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Zusammenfassung 
Hintergrund  

Chronische, mit Dialyse behandelte Nierenerkrankung des Grades 5 (CKD G5D) geht mit 

veränderten Eigenschaften des Immunsystems einher, die eine wichtige Rolle bei der 

erhöhten Mortalität der Patienten*innen spielen. Es ist bekannt, dass 

Retentionsmoleküle, wie z. B. Oxalat, zu entzündlichen Prozessen beitragen. So weiß 

man, dass lösliches Oxalat im Plasma (pOx) mit plötzlichem Herztod von CKD-G5D-

Patient*innen korreliert und Oxalat zusammen mit Kalzium Kristalle (CaOx-Kristalle) 

bildet, die Immunzellen aktivieren. Um das Entzündungsmuster von Oxalat zu 

untersuchen, wurde bei 107 CKD-G5D-Patient*innen in New Haven ein 

unvoreingenommenes Screening auf 21 Zytokine durchgeführt. Dabei wurde eine 

Korrelation von pOx mit IL-16 gefunden. Dieser Fund wurde anschließend in einer 

zweiten Kohorte mit 12 CKD-G5D-Patient*innen in Berlin bestätigt, in der stark erhöhte 

IL-16 Konzentration bei Patient*innen im Vergleich zu gesunden Kontrollpersonen 

identifiziert wurden. Man weiß, dass IL-16 von einer Vielzahl verschiedener Zellen 

sezerniert wird und mit verschiedenen Erkrankungen assoziiert ist. Der Ursprung, der 

Sekretionsmechanismus und die Bedeutung von IL-16 bei CKD sind unbekannt und 

sollten in dieser Arbeit untersucht werden. 

 

Methoden 

Um den Ursprung von IL-16 bei Patient*innen zu untersuchen, wurden Monozyten-

Subtypen und periphere mononukleäre Blutzellen (PBMCs) mittels Durchflusszytometrie 

(FACS) isoliert und in vitro kultiviert. Enzymatic Immunosorbent Assays (ELISAs) wurden 

verwendet um IL-16 im Überstand zu bestimmen. Die intrazelluläre Konzentration von IL-

16 in PBMCs wurde durch FACS bestimmt. Zur Untersuchung eines möglichen 

Sekretionsmechanismus wurden Neutrophile (PMN) mit CaOx-Kristallen stimuliert. 

Außerdem wurde Zelltod und IL-16 Ausschüttung von murinen Gasdermin-D-knockout 

Makrophagen, ausdifferenziert aus Knochenmark, untersucht. Der Anteil von 

regulatorischen T-Zellen (Tregs) von Patient*innen wurde mit IL-16 korreliert, um eine 

mögliche Rolle von IL-16 bei CKD zu untersuchen. 
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Ergebnisse 

Es wurde kein Unterschied in der IL-16-Sekretion zwischen Monozyten-Subtypen 

gefunden. Kein Zelltyp von PBMCs sezernierte mehr IL-16 bei Patient*innen im Vergleich 

zu gesunden Personen. Es wurde jedoch ein allgemeines Muster der Sekretion zwischen 

PBMCs identifiziert. Außerdem wurden niedrigere intrazelluläre IL-16 Level in PBMCs bei 

Patient*innen festgestellt. PMNs sezernierten mehr IL-16 wenn sie in Gegenwart von 

CaOx-Kristallen kultiviert wurden was mit einer LDH-Freisetzung verbunden war. Es 

wurde keine Korrelation zwischen dem Treg-Anteil und IL-16 im Plasma der Patient*innen 

gefunden. 

 

Diskussion 

Die Ergebnisse zur IL-16 Ausschüttung von PMNs, die in Gegenwart von CaOx-Kristallen 

kultiviert wurden, deuten auf einen möglichen Ursprung des erhöhten IL-16 bei CKD-

G5D-Patient*innen hin, der mit Zelltod zusammenhängt. Weitere Untersuchungen sind 

erforderlich, um Ursprung, Sekretion und Bedeutung von IL-16 in CKD zu klären. 
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Abstract 
Background  
Chronic kidney disease grade 5 treated with dialysis (CKD G5D) is associated with altered 

immune system properties that play a major role in the increased mortality of patients. 

Retention molecules, such as oxalate, are known to contribute to inflammatory 

processes. Soluble plasma oxalate (pOx) was found to be correlated with the sudden 

cardiac death of CKD G5D patients. Oxalate combined with calcium forms crystals (CaOx 

crystals) that activate immune cells. To investigate the immune system pattern of soluble 

oxalate, an unbiased cytokine screen of 21 inflammatory parameters with oxalate was 

performed in 107 CKD G5D patients in New Haven, USA. A correlation of pOx with 

interleukin-(IL)-16 was identified. This finding was subsequently confirmed in a second 

cohort of 12 CKD-G5D patients in Berlin, Germany. Furthermore, IL-16 was found to be 

highly elevated in patients compared to healthy control subjects. It is known that IL-16 is 

secreted by a variety of different cells and is associated with different diseases. The 

origin, secretion mechanism, and significance of IL-16 in CKD are unknown and were 

investigated in this work. 

 

Methods 
To investigate the origin of IL-16 in patients, monocyte subtypes and peripheral blood 

mononuclear cells (PBMC) were sorted by fluorescence-activated cell sorting (FACS) and 

cultured in vitro. Enzymatic immunosorbent assays (ELISA) were used to determine IL-

16 in the supernatant. The intracellular concentration of IL-16 in PBMCs was determined 

by flow cytometry. To investigate a possible secretion mechanism, neutrophils (PMNs) 

were stimulated with CaOx crystals. Additionally, cell death pathways and IL-16 release 

of bone marrow-derived macrophages lacking gasdermin D were examined. The 

percentage of regulatory T cells in CKD G5D patients was correlated with IL-16 to 

investigate a possible role of IL-16 in CKD. 

 

Results 

No difference in IL-16 secretion was found between monocyte subsets. No cell type of 

PBMCs secreted more IL-16 in CKD-G5D patients compared with healthy control 

individuals. A general pattern of secretion between PBMCs, however, was identified. 
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Patients were found to have lower intracellular IL-16 levels in PBMCs compared with 

healthy individuals. Moreover, PMNs secreted more IL-16 when cultured in the presence 

of CaOx crystals, which was associated with lactate dehydrogenase (LDH) release. No 

correlation was found between Treg levels and IL-16 in the plasma of patients. 

 

Discussion 
Based on these results, it can be considered unlikely that PBMCs are the source of the 

increased IL-16 concentration in patients. The results on IL-16 secretion from PMNs 

cultured in the presence of CaOx crystals suggest a possible origin of the increased IL-

16 level in CKD-G5D patients related to cell death. Further studies are needed to clarify 

the origin, secretion, and significance of IL-16 in CKD. 

  



 12 

1. Introduction 
1.1 Inflammation and the Immune System 

Inflammation is a physiological mechanism of the immune system reacting to potentially 

harmful infections and tissue damage (Medzhitov, 2008; Zhong & Shi, 2019). 

Inflammatory responses are thought to be beneficial in controlled ways, for example, in 

terms of protection against pathogens, aiming to restore homeostasis (Medzhitov, 2008). 

Chronic low-grade inflammation, however, is considered harmful. As a pathological 

feature of numerous chronic diseases, it plays an important role in patients' morbidity and 

mortality (Kotas & Medzhitov, 2015; Minihane et al., 2015).  

Furthermore, systemic uncontrolled inflammatory processes with an exaggerated 

immune response to pathogens, in some cases not even to the pathogen itself, e.g., in 

the form of a cytokine storm, can lead to devastating disease and death, and this is 

receiving renewed attention in the wake of the SARS-CoV-2 pandemic (Fajgenbaum & 

June, 2020; Ragab et al., 2020). 

Therefore, a fine balance of necessary and adequate inflammation is required without 

causing a chronic or excessive immune response. Inflammation can be both friend and 

foe (Kjekshus, 2015). 

The immune system can be fundamentally divided into an innate and an adaptive immune 

system and into a humoral and cellular part. Cells of the immune system can be further 

divided by morphological or functional aspects and by their origin. So, for example, 

peripheral cells in the blood stream with a clear shaped single nucleus are called 

peripheral blood mononuclear cells (PBMCs). Furthermore, cells that arise from a 

common myeloid progenitor cell are referred to as myeloid cells, and cells that develop 

from a lymphoid progenitor cell are referred to as lymphoid cells (Murphy & Weaver, 2016) 

(Figure 1). 
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Surface- and intracellular markers for flow cytometry (red) and the relative proportion of total leukocytes 

(blue) shown (Riley & Rupert, 2015). Adapted from: (Murphy & Weaver, 2016).  

 

1.1.1 Innate Immune system  

The innate immune system represents the first line of defence against pathogens or 

immune inducers and provides a non-specific rapid acting immune response (Murphy & 

Weaver, 2016). 

One of the essential properties of the innate immune system is the ability to recognize 

pathogen-associated molecular patterns (PAMPs), conserved molecular motifs of 

infectious agents, or danger-associated molecular patterns (DAMPs) released from 

damaged or dying cells (Gong et al., 2020; Zheng et al., 2020). For this, the innate 

immune system uses different pathogen-recognition receptors (PRRs), like Toll-like 

receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs) and retinoic 

acid-inducible gene I (RIG-I)-like-receptors (RLRs) (Gong et al., 2020; Zheng et al., 2020).  

Figure 1: Selected cells of the immune system 
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Additionally, an intracellular protein complex that is often involved in the sensing of 

PAMPs and DAMPs and triggers a distinct defence mechanism is the inflammasome (Y. 

Li et al., 2021; Zheng et al., 2020). Depending on the involved proteins, different 

inflammasome complexes can be distinguished. One of the best studied is the nucleotide-

binding oligomerization domain (NOD), leucine-rich repeat (LRR)-, and pyrin domain-

containing 3 (NLRP3) inflammasome (Kelley et al., 2019; Y. Li et al., 2021). After 

activation through a priming signal followed by an activation signal, the protein complex 

forms, which leads to cleavage of pro-caspase-1 into the active caspase-1, which itself 

cleaves pro-IL-1β and pro-IL-18 into their biologically active forms. Furthermore, caspase-

1 cleaves gasdermin D (GSDMD), which forms pores into the plasma membrane. This 

loss of cell integrity is part of a pro-inflammatory form of cell death called pyroptosis 

(Kelley et al., 2019; Shi et al., 2017). Recently, it was shown that in the absence of 

GSDMD, an activation of the inflammasome does not lead to the classical pyroptosis 

pathway. Instead, caspase-1 activates caspase-3, which induces apoptotic cell death 

(Taabazuing et al., 2017; Tsuchiya et al., 2019). There are several protocols to study the 

NLPR3 inflammasome in vitro, and one of the most established is to culture with 

lipopolysaccharide (LPS) for 3 hours as a priming signal, followed by stimulation with an 

activation signal for a specific time (H. Guo & Ting, 2020). 

The innate immune system consists of an interplay of different immune cells. A summary 

of the cells essential for this work will be briefly considered here (Figure 1). 

Monocytes are mononuclear cells which derive from the bone marrow and circulate in the 

bloodstream, making up 2-10% of all circulating peripheral leukocytes (Guilliams et al., 

2018; Riley & Rupert, 2015). Despite possessing functional properties themselves, they 

also migrate to inflamed tissue where they differentiate into monocyte-derived 

macrophages or monocyte-derived dendritic cells (Coillard & Segura, 2019). Since 1989, 

we have known about a different subpopulation of monocytes, which were identified by 

morphology and flow cytometry (Passlick et al., 1989). Based on differences in the 

expression of lipopolysaccharide receptor antigen CD14 and immunoglobulin Fcγ 

receptor type III CD16 in combination with HLA-DR (MHC-II), three distinct monocyte 

subsets can be distinguished: 80-90% consist of CD14+ CD16- "classical monocytes", 

while the remaining 10-20% are shared by CD14+ CD16+ “intermediate monocytes” and 

CD14low CD16+ “non-classical” monocytes. (Guilliams et al., 2018; Passlick et al., 1989). 

Some observations argue that the classical monocytes may be the precursor for both 
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CD16+ monocyte subsets (Coillard & Segura, 2019); however, the differences between 

these human monocyte subsets in vitro and in vivo are still under debate (Boyette et al., 

2017). 

Dendritic cells (DCs) are important for the initiation of an immune response and present 

a link between innate and adaptive immunity (Collin & Bigley, 2018). Developing in the 

bone marrow, DCs derive from the common myeloid progenitor, which develops from the 

pluripotent hematopoietic precursor (Patente et al., 2019). DCs are heterogeneous 

(Boltjes & Van Wijk, 2014), however, and show high expression of HLA-DR and no 

expression of the lineage markers CD3, CD19, and CD56 (Collin et al., 2013). Based on 

their surface markers and functionality, different DCs subsets can be distinguished. 

Conventional DCs (cDCs), which can be further subdivided into types 1 and 2, can be 

distinguished from plasmacytoid DCs (pDCs) and monocyte-derived DCs (mo-DCs) 

(Patente et al., 2019). For the latter population, exact markers and characteristics are still 

partly under discussion. CD14, which is not expressed by DCs, can be used to 

differentiate DCs from human monocytes in the bloodstream (Boltjes & Van Wijk, 2014). 

Some of the monocyte-related DCs also express CD16 and are referred to as CD16+DCs 

(Collin et al., 2013; Rhodes et al., 2019). Although sharing many similar genes, these mo-

DC subsets form distinct clusters in single-cell RNA sequencing (Villani et al., 2017). 

Resident and recruited macrophages are present in almost all tissues (Murphy & Weaver, 

2016) and are involved in tissue regeneration, phagocytosis of cellular debris, and 

secretion of inflammatory mediators and growth factors (Wynn & Vannella, 2016). A 

variety of different macrophage subtypes has been described based on the tissues in 

which they are found and the phenotype that characterizes them. Generally, activated 

macrophages are divided into a rather pro-inflammatory M1 phenotype and a rather anti-

inflammatory M2 phenotype (Yunna et al., 2020). To study their functions in vitro, 

macrophages can also be generated by differentiation from bone marrow hematopoietic 

precursor cells of mice using growth factors, such as M-CSF (Rios et al., 2017). This 

results in a homogeneous population of F4/80+ CD11b+ cells (Assouvie et al., 2018). 

These surface markers are well established and commonly used to characterize 

macrophages by flow cytometry (Austyn & Gordon, 1981; Lai et al., 1998). The resulting 

cells are referred to as bone marrow-derived macrophages (BMDMs). In addition to the 

relative convenience of cell generation and handling, it must also be considered as an 
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advantage that genetically modified mice can be used, allowing the influence of individual 

genes on macrophage function to be studied (Assouvie et al., 2018). 

Granulocytes, or polymorphonuclear leukocytes (PMLs), are an abundant myeloid cell 

type that stands out due to densely staining granules and irregularly shaped nuclei. 

Polymorphonuclear neutrophils (PMNs), or neutrophils, are by far the most numerous 

granulocyte subtype, which makes them the most abundant circulating leukocyte in 

humans, making up 50-70% of all leukocytes (Summers et al., 2010). Neutrophils develop 

in the bone marrow and are released into the bloodstream, where they briefly circulate 

for a half-time of 6-8 hours and subsequently migrate to the tissues, where they spend 

another 6 days before being renewed (Quinn & DeLeo, 2020; Summers et al., 2010). The 

lifetime of neutrophils in blood is still under debate; however, it is generally expected to 

be less than one day (Lahoz-Beneytez et al., 2016; Lawrence et al., 2020). In the case of 

infection or tissue damage, neutrophils can sense PAMPs or DAMPs and become 

activated (J. Wang, 2018), which leads to the execution of effector mechanisms including 

phagocytosis, the generation of reactive oxygen species, and neutrophil extracellular 

traps (NETs) (Castanheira & Kubes, 2019). The high importance of neutrophils for the 

defence against pathogens can be seen in the heterogeneous bone marrow failure 

syndrome “Congenital Neutropenia”, with the absence of neutrophils and with recurrent 

severe infections in patients (Zeidler et al., 2009). In sterile tissue injuries and the sensing 

of DAMPs, neutrophils are essential in clearing cellular debris for tissue repair and 

homeostasis (Castanheira & Kubes, 2019; J. Wang, 2018). Neutrophils can be identified 

in flow cytometry by their high granularity, resulting in high side scatter (SSC), and the 

surface markers CD11b, CD14, CD15, CD16 and CD62L (Lakschevitz et al., 2016). 

Additionally, innate lymphoid cells can be seen as an essential component of the innate 

immune system (Spits et al., 2013), with the largest subgroup compromised of natural 

killer cells (NK cells) (S. Ong et al., 2017), which exhibit their effector function without 

further pre-stimulation (Mandal & Viswanathan, 2015). After development in the bone 

marrow from a common lymphoid progenitor cell, NK cells circulate in the blood and 

reside in many tissues (Grégoire et al., 2007). When a virally infected or neoplastic cell is 

recognized (Herberman et al., 1975), NK cells demonstrate a cytotoxic and 

immunomodulatory property by death receptor interaction, secretion of cytotoxic granules 

(Prager et al., 2019), and secretion of cytokines (Cooper et al., 2001). Making up 

approximately 10% of all PBMC, NK cells can be identified by flow cytometry by the 
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absence of CD3 as well as the expression of CD16 and CD56 (Cooper et al., 2001; 

Valipour et al., 2019).  

 

1.1.2 Adaptive Immune system  

The adaptive immune system forms the specific immune defence against pathogens by 

recognizing specific short peptides called antigens. In a complex combination system of 

gene segments, humans evolve a vast repertoire of antigen recognition molecules that 

can recognize a wide range of antigens derived from pathogens (Murphy & Weaver, 

2016). Different antigen-recognition molecules make up the core of the adaptive immune 

system. First, there are B cell receptors (BCRs) and soluble immunoglobulins or 

antibodies produced by B cells (Justiz Vaillant et al., 2021), which consist of a heavy and 

a light chain and can directly bind antigens (Minervina et al., 2019). Second, T cell 

receptors (TCRs) present on T cells, and consisting of a α/β or γ/δ chain, can recognize 

short peptides, which are processed and presented by antigen-presenting cells (APCs), 

namely DC, or macrophages (Alcover et al., 2018). The interaction of APC and TCR 

represents a linkage of the innate and adaptive immune system. 

As various adaptive immune cells will be further considered in the course of this work, the 

essential ones will be described here (Figure 1). 

T cells are mononuclear lymphoid cells that derive from a common lymphoid progenitor 

and migrate from the bone marrow to the thymus, where development into mature T cells 

occurs (Murphy & Weaver, 2016). Several subsets of T cells with unique functions in the 

immune system can be identified by assessing surface markers and intracellular markers, 

e.g., by flow cytometry (Mousset et al., 2019). As the main linage marker, all T cells 

express CD3, which is a protein complex that is part of the TCR. As mentioned earlier, T-

γδ- and T-αβ-cells can be subdivided based on different TCRs, although the latter account 

for the much larger proportion in PBMCs (Kalyan & Kabelitz, 2013). Furthermore, two 

main groups of T-αβ cells, namely T helper CD4+ cells and cytotoxic CD8+ T cells, can 

be found. Orchestrating the immune response through the production of linage-specific 

cytokines, different CD4+ T helper cells were identified (Zhu, 2018). 

Of all CD4+ T cells, regulatory T cells (Tregs) account for approximately 5-10% (Georgiev 

et al., 2019). Two different Treg populations with distinct functions are distinguished. First, 

thymus regulatory T cells (tTregs) develop from immature T cells in the thymus and are 
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of great importance in the development of T cell self-tolerance (Shevach & Thornton, 

2014). Second, there are Tregs that develop extrathymically from naïve T cells in the 

periphery and are called peripherally derived Tregs (pTregs) (Shevach & Thornton, 

2014). Overall, Tregs play an essential role in the suppression of the immune response. 

The immunosuppressive properties of Tregs are mediated by different pathways 

(Georgiev et al., 2019; Togashi et al., 2019). In this context, the consumption of IL-2 

(Thornton & Shevach, 1998), the expression of cytotoxic T lymphocyte antigen 4 (CTLA-

4) (Qureshi et al., 2011), and the secretion of immunosuppressive cytokines such as IL-

10, IL-35, and TGF- β (Collison et al., 2007; Steinbrink et al., 1997) play important roles. 

In flow cytometry, Tregs can be identified based on their high expression of IL-2 receptor 

alpha chain (CD25) and their low expression of IL-7 receptor alpha chain (CD127) (W. 

Liu et al., 2006). FoxP3 is a very characteristic intracellular marker of Tregs (Hori et al., 

2003).  

B cells, which also belong to the mononuclear lymphoid cells, also derive from the 

common lymphoid progenitor cell (Murphy & Weaver, 2016). Unlike T cells, however, B 

cell development takes place entirely in the bone marrow. After mature B cells have 

migrated to secondary lymphoid organs, they can encounter antigens presented to them 

by other immune cells such as macrophages or DCs. Subsequently, they differentiate into 

short lived plasma cells, or they may become high affinity antibody-producing plasma and 

memory B cells (Vazquez et al., 2015). Several characteristic surface markers have been 

identified to define B cells, such as CD19, which is known as the pan-B cell marker, and 

CD20, which is found on mature B cells (LeBien & Tedder, 2008). 

 

1.1.3 Cytokines and IL-16 

Cytokines are small polypeptides (15-20 kDa) that play an important role in 

communication between cells through autocrine, paracrine, and endocrine signalling 

(Rose-John, 2018), and act on the migration, differentiation, and activation of immune 

cells. They can be divided based on their biologic functions into growth factors, 

interleukins, interferons, and chemokines (Heinrich et al., 2014). Furthermore, pro-, and 

anti-inflammatory cytokines can be distinguished, even though many cytokines exhibit 

various context-dependent effects. 
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Interleukin-16 (IL-16) was first discovered by Center and Cruikshank in 1982  (W. 

Cruikshank & Center, 1982; W. W. Cruikshank et al., 2000) and has been detected to 

varying degrees in several tissues and cell types since then. 

Normalized IL-16 mRNA expression in different tissues and cell types. Adapted from: (The Human Protein 

Atlas, 2021). 

 

While the level of IL-16 mRNA in certain tissues like brain, pancreas, small bowel, or 

colon was hardly detectable, in spleen, thymus and peripheral blood leukocytes, high IL-

16 mRNA concentrations were found (Chupp et al., 1998).  

The Human Protein Atlas (http://www.proteinatlas.org) calculates a consensus transcript 

expression level of IL-16 (NX) based on three transcriptomics datasets (HPA, GTEx and 

FANTOM5) for a range of tissues with multiple sub-tissues (Robinson & Oshlack, 2010; 

The Human Protein Atlas, 2021). In line with the consensus IL-16 expression data of the 

Human Protein Atlas (Figure 2), IL-16 is known to be synthesized and secreted by a 

variety of immune cells, including T cells (Zhang et al., 1998), B cells (Kaser et al., 2000), 

NK cells (Andersson et al., 2016), neutrophils (Roth et al., 2015), monocytes (Elssner et 

al., 2004), eosinophils (Lim et al., 1996), DCs (Kaser et al., 1999), mast cells (Rumsaeng 

Figure 2: IL-16 expression in different tissues 
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et al., 1997), and non-immune cells, as fibroblasts (Sciaky et al., 2000), epithelial (Arima 

et al., 1999), and neuronal cells (Kurschner & Yuzaki, 1999).  

Human IL-16 is produced as a precursor form found in many tissues with a molecular 

weight of 80 kDa (Baier et al., 1998; Chupp et al., 1998). Active caspase-3 cleaves the 

precursor IL-16 molecule into a N-terminal pro-IL-16 and a C-terminal secreted/mature 

IL-16 (Richmond et al., 2014; Zhang et al., 1998). Mature IL-16 with a molecular mass of 

17 kDa (Keane et al., 1998) is secreted following cell activation and is stored upon 

subsequent stimulation. While the exact mechanism of secretion or release is not yet fully 

understood, the process is thought to be associated with lytic cell death (Elssner et al., 

2004; Richmond et al., 2014; Roth et al., 2015). In this regard, IL-16 has already been 

named as an alarmin (Rider et al., 2017). Extracellularly, IL-16 is described to aggregate 

and form homo-tetramer with approx. 60 kDa in size (Keane et al., 1998; Mühlhahn et al., 

1998).  

Originally, IL-16 was referred to as "lymphocyte chemoattractant factor" (LCF) because it 

was primarily considered a chemoattractant for T cells (W. Cruikshank & Center, 1982). 

Subsequent studies demonstrated that IL-16 exerts pleiotropic immunomodulatory 

functions associated with both pro- and anti-inflammatory properties.  

Pro-inflammatory effects of IL-16 were detected in in vitro experiments, which showed 

that IL-16 induced the upregulation and secretion of pro-inflammatory cytokines from 

PBMCs (Mathy et al., 2000). Furthermore, murine experiments examining the absence of 

IL-16 using knockout mice or blocking antibody described reduced inflammation in 

models for asthma (C. Li et al., 2019), inflammatory bowel disease (Keates et al., 2000; 

P. Wang et al., 2013), delayed hypersensitivity reaction (Yoshimoto et al., 2000), and 

experimental autoimmune encephalomyelitis (Skundric et al., 2005), suggesting a pro-

inflammatory property of IL-16. 

Meanwhile, an anti-inflammatory effect was observed when T cells were pre-incubated 

with IL-16, which has been shown to strongly inhibit T cell activation (W. W. Cruikshank 

et al., 1996), and furthermore, by adding IL-16 to a lymphocyte culture which reduced the 

proliferation rate as measured by [3H] Thymidine (Matsumoto et al., 2009). In an in vivo 

model of antigen-induced allergic asthma, the administration of recombinant IL-16 

showed potent immunosuppressive effects (Bie et al., 2002).  
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Furthermore, it was described that T cell cultures with recombinant IL-16 induce FoxP3 

expression in T cells in vitro, which argues for the ability of IL-16 to induce Tregs 

(McFadden et al., 2007). The relevance of this finding needs to be further determined.  

In healthy humans, serum levels of IL-16 were measured in different cohorts and by 

different methods and were found to be 187 pg/ml (Purzycka-Bohdan et al., 2016), 101 

pg/ml (Alexandrakis et al., 2004), and 88 pg/ml (Long et al., 2015). In several diseases, 

IL-16 was elevated, for example in psychiatric (Stelzhammer et al., 2014), orthopaedic 

(Chen et al., 2019; S.-X. Luo et al., 2015), inflammatory (Kawabata et al., 2020; Lee et 

al., 1998; Purzycka-Bohdan et al., 2016; X. Wang et al., 2019), metabolic (Lichtenauer et 

al., 2015), and oncologic diseases (Alexandrakis et al., 2004; Tang et al., 2016; H. Yang 

et al., 2017). Furthermore, IL-16 gene polymorphisms were associated with oncologic 

(Kashfi et al., 2016; Q.-S. Luo et al., 2014; M.-F. Wu et al., 2020), orthopedic (S.-X. Luo 

et al., 2015), inflammatory (Glas et al., 2003; Xue et al., 2009), and cardiovascular (X. Liu 

et al., 2013; J. Wu et al., 2011) diseases. 

Overall, it must be stated that the exact role of IL-16 in the physiological homeostasis, as 

well as in the pathogenesis of many diseases, remains to be defined. 

 

1.2 Chronic Kidney disease (CKD)  

The kidneys play a central role in maintaining human health by excreting waste products 

and regulating numerous homeostatic mechanisms throughout the body (Pape et al., 

2014).  

As a result of various diseases, patients can lose kidney function, with far-reaching 

consequences. 

A reduction in kidney function is a common condition and affects approximately 13.4% of 

the population worldwide (Hill et al., 2016). Disease stages are distinguished based on 

the severity of kidney function reduction, measured either by the presence of damage, 

determined by albuminuria, or the remaining kidney function, as determined by 

glomerular filtration rate (GFR). Kidney disease persisting longer than three months is 

referred to as chronic kidney disease, and complete loss of function as kidney failure or 

CKD grade 5 (CKD G5) (Levey et al., 2005, 2020; Levey & Coresh, 2012). 
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According to the USRDS annual data report of 2019, the most common causes of chronic 

kidney failure (also termed end-stage renal disease) in the USA were diabetes, 

hypertension, glomerulonephritis, cystic kidneys, and other/unknown reasons (Saran et 

al., 2020; USRDS, 2019).  

Due to chronic kidney failure, patients receive maintenance kidney replacement therapy 

consisting of dialysis or organ transplantation. Patients receiving regular dialysis are also 

referred to as CKD G5D patients (Levey et al., 2020). Generally, two dialysis methods 

are distinguished, namely hemodialysis (HD), which is mainly performed on specialized 

dialysis units, and peritoneal dialysis (PD), which is conducted mainly at home. The most 

established method in Germany is HD, with a proportion of 94% (Gemeinsamer 

Bundesausschuss, 2020), and it is usually performed three times a week. 

Regular dialysis can be seen as a high burden for patients in regards to quality of life due 

to extensive and intensive treatment (Gadaen et al., 2021), and for health care systems 

due to the high economic costs associated with dialysis (Couser et al., 2011). A recent 

calculation showed that the annual costs for patients with CKD G5D were 15 times higher 

than those of a reference group of the same age in Germany (Gandjour et al., 2020).  

For almost 50 years (Lindner et al., 1974), research has established that cardiovascular 

incidences are more frequent in patients suffering from CKD, leading to increased 

cardiovascular mortality (Navaneethan et al., 2015; Thompson et al., 2015). In a large 

European cohort, the cardiovascular morality rate of patients starting dialysis was 8.8 

times higher than in the general population. Additionally, non-cardiovascular diseases -  

e.g., oncologic and infection related -  were highly elevated (de Jager, 2009). Overall, 40-

50% of all CKD patients die from cardiovascular events (Jankowski et al., 2021). 

Several vascular changes in chronic kidney failure patients on maintenance dialysis were 

also independently associated with increased mortality, including an increase in the 

ankle-branchial index (API) (Gu et al., 2019), abdominal aortic calcification (Okuno et al., 

2007), peripheral arterial disease (Y. Yang et al., 2016), and coronary artery calcification 

(X.-R. Wang et al., 2019).  

The connection between CKD and vascular changes as well as increased cardiovascular 

events is in many cases a pro-inflammatory activity state, which, together with 

dyslipidemia and uremic toxins (Alani et al., 2014; Rapp et al., 2020), can lead to vascular 
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changes including atherosclerosis and vascular calcifications (Cozzolino et al., 2018; 

Gisterå & Hansson, 2017). 

Another main cause of the morbidity and health care costs of CKD G5D patients are 

infections (Ishigami & Matsushita, 2019), which are associated with an increased risk of 

mortality (Saran et al., 2020; Sarnak & Jaber, 2000). This is also amplified by the reduced 

responsiveness to vaccination, which puts the CKD G5D patients at increased risk 

(Ghadiani et al., 2012; Mathew et al., 2014). 

Furthermore, an increase in neoplastic diseases can be seen, especially in virus-

associated cancers in patients suffering from CKD (Maisonneuve et al., 1999; Stewart et 

al., 2009), which can clearly - at least partly - be explained by changes in the immune 

system. 

Therefore, the altered characteristics of the immune system in CKD require considerable 

attention and will therefore be addressed further. 

 

1.3 Immune system properties in CKD patients 

Fundamental changes in the immune system of CKD patients have been described in 

several review articles (Betjes, 2013; Ebert et al., 2020; Kato et al., 2008; Zoccali et al., 

2017), including elevated inflammatory mediators, and differences in the immune cell 

number, composition, as well as functionality. Overall, a persistent low-grade 

inflammatory activity can be found if kidney function is reduced or lost.  

With the aim of systematically addressing these changes, some of the key contributors 

and alterations are discussed separately. 

 

1.3.1 Uremic retention molecules and Oxalate 

With progressive loss of kidney function, retention molecules are excreted less in the 

urine and hence accumulate in the plasma, where their concentration increases 

(Vanholder et al., 2003). While most molecules originate endogenously from the 

metabolism, some are also absorbed through food consumption or are produced by the 

intestinal microbiota (Meijers et al., 2014). Some of these uremic solutes have toxic 

effects on various organs, which can lead to a so-called uremic syndrome with many 

symptoms, including neurological complications (Hamed, 2019). Uremic toxins are 
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therefore defined based on two criteria: First, these molecules are normally excreted by 

the kidneys and accumulate in CKD, and second, they "interact negatively with biological 

functions” (Castillo-Rodríguez et al., 2017; Vanholder et al., 2003). 

Uremic retention molecules and toxins are an extremely heterogenous group of 

substances with a molecular mass between 500 Dalton and 58 kDa, enabling them to 

cross the glomerular filtration barrier under normal conditions (Vanholder et al., 2018). 

Based on the definitions of the European Uremic Toxin work group (EUTox, 2021), which 

characterizes and captures all known uremic retention molecules, those molecules can 

be divided into (1) small free water-soluble low molecular weight compounds, (2) protein 

bound compounds and (3) middle molecules. The uremic toxins categories show 

differences in the removal characteristics during dialysis (Vanholder et al., 2018). 

The effect of the different uremic toxins on immune cells can be inhibitory and/or pro-

apoptotic, contributing to infections. The effect can also be activating, priming and/or anti-

inflammatory, leading to increased inflammation (G. Cohen, 2020). 

Oxalate, a uremic toxin which belongs to small water-soluble compounds (Marangella et 

al., 1992; Mydlík & Derzsiová, 2008), is an end-product of metabolism (Crivelli et al., 

2021) and is absorbed through food as well as being generated endogenously. Overall, 

however, the predominant part of plasma oxalate (pOx) originates from the liver (Brzica 

et al., 2013; Ermer et al., 2016), where it is produced in the metabolism of glyoxylate 

(Holmes & Assimos, 1998; Lange et al., 2012). As the excretion of oxalate is mainly 

conducted through the urine (Osswald & Hautmann, 1979), a reduction in kidney function 

leads to increased pOx levels (Prenen et al., 1985). Elevated pOx levels can lead to the 

formation of calcium oxalate (CaOx) crystals, which can be deposited in many sites of the 

body, especially in the kidneys, and thereby damage the kidneys (Cochat et al., 2012). 

CaOx crystals can form CaOx stones, which are the most common type of kidney stone, 

accounting for approx. 70-80% of all stones in humans (Lieske et al., 2014; Thongprayoon 

et al., 2020), and can lead to kidney stone disease (also known as nephrolithiasis or 

urolithiasis), which is a common condition in the general population, affecting 

approximately 9% of the US American population (Scales et al., 2012), and which is also 

a risk factor for the development of CKD (Rule et al., 2011). 

Elevated levels of plasma oxalate can also be found in the genetic disease primary 

hyperoxaluria, in which liver enzyme deficiencies are responsible for increased oxalate 
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production; this disease also leads to kidney damage (Pierre & Gill, 2013). High levels of 

pOx were found to be associated with decreased estimated GFR (Milliner et al., 2021). 

The effect of oxalate on kidney disease progression was also studied using a murine 

model with a high oxalate diet, which resulted in a decrease in GFR and an increase in 

plasma blood urea nitrogen (BUN) and creatinine, indicative of kidney injury (Mulay et al., 

2016). Interestingly, the link between oxalate and kidney damage goes both ways, with 

high levels of oxalate leading to kidney damage and kidney damage also leading to 

increasing levels of oxalate in the bloodstream. 

In recent years, significant progress has been made in the understanding of oxalate-

induced inflammation. In particular, the effect of CaOx crystals was investigated. In an 

animal model of oxalate induced nephropathy, the NLRP3 inflammasome of innate 

immune cells was identified to be the main contributor to the progression of kidney failure 

(Knauf et al., 2013). Furthermore, in vitro experiments confirmed this direct effect of CaOx 

crystals on dendritic cells, which become activated and secrete IL-1β (Mulay et al., 2013). 

CaOx crystals were further found to induce neutrophil necrosis, measured by LDH release 

and loss of cell integrity, as determined by live cell imaging (Desai et al., 2017; Elferink & 

Riemersma, 1980). 

High levels of plasma oxalate were recently identified to be associated with higher overall 

mortality and the sudden cardiac death of CKD G5D patients (Pfau et al., 2021). The 

effect of plasma oxalate on inflammatory cells and immune responses in patients with 

CKD is still the subject of further research. 

 

1.3.2 Cytokines as uremic retention molecules  

Elevated cytokine levels in patients with impaired kidney function may occur for several 

reasons. As already mentioned, pro-inflammatory triggers, such as uremic toxins and the 

increased secretion of cytokines by immune and non-immune cells, play a fundamental 

role. It must also be considered, however, that the excretion or degradation of cytokines 

is reduced if kidney function is impaired (Castillo-Rodríguez et al., 2017; Schindler, 2004). 

Over the last few years, the number of cytokines considered by the EUTox work group to 

be uremic toxins has increased (Castillo-Rodríguez et al., 2017). Currently, IL-1β, IL-6, 

IL-18, TNF-α, IL-8 and IL-10 are counted among them, even though some of the cytokines 

on the list are controversial (Duranton et al., 2012; EUTox, 2021). 
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Various approaches have been used to study human clearance or degradation of 

cytokines. Radioactively labeled rIL-10, for example, was injected into rats and rapidly 

disappeared from the bloodstream, with the kidney being primarily responsible for this 

excretion (Rachmawati et al., 2004). Similarly, IL-1α (Poole et al., 1990) and IL-1β 

(Asumendi et al., 1996) were identified to be mainly degraded by the kidneys in rats.  

Urinary cytokine concentrations are studied in several pathologies. As such, elevated 

concentrations have been identified as a predictor of the severity of urinary tract infections 

(Armbruster et al., 2018), as a biomarker for intestinal bladder pain syndrome (Jiang et 

al., 2020), and were found elevated in hyperfiltration of type 1 diabetes (T1D) (Har et al., 

2014), as well as acute tubular damage (Fellström et al., 2021). In diabetic nephropathy, 

elevated levels of urinary IL-1, IL-6, and IL-8 were detected (Donate-Correa et al., 2020). 

When associating plasma concentrations of cytokines in low-grade inflammation with 

urinary cytokine excretion no correlation was found, suggesting a modulatory role of the 

functioning kidney (Nobles et al., 2015).  

Methods to remove cytokines from circulation by extracorporeal blood purification in the 

treatment of sepsis have recently been proposed and are currently under investigation 

(Monard et al., 2019; Seeliger et al., 2020). While successful clearance of cytokines was 

found (Schädler et al., 2017), evidence of a favorable outcome for patients is still pending 

(Seeliger et al., 2020; Snow et al., 2021). TNF-α, which is present in the blood as a 

homotrimer with a molecular mass of 51 kDa, showed the lowest clearance rate 

compared with smaller cytokines (Harm et al., 2020), which illustrates the importance of 

the molecular mass on the clearance, at least by extracorporeal blood purification. 

 

1.3.3 Changes in immune cells 

In CKD patients, a variety of changes in a broad spectrum of immune cells are described. 

In the following, changes in the cell number, composition, activation state, and 

functionality of immune cells are discussed for a selection of cell types. 

Compared to healthy controls, neutrophils of CKD patients exhibit a higher basal 

activation state measured by superoxide release (J. W. Yoon et al., 2007), hydrogen 

peroxide (J. W. Yoon et al., 2007), or radical oxygen species (ROS) (Kim et al., 2017). 

The basal formation of neutrophil extracellular traps (NET) was also significantly higher 

(Kim et al., 2017). In studies of neutrophil functionality, decreased migratory capacity 
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(Rossaint et al., 2016) and an impaired phagocytosis were noted (Mahajan et al., 2005). 

Different possible mechanisms for the increased priming (Betjes, 2013) and impaired 

functionality (Chonchol, 2006) have been proposed. The percentage of spontaneous 

apoptotic neutrophils from HD patients was found to be increased compared to healthy 

controls (Majewska et al., 2003), which was further enhanced after dialysis treatment 

(Fukushi et al., 2020). Furthermore, in vitro and in vivo experiments showed that a uremic 

environment increases the apoptosis of neutrophils (Cendoroglo et al., 1999; Jaber et al., 

1998) and enhances the susceptibility for apoptosis (Jaber et al., 2001). It is remarkable 

that neutrophils of CKD patients show an increase in cell death in vitro, as the total 

number of neutrophils is not decreased in patients. The number of PML even increases 

with decreasing kidney function (Sela et al., 2005). This suggests that an increased 

generation of neutrophils is occurring in patients. 

TLRs play a key role in innate immunity by recognizing DAMPs and PAMPs (Zindel & 

Kubes, 2020). In neutrophils, TLR4, and in monocytes TLR2 and TLR4 were found 

upregulated in CKD G5D patients (Gollapudi et al., 2010; Grabulosa et al., 2018; Koc et 

al., 2011), also suggesting an increased activation state. 

It is widely accepted that the composition of monocytes in CKD patients differs from 

healthy individuals and a higher proportion of CD14+ CD16+ intermediate and CD14low 

CD16+ non-classical monocytes can be found, respectively (Nockher & Scherberich, 

1998; Schepers et al., 2015). In particular, a subgroup of intermediate monocytes was 

found elevated in CKD (Naicker et al., 2018); however, the exact mechanism leading to 

this change in monocyte composition is not known (Betjes, 2013). Considered pro-

inflammatory, these intermediate and non-classical monocytes are getting a high level of 

attention as they are suspected to play a major role in the development of atherosclerosis 

(Betjes, 2013; Hénaut et al., 2019) and are independently associated with increased 

mortality in CKD patients and cardiovascular events (Heine et al., 2008, 2012; Rogacev 

et al., 2011). 

Lymphoid cells, namely T and B cells, were found to be reduced in CKD patients (Xiang 

et al., 2016; J.-W. Yoon et al., 2006). In particular, naïve T cells are diminished (Litjens et 

al., 2006; J.-W. Yoon et al., 2006). The CD4+/CD8+ T cell ratio was found decreased in 

CKD patients (Xiong et al., 2021). In ex vivo analysis of different T cell subsets, an 

increase of apoptosis was identified (Moser et al., 2003; Saad et al., 2014) and a 
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susceptibility towards activated apoptosis (Meier et al., 2002), which might explain the 

reduction of cells (J.-W. Yoon et al., 2006).  

Both lymphocytes and monocytes were found to exhibit pro-apoptotic changes (Dounousi 

et al., 2012). 

 

1.3.4 Changes in immune mediators 

In a study of 3430 patients from the Chronic Renal Insufficiency Cohort (CRIC) study, 

several inflammatory mediators were found elevated in patients with reduced kidney 

function (Gupta et al., 2012). Furthermore, increased fibrinogen, TNF-α, and IL-6, and 

decreased serum albumin were independent predictors of estimated GFR loss, and each 

independently represented a risk factor for the progression of kidney disease after 

correction for cofactors (Amdur et al., 2016). This study clearly showed the relevance of 

inflammation processes, measured by humoral markers, in the progression of CKD.  

Generally, a large variety of different cytokines and acute phase proteins are described 

to be elevated in CKD. Many of those inflammatory markers have been independently 

identified as predictors of cardiovascular disease events and/or survival in CKD patients, 

namely CRP (Iseki et al., 1999; Zimmermann et al., 1999), PTX3 (Krzanowski et al., 2017; 

Sjöberg et al., 2016; Suliman et al., 2008; Tong et al., 2007), Fibrinogen (Goicoechea et 

al., 2008; Weiner et al., 2008; Zoccali et al., 2003), serum amyloid A (Dieter et al., 2016) 

GDF-15 (Tuegel et al., 2018), IL-1β (S. D. Cohen et al., 2010), IL-6 (S. D. Cohen et al., 

2010; do Sameiro-Faria et al., 2013; Meuwese et al., 2011; Panichi et al., 2004), IL-10 

(Yilmaz et al., 2014), IL-18 (Chang et al., 2015; S. D. Cohen et al., 2010), TNF-α 

(Meuwese et al., 2011), sTWEAK (Fernández-Laso et al., 2016), TNFR1/2 (Gohda et al., 

2017), DcR3 (Hung et al., 2012), MCP-1 (Gregg et al., 2018), VEGF (Q. Guo et al., 2009; 

Mallamaci et al., 2008).  

Both the impact of inflammatory responses on cardiovascular events and survival, and 

the opportunity for treatment by strategies to influence inflammation, have been 

demonstrated (Lorenzatti, 2021). The treatment with canakinumab, a specific IL-1β 

antibody in the Canakinumab Anti-Inflammatory Thrombosis Outcomes (CANTOS) study, 

reduced cardiovascular events in CKD patients in this study of 10,061 patients (Ridker et 

al., 2018). Ongoing studies are investigating the potential of IL-6 antibodies for the 

treatment of inflammation in CKD patients on maintenance HD (Pergola et al., 2021). 
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Thus, considering the extensive role of inflammatory mediators in the bloodstream of CKD 

patients and the therapeutic opportunities that are currently beginning to be explored, 

comprehensive knowledge of all the inflammatory mediators involved is essential for our 

understanding of disease and the development of novel treatment possibilities. 

 

1.4 Previous work of my work group 

To investigate the systematic oxalate-associated immune pattern of CKD G5D patients, 

Theresa Ermer, a predoctoral fellow who has been in our working group, conducted a 

study in New Haven, CT, USA in 2016. Cytokine and oxalate concentrations were 

determined, and clinical data were collected in a cohort of 24 PD and 83 tri-weekly HD 

patients (107 patients in total) who had given written informed consent to participate in 

the study, were over 18 years of age, had been treated for at least 3 months, were 

medically stable, and had no evidence of acute infection. Further characteristics of the 

study population have already been published (Pfau et al., 2021). 

Overall, 21 cytokines were measured using an unbiased cytokine screen, namely a V-

PLEX Proinflammatory Panel 1 and a V-PLEX Cytokine Panel 1 Human (both Meso Scale 

Diagnostics, Rockville, USA) as well as an IL-33-Quantikine enzyme-linked 

immunosorbent assay (ELISA, R&D Systems, Minneapolis, USA). Additionally, pOx was 

determined through enzymatic assay with oxalate oxidase (Trinity Biotech, Bray, Ireland).  

To verify that the measurements were relatively consistent over time, in 25 patients (11 

HD, 14 PD) blood was collected at four subsequent sessions, weekly after the long 

interval in HD patients and monthly at clinical appointments in PD patients. The median 

coefficient of variation (CV) for cytokine measurements of 25 patients at four consecutive 

sessions was calculated. IL-16 showed a median CV of 8.97% (IQR 2.3) in the HD group 

and 10.06% (IQR 10.1) in the PD group. POx showed a median CV of 9.41% (IQR 9.69) 

in the HD group and 16.74% (IQR 25.2) in the PD group. 



 30 

Study conducted by Theresa Ermer. In total, 107 CKD G5D patients were included. (A) Absolute 

concentration of 21 cytokines. (B) Correlation coefficient of pOx with cytokines, Spearman’s ρ on x-axis 

and p-value behind the respective bar. (C) Correlation matrix of selected cytokines. (D) Correlation of pOx 

and IL-16, n=105. 

 

Figure 3A shows the measured absolute cytokine concentrations in the cohort. Large 

differences in the concentrations were evident, with the highest cytokine abundance for 

IL-12p40 followed by IL-16 in the plasma of the patients. The correlation of each cytokine 

with pOx was calculated. For visualization, the correlation coefficient of the Spearman 

correlation (Spearman's ρ) was plotted on the x-axis, with the p-value printed small behind 

the respective bar (Figure 3B). It becomes clear that IL-16 represents the strongest 

correlation with pOx of all measured cytokines, with the highest Spearman's ρ of 0.37. 

A

D

B

C

Figure 3: Oxalate study, New Haven, USA, 2017 
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Since correction for multiple testing is required, a strict p-value of 0.0024 is considered 

statistically significant (Bonferroni Correction for multiple comparisons 0.05/21). IL-16 is 

found to be the only cytokine to show a significant correlation with pOx. Figure 3C 

presents a correlation matrix for selected cytokines. Since only complete cases could be 

included in the analysis, some cytokines with many missing values had to be excluded. 

IL-16 shows no further correlation with any of the selected cytokines. Figure 3D shows 

the correlation of pOx and IL-16 (ρ = 0.37, p = <0.001). 

Association of IL-16 with clinical and laboratory parameters in the Oxalate study, New Haven, USA. (A) 

Correlation of creatinine and IL-16, n=100. (B) Correlation of duration of dialysis and IL-16, n=104. (C) 

Comparison of IL-16 levels in patients with (>300 ml/day) and without urine output (<300 ml/day), n=95. 

A  B

C

Figure 4: Oxalate study, New Haven, clinical and laboratory parameters 



 32 

Furthermore, clinical and laboratory parameters were investigated for a possible 

association with IL-16 (Figure 4). A positive correlation of creatinine and IL-16 was 

identified (ρ = 0.25, p = 0.012) (Figure 4A). The duration of dialysis was further found to 

correlate with IL-16 (ρ = 0.28, p = 0.004) (Figure 4B). Additionally, an association of 

residual kidney function, measured by urine output per day, with IL-16 was found. The 

median IL-16 level of patients without urine output (<300 ml/d), 655 pg/ml, was 

significantly higher than the IL-16 level median in patients with urine output (>300 ml/d) 

of 458 pg/ml (Wilcoxon-Mann-Whitney test, p = <0.001, effect size r = 0.42). 

To replicate this finding of a correlation of IL-16 and pOx, a repetition of the study was 

performed by Sarah Burlein in Berlin. For this purpose, patients of the dialysis unit of the 

Charité – Universitätsmedizin Berlin who had been receiving regular HD for at least 3 

months, were medically stable and had no acute infection, and healthy randomly selected 

control individuals were included. Plasma samples were collected from patients 

immediately before dialysis treatment and at a random time point from healthy controls. 

IL-16 was determined by Quantikine ELISA (R&D) and oxalate by enzymatic assay 

(Trinity Biotech).  

Study conducted by Sara Burlein. IL-16 study Berlin, Germany, 2018, with 12 CKD G5D patients and 6 

healthy control subjects. (A) Correlation of pOx and IL-16. (B) Comparison of pOx and IL-16 levels between 

healthy control subjects and CKD G5D patients. 

 

A  B

Figure 5: IL-16 study, Berlin, Germany, 2018 
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The correlation of pOx and IL-16 could again be identified in this small cohort of 12 

patients (ρ = 0.81, p = 0.001) (Figure 5A). Moreover, when compared with healthy controls 

(n = 6), a significant difference was found in both pOx (Wilcoxon-Mann-Whitney test, 

p<0.001, effect size r = 0.8) and IL-16 (Wilcoxon-Mann-Whitney test, p = 0.001, r = 0.77), 

with higher values in the patient group (Figure 5B). 

The increased levels of IL-16 may have resulted from reduced excretion of IL-16; 

therefore, with the suspicion that IL-16 may be some type of retention molecule, the effect 

of dialysis on the plasma IL-16 concentration was investigated. For this, Anja Pfau 

measured IL-16 with a DuoSet ELISA (R&D) post-hoc in patient samples which were 

collected by Theresa Ermer. In that study (Ermer et al., 2017), the influence of 

hemodialfiltration (HDF) and HD on pOx concentrations was investigated, and pOx 

measured just before, during, after, and 2 h after dialysis. A significant reduction in pOx 

was found with both procedures over the time course (Ermer et al., 2017). In contrast, no 

such reduction was seen with IL-16 (Figure 6), suggesting that IL-16 is not filtered during 

dialysis and therefore does not accumulate in patients for this reason. Nevertheless, 

limitations must be considered when evaluating this experiment, as IL-16 may be 

produced during dialysis, leading to a balance of filtration and secretion. Furthermore, no 

other cytokine measurement was performed to validate the assay and experiment.  

Figure 6: Impact of HD and HDF on IL-16 concentration in plasma of CKD G5D patients 

Plasma samples collected before (pre), during (mid), directly after (post) or 2 h after dialysis (Ermer et al., 

2017). IL-16 post-hoc analysis performed by Anja Pfau. 
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In search of the origin of IL-16, immune cells were suspected. As a first approach to get 

an impression of the secretion of IL-16 by PBMCs, Lisa Rubenbauer used a classical 

experimental setup, studying the potential involvement of the NLRP3 inflammasome. For 

this purpose, PBMC were obtained by density gradient centrifugation and cultured in the 

presence of stimulators. After 3 hours of pre-activation with LPS, 100 µg/ml CaOx was 

added to some of the cells and the supernatant collected after 6 more hours (Figure 7A).  

Experiment conducted by Lisa Rubenbauer. (A) Experimental setup: PBMCs were isolated and pre-

stimulated by 1 µg/ml LPS for 3 hours, followed by 6 hours stimulation with 100 µg/ml CaOx. (B+C) IL-1β 

and IL-16 were measured in the supernatant using DuoSet-ELISAs (R&D). 

 

An increased release of IL-1β was measured when the PBMCs were stimulated with LPS 

and CaOx (Figure 7B). At the same time, IL-16 was found to be released into the 

supernatant independent of the stimulation (Figure 7C). 

Lisa Rubenbauer also examined the relative expression of IL-16-GAPDH and IL-1β-

GAPDH of human monocytes compared to human in vitro differentiated macrophages 

and found reciprocal behavior. While monocytes showed significantly higher expression 

LPS
[1 µg/ml] 

CaOx
[100 µg/ml]

0h 3h 9h

A  

B C

Figure 7: IL-16 secretion of PBMCs after inflammasome activation 
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levels of IL-16-GAPDH compared to macrophages, macrophages showed significantly 

higher expression levels of IL-1β-GAPDH than monocytes (data not shown). 

Based on the increased expression level of IL-16 in monocytes, Lisa Rubenbauer 

developed a new hypothesis, namely that there might be differences in the release of IL-

16 between monocyte subtypes, with an increased release of non-classical monocytes 

compared to classical monocytes. The described monocyte shift in CKD patients could 

then lead to a higher abundance of cells which secrete more IL-16. 

For this, Lisa Rubenbauer studied the basal secretion of the different monocyte subsets. 

After blood collection, PBMC isolation, and enrichment for monocytes, the cells were 

stained with the antibodies CD14-PC7 (Beckman Coulter, Brea, USA), CD16-PE 

(Beckman Coulter), CD3-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany), and 
CD19-APC (Biolegend, San Diego, USA). 

The monocyte subsets were sorted using fluorescence activated cell sorting (FACS) 

conducted by the BIH Cytometry Core Facility at the BCRT. The gating strategy used was 

based on gating out DAPI+, CD3+, and CD19+ cells, which led to her readout plot of CD14 

and CD16 (Figure 8). Classical monocytes were defined as CD14+ CD16-, intermediate 

monocytes as CD14+ CD16+, and non-classical monocytes as CD14- CD16+. 
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Gating strategy for FACS-based isolation of monocytes subsets. One representative example of a healthy 

control subject shown. Experiment performed by Lisa Rubenbauer, 2019. 

Figure 8: Gating strategy of monocyte subsets 



 37 

Measurements of IL-16, IL-1β and TNF-α were performed using DuoSet-ELISAs (R&D). Experiment 

conducted by Lisa Rubenbauer, 2019. 

A  B

C  D

E  F

Figure 9: Cytokine secretion of monocyte subsets after basal culture 
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The cells were cultured in complete culture medium for 18 hours and the cytokines were 

measured in the supernatant by IL-16, IL-1β and TNF-α ELISAs (DuoSet, R&D). The 

experiment was performed twice and included three healthy controls (HCs). The mean 

IL-16 secretion of monocyte subtypes showed significant differences, with a mean 

secretion of 167.7 pg/ml (SD 64.2) by the classical monocytes, 295.3 pg/ml (SD 135.2) 

by the intermediate monocytes, and 431.7 pg/ml (SD 148.8) by the non-classical 

monocytes. IL-1β appears to be secreted by most monocyte subsets, with intermediate 

and non-classical monocytes having potentially higher levels of secretion. In the case of 

TNF-α, it is noticeable that no TNF-α could be detected in the supernatant of the classical 

monocytes.  

In summary, Lisa Rubenbauer’s preliminary results suggest that non-classical and 

intermediate monocytes secrete higher levels of IL-16 than classical monocytes. 

 

1.5 Aims of the study, research questions and hypothesis 

Generally, very little is known regarding IL-16 in CKD G5D patients; therefore, very 

fundamental questions must be addressed.  

 

Origin 

First, a crucial question concerns the origin of IL-16 and the responsible cell type in 

patients leading to the previously described elevated levels. As described before, IL-16 

is synthesized by a variety of different cells and is expressed in different tissues. Two 

main sources were considered as the potential origin: kidney tissue and immune cells. As 

the IL-16 gene expression is remarkably higher in immune cells (Figure 2), these were in 

the focus of this work.  

Since my group had found promising initial results regarding differences in the IL-16 

secretion of monocyte subtypes (Figure 9), the basal IL-16 release of monocyte subtypes, 

especially non-classical monocytes, from healthy individuals was particularly interesting 

to investigate.  

Because there is also little knowledge about the basal IL-16 secretion of different cell 

types of PBMCs in CKD patients especially, the secretion of T cells, B cells, NK cells, and 
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monocytes was interesting to be studied in comparison. In patients suffering from CKD, 

there might be a cell group that generally secretes more IL-16. 

Additionally, intracellular levels of IL-16 when comparing between the cell types of 

PBMCs as well as between patients and control subjects appeared worthy of further 

investigation. 

 

Secretion mechanism 

Second, the secretion mechanism or stimulator in CKD G5D patients leading to IL-16 

secretion is not yet known. The initial finding of the correlation of IL-16 and pOx suggests 

a direct effect of oxalate stimulation on a cell type, leading to the secretion of IL-16. The 

results of my work group after examining this potential connection by the stimulation of 

PBMCs with CaOx, as well as with a stimulation with LPS, however, could not detect any 

difference in secretion.  

To further understand the secretion mechanism, to examine the role and importance of 

the caspase-3 cleavage, and to study the liberation or secretion of IL-16 in different forms 

of cell death, an in vitro model experiment with the use of murine BMDM was considered. 

As described earlier, the inflammasome complex of cells becomes activated by the 

appropriate stimulation, e.g., LPS and CaOx, which leads to pyroptosis pathways. If 

GSDMD is absent, however, caspase-3 is activated and leads to apoptotic cell death. 

Thus, it is therefore conceivable that IL-16 is only secreted and detectable if caspase-3 

becomes activated, and therefore only from the cells where GSDMD is absent.   

As described before, IL-16 secretion is often described in cell death-associated pathways. 

In CKD, several compounds and stimulators are imaginable that could be responsible for 

the induction of immune cell death. Even the dialysis membrane could be accountable for 

it. Since in vitro experiments show that PMNs undergo increased cell death when cultured 

with CaOx (Desai et al., 2017; Elferink & Riemersma, 1980), and PMNs secrete IL-16 in 

secondary necrosis (Roth et al., 2015), CaOx stimulation of PMNs came into focus in the 

search for a secretion mechanism. Potentially, the soluble form of oxalate, namely sodium 

oxalate (NaOx), could stimulate IL-16 secretion from PMNs, which should be 

investigated. 
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Importance of IL-16 in CKD 

Third, nothing is known about the role or importance of IL-16 in CKD patients. Because 

IL-16 is often associated with the migration of Tregs and the induction of FoxP3 synthesis 

(McFadden et al., 2007), it became interesting to examine the relationship between Tregs 

and IL-16 as an initial starting point in the search for the role of IL-16 in CKD.   

 

Hypothesis 

In summary, several research questions and hypotheses need to be further investigated 

based on the results of my research group and the literature described above: 

1. Hypothesis regarding the cellular source of IL-16 in CKD patients: 

A. Non-classical monocytes, which are more abundant in CKD patients, secrete 

more IL-16, resulting in higher levels of IL-16 in the plasma of patients. 

B. In CKD G5D patients, there is a general difference in PBMCs with a cell type 

that secretes higher IL-16 levels basally, resulting in higher plasma IL-16 

levels.  

C. There is a difference in the basal intracellular level of IL-16 and the basal 

activity of caspase-3 in PBMCs of CKD-G5D patients compared with healthy 

control subjects. 

2. Hypothesis regarding the mechanism of secretion: 

A. Upon stimulation with LPS and CaOx, the absence of GSDMD in BMDM 

leads to an activation of caspase-3 and therefore to a cleavage of IL-16 

instead of pyroptotic cell integrity loss in GSDMD-wt BMDM and 

subsequently to higher IL-16 levels in the supernatant of GSDMD-ko BMDM. 

B. The stimulation of PMNs with soluble NaOx and/or CaOx crystals induces 

cell death-associated processes which liberate IL-16 into the supernatant. 

3. Hypothesis regarding the importance of IL-16 in CKD: 

A. IL-16 correlates with the proportion of Tregs in patients’ plasma, suggesting 

a Treg inducing function of IL-16.  
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2. Materials and Methods 

2.1 Materials 

2.1.1 Software 

Microsoft Office for Mac Version 16.3 Microsoft, Redmond, USA 

Zotero Version 5.0.97 Corporation for Digital Scholarship, George 
Mason University, USA 

RStudio Version 1.2.5001 RStudio Inc., Boston, USA 
FCSExpress Version 6 De Novo Software, Los Angeles, USA 
Discovery Workbench MSD Version 4.0 Meso Scale Diagnostics, Rockville, USA 
LEGENDplex Data Analysis 
Software 

Version 8.0 Biolegend, San Diego, USA 

Microplate Manager 6 Software Version 6.1 Bio-Rad Laboratories, Inc., Hercules, USA 
Adobe Illustrator Version 25.4.1 Adobe Inc., San José, USA 

RStudio Packages: 

• tidyverse 

• knitr 

• readxl 

• foreign 

• ggcorrplot 

• rstatix 

 

2.1.2 Laboratory equipment 

Pipettes: Eppendorf Research plus (Eppendorf AG, Hamburg, Germany) 

Table Centrifuges: Heraeus Fresco 21 Centrifuge, Thermo Scientific (Thermo Fisher); 

Eppendorf Centrifuge 5427R (Eppendorf) 

Centrifuges: Eppendorf Centrifuge 5810 R (Eppendorf) 

Incubator: Heraeus Kendro HeraCell 150 CO2 Incubator (Thermo Fisher) 

Table vacuum pump: neoLabLine 2-9345, (neoLab, Wayne, USA)  

ELISA Plate Reader: Bio-Rad xMark Microplate Spectrometer (Bio-Rad Laboratories, 

Inc., Hercules, USA) 

Flow Cytometer: MACSQuant Analyzer10 (Miltenyi Biotec, Bergisch Gladbach, 

Germany) 
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Table heater: Eppendorf ThermoMixer C (Eppendorf) 

Electrophoresis Power Supply: EPS 200 (Pharmacia Biotech, Uppsala, Sweden) 

Western Blot machine: Vilber Fusion FX (Vilber, Collégien, France) 

Fine weight: KERN Alt 220-5DAM (KERN & Sohn GmbH, Balingen-Frommern, 

Germany) 

Sterile Water: Mili-Q (Merck KGaA, Darmstadt, Germany) 

 

2.1.3 Buffers 

ACK Lyse Buffer 
Ammonium chloride (NH4CL) 150 mM 5.145 g Carl Roth  K298.1 
Potassium hydrogen carbonate (KHCO3) 10 mM 0.5 g Carl Roth P748.1 
Ethylenediaminetetraacetic acid 
Dipotassium Salt dihydrate (Na2EDTA) 

0.1 mM 0.0186 g Sigma-Aldrich 
 

8043.1 
 

Fill up to a volume of 500 ml with H2O, adjust pH to 7.28 with HCl. 

 

Low FBS Medium (Used for Monocyte and PBMC Culture) 
Roswell Park Memorial Institute 
(RPMI) 1640 Medium 

500ml Gibco  21875-034 

Fetal bovine serum (FBS) 12.5 ml Sigma-Aldrich or 
PAN Biotech  

F7524 
P30-3031 

Penicillin-Streptomycin (Pen/Strep) 5 ml Gibco  15140-122 
L-Glutamine 200 mM 5 ml Gibco  25030-024 

 

High FBS Medium (Used for FACS Collection and PMN Culture) 
RPMI 1640 Medium 500 ml Gibco  21875-034 
FBS 50 ml Sigma-Aldrich  

PAN Biotech 
F7524 
P30-3031 

Pen/Strep 5 ml Gibco  15140-122 
L-Glutamine 200 mM 5 ml Gibco  25030-024 

 

BMDM Differentiation Media 
RPMI 1640 Medium 37.75 ml Gibco  21875-034 
FBS 5 ml Sigma-Aldrich or 

PAN Biotech  
F7524 
P30-3031 

L929 conditional media 7.5 ml   
Pen/Strep 0.5 ml Gibco  15140-122 
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HEPES 1.25 ml Gibco 15630-056 

 

BMDM Washing Media 
RPMI 1640 Medium 46.5 ml Gibco  21875-034 
FBS 2.5 ml Sigma-Aldrich or 

PAN Biotech 
F7524 
P30-3031 

Pen/Strep 0.5 ml Gibco  15140-122 
HEPES 0.5 ml Gibco 15630-056 

 

FACS Buffer 
Dulbecco’s Phosphate 
Buffered Saline (DPBS) 

500 ml Gibco  2205996 

EDTA 1%  100 ml  Versen  
FBS 12 ml Sigma-Aldrich or 

PAN Biotech  
F7524 
P30-3031 

 

ELISA PBS 10X 
Sodium chloride (NaCl) 80g Sigma-Aldrich S5886-1kg 
Potassium chloride (KCl) 2.0 g Chemsolute   1632.1000 
Sodium Phosphate (H3PO4) 14.1 g Carl Roth 4984.2 
Potassium dihydrogen 
phosphate (KH2PO4) 

2.7 g Carl Roth 3904.2 

Add 100 ml H2O 

 

ELISA Wash Buffer 
PBS 1X 500 ml   
Tween20 250 µl Merck KGaA 8.22184.0500 

 

ELISA Reagent Diluent 1 
PBS 1X 50 ml   
Bovine Serum Albumin 0.5 g Sigma-Aldrich  A7906-50G 

 

ELISA Reagent Diluent 2 
PBS 1X 12 ml   
Bovine Serum Albumin 3 ml Sigma-Aldrich A7030-10G 

 
RIPA Buffer 

1M Tris-HCl pH 7.2 5 ml 50 mM   
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5M NaCl 3ml 150 mM Sigma-Aldrich S5886-1kg 
0.5 M EDTA 2 ml  10 mM Sigma-Aldrich E5134-250G 
10% SDS 1 ml 0.1% SDS Carl Roth 2326.2 
10% Sodium deoxycholate 10 ml 1% Sodium 

deoxycholate 
  

Triton X-100 1g 1%   
add up to 100 ml with dH2O  

 

Cell Lysis Buffer 
RIPA buffer 10 ml   
cOmplete ULTRA Tablets, glass vials Protease 
Inhibitor Cocktail  

1 tablet Roche 04 693 159 001 

phosSTOP Phosphatse Inhibitor Cocktail Tablets 1 tablet Roche 04906837001 

 

Buffers used for Western Blot analysis 

Resolving gel 
 10% 12%   
dH2O 4.1 ml 3.35 ml   
1.5M Tris HCl pH 8.8 2.5 ml 2.5 ml Carl Roth  0188.4 
10% SDS stock solution 100 µl 100 µl Carl Roth 2326.2 
Acrylamid/Bis (30% stock) 3.3 ml 4 ml   
10% Ammonium peroxodisulfate 50 µl 50 µl Carl Roth 2592.3 
TEMED 5 µl 5 µl Carl Roth 2367.3 

 

Stacking gel 
dH2O 3.05 ml   
0.5M Tris HCl 1.25 ml Carl Roth 0188.4 
10% SDS 50 µl Carl Roth 2326.2 
Acrylamid/Bis (30% stock) 650 µl   
10% Ammonium peroxodisulfate 50 µl Carl Roth 2592.3 
TEMED 6 µl Carl Roth 2367.3 

 

4X Loading Buffer 
dH2O 5 ml   
0.5 M Tris pH 6.8 3 ml Carl Roth 0188.4 
Glycerol 4 ml   
20% SDS 4 ml Carl Roth 2326.2 
Bromophenol Blue Pinch, by eye Carl Roth A512.1 

Right before use: mix 400 ml 4X Loading Buffer with 100 µl Dithiothreitol (DTT). 
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10X Running Buffer  
Tris-Base 30.3 g Carl Roth 0188.4 
Glycine 144.0 g Carl Roth 3187.3 
SDS 10.0 g Carl Roth 2326.2 

Add up to 1000 ml with H2O and prepare 1X working dilution prior to use. 

 

10X Blotting Buffer  
Tris-Base 30.3 g Carl Roth 0188.4 
Glycine 144 g Carl Roth 3187.3 

Add up to 1000 ml with dH2O. 

 

1X Blotting Buffer  
10X Blotting buffer  100 ml   
Methanol 200 ml Merck  1.06009.2500 

Add up to 1000 ml with dH2O. 

 

Ponceau Red Staining 
Ponceau S 0.1% 20 mg Sigma-Aldrich REF: P7170 
dH2O 19.8 ml   
Acetic Acid 0.2 ml Chemsolute REF: 2234.1000 

 

TBS 10X 
Tris 60.55 g Carl Roth 0188.4 
NaCl 87.66 g Sigma-Aldrich S5886-1kg 

Solve in 800 ml H2O, adjust pH to 7.2 using 25% HCl, add up to 1000 ml with H2O. 

 

Wash Buffer  
1X TBS 500 ml   
Tween20 250 µl Merck KGaA 8.22184.0500 

 

Blocking Buffer 
TBS/0.05% Tween20  95 ml 95%   
Dry Milk 5 g 5% Carl Roth  T145.3 
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2.2 Methods 

2.2.1 Patients/Probands 

The study protocol was approved by the local authorities (local Ethics Committee of 

Charité, Berlin Study No. EA2/242/17). 

Patient recruitment was performed by randomly selecting CKD G5D patients (hereafter 

also referred to as patients) who were receiving their regular maintenance dialysis on the 

Charité – Universitätsmedizin Berlin, Charité Campus Mitte (CCM), dialysis ward, were 

willing to participate in the study, and had provided written informed consent. Patients 

had been on maintenance HD for at least 3 months, were not feeling acute sickness, and 

had no sign of an acute infection. 

Healthy control subjects were randomly recruited among Charité students and Center for 

Cardiovascular Research (CCR) employees who were willing to participate in the study, 

had no known inflammatory disease, and reported no acute illness. 

An additional plasma sample was collected from patients and healthy individuals to 

measure pOx and IL-16. If possible, further patient information was collected and an 

extended laboratory investigation of the blood count performed. 

 

2.2.2 Animals 

C57BL/6N GSDMD-deficient embryos were obtained from Genentech (Genentech, Inc, 

South San Francisco, USA) and transferred to female C57BL/6N mice. GSDMD-

heterozygotic mice were subsequently paired to obtain GSDMD-wild-type and -deficient 

littermates. 

Mice were kept under normal housing conditions, with a normal 12-hour dark cycle. Chow 

and drinking water were provided to them as much as desired. The animals were closely 

monitored, and their health was recorded. The animals were euthanized under 

“Tötungsanzeige” T0272/17. 
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2.2.3 Cell isolation and cell culture techniques 

Before using the sterile workbench, the laminar flow cabinet was turned on early and 

disinfected thoroughly. A lab coat and gloves were always worn when working in the cell 

culture laboratory. Work with potentially infectious human material was always performed 

under the laminar flow cabinet or at a dedicated workstation. Potentially infectious waste 

was autoclaved before disposal.  

 

Cell counting 

Two different methods were used for cell counting. The same counting method was 

always used within an experiment. After preparation of the cell suspension using either 

culture medium, DPBS or HBSS (both Gibco, Thermo Fisher), the cells were counted and 

adjusted to an intended concentration. 

Neubauer counting chamber: The cell suspension was thoroughly and carefully mixed by 

swaying the tube for few seconds. 10 µl of cells in fluid were transferred into an empty 

microcentrifuge tube. 10 or 90 µl of trypan blue suspension (Trypan Blue Stain (0.4%), 

Gibco, Thermo Fisher, REF: 15250-061) was added (1:2 ratio or 1:10). The 

hemocytometer, a Neubauer chamber, was prepared by thorough cleaning and attaching 

the cover slip using a few drops of water. Subsequently, 10 µl of cell suspension-trypan 

blue mix was pipetted onto the lower edge of the Neubauer chamber. Trypan blue stains 

cells that lost their cell integrity therefore indicated dead cells. Under the microscope, all 

white cells within all four quadrants were counted and the average calculated. The result 

was then multiplied by the dilution factor, e.g., 2 or 10, and by 10,000 to calculate the cell 

number per milliliter in the cell suspension. 

Flow cytometer cell counting: After mixing, 10 µl of cell suspension was transferred into 

a new 5 ml FACS tube (Sarstedt AG & Co. KG, Nümbrecht, Germany, REF: 55.476.013) 

and 90 µl FACS buffer added. Without further staining or processing, 50 µl of cell 

suspension was taken up by the flow cytometer and the cell number counted. The beats 

within a defined live cell gate were determined and multiplied by 2 and 100 to determine 

the cell number per milliliter in the cell suspension. 
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Blood collection 

For blood collection of healthy controls, the puncture site of the forearm was identified 

and thoroughly disinfected. The tourniquet was applied, and a butterfly needle (SAFETY 

Blood Collection/Infusion Set, Greiner Bio-One GmbH, Kremsmünster, Austria) inserted 

into the vein at an acute angle. The adapter (Vacuette Holdex, Greiner Bio-One GmbH) 

and the vacutainer 10 ml EDTA tube (Vacuette, Greiner Bio-One GmbH) or 10 ml Heparin 

Tube (Vacuette, Greiner Bio-One GmbH) were attached, and the appropriate amount of 

blood drawn. For the subsequent sorting for monocyte subtypes, approximately 120 ml 

of blood was required; for the sorting for PBMC, 40 ml was required, and for the isolation 

of PMNs, 20 - 40 ml of blood had to be drawn. The cannula was removed and a swab 

pressed onto the puncture site. 

Blood from HD patients participating in my study was drawn by nurses and physicians in 

the dialysis unit after the port had been punctured and flushed immediately before dialysis 

began. 

All blood samples were stored directly on ice and were further processed within one hour 

after collection. 

For additional plasma collection for the measurement of oxalate and inflammatory 

parameters from the blood, another 6 or 10 ml EDTA tube was taken. It was centrifuged 

down at 2000 x g at 4 ° C. for 5 min. The plasma was now clearly separated from the 

erythrocytes. Using a polyethylene Pasteur pipette (Glaswarenfabriken Karl Hecht GmbH 

& Co KG, Sondheim, Germany, REF: 40569003), the plasma was transferred to several 

microcentrifuge tubes and centrifuged again on the tabletop centrifuge at 3000 x g at 4 ° 

C. for 5 min. After being transferred to new microcentrifuge tubes, the samples were 

frozen at -80 °C until further use. 

 

PBMC Isolation 

The EDTA blood was transferred to a 50 ml Falcon (Greiner Bio-One GmbH) and diluted 

in a 1:2 ratio, i.e., 10 ml blood and 10 ml DPBS (Gibco). 15 ml of Ficoll-Paque PLUS (GE 

Healthcare Bio-Sciences AB, Uppsala, Sweden, REF: 17-1440-02) with a density of 

1.077 was now added to a fresh 50 ml Falcon tube. The 20 ml of diluted blood was 

subsequently carefully layered onto the Ficoll by pipetting slowly. To do this, the tube was 

held at an angle of approximately 45°. Two layers formed, which were not swirled. 
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The tube was centrifuged at 500 x g and 20° C. for 20 min without using the brake for 

stopping. After centrifugation, different layers were visible. On the bottom of the tube, 

there was an erythrocyte layer, on top of it a Ficoll/granulocyte layer, above it the buffy 

coat PBMC layer and at the very top plasma (Grievink et al., 2016). Some plasma was 

aspirated and the buffy coat with the PBMCs transferred to a new 50 ml Falcon Tube. 

This tube was filled with the required amount of DPBS until a volume of 50 ml was 

reached. The tube was centrifuged at 250 x g and 4°C for 10 min and the supernatant 

removed. The tube was filled with 10 ml ACK Lysis Buffer and the pellet detached from 

the bottom by careful pipetting. The cell suspension was allowed to stand for 5 min. The 

tube was filled with DPBS to achieve a volume of 50 ml and centrifuged at 400 x g and 

4° C for 5 min, the supernatant was removed, and this washing step was repeated. 

Finally, the pellet was taken up in the desired amount of buffer and the cell number 

determined.  

Instead of manually layering diluted blood on top of the Ficoll Paque, Leucosep tubes 

(Greiner Bio-One GmbH, REF: 227290) were used. These tubes consist of a porous 

barrier which separates the erythrocyte and granulocyte layer from the wanted PBMCs 

after centrifugation and simplifies the handling (Leucosep datasheet). It was observed, 

however, that PBMC samples isolated using the Leucosep tubes contained more cell 

debris in flow cytometry cell sorting and analysis and were not further used. 

 

Monocyte Isolation 

For the first monocyte experiment, the cells were magnetically isolated from PBMCs using 

a quadroMACS separator (Miltenyi Biotec) and a negative sorting Pan Monocyte Isolation 

Kit (Miltenyi Biotec) in accordance with the manufacturer’s instructions. It is known that 

the negative sort alters the functionality of monocytes less than positive methods 

(Bhattacharjee et al., 2018) 

The PBMC suspension was centrifuged down at 300 x g (1300 rpm) for 10 min at 4 ° C 

and the supernatant was removed. Based on the cell number of PBMCs, the cell 

suspension was now taken up in FACS buffer, i.e., 40 µl of FACS buffer per 10^7 cells. 

For the magnetic labelling of the cells, an appropriate amount of FcR Blocking and Biotin 

AB Cocktail was added. Per 10^7 PBMCs, 10 µl of FcR Blocking and Biotin AB Cocktail 

was necessary. The cell suspension was incubated for 5 min in the fridge (2-8° C). Then 
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30 µl per 10^7 cells of FACS buffer and 20 µl per 10^7 cells of Anti-Biotin-MicroBeads 

were added. The suspension was subsequently incubated in the fridge for 10 minutes. 

For the magnetic separation, the cooled LS separation column (Miltenyi Biotec) of the 

quadroMACS separator was placed into the magnetic field. Beneath the column a 15 ml 

tube was placed in a bucket of ice. After flushing the column with 3 ml FACS buffer and 

discarding the fluid, the cell suspension was added and the cells that flowed through were 

collected. In negative sorting techniques, all cells except the cells of interest are labeled. 

In this case, the monocytes are therefore unlabeled and flow through the column first. 

The monocytes were collected, and the column was flushed three more times with 3 ml 

FACS buffer until no further fluid dripped out of the column. 

If the remaining non-monocyte cells were supposed to be collected, the column was 

removed from the quadroMACS separator and 5 ml of FACS buffer added to the column. 

The cells were flushed out of the column by applying pressure to the piston. 

The cell number of the isolated cells was then determined. 

 

PMN Isolation  

The PMN isolation was performed according to established protocols (Quinn & DeLeo, 

2020). 40 ml of freshly taken heparin blood was taken up into a 50 ml syringe (Injectomat 

syringe, Fresenius Kabi AG, Bad Homburg, Germany, REF: 9000701) by using a large 

canula. The 4% Dextran solution (Dextran 500, Carl Roth, Karlsruhe, Germany, REF: 

9219.1), dissolved in 0.9% NaCl, was added in a 1:4 ratio to the blood (12.5 ml). The 

syringe was carefully mixed by swaying for 30 sec and allowed to stand for 30 min at 

room temperature beneath the hood. Subsequently, the erythrocyte sedimentation 

became visible as well as the fluid above the erythrocytes consisting of plasma, dextran, 

sodium chloride and leukocytes. This fluid was transferred into a new 50 ml tube using a 

19G winged canula (Butterfly). Carefully, the supernatant was underlaid with approx. 7 

ml of Ficoll-Paque PLUS. The tube was spun down for 15 min at 290 x g (1300 rpm) at 

room temperature and the speed reduced to 222 x g (1100 rpm) after 15 min without 

brake.  

From this point on, every step was performed on ice or in a cooled environment. After a 

total of 30 min centrifugation, the supernatant was removed and only the pellet kept. To 

lysate the remaining erythrocytes, 10 ml of cold autoclaved distilled water was added and 
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carefully pipetted up and down. After 30 seconds, 3.33 ml of 3.6% NaCl was added to 

make the cell suspension isotonic. Approximately 10 ml of HBSS (no calcium, no 

magnesium, no phenol red, Gibco, Thermo Fisher, REF: 14175-053) was added to the 

tube and spun down at 222 x g for 10 min at 4 °C. The supernatant was removed and the 

cell pellet taken up in 10 ml of high FBS media. The cell number was determined.  

 

2.2.4 Flow cytometry 

Flow cytometry cell sorting 

The cell sorting was performed at the Flow Cytometry Core Facility of the BIH at the 

BCRT.  

For cell sorting, PBMCs or isolated monocytes were used right after isolation and cell 

counting and always handled on ice. The cells were centrifuged down for 5 min and 300 

x g at 4° C and taken up in 1 – 2 ml FACS buffer. The cell suspension was divided into 

different samples, as follows: 

For the compensation, single-stained and unstained samples were prepared by pipetting 

approximately 5 µl of cell suspension into each well of a 96-well plate. For the sorted fully 

stained sample, the remaining majority of cells was transferred into a 1.5 ml 

microcentrifuge tube. The antibodies were added, and the volume was adjusted to 50 µl 

for the compensation samples by adding FACS buffer. The samples were incubated in 

the fridge for 15 min in the dark. The plate and the tube were centrifuged down, and the 

samples taken up in approximately 300 µl FACS buffer. The samples were then kept on 

ice and taken to the BCRT Flow Cytometry Core Facility within 1-2 hours. There, the 

samples were filtered using a 35 µm cell strainer (Falcon Round-Bottom Polystyrene Test 

Tubes with Cell Strainer Snap Cap, 5mL, Fisher Scientific, Thermo Fisher) to remove 

debris and cell clumps. Right before the actual cell sorting, propidium iodide (P.I.) was 

added. The sorting was performed using a BD FACSAria II (BD Bioscience, Franklin 

Lakes, USA) with a nozzle size of 70 µm and a sheath pressure of 70 psi. Cells were 

collected in tubes containing approximately 1 ml RPMI with 10% FBS. The purity of the 

cell populations was confirmed after sorting was completed. 
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Flow cytometry analysis 

For the surface staining, the counted cells were distributed into different wells of a 96-well 

flat-bottom plate according to the experimental setup, with the minority of cells for the 

single-staining and the unstained sample and the most cells for the full-staining. If the 

panel contained a fixable viability dye, e.g., Zombie NIR, this staining was performed first. 

After centrifugation at 400 x g for 5 min at 4 ° C, removal of the liquid, washing with 200 

µl PBS and repetition of centrifugation, cells were taken up in the fixable viability dye 

diluted in PBS or only PBS for unstained or single-stained samples. After 30 min of 

incubation at room temperature in the dark, the plate was centrifuged down and the liquids 

were removed. Subsequently, the cells were stained in the FACS-buffer-antibody mix 

according to the experimental setup and the panel design containing FcR-Blocker (FcR 

Blocking Reagent, Milteny Biotec, REF: 130-059-901). After 20 min of incubation at room 

temperature, the cells were washed twice by centrifugation, followed by the removal of 

liquids and addition of 200 µl FACS buffer. The cells were now ready for analysis on the 

flow cytometer or further processing if intracellular staining was desired. 

The intracellular staining of transcription factor FoxP3 was performed using the 

eBioscience FOXP3/Transcription Factor Staining Buffer Set (Invitrogen, Thermo Fisher, 

Carlsbad, USA, REF: 00-5523-00). Following this, the buffers were prepared by mixing 

one-part fixation/permeabilization concentrate with three-part diluent and by preparing a 

1X Permeabilization buffer by diluting the supplied 10X buffer 10-fold in distilled water. 

After the last washing step, the cells were taken up in 200 µl fixation/permeabilization 

buffer and pipetted up and down. The cells were incubated for 40 min at room 

temperature in the dark. For washing, the cells were centrifuged at 500 x g and room 

temperature for 5 min, and the liquids were removed and taken up in 200 µl 

permeabilization buffer. Washing was performed two times. Afterwards, the cells were 

taken up in 100 µl permeabilization buffer and 5 µl FoxP3-antibody was added. After 30 

min of incubation in the dark, the cells were washed two more times. The cells were taken 

up in FACS buffer and run on the flow cytometer for analysis. 

The intracellular staining of IL-16 and caspase-3 were performed using a Cyto-Fast 

Fix/Perm Buffer Set (Biolegend, REF: 97503). After the surface staining described above, 

the plate containing the cells was centrifuged down at 250 x g for 5 min at 4 °C, and the 

cells taken up in 100 µl Cyto-Fast Fix/Perm Buffer. To permeabilize the cells, the 

suspension was incubated for 20 min at room temperature. The cells were washed twice 
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by centrifugation, followed by removal of liquids and addition of 200 µl of Cyto-Fast Perm 

Wash solution. Afterwards, the cells were taken up in 100 µl of Cyto-Fast Perm Wash 

solution mix containing the desired antibodies. For the intracellular staining, the cells were 

incubated for 20 min at room temperature in the dark. After an additional washing step, 

the cells were taken up in 200 µl FACS buffer and analyzed on a flow cytometer.  

Compensation was either performed with single staining controls of the respective 

antibody, or by using compensation beads. For the latter, two products were used: 

MACS Comp Bead Kit anti-mouse Igk  Miltenyi Biotec REF: 130-097-900 LOT: 5190404424 
MACS Comp Bead Kit anti-REA Miltenyi Biotec REF: 130-104-693 LOT: 5190425341 

 

Flow cytometry cell death experiment over time 

The isolated PMNs were adjusted to a concentration of 2 x 10^6 cells/ml in culture 

medium and 100 µl cell suspension per well were seeded into a 96-well tissue culture 

treated plate (Costar, Corning Incorporated, New York, USA, REF: 3596). Then, 10 µl of 

the respective simulants were added. Either PBS as control, calcium oxalate (CaOx 

hydrate, Sigma-Aldrich, REF: 289841-250G) with a final concentration of 100 µg/ml, or 

sodium oxalate (NaOx, Sigma-Aldrich, REF: 71800-500G) with a final concentration of 

100 µg/ml were added. The cell culture plate was put into the incubator. 

At each time point, 100 µl of cell suspension was then carefully removed from the well, 

transferred into a 5 ml FACS tube, after which 11 µl (1:100 prediluted) P.I. suspension 

were added. Samples were immediately run on the flow cytometer. At each time point 

and for each preparation, triplicates were used.  

 

Flow cytometry antibody panels  

The indicated dilution refers to a staining volume of 100 µl. The dilution was always 

adjusted to the volume. 

Human monocyte panel 

Monocyte subsets were negatively defined using CD3, CD19 and CD56 and positively 

defined using HLA-DR, CD14 and CD16, which are commonly used for defining these 

cells (Abeles et al., 2012).  
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Antigen Color Clone Company Dilution 
CD14 VioBlue REA599 Miltenyi Biotec 1:50 
CD16 APC 3G8 Biolegend 1:20 
HLA-DR PE L243 Biolegend 1:20 
CD3 FITC REA613 Miltenyi Biotec 1:50 
CD19 FITC REA675 Miltenyi Biotec 1:50 
CD56 FITC REA196 Miltenyi Biotec 1:50 
P.I. Solution   invitrogen 1:1000 

 

Human PBMC panel 

Antigen Color Clone Company Dilution 
CD3 FITC REA613 Miltenyi Biotec 1:50 
CD14 VioBlue REA599 Miltenyi Biotec 1:50 
CD19 APCVio770 REA675 Miltenyi Biotec 1:50 
CD56 BV510 5.1H11 Biolegend 1:20 
HLA-DR PE L243 Biolegend 1:20 
PI Solution   invitrogen 1:1000 

 

Human IL16-Casp3-intracellular panel 

A Fluorescence Minus One (FMO) control was used for the IL-16 antibody to identify the 

positive fluorescence signal. The fluorescence signal (mean fluorescence intensity, MFI) 

of IL-16-PE was quantified using the geometric mean. 

Antigen Color Clone Company Dilution 
CD3 PE-Vio770 REA613 Miltenyi Biotec 1:50 
CD14 VioBlue REA599 Miltenyi Biotec 1:50 
CD16 APC 3G8 Biolegend 1:20 
CD19 PerCP/Cy5.5 SJ25C1 Biolegend 1:20 
CD56 BV510 5.1H11 Biolegend 1:20 
Casp3 FITC C92-605 BD 20 µl per test 
IL-16 PE 14.1 Biolegend 1:20 
Zombie NIR   Biolegend 1:1000 

 

Human Treg panel 

Antigen Color Clone Company Dilution 
CD4 VioBlue REA623 Miltenyi Biotec 1:50 
CD8 APC REA734 Miltenyi Biotec 1:50 
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CD25 PE REA570 Miltenyi Biotec 1:50 
CD45 BV510 2D1 Biolegend 1:20 
CD127 PE-Cy7 A019D5 Biolegend 1:20 
FoxP3 AF488 206D Biolegend 1:20 
Zombie NIR   Biolegend 1:1000 

 

Murine GSDMD panel 

Antigen Color Clone Company Dilution 
CD11b BV421 M1/70 Biolegend 1:100 – 1:300 
CD45 PE-Cy7 30-F11 eBioscience 1:100 
F4/80 PE BM8 Biolegend 1:100 
Zombie NIR   Biolegend 1:500 

 

Human PMN panel 

Antigen Color Clone Company Dilution 
CD11b BV421 M1/70 Biolegend 1:100 – 1:300 
CD16 APC 3G8 Biolegend 1:100 
Zombie NIR   Biolegend 1:500 

 

Human PMN apoptosis assay 

Antigen Color Clone Company Dilution 
P.I. Solution   invitrogen 1:1000 

 

2.2.5 Basal culture of sorted cells 

After sorting, cell concentrations were adjusted and the cells cultured for 16 hours in 

culture medium. For harvesting, the cells were taken up with the pipette and transferred 

to previously labeled microcentrifuge tubes, centrifuged down at the pre-cooled table 

centrifuge for 5 min at 400 x g, and then the cell-free supernatant was transferred into 

additional microcentrifuge tubes. All samples were frozen till further use. 
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2.2.6 ELISA 

Several different R&D DuoSet ELISA kits were used. These are sandwich ELISAs in 

which two specific antibodies sandwich the antigen. By adding a substrate, a proportional 

signal is generated that can then be measured (R&D, 2021). 

DuoSet Human IL-1β /IL-1F2 R&D Systems DY201-05 LOT P164641 
DuoSet Human TNF- α R&D Systems DY210 LOT P171439 
DuoSet Human IL-16  R&D Systems DY316 LOT P105887 
DuoSet Murine IL-16 R&D Systems DY1727 LOT P105273 

 

The manufacturer’s protocol for the assay was followed. The required dilutions for capture 

antibody, standard, detection antibody, and streptavidin-HRP were thoroughly calculated 

based on the information provided on the LOT sheet. For the dilution of capture antibody, 

PBS was used, and for detection antibody and streptavidin, Reagent diluent 1 or 2. The 

DuoSet ELISA was primarily used to measure supernatant samples; if used for plasma 

samples, Reagent diluent 2 was used. 

The day before the assay, the plate was coated by adding 100 µl diluted capture antibody 

to the plate, then sealed with a foil and stored at room temperature overnight. The 

following day, the plate was washed. For every washing step, 200 µl of washing buffer 

was added to every well using an 8-channel pipette (Eppendorf AG) and removed by 

either flipping it out at the sink or by using a table liquid remover. This washing was always 

repeated at least four times. Then, the plate was blocked using 250 µl of Reagent dilution 

1. After 1 hour of incubation and an additional washing step, the diluted samples and the 

standard for calibration were applied, then the plate was covered with an adhesive strip 

and incubated for 2 hours at room temperature. After another washing, the detection 

antibody was added, and the plate was sealed and incubated for 1.5 hours at room 

temperature. After washing, the diluted streptavidin-HRP was added and incubated for 

20 min at room temperature. Again, the plate was washed and the substrate solution (BD 

OptEIA, TMB Substrate Reagent Set, BD Biosciences, San Diego, USA) added. During 

the 20 min incubation, the samples became blue. Stop Solution (H2SO4) was added, and 

the blue color turned yellow. The plate was gently tapped so as to be mixed thoroughly, 

and the optical density was measured using a microplate reader at a wavelength of 450 

nm. For optical correction, a second measurement was performed at 540 nm or 570 nm, 

respectively, and the value subtracted. 
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Using the software of the reader (Microplate Manager 6 Software), a standard curve was 

calculated and with the help of this, the concentrations determined. The measured values 

were multiplied by the dilution factor to calculate the final concentration of the samples. 

 

Comparison of human IL-16 DuoSet ELISA and human IL-16 Quantikine ELISA 

Plasma IL-16 measurement was performed using a human DuoSet IL-16-ELISA. As 

R&D's kit is not validated for the use of IL-16 measurement in plasma, however, the 

protocol was adapted with respect to the reagent diluent. The IL-16 Quantikine ELISA is 

intended to be used for human plasma.  

In a previous experiment of my work group, the results of IL-16 measurements using the 

IL-16 DuoSet ELISA and the IL-16 Quantikine ELISA were compared. The IL-16 levels in 

plasma samples of 6 healthy controls and 20 CKD G5D patients were therefore measured 

by both assays. In the heathy control group, the mean IL-16 value for the IL-16 Quantikine 

ELISA was 150.1 pg/ml (SD 27) and it was 189.9 pg/ml (SD 18.3) for the IL-16 DuoSet-

ELISA. The mean IL-16 Quantikine ELISA measurement in the patient group was 555.4 

pg/ml (SD 256) and for the IL-16 DuoSet ELISA it was 714.4 pg/ml (SD 301).  

Every sample in the control and patient group gave higher results in the DuoSet ELISA 

than in the Quantikine ELISA. Comparison of the relative difference for each sample 

showed that the DuoSet ELISA had higher values, with a mean of 28% (SD 16) in the 

control group and 29.8% (SD 14) in the patient group. 

 

2.2.7 Oxalate Measurement 

The measurement of oxalate in human plasma is associated with some difficulties since 

the concentration can be low, and oxalate is unstable if not acidified. Prolonged storage 

at room temperature can falsify the result (Pfau et al., 2020). 

The exact protocol was described by my work group before (Pfau et al., 2020). In brief, 

400 µl of plasma samples were deproteinized by centrifugation and filtration through 

Vivaspin 500 30,000 MWCO PES filter units (Sartorius, Göttingen, Germany, REF 

VS0122) and acidified using 16 µl 1N HCl.  
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The oxalate measurement was performed using a colorimetric enzymatic assay, 

commercially available from Trinity Biotech (Bray, Co. Wicklow, Ireland), that uses oxalate 

oxidase for the formation of indamine dye. The color produced is proportional to the 

oxalate concentration (Ladwig et al., 2005)  

The 2-fold diluted samples were measured with a photometer. 

 

2.2.8 LEGENDplex 

For further analysis of the cytokine secretion of sorted cells, a LEGENDplex 

Macrophage/Microglia Panel (13-plex, REF: 740503, LOT: B292079, Biolegend, San 

Diego, USA) of the supernatant of cultured cells was performed. This bead-based 

immunoassay uses beads that differ in size and internal fluorescence intensities and 

which are conjugated with specific antibodies to serve in capturing the analyte of interest. 

The analytes measured by this kit include IL-12p70, TNF-a, IL-6, IL-4, IL-10, IL-1b, 

Arginase, TARC, IL-1RA, IL-12p40, IL-23, IFN-y, and IP-10. Using detection antibodies 

and streptavidin-phycoerythrin, a fluorescent signal provides the proportional amount of 

analyte and can be measured by flow cytometry (Biolegend, o. J.). The manufacturer’s 

instructions regarding the protocol were followed.  

For preparation, 20X Wash buffer was diluted with deionized water to have 1X Wash 

buffer. The Human Macrophage/Microglia Panel Standard Cocktail was reconstituted in 

250 µl Assay buffer. 6 microcentrifuge tubes were labeled and 75 µl of Assay buffer 

pipetted in each. A standard solution series was prepared by transferring 25 µl of the top 

standard solution in the next tube and continued accordingly.  

The plate was loaded with 12.5 µl of assay buffer into each well and 12.5 µl of standard 

or sample. After vortexing the mixed bead bottle, 12.5 µl of beads were pipetted into each 

well. The sealed plate was covered with aluminum foil and shaken at approximately 800 

rpm for 2 hours. For washing, the plate was centrifuged at 250 x g for 5 min and the 

supernatant was removed. 200 µl of wash buffer was added and incubated for 1 min. 

Again, the plate was centrifuged, the supernatant was removed, and this washing step 

was repeated. Then 12.5 µl of detection antibody was added to each well, the plate was 

resealed, and it was protected from light and incubated on the shaker for 1 hour.  
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After incubation, 12.5 µl of SA-PE was added to each well and incubated again for 30 min 

on the shaker. After two more washing steps, samples were taken up in 150 µl wash 

buffer and measured by flow cytometry. 

In the instrument settings on the MACSQuant Analyzer 10, FSC and SSC were set to 

display beads A and beads B. The voltages of the APC and FITC channels were set to 

distinguish 6 and 7 populations, respectively. The flow rate was set to low, the file name 

was named accordingly, and approximately 4500 beads were collected.  

LEGENDplex data analysis software was used for analysis. The standard samples had 

to be identified, the standard curves for all analytes were generated, and the sample 

concentration of each analyte was calculated accordingly. 

 

2.2.9 BMDM Isolation and Differentiation 

In experimental settings, BMDM can be generated from bone marrow of mice after 

stimulation with growth factor for a defined time frame (Toda et al., 2021). 

The bone marrow must be obtained starting from day 0. Therefore, the mouse was 

euthanized by isoflurane and cervical dislocation. The abdomen and the legs were 

sterilized using ethanol 70%. After opening the abdomen with sterile scissors and forceps, 

the legs were removed by cutting at the hip joint and transferred into a sterile petri dish. 

Using forceps, scissors, and paper towels, most of muscle and tissue was removed until 

the bones were visible. 

This was stored in sterile DPBS in a 50 ml tube, and the work was continued under the 

sterile work bench. Subsequently, the knee was cut, and the femur and tibia were kept. 

A bone was transferred into an empty Petri dish and the proximal and distal epiphysis cut 

open. With a 5 ml syringe (BD Discardit II), washing media and a 21 G needle (Sterican, 

B. Braun Melsungen AG, Melsungen, Germany), the bone marrow was flushed out at one 

end of the bone. This was repeated with all bones. A sterile 70 µm cell strainer (FALCON, 

REF: 352350) was placed in a 50 ml Falcon tube and pre-wet with washing media. The 

bone marrow suspension was now passed through the sieve and the strainer washed 

with 1 ml washing media. The filtrate was centrifuged for 5 min at 1500 rpm at room 

temperature, the supernatant was discarded, and the cells were resuspended in 5 ml 

differentiation media. The cells were counted and adjusted to approximately 2-4 x 10^6 

cells/ml seeded, with 5 ml in the smaller (Sarstedt, T25, REF: 83.3910.302) or 15 ml in 
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the medium sized (Sarstedt AG & Co. KG, T75, REF: 83.3911.302) tissue culture treated 

flasks. The flasks were cultured at 37 ° C and 5% CO2 in the incubator. 

On days 3 and 5, the media was changed. For this purpose, the media was removed 

without disturbing the adherent cells. The flask was flushed with PBS and fresh 

differentiation media was added. The growth of the cells was monitored using a light 

microscope and flow cytometry.  

By day 7, the cells were differentiated into BMDM. To loosen the cells, the medium was 

removed and trypsin-EDTA (Gibco, 15400-054) was added, with 4 ml for the large flasks 

and 0.5 ml for the smaller flasks. The plate was returned to the incubator for 5 min, the 

cells detached, and 10 ml of medium were added to stop the reaction. The cell suspension 

was transferred to a Falcon tube (Cellstar Tubes, Greiner Bio-One, REF: 227 261) and 

centrifuged at 1000 rpm for 5 min. After removing the supernatant, the cells were taken 

up in 5 ml of culture medium. Finally, the cells were counted and were ready to be seeded 

for stimulation experiments. 

 

2.2.10 BMDM Stimulation Experiment 

The differentiated BMDM were adjusted to a concentration of 1 x 10^6 cells per ml. A 24-

well tissue culture treated plate (Sarstedt, REF: 83.3922.005) was used and 500 µl of cell 

suspension was pipetted into each well. In order for the cells to settle down on the new 

plate, they were not used until the following day.  

To activate the inflammasome, two inflammasome activators are needed. 1 µg/ml LPS 

(InvivoGen, San Diego, USA) was used as the first danger signal, which must be applied 

in experimental settings about 3 hours earlier. Then, 100 µg/ml CaOx (Sigma-Aldrich) or 

5 mM ATP (InvivoGen) were used as the second danger signal. To compare the actual 

effect of each compound of stimulation, several different samples are necessary: (1) no 

stimulation, (2) only LPS, (3/4) only ATP/CaOx, and (5/6) LPS and ATP/CaOx. At least 

four biological replicates were used.  

The experiment started by adding 5 µl of the LPS working dilution or PBS to the wells, 

according to the experimental layout. After 3 hours of stimulation, 50 µl of ATP, CaOx or 

PBS was added to the wells. Again, the plate was incubated for 6 hours. 
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After a total of 9 hours of stimulation, the experiment was terminated. To stop the reaction, 

the plate was taken out of the incubator and directly put on ice, and the samples were 

further only handled on ice. First, the supernatant was transferred into individually labeled 

tubes without disturbing the attached cells. The supernatant was centrifuged down at 

2000 x g for 5 min at 4 °C and the supernatant transferred into new tubes. For the protein 

isolation, 60 µl of cell lysate buffer was added to every well and pipetted up and down to 

loosen the sticky cells. To achieve the necessary amount of protein lysate, 4 to 6 

biological replicates were pooled into one vial. The vials were incubated on ice for approx. 

30 min and centrifuged down at 14,000 x g for 10 min at 4 °C. The lysate was transferred 

into new tubes and frozen at -80 ° C. 

 

2.2.11 Protein Concentration Measurement 

For the quantification of protein in the lysates, a Pierce BCA Protein Assay Kit (Thermo 

Fisher, REF: 23225) was used. This assay uses bicinchoninic acid (BCA), which leads to 

a purple-colored reaction that can be colorimetrically detected and is nearly linear to the 

protein concentration (Thermo Fisher Scientific, 2020) 

The samples were always handled on ice and 5-fold diluted in PBS. For the standard 

curve, a dilution series with BSA was prepared. For this purpose, 60 µl of the 2000 µg/ml 

stock was transferred to a new tube and mixed with 60 µl PBS. Subsequently, 50 and 20 

µl were transferred to the next smaller tubes and diluted with 12.5 and 13.3 µl PBS, 

respectively. From then on, starting with the 800 µg/ml tube, a twofold dilution series was 

prepared with 30 µl added from the higher concentrated tube into the lower concentrated 

tube and 30 µl PBS.  

To prepare the BCA Working Reagent, 50 parts of BCA Reagent 1 were mixed with 1 

part of BCA Reagent B. Subsequently, 10 µl of the sample, the standard dilution, or only 

PBS was pipetted into the wells of a 96-well flat-bottom plate (Greiner bio-one, REF 

655101). All samples were run at least in duplicates. 200 µl of BCA Working Reagent was 

added to each well and the plate was incubated for 30 min at 37 ° C in the incubator. 

Then, the color reaction could be measured on a plate reader at a wavelength of 562 nm, 

and the protein concentration of the samples could be calculated using the standard 

curve. 
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2.2.12 Western Blot 

To identify and quantify proteins in a protein lysate mixture, Western blots were 

performed. This assay is based on three basic working steps: First, the protein mixture is 

separated by gel electrophoresis according to the molecular mass; second, the proteins 

are transferred to a membrane; and third, the proteins are detected with antibodies 

against epitopes of the membrane-bound proteins and visualized by secondary 

antibodies and a color reaction (Luttmann et al., 2014). 

For the discontinuous sodium dodecyl sulphate – polyacrylamide gel electrophoresis 

(SDS-PAGE), the gel is poured using two different gel compositions: a stacking gel with 

a low percentage of acrylamide and a resolving gel with a higher percentage of 

acrylamide. Due to the higher acrylamide content in the resolving gel, it is denser allowing 

separation of proteins by molecular weight. 

First, the gel preparation device was set up, and the separating gel was prepared 

according to the recipe. This was then poured between two glass plates up to 

approximately 0.5 cm below the comb. To achieve a straight edge, approximately 1 ml of 

isopropanol was added to the surface of the gel. Once the gel was polymerized, the 

isopropanol could be removed. The surface of the gel was flushed with dH2O and dried 

using paper towels. Subsequently, the stacking gel was prepared and poured onto the 

hardened resolving gel. The comb was carefully placed in the stacking gel and the gel 

was left to polymerize. 

The samples were prepared to contain the same amount of protein. The total volume that 

fits into a gel pocket depends on the width of the gel as well as the number of pockets. 

For example, into a 10 pocket 1.5 mm gel, 40 µl loading sample, and into a 15 pocket 1.5 

mm gel, 20 µl loading sample was used, respectively. 

The gels were loaded with 16-20 µg of protein. Loading samples were prepared with 2X 

Loading Buffer and the appropriate amount of protein lysate and cell lysis buffer.  

The samples were heated up to 95 °C for 3 min and centrifuged at 13,000 x g for 5 min. 

The gel pockets were directly loaded with the appropriate amount of loading samples. 

Additionally, a molecular-weight size marker (PageRuler Plus, Prestained Protein Ladder, 

REF: 26619, Thermo Scientific) was loaded in one pocket. The gel was run at 100 V until 

it reached the separating gel and then the number was either increased to 120 V or 

reduced to 80 V until the sample reached the edge of the gel.  
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A PVDF-membrane (Immun-Blot, Bio-Rad Laboratories, Inc., USA) and 3MM Whatman 

blotting paper (Whatman Chromotography Paper) were cut to a similar size to the gel. 

The PVDF membrane was activated by placing it in methanol for a few seconds. The 

membrane was then washed in dH2O and left in transfer buffer until use. Care was taken 

to ensure that the membrane no longer dried out. The Whatman paper as well as the 

Scotch pads were also placed in blot buffer and pre-wetted in this manner. The gel was 

carefully released from the glass plates. Next, the actual Blot sandwich was prepared. 

This was done so that later the gel was placed on the cathode side and the PVDF-

membrane on the anode side fixed between Whatman paper and Scotch pads in a plastic 

clamp. All air bubbles were carefully removed. 

This sandwich was put into the blot chamber (Bio-Rad Laboratories, Inc., USA), a cooling 

pack was added and the chamber filled with blotting buffer. It was run at 29 V overnight 

in the cold room. 

Using Ponceau dye solution (Ponceau S solution, BioReagent, Sigma-Aldrich, USA, REF: 

P7170), the membrane was stained for a few seconds and left to dry. By doing this, 

proteins can be detected on the membrane, thus verifying whether the blotting has 

worked. After washing the membrane with TBS/T, the membrane was incubated in 

blocking buffer for 2 hours on the shaker to block the membrane and reduce unspecific 

antibody binding. After three additional washing steps, the membrane was incubated in a 

50 ml tube containing 5 ml of primary antibody diluted in TBS/T or blocking buffer in the 

cold room on a shaker overnight for approximately 16 hours. 

 

Primary antibodies 

Antigen and Source Company  Dilution 
Polyclonal Rabbit Anti-H/M/R/Mk-Caspase-3 Ab Cell Signaling 

Technology 
REF: 9662 
LOT: 19 

1:1000 

Mouse monoclonal IL-16(A-1) Anti-
Mouse/Rat/Human Ab 

Santa Cruz REF: sc-374606 1:200 

Human IL-16 C-terminal Peptide Ab 
Antigen Affinity-purified Polyclonal Goat IgG 

R&D Systems REF: AF-316-SP 1:200 

Polyclonal Goat Anti-IL-1beta/IL-1F2 Anti-
Human IgG Ab 

R&D Systems REF: AF-201-NA, 
Lot: QM0817091 

1:500 

Monoclonal Mouse Anti-b-Tubulin Sigma-Aldrich  clone D66,  
REF: T0198 

1:1000 

Mononuclear Rabbit Anti-H/M/R/Mk/B-GAPDH 
(14C10) Antibody 

Cell Signaling 
Technology 

REF: 2118 
 

1:10000 



 64 

The following day, the membrane was again washed three times and incubated for 2 

hours with 10 ml of the secondary antibody diluted in TBS/T on the shaker at room 

temperature. The secondary antibody reacts specifically to the respective origin of the 

antibodies and is labeled with an enzyme.  

 

Secondary antibodies 

Antigen and Source Company  Dilution 
Peroxidase-conjugated AffiniPure 
Donkey Anti-Mouse IgG 

Jackson ImmunoResearch 
Laboratories, Inc.; dianova 
GmbH 

REF: 715-035-151 
LOT: 144092 

1:5000 – 
1:10000 

Peroxidase-conjugated AffiniPure 
Donkey Anti-Rabbit IgG 

Jackson ImmunoResearch 
Laboratories, Inc.  

REF: 711-035-152 
LOT: 144356 

1:5000 – 
1:10000 

Polyclonal Donkey Anti-Goat IgG Invitrogen REF: A32849 1:10000 

 

After 3 washing steps with TBS/T, and 2 with TBS, the membrane was incubated for 

approximately 5 min with ECL substrate (Clarity Western ECL Substrate, Bio-Rad 

Laboratories, Inc., Hercules, USA). The membrane was put into plastic foil and a picture 

was taken with the Vilber Fusion FX. 

To verify protein loading, a housekeeping protein was used that is uniformly present in 

the cells allowing confirmation of the loading of similar protein concentrations. 

 

2.2.13 LDH Assay 

Cell damage or cytotoxicity can be assessed by the measurement of cell membrane 

damage. If the cell integrity of a cell is lost, lactate dehydrogenase (LDH) is released into 

the supernatant, which can be measured and is proportional to cell membrane damage 

and cell death (PromoKine, 2021). 

The PromoKine LDH Cytotoxicity Kit II (PromoCell GmbH, Heidelberg, Germany) was 

used, and the company’s instructions were followed. Different controls were used: first, a 

background control with media and without cell supernatant; second, a negative control 

with the supernatant of cells without stimulation; and third, a positive control with the 

supernatant of cells that were treated with 10 µl Cell Lysis Solution prior to harvesting to 

measure the maximal possible released LDH.  
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For the assay, 10 µl of supernatant was pipetted into every well of a 96-well flat-bottom 

plate (Greiner Bio-One, REF: 655101). The LDH reaction mix was prepared by mixing 2 

µl of WST substrate with 100 µl of LDH Assay Buffer per sample and well. 100 µl of LDH 

reaction mix was added to every well. The plate was incubated for 30 min at 37 °C in the 

incubator. The optical density was determined using the plate reader and with the 

wavelength 450 nm, and corrected with the wavelength 650 nm (450 - 650 nm). 

To correct the measured optical density measurement for background noise, the media 

(1. control) was subtracted. To calculate the relative cytotoxicity, the value was divided 

by the positive control (3. control) and multiplied by 100 to get a proportion in percentage. 

 

2.2.14 PMN Stimulation Experiment 

After the PMN number was determined, the concentration was adjusted to 2 x 10^6/ml. 

To seed the cells, 500 µl of cell suspension in cell culture medium was seeded into each 

well of a 24-well cell culture treated plate. Each sample was seeded in three or four 

replicates. For stimulation, 50 µl of CaOx in PBS was added to the cells and equally 

distributed, resulting in a concentration of 100 µg/ml CaOx. For the control samples, 50 

µl of PBS was added. After 5, 10 and 20 h, the experiment was terminated and samples 

were obtained. For this purpose, the plate was taken from the incubator and directly 

placed on ice. The supernatant of the culture and most of the cells were carefully rinsed 

from the plate and transferred to a microcentrifuge tube. 50 µl cell lysis buffer was added 

to the remaining cells on the plate. The tubes were centrifuged at 600 x g for 10 min and 

at 4 ° C, and the supernatant was transferred to a new tube. The cell pellet at the bottom 

of the tube was lysed using the protein lysate from the plates and the biological replicates 

were combined into one tube. All samples were frozen at -80°C until further use. 

In the experiment aiming to investigate the influence of different stimulators on the release 

of LDH and IL-16, a concentration of 2 x 10^6 cells was again set, and 350 µl of cell 

suspension were seeded in a 48-well plate. Then, the respective simulators were added, 

each with an appropriate amount, so that the final concentration was achieved. After 20 

h of culture in the incubator, the cells were frozen according to the protocol described 

above and the supernatant was collected. For each stimulator, biological triplicates were 

used. 
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Calcium oxalate hydrate (CaOx) 100 µg/ml Sigma-Aldrich REF: 289841-250G 
MSU 200 µg/ml InvivoGen, San Diego, USA REF: tlrl-msu 
CPPD Crystals 200 µg/ml InvivoGen  REF: tlrl-cppd 
Sodium oxalate (NaOx) 100 µg/ml Sigma-Aldrich REF: 71800-500G 
ATP 5 mM InvivoGen  REF: tlrl-atp 
LPS-EB Ultrapure 1 µg/ml InvivoGen REF: tlrl-3pelps 
PMA 1 µg/ml Sigma-Aldrich REF: P1585 

 

2.2.15 Statistical analysis 

Statistical analysis was performed using RStudio and the above-mentioned packages. 

Given that this work mainly involves exploratory experiments and is intended for 

hypothesis generation, the p-value was not always corrected for multiple testing. 

Generally, a p-value of 0.05 was considered statistically significant. If not otherwise 

encoded, the p-value has been coded as: * <0.05, ** <0.01 and *** <0.001. 

To compare group differences, non-parametric tests, including the Wilcoxon-Mann-

Whitney tests, were performed. Correlations were assessed by calculating the 

Spearman's rank correlation coefficient. The influence of independent variables and their 

interaction on dependent variables were assessed using two-way ANOVAs, along with 

the Tukey post-hoc analysis (Tukey's HSD (honestly significant difference) test), to 

account for multiple comparisons.  
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3 Results 

3.1 Characteristics of healthy controls and dialysis patients 

In the following experiments, blood of 8 healthy individuals (control group) and 15 CKD 

G5D patients (patient group) was used. 

Basic characteristics were compared between these two study groups (Table 1). The 

control group consisted of more women and was remarkably younger than the patient 

group. To get an impression of the cohort, the two parameters of main interest, namely 

plasma IL-16 and pOx, were determined using a human DuoSet-IL-16 ELISA and an 

oxalate oxidase assay. From some of the subjects, IL-16 values (controls: 3, patients: 0) 

and pOx values (controls: 4, patients: 3) were missing.  

The control group showed a mean IL-16 level of 176.4 pg/ml (SD 40) and a pOx level of 

4.46 µM (SD 1.2), while the patient group had an IL-16 level of 714.4 pg/ml (SD 179) and 

a pOx level of 25.2 µM (SD 11.8). 

Table 1: Comparison of demographic data and IL-16 and pOx measurements between control group and 
patient group 

Group Number Female (n) Age [years] (SD) IL-16 [pg/ml] (SD) pOx [µM] (SD) 
Control 8 62.5% (5) 30 (12.6) 176.4 (40) 4.46 (1.2) 
Patient 15 20% (3) 69 (12.5) 714.4 (179) 25.2 (11.8) 

 

Figure 10A graphically shows the differences in pOx and IL-16 levels between the control 

group and patient group. A Wilcoxon-Mann-Whitney test demonstrated a significant 

difference in pOx level (p < 0.001, effect size r = 0.77) and IL-16 level (p < 0.001, effect 

size r = 0.72). 

Complete cases of patients with measurements of IL-16 as well as pOx were present in 

12 patients. In these 12 patients, a linear correlation was investigated. The Spearman 

correlation did not reach significance but showed a trend towards a positive correlation 

(ρ = 0.36, p = 0.25) (Figure 10C). 
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Comparison of pOx (A) and IL-16 (B) levels in the plasma of patients and healthy control subjects. (C) 
Correlation of pOx and IL-16 in patients, n=12. 

 

3.2 Basal Interleukin-16 secretion of monocyte subsets 

For investigation of hypothesis 1A, it was necessary to examine whether the monocyte 

subsets of non-classical and intermediate monocytes secrete more IL-16 basally than 

classical monocytes. Three experiments were performed, each with one healthy subject. 

In the first experiment, classical monocytes (defined as P.I.-, CD3-CD19-CD56-FITC-, 

HLA-DR-PE+, CD14-VioBlue+ and CD16-APClow/-), intermediate monocytes (defined as 

P.I.-, CD3-CD19-CD56-FITC-, HLA-DR-PE+, CD14-VioBlue+ and CD16-APC+) and non-

classical monocytes (defined as P.I.-, CD3-CD19-CD56-FITC-, HLA-DR-PE+, CD14-

VioBluelow and CD16-APC+) were collected. In the second experiment, the above-

mentioned cell populations were extended by an additional collection of P.I.-, CD3-CD19-

CD56-FITC-, HLA-DR-PE+, CD14-VioBlue- and CD16-APC+ cells, which are suspected 

to be myeloid dendritic cells in peripheral blood. In the third experiment, the above-

mentioned cell populations were extended by an additional collection of cells in the FITC 

channel (TBNK or dump channel), i.e., the P.I.-, CD3-CD19-CD56-FITC+ cells, to analyze 

the remaining T cells, B cells, and NK cells for their basal cytokine secretion. 

A CB

Figure 10: Oxalate and IL-16 concentrations in patients on dialysis and healthy volunteers with 
normal kidney function 
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FACS-based isolation of cells at the BCRT. C: Classical monocytes, int: Intermediate monocytes, NC: non-

classical monocytes, DC: dendritic cells, dump: dump channel/TBNK. 

Figure 11: Revised FACS Gating strategy for monocyte subsets 
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The cell concentrations were adjusted to be the same for all samples of one experiment. 

130,000 or 140,000 cells were cultured without any further added stimulator in 200 µl of 

monocyte culture medium per well in a 96-well plate. 

 
Figure 12: Morphological characteristics of cultured cells under the light microscope 

 

After 16 hours of culture, differences in terms of cell shape as well as congregation of the 

populations were detected in the light microscope. The non-classical monocytes and the 

DCs shared some similarities seen through the microscope; these cells gathered closer 

together and exhibited a more irregular outer shape (Figure 12). 

In total, the cell-free supernatants of the following samples were obtained: supernatant of 

the three monocyte subsets three times, supernatant of DCs twice, and supernatant of 

the cultured TBNK/dump channel cells once.  

classical intermediate non-classical dendritic cells TBNK channel
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IL-16 and TNF-α ELISA measurements in the supernatant after basal culture of sorted cells. Statistical 

analysis: Wilcoxon-Mann-Whitney test. 

 

Secretion of IL-16 into the supernatant, measured by IL-16-DuoSet-ELISA, was detected 

in all samples. Figure 13A shows the absolute measured IL-16 concentrations, which 

ranged from an average of 45 pg/ml to 140 pg/ml. TNF-α secretion, measured by TNF-α-

DuoSet-ELISA, was found to be highly variable, ranging from 2 pg/ml to 1700 pg/ml 

(Figure 13C).  

A

D

B

C

Figure 13: ELISA measurement of IL-16 and TNF-α in the supernatant after culture 
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As several confounding factors had to be considered, the absolute measured 

concentrations could not easily be compared; the cell number of the culture conditions 

varied between 130,000 and 140,000 cells per 200 µl culture media and inter-plate-

differences between the ELISA assays were conceivable. Therefore, the cytokine 

secretion of the monocytes was normalized by the calculation of the relative secretion of 

a monocyte subset compared to the secretion of all monocytes combined.  

When comparing the relative release of IL-16 between the three monocyte subtypes, the 

proportion ranged from 31 to 38% (Figure 13B). Thus, each of the three subtypes 

accounted for approximately one-third of the IL-16 release. Intermediate and non-

classical monocytes each contributed to half of the monocyte TNF-α release, while almost 

no secretion was detected by classical monocytes (Figure 13D). 

Furthermore, 13 cytokines were measured in the samples of the second and third 

experiments with the use of a LEGENDplex assay to obtain a basic impression of the 

cytokine release of the cell types (Figure 14). To better compare the secretion of the 13 

cytokines between the monocyte subsets, the secretion rates were again normalized on 

the total secretion of monocytes (Figure 15). 
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LEGENDplex measurement of thirteen cytokines after cultivation. Two experiments were included. 

Figure 14: Cytokine secretion into the supernatant after culture, measured by LEGENDplex 
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Figure 15: Relative cytokine secretion of every monocyte subset 
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None of the cell types showed secretion of IL-12p70 and IL-23 (Figure 14). 

IL-12p40 secretion could not be detected in the monocyte samples. One DC sample, 

however, exhibited a secretion of 70 pg/ml (Figure 14). 

The TNF-α secretion was again measured by the LEGENDplex assay, and again, a very 

low TNF-α secretion of the classical monocytes of approximately 12.6 pg/ml was 

detected. Intermediate and non-classical monocytes showed a similar secretion of 400 

pg/ml. The DC samples showed a wide variation in secretion, i.e., between 250 and 1900 

pg/ml (Figure 14). Intermediate monocytes were responsible for 41% and nonclassical 

monocytes for 58% of TNF-α secretion of monocytes, whereas classical monocytes 

accounted for only 1.8% (Figure 15). 

A similar pattern as for TNF-α was also observed for the release of IL-6. While the lowest 

secretion was detected in the classical monocyte samples, with a mean secretion of 94.8 

pg/ml, approximately similar levels of around 700-750 pg/ml were found in the 

supernatant of intermediate and non-classical monocytes. DCs showed a high variation 

of secretion, ranging from 340 pg/ml to 3440 pg/ml (Figure 14). With 48% secretion of IL-

6 by intermediate and 45% by non-classical monocytes, these cell types secrete a similar 

relative amount, whereas classical monocytes account for only 6% of the secretion of 

monocytes (Figure 15). 

Regarding the IL-4 concentration in the supernatant, only very low values of between 0.59 

and 0.9 pg/ml, close to the limit of detection, were measured (Figure 14). Similarly, 

Arginase secretion was found in all cells, with no clear difference between cell types. 

IL-10 secretion of classical monocytes could not be detected. The non-classical monocyte 

samples showed a secretion of 1.4 pg/ml, while the intermediate subset of monocytes 

exhibited a higher level of secretion of around 10 pg/ml (Figure 14), which accounted for 

95% of the IL-10 secretion by monocytes (Figure 15). 

Classical monocytes did not show any release of IL-1β. The intermediate monocytes, 

meanwhile, showed the highest release - around 90 pg/ml basally. Non-classical 

monocytes secreted around 40 pg/ml. A high variation of secretion was detected in the 

DCs, with a mean secretion of 70 pg/ml (Figure 14). Comparing the relative secretion of 

IL-1β of monocyte subsets, the majority, at approximately 73%, is secreted by 

intermediate monocytes (Figure 15). 
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TARC secretion could not be detected in the monocyte samples. Only one DC sample 

showed a positive signal of 2 pg/ml (Figure 14). 

IL-1RA was found to be secreted by all cells, but not by TBNK cells. The secretion of the 

monocyte subsets seems to vary, with the lowest secretion of IL-1RA being by the 

classical monocyte subset, at around 1200 pg/ml, and the highest secretion by the non-

classical monocyte subset, at around 3600 pg/ml. The DCs showed a secretion of 3300 

pg/ml (Figure 14). Classical monocytes accounted for 17% of total monocyte IL-1RA 

secretion, intermediate monocytes for 36%, and nonclassical monocytes for 47% (Figure 

15). 

IFN-γ secretion was not detected in the monocyte subsets and dendritic cells. The TBNK 

cells, however, showed a secretion of around 40 pg/ml (Figure 14). 

IP-10 release differed between the monocyte subtypes. Non-classical monocytes showed 

a secretion of 1.6 pg/ml, while intermediate monocytes secreted 14.9 pg/ml and non-

classical monocytes 6.2 pg/ml (Figure 14). The majority of IP-10 from monocytes was 

secreted by intermediate monocytes, i.e., 68% (Figure 15). 

 

3.3 Basal Interleukin-16 secretion of PBMCs of healthy control subjects and 
CKD G5D patients 

Addressing hypothesis 1B and investigating the difference in IL-16 secretion of PBMCs 

both between cell types and between patients and controls, 40 mL of human blood was 

collected from healthy control subjects and CKD-G5D patients was collected. In total, the 

experiment was repeated three times, each time with cells from a healthy control and a 

patient. In total six probands were included in the analysis.  

The PBMCs were sorted at the BCRT, and four cell populations were collected, namely 

T cells (P.I.-, CD3-FITC+), B cells (P.I.-, CD3-FITC-, CD56-BV510-, CD19-APCVio770+), 

NK cells (P.I.-, CD3-FITC-, CD19-APCVio770-, CD56-BV510+), and monocytes (P.I.-, 

CD3-FITC-, CD56-BV510-, CD19-APCVio770-, CD14-VioBlue+, HLA-DR-PE+). For the 

additional differentiation of the cells in size and granularity, different side scatter (SSC-A) 

and forward scatter (FSC-A) gates were used for defining lymphocytes and myeloid cells 

(Figure 16). 
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Representative example of the FACS gating strategy used to isolate T cells (T), B cells (B), NK cells (NK) 

and monocytes (Monos) of a healthy control subject.  

 

The cell concentrations were adjusted to be equal in all samples. In the first experiment, 

a cell count of 130,000 cells per 200 µl culture medium was used for all approaches. 

Therefore, the cell concentration was 0.65 x 10^6 cells/ml. In the second and third 

experiment, for all samples 200,000 cells per 200 µl culture medium were added for all 

samples, i.e., a concentration of 1 x 10^6 cells/ml was achieved.  

 

Figure 16: Gating strategy for FACS-based isolation of PBMCs 
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After 16 h of culture without additional stimulator, differences in cell shape were seen 

under the light microscope (Figure 17). Thereby, in particular, NK cells showed an 

irregular outer cell shape. The cell-free supernatants were frozen till further use. 

Assessment of morphological appearance of sorted and cultured PBMCs by light microscope. 

 

In the IL-16 ELISA subsequently performed on the three patients and three healthy control 

subjects, IL-16 was found in the supernatant of all four cell types as well as in both the 

healthy control subjects and the CKD-G5D patients (Figure 18).  

B cells T cells Monocytes NK cells

Figure 17: Morphological differences of PBMCs after 16 h culture 
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IL-16 secretion of T cells, B cells, NK cells and monocytes after 16 hours of culture. (A) Absolute secretion 

of cells in three experiments, each with a healthy control subject and a CKD G5D patient. (B + C) 

Normalized IL-16 secretion, statistical analysis: two-way ANOVA and Tukey's HSD test. 

 

When comparing the IL-16 secretion of PBMCs between healthy control subjects and 

patients, the absolute concentration ranges between 20 pg/ml and 190 pg/ml (Figure 

18A). The absolute concentrations of the different cell types were compared between 

controls and patients, and no difference between the cell types was identified. 

Although IL-16 secretion appears to be in a similar range in the three experiments, 

comparisons of absolute values of IL-16 concentration between experiments and assays 

may be problematic due to several reasons. First, the cultured cell concentration in the 

A  

B C

Figure 18: IL-16 secretion of PBMCs 
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first experiment was lower in all samples than in the second and third experiments. And 

second, as the samples were measured on different plates, there may be inter-plate 

differences in the IL-16-ELISA performed. Therefore, for each subject, the normalized 

concentration of IL-16 in the supernatant for one cell type was calculated relative to the 

total secretion of all PBMCs combined. 

A two-way ANOVA was used to test the influence of two independent variables, namely 

cell type (T cells, B cells, NK cells, monocytes) and study group (control and patient 

group) as well as their interaction, on the dependent variable normalized IL-16 secretion. 

While no significant role was found for the study group (p = 1.0), a significant difference 

was identified for the cell type (p < 0.001). The interaction of these two variables had no 

significant effect on the normalized IL-16 secretion (p = 0.594). 

Figure 18B shows the normalized release of IL-16 divided by cell types as well as by 

patients and control subjects. The Tukey post-hoc analysis revealed no significant 

difference between cell types when the study groups were considered. 

Additionally, the general secretion between the different cell types was compared (Figure 

18C). The average IL-16 secretion of a cell type was determined independently of the 

study group of patients and controls. The relative secretion was found to differ between 

cell types, with T cells accounting for 32.2% (SD 6.2), B cells for 30.4% (SD 7.6), NK cells 

for 12.7% (SD 2.0) and monocytes for 24.71% (SD 7.4) of the total IL-16 secretion of 

PBMCs. Subsequently, a Tukey post-hoc analysis test was performed for multiple 

comparisons, showing significant differences between T cells and NK cells (p = 0.0002), 

B cells and NK cells (p = 0.0007), and monocytes and NK cells (p = 0.02). For a pictorial 

representation of the results in Figure 18C, the data points were color-coded according 

to the study group (control black, patient red). 

 

3.4 Intracellular level of IL-16 and caspase-3 activity in patients and healthy 
control subjects 

Subsequently, the question of differences in the basal intracellular concentration of IL-16 

and basal activity of caspase-3 in PBMCs between healthy control subjects and patients 

was to be investigated (hypothesis 1C). In addition, general differences in intracellular 



 81 

IL-16 levels without considering the study group were searched for between the four cell 

types. 

In total, blood was drawn from four healthy control subjects and six CKD G5D patients 

(first experiment: only one healthy control subject, second to fourth experiments: one 

healthy control subject and two patients). The isolated and stained PBMCs were 

immediately run on the MACSQuant Analyzer 10 flow cytometer and analyzed in one 

batch using FCS Express 6.  

Flow cytometric gating strategy to define cell types of PBMCs in the intracellular IL-16 and capsase-3 panel. 

One representative example shown.  

 

After defining cells by size and granularity as well as exclusion of cell doublets, four cell 

populations were gated on: T cells (Zombie NIR-, CD3-PE-Vio770+), B cells (Zombie  

NIR-, CD3-PE-Vio770-, CD19-PerCP/Cy5.5+), NK cells (Zombie NIR-, CD3-PE-Vio770-, 

CD56-BV510+) and monocytes (Zombie NIR-, CD3-PE-Vio770-, CD19-PerCP/Cy5.5-, 

CD56-BV510-, CD14-VioBlue+/low, CD16-APC-/+, Figure 19).  
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Analysis of the intracellular IL-16 level in PBMCs. (A) Color Dot Plot of IL-16-PE on the y-axis with color-

coded predefined cell types (orange = T cells, red = B cells, green = NK cells, blue = monocytes). (B) 

Histogram of IL-16-PE for different cell types. (C) Comparison of IL-16-PE MFI of four healthy control 

subjects and six patients. (D) Normalized intracellular IL-16 level compared between cell types, color-coded 
study group, statistical analysis: two-way ANOVA and Tukey's HSD test. 

 

All cell populations, namely T cells, B cells, NK cells, and monocytes, showed a positive 

signal for IL-16-PE, indicating intracellular levels of IL-16 (Figure 20A). Differences in 

fluorescence signal were seen between the different cells (Figure 20B) and subsequently 

intracellular staining IL-16
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Figure 20: Intracellular level of IL-16 in PBMCs 
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quantified using the Geometric Mean (GM) of IL-16-PE as a measurement of MFI (Figure 

20C). 

Using a two-way ANOVA, the influence of two independent variables, namely cell type (T 

cells, B cells, NK cells, monocytes) and study group (control and patient group) as well 

as their interaction, on the dependent variable IL-16-MFI was tested.  

This showed that both the study group (p <0.001) and the cell type (p <0.001), but not the 

interaction of those two variables (p = 0.109), however, had a significant effect on the MFI 

of IL-16. 

In a multiple comparison of the IL-16-MFI mean of cell types between controls and 

patients using a Tukey's HSD test, only the T cells showed a significant difference (p = 

0.011), with a lower level of IL-16-MFI in patients compared to controls. Although they did 

not reaching significance, the other cell types also showed a trend toward lower IL-16 

MFI in patients compared with healthy controls. 

In a further attempt to learn about PBMC biology regarding IL-16, an additional analysis 

was performed, and the intracellular IL-16 level of the four cell types was compared 

without taking the study population into account. As the IL-16-MFI was remarkably lower 

in the patient’s group, the intracellular IL-16 content of one cell type was again normalized 

on the total level of intracellular IL-16 of PBMCs for each subject. This corrected the 

general trend towards lower IL-16 levels in patients and allowed all subjects to be 

compared. 

T cells showed the highest normalized intracellular IL-16 level of 35.9% (SD 2.8), followed 

by NK cells with 29.2% (SD 2.5), B cells with 21.7% (SD 3.0) and monocytes with 13.2% 

(SD 2.3). Using one-way ANOVA, the mean normalized intracellular IL-16 levels were 

compared and a significant difference in the cell types found (p <2e-16). A post-hoc 

Tukey's HSD test was performed to compare the cell types and all comparisons 

expressed a significant difference: B cells and T cells (p <0.001), NK cells and T cells (p 

<0.001), monocytes and T cells (p <0.001), NK cells and B cells (p <0.001), monocytes 

and B cells (p <0.001), as well as monocytes and NK cells (p <0.001). This finding is also 

visible in Figure 20D with the control group color-coded in black and the patient group 

coded in red. 
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Analysis of caspase-3 positivity of all cells. (A) One representative example of the control and patient group. 

Backgating and identification of caspase-3 positive cell type. (B) Comparison of PMN proportion of all cells, 

statistical analysis: Wilcoxon-Mann-Whitney test. 

 

Additionally, the percentage of cells with basal caspase-3 activity (Casp3+), meaning 

positive for Casp3-FITC in the flow cytometry experiment, was compared between 

patients and control subjects. Differences were found and a significantly higher 
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percentage of Casp3 positive cells was observed in patients. To examine the cell type 

positive for caspase-3, the Casp3+ gate was color-coded (brown color) and backgated 

(Figure 21A). The caspase-3-positive cells were found to be a population of PMNs 

(SSChigh CD16+). 

Since the peripheral blood leukocytes in this experiment were isolated on PBMCs, no 

PMNs were expected to be found in the analysis. Therefore, this chance observation was 

further analyzed and the proportion of PMNs compared between patients and control 

subjects. This showed that in the control group, 0.6% (SD 0.3) of all cells were PMNs, 

while in the patient group, 7.1% (SD 4.0) were PMNs (Figure 21B). A Wilcoxon-Mann-

Whitney test showed a significant difference between the two study groups in the 

proportion of PMNs (p = 0.001). 

 

3.5 Monocyte shift in CKD G5D patients 

For the assessment of the monocyte shift, meaning a change in the composition of 

monocyte subtypes in CKD G5D patients towards more non-classical monocytes, a 

further analysis of the flow cytometric experiment with the human IL-16-Casp3-

intracellular panel (see Methods section) was performed (hypothesis 1B). Again, four 

healthy controls and six patients were included in the analysis. 

After defining cells in the forward and sideward scatter, the doublets were excluded and 

the monocytes generally defined as Zombie NIR-, CD3-PE-Vio770-, CD19-PerCP/ 

Cy5.5-, and CD56-BV510-. For further differentiation into the different monocyte subtypes, 

CD14-VioBlue and CD16-APC were used, and the classical monocytes were defined as 

CD14+ CD16-, the intermediate monocytes as CD14+ CD16+, and the non-classical 

monocytes as CD14low CD16+ (Figure 19). The relative amount of each monocyte subtype 

was calculated. 
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(A) Comparison of relative proportion of monocyte subsets of all monocytes between patients and control 

subjects, statistical analysis: Wilcoxon-Mann-Whitney test.  

 

Figure 22 A displays boxplots for comparing the proportion of classical, intermediate, and 

non-classical monocytes between the control group and patients. Of all monocytes, 

classical monocytes accounted for 94.4% (SD 1.3%) in control subjects and 85.6% (SD 

4.9%) in patients, intermediate monocytes for 2.4% (SD 1.1%) in control subjects and 

8.1% (SD 3.8%) in patients, and non-classical monocytes for 3.2% (SD 0.5%) in control 

subjects and 6.2% (SD 1.7%) in patients. 

The monocyte composition was analyzed with Wilcoxon-Mann-Whitney tests. For this 

purpose, the respective relative proportion of each monocyte subset was compared 

between patient and control groups. In patients, a significantly lower proportion of 

classical monocytes (p < 0.01) and a statistically significant higher proportion of 

intermediate (p < 0.01) and non-classical (p < 0.01) monocytes were found.  

As an additional graphical representation of the monocyte subtype composition, the 

average proportion of the three different subsets of monocytes are colored in different 

shades of blue (Figure 22B).  

A B

Figure 22: Monocyte subtype composition in patients and healthy control subjects 
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3.6 Proportion of Tregs in healthy controls and patients 

An additional panel was added to the previously described experiment to investigate 

hypothesis 3A, namely the possible importance of IL-16 in CKD through an induction of 

Tregs, resulting in higher level of Tregs in patients. 

The obtained PBMCs of four control subjects and six CKD G5D patients were stained 

with surface and intracellular antibodies of the human Treg panel and directly run on the 

flow cytometer. Based on the panel, the regulatory T cells could be defined in two ways. 

Aiming to define Tregs as robustly as possible, both definitions were pursued and are 

presented separately here. 

For gating, cells were first defined in the forward and sidewards scatter, and singlets were 

removed. Tregs were then defined as CD45-VioGreen+, Zombie NIR-, CD8-APC-, and 

CD4-VioBlue+. Subsequently, cells were either defined as CD25-PE+, CD127- PE-Cy7- 

(CD127-Tregs), or FoxP3-AF488 was used as an intracellular marker and cells were 

defined as FoxP3-AF488+, CD25-PE+ (FoxP3+Tregs). 
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Representative example of the gating strategy of a healthy control subject. After defining viable single cells 

that are CD4+ CD8-, Tregs were either defined as CD127- CD25+ (CD127-Tregs) or as FoxP3+ CD25- 

(FoxP3+Tregs). 

 

The percentage of FoxP3+Tregs of CD4+ cells was 5.3% (SD 0.3%) in healthy controls 

and 8.9% (SD 3.1%) in patients. The proportion of CD127-Tregs of CD4+ cells was 4.7% 

(SD 0.4%) in healthy controls and 8.9% (SD 2.8%) in patients. 
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(A+C) Comparison of the relative proportion of Tregs (CD127-Tregs or FoxP3-Tregs) between patients and 

control subjects, statistical analysis: Wilcoxon-Mann-Whitney test. (B+D) Correlation of Tregs and IL-16 in 

patients, statistical analysis: Spearman’s rank correlation. 

 

When comparing the proportion of CD127-Tregs and FoxP3+Tregs of CD4+ cells 

between healthy control subjects and patients, no significant difference was found 

(Wilcoxon-Mann-Whitney test, CD127-Tregs: p= 0.11, FoxP3+Tregs: p= 0.06, Figure 24 

A and C).  

A

C

B

D

Figure 24: Comparison of Tregs between patients and control subjects and correlation with IL-16 
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A possible correlation between the percentage of Tregs in the peripheral blood of patients 

and their IL-16 plasma concentration was further investigated. A significant correlation 

was not identified for CD127-Tregs (ρ = -0.52, p = 0.29) or for FoxP3+Tregs (ρ = -0.28, p 

= 0.6) (Figure 24 B and D). The observed negative trend did not correspond to the 

expectation of a positive correlation. 

In order to compare the two methods used to define Tregs (CD127-Tregs and 

FoxP3+Tregs), a correlation was performed of the two relative Treg proportions of CD4+ 

cells. A strong positive correlation was observed (ρ = 0.92, p <0.001).  

To investigate previously described pathological features of CKD patients, the CD4 to 

CD8 ratio was compared between the two study groups. The control group showed a 

CD4 to CD8 ratio of 1.87 (SD 0.6), while the patient group showed a CD4 to CD8 ratio of 

1.62 (SD 0.6). The Wilcoxon-Mann-Whitney test revealed no significant difference 

between the two groups (p=0.76). 

 

3.7 GSDMD-wt and -ko BMDM 

Hypothesis 2A addresses the secretion mechanism of IL-16 and the importance of 

caspase-3 activation on the release of IL-16. Using a model based on murine BMDM with 

or without knockout of GSDMD, the secretion of IL-16 and the involvement of caspase-3 

was sought to be investigated in murine macrophages.  

For this purpose, bone marrow cells were obtained from the femur and tibia of GSDMD 

wild-type (wt) and knockout (ko) mice, and differentiated into macrophages using 

differentiation media and growth factors. Differences of the BMDM before, during and 

after the culture were determined by light microscope and by flow cytometry. 

Pictures taken through the lenses of a light microscope on the day of seeding (day 0) and 

each time before the differentiation medium was changed (day 3 and day 5), as well as 

at the end of differentiation (day 7), showed a morphological change from relatively small 

round cells on day 0 to polymorphic cells with pseudopodia on day 7 (Figure 25).  
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Morphological difference in the course of differentiation over time (day (d) 0, d3, d5, d7). GSDMD-wt (wild-

type) and -ko (knockout). 

 

Additionally, the differentiation into BMDM was also monitored using flow cytometry. For 

this purpose, cells were stained with the Murine GSDMD panel (see Methods section) 

before seeding on day 0 and at the end of differentiation on day 7. 

After gating on single cells, BMDM were defined as CD45-PE/Cy7+, Zombie NIR-, CD11b-

BV421+, and F4/80-PE+. An increase of BMDM from day 0 to day 7 (Figure 26 d0, d7) 

became visible. At time 0, based on the definition described, 1.16% of wt- and 1.92% of 

ko-GSDMD bone marrow cells were positive for the markers defining macrophages. At 

day 7, after culture using differentiation media, 98.11% of wt- and 97.88% of ko-GSDMD 

BMDM cells were positive for macrophage markers. An increase in the size and 

granularity of cells in the forward and side scatter, as well as increased expression of 

CD45, was also found.  

Based on the results in light microscopy, as well as flow cytometry, the differentiation of 

the bone marrow cells into macrophages can be considered successful and the cells to 

be BMDM. 
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Figure 25: Morphological characteristics of BMDM over the culture period 
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Analysis of BMDM with macrophage marker on day 0 (d0) and day 7 (d7). ko: GSDMD-knockout, wt: 

GSMDM-wild-type. 

 

For the actual experiment, cells seeded the previous day were pre-stimulated with or 

without LPS for 3 hours and then cultured with CaOx, ATP or without simulator. After a 

total of 9 hours of culture, the supernatant was obtained and the cells were lysed (Figure 

27A). 

For measuring the loss of cell integrity, which is the case in pyroptotic cell death, and 

which is expected to happen in the GSDMD-wt BMDM, LDH was determined in the 

supernatant.  
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Figure 26: Flow cytometry characterization of BMDM at day 0 and day 7  
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(A) Experimental design for BMDM stimulation. (B) Relative lactate dehydrogenase (LDH) release over 

time, compared between GSDMD-wt (wild-type) and -ko (knockout). (C) Relative LDH release after 6 hours, 

statistical analysis two-way ANOVA and Tukey's HSD test. (D) IL-16 measurement in the supernatant at 

time point 6 h (after 9 hours culture in total), dotted line: limit of detection. 

 

The relative amount of LDH in the supernatant was compared between GSDMD-wt and 

-ko over the time course, namely 0 h, 3 h, and 6 h (Figure 27B). The time points refer to 

the time of addition of CaOx, ATP and PBS (wo), respectively. Most of the LDH 

measurements varied at around 0%. A clear positive LDH signal became apparent 

particulary in the LPS-ATP sample after 6 h of culture, or 9 h of culture in total. 
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Therefore, for better graphical representation, only the values at time point 6 h are 

presented in Figure 27C and compared between GSDMD-wt and GSDMD-ko.  

Notably, there was a marked difference in LDH secretion upon stimulation with LPS+ATP 

between GSDMDM-wt and -ko BMDM. The GSDMDM-wt BMDM had a substantially 

greater secretion compared with the GSDMDM-ko BMDM (Figure 27C). 

From the final samples, after 6 h of stimulation with the secondary stimulator, a murine 

DuoSet-IL-16 ELISA was performed. Since low concentrations were expected, the 

supernatant was not diluted. Nevertheless, only in the GSDMD-wt sample with LPS-CaOx 

stimulation was IL-16 detected. The measured 23 pg/ml (SD 4.1) was still below the 

detection limit of the ELISA (limit of detection: 46.9 pg/ml). In the other samples, no IL-16 

could be measured. 

In addition, a Western blot was prepared from the cell lysates and tested for IL-16, 

caspase-3, and IL-1β using primary and secondary antibodies (Figure 28). 

The IL-16 bands on the Western blot did not differ between the GSDMDM-wt and 

GSDMD-ko. Several bands were visible, which made the clear assignment of the IL-16 

band difficult.  

Caspase-3 showed a regular band at 35 kDa, which is presumably the uncleaved 

caspase-3. In GSMDM-ko, this band was found to be weaker. In addition, a second band 

became visible at 15 kDa, which can be considered the active, cleaved form of caspase-

3. The β-Tubulin second antibody confirmed equal protein loading.  

Regarding IL-1β, a band of approximately 35 kDa size became visible in all samples with 

LPS stimulation, and in addition, a band at approximately 17 kDa was detected in 

GSDMDM-ko cell lysate after LPS+ATP stimulation, which again can be considered to be 

the cleaved intracellular IL-1b. β-Tubulin again confirmed uniform protein loading. 
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IL-16, caspase-3 and IL-1β protein expression in cell lysate determined by Western blot. A protein ladder 

was used to assess the protein size and β-Tubulin was used as loading control. 
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3.8 PMN Stimulation 

Hypothesis 2B assumes the possibility that PMNs are responsible for elevated IL-16 

levels in patients' plasma and that the stimulation of PMN with soluble NaOx, or CaOx 

crystals may lead to increased release of IL-16 in vitro.  

PMNs from healthy subjects were obtained by dextran solution, density gradient 

centrifugation, and hypertonic lysis. The purity was determined by flow cytometry using 

the human PMN panel (see Methods section). The relative proportion of granulocytes 

(SSChigh) of all cells was found to be 97.2%, and the proportion of neutrophils of all 

granulocytes, defined as FSChigh, SSChigh, Zombie NIR-, CD11b-BV421+, and CD11b-

APC+ was around 94% (Figure 29). 

Analysis of neutrophil purity after isolation by flow cytometry using CD11b and CD16 as neutrophil surface 

markers, one representative result is presented.  

 

Since it was assumed that the release of IL-16 is associated with cell death, a flow 

cytometry-based cell death experiment was performed. PMNs were cultured with 100 

µg/ml CaOx, 100 µg/ml NaOx or without stimulator for a period of 63 h. At several time 
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points in between, the cells were stained with PI and run directly on a flow cytometer. The 

percentages of PI positive cells out of all cells were determined. The experiment was 

performed in triplicates. 

Differences in the proportion of PI positive cells became visible (Figure 30). After the 

proportion of dead cells by hour 6 being similar at 10% in all three approaches, a 

difference in the proportion of dead cells became apparent in the experiment from hour 

15 onwards. Hence, the percentage of dead cells after 24 h of culture was 18% without 

stimulator, 19.8% with NaOx, and 38% with CaOx. After 63 hours of culture without 

stimulation, 43% of PMNs were positive for PI, with NaOx stimulation it was 43% and with 

CaOx stimulation it was 66.3% (Figure 30). 

 Cell death, assessed by P.I. positivity in flow cytometry, of PMNs cultured with CaOx and NaOx or without 

(w/o) stimulation over the time course of 63 h.  

 

Since no effect on cell death was found with NaOx stimulation, the further experiments 

on IL-16 release were conducted with CaOx first. 

For studying IL-16 release, freshly isolated PMNs were cultured with CaOx. The cell-free 

supernatant was obtained, and the cells lysed for WB analysis. Three time points were 

defined at which the stimulation experiment was terminated, namely 5 h, 10 h, and 20 h. 

Based on the PI experiment (Figure 30), it was assumed that differences in cell death and 

Figure 30: PMN culture with CaOx and NaOx and assessment of P.I. positive cells over time 
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IL-16 release should become apparent at these time points. The stimulation of PMNs with 

CaOx was repeated four times, each time with one healthy subject. 

Stimulation of PMNs with 100 µg/ml CaOx for 5 h, 10 h, and 20 h. Results of four independent experiments. 

(A) Lactate dehydrogenase (LDH) release [Optical density (450-650 nm) - medium], and (B) IL-16 secretion, 

statistical analysis: Wilcoxon-Mann-Whitney test. Error bars: median and IQR. 

 

After 5 h of culture, LDH and IL-16 were detected in the supernatant. In both experimental 

approaches, namely without (w/o) and with CaOx, the release of both LDH and IL-16 

increased over time (Figure 31 A and B). 

A B

C

Figure 31: LDH and IL-16 secretion of PMN cultured with CaOx for 5 h, 10 h and 20 h 
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To compare the secretion of IL-16 and LDH between unstimulated PMNs and CaOx 

stimulated PMNs, a Wilcoxon-Mann-Whitney test was performed for each time point. 

For LDH, no significant difference in the release into the supernatant was found after 5 h 

(p = 0.49), 10 h (p = 0.11) and 20 h (p = 0.06) of culture. Nevertheless, a trend became 

apparent with higher LDH release from PMNs stimulated with CaOx (Figure 31A). 

The release of IL-16 was further compared between unstimulated and CaOx stimulated 

PMNs at the three time points. While no statistically significant difference was found after 

5 h (p = 0.68), 10 h (p = 0.03) and 20 h (p = 0.03), a difference became apparent with a 

higher release of IL-16 into the supernatant by the PMNs stimulated with CaOx (Figure 

31B). 

To further determine a correlation of IL-16 release and LDH in the supernatant, a linear 

correlation of all 6 samples (3 time points, 2 stimulations) was calculated. In the 

Spearman analysis, a highly significant relationship was found (ρ = 0.99, p < 0.001) 

(Figure 31C). 

In addition, a Western blot was prepared from the PMN lysates after culture with CaOx. 

The detection of caspase-3 revealed a uniform band at approximately 33 kDa, which can 

be interpreted as uncleaved caspase-3. In addition, a band was detected at 15 kDa, which 

was slightly more pronounced in the culture without stimulator after 10 h and 20 h. 

GAPDH confirmed uniform protein levels in all samples (Figure 32). 

For IL-16 detection, many bands were visible. While the bands between 35 kDa to 55 kDa 

looked relatively uniform in all samples, a 15 kDa band was particularly evident in the two 

samples without stimulator after 10 h and 20 h, which is presumably the cleaved 

intracellular IL-16 (Figure 32). 
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Caspase-3 and IL-16 protein expression in protein lysate after culture with CaOx or without stimulator (w/o) 

for 5 h, 10 h, or 20 h. GAPDH was used as loading control and a protein ladder was used to determine 

protein size. One representative experiment is shown. 

 

Next, the intention was to investigate the specificity of the observed effect of IL-16 release 

after CaOx stimulation. Therefore, freshly isolated PMNs were incubated with several 

stimulators. For this purpose, crystals such as CaOx, monosodium urate (MSU) crystals, 
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Figure 32: Western Blot analysis of PMN lysate after culture with CaOx or without stimulator 
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calcium pyrophosphate dehydrate (CPPD) crystals, and also NaOx, ATP, LPS, and PMA 

were used, and the culture was carried out for 20 h. 

Stimulation of PMN with PBS (as control), CaOx [100µg/ml], MSU [200 µg/ml], CPPD [200 µg/ml], NaOx 

[100 µg/ml], ATP [5 mM], LPS [1 µg/ml], and PMA [1 µg/ml] for 20 h. One experiment performed. 

 

Compared to the samples stimulated with PBS as a control, samples stimulated with 

CaOx, CPPD and PMA showed higher levels of LDH release. Samples stimulated with 

MSU, NaOx and LPS showed similar levels of LDH release, and samples stimulated with 

ATP exhibited a lower level of release (Figure 33A).  

IL-16 secretion was detected in all samples at varying levels (Figure 33B). PMNs 

incubated with PBS secreted 306 pg/ml (SD 38), while higher levels were found when 

incubated with CaOx (506 pg/ml, SD50), CPPD (799 pg/ml, SD 24) and PMA (568 pg/ml, 

SD 39), and lower levels of secretion when incubated with ATP (142 pg/ml, SD 33) and 

LPS (155 pg/ml, SD 35). Similar levels of IL-16 in the supernatant were present when 

incubated with MSU (367 pg/ml, SD 86) and NaOx (235 pg/ml, SD 35).  

 

  

A B

Figure 33: Stimulation of PMNs with different stimulators and assessment of LDH and IL-16 
release 



 102 

4. Discussion 

In an exploratory approach, my working group was able to find a correlation of pOx and 

IL-16 in an US cohort of 107 CKD G5D patients (Figure 3) and confirmed this finding in a 

second cohort of 12 CKD G5D patients in Germany (Figure 5). Furthermore, increased 

IL-16 concentrations in the plasma of patients were found compared to the plasma of 

healthy control subjects.  

These findings were previously unknown and raise several questions, especially 

regarding first, the origin, second, the mechanism of release, and third, the significance 

of this cytokine in CKD. Based on previous findings of my work group and the published 

literature, several hypotheses were formulated to answer these three general questions.  

 

4.1 Main findings and interpretation of results 

4.1.1 IL-16 release of monocyte subsets and monocyte shift 

To address hypothesis 1A, namely that the elevated IL-16 levels in CKD G5D patients 

can be explained by a difference in the monocyte subset composition leading to a higher 

proportion of monocytes which secrete more IL-16, two questions must be answered. 

First, whether the monocyte subsets of non-classical and intermediate monocytes 

generally secrete more IL-16 than classical monocytes, and second, whether the shift in 

the monocyte subtype composition (monocyte shift) in the population of CKD G5D 

patients with a higher proportion of non-classical monocytes can be found. 

As a result of investigating the revised gating strategy, it seemed that the previous gating 

of the experiment performed by my work group did not account for two cell types. CD56+ 

NK cells were not gated out by negative selection on the lineage marker, and a population 

of CD14- CD16+ cells was still present after gating. These latter cells can be considered 

at least partly to be myeloid dendritic cells (Fromm et al., 2020). Although the cells of the 

previous sort experiments of my work group were enriched for monocytes by magnetic 

beads, myeloid dendritic cells may have been missed in the enrichment, as those cells 

share high similarities with monocytes.  
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Subsequently, in three independent experiments, no difference in the secretion of IL-16 

was observed between the three monocyte subsets. Neither the absolute nor the relative 

amount of IL-16 in the supernatant was found to be different (Figure 13). 

Therefore, my results contradict the previous results of my work group and experiments 

which found non-classical monocytes to secrete more IL-16 than intermediate and 

classical monocytes of three healthy individuals (Figure 9B).  

Different conditions and explanations may have caused the discrepancy in results: 

First, the non-classical monocyte population in the experiment of my work group before 

was defined differently and might have contained other cell types, such as myeloid 

dendritic cells and NK cells. Monocyte-derived dendritic cells (Reich et al., 2004) as well 

as Langerhans Cell-Like Dendritic Cells (Reich et al., 2001) were reported to express and 

secrete higher levels of IL-16 than monocytes. As analyzed in the PBMC sort experiment, 

however, NK cells seem to secrete less IL-16 than monocytes, which argues against a 

responsibility of these cells in the previous results of my work group (Figure 18). As my 

gating strategy excluded those cells, the higher level of IL-16 in the previous experiments 

could have originated from cells that were previously defined as non-classical monocytes.  

Second, differences in the culture conditions regarding cell concentration or handling may 

have influenced the result. For example, the culture was performed for 18 h before while 

it was only lasted 16 hours in the experiments performed for this work. 

To subsequently investigate further differences of the monocyte subsets, additional 

cytokines in the supernatant of the cultured cells were studied by LEGENDplex and TNF-

α-ELISA. 

Regarding the TNF-α measurement of the monocyte subsets, the LEGENDplex and the 

TNF-α DuoSet ELISA showed the same pattern as well as the same absolute values, 

namely that intermediate and non-classical monocytes secreted more TNF-α than 

classical monocytes. Moreover, these results match the results of the previous 

experiments of my work group. Published data also supports the results without 

stimulation (Champion et al., 2018; S.-M. Ong et al., 2018) and after LPS stimulation 

(Skrzeczyńska-Moncznik et al., 2008), although a contrasting pattern of basal secretion 

of TNF-α from the three monocyte subsets has also been reported by others (Boyette et 

al., 2017). 
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There also seems to be some controversy about the secretion of IL-6. While some report 

higher secretion of classical monocytes (Boyette et al., 2017), others report higher 

secretion of non-classical and intermediate monocytes (Champion et al., 2018; S.-M. Ong 

et al., 2018), which matches my results.  

My results found higher secretion of IL-1β by intermediate monocytes, lower secretion by 

non-classical monocytes and no IL-1β secretion by classical monocytes, which is in line 

with some reports (Hadadi et al., 2016; S.-M. Ong et al., 2018). Others report that 

classical monocytes have the highest basal secretion of IL-1β (Boyette et al., 2017).   

According to my results, intermediate monocytes secrete the most IL-10. Similar results 

have been described, i.e., that CD14high CD16+ monocytes, which can be considered as 

intermediate monocytes, are the main secreters of IL-10 after LPS stimulation 

(Skrzeczyńska-Moncznik et al., 2008), while others report classical monocytes to secrete 

more IL-10 after LPS stimulation (Cros et al., 2010; Wong et al., 2011). 

Some cytokines, including IL-23, IL-12p40, IL12p70, IL-23 and TARC, were not detected 

in my culture.  

To study differences in monocyte composition, monocyte subtypes were analyzed by flow 

cytometry in comparison between 3 healthy controls and 6 CKD G5D patients, revealing 

a significantly lower proportion of classical monocytes and significantly increased 

amounts of intermediate and non-classical monocytes in patients. This is consistent with 

the literature (Nockher & Scherberich, 1998; Schepers et al., 2015; Wallquist et al., 2013), 

although some report a bigger difference. Even though the shift in the monocyte 

composition became apparent, it becomes clear that classical monocytes still account for 

most monocytes in the peripheral blood of CKD-G5D patients (Figure 22B). 

In another experiment, the intracellular level of IL-16 was compared between different 

mononuclear cells of the peripheral blood, and monocytes were found to store the lowest 

level of IL-16 compared to T cells, NK cells and B cells (Figure 20D). 

Since the difference in plasma IL-16 levels is increased 2-4-fold (Figure 5 and 10) in CKD 

G5D patients compared with healthy control subjects, a very strong difference in secretion 

would be required for a small cell population like non-classical and intermediate 

monocytes to be responsible for this increased IL-16 level in patients. At the same time, 
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no increased IL-16 secretion by non-classical and intermediate monocytes could be 

detected. 

Taking all these considerations into account, hypothesis 1A must be considered refuted.  

 

4.1.2 IL-16 secretion of PBMCs  

Hypothesis 1B states that a difference in the release of IL-16 by PBMCs between control 

subjects and patients may be responsible for the increased IL-16 levels in patients. 

To investigate whether there are differences in IL-16 secretion of PBMCs between healthy 

individuals and CKD G5D patients, a flow cytometry-based cell sorting of PBMCs, namely 

T cells, B cells, NK cells, and monocytes, was performed and the secretion after basal 

culture for 16 h determined by ELISA.  

Consistent with the literature, IL-16 secretion of T cells (Andersson et al., 2011; Laberge 

et al., 1995), NK cells (Andersson et al., 2016), monocytes (Elssner et al., 2004) and B 

cells (Kaser et al., 2000) were detected in the supernatant after culture without 

stimulators, which is also referred to as basal culture. 

When comparing the secretion of PBMCs between patients and control subjects, no 

difference in the absolute or normalized IL-16 secretion was found (Figure 18B). No cell 

type of patients' PBMCs appeared to secrete more IL-16 than those from healthy control 

subjects in the basal culture. To date, no data has been reported on the release of IL-16 

from different cell types of PBMCs from CKD G5D patients compared with healthy 

individuals. 

In type 1 diabetes, however, a lower secretion of IL-16 by PBMCs was detected after 

stimulation with PHA and culture for 72 h (Vendrame et al., 2012). This effect is explained 

by the authors, however, by a defect of caspase-3 which is characteristic for the disease 

and cannot be directly transferred to CKD. 

In CKD, several cytokines are reported to be secreted to a greater or lesser extent by 

PBMCs in vitro. On the one hand, TNF-α secretion of PBMCs after 24 h culture without 

stimulator was found to be higher by PBMCs of CKD patients requiring long-term HD than 

by PBMCs of healthy control subjects (Sardenberg et al., 2004). On the other, leukocytes 
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of HD patients were found to secrete less IL-2, IL-10, and IL-15 after stimulation with 

Staphylococcus enterotoxin A for six days (Mansouri et al., 2013).  

To investigate fundamental differences regarding IL-16 secretion between the cell types, 

a further analysis was performed to compare the basal normalized secretion of PBMCs 

without distinguishing between healthy control subjects and CKD G5D patients (Figure 

18C). According to those results, T cells secrete the most IL-16, followed by B cells and 

monocytes, however, this did not reach significance. The significant lowest secretion, 

however, is by NK cells. 

In line with my results, when comparing IL-16 release from different peripheral 

mononuclear cell types, others report that after stimulation with PMA and culture for 48 

h, T cells to release the most IL-16, followed by B cells, followed by monocytes (J.-J. Li 

et al., 2011).  

Because no difference was found in basal IL-16 release between any peripheral blood 

mononuclear cell type from healthy control subjects and CKD G5D patients, the 

hypothesis 1B that there is a basal difference in release must be refuted. 

 

4.1.3 Intracellular IL-16 level of PBMCs 

To compare intracellular IL-16 levels in PBMCs and to address hypothesis 1C, an 

analytical flow cytometry experiment was performed, and the MFI of IL-16-PE used to 

examine differences in the intracellular level of IL-16 between PBMCs of patients and 

healthy control subjects.  

Overall, IL-16 MFI was detected in most cells of each cell type of PBMCs compared to 

the FMO control (Figure 20B). 

According to the literature, intracellular IL-16 can be found by flow cytometry in most T 

cells (Blaschke et al., 2001; Krug et al., 2000; J.-J. Li et al., 2011) and monocytes (Elssner 

et al., 2004), which is in line with these results. Others report, however, only a proportion 

of each cell type of PBMCs to be intracellularly positive for IL-16 (Andersson et al., 2016).  

The reported results show a trend towards lower IL-16 levels in B cells, NK cells, and 

monocytes as well as significantly lower IL-16 level in T cells of CKD G5D patients 

compared to healthy control subjects (Figure 20D). This is very different from what was 
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expected, as a cell type with an increased level of IL-16 was searched for in patients. 

Various explanatory approaches can be attempted. It is possible that due to the increased 

cell turnover, lower IL-16 is produced in PBMCs of patients, or that due to the increased 

release, which, however, could not be detected, lower levels are present intracellularly.  

Interestingly, in other pathological conditions such as traumatic injury, increased plasma 

IL-16 levels and a reduction of T cells positive for intracellular IL-16 have been described 

(Shimonkevitz et al., 2005). In tobacco smokers, a significant lower proportion of NK+ IL-

16+ cells were detected compared to healthy control subjects, despite no difference in 

the MFI of any PBMC type (Andersson et al., 2016). Furthermore, in CD8+ cells of the 

bronchoalveolar lavage (BAL), a reduction of IL-16 concentration was detected. 

(Andersson et al., 2011). 

Although no results regarding the intracellular level of IL-16 in CKD are reported, the 

intracellular level of other cytokines were studied in CKD with partly contradictory results. 

For example, IL-6 and IL-1β were found reduced in monocytes, at least in CKD G1-4 

(Zikou et al., 2015). Moreover, others report no difference in the intracellular level of IL-

1β, IL-8, TNFα or IL-6 in monocytes between healthy controls or CKD G5D patients 

before or after stimulation with LPS (Himmelfarb et al., 2004). According to other results, 

a lower percentage of intracellular TNF-α+ and IL-6+ monocytes after LPS stimulation can 

be found in patients with CKD (Z. Liu et al., 2015). Furthermore, intracellular cytokine 

concentrations of T cells from HD patients compared to healthy control subjects were 

studied after 4 h culture with phorbol-12 myristate 13-acetate (PMA) plus Ionomycin, and 

higher levels of IL-2, IFN- γ and TNF-α were reported (Costa et al., 2008).  

Regarding the fundamental biological difference of PBMCs with respect to the normalized 

intracellular level of IL-16 relative to total IL-16 level of PBMCs, characteristic differences 

were found, namely T cells were identified to have the highest amount of IL-16 

intracellularly, followed by NK cells, B cells and monocytes.  

These results fit perfectly with the IL-16 mRNA expression of blood cells described in the 

Human Protein Atlas for different tissues (Figure 2). They also note that T cells express 

more IL-16 than NK cells, which in turn would express more than B cells. Monocytes are 

also reported to have the lowest IL-16 mRNA expression (Figure 2).  



 108 

In summary, the observed lower level of IL-16 in CKD G5D patients compared to healthy 

control subjects is noteworthy. However, no result was found that could explain the higher 

IL-16 level in patients’ plasma and, therefore hypothesis 1C has to be rejected. 

 

4.1.4 Low-density Neutrophils 

When investigating differences in the caspase-3 activity of PBMCs, no cell type was 

detected that showed a higher caspase-3 activity level basally. It was described before 

that CD8+ T cells show a low basal activity of caspase-3 (Zhang et al., 1998), which could 

not be confirmed. The general understanding of caspase-3 attributes an executive 

function to this protease after it is cleaved by an initiator caspase (Ponder & Boise, 2019). 

As the PBMCs of the performed experiments were viable and freshly isolated, they should 

not have undergone an active process of apoptosis. Therefore, it is reasonable that no 

active caspase-3 in PBMCs could be found. 

It was observed as a chance finding that a proportion of neutrophils with active caspase-

3 were present in these experiments. As neutrophils are short-lived cells that undergo 

spontaneous apoptosis, it is comprehensible that caspase-3 activity of those cells was 

identified. It remains unclear, however, why almost all neutrophils are positive for active 

caspase-3. After HD, in fact an even lower caspase-3 activity was described 

(Korzeniewska-Dyl et al., 2010). It is conceivable, however, that when handling the cells, 

neutrophils apoptosis was induced, and as a result caspase-3 was activated. Neutrophils 

need to be handled more carefully as they are very sensitive cells, and as the experiment 

was not intended to study neutrophils, the handling could have falsified the caspase-3 

activity of those cells. 

Neutrophil contamination of PBMC samples is known to occur in cases of prolonged 

storage of whole blood at room temperature (Jerram et al., 2021). This effect is reported 

after at least 6 hours of storage. As the samples were handled immediately, however, 

and the handling of healthy control subjects’ blood and patients’ blood was the same, this 

effect must be considered as unlikely. 

The isolation of PBMCs was performed by dense gradient centrifugation, therefore, the 

neutrophils found in the PBMC layer must be explained by a lower neutrophil density 

(Schenz et al., 2021). These low-density neutrophils (LDNs) have already been identified 
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in chronic and acute inflammatory diseases (Cloke et al., 2012; Deng et al., 2016; 

Hacbarth & Kajdacsy-Balla, 1986). 

Some controversy exists about the origin of these LDNs and whether these cells must be 

viewed as an independent cell type or an immature precursor, or as degranulated 

neutrophils (Carmona-Rivera & Kaplan, 2013; Hassani et al., 2020). 

The acute inflammatory diseases sepsis is characterized by an elevated recruitment of 

neutrophils into the circulation, which is also referred to as emergency granulopoiesis 

(Manz & Boettcher, 2014), and which leads to higher levels of immature LDNs in the blood 

stream (Drifte et al., 2013). These immature LDNs show a lower surface expression of 

CD16 and higher survival. 

In CKD, a population of LDNs was found to exhibit surface markers which are associated 

with early stages of neutrophil differentiation, also suggesting an immature origin 

(Rodríguez-Carrio et al., 2019). Meanwhile, a second population of LDNs was described, 

which rather express a mature degranulated phenotype (Rodríguez-Carrio et al., 2019).  

Since these LDNs were an incidental finding in my studies, these results should not be 

overinterpreted. It is noteworthy, however, that the LDNs were observed in three 

experiments and six patients and have also been described by others. 

 

4.1.5 Regulatory T cells and IL-16 

By addressing hypothesis 3A and investigating differences of the Treg proportion in the 

peripheral blood of CKD G5D patients compared to healthy individuals as well as by 

looking for an association with IL-16, a potential importance of IL-16 was to be studied. 

The CKD G5D patients and healthy control subjects showed no significant difference in 

the proportion of Tregs in the peripheral blood. Furthermore, no correlation of the relative 

amount of Tregs with IL-16 in the plasma was detected (Figure 24). 

Regarding the proportion of Tregs in CKD patients, some controversy exists. While most 

find a decrease of Tregs in patients treated by maintenance HD (Caprara et al., 2016; 

Mansouri et al., 2017), others report no difference (Lisowska et al., 2014), and some also 

report an increase (Libetta et al., 2010). Moreover, it was reported that the proportion of 

Tregs in the peripheral blood is age dependent, and healthy elderly individuals, as well 
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as elder patients with CKD G5D, express higher levels of Tregs than young control 

subjects and young CKD G5D patients (Freitas et al., 2019).  

It must therefore be concluded that, based on these very preliminary results, IL-16 in the 

blood stream does not seem to have a direct effect on the proportion of Tregs and, 

therefore, hypothesis 3A must be rejected. 

 

4.1.6 IL-16 release by BMDMs 

As a model to investigate the role of caspase-3 in the release of IL-16, GSDMD-wild-type 

and -deficient BMDMs were differentiated and further stimulated, investigating 

hypothesis 2A.  

The BMDM differentiation was proven successful by flow cytometry (Zajd et al., 2020). A 

small proportion of cells in the beginning of culture, however, already expressed 

macrophage surface markers. This small fraction may have occurred due to non-specific 

antibody binding. It is unclear whether macrophages are already present in the bone 

marrow cell mixture at the beginning of differentiation.  

In the stimulation experiment using LPS, ATP and CaOx, the relative LDH release, as a 

measurement of cell integrity loss, showed an increase over time and a significant 

difference after 6h (9 h in total) in the culture with LPS and ATP. In line with the results of 

others (Tsuchiya et al., 2019), it was observed that stimulated BMDMs deficient of 

GSDMD liberate significantly less LDH (Figure 27 B and C). Furthermore, by Western 

blot, a higher concentration of cleaved caspase-3 and a higher intracellular level of IL-1β 

were found in the cell lysate of GSDMD-ko BMDMs. These observations prove the 

effectiveness of the model and the lower level of pyroptotic cell death in BMDMs deficient 

of GSDMD (Taabazuing et al., 2017; Tsuchiya et al., 2019). 

IL-16 secretion was only detected in the supernatant of the LPS+ATP culture of GSDMD-

wild-type BMDMs after 9 h of culture in total. 

Overall, the IL-16 release of BMDMs was therefore significantly lower than expected. 

Fitting with the previous results of my work group, which showed a low IL-16 mRNA 

expression of macrophages, the secretion of IL-16 by macrophages has also been 

described by others as relatively low (Desnues et al., 2005). In the case of an infection 
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with Tropheryma whipplei, however, cell death associated pathways are induced and 

higher levels secreted (Gorvel et al., 2010). 

Interestingly, secretion of IL-16 into the supernatant was only found in the pyroptotic 

samples, not in the BMDMs deficient of GSDMD, which showed elevated caspase-3 

activity and were undergoing apoptosis. This suggests that cell integrity loss is necessary 

for detecting elevated IL-16 in the supernatant and thereby proposes a lytic cell death 

mechanism with loss of cell integrity (Frank & Vince, 2019); however, as the 

measurement was below the detection limit it should not be overinterpreted. No 

differences could be detected in the IL-16 Western blot of the BMDM GSDMD-wild-type 

and -knockout lysates. 

Overall, the experiment must be considered successful, as the model was proved to work, 

but potentially ineffective for studying IL-16 release by cells in relation to caspase-3 

activity, as the levels of secreted IL-16 were low. 

 

4.1.7 PMNs and IL-16 release 

With respect to hypothesis 2B, it was intended to study the influence of CaOx and NaOx 

stimulation on cell death and IL-16 release by PMNs of healthy control subjects in vitro. 

Over the time course of 63 h, increased cell death was found in all samples. A significantly 

higher proportion appeared if cultured in the presence of CaOx crystals. It was thereby 

demonstrated that CaOx stimulation, but not NaOx stimulation, results in increased cell 

death, measured by loss of cell integrity and by PI positivity. 

It is known that neutrophils undergo spontaneous apoptosis if cultured in vitro (Alipour et 

al., 2020; Pongracz et al., 1999). Often, this is assessed by an additional staining with 

Annexin V which enables the differentiation into early and late cell death (Quinn & DeLeo, 

2020); however, this has not yet been successfully established in the lab. 

Different processes of neutrophil cell death are known. Generally, non-inflammatory 

pathways of cell death are distinguished from pro-inflammatory pathways, like 

necroptosis, pyroptosis and NETosis (Lawrence et al., 2020). 

It was found that neutrophils cultured with CaOx crystals show increased secretion of 

LDH and IL-16 after 5 h and, 10 h, and a significant higher secretion of IL-16 after 20 h.  
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Even though IL-16 secretion of neutrophils after CaOx culture has not yet been described, 

these results fit well with the published work of others. First, it has been shown that 

neutrophils, cultured with crystals of various sizes including CaOx, undergo a pro-

inflammatory form of cell death called necrosis, which is characterized by LDH release 

and NET formation (Desai et al., 2017). Second, it has been shown that secondary 

necrotic neutrophils secrete elevated levels of both LDH and IL-16 (Roth et al., 2015). 

The clinical significance of these results has not yet been fully studied; however, in an 

animal model of CaOx nephropathy, mice showed a diffuse neutrophil infiltration into the 

kidneys (Mulay et al., 2013). As part of innate immunity, neutrophils are often viewed as 

the first line of defense and are therefore conceivable of being involved in phagocytosis 

of CaOx crystals.  

Other stimulators were also tested for their effect on the release of LDH and IL-16 by 

neutrophils. It was observed that CaOx, CPPD, and PMA led to an increased release of 

IL-16, whereas MSU and NaOx had no effect, and ATP and LPS showed a reduced 

release of LDH and IL-16.  

The influence of different stimulators on LDH release and cell death of neutrophils was 

studied by others before. It was reported that MSU crystals lead to a lower LDH secretion 

than CaOx (Desai et al., 2017), which fits with my results. CPPD was found to have an 

anti-apoptotic effect on neutrophils after 3 h of culture (Higo et al., 2010), which is very 

different from my experiments, as I found increased LDH release of PMNs if cultured with 

CPPD. The authors only used 30 µg/ml CPPD, while I used 200 µg/ml and a longer time 

of culture of 20 h, however. PMA was also shown to induce cell death measured by Sytox 

Green fluorescence (Remijsen et al., 2011) and P.I. staining (Takei et al., 1996), which is 

in line with my results. According to other studies, LPS (Glowacka et al., 2002) and ATP 

(Vaughan et al., 2007) inhibit neutrophil apoptosis. Although I did not observe a difference 

in LDH release when cultured with LPS, PMN culture in the presence of ATP showed 

decreased LDH release. Both stimulators decreased IL-16 release by PMNs. 

Overall, the observed effect of increased IL-16 release from neutrophils when cultured 

with different stimulators, such as crystals, is thus not specific, as it was not only CaOx 

that led to increased IL-16 release in the supernatant.  



 113 

Neutrophil apoptosis is known to be influenced by many factors. Other uremic retention 

molecules like indoxyl sulfate, which is protein bound (Cruz et al., 2014), and ADMA (von 

Leitner et al., 2011) directly act on neutrophils, at least in vitro. Indoxyl Sulfate induces 

apoptosis of neutrophils. It remains to be elucidated whether other uremic retention 

molecules can also induce the liberation of IL-16 by neutrophils, at least in vitro.  

Lastly, a strong positive correlation of IL-16 and LDH was identified (Figure 31C). This 

correlation of IL-16 and LDH was also detected in vitro (Roth et al., 2015) and in patients 

suffering from hemophagocytic lymphohistiocytosis (Takada et al., 2004) 

In summary, these results provide a promising link between the release of IL-16 by 

neutrophils and oxalate, although only the CaOx crystal, not the soluble NaOx, increased 

IL-16 release.   

 

4.2 Limitations 

4.2.1 Patients and Control Subjects 

When comparing the characteristics of the two study groups, namely healthy control 

subjects and patients, clear differences become apparent. The groups differed in the 

gender distribution, as well as in the average age. Because control individuals and 

patients were not matched, these demographic factors should be considered as a 

potential influencing and confounding factor as well as a major limitation of the results, 

especially as age and gender are known to influence inflammatory profiles and cytokine 

levels (Kildey et al., 2014; Larsson et al., 2015; O’Mahony et al., 1998). 

So far, no data on the influence of age or gender on IL-16 and pOx levels in humans has 

been published. It is known, however, that CaOx stones are more frequent in males 

(Lieske et al., 2014; Ye et al., 2020). In a cohort of 1200 children at the aged up to 18 

years, no role of age or gender was found on plasma oxalate concentration (Porowski et 

al., 2008). 

Because no consistent influence of gender or age on the analytes of interest was found 

in the previous cohorts, these limitations are considered acceptable, and the results are 

further interpreted with this caveat in mind. 
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Patients and control subjects included in this study were assumed to not have an acute 

infection. As it would not have been possible to wait for the current laboratory values due 

to the experimental design, inflammatory parameters were only assessed retrospectively. 

Some healthy control subjects and patients were included in different experiments, and 

therefore blood was drawn several times. IL-16 and pOx level, however, were determined 

only once. 

It has been described that prolonged storage of plasma samples, especially at room 

temperature, has a major effect on IL-16 (Kofanova et al., 2018) and pOx (Pfau et al., 

2020) measurements resulting in elevated results for both analytes. Therefore, special 

care was taken to always handle the samples on ice and freeze them quickly until further 

use.  

As described above, IL-16 measurement with an IL-16 DuoSet ELISA for plasma samples 

yields approximately 28-29.8% higher values for both the control and patient group. Since 

all samples were measured with the same assay, however, generally higher values were 

expected, which should not have affected the group difference. Plasma oxalate was 

measured using an enzymatic assay that is commonly performed in our laboratory and is 

well validated. 

When comparing the two groups regarding IL-16 and pOx levels, significant differences 

become noticeable. The patient group showed an approximately 4-fold increased 

concentration of IL-16 and approx. 5-fold increased concentration of pOx in the plasma. 

These differences are consistent with the previous findings of our working group. 

Regarding the correlation of pOx and IL-16 in this small cohort of patients, no significant 

correlation was found. Nevertheless, a trend became obvious that fits the previously 

observed correlation with high plasma IL-16 concentrations in patients with high plasma 

oxalate. 

Although the study groups in this work were not ideally matched, the similarity in observed 

IL-16 and pOx levels to previous data is considered to allow a valid conclusion. Whether 

the same results would be obtained in a better matched cohort would need to be the 

subject of further investigation. 
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4.2.2 IL-16 measurement of the supernatant after culture of human cells 

The measured IL-16 concentrations in the supernatants of monocyte and PBMC cultures 

were at the lower end of the detection range, and for a few samples, even just below the 

limit of detection. This clearly reduces the reliability of the results. There are different 

aspects that could have caused this. 

First, immune cell subsets, especially non-classical and intermediate monocytes, are rare 

populations in the peripheral blood, and therefore a high amount of blood is needed to 

collect reasonable cell numbers to further culture the cells. However, cell counts after 

sorting were low. As technical replicates were required to assure the validity of the results, 

the cultured cell numbers and the cell concentration were therefore lower than intended.  

Second, as the basal IL-16 release was to be studied, the addition of substances was 

omitted. It might be argued that some properties of immune cells only become visible if 

the cells become activated and are cultured with a stimulator for a given time. Moreover, 

it is notable, that many authors use stimulators to study properties of immune cells. In 

particular, LPS is often used for monocyte cultures, which increases the secretion of some 

cytokines significantly compared to the basal secretion (Hadadi et al., 2016). This, 

however, is not the case for IL-16 (Figure 7). Other activators, however, were found to 

induce IL-16 secretion - for example, calcium ionophore and PMA in T cell cultures 

(Andersson et al., 2011) or PMA alone in B cell lines (Sharma et al., 2000). The culture 

without stimulator was intended to give a true impression of the general differences 

between cells. It must be noted that the absence of a stimulator probably resulted in lower 

concentrations of IL-16 in the supernatant, which might have led to the overlooking of a 

phenotypic difference between patients and control subjects. 

Third, the culture was only performed for 16 hours, which must be seen as a rather short 

period of time for PBMCs. Since cell death has been described as a major influence on 

IL-16 release, a short culture period was preferred, however. Nevertheless, since the 

survival of different mononuclear cells in the culture conditions may have been different, 

it is possible that the differences in IL-16 release are due to differences in cell death 

between the cell types studied, especially, as additional cytokines are often used in 

different immune cell culture conditions, like anti-CD3/CD28 antibodies (Xu et al., 2018) 

and IL-2 (Ghaffari et al., 2019) in T cell cultures. This co-stimulation was also found to 

induce higher IL-16 protein production (D. M. Wu et al., 1999). 
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Because the measurement of biological duplicates gave similar results and the variance 

between cells was rather small, the performed ELISAs seem acceptable. It is also 

believed that a pronounced difference between monocyte subsets or PBMCs in terms of 

IL-16 secretion would have become visible. 

 

4.2.3 Sorter-induced cellular stress 

The culture of fluorescence-activated cell sorted PBMCs and monocytes was intended 

for investigating the basal secretion of cells without activation or stimulation by an added 

compound. The effect of cell sorting on cell properties, which is also referred to as sorter-

induced cellular stress (SICS), is currently being discussed and high inter-experiment 

differences were found (Lopez & Hulspas, 2020; Pfister et al., 2020). Therefore, it must 

be considered that this might have confounded the survival and consequently the basal 

IL-16 secretion of cells. Although all cells were treated equally, it cannot be excluded that 

SICS affected the different cell types of monocytes or PBMCs differently, or that different 

experiments showed different levels of SICS. 

 

4.2.4 Isotype controls and FMO 

Isotype controls represent a widely used technique to account for unspecific background 

staining in flow cytometry (Maecker & Trotter, 2006). However, difficulties have also been 

reported when working with isotype controls, particularly when working with monocytes, 

and blockage of the Fc receptor has been suggested (Andersen et al., 2016). 

In the performed flow cytometry experiments of this work, no isotype controls were used 

to distinguish between positive and negative populations. Fc blocking was, however, 

added if monocytes were stained. Regarding the intracellular staining for the IL-16 of 

PBMCs, an isotype control would have been very useful. Instead, FMO controls were 

used to define intracellularly IL-16-positive cells, which must be considered inferior, 

however.  
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4.2.5 BMDM 

The in vitro differentiated BMDM must be considered as an artificial cell type differentiated 

by growth factors. They would have had limited predictive value for the release of IL-16 

in humans. It remains uncertain what conclusions can be drawn from these results 

regarding the release of IL-16 in the clinical disease of CKD.  

 

4.2.6 IL-16 Western Blot 

The performed Western blots for IL-16 revealed several bands of different size ranging 

from 23 to 140 kDa, or 29 to 80 kDa, respectively. This made the interpretation of these 

Western blots very difficult or practically impossible. Interestingly, some other researchers 

also report a range of different IL-16 bands in Western blots (Chupp et al., 1998; Croq et 

al., 2010), which suggests general difficulties regarding the detection of this cytokine. 

Other investigators using the same antibody as in these experiments, however, obtained 

clear Western blot results (Roth et al., 2015). Therefore, the Western blot results of this 

study could also have been caused by technical difficulties or errors. 

 

4.2.7 IL-16 secretion by PMNs 

For the experiments on the release of IL-16 from PMNs, cells were isolated from healthy 

volunteers. This approach assumes that the triggering mechanism is an external 

stimulation and does not consider differences in PMNs of CKD G5D patients compared 

to healthy control subjects. 

As mentioned earlier, most of the included probands were female. As gender differences 

were found regarding the cell death of neutrophils after culture in vitro (Molloy et al., 

2003), it is conceivable that the study population might have influenced the results.  

 

4.2.8 Measurement of pro-IL-16 or mature IL-16 

In this work, it was assumed that the measured IL-16 corresponds to the cleaved/mature 

form of the cytokine. Regarding the measurement of IL-16 in the supernatant using the 

DuoSet-ELISA, the manufacturer does not specify that the measurement is of the mature 
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form. It is noticeable that in the results of this work, as well as in others, the measurement 

of IL-16 correlates very well with LDH. Therefore, it could also be argued that in the case 

of cell integrity loss, both LDH and pro-IL-16 are passively released and that subsequently 

the pro-IL-16 is determined by ELISA. It therefore becomes evident that protein detection 

by Western blot would be of great importance. 

 

4.2.9 Causation does not imply causality 

The original observation that formed the starting point for this work is the observed 

correlation between pOx and IL-16. It was also observed that IL-16, like pOx, was 

associated with the duration of dialysis and residual kidney excretion. Therefore, it must 

be considered that the correlation of pOx and IL-16 could be due to a common underlying 

variable, such as duration of dialysis or residual kidney function, and that there is no direct 

link between the two analytes pOx and IL-16. 

 

4.2.10 IL-16 as a retention molecule 

In this work, increased secretion of immune cells was investigated as a possible cause of 

the elevated IL-16 levels in CKD-G5D patients. It could also be argued that IL-16 is not 

elevated because of its higher secretion, but rather from a decreased kidney clearance. 

This argument cannot be disregarded. It is generally assumed that the glomerular filtration 

barrier functions with a size and charge selectivity (Jarad & Miner, 2009). Proteins smaller 

than 58 kDa can pass the glomerular filtration barrier (Vanholder et al., 2018). As IL-16 is 

described to have a molecular mass of approximate 60 kDa in the blood stream and no 

reduction of IL-16 has been found during dialysis (Figure 6), it is assumed that IL-16 

cannot pass the glomerular filtration barrier. Again, however, it is apparent that the 

Western blot would be of high importance for determining the actual size present in the 

plasma. 
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4.3 Conclusion and future directions 

The investigation of the source of IL-16 in CKD-G5D patients revealed that it is unlikely 

that a monocyte subset is responsible for the increased level of IL-16 in CKD-G5D 

patients. Furthermore, no single responsible cell type of PBMCs was identified that 

exhibited different characteristics in intracellular levels or secretion of IL-16 between 

patients and control subjects. It may be interesting, however, to pursue the overall lower 

level of IL-16 in PBMCs. 

Several approaches to study the mechanism of secretion and the involvement of 

caspase-3 were attempted. The use of a murine model of BMDMs proved ineffective in 

examining the release of IL-16. The attempt to study the IL-16 release of PMNs, however, 

gave interesting results. These results are encouraging for further work on the possibility 

that PMNs are mainly responsible for the increased IL-16 levels in CKD-G5D patients. 

Several reasons support this: 

1. The possible mechanism of IL-16 secretion by PMNs in vitro through an induction 

of cell death is a conclusive explanation for the origin of IL-16, as there are many 

triggers for cell death of PMNs in the plasma of CKD G5D patients. The identified 

mechanism of cell death by CaOx crystals proved to be nonspecific, as other 

stimulators also triggered IL-16 secretion. Multiple uremic retention molecules or 

pro-apoptotic triggers could be responsible for the increased cell death of PMNs. 

2. The high abundance of PMNs can explain the high levels of IL-16 in patients. 

Compared to other cytokines, the absolute concentration of IL-16 in plasma is high 

(Figure 3A) and the four-time increase found in patients compared to healthy 

individuals is more likely to originate from a highly abundant cell type. 

3. According to the expression of IL-16 by different cell types and tissues, 

granulocytes were found to express the highest level of IL-16 (Figure 2, Human 

Protein Atlas). Although this difference was not confirmed by intracellular staining 

by flow cytometry or Western blot in this work, it is worth comparing not only the 

expression but also the intracellular level and secretion of the different leukocytes 

including neutrophils in the future. 

4. The caspase-3-active LDNs found serendipitously in PBMC samples from CKD 

G5D patients support the concept of immature or degranulated PMNs in CKD. 
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These may be explained by potentially higher cell turnover in CKD G5D patients, 

which could lead to increased IL-16 secretion due to the cell death of PMNs.  

The most important question that needs further attention is the importance of IL-16 in 

CKD. An initial attempt was made to investigate the possible role of IL-16 in association 

with Tregs in the plasma of patients. It proved to be unsuccessful. Therefore, it is 

suggested to perform larger clinical studies focusing on clinical parameters or survival.  

All in all, this work provides insight into IL-16 in CKD. The global disease burden of CKD 

is increasing, and the high mortality and morbidity of CKD is devastating. As the 

importance of specific immunotherapies against cytokines and the ability of cytokines as 

biomarkers are explored and used, the potential of IL-16 in CKD should be further 

investigated. 
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