural and regulatory surface 

protection is a central determinant of ischemia–reperfusion injury severity, and that 

restoration of a protective cell-surface barrier can broadly mitigate innate immune 

response at reperfusion. 

It is important to recognize that ischemia-reperfusion injury is not confined to 

allogeneic organ transplantation but represents a shared pathophysiological 

mechanism across diverse clinical conditions involving transient interruption and 

restoration of blood flow, including myocardial infarction, stroke, and major 

trauma123. This broader relevance underscores ischemia-reperfusion injury as an 

evolutionarily conserved consequence of innate immune recognition of damaged- 

and non-self and positions kidney transplantation as a uniquely accessible clinical 

setting in which the earliest events of this process can be directly investigated in 

humans. 
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Clinical consequences of ischemia-reperfusion injury 

The clinical relevance of ischemia-reperfusion injury is reflected in both early and 

long-term outcomes after kidney transplantation. 

In the early post-transplant period, the severity of ischemia-reperfusion injury is 

most clearly reflected in early allograft dysfunction121,138. Delayed graft function, 

commonly defined as the need for dialysis within the first post-operative week, is a 

clinical consequence of initial allograft injury occurring almost exclusively in 

deceased-donor kidneys139,140. Importantly, delayed graft function is closely linked 

to donor- and preservation-related factors that determine ischemic exposure and 

modulate the allograft’s vulnerability to ischemia-reperfusion injury. Prolonged 

cold ischemic time, donation after circulatory death, and higher KDPI score are 

strongly associated with the development of delayed graft function51,141–144. 

Moreover, delayed graft function is strongly associated with an increased risk of 

inferior long-term allograft function, higher incidence of rejections and graft 

failure145–147, underscoring that the severity of ischemia-reperfusion injury exerts 

lasting effects on downstream allograft health. 

At a population level, the consequences of ischemia-reperfusion injury extend 

beyond individual outcomes and carry substantial clinical and systemic 

implications. Chronic allograft dysfunction, premature graft loss, return to dialysis, 

increased patient morbidity and mortality, and the need for re-transplantation, 

collectively strain organ availability and healthcare resources25,51,148. In parallel, 

efforts to extend the donor pool have increased the reliance on donation-after-

circulatory-death and expanded criteria donors with higher KDPI score, introducing 

a growing proportion of allografts with increased susceptibility to ischemia-

reperfusion injury into contemporary practice149. Although these strategies have 

enabled broader transplant access with acceptable outcomes53,150,151, they further 

reinforce ischemia-reperfusion injury as a central challenge in modern transplant 

care. 

Rationale and knowledge gap 

Despite substantial advances in kidney transplantation, ischemia-reperfusion injury 

remains a major unresolved determinant of early graft dysfunction and long-term 

outcomes. Current strategies primarily focus on limiting ischemic exposure through 

optimized donor management, improved organ allocation logistics to reduce cold 

ischemic times, promotion of living-donor kidney transplants, and advances in 

organ preservation technologies which have been shown to reduce the incidence of 

delayed graft function152. 
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Nevertheless, the persistence of ischemia-reperfusion injury-related adverse 

outcomes across contemporary cohorts, despite modern immunosuppression, 

refined surgical techniques, and improved preservation strategies, indicates that 

current standard-of-care approaches do not sufficiently address this early, non-

alloimmune component of allograft injury. 

Although extensive mechanistic insight into ischemia-reperfusion injury has been 

generated from experimental models, translation into effective clinical interventions 

has been limited. To date, no pharmacologic therapy for renal ischemia-reperfusion 

injury has achieved clinical translation153. Pathway-specific interventions such as 

complement inhibition, have shown promise in preclinical settings but have yielded 

inconclusive results in clinical trials154–156. Collectively, these findings suggest that 

critical features of the early response to ischemia-reperfusion injury may not be 

adequately captured by single-pathway targeted approaches. 

A central limitation is the lack of detailed in vivo characterization of the immediate 

biological events occurring at the moment of reperfusion in clinical kidney 

transplantation. The earliest phase of ischemia-reperfusion injury unfolds at the 

interface between the post-ischemic allograft and incoming recipient circulation, 

rendering the intravascular compartment the earliest, and repeatedly accessible, site 

allowing for assessing of both donor- and recipient-related mediators of injury and 

inflammation. 

Despite this accessibility and biological relevance, the immediate intravascular 

response during the first minutes of reperfusion remains poorly defined in the 

clinical setting. 
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Aims 

The overall aim of this thesis was to investigate soluble and cellular constituents in 

the allograft venous effluent in the immediate reperfusion phase of clinical kidney 

transplantation and to characterize their immediate temporal patterns during the first 

30 minutes of reperfusion. By doing so, this work aimed to advance understanding 

of the earliest biological processes that shape ischemia-reperfusion injury under 

real-life clinical conditions. 

Specific aims 

Paper I: To investigate the intravascular innate immune response to ischemia-

reperfusion injury in clinical kidney transplantation, with particular focus on the 

coordinated activation of the complement, coagulation, and kallikrein-kinin 

systems, and to evaluate associations of this activation with short-term and mid-

term allograft function. 

Paper II: To characterize early intravascular proteomic signatures in response to 

ischemia-reperfusion injury, stratified by donor modality, and evaluate their 

associations with short- and long-term transplant outcomes. 

Paper III: To investigate whether early cell-free DNA release in allograft venous 

effluent reflects acute ischemia-reperfusion injury and to evaluate its associations 

with neutrophil extracellular trap-markers along with downstream thrombo-

inflammatory activation and subsequent allograft dysfunction. 

Paper IV: To define early changes in circulating immune cell subsets and determine 

whether selective declines occur following reperfusion, consistent with early 

retention of specific cell types within the kidney allograft. 



34 

Material and methods 

Study design and cohort data 

All four studies underpinning the foundation of this thesis were conducted using 

consecutive kidney transplant recipients from a large prospective cohort study 

(ACTIVMED) initiated 2018 and still ongoing at Skåne University Hospital, 

Malmö, Sweden. Patients at the Department of Transplantation were asked to 

participate upon admission in the immediate pre-operative period and written 

informed consent was obtained from all participants. Maintenance 

immunosuppression consisted of prednisolone, mycophenolate mofetil, and 

tacrolimus. Clinical data were retrieved from patient medical records, the local 

transplant registry (iSmaRT), and the Scandiatransplant (YASWA) database. 

Plasma-creatinine-based estimated glomerular filtration rate (eGFR, 

mL/min/1.73m2) was calculated using the Lund-Malmö-revised formula157,158. 

Delayed graft function was defined as dialysis within the first postoperative week. 

Cold ischemic time was defined as the duration between in situ (in deceased-donor 

[DD] kidneys) or ex situ (in living-donor [LD] kidneys) cold perfusion and 

established allograft reperfusion in recipients. 

Paper I and II included 63 kidney transplant recipients (LD n = 26, DD n = 37) 

between August 2018 and June 2019. 

Paper III included 127 kidney transplant recipients (LD n = 41, DD n = 86) from 

August 2018 to August 2020. 

Paper IV included 29 kidney transplant recipients (LD n = 8, DD n = 21) between 

September 2020 to June 2021. 

Sampling 

The intraoperative sampling followed a standard operative procedure across all 

studies. A systemic baseline blood sample was drawn from the recipient’s external 

iliac vein before allograft implantation. Following reperfusion, venous blood was 

sampled directly from the allograft vein at 1, 10, and 30 minutes. Samples were 

drawn using 21G BD Vacutainer UltraTouch butterfly needles (BD Biosciences) 

into 6ml EDTA tubes (K2E BD Vacutainer, BD Biosciences). 
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Sample handling and processing 

Variations of sample handling were necessitated by analytic platform. Papers I-III 

used plasma samples for analyses involving the intravascular innate immune 

cascade activation, proteomic profiling, and cfDNA/NETs quantification. EDTA 

tubes were immediately stored in ice sludge after whole-blood sampling and then 

centrifuged at 1900 x g for 10 minutes at 4 °C, with the plasma supernatant 

extracted, aliquoted, and stored at -80 °C until analysis. For Paper IV, the obtained 

EDTA tubes of venous whole blood were stored in room temperature and processed 

for flow cytometric staining within 24 hours, except for samples from one patient 

processed within 48 hours after methodological validation experiments confirmed 

that cell viability and subset quantification remained adequately preserved during 

this interval. 

All samples were assigned to a numeric study code at collection, and aliquots from 

the same patient and time point were processed as a single batch to minimize freeze-

thaw cycles and technical drift. 

Ethical considerations 

The sampling strategy was designed to minimize risk and interference with routine 

transplant surgery. Venipuncture using a small-gauge needle was chosen as it entails 

minimal bleeding that is self-limiting and requires no additional surgical 

preparation. Although simultaneous arterial inflow sampling could provide trans-

graft comparisons, this would require catheterization of the transplant or iliac artery, 

introducing an invasive procedure with non-negligible risks, including dissection, 

thrombosis, and compromising graft perfusion. Given these risks and the potential 

of this method to prolong surgery, arterial sampling was considered ethically 

unjustifiable. 

The sampling methodology and specified investigations of Paper I-IV were 

approved by the Swedish Ethical Review Authority (2017/798, 2018/712). An 

additional permit was obtained for the use of normal human serum (NHS) in Paper 

III (2023/05543). 

All procedures involving human participants were conducted in accordance with the 

ethical standards of the institutional and national research committees and with the 

Declaration of Helsinki. The studies also adhered to the principles of the Declaration 

of Istanbul on Organ Trafficking and Transplant Tourism.  

Transplant candidates may be considered a potentially vulnerable population due to 

the acute clinical context and dependency on the healthcare system at the time of 

admission. To mitigate undue influence, participation was strictly voluntary, written 
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informed consent was obtained prior to inclusion, and patients were explicitly 

informed that providing, declining or withdrawing consent would not affect their 

clinical care. 

Laboratory analyses 

Innate cascade system activation (Paper I) 

Assessments on innate cascade markers were performed in samples from 63 kidney 

transplant recipients (26 LD, 37 DD). The proteolytic cascade systems consist of 

proteases whose zymogens are activated by an upstream protease. Many of their 

inhibitors are serpins, such as C1INH and AT, which form complexes with the 

protease. This allows analyses of the activation of individual zymogens if the 

protease-serpin complex is quantified in blood plasma159. Activation markers of the 

complement, coagulation, and kallikrein-kinin systems were quantified by 

measuring protease-serpin complexes including FXIIa, KK, FXIa, thrombin, 

MASP-1, and MASP-2 with either C1INH or AT by in-house analyses based on 

previously described methods159,160 using Luminex xMAP Technology (Merck 

Millipore) and read on a clinical diagnostics instrument (MAGPIX, Luminex 

Corporation). Terminal complement activation marker sC5b-9 and complement 

protein C3a were quantified using in-house enzyme-linked immunosorbent assays 

(ELISAs)161,162. 

Proteomic profiling (Paper II) 

Protein profiling was performed by Olink Proteomics using the Olink Proteomics 

Inflammation panel, which targets 92 cytokines, chemokines, growth factors, and 

immune mediators by proximity extension assay technology. The study population 

was the same as in Paper I. Output was generated as Normalized Protein eXpression 

(NPX) units. All samples were analyzed in a randomized order, and laboratory 

personnel were kept unaware of the study design and of the characteristics 

associated with each sample. Validation data for the assay specificity, sensitivity, 

dynamic range, as well as reproducibility are available from the manufacturer: 

(Olink Proteomics, Validation methods and results: 

https://olink.com/knowledge/documents). 
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Cell-free DNA and NETs markers (Paper III) 

Mitochondrial and nuclear cell-free DNA were quantified in 127 kidney transplant 

recipients (41 LD and 86 DD) by droplet digital polymerase chain reaction (ddPCR) 

on the Biorad QX200 platform. DNA was extracted using QIAamp DNA blood 

minikits (QIAGEN). Droplets were generated using a BioRad QX200 droplet 

generator, with specific primers for mitochondrial (#10031253; BioRad) and 

nuclear DNA (#10031244; BioRad) as well as restriction enzyme digestion using 

Hind III to optimize template accessibility. Samples were thermocycled with the 

following steps: activation at 95°C for 10 minutes, denaturation at 94°C for 30 

seconds, 40 times 1-minute cycles of annealing/extension at 60°C, held at 98°C for 

10 minutes and then cooled to 4°C. Plates were stored overnight at 4°C before 

readout. Results were expressed as copies/mL of plasma, normalized to plasma 

input volume. Reference ranges for mitochondrial and nuclear DNA have not been 

established. 

NETs markers were assessed in a subset of 56 kidney transplant recipients (20 LD 

and 36 DD). Citrullinated histone H3 was measured using a commercially available 

ELISA (Cayman Chemical). Human neutrophil elastase (HNE-) DNA complexes 

were assessed using an in-house ELISA in which NETs generated ex vivo were used 

as standards. For this purpose, neutrophils were isolated from peripheral blood of 

healthy donors by cell separation using Histopaque-11191 (Sigma) and isolated by 

Percoll gradient. Neutrophils were stimulated with phorbol myristate acetate 

(Sigma) for 4 hours at 37°C and 5% CO2 to induce NETosis and subsequently 

treated with MNase for 15 minutes at 37°C to release chromatin-protein complexes. 

The plates were coated with anti-neutrophil elastase antibody (Anti-DNA-POD, 

Roche), and captured NET material or study plasma sample HNE-DNA using anti-

DNA-POD conjugate and developed with TMB substrate. 

To support the interpretation of cell-free DNA and complement activation, human 

proximal tubular epithelial cells (HK-2 cell line, #CRL-2190; ATCC) were induced 

into necrosis by incubation at 56°C for 30 minutes and incubated with NHS at 37°C 

to evaluate C5b-9 deposition. Deposition was quantified by flow cytometry using 

C9 neoepitope-specific antibodies and also visualized by confocal microscopy. 

Flow cytometry data was assessed using FlowJo (Becton Dickinson & Company). 

Live HK-2 cells and secondary-antibody-only conditions served as controls. 

Leukocyte immunophenotyping and gating strategy (Paper IV) 

Flow cytometry was performed on samples from 29 kidney transplant recipients (8 

LD and 21 DD) at an SS-EN ISO 15189-2022-accredited laboratory. White blood 

cell (WBC) count was measured on a Sysmex cell counter (Sysmex Corporation). 

For flow cytometry, red blood cells were lysed with Pharmalyse per manufacturer 

protocol and leukocytes were washed, counted and resuspended in staining buffer. 
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Two antibody panels were used. Panel A included markers identifying myeloid 

lineages, natural killer (NK) cells, T and B cells (CD45, CD16, CD14, HLA-DR, 

CD3, CD19, CD56). Panel B assessed T cell subsets phenotypes (CD2, CD3, CD4, 

CD8, CD25, CD45RA, CD45RO). Samples were run on a FACSCanto II (Becton 

Dickinson) instrument and pre-processed in FACSDiva (Becton Dickinson) before 

gating and quantification in FCS Express 7 (De Novo Software). 

Gating strategy (Paper IV) 

Debris was excluded by FSC/SSC, singlets were gated by FSC-A versus FSC-H, 

and viable cells identified by 7-AAD negativity. CD45 defined leukocytes. 

Granulocyte, monocyte and lymphocyte populations were first identified using 

FSC/SSC characteristics. In panel A, T cells and B cells were detected by CD3 and 

CD19, respectively. NK cells were defined within CD3- CD19- non-myeloid 

compartment and stratified into CD56dim, CD56bright, and CD56lo/- based on CD56 

and CD16 expression. Monocyte subsets were classified as classical (CD14++ 

CD16dim/-), non-classical (CD14dim CD16++), and intermediate (CD14++ CD16+). In 

Panel B, T cell subsets were identified within the CD2+ CD3+ population as CD4+ 

or CD8+, with naïve and memory phenotypes determined by CD45RA/CD45RO 

expression and activation phenotypes by CD25. HLA-DR+ T cells were assessed 

from Panel A. Graphics on gating strategies are presented in Supplementary 

Figure S2. 

Statistical analysis 

Across all included studies, continuous variables were summarized as medians with 

1st-3rd quartiles or means with standard deviations, as appropriate, and categorical 

variables as frequencies with percentages. Pairwise comparisons used Mann–

Whitney U tests on continuous data and Chi-square or Fisher’s exact tests on 

categorical data. A P < 0.05 was considered significant unless otherwise specified. 

Paper I 

Differences in continuous data across three subgroups were compared using 

Kruskal–Wallis tests. Temporal and donor-type-associated variation in innate 

cascade activation products was assessed using analysis of variance on aligned rank-

transformed data (ART-ANOVA) with Geisser Greenhose correction, including 

interaction terms. Receiver operating characteristics (ROC) evaluated associations 

of area under the curve (AUC)-summarized marker levels with delayed graft 

function and was also applied to assess relationships with cold ischemic time. Linear 

regression assessed slopes of eGFR from 1, 3, 6, 12, and 24 months post-

transplantation. Spearman correlation analyses quantified relationships among 
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intravascular innate immune cascade system activation products. Statistical analyses 

used GraphPad Prism 9.2.0 (GraphPad Software, San Diego, CA), IBM SPSS 

Statistics 28 (IBM Corp., Armonk, NY), and R 4.1.1 for Mac (R Foundation for 

Statistical Computing, Vienna, Austria). 

Paper II 

Baseline-subtracted values were used for all analyses of post-reperfusion 

measurements. Initial screening of all 92 proteins between LD and DD used 

repeated Mann–Whitney U tests with Holm–Šídák correction for multiple 

comparisons. As a tiered approach, proteins upregulated at P < 0.01 were selected 

for further analyses. ART-ANOVA with Geisser-Greenhouse correction assessed 

variation in these protein levels by timepoint post-reperfusion and donor type of 

kidney allografts, including interactions. Individual post-reperfusion protein levels 

were summarized as a single continuous parameter by AUC calculations (trapezoid 

method) for each patient for outcome analyses. For short-term outcome, 

associations between protein AUCs and delayed graft function used ROC analyses 

with Bonferroni correction and Mann-Whitney U tests. Long term graft function 

was represented by the 4-year AUC of eGFR (mL/min/1.73m² × months) derived 

from eGFR measurements at 1, 3, 6, 12, 24, 36, and 48 months post-transplantation. 

Multiple linear regression assessed associations between protein AUCs and long-

term graft function, applying log10-transformations on individual protein AUCs to 

meet normality assumptions and improve model fit. K means clustering (k=2) was 

used to identify clusters in 1-minute protein levels and elapsed cold ischemic time, 

followed by ROC analysis and Youden’s J Statistic to estimate the cold ischemic 

time threshold associated with increased protein release. Statistical analyses were 

performed using GraphPad Prism 10.3.1 (GraphPad Software, San Diego, CA) and 

IBM SPSS Statistics 28 (IBM Corp., Armonk, NY). 

Paper III 

Baseline subtraction was applied for post-reperfusion measurements of cell-free 

DNA, NETs markers, and sC5b-9. Pairwise comparisons of these markers between 

LD and DD kidney-transplant subgroups used Mann–Whitney U tests. Correlations 

were assessed by Spearman correlation analyses. Differences in C5b-9 intensity, 

from flow cytometry, between necrotic and two HK-2 cell control groups were 

assessed using one-way ANOVA. Plasma markers were summarized as individual 

AUC values from 1-, 10-, and 30-minute levels for outcome analyses. Associations 

with delayed graft function used logistic regression, ROC analyses, and Mann–

Whitney U tests. Longitudinal graft function throughout 4-years follow-up was 

either summarized as time-weighted eGFR AUC (eGFR from 1, 3, 6, 12, 24, 36, 48 

months post-transplantation divided by 48) or modelled using a linear mixed-effects 
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model with a random intercept and autoregressive AR(1) covariance structure. K 

means clustering (k=2) together with ROC analyses and Youden’s J Statistic defined 

thresholds for elapsed cold ischemic time and 1-minute cell-free DNA or sC5b-9 

release. Statistical analyses used GraphPad Prism 10.4.1 (GraphPad Software, San 

Diego, CA) and IBM SPSS Statistics 28 (IBM Corp., Armonk, NY). 

Paper IV 

Absolute leukocyte concentrations (cell/mL) were obtained by multiplying total 

white blood cell (WBC) count by the proportion of viable leukocytes and 

subsequently by the percentage of each gated subset within its parent population, 

preserving data linearity. ART-ANOVA with Geisser-Greenhouse correction 

assessed variation in cell counts by sampling timepoint and kidney allograft donor 

type (LD or DD), including interactions. To evaluate relative dynamics in this 

analysis, individual values from sampling timepoints were divided by the 

corresponding baseline value, while also accounting for the generally higher 

baseline levels and addressing inter-individual pre-implantation variability. Linear 

regression assessed slopes of cells/mL/min on linear data relative to the time elapsed 

since methylprednisolone induction. Leave-one-out cross-validation was used to 

compare monophasic and biphasic linear regression models for each cell subset to 

assess temporal absolute changes in cell-count trajectories around the reperfusion 

event. Three linear models from the study participants were fitted in the training set 

(n=28): 1) slope from baseline to 1 minute, 2) slope throughout 1, 10 to 30 minutes, 

and 3) single slope across, and including, all timepoints (baseline–30 minutes). The 

prediction error was quantified as root mean square error (RMSE) and computed for 

both the biphasic (model 1+2) and monophasic (model 3) models for the left out 

patient (n=1) in each fold. For each patient, the log-RMSE ratio was computed, 

where log-(biphasic RMSE/monophasic RMSE) values < 0 indicated better 

performance of the biphasic model consistent with a change in cell-count trajectory 

around reperfusion, whereas values > 0 indicated better performance of the 

monophasic model with no change in cell count trajectories at reperfusion. A 

Wilcoxon signed-rank test assessed whether the study population median log-

RMSE ratio differed from zero, indicating consistent superiority of one model over 

the other across patients. Statistical analyses used GraphPad Prism 10.4.1 

(GraphPad Software, San Diego, CA), IBM SPSS Statistics 28 (IBM Corp., 

Armonk, NY), and R 4.3.2 for Windows (R Foundation for Statistical Computing, 

Vienna, Austria). 
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Results 

Paper I – main findings 

 

Characteristics and general outcomes 

Paper I included 63 kidney transplant recipients (26 LD and 37 DD) prospectively 

from August 2018 to June 2019. Table 2 summarizes patient and donor 

characteristics. Overall, LD kidney recipients were younger, had younger donors, 

higher frequencies of predialytic patients, fewer patients on pre-transplant 

hemodialysis and lower median duration of pre-transplant dialysis compared to 

recipients of DD kidneys. Glomerulonephritis was more common as a cause of 

kidney failure in LD kidney recipients. The median cold ischemic time was higher 

in recipients of DD kidneys compared to LD kidneys (692 minutes [IQR 548-902] 

vs. 116.5 [95.0–154.8], P<0.001). No statistically significant difference in cold 

ischemic times was observed between non-oxygenated hypothermic machine-

perfused and static cold-stored DD kidneys. Additionally, KDRI was comparable 

between DD kidney transplant cases of these preservation methods. Remaining 

characteristics parameters were similar. 

One patient death with a functioning graft occurred in a static cold-stored DD kidney 

recipient (day 64, cytomegalovirus disease). Three graft failures were observed: two 

in DD kidney transplant recipients (one in a static cold-stored DD kidney recipient 

due to acute antibody-mediated rejection at day 151; one in a non-oxygenated 

hypothermic machine perfused DD kidney recipient due to recurrent thrombotic 

microangiopathy at day 396) and one in an LD kidney recipient (recurrent focal 

segmental glomerulosclerosis at day 469). 

At 24-months follow-up, no differences were observed between kidney-transplant 

cases of the LD and DD subgroups in overall transplant function, the incidence of 

biopsy-proven acute rejections, and both graft and patient survival. Six cases of 

delayed graft function occurred among DD kidneys (Table 3). 
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Table 2. Baseline characteristics of the study population (Paper I) separated by kidney transplant 
subgroups LD, static cold stored DD (DDCS), and hypothermic machine perfused DD (DDHMP). 

Baseline 
characteristics 

Median (1st-3rd 
quartile) or n (%) 

Transplant modality (63) P value 
for differences 

 DD (37) 

LD (26) DDCS (22) DDHMP (15) 

Donor age 51.0 
(46.0–59.0) 

56.5 
(49.8–67.8) 

62.0 
(46.0–68.0) 

0.036a 

Donor BMI 26.4 
(23.5–29.3) 

24.8 
(22.2–29.5) 

23.6 
(22.2–29.7) 

ns 

Donor anoxic brain 
injury (prior cardiac 

arrest) 

- 6 (27.2) 7 (46.7) ns 

Kidney donor risk index - 1.56 
(1.28–1.97) 

1.50 
(1.28-1.97) 

ns 

Cold ischemic time in 
minutes 

116.5 
(95.0–154.8) 

684.0 
(546.8–858.0) 

781.0 
(504.0–1029.0) 

<0.001a,b,c 

Recipient sex–male 18 (69.2) 14 (63.6) 12 (80.0) ns 

Recipient age 45.5 (35.8–
54.3) 

53.5 (46.0–
60.5) 

60.0 (45.0–
66.0) 

0.011a, 0.037c 

Recipient BMI 25.9 (22.5–
28.0) 

26.0 (23.8–
28.5) 

24.9 (23.1–
26.9) 

ns 

Preformed DSA 4 (15.4) 4 (18.2) 2 (13.3) ns 

Induction treatment  

Basiliximab 26 (100.0) 20 (90.9) 14 (93,3) ns 

Basiliximab + Rituximab 0 (0.0) 0 (0.0) 1 (6.7) ns 

Thymoglobulin 0 (0.0) 2 (9.1) 0 (0.0) ns 

Pretransplant dialysis 
modality 

 

Predialytic 11 (42.3) 3 (13.6) 1 (6.7) 0.006a, 0.03c 

Hemodialysis 9 (34.6) 15 (68.2) 9 (60.0) 0.023a, 0.04b 

Peritoneal dialysis 6 (23.1) 4 (18.2) 5 (33.3) ns 

Days of pretransplant 
dialysis 

392 (182–730) 1529 (683–
1924) 

785 (539–
1354) 

<0.001a, 0.001b 

Cause of kidney failure  

Glomerulonephritis 14 (53.8) 5 (22.7) 6 (40.0) 0.027b 

Diabetic nephropathy 3 (11.5) 5 (22.7) 1 (6.7) ns 

Polycystic kidney 
disease 

3 (11.5) 3 (13.6) 1 (6.7) ns 

Hypertensive 
nephrosclerosis 

3 (11.5) 2 (9.1) 3 (20.0) ns 

Alport syndrome 1 (3.8) 3 (13.6) 0 (0.0) ns 

Unknown 0 (0.0) 1 (4.5) 3 (20.0) 0.043c 

Other 2 (7.7) 3 (13.6) 1 (6.7) ns 

a LD vs DD 

b LD vs DDCS 

c DDCS vs DDHMP 
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Table 3. Outcome parameters of the study population (Paper I) separated by kidney transplant 
subgroups LD, static cold stored DD (DDCS), and hypothermic machine perfused DD (DDHMP) 

Outcome at 24 
months 

median (1st–3rd 
quartile) or n 

(%) 

Transplant modality (63) P value 
for differences 

 DD (37) 

LD (26) DDCS (22) DDHMP (15) 

s-Creatinine 
μmol/l 

103.0 (93.8–
138.5) 

117.5 (96.3–
149.0) 

130.0 (103.0–
155.0) 

ns 

eGFR ml/min per 
1.73 m2 

62.0 (49.0–69.8) 56.5 (34.3–68.0) 45.5 (34.8–64.8) ns 

Graft failure 1 (3.8%) 2 (9.1%) 1 (6.7%) ns 

Delayed graft 
function 

0 (0.0%) 4 (18.2%) 2 (13.3%) 0.038a,b 

Patient death 0 (0.0%) 1 (4.5%) 0 (0.0%) ns 

Biopsy-proven 
acute rejection 

7 (26.9%) 6 (27.3%) 5 (33.3%) ns 

De novo DSA 3 (11.5%) 3 (13.6%) 0 (0.0%) ns 

a LD vs DD 

b LD vs DDCS 

 

Generation of key innate immune cascade activation markers 

Activation markers of complement, coagulation, and the kallikrein-kinin systems 

were profiled in the serial venous effluent samples at baseline and 1, 10, and 30 

minutes post-reperfusion. ART-ANOVA showed that key markers of the 

complement (sC5b-9), coagulation (FXIa-AT/C1INH), and kallikrein-kinin (KK-

AT/C1INH and FXIIa-C1INH) systems varied significantly by sampling time or 

transplant modality (including preservation methods for DD kidneys), with 

significant interaction terms indicating that temporal activation patterns differed 

between transplant modalities (Figure 5). Furthermore, downstream coagulation 

activation marked by Thrombin-AT and Thrombin-C1INH demonstrated variation 

by sampling time points, with significant interaction between sampling time and 

modality for Thrombin-C1INH. 
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Figure 5. Levels of activation markers of the IIIS stratified by modality and time for the study 
population (n = 63). 
Markers with significant interactions in either or both of their respective protease-serpin complexes are 
shown. Connected scatter plots are color-coded for the specified modalities; black = LD-KT, red = 
DDCS-KT and blue = DDHMP-KT. P-values for differences from analysis of variance on aligned rank-
transformed data by modality (LD-KT [n = 26], DDCS-KT [n = 22] and DDHMP-KT [n = 15]), time 
(baseline, 1, 10, and 30 minutes postreperfusion), and the interaction (between time and modality) are 
presented below each graph (ns = not significant). DDCS = deceased-donor kidney preserved with static 
cold storage; DDHMP = deceased-donor kidney preserved with hypothermic machine perfusion; LD = 
living donor; IIIS = intravascular innate immune system. 

 

Correlations of markers within and between the innate immune 

cascades 

Generation of sC5b-9, the terminal complement activation fragment, was absent in 

24 out of 26 LD kidneys throughout the pre- and post-reperfusion sampling. In 

contrast, static cold-stored DD kidneys (n=22) generally exhibited undetectable 

sC5b-9 at baseline, while reperfusion was associated with a marked release (Figure 

6). Spearman correlation analyses demonstrated that the sC5b-9 release at 1 minute 

correlated with upstream complement marker MASP-2, coagulation products FXIa 

and thrombin, and kallikrein-kinin markers FXIIa and KK. Cross-cascade 

correlations persisted through 30 minutes, indicating prompt coactivation of the 

complement, coagulation, and kallikrein-kinin systems and, by extension, retained 

thrombo-inflammatory response throughout sampling. In non-oxygenated 

hypothermic machine-perfused DD kidneys (n=15), 1-minute sC5b-9 generation 

correlated with the activation of FXIa and MASP-1; however, these correlations 

were not retained throughout the sampling time (Figure 6). 
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Figure 6. Spearman correlation matrices by modality (DD separated by preservation method) 
from baseline to 30 minutes postreperfusion. The red gradient denotes significant positive ρ 
coefficients, and blue denotes significant negative ρ coefficients. Gray squares denote nonsignificant 
correlations. White squares indicate incomputable correlations due to non or insufficient generation of 
sC5b-9. A yellow outline highlights sC5b-9. DDCS = deceased-donor kidney preserved with static cold 
storage; DDHMP = deceased-donor kidney preserved with hypothermic machine perfusion; LD = living 
donor, KT = kidney transplantation. 

Associations with delayed graft function and mid-term allograft 

function 

Soluble C5b-9 was considered as a response marker of IIIS cascade activation, 

reflecting its concurrent generation with other IIIS activation products during 

ischemia-reperfusion injury and its reduction in non-oxygenated hypothermic 

machine-perfused DD kidneys corresponding with attenuated IIIS activation. The 

cumulative early IIIS cascade response, quantified as sC5b-9 AUC from baseline to 

30 minutes (AUCb–30), was associated with delayed graft function (ROC AUC 0.81, 

95% CI 0.61–1.00; P = 0.012). 

Stratification by retained IIIS cascade activation, defined as detectable sC5b-9 

generation at 30 minutes post-reperfusion, identified a small subgroup (LD kidneys 

2/26, static cold-stored DD kidneys 6/22, and non-oxygenated hypothermic 

machine-perfused DD kidneys 1/15) with persistently impaired allograft function. 
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These patients exhibited significantly lower eGFR throughout the 24-month follow-

up compared with those without retained sC5b-9 activity. (Figure 7a). In addition, 

the eGFR slope over 24 months was significantly lower in patients with retained 

sC5b-9 generation than in those without (median −0.31, [IQR −0.56 to −0.20] and 

0.19 [IQR −0.13 to 0.39), P = 0.007), indicating progressive functional decline. 

Among DD kidneys, eGFR slopes from 1 to 24 months differed significantly 

between static cold-stored DD kidney-transplant recipients with versus without 

retained sC5b-9 (−0.48 [IQR −0.56 to −0.31] versus 0.13 [IQR −0.09 to 0.51], P = 

0.014). In contrast, eGFR slopes did not differ between recipients of non-

oxygenated hypothermic machine-perfused DD kidneys and recipients of static 

cold-stored DD kidneys either with retained or without retained sC5b-9 generation 

(Figure 7b). 

 
Figure 7. Progression of median eGFR (ml/min per 1.73 m2) with interquartile range from 1 to 24 
months post-transplantation stratified (a) for retained sC5b-9 generation (defined as sC5b-9 
generation at 30 minutes following reperfusion) within the study cohort and (b) for modalities 
DDHMP and DDCS with and without retained sC5b-9 generation. The eGFR slopes, calculated between 
1 and 24 months, are represented by filled and dashed lines in the figures. The lines are color-coded in 
red for DDCS and blue for DDHMP. Two LD-KT patients with missing data on 30-minute sC5b-9 are 
excluded from the analyses. In addition, 2 patients (DDCS-KT and LD-KT) are excluded from the slope 
analyses due to patient death on day 64 and loss to follow-up on day 69, respectively. DDCS =  deceased-
donor kidney preserved with static cold storage; DDHMP = deceased-donor kidney preserved with 
hypothermic machine perfusion; eGFR = estimated glomerular filtration rate, KT = kidney transplantation. 
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Immediate sC5b-9 expression in relation to cold ischemic time 

The relationship between elapsed cold ischemic time and immediate sC5b-9 

expression post-reperfusion was evaluated within all subgroups of transplant 

modalities and preservation methods. A ROC analysis was performed to determine 

the threshold of elapsed cold ischemic time for immediate sC5b-9 release (> 0 

AU/mL) at 1-minute (Figure 8). Here, Youden’s J Statistic indicated that a cutoff 

at 522.4 minutes was associated with immediate sC5b-9 release (73% specificity, 

83% sensitivity).  

 

 
Figure 8. Scatterplot presenting levels of sC5b-9 by cold ischemic time. 
A dashed line denotes 522.4 minutes on the x-axis. DDCS, deceased donor kidney preserved with static 
cold storage; DDHMP = deceased-donor kidney preserved with hypothermic machine perfusion; LD = 
living donor, KT = kidney transplantation. 

Paper II – main findings 

Characteristics and general outcomes 

 

Paper II used the same cohort as Paper I. Baseline donor and patient characteristics 

are summarized in Table 2. At 4 years of follow-up, 6 cases of delayed graft 

function occurred among recipients of DD kidneys. In the DD group, two patients 

died with functioning grafts (days 64 and 939), one patient died with concurrent 

graft failure (day 774), and three additional graft failures occurred due to acute 

antibody-mediated rejection, recurrent thrombotic microangiopathy, and unknown 

cause (days 151, 396, and 1397). In the LD group, one graft failure occurred due to 

recurrent focal segmental glomerulosclerosis (day 469). One patient in each of the 

LD and DD groups was lost to follow-up due to emigration (days 69 and 1100, 

respectively). 
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Overall, there were no differences between the LD and DD groups in transplant 

function, graft or patient survival, or biopsy-proven acute rejection at 4 years (Table 

4). 

Table 4. Outcome parameters of the study population separated by LD- and DD kidney transplant 
recipients 

Outcomes by 48 months post-
transplantation 

Donor type (n = 63) P 
value 

LD (n = 26) DD (n = 37) 

P-Creatinine, µmol/L 111.5 (91.5–
132.0) 

121.0 (92.0–
147.0) 

0.41 

eGFR, mL/min/1.73 m2 58.0 (42.0–69.0) 51.0 (36.0–64.0) 0.29 

Non-death-censored graft failure 1 (3.8) 6 (16.2) 0.22 

Delayed graft function 0 (0.0) 6 (16.2) 0.038 

Patient death 0 (0.0) 3 (8.1) 0.26 

Biopsy-proven acute rejection 8 (30.8) 10 (27.0) 0.78 

De novo DSA 3 (11.5) 4 (10.8) 1.00 

Data are presented as frequencies (column percentages) and medians (first–third quartile). P 
values are expressed for comparisons of the 2 groups. 

DD = deceased-donor; DSA = donor-specific antibody; eGFR = estimated glomerular 
filtration rate; LD = living-donor. 

Protein release profiles between kidneys by donor type 

Across the cohort, all 92 markers were initially screened using a P value threshold 

of <0.05 to identify proteins increased during the post-reperfusion phase between 

donor types. From this initial screening, only markers showing a distinct 

upregulation at P < 0.01 were subsequently evaluated for associations with clinical 

outcomes. 

At 1 minute post-reperfusion, DD kidneys showed increased release of hepatocyte 

growth factor (HGF), osteoprotegerin (OPG), artemin (ARTN), and eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1) compared with LD 

kidneys. HGF release in DD kidneys persisted at 1, 10, and 30 minutes. In addition, 

transforming growth factor-α (TGF-α) and interleukin-33 (IL-33) increased in DD 

kidneys from 10 to 30 minutes post-reperfusion. 

In the LD group, tumor necrosis factor–related activation-induced cytokine 

(TRANCE) increased at 1 min postreperfusion, while IL-6, leukemia inhibitory 

factor (LIF), fibroblast growth factor-23 (FGF-23), adenosine deaminase (ADA), 

and monocyte chemoattractant protein-4 (MCP-4) were elevated at 30 minutes 

(Figure 9). 

In a complementary analysis within the DD group, non-oxygenated hypothermic 

machine perfusion was associated with higher 30-minute release of CXCL1, ADA, 
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and IL-7 compared with static cold storage, whereas no differences were observed 

at 1 or 10 minutes. 

 

 
Figure 9. Post-reperfusion inflammatory protein expression profiles by kidney-transplant cases 
of different donor type. Volcano plots presenting the –log10 adjusted P values and mean rank 
differences from Mann-Whitney U tests on all 92 proteins between donor types of transplant cases at 1, 
10, and 30 min postreperfusion. Mean rank differences are presented as DD kidneys minus LD kidneys. 
Red and blue dots indicate upregulated proteins in DD and LD kidneys, respectively. A horizontal dotted 
line indicates the –log10 adjusted P value for P = 0.05. Proteins above the significance threshold are 
labeled. DD-KT = deceased-donor kidney transplantation; LD-KT = living-donor kidney transplantation. 

Temporal protein release dynamics between kidneys by donor type 

The five proteins upregulated at P < 0.01 assessed for temporal release patterns by 

donor type. Levels of HGF, ARTN, OPG, TGF-α, and IL-33 all varied significantly 

by donor type, time post-reperfusion, and showed protein release dependent on the 

combined effect of donor type and elapsed time post-reperfusion (Figure 10). 
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Figure 10. Protein levels by donor type and sampling time. Connected scatter plots of protein levels 
by sampling time and donor type. Protein levels are presented as nonbaseline adjusted to allow for 
visualization of preimplantation levels. Blue and red denote LD-KT and DD-KT, respectively. Proteins 
below the alpha limit of 0.01 from the multiple comparisons by transplant modality are presented. P 
values from aligned rank-transformed ANOVA are presented for differences in protein levels by donor 
type, sampling time, and their interaction. DD = deceased-donor; LD = living-donor; KT = kidney 
transplantation; NPX = normalized protein expression. 

Post-reperfusion protein release and associations with delayed graft 

function and long-term allograft dysfunction  

Proteins upregulated at P < 0.01 in the initial screening were summarized as 

individual post-reperfusion AUCs based on baseline-subtracted data to enable 

standardized comparisons across release patterns (Figure 10). In the full cohort, 

post-reperfusion IL-33 and HGF AUCs were associated with delayed graft function, 

whereas no associations were observed for the remaining proteins (Table 5). IL-33 

levels were significantly higher in patients with delayed graft function than in those 

without delayed graft function, while HGF showed a non-significant trend toward 

higher levels in delayed graft function (Table 6). 
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TABLE 5. Baseline-adjusted protein levels from 1, 10, and 30 min post-reperfusion summarized 
into AUC and associations with delayed graft function 

Protein ROC AUC Adjusted P value 95% CI 

IL-33 0.77 0.0012 0.63-0.91 

HGF 0.73 0.0055 0.59-0.87 

TGF-α 0.66 0.29 0.49-0.83 

ARTN 0.59 1.00 0.37-0.81 

OPG 0.54 1.00 0.28-0.79 

ARTN = artemin; AUC = area under the curve; CI = confidence interval; HGF = hepatocyte 
growth factor; IL-33 = interleukin 33; OPG = osteoprotegerin; ROC = receiver operating 
characteristic; TGF-α = transforming growth factor α. 

TABLE 6. Mann-Whitney U tests by delayed graft function status on the AUC of protein levels 
from baseline-subtracted data at 1, 10, and 30 min post-reperfusion 

Protein DGF (n = 6) No DGF (n = 57) P value 

IL-33 391.55 
(286.50-527.30) 

204.80 
(128.20-375.60) 

0.030 

HGF 110 373.00 
(91 281.00-150 703.00) 

54 471.00 
7906.00-110 608) 

0.065 

TGF-α 12 087.00 
(10 867.00–20 392.00) 

10224.00 
(4428.00–17 966.00) 

0.20 

ARTN 23.42 
(5.51–32.05) 

13.43 
(2.83–31.34) 

0.47 

OPG 3085.50 
(943.40–30 639.00) 

6593.00 
(497.40–12 987.00) 

0.78 

Protein levels are presented as NPX × minutes in median (first–third quartile). ARTN = artemin; 
AUC = area under the curve; DGF = delayed graft function; HGF = hepatocyte growth factor; 
IL-33 = interleukin-33; NPX = normalized protein expression; OPG = osteoprotegerin; TGF-α = 
transforming growth factor α. 

 

Increased post-reperfusion HGF release was associated with decreased allograft 

function over 4 years, indicated by the significant negative association between 

HGF release and the AUC of eGFR. Conversely, elevated post-reperfusion ARTN 

release was positively associated with the AUC of eGFR (Table 7). 
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TABLE 7. Log-transformed AUC baseline-adjusted protein levels from 1, 10, and 30 min post-
reperfusion and associations long-term graft function (AUC of eGFR from 1-, 3-, 6-, 12-, 24-, 36- 
to 48-months post-transplantation) 

Protein Unstandardized 
coefficient B 

Standardized 
coefficient β 

t value P 95% CI 

Constant 4331.74 – 2.43 0.019 735.72 to 
7927.77 

HGF –768.20 –0.58 –2.62 0.012 –1359.03 to –
177.37 

ARTN 418.96 0.44 2.28 0.028 48.04 to 
789.87 

TGF-α 418.39 0.16 0.76 0.45 –694.99 to 
1531.77 

IL-33 –90.67 –0.04 –0.24 0.81 –842.76 to 
661.41 

OPG –64.85 –0.05 –0.31 0.76 –488.20 to 
358.49 

Bold text highlights significant associations. ARTN = artemin; AUC = area under the curve; CI 
= confidence interval; eGFR = estimated glomerular filtration rate; HGF = hepatocyte growth 
factor; IL-33 = interleukin 33; OPG = osteoprotegerin; TGF-α = transforming growth factor α. 

Immediate HGF release in relation to cold ischemic time 

To limit multiple comparisons, analyses of protein–cold ischemic time associations 

were restricted to the most robustly upregulated marker HGF. K-means clustering 

(k = 2) identified two distinct clusters defined by HGF release at 1 min post-

reperfusion and elapsed cold ischemic time, with cluster centers of 1943.0 versus 

14 580.2 NPX for HGF and 244.4 versus 743.5 min for cold ischemic time. 

Dichotomization by cluster membership followed by ROC analysis on patients in 

the high-cold ischemic time cluster and elapsed cold ischemic time. Youden’s J 

statistic identified an approximate cold ischemic time cutoff of 475.5 min, yielding 

97% sensitivity and 91% specificity for elevated HGF levels at 1 min post-

reperfusion (Figure 11). 
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FIGURE 11. Cold ischemic time and immediate post-reperfusion HGF release. 
Scatter plot of HGF levels by cold ischemic time at 1 min post-reperfusion. A vertical dotted line 
indicates 475.5 min of cold ischemic time. DD = deceased-donor; HGF = hepatocyte growth factor; KT 
= kidney transplantation; LD = living-donor; NPX = normalized protein expression. 

Paper III – main findings 

Baseline characteristics and general outcomes 

Paper III included 127 kidney transplant recipients (41 LD and 86 DD) from 

August 2018 to August 2020. All LD and 54 DD kidneys were preserved by static 

cold storage, and 32 DD kidneys underwent non-oxygenated hypothermic machine 

perfusion. Characteristics are summarized in Table 9. Recipient and donor ages, as 

well as cold ischemic times were lower in LD kidney-transplant recipients than DD 

kidney-transplant recipients. Preemptive transplantations and glomerulonephritis 

were more frequent in the LD group. Three LD kidney transplant recipients received 

methylprednisolone-induction only. Apart from preservation methods, remaining 

baseline characteristics were similar. Within the DD group, cold ischemic times and 

KDPI were comparable between static cold-stored and non-oxygenated 

hypothermic machine-perfused kidneys (cold ischemic times: 668.0 min [544.0-

767.0] versus 662.0 min [498.0-869.0], P = 0.939; KDPI 52.0% [20.0-78.0] versus 

64.0% [55.0-78.0], P = 0.101, respectively). 

In the DD group, 12 patients developed delayed graft function. Four patients died 

with functioning grafts (day 64, tissue-invasive cytomegalovirus; days 939, 1089, 

and 1144, undocumented causes), and one patient died with concurrent graft failure 

on day 774 due to COVID-19. One case of early allograft artery thrombosis required 

transplantectomy on day 1 and was not classified as graft failure. Three graft failures 

occurred in the DD group due to acute antibody-mediated rejection, recurrent 

thrombotic microangiopathy, and unknown cause (days 151, 396, and 1397). In the 

LD group, one graft failure occurred due to recurrent focal segmental 

glomerulosclerosis on day 469. Three LD kidney transplant recipients and one DD 
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kidney-transplant recipient were lost to follow-up due to emigration on days 63, 69, 

232 and 1100, respectively. 

At 4 years, eGFR, allograft and patient survival, rejection rates, and de novo donor-

specific antibody frequencies were comparable between recipients of LD and DD 

kidneys (Table 8). 

Table 8. General outcome parameters by 4 years post-transplantation 

General outcomes 

Outcomes by 4-year follow-up (median [1st-
3rd quartile] and n [percent]) 

LD-KT DD-KT P 
value 

Delayed graft function 0 (0.0) 12 (14.0) 0.009 

Non-death-censored graft failure 1 (2.4) 8 (9.3) 0.27 

eGFR (ml/min/1.73m2) 52.5 (40.5-69.0) 51.0 (37.1-66.5) 0.69 

Biopsy-proven acute rejection 7 (17.1) 18 (20.9) 0.81 

Patient death 0 (0.0) 5 (5.8) 0.32 

De novo donor-specific antibodies 3 (7.3) 8 (19.5) 1.00 

P values for differences between LD and DD are presented. Bold text indicates P values less 
than 0.05. LD-KT = living-donor kidney transplantation, DD-KT = deceased-donor kidney 
transplantation, eGFR = estimated glomerular filtration rate. 
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Table 9. Baseline characteristics (Paper III) of KT subgroups by donor type (LD versus DD). 

Baseline characteristics 

Median (1st-3rd quartile) or n (percent) LD-KT (n=41) DD-KT (n=86) P value 

Sex – male 31 (75.6) 58 (67.4) 0.347 

Recipient Age 44.0 
(35.0-54.0) 

53.0 
(45.0-61.0) 

0.002 

BMI 26.3 
(22.9-29.1) 

25.4 
(23.3-27.7) 

0.728 

Donor Age 52.0 
(47.0-56.0) 

60.0 
(47.0-68.0) 

0.015 

BMI 26.5 
(23.4-28.4) 

25.7 
(23.1-29.3) 

0.898 

Deceased donor type DBD  82 (95.3) N/A 

DCD  4 (4.7) N/A 

Cold ischemic time 
(minutes) 

 111.0 
 (78.0-127.0) 

668.0 
(535.0-792.0) 

< 0.001 

Pre-formed donor-
specific antibodies 

 6 (14.6) 6 (7.0) 0.200 

Preservation method SCS 41 (100.0) 54 (62.8) < 0.001 

Non-oxygenated HMP 0 (0.0) 32 (37.2) < 0.001 

Kidney donor profile index  59.5 
(34.5-78.0) 

N/A 

Induction 

therapy 
(methylprednisolone 

+ additional) 

Basiliximab 37 (90.2) 74 (86.0) 0.505 

Thymoglobulin 1 (2.4) 12 (14.0) 0.060 

Basiliximab + Rituximab 4 (9.8) 4 (4.7) 0.271 

Methylprednisolone only 3 (7.3) 0 (0.0) 0.032 

Pre-transplant dialysis Preemptive 17 (41.1) 11 (12.8) < 0.001 

Hemodialysis 15 (36.6) 47 (54.7) 0.057 

Peritoneal dialysis 9 (22.0) 28 (32.6) 0.219 

Cause of kidney 
failure 

Glomerulonephritis 23 (56.1) 25 (29.1) 0.003 

Polycystic kidney disease 7 (17.1) 13 (15.1) 0.777 

Diabetic nephropathy 2 (4.9) 12 (14.0) 0.224 

Hypertensive 
nephrosclerosis 

1 (2.4) 12 (14.0) 0.060 

Alport syndrome 1 (2.4) 3 (3.5) 1.000 

Unknown 1 (2.4) 6 (7.0) 0.427 

Other 6 (14.6) 15 (17.4) 0.690 

Continuous variables are expressed as median (1st to 3rd quartile) and categorical variables 
as n (percent). P values for differences between LD and DD kidney transplant cases are 
presented. Bold text indicates P values less than 0.05. LD-KT = living-donor kidney 
transplantation, DD-KT = deceased-donor kidney transplantation, BMI = body mass index, 
DBD = donation after brain death, DCD = donation after circulatory death, non-oxygenated 
HMP = hypothermic machine perfusion, SCS = static cold storage. 
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Post-reperfusion releases of cell-free DNA and NETs markers between 

modalities 

After reperfusion, DD kidneys exhibited higher nuclear cell-free DNA levels than 

LD kidneys at 1, 10, and 30 minutes (Figure 12A). Mitochondrial cell-free DNA 

levels were higher in DD kidneys at 1 minute, with no differences at 10 or 30 

minutes (Figure 12B). 

In the 56-patient subset analyzed for NETs markers, HNE–DNA levels were higher 

in DD kidneys at 10 and 30 minutes, but not at 1 minute (Figure 12C), whereas 

citrullinated histone H3 did not differ between donor types at any timepoint (Figure 

12D). 

HNE–DNA correlated with nuclear cell-free DNA at 10 and 30 minutes and with 

mitochondrial cell-free DNA at 1 minute. Citrullinated histone H3 correlated with 

mitochondrial cell-free DNA at 30 minutes, but not with nuclear cell-free DNA. No 

correlations were observed between HNE–DNA and citrullinated histone H3. 

Correlation matrices are provided in Supplementary Tables S1 and S2. 

 

Figure 12. Pre- and post-reperfusion cell-free DNA and NETs marker levels. Connected scatter plots 
depicting median (interquartile range) of cfDNA (LD-KT n=41, DD-KT n=86) and NETs markers (LD-KT 
n=20, DD-KT n=36) by sampling time for LD (blue) and DD (orange) KT cases. To allow for 
visualization of baseline, plots present non-baseline-adjusted values for nuclear cfDNA (A), 
mitochondrial cfDNA (B), HNE-DNA (C), and citrullinated histone H3 (D). P values are presented for 
differences in baseline-subtracted levels between modalities. LD-KT = living-donor kidney 
transplantation, DD-KT = deceased-donor kidney transplantation, cfDNA = cell-free DNA, HNE-DNA = 
human neutrophil elastase-DNA. 
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Associations of cell-free DNA release and delayed graft function 

Cumulative cell-free DNA levels (AUC1-30min) were analyzed in the full cohort after 

exclusion of the day-1 transplantectomy case. Nuclear cell-free DNA levels were 

higher in patients with delayed graft function (n = 12) compared with those without 

delayed graft function (n = 114) (Figure 13A), whereas mitochondrial cell-free 

DNA levels did not differ by delayed graft function status (Figure 13B). 

Nuclear cell-free DNA was significantly associated with delayed graft function (OR 

8.65 per 10-fold increase) while no association was observed for mitochondrial cell-

free DNA (Figure 13C). Consistently, nuclear cell-free DNA discriminated delayed 

graft function cases from non-delayed graft function cases, whereas mitochondrial 

cell-free DNA did not (Figure 13D). 

 

 

Figure 13. Nuclear and mitochondrial cell-free DNA and associations with delayed graft function. Plots 
presenting differences in cumulative cfDNA release post-reperfusion (AUC1-30 minutes) stratified by 
DGF status (DGF n=114, no DGF n=12) by Mann–Whitney U tests (A-B), association estimates of 
cumulative cfDNA release with DGF by binary logistic regression (C) and discriminative performance of 
cumulative cfDNA release for DGF by receiver operating characteristic curves (D). Cumulative post-
reperfusion release of nuclear- and mitochondrial cfDNA are represented by individual AUCs from 1-, 
10-, and 30-minutes post-reperfusion levels after baseline subtraction. For binary logistics regression, 
AUCs of cfDNA types were log10-transformed. Bar charts present median with scatter distribution and 
error bars of interquartile range, the dot plot presents OR with 95% confidence interval. P values are 
presented for the specified analyses. cfDNA = cell-free DNA, OR = odds-ratio, DGF = delayed graft 
function, AUC = area under the curve. 

Association of cell-free DNA release and allograft function over the 

long-term follow-up 

Longitudinal 4-year allograft function was assessed by cell-free DNA types. Neither 

nuclear nor mitochondrial cell-free DNA release was associated with eGFR over 

time (Table 10). 
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Table 10. Longitudinal allograft function and cell-free DNA release 

Long-term impact of cfDNA on allograft function (eGFR) over 4 years follow-up 

Parameter Estimate P value 95% CI 

Nuclear cfDNA (log10 AUC) 1.074 0.722 -4.925 – 7.074 

Mitochondrial cfDNA (log10 AUC) -1.071 0.276 -3.016 – 0.874 

Linear mixed-effects model on the long-term association between baseline-subtracted AUC 
cfDNA types (log10 transformed) and eGFR levels over a 4-year follow-up (repeated eGFR 
values from 1-, 3-, 6-, 12-, 24-, 36-, and 48-months post-transplantation). A random intercept 
per patient accounts for individual variability. cfDNA = cell-free DNA, eGFR = estimated 
glomerular filtration rate, AUC = area under the curve. 

 

Assessments on sC5b-9 associations with cell-free DNA and allograft 

function over the long-term follow-up 

In Paper I, persistent thrombo-inflammatory activation, defined as detectable sC5b-

9 levels at 30 minutes post-reperfusion and predominantly observed in DD kidneys, 

was associated with impaired allograft function at 2 years. Of the 63 recipients 

included in that cohort, 58 were also part of the present cohort. To examine the 

relationship between early post-reperfusion cell-free DNA release and 

thromboinflammation, corresponding cell-free DNA and sC5b-9 levels were 

analyzed in this subset, comparing recipients with persistent sC5b-9 generation (n 

= 8) to those without (n = 49). One LD kidney-transplant recipient lacking 30-

minute sC5b-9 data was excluded from these analyses. 

Nuclear cell-free DNA correlated with sC5b-9 levels at 1 minute and 10 minutes, 

whereas mitochondrial cell-free DNA correlated with sC5b-9 at 10 minutes only 

(Supplementary Table S3). 

Recipients with persistent sC5b-9 generation exhibited a significantly lower 4-year 

time-weighted average eGFR, compared with recipients without persistent sC5b-9 

(Figure 14A). 

Cumulative nuclear cell-free DNA release was higher in recipients with persistent 

sC5b-9 generation than in those without (Figure 14B), whereas cumulative 

mitochondrial cell-free DNA levels did not differ according to 30-minute sC5b-9 

status (Figure 14C). 
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Figure 14. Soluble C5b-9 generation in relation to allograft function over 4 years and cell-free DNA release. 
Bar charts with scatter presenting distributions of time-weighted average of 4-year eGFR (AUC of 1-, 3-
, 6-, 12-, 24-, 36-, to 48-months post-transplantation, divided by 48 months) (A), post-reperfusion AUCs 
of nuclear (B) and mitochondrial (C) cfDNA (from baseline-subtracted 1-, 10- and 30-minutes levels) 
stratified by persistent sC5b-9 status (denoted in blue and orange). Persistent sC5b-9 was defined as 
detectable sC5b-9 generation at 30 minutes post-reperfusion. Sample sizes were n=49 for and n=5 for 
non-persistent and persistent sC5b-9 in (A), and n=49 and n=8, respectively, in (B) and (C). Bars depict 
the median and error bars the interquartile range. P values are presented for differences by Mann–
Whitney U tests. eGFR = estimated glomerular filtration rate, cfDNA = cell-free DNA, sC5b-9 = soluble 
C5b-9, AUC = area under the curve. 

Comparison of nuclear cell-free DNA and sC5b-9 in deceased-donor 

kidneys by preservation method 

To assess whether preservation strategy influenced early intragraft injury and 

thrombo-inflammatory activation, nuclear cell-free DNA and sC5b-9 were 

compared between non-oxygenated hypothermic machine-perfused and static cold-

stored DD kidneys. 

Nuclear cell-free DNA levels did not differ between machine-perfused (n = 32) and 

static cold-stored kidneys (n = 54) at 1, 10, or 30 minutes post-reperfusion (Figure 

15). 

Among recipients with available sC5b-9 data (machine-perfused kidneys n = 15; 

static cold-stored n = 20), baseline-subtracted sC5b-9 levels were lower after non-

oxygenated hypothermic machine perfusion at 1 minute post-reperfusion (P = 

0.033). Soluble C5b-9 generation at 10 and 30 minutes was rare in machine-

perfused kidneys (0 and 1 cases, respectively) compared with static cold-stored 

kidneys (9 and 5 cases, respectively), precluding meaningful statistical 

comparisons. Nonetheless, cumulative sC5b-9 release (AUC1-30min) was markedly 

lower after non-oxygenated hypothermic machine perfusion than static cold 

storage (P < 0.001). 
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Figure 15. Nuclear cell-free DNA release by deceased-donor kidney preservation method. 
Connected scatter plots depicting median (interquartile range) of nuclear cfDNA levels (copies/mL) by 
sampling time for recipients of DD kidneys, stratified by preservation method: non-oxygenated HMP 
(n=32) and SCS (n=54). To allow for visualization of baseline, plots present non-baseline-adjusted values 
for nuclear cfDNA. P values are presented for differences in baseline-subtracted levels between 
preservation methods by Mann–Whitney U tests. cfDNA = cell-free DNA, DD = deceased-donor, HMP = 
hypothermic machine perfusion, SCS = static cold storage. 

 

Immediate release of cell-free DNA and sC5b-9 by cold ischemic time 

To assess the impact of ischemia on immediate cell-free DNA and sC5b-9 release, 

cold ischemic time was related to 1-minute post-reperfusion levels. 

K-means clustering (k = 2) identified two distinct clusters of 1-minute nuclear cell-

free DNA release with corresponding differences in cold ischemic times, defining a 

high cell-free DNA/high cold ischemic time cluster. ROC analysis of the higher 

cluster-membership and elapsed cold ischemic time demonstrated good 

discriminatory capacity (ROC AUC 0.772, P = 0.004), with Youden’s J statistic 

indicating an estimated cold ischemic time cutoff of 495 minutes for increased 

nuclear cell-free DNA release (Figure 16). No significant clustering was identified 

for mitochondrial cell-free DNA. 

Among recipients with available sC5b-9 data (n = 58), cold ischemic time was 

similarly associated with immediate sC5b-9 generation (ROC AUC 0.771, P = 

0.001), yielding an estimated cold ischemic time cutoff of 522.5 minutes for 

increased 1-minute sC5b-9 release (Figure 16). 
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Figure 16. 1-minute release of nuclear cell-free DNA (n=127) and sC5b-9 (n=58) by cold ischemic 
time. Scatter plot presenting baseline-subtracted 1-minute release of nuclear cfDNA (orange) and sC5-
9 (blue) by elapsed cold ischemic time. Orange and blue vertical dotted lines indicate Youden’s J-
esimated cutoffs from receiver operating characteristics for increased 1-minute release at 495.0 and 
522.5 minutes of cold ischemic time, respectively. cfDNA = cell-free DNA, sC5b-9 = soluble C5b-9. 

 

Cell culture necrosis model and C5b-9 

A necrosis model on human proximal tubular cells (HK-2) was incorporated to 

further elaborate on possible mechanistic links from findings of increased nuclear 

cell-free DNA release, predominantly in DD kidneys, and correlations with elapsed 

cold ischemic time and sC5b-9. 

After induction of necrosis, C5b-9 deposition was assessed by flow cytometry and 

confocal microscopy. Necrotic and live cells were identified by Annexin V and 

viability dye staining and incubated with buffer alone or 10% NHS. Necrotic cells 

exposed to NHS showed markedly increased C5b-9 deposition compared with 

buffer-treated necrotic cells, whereas live cells exhibited minimal C5b-9 deposition 

under both conditions. Confocal microscopy confirmed extensive C5b-9 staining on 

necrotic cells, with no deposition on live controls (Figure 17). 



62 

 

 

Figure 17. C5b-9 deposition on live and necrotic HK-2 cells assessed by flow cytometry and 
confocal microscopy. Annexin V and Via-Probe were used to gate live (AV-, Via-) and necrotic cells 
(AV+, Via+) (A-B). C5b-9 deposition was determined on cells incubated with buffer only or NHS. Cells 
incubated with NHS but without primary antibody were used as an additional negative control. 
Representative histograms are presented (C-D). MFI of n = 3 repeats was used for comparison 
between the necrotic cells and negative controls (E) and live cells and negative controls (F). Graphs 
depict mean with standard deviation. P values from one-way ANOVA are presented (E-F). C5b-9 
deposition (green) on live and necrotic HK-2 cells visualized by confocal microscopy. Nuclei were 
counterstained with DAPI (blue). Scale bar corresponds to 10 µm (g-h). w/o = without, NHS = normal 
human serum, MFI = mean fluorescence intensity. 

Paper IV – main findings 

Characteristics and general outcomes 

In DD kidney-transplant recipients, donor and recipient ages, as well as cold 

ischemic times, were higher compared to recipients of LD kidneys. Hypothermic 

machine perfusion preservation was used in 52.4% of DD kidneys and 0% of LD 

kidneys (Table 11). Six cases of delayed graft function occurred in the DD group. 

No death-censored graft failure occurred in the study cohort. Two patients in the 

DD group died on days 785 and 494 due to acute subdural hematoma and respiratory 

failure with cytomegalovirus infection, respectively. At four years follow-up, there 

were no statistical differences between recipients of LD and DD kidneys in plasma-

creatinine and eGFR, nor the incidence of patient death or biopsy-proven acute 

rejections of any type (Table 12). 
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Table 11. Donor and recipient characteristics (Paper IV) stratified by transplant modality. 

Characteristics and outcome 

Median (1st-3rd quartile) or frequencies 
(percent) 

Study population (n=29) P value 

LD-KT (n=8) DD-KT (n=21) 

Sex – male 4 
(50.0) 

14 
(66.7) 

0.433 

Recipient Age 43.5 
(32.0-60.0) 

59.0 
(54.0-65.0) 

0.036 

Donor Age 51.5 
(44.0-55.0) 

63.0 
(54.0-70.0) 

0.016 

Cold ischemic time 139.5 
(69.0-223.0) 

569.0 
(495.0-868.0) 

< 0.001 

Preservation 
method 

Static cold storage 8 
(100) 

10 
(47.6) 

0.012 

Hypothermic machine 
perfusion 

0 
(0.0) 

11 
(52.4) 

0.012 

Dialysis type Preemptive 1 
(12.5) 

2 
(9.5) 

1.000 

Hemodialysis 4 
(50.0) 

14 
(66.7) 

0.433 

Peritoneal dialysis 3 
(37.5) 

5 
(23.8) 

0.646 

Induction 
therapy 

Solumedrol + 
basiliximab 

5 
(62.5) 

21 
(100.0) 

0.015 

Solumedrol + 
basiliximab + rituximab 

3 
(37.5) 

0 
(0.0) 

0.015 

Values are presented as median (1st-3rd quartile) or frequencies (percent). P values are 
presented for differences between transplant modalities. Bold text highlights P values < 0.05. 
LD = living-donor, DD = deceased-donor, KT = kidney transplantation. 

 

Table 12. Outcomes by 4 years follow-up stratified by transplant modalities. 

Outcome by 4 years LD-KT (n=8) DD-KT (n=21) P value 

Delayed graft function 0 (0.0) 6 (28.6) 0.148 

Plasma-creatinine at 4 years 122.0 (97.5-168.5) 114 (85.0-145.0) 0.481 

eGFR at 4 years 48.7 (31.3-65.0) 52.6 (41.7-69.8) 0.549 

Patient death 0 (0.0) 2 (9.5) 1.000 

Graft failure (death-censored) 0 (0.0) 0 (0.0) N/A 

Biopsy-proven 
acute rejection 

TCMR 
(including borderline) 

2 (25.0) 8 (38.1) 0.675 

ABMR 1 (12.5) 3 (14.3) 1.000 

P values present differences between transplant modalities. ABMR = antibody-mediated 
rejection, eGFR = estimated glomerular filtration rate, LD = living-donor, DD = deceased-
donor, KT = kidney transplantation, TCMR = T cell-mediated rejection. 
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Leukocyte compositions by sampling time and transplant modality 

We initially screened relative between-subject effects to evaluate temporal changes 

in leukocyte subset concentrations according to transplant modality (LD vs DD). 

All subsets, except granulocytes, decreased post-reperfusion relative to pre-

implantation levels. A significant time-dependent effect on cell concentrations was 

observed for all populations in the ART-ANOVA (Figure 18). 

 

Figure 18. Leukocyte compositions by sampling time and transplant modality. 
Bar charts depicting median (interquartile range) of baseline-adjusted levels of cells/mL by leukocyte 
subsets and sampling time points, sorted by LD (black) and DD (red) transplant modalities. P values 
from ART ANOVAs are presented below each cell subset. LD = living-donor, DD = deceased-donor, KT 
= kidney transplantation. 
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Leukocyte trajectories by induction therapy and the reperfusion 

exposure 

The joint pattern of sampling time-dependent general decline in concentrations of 

the assessed leukocyte subsets in static levels was observed in all recipients, 

regardless of donor type, where the majority of cells did not show significant 

variation by the interacting effect of transplant modality on elapsed time. 

To further delineate dominating exposures within this early transplant timeframe, 

we considered the common exposures of induction therapy with methylprednisolone 

as well as the reperfusion event, present in all patients. 

As corticosteroids are known to cause intravascular redistribution of immune 

cells163–165, we first performed a screening analysis on granulocytes and T cells by 

elapsed time from methylprednisolone administration to verify that this influence 

could be present. Here, significant trends on concentrations by time from 

methylprednisolone were observed for granulocytes which exhibited a general 

increase, while T cells generally decreased (Supplementary Figure S1). 

To further determine the dominating exposure on cell trajectories, monophasic 

(baseline–30 min) and biphasic (baseline–1 min and 1–30 min) linear regression 

models were compared along a shared time axis. Monophasic models reflected 

corticosteroid-driven redistribution, whereas biphasic models incorporated a 

reperfusion-associated breakpoint. Model performance was evaluated using leave-

one-out cross-validation and log-RMSE ratios to identify cell populations in which 

a reperfusion-driven trajectory provided superior fit. 

In the full cohort (n = 29), non-classical monocytes (CD14dimCD16++), CD56dim NK 

cells, CD8+CD45RO+ memory T cells, and CD8+CD25+ T cells demonstrated 

accelerated depletion rates following reperfusion, consistent with a dominant 

reperfusion pattern (Figure 19). 

To visualize the model-derived directional trends of biphasic reperfusion-splits in 

cell depletion for these cells together with the raw linear data, we superimposed the 

estimated median slopes per cell type in a composite graph including linear cell 

counts/mL data along an individually reperfusion-aligned time axis (Figure 20). 

In exploratory stratified analyses, DD kidney-transplant recipients displayed a 

reperfusion-associated pattern in the depletion rates of non-classical monocytes, 

CD8+CD45RO+ memory T cells, and CD8+CD25+T cells. In contrast, LD kidney-

transplant recipients showed no evidence of reperfusion-dominated shifts; instead, 

cellular redistribution patterns were more consistent with monophasic 

corticosteroid-driven effects across multiple lymphocyte subsets, including non-

classical monocytes, CD8+ T cells, CD8+ memory T cells, CD8+CD25+T cells, and 

CD56bright NK cells. Detailed slope estimates and model performance metrics are 

provided in Supplementary Tables S4-S6. 
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Figure 19. Estimated median slopes of cell subsets pre- and post-reperfusion. 
Dot and-whisker plots of cross validation-derived slopes (cells/mL/minute from the time-axis of minutes 
from methylprednisolone induction) for CD14dim CD16++ non-classical monocytes (A), CD56dim CD16+ 
NK cells (B), CD8+ memory T cells (C), and CD8+ CD25+ T cells (D). Dots with broad horizontal bars 
depict median and 95% bootstrapped CI:s are indicated by short horizontal bars. A grey single-slope 
reference (baseline to 30 minutes) is indicated by a dashed line (median) with dotted lines for its 95% 
bootstrapped CI. P values report Wilcoxon signed-rank tests on log(biphasic slope RMSE/monophasic 
slope RMSE), assessing consistent model superiority of the reperfusion-split biphasic (baseline to 1 
minute and 1 minute to 30 minutes) over the monophasic (baseline to 30 minutes) single-slope fit. 
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Figure 20. Cell subset dynamics by sampling time centered around reperfusion and 
superimposed estimated median slopes. 

Connected scatter plots of cell counts/mL by time centered around the reperfusion event in all patients 
(n=29) for CD14dim CD16++ non-classical monocytes, CD56dim CD16+ NK cells, CD8+CD45RO+ T 
cells, and CD8+CD25+ T cells. Estimated median slopes from the leave-one-out cross-validation model 
– pre-reperfusion (baseline–1 min) and post-reperfusion (1–30 min) – are superimposed on the raw 
linear data and anchored at the cohort median 1 minute value. A black line with red outline depicts the 
estimated pre-reperfusion slope in cells/mL/min, while a blue line with red outline depicts the estimated 
post-reperfusion slope. A vertical dotted red line indicates the reperfusion event on the x-axis. 
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Supplementary material 

Paper III 

Supplementary Table S1. Spearman correlations of cell-free DNA and NETs markers 

Spearman correlations 

 HNE-DNA Citrullinated histone 
H3 

Nuclear 
cfDNA 

1  
min 

0.212 
(P = 0.121) 

-0.132 
(P = 0.335) 

10  
min 

0.607 
(P < 0.001) 

-0.140 

(P = 0.314) 

30  
min 

0.475 
(P < 0.001) 

-0.181 
(P = 0.191) 

 

Mitochondrial 
cfDNA 

1  
min 

0.340 
(P = 0.011) 

0.095 
(P = 0.491) 

10  
min 

0.241 
(P = 0.080) 

0.217 
(P = 0.115) 

30  
min 

0.056 
(P = 0.687) 

0.285 
(P = 0.037) 

Spearman correlation coefficients of baseline-subtracted levels of HNE-
DNA or citrullinated histone H3 and both nuclear and mitochondrial cfDNA 
levels at 1-, 10-, and 30-minutes post-reperfusion. Bold text indicates 2-
tailed P < 0.05. cfDNA = cell-free DNA, HNE-DNA = human neutrophil 
elastase-DNA. 

 

Supplementary Table S2. Spearman correlations of NETs markers 

Spearman correlations 

 HNE-DNA 

Citrullinated 
histone H3 

1  
min 

0.210 
(P = 0.124) 

10  
min 

-0.028 
(P = 0.842) 

30  
min 

0.051 
(P = 0.712) 

Spearman correlation coefficients of baseline-
subtracted levels HNE-DNA and citrullinated 
histone H3 at 1-, 10-, and 30-minutes post-
reperfusion. HNE-DNA = human neutrophil 
elastase-DNA. 
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Supplementary Table S3. Spearman correlations of cell-free DNA and sC5b-9 

Spearman correlations 

 Nuclear 
cfDNA 

 

Mitochondrial cfDNA 

sC5b-9 1  
min 

0.460 
(P < 0.001) 

0.243 
(P = 0.066) 

10  
min 

0.373 
(P = 0.004) 

0.286 
(P = 0.031) 

30  
min 

0.160 
(P = 0.24) 

-0.011 
(P = 0.937) 

Spearman correlation coefficients of baseline-subtracted levels of 
nuclear or mitochondrial cfDNA levels and sC5b-9 at 1-, 10-, and 30-
minutes post-reperfusion. Bold text indicates 2-tailed P < 0.05. cfDNA 
= cell-free DNA, sC5b-9 = soluble sC5b-9. 

 

Paper IV 

 

Supplementary Figure S1. Concentrations of granulocytes (A) and T cells (B) at different sampling 
times by elapsed time from methylprednisolone induction. Sampling time points are color coded by 
grey (baseline), red (1 minute), orange (10 minutes), and brown (30 minutes). A green line indicates the 
linear regression slope. 
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Supplementary Figure S2. Gating strategy for Tube A and Tube B. 
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Supplementary Table S4. Leukocyte change rates by biphasic or monophasic linear regression 
modeling in the entire study population (n=29). 

Comparison of reperfusion versus induction treatment exposures on cell trajectories in the 
entire cohort (n=29) 

Cell type Change rate (cells/mL/min) 

Median (95% bootstrapped CI) 

Log-RMSE 
ratio 

Model fit 
superiority 

biphasic: <0 

monophasic: 
>0 

P value 

Biphasic (redistribution upon 
reperfusion) 

Monophasic 
(corticosteroid 

induction 
pattern alone) 

Baseline-1min 1min-30min 
Baseline-

30min 

Non-classical 
monocytes 

(CD14dim CD16++) 

−197.777 
(−203.802 to 

−193.329) 

−407.443 
(−416.321 to 

−396.590) 

−202.441 
(−207.799 to 
−196.557) 

−0.03871 
(−0.12400 to 

0.00042) 
0.0379 

CD56dim NK cells 
(CD56dim CD16+) 

−1594.702 
(−1629.866 to 
−1580.622) 

−3840.689 
(−3904.797 

to 
−3777.802) 

−1783.414 
(−1804.159 to 

−1740.721) 

−0.03812 
(−0.10436 to 
−0.00532) 

0.0491 

CD8+ (CD45RO+) 
Memory T cells 

−190.704 
(−199.412 to 

−180.288) 

−443.891 
(−463.480 to 

−423.890) 

−208.279 
(−217.931 to 
−202.941) 

−0.02056 
(−0.05637 to 
−0.00272) 

0.0114 

CD8+CD25+ 
−22.068 

(−22.636 to 
−21.721) 

−36.274 
(−36.970 to 
−35.259) 

−20.180 
(−20.397 to 

−19.849) 

−0.05034 
(−0.13623 to 
−0.00482) 

0.00185 

Granulocytes 
5714.636 

(5131.202 to 
5914.058) 

983.744 
(−145.468 to 

1509.412) 

2936.270 
(2472.517 to 
3094.106) 

0.00654 
(0.00181 to 

0.01390) 
0.0010 

B cells 
−171.476 

(−180.231 to 
−166.309) 

−268.740 
(−279.230 to 

−263.671) 

−152.149 
(−158.346 to 
−148.281) 

−0.01145 
(−0.04471 to 

0.00331) 
0.2259 

Monocytes (all) 
−1266.585 

(−1317.588 to 
−1256.925) 

−2582.773 
(−2692.367 

to 
−2568.414) 

−1292.184 
(−1341.505 to 

−1283.764) 

0.00105 
(−0.03164 to 

0.02191) 
0.9655 

Classical 
monocytes 

(CD14++ CD16dim/-

) 

−874.340 
(−909.219 to 

−851.231) 

−1881.046 
(−1959.956 

to 
−1867.276) 

−920.742 
(−942.161 to 
−899.555) 

0.00307 
(−0.03063 to 

0.02107) 
0.9483 

Intermediate 
monocytes 

(CD14++ CD16+) 

−48.605 
(−55.707 to 
−43.485) 

−118.150 
(−124.165 to 

−113.086) 

−54.742 
(−60.495 to 

−52.543) 

0.00094 
(−0.05056 to 

0.01066) 
0.4755 

HLA-DR+ T cells 
163.614 

(128.722 to 
191.856) 

435.143 
(320.284 to 
444.214) 

200.135 
(155.647 to 

227.632) 

0.00175 
(−0.00232 to 

0.00983) 
0.3199 
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T cells (all) 
−1476.777 

(−1498.153 to 
−1430.135) 

−2523.078 
(−2593.497 

to 
−2406.701) 

−1360.199 
(−1391.078 to 

−1317.577) 

−0.01193 
(−0.03878 to 
−0.00230) 

0.0799 

CD4+ T cells 
−1155.319 

(−1167.008 to 
−1119.865) 

−1982.854 
(−2011.626 

to 
−1921.708) 

−1069.213 
(−1089.870 to 

−1042.783) 

−0.02448 
(−0.09375 to 

0.01978) 
0.1872 

CD4+ (CD45RO+) 
Memory T cells 

−834.395 
(−852.003 to 

−820.623) 

−1567.127 
(−1603.857 

to 
−1545.561) 

−809.378 
(−828.839 to 
−802.470) 

−0.02225 
(−0.09233 to 

0.00988) 
0.1599 

CD4+ (CD45RA+) 
naïve T cells 

−428.770 
(−453.293 to 

−404.679) 

−789.086 
(−818.056 to 

−727.499) 

−415.207 
(−433.091 to 
−385.216) 

−0.00918 
(−0.01885 to 

0.01554) 
0.8457 

CD4+ CD25+ T 
cells 

−89.468 
(−91.882 to 
−88.398) 

−102.296 
(−104.630 to 

−97.582) 

−68.982 
(−70.988 to 

−66.879) 

−0.01563 
(−0.04957 to 

0.00730) 
0.0629 

CD8+ T cells 
−183.836 

(−210.336 to 
−154.774) 

−585.686 
(−608.053 to 

−507.579) 

−238.347 
(−260.746 to 
−217.412) 

−0.00154 
(−0.00954 to 

0.00422) 
0.8120 

CD8+ (CD45RA+) 
naïve T cells 

−51.184 
(−62.200 to 
−32.570) 

−284.574 
(−301.066 to 

−255.657) 

−98.438 
(−109.881 to 

−83.510) 

0.00165 
(−0.00899 to 

0.00680) 
0.6971 

CD56bright NK cells 
(CD56bright 
CD16lo/-) 

−81.718 
(−84.738 to 
−80.718) 

−138.330 
(−141.973 to 

−137.888) 

−75.562 
(−77.538 to 

−74.610) 

−0.01788 
(−0.08958 to 

0.00310) 
0.5306 

CD56lo/- NK cells 
(CD56lo/- CD16+) 

−62.783 
(−66.150 to 
−60.770) 

−83.911 
(−89.326 to 
−79.101) 

−51.642 
(−55.114 to 

−50.115) 

−0.00005 
(−0.04643 to 

0.00964) 
0.6038 

Values are expressed as estimated median slopes of cells/mL/min and 95% bootstrapped 
confidence intervals. P values denote log-RMSE ratios significantly distinct from 0. A negative 
log RMSE-ratio value indicates superior fit of the biphasic (reperfusion) model and a positive 
value indicates superior fit of the monophasic (induction therapy) model. Bold text indicates 
cell types with significant P values. RMSE = root mean square error. 
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Supplementary Table S5. Immune cell change rates by biphasic or monophasic linear regression 
modelling in the DD-KT subgroup (n=21) 

Comparison of the reperfusion exposure versus methylprednisolone exposure on cell 
trajectories in the DD-KT subgroup (n=21) 

Cell type Change rate (cells/mL/min) 

Median (95% bootstrapped CI) 

Log-RMSE 
ratio 

Model fit 
superiority 

biphasic: <0 

monophasic: 
>0 

P 
value 

Biphasic (redistribution upon 
reperfusion) 

Monophasic 
(corticosteroid 

induction 
pattern alone) 

Baseline-1min 1min-30min Baseline-30min 

Non-classical 
monocytes 

(CD14dim CD16++) 

-238.09 
(-248.42 to -

226.17 

-472.99 

(-503.08 to -
447.96) 

-251.56 
(-270.21 to -

238.94) 

-0.046 
(-0.152 to -

0.013) 

0.044 

CD8+ (CD45RO+) 
Memory T cells 

-161.52 
(-168.67 to -

136.77) 

-363.87 
(-380.73 to -

348.43) 

-183.67 
(-190.16 to -

170.10 

-0.033 
(-0.065 to -

0.014) 

0.022 

CD8+CD25+ -32.44 
(-33.36 to -

31.97) 

-33.35 
(-33.92 to -

31.92) 

-25.06 
(-25.55 to -

24.25) 

-0.086 
(-0.141 to -

0.060) 

0.002 

Granulocytes 4995.54 
(4014.12 to 

5400.72) 

-3180.74 
(-5728.71 to -

2446.17) 

1276.89 
(161.02 to 
1611.22) 

0.006(-0.002 
to 0.009) 

0.175 

B cells -173.03(-182.99 
to -167.71) 

-318.61 
(-338.65 to -

312.92) 

-174.66 
(-185.74 to -

172.63) 

-0.026 
(-0.096 to 

0.000) 

0.211 

Monocytes (all) -1740.46 
(-1854.88 to -

1684.07) 

-3008.95 
(-3123.93 to -

2832.12) 

-1705.38 
(-1792.41 to -

1592.68) 

-0.010 
(-0.082 to 

0.030) 

0.808 

Classical 
monocytes 

(CD14++ CD16dim/-) 

-1260.50 
(-1323.79 to -

1214.79) 

-2201.86 
(-2294.84 to -

2159.08) 

-1242.39 
(-1306.15 to -

1187.34) 

-0.020 
(-0.087 to 

0.026) 

0.728 

Intermediate 
monocytes 

(CD14++ CD16+) 

-95.11 
(-105.65 to -

94.17) 

-126.40 
(-137.68 to -

112.88) 

-82.88 
(-91.40 to -

76.52) 

-0.011 
(-0.070 to -

0.001) 

0.175 

HLA-DR+ T cells 104.94 
(19.53 to 
142.99) 

314.66 
(166.81 to 

356.40) 

145.37 
(44.28 to 
176.07) 

0.003 
(-0.003 to 

0.013) 

0.198 

T cells (all) -1472.22 
(-1543.78 to -

1449.44) 

-1891.95 
(-2050.29 to -

1727.65) 

-1245.29 
(-1292.52 to -

1188.84) 

-0.004 
(-0.024 to 

0.010) 

0.781 

CD4+ T cells -1152.73 
(-1250.62 to -

1142.12) 

-1414.99 
(-1562.22 to -

1374.84) 

-954.41 
(-1037.79 to -

927.26) 

-0.017 
(-0.055 to 

0.011) 

0.281 

CD4+ (CD45RO+) 
Memory T cells 

-1055.45 
(-1095.39 to -

1045.25) 

-1570.03 
(-1684.63 to -

1558.87) 

-962.32 
(-984.81 to -

954.28) 

-0.031 
(-0.145 to 

0.018) 

0.198 

CD4+ (CD45RA+) 
naïve T cells 

-214.35 
(-267.27 to -

206.44) 

-224.40 
(-319.30 to -

198.79) 

-164.11 
(-217.48 to -

148.99) 

0.009 
(-0.013 to 

0.018) 

0.266 

CD4+ CD25+ T 
cells 

-82.51 
(-85.70 to -

81.55) 

-47.49 
(-61.17 to -

45.70) 

-51.67 
(-56.29 to -

50.93) 

0.005 
(-0.013 to 

0.017) 

0.237 
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CD8+ T cells -253.44 
(-321.65 to -

232.98) 

-557.45 
(-647.68 to -

459.80) 

-283.20 
(-339.45 to -

248.22) 

-0.003 
(-0.010 to 

0.005) 

0.972 

CD8+ (CD45RA+) 
naïve T cells 

-147.54 
(-263.46 to -

136.85) 

-348.85 
(-469.87 to -

286.28) 

-173.95 
(-277.29 to -

143.49) 

-0.001 
(-0.009 to 

0.007) 

1.000 

CD56dim NK cells 
(CD56dim CD16+) 

-1726.94 
(-1803.82 to -

1696.66) 

-4074.46 
(-4225.38 to -

4034.18) 

-2035.50 
(-2083.42 to -

1999.08) 

-0.036 
(-0.127 to -

0.012) 

0.224 

CD56bright NK cells 
(CD56bright CD16lo/-

) 

-88.26 
(-94.23 to -

87.08) 

-140.12 
(-143.26 to -

137.08) 

-82.46 
(-87.35 to -

82.06) 

-0.005 
(-0.094 to 

0.026) 

0.972 

CD56lo/- NK cells 
(CD56lo/- CD16+) 

-65.51 
(-75.77 to -

63.71) 

-90.39 
(-102.28 to -

86.03) 

-58.64 
(-65.17 to -

54.03) 

-0.014 (-0.070 
to 0.018) 

0.404 

Values are expressed as estimated median slopes of cells/mL/min and 95% bootstrapped 
confidence intervals. P values denote log-RMSE ratios significantly distinct from 0. A 
negative log-RMSE ratio value indicates superior fit of the biphasic (reperfusion) model and a 
positive value indicates superior fit of the monophasic (induction therapy) model. Bold text 
indicates cell types with significant P values. RMSE = root mean square error, DD-KT = 
deceased-donor kidney transplantation. 
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Supplementary Table S6. Immune cell change rates by biphasic or monophasic linear regression 
modelling in the LD-KT subgroup (n=8) 

Comparison of the reperfusion exposure versus methylprednisolone exposure on cell 
trajectories in the LD-KT subgroup (n=8) 

Cell type Change rate (cells/mL/min) 

Median (95% bootstrapped CI) 

Log-RMSE 
ratio 

Model fit 
superiority 

biphasic: <0 

monophasic: 
>0 

P 
value 

Biphasic (redistribution upon 
reperfusion) 

Monophasic 
(corticosteroid 

induction 
pattern alone) 

Baseline-1min 1min-30min Baseline-
30min 

Non-classical 
monocytes 

(CD14dim CD16++) 

-84.57 
(-121.47 to -

42.30) 

282.86 
(-38.35 to 
407.76) 

-20.70 
(-62.01 to 

14.48) 

0.070 
(-0.006 to 

0.118) 

0.042 

CD8+ T cells 384.21 
(-196.48 to 

562.41) 

417.88 
(-549.85 to 

990.85) 

194.76 
(-40.59 to 
347.20) 

0.016 
(0.002 to 
0.056) 

0.030 

CD8+ (CD45RO+) 
Memory T cells 

-82.26 
(-145.19 to 

76.89) 

-14.26 
(-758.36 to 

333.51) 

-45.35 
(-160.87 to 

64.31) 

0.029 
(0.023 to 
0.052) 

0.021 

CD8+CD25+ 53.02 
(36.50 to 57.51) 

68.64 
(6.87 to 94.37) 

32.48 
(20.69 to 
34.36) 

0.029 
(0.000 to 
0.079) 

0.042 

CD56bright NK 
cells 

(CD56bright 
CD16lo/-) 

-28.78 
(-43.76 to -

19.95) 

30.98 
(-13.88 to 

96.78) 

-12.45 
(-22.81 to -

2.23) 

0.076 
(0.020 to 
0.113) 

0.014 

Granulocytes 768.69 
(-6615.43 to 

2116.59) 

10963.21 
(-11027.54 to 

23143.73) 

1421.50 
(-2517.43 to 

2376.52) 

0.033 
(0.003 to 
0.071) 

0.059 

B cells -209.05 
(-295.55 to -

129.58) 

483.07 
(-141.59 to 

602.91) 

-68.55 
(-154.71 to -

26.78) 

0.057 
(-0.010 to 

0.231) 

0.080 

Monocytes (all) 1095.24 
(855.78 to 
1274.80) 

4918.96 
(4807.04 to 
5210.80) 

976.79 
(872.55 to 
1026.98) 

-0.076 
(-0.197 to 

0.012) 

0.441 

Classical 
monocytes 

(CD14++ CD16dim/-) 

1251.15 
(978.16 to 
1436.51) 

4884.60 
(4665.71 to 
5487.92) 

1048.35 
(820.87 to 
1147.20) 

-0.017 
(-0.126 to 

0.016) 

0.529 

Intermediate 
monocytes 

(CD14++ CD16+) 

317.39 
(199.82 to 

336.26) 

920.01 
(644.33 to 

972.43) 

234.34 
(153.22 to 

243.79) 

0.005 
(-0.138 to 

0.205) 

0.624 

HLA-DR+ T cells -39.20 
(-277.08 to 

118.51) 

-291.71 
(-1732.44 to 

280.94) 

-67.27 
(-321.82 to 

54.66) 

0.020 
(-0.042 to 

0.063) 

0.234 

T cells (all) 313.63 
(-906.22 to 

696.78) 

-2687.37 
(-5040.32 to -

1457.91) 

-100.10 
(-864.37 to 

168.40) 

0.008 
(-0.058 to 

0.122) 

0.441 

CD4+ T cells 124.27 
(-427.67 to 

228.77) 

-5175.44 
(-5785.01 to -

4438.31) 

-362.81 
(-607.45 to -

267.65) 

-0.012 
(-0.133 to 

0.018) 

0.294 
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CD4+ (CD45RO+) 
Memory T cells 

227.02 
(-139.42 to 

332.91) 

-1796.44 
(-2746.72 to -

954.27) 

-57.79 
(-121.70 to 

32.02) 

0.025 
(0.001 to 
0.243) 

0.107 

CD4+ (CD45RA+) 
naïve T cells 

-101.11 
(-352.52 to -

45.18) 

-2963.96 
(-3762.62 to -

2532.88) 

-294.23 
(-467.08 to -

235.15) 

-0.039 
(-0.084 to 

0.054) 

0.624 

CD4+ CD25+ T 
cells 

33.53 
(15.50 to 51.16) 

78.37 
(-61.40 to 
132.35) 

19.12 
(12.86 to 
36.75) 

0.022 
(-0.064 to 

0.041) 

0.363 

CD8+ (CD45RA+) 
naïve T cells 

451.05 
(135.23 to 

473.93) 

643.24 
(157.71 to 

764.91) 

261.86 
(225.47 to 

293.54) 

0.005 
(-0.008 to 

0.188) 

0.234 

CD56dim NK cells 
(CD56dim CD16+) 

-207.13 
(-657.41 to 

388.02) 

5018.76 
(1942.40 to 
6981.11) 

243.29 
(-78.99 to 
761.12) 

0.014 
(-0.014 to 

0.186) 

0.294 

CD56lo/- NK cells 
(CD56lo/- CD16+) 

-20.36 
(-44.07 to 10.18) 

340.89 
(251.51 to 

443.77) 

16.78 
(3.32 to 37.72) 

0.040 
(-0.062 to 

0.159) 

0.363 

Values are expressed as estimated median slopes of cells/mL/min and 95% bootstrapped 
confidence intervals. P values denote log-RMSE ratios significantly distinct from 0. A 
negative log-RMSE ratio value indicates superior fit of the biphasic (reperfusion) model and a 
positive value indicates superior fit of the monophasic (induction therapy) model. Bold text 
indicates cell types with significant P values. RMSE = root mean square error, LD-KT = living-
donor kidney transplantation. 
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Discussion 

Ischemia-reperfusion injury in clinical kidney transplantation remains a primary and 

unavoidable contributor to impaired allograft function25,139,166. The concept is well 

established and the molecular architecture of ischemia-reperfusion injury is well 

described in experimental systems, yet investigations on its immediate biological 

manifestation in human allografts under routine clinical conditions remain limited. 

Despite substantial advance in alloimmune control, donor evaluation and 

preservation strategies throughout the years, the persistent impact of ischemia-

reperfusion injury is underscored by enduring disparities between living-donor and 

deceased-donor kidney transplants and by observations that rates of delayed graft 

function have remained largely unchanged throughout the years149. 

This thesis addresses this gap by presenting a multi-platform characterization of the 

earliest reperfusion phase of clinical kidney transplantation. By integrating 

complementary analyses of intravascular innate immune activation, inflammatory 

and injury-related proteomic signatures, cell-free DNA kinetics, and leukocyte 

redistribution patterns, the work provides a comprehensive view of early events that 

occur during ischemia-reperfusion injury. Through direct sampling of local allograft 

venous effluent during the first 30 minutes after reperfusion, these studies relate 

prompt biological signals within the allograft microenvironment to donor modality, 

ischemic burden and subsequent allograft function. 

A consistent finding across analyses was that deceased-donor kidneys exhibited 

prompt expression of structural injury markers within one minute of reperfusion. In 

Paper III, nuclear cell-free DNA, a DAMP associated with cell death167, rose 

immediately and remained elevated throughout the first 30 minutes. Proteomic 

profiling in Paper II provided complementary evidence of early ischemia-

reperfusion injury in deceased-donor kidneys, revealing a prompt post-reperfusion 

surge of HGF. Although HGF is generally regarded as a protective and reparative 

mediator168–170, its prompt appearance in the immediate reperfusion phase is more 

consistent with ischemia-induced disruption of cell surface structures. HGF is 

known to bind with high affinity to heparan sulfate within the endothelial 

glycocalyx127,128,171, and ischemia-induced glycocalyx degradation could result in 

immediate intravascular release of surface-bound HGF. Similar early patterns of 

HGF release have been reported in myocardial infarction and experimental renal 

ischemia-reperfusion injury, supporting this interpretation172–175. In this context, the 
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early HGF signal is therefore best interpreted as a displacement marker, reflecting 

physical release from disrupted endothelial surface structures rather than active 

induction. 

In parallel, IL-33, a potent nuclear alarmin released upon endothelial and epithelial 

injury or necrosis and capable of activating both myeloid and lymphoid immune 

cells176,177, showed a progressive increase over the first 30 minutes of reperfusion. 

This temporal pattern aligns with preclinical findings in renal ischemia-reperfusion 

injury demonstrating early microvascular IL-33 expression in peritubular and 

periglomerular compartments, where it contributes to downstream innate immune 

activation178. 

Together, the sequential emergence of nuclear cell-free DNA as a marker of cell 

death, prompt HGF release potentially reflecting glycocalyx degradation, and 

subsequent IL-33 expression supports the model in which structural injury precedes 

the activation of inflammatory signaling pathways during early reperfusion. These 

patterns were absent in living-donor kidneys despite the same surgical routines and 

perioperative care, reinforcing a biological rather than procedural origin for these 

patterns. Importantly, the cumulative release of nuclear cell-free DNA, HGF, and 

IL-33 showed associations with delayed graft function, linking structural and 

alarmin signaling to clinically relevant injury burden. 

Although NETs have been implicated as a source of circulating cell-free DNA in 

ischemia-reperfusion injury179, their temporal dynamics and anatomical distribution 

are critical for interpretation. Experimental studies consistently demonstrate that 

NET formation peaks several hours after reperfusion and occurs predominantly 

within tissue compartments, rather than in the intravascular space as neutrophils 

extravasate into injured tissue180–182. In Paper III, intravascular NET-associated 

markers neither differed by donor type nor correlated with each other, in clear 

contrast to rapid and sustained kinetics observed for nuclear cell-free DNA. Rather 

than undermining interpretability, these findings support the conclusion that nuclear 

cell-free DNA detected in allograft venous effluent likely reflects immediate 

parenchymal injury at reperfusion, whereas NET-driven nuclear cell-free DNA 

release likely emerges later or within tissue compartments not captured by early 

intravascular sampling. 

In Paper I, activation of intravascular innate immune system occurred within the 

30-minute window of reperfusion in deceased-donor kidneys. Most prominently, 

formation of the soluble terminal complement complex sC5b-9 coincided with 

concurrent activation of components in the coagulation and kallikrein-kinin 

systems, indicative of coordinated rather than isolated pathway activation. 

Importantly, sC5b-9 levels closely correlated with activation markers across all 

three cascade systems, prompting its interpretation in this work as an integrated 

response marker of thromboinflammation rather than a readout of complement 

activation alone. 
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These findings extend earlier kidney transplantation studies that have largely 

emphasized complement activation as a dominant effector pathway by 

demonstrating that ischemia-reperfusion injury instead triggers coordinated 

activation of all intravascular innate immune cascade systems resulting in a complex 

thrombo-inflammatory response183,184. 

The clinical impact of this inflammatory response was evident in recipients with 

elevated sC5b-9 levels at 30 minutes, who exhibited a progressive decline in long-

term allograft function in Papers I and III. Notably, deceased-donor kidneys 

preserved with hypothermic machine perfusion showed attenuated thrombo-

inflammatory response and preserved mid- to long-term allograft function, despite 

comparable KDRI score and cold ischemic times relative to static cold-stored 

deceased-donor kidneys.  

Furthermore, Paper III indicated that elevated sC5b-9 levels post-reperfusion 

occurred more frequently in patients with higher cumulative release of nuclear cell-

free DNA, indicating a close temporal relationship between structural cell injury 

and innate immune activation. Supporting this biological plausibility, in vitro 

experiments in Paper III demonstrated that C5b-9 selectively deposits on necrotic, 

but not viable, human tubular epithelial cells consistent with the concept that 

structural renal cell injury promotes activation of the intravascular innate immune 

system. 

While hypothermic machine perfusion of deceased-donor kidneys influenced the 

magnitude of intravascular innate immune system activation after reperfusion, it did 

not alter the release of early markers of intragraft injury. Here, nuclear cell-free 

DNA release during the 30 minutes of reperfusion was comparable between 

hypothermic machine-perfused and static cold-stored kidneys. Likewise, neither 

HGF nor IL-33 levels differed between preservation modalities in Paper II. These 

findings indicate that hypothermic machine perfusion might not prevent ischemia-

induced cellular injury that becomes apparent at reperfusion, but rather modulates 

how this injury is translated into downstream inflammatory responses. Thus, 

although structural cell injury appears to be a prerequisite for post-reperfusion 

innate immune activation, the magnitude of this response remains amenable to 

modulation by preservation strategy. At the same time, the observed association 

between early HGF release and reduced long-term allograft function, paralleling 

that observed for sC5b-9, suggests that the extent of structural cell injury may 

remain relevant for long-term graft outcomes, even when early inflammatory 

amplification is partially mitigated. 

Collectively, these findings support a conceptual model in which ischemia 

establishes the injury substrate, whereas reperfusion modulates the extent of 

downstream inflammatory response. These processes appear to be mechanistically 

linked, yet differentially susceptible to modulation. 
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This interpretation is further supported by the close alignment between ischemic 

burden and early expression of multiple injury-associated biomarkers. Across 

Papers I-III, cold ischemic time modulated the release of the most prominently 

upregulated injury markers in a threshold-like manner. Inflection points for 

increased and immediate 1-minute expression of nuclear cell-free DNA, HGF, and 

sC5b-9 all converged within a narrow timeline of 475 to 522 minutes. This 

convergence across studies and different patient populations suggests that once 

ischemic duration exceeds a critical tipping point in this clinical setting, the 

downstream inflammatory response to reperfusion becomes disproportionately 

amplified. 

Beyond early soluble ischemia-reperfusion injury signals, leukocyte engagement 

occurred within the same temporal window. In Paper IV, time-aligned modelling, 

that accounted for expected corticosteroid-induced systemic redistribution, 

demonstrated that reperfusion coincided with an accelerated decline in circulating 

non-classical monocytes, CD56dim NK cells (constituting the majority of NK cells), 

and CD8⁺ T-cell subsets, consistent with prompt engagement within the kidney 

allograft. 

These cell types have previously been implicated in experimental ischemia-

reperfusion injury models showing early recruitment of NK cells and CD8+ T cells 

into post-ischemic kidney tissue, and early margination of non-classical monocytes 

within damaged microvasculature185–189. 

The selective decline of these circulating subsets is further supported by 

observations from other conditions closely resembling ischemia-reperfusion injury. 

In myocardial infarction and stroke, prompt declines in circulating non-classical 

monocytes, vascular patrollers that may rapidly adhere to injured endothelium190,191, 

have been shown to correlate with infarct size and adverse outcomes189,192. 

Similarly, clinical studies on myocardial reperfusion report prompt reductions in 

circulating NK cells and CD8+ T cells, accompanied by trans-coronary arterial-

venous gradients indicative of tissue margination, with the magnitude of systemic 

depletion relating to microvascular obstruction193. 

Mechanistically, non-classical monocytes and CD56dim NK cells are described as 

key early innate responders to sterile damage, rapidly engaging injured endothelium 

and mediating cytotoxic and pro-inflammatory effector functions, while NK cells 

also modulate subsequent adaptive immune responses194. In parallel, T cells are 

recognized as contributors to sterile injury settings such as ischemia-reperfusion 

injury, with early involvement proposed to occur independently of classical antigen-

specific activation pathways195. 

Further supporting the relevance of these cell subsets in clinical kidney 

transplantation, post-operative systemic measurements of CD8+ T cells, NK cells, 

and monocytes within days following kidney transplantation have shown 



81 

associations between variations in quantities of these cell types and delayed graft 

function196,197. 

Taken together, these findings suggest that ischemia-reperfusion injury in clinical 

kidney transplantation involves prompt margination of tissue engagement of cell 

subsets within the first 30 minutes after reperfusion. This cellular response occurs 

in parallel with soluble injury signals and coordinated activation of intravascular 

innate immune cascade systems, underscoring the complexity of ischemia-

reperfusion injury. 

Across all studies, a consistent donor type-dependent divergence in biological 

responses emerged at the time of kidney allograft reperfusion. Deceased-donor 

kidneys consistently exhibited upregulation of injury-associated markers, pro-

inflammatory proteins and activation of intravascular innate immune cascades, 

together with evidence of early immune cell engagement. In contrast, living-donor 

kidneys showed minimal or absent expression of these injury or inflammatory 

signals during the same reperfusion window. 

Notably, in Paper II, living-donor kidneys instead exhibited a distinct proteomic 

signature enriched for regulatory or reparative mediators, including TRANCE, IL-

6 family signaling (IL-6 and LIF) and FGF-23. 

These findings are consistent with observations from other ischemia-reperfusion 

injury contexts in which early activation of specific mediators has been linked to 

tissue protection and repair. In murine stroke, higher TRANCE levels have been 

associated with reduced cerebral infarct size198, while IL-6 signaling has been shown 

to exert protective effects in experimental renal ischemia-reperfusion injury 

models199. In addition, exogenous FGF-23 administration in murine renal ischemia-

reperfusion injury enhances tubular regeneration while limiting cell necrosis and 

microvascular injury200. 

Against this background, the distinct early responses observed between living- and 

deceased-donor kidney transplantation highlight a fundamental aspect of ischemia-

reperfusion injury: it represents a biologically ambivalent process with the potential 

to drive both tissue repair and tissue damage. In the living-donor setting, where 

ischemic burden is limited, reperfusion appears to preferentially engage regulatory 

and reparative pathways, consistent with it functioning as a necessary trigger for 

healing. In contrast, in deceased-donor transplantation, the greater ischemic burden 

appears to overwhelm these adaptive mechanisms, tipping the response toward 

exaggerated innate immune activation and destructive thrombo-inflammatory 

processes that impair allograft function. 
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Conclusion 

Collectively, this work demonstrates that the ischemia–reperfusion injury in clinical 

kidney transplantation is initiated promptly and is biologically tractable within the 

first 30 minutes after reperfusion. This brief but critical interval captures the earliest 

convergence of parenchymal injury, complex inflammatory signaling, and immune-

cell redistribution, all of which can be directly detected in the renal venous effluent 

of the transplanted kidney. These findings establish the first 30 minutes of 

reperfusion as a critical biological window during which early determinants of graft 

injury are both measurable and mechanistically interpretable, highlighting a time 

frame of particular relevance for diagnostic stratification and the development of 

effective therapeutic interventions. 

Key conclusions: 

• Ischemia–reperfusion injury can trigger a prompt, multifaceted, and 

interlinked activation of the intravascular innate immune systems, 

encompassing complement, coagulation, and contact system pathways. 

Soluble C5b-9 reflects an integrated thrombo-inflammatory response 

rather than isolated complement activation. 

 

• Donor modality shapes the earliest reperfusion response during kidney 

transplantations. Within minutes after reperfusion, living-donor kidneys 

exhibit regulatory and reparative protein signatures, whereas deceased-

donor kidneys distinctly display injury and inflammation-dominated 

profiles, reflecting fundamentally different biological trajectories. 

 

• Reperfusion is accompanied by prompt, subset-specific redistribution of 

circulating immune cells, consistent with early margination and tissue 

interaction. This response is likely pronounced in deceased-donor grafts, 

indicating possible donor-dependent differences in early immune cell 

engagement.  
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Methodological considerations 

The present work is based on renal venous sampling and captures biological 

processes during ischemia-reperfusion injury that are accessible within the 

intravascular compartment at the moment of reperfusion. Consequently, tissue-

resident processes may not be fully represented by these measurements, and the 

findings should be interpreted as reflecting events occurring at the vascular–tissue 

interface rather than within the parenchyma alone. 

The studies were conducted at a single center with a comparatively large and well-

characterized cohort of kidney transplant recipients, but with relatively short cold 

ischemic times and a limited proportion of donation-after-circulatory-death 

allografts. These factors may limit generalizability to transplant settings 

characterized by larger ischemic exposure or higher prevalence of donation-after-

circulatory-death donors. In addition, the absence of paired arterial, systemic, or 

histological sampling restricts spatial resolution and precludes direct localization of 

inflammatory and cellular events within specific tissue compartments. 

Despite these limitations, several features support the robustness and interpretability 

of the findings. All analyses were based on blood sampled directly from the renal 

venous effluent of the transplanted kidney rather than from the systemic circulation. 

This approach increases biological resolution by capturing signals originating from 

the allograft itself and minimizes dilution and confounding effects inherent to 

systemic sampling. Independent multimodal analyses consistently demonstrated 

early and convergent changes in injury markers, inflammatory mediators, innate 

immune cascade activation products, and immune cell dynamics within the same 

narrow post-reperfusion window. These responses reproducibly differed by donor 

modality and showed that multiple independent biomarkers of injury and 

inflammation increased in a threshold-like manner at comparable cold ischemia 

durations across studies, supporting a biologically coherent response rather than 

random or nonspecific variation. 
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Future perspectives 

A central finding in this work is that prolonged cold ischemic time, particularly 

beyond approximately 8 hours, is associated with detectable ischemia-reperfusion 

injury. This observation suggests that duration of ischemia may function not merely 

as a linear quantitative stressor but as a threshold determinant that increases the 

susceptibility of cells to coordinated inflammatory and injury-related pathways 

upon reperfusion. 

Accordingly, the most direct and effective strategy to mitigate ischemia-reperfusion 

injury remains prevention through minimization of ischemic exposure. Continued 

efforts to reduce cold ischemic time, through optimized logistics, effective 

allocation strategies, decentralized transplant activity, and coordinated collaboration 

between transplant centers to leverage shared regional resources remain 

fundamental. 

In clinical scenarios where prolonged ischemia cannot be avoided, the present 

findings suggest that therapeutic strategies focused on single effector pathways may 

not be sufficient to effectively attenuate ischemia-reperfusion injury. Once initiated, 

ischemia-reperfusion injury rapidly evolves into a complex, multimodal, and tightly 

interlinked process involving multiple effector pathways. This highlights the 

inherent challenges of therapeutic drug development in this setting. Consequently, 

alternative strategies aimed at preventing or attenuating the initial triggering of 

ischemia–reperfusion injury, such as limiting direct interactions between circulating 

blood components and ischemia-injured cellular surfaces, may represent a more 

effective approach, as exemplified by the ongoing first-in-human trial (ATMIRe 

NCT05246618) evaluating a polymer-based ex vivo allograft surface-shielding 

strategy in kidney transplantation. 

Finally, a key enabling aspect of this work is the use of direct serial renal venous 

effluent sampling during transplantation, a procedure that was safely integrated into 

routine surgical workflows without added risk to the patients. This novel approach 

provides high-resolution access to the earliest reperfusion phase, capturing 

biological events at the interface between the post-ischemic allograft and the 

incoming recipient circulation, and enables direct investigation of the initial 

molecular and cellular processes underlying ischemia-reperfusion injury in humans. 
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Populärvetenskaplig sammanfattning 

Njurtransplantation är idag den föredragna behandlingen för patienter med terminal 

njursvikt och medför förbättrad överlevnad, livskvalitet och lägre 

samhällskostnader jämfört med dialys. Trots stora framsteg inom kirurgi, 

organbevaring och immunförsvarsdämpande behandling kvarstår dock betydande 

utmaningar som begränsar transplantatets livslängd. En viktig orsak är den tidiga 

vävnadsskadan som uppstår i samband med själva transplantationen. 

Alla njurar som transplanteras utsätts för en period utan syretillförsel (ischemi) 

under organuttag och förvaring. När njuren sedan kopplas in hos mottagaren 

återställs blodflödet abrupt (reperfusion), vilket utlöser en skadlig biologisk reaktion 

kallad ischemi-reperfusionsskada. Denna process är nödvändig för att njuren ska 

återhämta sig och fungera, men kan samtidigt orsaka betydande skada och 

inflammation. Kroppens medfödda immunförsvar, som bland annat består av 

immunförsvarsceller och proteiner i blodbanan, har en viktig roll i vår kropps 

förmåga att omedelbart känna igen infektioner och vävnadsskada, påbörja 

bekämpning och inflammatoriskt svar på dessa samt främja läkning. Men om allt 

för många aktiveringssignaler förekommer utan att det samtidigt finns tillräckligt 

med hämmande och reglerande funktioner i omgivningen så kan reaktionen i sig 

vara skadande och förvärra vävnadens tillstånd. 

Njurtransplantation sker med njurar från levande eller avlidna donatorer. Ischemi-

reperfusionsskadan är i regel mer uttalad i njurar från avlidna donatorer och dessa 

njurar har ofta utsatts för längre perioder av syrebrist och donators-relaterad 

fysiologisk stress före transplantationen. I praktiken utmärker detta sig genom att 

dessa njurar ibland har en fördröjd funktionsstart och mottagaren kan behöva dialys 

i väntan på njurens återhämtning tills den börjar fungera igen efter transplantationen. 

Därtill är njurtransplantatets funktionella livslängd ofta kortare hos njurar från 

avlidna donatorer jämfört med de från levande donatorer. 

Trots att biologin kring ischemi-reperfusionsskada är välstuderad i experimentella 

modeller så finns det inga godkända läkemedel mot denna skada och kunskapen är 

begränsad kring vad som faktiskt händer i mänskliga njurar under de allra första 

minuterna efter att blodflödet återställs och skadan sätter igång. Syftet med denna 

avhandling var därför att undersöka de tidigaste biologiska händelserna vid 

njurtransplantation genom att analysera det venösa utflödet av det blod som 

cirkulerat in i njuren under de första 30 minuterna efter att blodflödet har återställts. 



86 

Studierna genomfördes vid Skånes universitetssjukhus i Malmö och inkluderade 

patienter som inkom för njurtransplantation i antingen planerat eller akut skede. 

Blodprover togs under operationen från mottagarens bäcken-ven innan njuren börjat 

sys in, samt direkt från den transplanterade njurens ven vid tidpunkterna 1, 10 och 

30 minuter efter att blodflödet återställts. På så sätt kunde lokala signaler från den 

transplanterade njuren studeras genom att vidare analysera blodet med laborativa 

metoder. Analyserna omfattade mätningar av aktiveringen av kroppens medfödda 

immunförsvar, halterna av inflammatoriska och skaderelaterade proteiner, 

förekomst av fritt cirkulerande material av arvsmassa (DNA) som läckt ut ur celler 

som tecken på skada, samt mängden av olika immunförsvarsceller. 

Resultaten visade att njurar från avlidna donatorer uppvisade tydliga tecken på akut 

cellskada redan inom en minut efter att blodflödet återställts. Detta avspeglades 

bland annat genom en snabb frisättning av fritt DNA från cellkärnor, vilket indikerar 

irreversibel cellskada. Samtidigt sågs tidig frisättning av proteiner som är kopplade 

till vävnadsskada och inflammation. Dessa tidiga signaler var i stort sett frånvarande 

i njurar från levande donatorer. Mängden DNA som släpptes ut var kopplad till 

fördröjd funktionsstart av njuren. 

Parallellt med dessa fynd såg vi att kroppens medfödda immunförsvars 

kaskadssystem aktiveras i njurar från avlidna donatorer. Detta omfattade aktivering 

av det så kallade komplementsystemet, koagulationssystemet och 

kontakt/kallikrein-kininsystemet. Dessa system är normalt viktiga för att hantera 

skada och infektion, men kan vid kraftig aktivering bidra till inflammation och 

ytterligare vävnadsskada. Ett centralt fynd var att denna aktivering inte skedde 

isolerat, utan som en sammanhängande respons där graden av tidig aktivering var 

kopplad till fördröjd funktionsstart. Därtill noterades att de patienter som uppvisade 

kvarstående aktivering av dessa system efter 30 minuter också hade sämre 

njurfunktion på sikt (2 år). Denna tidiga biologiska responsen speglade därmed inte 

bara akut skada utan hade även en koppling till njurens fortsatta funktion. 

Därtill såg vi att njurar från avlidna och levande donatorer uttrycker helt olika 

uppsättningar av inflammationsproteiner efter påsläpp av blodflödet. I avlidna 

donatorsnjurar utgjordes denna sammansättning av inflammationsbefrämjande och 

skaderelaterade proteiner, medan de levande donatorsnjurarna uppvisade 

inflammationsreglerande och antiinflammatoriska proteiner. Nivåerna av de skade- 

och inflammationsrelaterade proteiner som uttrycktes i avlidna donatorsnjurar var 

kopplade till fördröjd funktionsstart och försämrad njurfunktion över fyra års tid. 

Utöver lösliga markörer i blodet observerades även snabba förändringar i halten av 

immunförsvarsceller i samband med att blodflödet återställdes. Vissa celltyper, 

särskilt icke-klassiska monocyter och naturliga mördarceller (NK-celler), uppmätta 

i det venösa återflödet från transplantatnjuren, minskade i antal över tid från att 

njuren återfått blodcirkulation. Detta talar för att dessa celler tidigt kan involveras i 

den transplanterade njuren. 
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Ett genomgående mönster var att aktiveringen av dessa tidiga biologiska 

förändringar var starkt kopplad till hur lång tid njuren varit utsatt för syrebrist i 

samband med kall förvaring i väntan på transplantation. När denna tid översteg cirka 

8 timmar ökade frisättningen av skademarkörer och inflammationsaktiveringen 

markant. Detta tyder på att varaktigheten som en njure förvarats i syrebrist till slut 

uppnår en gräns för när njuren plötsligt blir mer känslig för angrepp från 

mottagarens immunförsvar i samband med att den återfår blodflödet. 

Sammanfattningsvis visar denna avhandling att de första 30 minuterna vid 

njurtransplantation utgör en kritisk tidsperiod då avgörande biologiska processer 

omedelbart initieras. Under denna korta fas kan strukturell cellskada, inflammation, 

aktivering av medfödda försvarssystem, samt stimulering av immunförsvarsceller 

mätas under den pågående ischemi-reperfusionsskadan i samband med klinisk 

njurtransplantation. Denna mångfacetterade respons uppstod i njurar från avlidna 

donatorer men inte i de från levande donatorer. Kopplingen till både tidigt och 

långsiktigt försämrad njurfunktion visar även på relevansen av denna mycket tidiga 

aktivering. Detta betonar den avgörande betydelsen av denna omedelbara händelse 

i njurtransplantation. 

Sammantaget visar resultaten att avgörande biologiska förlopp vid 

njurtransplantation initieras omedelbart efter att blodflödet återställts. Denna 

mycket tidiga fas kan ha långvarig betydelse för transplantatets funktion. Genom att 

identifiera och beskriva dessa tidiga processer bidrar arbetet till ökad förståelse 

kring vad ischemi-reperfusionsskadan utgörs av i den kliniska verkligheten. Dessa 

fynd kan på sikt ligga till grund för bättre prognostiska bedömningar för 

njurtransplanterade. Studierna tillför även nyttig information som kan vara av värde 

för utveckling av riktade strategier för att minska transplantationsrelaterad skada 

och förbättra resultaten efter njurtransplantation. 
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