
Molecular and genetic markers for the prediction of kidney transplant
outcome
Yang, J.

Citation
Yang, J. (2018, December 19). Molecular and genetic markers for the prediction of kidney
transplant outcome. Retrieved from https://hdl.handle.net/1887/67425
 
Version: Not Applicable (or Unknown)

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/67425
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/67425


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/67425  holds various files of this Leiden University 
dissertation. 
 
Author: Yang, J. 
Title: Molecular and genetic markers for the prediction of kidney transplant outcome 
Issue Date: 2018-12-19 
 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/67425
https://openaccess.leidenuniv.nl/handle/1887/1�


MOLECULAR AND GENETIC MARKERS 
FOR THE PREDICTION OF KIDNEY 

TRANSPLANT OUTCOME

Jianxin Yang
杨建新



MOLECULAR AND GENETIC MARKERS FOR THE PREDICTION 

OF KIDNEY TRANSPLANT OUTCOME

Jianxin Yang

杨建新



Molecular and genetic markers for the prediction of kidney 
transplant outcome
Dissertation, University of Leiden, Leiden, the Netherlands

ISBN/EAN: 978-94-028-1244-2
Printed by: Ipskamp Printing
Author: Jianxin Yang

Copyright© 2018 J.Yang, Leiden, the Netherlands
All rights reserved. No part of this thesis may be reproduced or 
transmitted in any form, by any means, electronic or mechanical, 
without prior written permission of the author, or where 
appropriate, of the publisher of the articles.



MOLECULAR AND GENETIC MARKERS FOR THE PREDICTION 

OF KIDNEY TRANSPLANT OUTCOME

Proefschrift

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,

op gezag van Rector Magnificus prof.mr. C.J.J.M. Stolker,
volgens besluit van het College voor Promoties

te verdedigen op woensdag 19 december 2018
klokke 10.00 uur

door

Jianxin Yang

geboren te Zhangjiakou, China
in 1985



Promotor:		  Prof. Dr. F.H.J. Claas

Co-promotor:	  	 Dr. M. Eikmans

Leden commissie:	 Prof. Dr. F. Koning
			   Prof.Dr. MEJ Reinders
			   Prof.Dr. S. Florquin (University of Amsterdam)
			   Dr. H.G. Otten (University Medical Center Utrecht)

Financial support for the publication of this thesis was kindly provided by the University 
Libraries Leiden, National Reference Center for Histocompatibility Testing and the 
Nederlandse Transplantatie Vereniging.



TABLE OF CONTENTS

Chapter 1.	 General introduction

Chapter 2	 The source of SYBR green master mix determines outcome of 
nucleic acid amplification reactions. 

	 BMC research notes. 2016 Dec;9(1):292.

Chapter 3	 Elevated intragraft expression of innate immunity and cell 
death-related markers is a risk factor for adverse graft outcome. 

	 Transplant immunology. 2018 Feb 20.

Chapter 4	 Endothelial-epithelial-related transcriptional levels in acute 
rejection biopsies of kidney transplant recipients are predictive 
for a worse response to steroid treatment. 	 Submitted 

Chapter 5	 Genome-wide association study for acute kidney transplant 
rejection. 	 Submitted

Chapter 6	 The degree of genomic missense SNP mismatching does not 
affect outcome after kidney transplantation. 	 Submitted

Chapter 7	 Genome-wide association studies in kidney transplantation: 
advantages and constraints. 

	 Transplant immunology. 2018 April 25.

Chapter 8	 Calcium-Binding Proteins S100A8 and S100A9: Investigation of 
Their Immune Regulatory Effect in Myeloid Cells. 

	 Int. J. Mol. Sci. 2018, 19, 1833. 

Chapter 9	 Summary and general discussion

Chapter +	 Nederlandse Samenvatting
	 Curriculum Vitae
	 Abbreviations
	 List of Publications
	 Acknowledgments

9

37

55

79

97

117

133

143

163

180
184
185
187
188





                                                                                 For My Family





             1
General introduction

9



10

Content

Kidney transplantation
Complications of kidney transplantation
Rejection of the renal allograft
	 Hyperacute rejection
	 Acute rejection
	 Chronic allograft dysfunction
Diagnosis of allograft rejection
	 Serum creatinine
	 Histologic classification
Treatment of allograft rejection
	 Pulse corticosteroid therapy
	 Lymphocyte depleting antibodies
	 Treatment of antibody mediated rejection
Molecules involved in allograft rejection
	 Innate immunity: Toll-like receptors
	 The complement system
	 Apoptosis in the kidney
	 Endothelium-epithelium related genes
Risk assessment of transplant outcome by molecular tools
	 TCMR related genes
	 Myeloid related S100 proteins
	 Risk assessment of steroid resistance
Genetic risk factors for acute rejection
	 Genome-wide association study (GWAS)
Aim of this thesis



11

1

Kidney transplantation

Patients with diabetes mellitus, glomerulonephritis, or polycystic kidney disease may 
develop chronic kidney disease. If the decline of renal function continues, the patient can 
progress to end-stage renal disease (ESRD), associated with failure to remove excess fluid and 
waste products from the blood (1). Patients with permanent kidney failure require dialysis 
or kidney transplantation. Kidney transplantation is considered the favored treatment for 
patients suffering from ESRD, since successful transplantation is associated with longer 
survival and improved quality of life (2).
 	 In 1954, Joseph Murray and his colleagues in Boston performed the first successful 
kidney transplant between identical twins (3). However, immunological rejection was 
observed when kidneys were transplanted from genetically non-identical donors. The 
introduction of the immunosuppressive drugs azathioprine and corticosteroids enabled 
kidney transplantation from unrelated donors with, originally, a success rate of 50% at 1 
year (4). In the 1980s, graft survival at 1 year was higher than 80% due to the introduction of 
cyclosporine (4). Even with the current immunosuppressive medication, rejection remains a 
risk factor for adverse graft outcome (5). 

The role of human leukocyte antigens (HLA) as strong histocompatibility antigens 
became apparent from skin grafting experiments in the early 1960s, which showed that 
grafts from HLA identical siblings had a longer survival than grafts from HLA mismatched 
siblings (6). Similarly, HLA matching had a beneficial effect on kidney graft survival. In order 
to enable HLA matching in unrelated transplants, Jon van Rood in Leiden founded in 1967 
the international organ exchange organization Eurotransplant (7). The clear relationship 
between well matched HLA and lower incidence of acute rejection and longer graft 
survival was established. Following studies showed that not only HLA-A and -B matching 
but also HLA-DR matching had a strong beneficial impact on the outcome of cadaveric 
renal transplantations, and this led to strategies to allocate deceased donor kidneys 
to fully HLA-DR compatible patients (8-10). Although the introduction of more potent 
immunosuppression has diminished the beneficial effect of HLA matching on graft survival, 
fully HLA matched grafts still have a superior survival. This might be a reason to decrease the 
immunosuppression in fully HLA matched transplants as current immunosuppressive drugs 
are not specific and are often associated with side-effects (11). 

Complications of kidney transplantation
Surgical complications may occur after kidney transplantation such as bleeding, thrombosis, 
urine leak or risk of infection. Due to the improvement of surgical techniques, the incidence 
of these complications is currently low (12). However, delayed graft function (DGF) and 
allograft rejection are regularly seen after transplantation. 
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Delayed graft function, defined as the need for dialysis within the first week after 
transplant, is an early complication after deceased donor transplantation (13). DGF is 
strongly associated with the incidence of acute rejection and chronic allograft nephropathy 
(14, 15). DGF is generally a consequence of acute kidney injury because of ischemia and 
reperfusion injury (IRI). Ischemia, e.g. deprivation of oxygen, results in exhaustion of 
adenosine triphosphate (ATP). Depletion of ATP destroys the homeostasis by accumulation 
of metabolic intermediates of glycolysis and increasing the osmolar load of cells, and it 
results in ischemic edema and subsequent necrosis and apoptosis (16). Numerous studies 
showed that brain death causes increased expression of proinflammatory cytokines, 
complement components, cell adherence molecules, and inflammatory cells in tissues (17-
20). Reperfusion injury develops after a period of ischemia when blood supply to the tissue 
is affected. The rapid burst of reactive oxygen species and release of proteolytic enzymes 
following reperfusion lead to apoptotic and necrotic cell death (16). Damage associated 
molecules, such as high-mobility group box-1 (HMGB1), heat shock proteins (HSP), genomic 
double-stranded DNA, are released and bind to innate immune receptors leading to 
downstream signaling through NF-kB and subsequently initiation of inflammation (21-23). 
The damage of endothelial and epithelial cells may result in DGF affecting early and late 
graft function.

Rejection of the renal allograft
Despite the improvement of HLA typing techniques, facilitating better matching and the 
introduction of more potent immunosuppressive drugs, allograft rejection still occurs; 
although the incidence has diminished. Rejection can be categorized according to the time 
of occurrence: hyperacute rejection, acute rejection, and chronic allograft nephropathy 
(24). This thesis mainly focuses on factors related to the occurrence of acute renal allograft 
rejection. 
 
Hyperacute rejection
Hyperacute rejection of renal allograft occurs within minutes to hours after reperfusion. This 
type of rejection results from preformed antibodies, induced by pregnancies, previous blood 
transfusion and previous transplants, which are directed against either the donor HLA or 
blood group antigens (25, 26). Antibody deposit on the microvasculature endothelium leads 
to activation of the classic complement cascade, which result in endothelial cell necrosis, 
thrombotic occlusion, and graft failure (27). Since the introduction of serological crossmatch 
testing before transplantation, hyperacute rejection has been largely eliminated (28, 29).

Acute rejection 
Acute cellular rejection is the most common form of acute rejection and usually occurs 
within 6 months of post transplantation. It is primarily a T cell mediated immune response 
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against donor HLA expressed on the transplanted organ. The frequency of allo-reactive T 
cells is 1-10%, involving both naïve and memory T cell populations (30). The host’s T cell 
can recognize alloantigen by three distinct mechanisms. Direct allorecognition is the direct 
interaction between the TCR on recipient T cells and mismatched HLA antigens on donor 
derived APCs. Indirect allorecognition plays a dominant role in initiating allograft rejection. 
In indirect recognition, donor derived antigens are processed and presented by recipient 
APCs to the recipient CD4 T cells (31). Recipient DC can also bind intact donor HLA, often 
in the form of exosomes, which leads to priming of recipient T cells via the semi-direct 
pathway (32). The B7 molecules (CD80 and CD86) present on APCs provide the costimulatory 
signal for T cell activation. The HLA peptide-TCR interaction and costimulation signal result 
in upregulation of IL-2 and CD25, which promote cell progression and differentiation. The 
activated T cells can migrate across peritubular capillaries and penetrate the tubules, leading 
to destruction of the tubular epithelial cells (cytotoxicity) and production of inflammatory 
cytokines and chemokines (24). CD8+ T cells release perforin and granzyme B that induce 
target cell apoptosis, and CD4+ T cells secrete TNFα that triggers apoptosis of endothelial and 
tubular cells (24). Other cells bearing chemokine receptors such as monocytes and myeloid 
DCs, which infiltrate the graft, also contribute to acute rejection (33, 34). Approximately 
75% of patients with preexisting DSA are diagnosed with ABMR within 1 year (35).
	 Antibody mediated rejection (ABMR) can be already seen within the first year 
after transplantation (36, 37). ABMR is mediated by preexisting or de novo donor specific 
antibodies (DSA) that normally target the HLA displayed on donor endothelium or non-HLA 
antigens such as MICA (MHC class I polypeptide-related sequence A) and endothelial cell 
specific antigen (38, 39). Antigen and antibody interaction results in antibody-dependent 
cellular cytotoxicity and complement activation, both leading to lysis of the target cells. 
Endothelial cell injury result in platelet aggregation and recruitment of leukocytes via 
cytokines and chemokines (IL-1a, IL-8, and CCL2), and chemoattractants such as C3a and 
C5a. These phenomenons may eventually lead to graft failure (27).
	 Signs of acute TCMR and ABMR may be seen at the same time (mixed rejection) 
(40). Rejections can also occur beyond 6 months post transplantation, and is then often 
termed as chronic allograft rejection.

Chronic allograft dysfunction
Kidney transplants with progressive decline of renal function were formally characterized as 
chronic allograft nephropathy (CAN), a term which was later replaced by interstitial fibrosis 
and tubular atrophy (IF/TA) (41). Both alloimmune injury and non-immune injury such as 
calcineurin inhibitor toxicity, polyomavirus infection, and glomerular / vascular diseases can 
lead to IF/TA (41). Chronic ABMR, characterized by circulating DSA, microcirculatory lesions, 
and C4d deposition in the peritubular capillaries, is the major cause of late allograft failure. 
This late rejection process may also involve cell-mediated graft injury. Recipients with a 
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negative crossmatch test but with donor specific HLA antibodies (DSA) have an increased 
risk for graft failure (42). Compared to patients with preexisting DSA ABMR, patients with de 
novo DSA ABMR had an inferior graft survival (35). The production of de novo DSA was 51% 
in recipients with graft failure compared to 2% in patients with a stable graft function(43). 

Diagnosis of allograft rejection
The current diagnosis of renal allograft rejection mainly relies on clinical monitoring, such 
as serum creatinine, proteinuria, and confirmation by histopathologic lesions in the kidney 
transplant biopsy. Molecular assessment of biopsy samples provides added value to facilitate 
histologic interpretation.

Serum creatinine 
Creatinine is a waste molecule generated via catabolism of phosphocreatine, which is 
formed in the muscles. The production of creatinine is proportional to the muscle mass and 
varies with dietary intake of creatine. Circulating creatinine is freely filtered by glomeruli at 
a constant rate and excreted in the urine. An increased level of serum creatinine reflects 
a decreased glomerular filtration rate caused by a variety processes including allograft 
rejection, acute tubular injury, medication toxicity, and nephropathy from virus infection 
(44). Therefore, serum creatinine is the main marker used to monitor kidney function. 

Histologic classification
Histological assessment of a core biopsy from the renal allograft is performed to distinguish 
acute rejection from other causes of decreased graft function. In 1991, international 
consensus criteria for histology diagnosis were proposed for the first time in Banff, Canada. 
These are updated and refined every two years (45). The Banff classification system was 
established to standardize the renal biopsy interpretation, which is applied as current golden 
standard (the Banff 97 criteria) for diagnosis of renal allograft rejection.

Treatment of allograft rejection
In spite of using potent induction and maintenance immunosuppressive therapy, rejection 
may still occur in renal transplantation recipients. Treatment of acute cellular rejection 
consists of pulse corticosteroid for the first rejection episode and lymphocyte-depleting 
antibodies (OKT3 or ATG) for severe rejections or steroid resistant rejections. 

Pulse corticosteroid therapy 
The treatment of acute renal rejection using prednisone was firstly reported in 1960 (46). 
The temporarily improved renal function raised the interest in pulse corticosteroid therapy as 
acute rejection treatment. Subsequently, Starzl showed that the acute rejection can regularly 
be reversed by addition of high doses of prednisone and actinomycin C (47). Since then, the 



15

1

pulse prednisone approach turned into the principal treatment of acute rejection. As a high 
dose of oral prednisone was associated with a high risk of gastrointestinal complications and 
infection, a high dose of intravenous methylprednisolone was implemented as a successful 
therapy to reverse acute rejection, as this was associated with fewer side effects (48-50). 

Lymphocyte depleting antibodies
Steroid resistant rejection is considered when the patient does not respond to steroid 
pulse therapy (serum creatinine does not return to below 1.2 fold of baseline level) within 
two weeks after the start of the treatment, leading to requirement of ATG treatment (51, 
52). Approximately 30% of transplant recipients with acute rejection show no response to 
steroid treatment and require a more rigorous therapy. This type of rejection is termed 
as steroid resistant rejection. By the early 1960s, administration of the anti-lymphocytes 
serum was shown to prolong renal allograft survival in dogs (53). Subsequently, this 
kind of immunosuppressive therapy was applied in man to prevent organ rejection (54). 
Antithymocyte globulin (ATG) for clinical use is a polyclonal antibody directed against human 
T cells. The immunosuppressive effect of ATG is mainly due to the depletion of T cells via 
complement dependent lysis and T cell apoptosis. In addition, ATG may interfere with 
DC functions and it induces apoptosis in B cells (55). This antibody therapy is an effective 
treatment of acute rejection but it is associated with severe complications, such as fever, 
chill, leukopenia, and infection (56). At the moment, ATG is used for severe acute rejection 
and steroid resistant rejection.	  
	 The use of monoclonal antibodies targeting the cell surface markers of lymphocytes 
represents an alternative approach to deplete lymphocytes. Mouse-derived antibody against 
the CD3 molecules (OKT3) is used for blocking T cell function, and was found to be effective 
for induction of immunosuppression and treatment of steroid resistant rejection (57-59). 
However, treatment with OKT3 often leads to severe side effects, such as cytokine release 
syndrome, nephropathy, and cancer induction (60, 61). Basiliximab is a chimeric (mouse/
human) antibody against human IL-2 receptor on the surface of T cells and it completely 
inhibits lymphocyte activation. Basiliximab combined with standard immunosuppressive 
therapy significantly reduces the incidence of acute rejection without increasing adverse 
effects after kidney transplantation (62). A humanized monoclonal antibody called 
Alemtuzumab is directed against CD52 on mature lymphocytes, and is an effective therapy 
for treating steroid resistant rejection, having greater beneficial effects than ATG treatment 
(63-65). 

Treatment of antibody mediated rejection 
Treatment of ABMR is aimed at the removal of preformed antibodies and elimination of 
B cells. Plasmapheresis rapidly removes existing antibodies and is considered a standard 
therapeutic strategy for ABMR, even though conflicting effects are reported (66). Whereas, 
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the DSA rebound after plasmapheresis therapy was well described and required additional 
strategy to decreases DSA production (67). It was reported that the combination of 
plasmapheresis and intravenous immunoglobulin (IVIG) leads to a better one year graft 
and patient survival than plasmapheresis alone (68). Numerous studies reported that the 
treatment of combination of plasmapheresis, IVIG, and rituximab (antibody against CD20) 
lead to superior graft survival rates compared to single treatment (69-71). Eculizumab 
(anti-C5 monoclonal antibody) for inhibition of terminal complement activation was used 
for treatment of ABMR (72, 73), but a large study is essential to confirm its beneficial effect. 
Currently, the treatment of choice for ABMR is the combination of plasmapheresis, IVIG, 
corticosteroids, and rituximab (74).

Molecules involved in allograft rejection
Several factors have shown to influence the occurrence of acute rejection, including DSA, 
HLA compatibility, DGF, the type of donor, recipient and donor age, and immunosuppressive 
therapy. Alterations in gene expression levels are often associated with the occurrence 
of acute rejection. This thesis mainly focuses on innate immune related genes, apoptosis 
related genes, endothelium-epithelium related genes. 

Innate immunity: Toll-like receptors
The innate immune system, an evolutionarily conserved system, is an important component 
of the nonspecific defense against invading pathogens. It provide immediate defense against 
infectious pathogen but not a long lasting immunity. Besides the anatomical barriers, the 
innate immune system prevents infection via the complement system and cellular responses 
by macrophages, dendritic cells (DCs), and natural killer (NK) cells. Macrophages and DCs 
carry pattern recognition receptors (PRRs) that recognize pathogen-associated molecular 
patterns (PAMPs), which are molecular motifs conserved within many classes of pathogens 
but absent in vertebrates; and damage-associated molecular patterns (DAMPs), which 
are molecules released from damaged tissue and cells (75, 76). The PRRs include Toll-like 
receptors (TLRs), intracellular nucleotide-binding oligomerization domain-like receptors 
(NLRs) and RIG-I-like receptors (RLRs). This thesis focuses on the role of TLRs in kidney 
transplantation.

TLRs play a key role in innate immunity. TLRs are a family of transmembrane 
proteins recognizing PAMPs and mediating signal transduction via the transcriptions factors 
that induce expression of proinflammatory cytokines and chemokines (77, 78). So far, ten 
distinct TLRs have been identified in man, which can be largely divided into two subgroups 
depending on their cellular location. TLR1, TLR2, TLR4, TLR5, and TLR6 are located on the cell 
surface and recognize microbial membrane component such as lipopolysaccharide (LPS), 
lipoproteins, and flagellin. TLR3, TRL7, TLR8, and TLR9 are exclusively located in intracellular 
vesicles such as endosomes, lysosomes, and they recognize microbial nucleic acids such as 
CpG DNA, dsRNA, and ssRNA. 
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TLRs have extracellular recognition domains containing leucine rich repeats and 
an intracellular Toll/IL-1 receptor (TIR) signaling domain (79). When exposed to PAMPs, the 
TLRs form heterodimers and homodimers. Binding of triacylated lipopeptide induces the 
formation of heterodimers of TLR2 and TLR1, whereas binding of the diacylated lipopeptide 
leads to formation of TLR2 and TLR6 heterodimers (80, 81). Flagellin binding leads to 
formation of TLR5 homodimers (82). For TLR4 to recognize LPS it requires its co-receptor, 
myeloid differentiation factor 2 (MD2). TLR4-MD2 interactions lead to the formation of the 
hetero-tetrameric complex, (83). TLR3 directly recognizes dsDNA and forms a homodimer. 
The endosomal TLR7-TLR9 exist as stable preformed dimers (84). Binding of CpG DNA or 
RNAs results in a conformational change in the TLR dimer interface, which is essential for 
downstream signaling (85). 

Dimerization of TLRs brings the cytosolic TIR domains into close proximity, which 
serves as scaffold protein for downstream signal molecules. All TLRs except for TLR3 require 
the adaptor protein: myeloid differentiation primary response protein 88 (MYD88) contains 
a death domain and TIR domain-containing adaptor protein (TIRAP) act as a bridging adaptor 
protein (86). During signal transduction, MYD88 recruits the IL-1R-associated kinase (IRAK) 
family and assembles the hetero-complex, which is required for activation of MAPK and 
NF-kB. The MAPK pathway can activate various transcription factors, including activator 
protein 1 (AP-1). Activation of the MYD88 dependent pathway, results in translocation of 
NF-kB and subsequently upregulates proinflammatory cytokines and chemokines (87). 
TLR3 signals through adaptor protein TIR domain-containing adaptor protein inducing 
IFNβ (TRIF). TLR4 also can signal via the TRIF related pathways, which requires the bridging 
adaptor protein TRIF-related adaptor molecules (TRAM) (88). The TRIF-dependent pathway 
mediated by TLR3 and TLR4 activates IRF3 and NF-kB (89). Activation of IRF3 results in the 
production of interferon-β that has a crucial role in antiviral immune responses. Thus, the 
signal transduction by TLRs is important for the proinflammatory pathway, and it bridges 
innate and adaptive immunity. 

TLRs (2 and 9) are also considered important sensors of many extracellular and 
intracellular DAMPs, including HMGB1, uric acid (MSU), heat shock proteins (HSPs), S100 
proteins, defensins, hyaluronic acid, fibrinogen, and chromatin (90). Self dsRNA or ssRNA 
released from damaged cells can be recognized by TLR3 or TLR7/TLR8. Additional DAMP 
receptors are the receptor for advanced glycation end-products (RAGE) that binds to HMGB1 
and S100 protein, CD2 that recognizes galectins, and integrin that binds to extracellular 
components (90). TLR2 or TLR4 deficient mice are protected against kidney dysfunction and 
neutrophil accumulation after IRI (91, 92). In human studies, the expression of HMGB1 and 
TLR4 was significantly increased in deceased donor grafts. Recipients with a donor graft 
containing loss of function variants in TLR4 had a lower expression of proinflammatory genes 
MCP-1 and TNFα and higher expression of anti-inflammatory heme oxygenase 1, associated 
with an increased rate of immediate graft function (93). TLR2 and TLR4 expression was 
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found to be affected by renal ischemia-reperfusion and associated with poor early kidney 
allograft outcome (94-96).

The complement system
The complement system is part of the innate immune system and includes more than 30 
plasma and membrane proteins. These attracts mononuclear phagocytes and enhance 
phagocytosis to remove microbes and dead cells. There are three distinct pathways of 
complement activation: the classical, alternative, and lectin pathway. The classical pathway is 
initiated by formation of the C1 complex (C1q:C1r2:C1s2) which directly binds to the antigen-
antibody complex. Activated C1s enzyme cleaves C4 and then C2 to form the C3 convertase 
(C4b2a). The mannose-binding lectin (MBL) pathway is very similar to the classical pathway. 
MBL specifically binds to mannose residues present on many pathogens and forms the 
MBL complex with MASP-1 and MASP-2, homologues to C1r and C1s, leading to cleavage 
of C4 and C2. The alternative pathway is activated by spontaneous hydrolysis of C3. Once 
C3b covalently binds to a pathogen or cell surface, factor B binds to C3b and cleaved by 
factor D, which results in formation of C3 convertase (C3bBb). C3 convertase cleaves C3 
to generate the C5 convertase (C4b2a3b or C3bBbC3b), which cleaves C5 and releases the 
C5b. C5b subsequently bind to C6, C7, and C8 to form the complex that inserts into the cell 
membrane and induces C9 polymerization (10-16 molecules) and pore formation known as 
the membrane-attack complex (MAC). The disruption of the cell membrane by MAC results 
in the loss of cell homeostasis and the eventual destruction of the cell or pathogen (97). 

The role of complement activation is to promote phagocytosis and removal of 
pathogens and cell debris. Opsonization is mainly mediated by C3b, which binds to the 
surface of pathogens and is recognized by complement receptors on the phagocytes. 
C4b has a minor effect on opsonization (97). In addition, the small fragments generated 
during the complement activation cascade, such as C3a, C4a and C5a, have an important 
function to induce local inflammation. These molecules induce smooth muscle contraction, 
vasodilation, and enhance the vascular permeability similar to an anaphylactic shock, and 
are therefore referred to as anaphylotoxins. C3a and C5a can also induce the expression 
of adhesion molecules on endothelial cells and the release of histamine from activated 
mast cells. C5a could bind to G proteins and function analogous to chemokines to promote 
neutrophils and monocytes to adherence to endothelial cells and migrate toward the 
inflammation site and increase their phagocytosis ability (97). 
	 Complement regulators are a family of proteins (including CR1, CD46, CD55, 
CD59, factor H) which negatively regulate complement activation. CD55 only has the decay 
accelerating activity that accelerates the C3 and C5 convertases. CD46 only has the cofactor 
activity for inactivation of C3b and C4b via cleavage by serum factor I. CR1, also known as 
CD35, has both decay accelerating activity and cofactor activity, but it has a limited tissue 
distribution. CD59 prevents C9 polymerization and formation of MAC. Factor H is a soluble 
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glycoprotein with both properties, to ensure that the complement system does not damage 
host tissue. This thesis only focuses on the membrane complement regulators.
	 The role of the complement system in the pathogenesis of IRI and allograft rejection 
has extensively been studied. The expression of complement components is significantly 
increased already before implantation in deceased donor kidneys compared to living donors 
(98, 99). Zhou showed that C3-, C5-, C6-deficient mice are protected from IRI. Reconstitution 
of C6 in C6-deficient mice restores the IRI, suggesting that formation of MAC may account 
for the renal injury (100). Steven Sack’s group transplanted C3-deficient or wild type kidneys 
into MHC mismatched mouse recipients. Recipients of C3-deficient kidneys had long term 
graft function, suggesting that expression of C3 is crucial for IRI and acute rejection (101). 
Knocking out or inhibiting MBL in mice protects against renal IRI (102, 103). Factor B deficient 
mice IRI are also protected from renal IRI, suggesting the involvement of the alterative 
pathway in complement activation (104). Transplantation of a donor heart that is deficient 
of CD55 results in a much stronger complement activation in the transplant (105). Blocking 
of C5a receptor improves graft function after IRI, indicating that anaphylotoxins (C5a) are 
involved in renal IRI (106). All these studies indicate that the complement activation plays an 
important role in IRI.
	 Numerous studies in mice have investigated the effect of complement components 
on the activation of the adaptive immune system. Absence of C3a signaling in DCs, either 
by C3a receptor-deficiency or C3aR antagonist treatment, will decrease the expression 
of MHC II and costimulatory molecules, and consequently leads to reduced allo-specific 
T cell responses (107). Also, deficiency of the C5a receptor in both recipients and donors 
is associated with a reduction of the allo-specific T cell immune response and prolonged 
graft survival (108, 109). Absence of C5a signaling leads to increased expression of TGF-
beta, which triggers the CD4+ T cells to differentiate into Foxp3+ Treg cells and Th17 cells 
(110). Monocyte-derived DC stimulated with C3a and C5a show an increased ability for allo-
stimulation through NF-kB signaling (111). C5a binds to its receptor on T cells, which will 
lead to increased T cell expansion through diminished T cell apoptosis (112). These studies 
show that complement fragments play a vital role in adaptive immune response. 
	 Complement also has an effect on antibody production, since depletion of C3 
suppresses thymus-dependent antibody generation (113). C3 deficient mice transplanted 
with wild type bone marrow are able to produce antibodies upon a viral infection (114). 
In MHC mismatched skin transplantation, C3 deficient mice demonstrated an impaired IgG 
response and a decreased range of IgG isotypes (115). Thus, B cell maturation and antibody 
secretion require complement activation.
	  
Apoptosis in the kidney
Renal IRI causes cell death by necrosis and apoptosis (116, 117). Kerr et al. reported 
apoptosis as a mechanism of cell death, which is different from necrosis with respect to 
acute tissue injury (118). 
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	 The major B-cell lymphoma 2 (BCL2) family members, pro-apoptotic protein 
BCL2-associated X protein (BAX) and anti-apoptotic protein BCL2, play an important role in 
apoptosis activation. Cell death signals activate Bcl-2 homology domain 3 (BH3), which result 
in conformational changes of BAX and BCL2. The membrane-integrated BAX assembles into 
a homo-oligomeric pore that permeabilizes the mitochondrial membrane to release pro-
apoptotic factors such as cytochrome c (119). The changed BCL2 can bind to BAX and inhibit 
the oligomerization process (119). The cytosol cytochrome c binds to apoptotic protease-
activating factor-1 (APAF1) in order to form a heptameric protein ring termed apoptosome, 
which activates initiator caspase-9 and then activates executioner caspse-3 (120). Caspases 
in turn degrade a series of cellular components and orchestrate cell demolition (120). Thus 
the balance between death or survival upon stimulation seems to be determined by the 
BAX:BCL2 ratio (121, 122). In addition, renal tubular cell apoptosis also can be activated by 
extrinsic pathways. The extracellular ligands such as TNF or Fas ligand interact with the cell 
surface death receptors, and they lead to formation of death inducing signaling complex 
(disc) that recruit and activate caspase-8. The activated caspase-8 could either cleave BCL2 
family members and induce mitochondrial stress, or directly activate caspase-3 to promote 
apoptosis (120, 123). In apoptosis, the chromatin forms dense crescent-shaped aggregates 
lining the nuclear membrane. Nuclear membrane invagination results in segmented nucleus. 
Subsequently convolution of the plasma membranes leads to a cluster of membrane bound 
segments and apoptotic bodies, which contain cellular organelles (118). The apoptotic cells 
are rapidly phagocytized by macrophages without generating inflammation (118, 124). 

Apoptosis and DNA fragmentation are often observed after reperfusion (125, 
126), but the apoptosis of tubular cells is initiated during the normothermic ischemia, and 
is characterized by activated BAX and decreased anti-apoptotic proteins BCL2 and cFLIP 
(121). Apoptosis of tubular cells contributes at least part to acute and chronic renal allograft 
rejection (127, 128). Phagocytosis of apoptotic cells by macrophages does not stimulate 
inflammation. However, if the apoptotic body membranes becomes permeabilized, this can 
switch the macrophage response to proinflammatory. The responsiveness of macrophages 
to apoptotic cells mainly depends on the balance of anti- and pro-inflammatory signals 
(129). 	

Endothelium-epithelium related genes
Vascular endothelial cells serve as the interface between the blood and tissue and mediate 
coagulation and inflammation. Glomerular endothelial cells are remarkably flattened and 
highly fenestrated, which allows exchange of large molecules (130). Peritubular capillaries 
surround the vasa recta, allowing reabsorption of oxygen and nutrients, and they secrete 
certain mineral ions. Therefore, maintenance of endothelial integrity is critical for renal 
function and graft survival. Ozdemir et al reported that patient with mild microvascular 
destruction respond more frequently to steroid treatment than patient with severe 
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microvascular endothelium destruction (131). Various studies showed that vascular 
rejection is associated with inferior kidney transplant outcome (131-133). Endothelial cell 
specific transcripts can be identified using microarray techniques, and include amongst 
others CD31, cadherin 5, and von Willebrand factor (134). These transcripts are involved 
in blood vessel formation and cellular adhesion and may reflect the quality of endothelium 
and kidney function. 

Figure 1. Danger signals in transplant immune activation. Ischemia reperfusion injury (IRI) leads to 
induction of necrosis of tubular cells and release of damage associated molecular patterns (DAMPs), 
which are normally hidden within intact cells. DAMPs binds to Toll-like receptors (TLRs) on dendritic 
cells (DC) and induce DC activation and maturation. The matured DC present donor derived antigen 
and co-stimulatory molecules to naïve T cells, which drive T cell differentiation into IFN-γ producing 
TH1 cells. IFNγ can stimulate maturation of other DCs, induce macrophage activation and recruitment, 
and direct differentiation of CD8+ T cells. The recipient DCs are also able to capture donor HLA class 
I and stimulate recipient CD8+ T cells. IRI can lead to induction of a local increase of complement 
component 3. Cleavage of C3 by the alterative pathway results in C3b deposition on the cell membrane 
and complement cascade activation. The small fragments C3a and C5a, released during complement 
activation, have pro-inflammatory effects. The formation of membrane attack complex (MAC) leads to 
target cell lysis and release of DAMPs. 
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Risk assessment of transplant outcome by molecular tools
To overcome the limitations of histologic assessment, molecular diagnostic tools were 
developed and improved in quest of better precision. Philip Halloran’s group has developed 
machine learning classifier algorithms to assess the probability of TCMR and ABMR using 
microarray (135, 136). TCMR expression profiles reflect APC activation and costimulation, T 
cell signaling, and IFN-γ related effect (137). ABMR specific transcripts are mainly expressed 
in endothelium, epithelium, and NK cells, and many of these are induced by IFN-γ (135). A 
molecular score, reflecting the probability of TCMR or ABMR, was assigned by the classifier 
algorithms based on these rejection specific transcripts. The same research group has 
developed a molecular microscope diagnostic system (MMDx) for real time assessment 
of kidney transplant rejections, whereby the biopsy samples are processed in a 29 hours 
procedure (138). MMDx diagnosis for the ABMR and TCMR showed 77% of balanced 
accuracy versus histology diagnosis, but clinicians agreed with molecular assessment (87%) 
more than with histology diagnosis (81%). All the reports signed out by trained observers 
based on the molecular score had more than 90% agreement. Therefore, the molecular 
diagnosis certainly can contribute to clinical management (138). 

TCMR related genes
Identification of TCMR specific molecular markers using microarray assays is of importance 
to add extra values for histologic assessment and predict graft outcome. Sarwal et al firstly 
revealed the heterogeneity in acute rejection based on differences in immune activation 
and inflammatory cell composition (139). Reeve et al identified a series of transcripts that 
are differently expressed in TCMR versus other indication biopsy samples, including CD8a, 
CD96, CD28, BTLA, IFN-γ (136). Another prospective study confirmed that the TCMR score 
generated using the specific transcripts is associated with TCMR lesions (140). 
These transcripts mainly reflect T cell immunity, APC activation, IFN-γ effects, and 
parenchymal injury. Assessing the molecular profile of rejection may contribute to a more 
reliable diagnosis, especially in ambiguous biopsies. 

Myeloid related S100 proteins
Patients with a high expression of myeloid related S100A9 in acute rejection biopsy 
samples show a better long term graft survival than patients with low expression (141, 
142). Calprotectin, the heterodimer complex formed by S100A8 and S100A9, is abundantly 
expressed in myeloid cells. Calprotectin acts as a biomarker of inflammatory bowel disease, 
as increased number of neutrophils infiltrate in the bowel (143). In addition, the expression 
levels of calprotectin also correlate with autoimmune diseases (144-147). Ryckman et 
al. showed that S100A8/S100A9 are involved in neutrophil activation and migration to 
inflammatory site (148). Extracellular S100A8 and S100A9 proteins can bind to TLR4 or 
the receptor for advanced glycation end products (RAGE), expressed on macrophages or 



23

1

endothelial cells, leading to the production of proinflammatory cytokines and chemokines 
via the NF-kB signaling pathway (149, 150). Furthermore, S100 proteins exhibit calcium and 
zinc dependent antimicrobial activity effects (151-153). 

On the contrary, other studies reported that S100A8 and S100A9 are involved in 
accumulation of myeloid-derived suppressor cells (MDSC) that play an anti-inflammatory 
role in the adaptive immune response. Chen et al. demonstrated that S100A9 can inhibit the 
dendritic cells differentiation and accumulate MDSC in tumor-bearing mice (154). Sinha et 
al. reported that S100A8/A9 could bind to cell surface glycoprotein receptors on MDSC and 
enhance MDSC migration through NF-kB pathway (155). MDSC can also secrete S100A8/
A9 proteins that form an autocrine feedback loop for their accumulation (155). Zhao et al. 
proposed S100A9 as a novel maker of human monocytic MDSCs (156). In human kidney 
transplantation, MDSC present in the recipients can expand regulatory T cells in vitro 
(157, 158). In addition, recipients with a higher frequency of MDSC at time of rejection 
experienced better long term graft outcome compared to recipients with lower numbers of 
MDSC (158). 
	 S100A8/A9 deficient mice show enhanced renal dysfunction, sustained inflammation, 
and increased fibrosis during tissue repair process after IRI, suggesting that S100A8/A9 play 
an important role in macrophage mediated renal repair (159). Immunofluorescence staining 
of the tissue biopsy showed that of the S100A9+ cell population 97.2% was positive for 
pan-macrophage marker CD68 and 77.8% positive for HLA-DR, but that only 35.6% and 
25.9% was positive for macrophage type 2 marker CD163 and granulocyte marker CD66b, 
respectively. These results indicate that the infiltrated S100A9+ myeloid cells represent a 
distinct macrophage subset with immune regulatory capacity (141). In addition, extracellular 
S100A8 and S100A9 inhibit the maturation of monocyte derived dendritic cell in vitro, 
which subsequently leads to a reduced T cell proliferation and IFN-γ production in mixed 
lymphocyte reactions.	

Risk assessment of steroid resistance
Accurate prediction of steroid resistance using indication biopsies enables application 
of the appropriate immunosuppressive therapy, which prevents irreversible nephron 
damage that otherwise would develop during the period of suboptimal steroid treatment. 
Histological evaluation of kidney biopsies is used to assess steroid resistant rejection. Acute 
rejection with endarteritis and sticking of mononuclear cell to endothelial cells predict 
steroid resistance (133). Haas et al. reported that severe acute vascular rejection (type 
2B) is associated with steroid resistant rejection and long term clinical outcome (132). C4d 
deposition in peritubular capillaries (PTC), a maker of DSA formation and complement 
activation, is associated with steroid resistant rejection (160-162). However, Botermans et 
al. could not confirm the correlation between C4d staining and steroid resistance in early 
acute rejection episodes (163). 
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Presence of inflammatory cells, such as B cell, macrophages, NK cells, and cytotoxic 
T cells is correlated with worse response to steroid therapy. Several studies showed that 
the dense CD20+ B cells infiltrates in biopsy samples predicts steroid resistance (139, 164, 
165), whereas recent studies showed inconsistent results (166-168). The presence of 
CD68 positive macrophages in glomeruli and interstitium correlates with steroid resistant 
rejection (169, 170) and is associated with intimal arteritis and C4d deposition (171-173). 
Rejection with a predominance of cytotoxic T cells in the glomeruli and extensive staining of 
mononuclear granulysin is indicative for steroid resistance (174, 175). A subsequent study 
confirmed that patients with steroid resistant rejection display increased mRNA levels of 
cytotoxic T cell- and NK cell markers (139). Increased expression of the T cell activation 
markers CD25:CD3 ratio and LAG-3 (51) and of Fas ligand (176) in kidney biopsies are 
predictive of steroid resistant rejection. In contrast, a relatively high mRNA level of FOXP3 
in urinary cells is predictive of the reversal of acute rejection by steroids (177). Rekers et al. 
showed that high tissue expression of metallothioneins, which are zinc-binding proteins, 
predict steroid resistance (178). These findings indicate that several factors play a role in 
steroid resistant rejection of kidney transplants. 

Genetic risk factors for acute rejection
The role of HLA molecules in the field of transplantation has been widely appreciated: better 
matching leads to better graft function. Possible associations between clinical outcome 
and non-HLA polymorphisms in genes encoding cytokines, chemokines, toll-like receptors, 
ficolins, and complement components, have been investigated in many studies (93, 179-
184). Some studies show a significant association between candidate SNPs and transplant 
outcome, but validation of the same SNPs in follow-up studies often led to inconsistent 
results. The inconsistent results may be due to differences in population composition and 
characteristics, inadequate sample size, lack of statistical correction for multiple testing, 
and lack of validation in an independent cohort. Thus large international collaboration 
study is required to establish the role of non-HLA polymorphisms in the field of kidney 
transplantation. 

Genome-wide association study (GWAS)
GWAS represent an unbiased approach to analyze millions of SNPs scattered across the 
genome, GWAS may also provide a robust genomic platform to characterize genetic risk 
factors of adverse transplant outcome. The advantages of GWAS in kidney transplantation 
will be described in chapter 6. 

Genomic research in transplantation is more complicated than genomic research of 
common diseases, because it involves the interaction between the recipient and the donor 
graft. The human H-Y antigen, a male donor allograft to a female recipient, is associated 
with elevated risk of graft loss after kidney transplantation (185, 186). The effect of non-HLA 
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antigens such as MICA, G protein-coupled receptors (GPCRs), vimentin, angiotensin II type 
1 receptor (AT1R), and perlecan in kidney transplant has been summarized in a previous 
review (187). A small pilot study showed that the number of amino acid mismatches in 
trans-membrane proteins is negatively correlated with long term allograft function, 
independent of HLA matching and donor age (188). The combined analysis of recipient and 
donor genomes, such as homozygous loss–of-function variants and nonsynonymous SNP 
mismatching, may provide new insight into the mechanism of rejection. 

Figure 2. The role of single nucleotide polymorphism in the alloimmune response. SNPs may affect 
alloimmune responses through multiple mechanisms. Firstly, SNPs located in the promoter of genes 
may affect the binding of transcription factors, which subsequently alter gene expression of immune-
related molecules. Secondly, missense SNPs may lead to a protein confirmation change, alternative 
splicing, or gain of stop codon, leading to a loss of function. Thirdly, missense SNPs may result into 
amino acid substitution of encoded proteins that generate polymorphic epitopes. Recipient DCs 
process and present such mutated proteins in the form of peptides to CD4+ T cells and initiate an 
alloimmune response. 
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Aim of this thesis 
The aim of this thesis was to identify molecular markers and genetic variants associated with 
adverse transplant outcome and investigated the immune regulatory effect of S100 calcium 
binding proteins.

In this thesis, quantitative real time PCR was used to identify the molecular markers 
associated with kidney transplant outcome. First, we compared commercial SYBR green 
master mixes and optimized qPCR protocols in order to obtaining a high sensitivity and 
specificity of the assays to be used in the other chapters (chapter 2). 

To investigate molecular markers associated with IRI, steroid resistance and adverse 
graft outcome, a large cohort study of kidney transplant patients with acute rejection was 
studied. In chapter 3 we tried to answer the question whether innate immunity, complement 
and apoptosis related makers, associated with IRI, can predict long term graft survival when 
measured at the time of acute rejection. In chapter 4 we tried to assess the risk of patients 
with acute rejection and predict the steroid resistance by analyzing a number of endothelial-
epithelial cell and TCMR related makers in biopsy samples. In chapter 5 we tried to identify 
the genetic risk factors associated with biopsy proven acute rejection, based on a genome 
wide association study of more than 300 donors and recipients. In chapter 6 we tried to 
answer the question whether the genomic missense SNP mismatching between donor and 
recipient has any effect on kidney transplant outcome. The advantages and constraints of 
GWAS in kidney transplantation are discussed in chapter 7.
	 In chapter 8 we provided evidence that calcium binding proteins S100A8 and 
S100A9, which have been show to predict a favorable graft outcome after acute rejection, 
have an  immune regulatory effect in myeloid cells.
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Abstract

Background. Quantitative (q)PCR by amplification of nucleic acid with a fluorescent dye is 
widely used. Selection of adequate PCR reagents and devices is relevant to achieve reliable 
and consistent data. Our main objective was to test the robustness of different commercial 
SYBR green PCR mixes with respect to specificity and sensitivity of the PCR assay, across 
various PCR machines (Light cycler 96, ViiA7) and amplification protocols. Herein, we 
applied PCR protocols for determining mRNA transcript levels, DNA copy numbers, and DNA 
genotype.
Results. First, we set up 70 primer-based assays that targeted immune-related mRNA 
transcripts. Of the 70 assays 66 (94.3%) resulted in a single melting curve peak, indicating 
specificity of the amplification, with PCR mixes from large vendors (Roche, ABI, Bio-Rad). But 
this was only seen when the PCR protocol that was indicated in the vendor’s guidelines for 
each particular mix was applied. When deviating from the prescribed protocol, suboptimal 
melting curves were most often seen when using Roche SYBR green. With respect to 
PCR yields, the use of ABI mix more often led to lower Cq values. Second, we set up 20 
primer-selective PCR assays to target different insertion-deletion and single nucleotide 
polymorphism regions throughout the genome. The variation in delta Cq between positive 
and negative DNA samples among the PCR assays was the lowest when using ABI master 
mix. Finally, the quality of high resolution melting (HRM) assays for DNA genotyping was 
compared between four commercial HRM PCR mixes (Roche, Bioline, PCR Biosystems, 
ABI). Only Roche and ABI mixes produced optimal clusters of melting profiles that clearly 
distinguished genotype variants. 
Conclusion. The current results show a preference for the use of ABI mix when it comes 
to obtaining higher sensitivity in cDNA analysis and a higher consistency among assays in 
distinguishing DNA genotypes among different individuals. For HRM assays, it is advisable to 
use master mix from a relatively large vendor.
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Background

Real-time polymerase chain reaction (PCR) is widely used to measure gene expression and 
DNA copies (1, 2). The most commonly used methods for quantitative polymerase chain 
reaction (qPCR) are based on non-specific SYBR green chemistry and specific Taqman probe 
chemistry(3). Intercalating dyes, which bind double–stranded (ds) DNA with high efficiency 
in the reaction, are most commonly used. When it binds to dsDNA, the fluorescence signal 
enhances >1,000 fold compared to situation where it is unbound and in free solution (4, 5). 
The overall fluorescence intensity is proportional to the amplified products and increases 
as the target is amplified(6). A drawback of SYBR Green I is its lack of specificity: binding 
to nonspecific dsDNA in the real-time PCR reaction hampers reliable quantification of the 
specific product(7). Presence of non-specific PCR products can be ruled out by performing 
a melting curve analysis(8). Therefore, the use of DNA-binding dyes may require more 
extensive optimization. In general, when performing singleplex assays the use of SYBR green 
dye is preferable over that of probe chemistry, since the former assays are easier to design, 
faster to set up, and less expensive (9, 10).

High resolution melting (HRM) analysis is a novel, closed-tube, high-throughput 
technology for identifying mutations and polymorphisms in nucleic acid sequences(11, 
12). The combination of a saturating, DNA-binding dye with superior instrumentation and 
sophisticated software enables the detection of genetic variations by analyzing PCR melting 
curves at a finer temperature resolution. HRM reactions generate specific and sensitive 
melting profiles. They can be used for genotyping, mutation screening, and methylation 
analysis based on heterozygosity, length, and GC content(13) .
Numerous real-time PCR devices and master mixes are available on the market. To perform 
reliable high-quality data, PCR master mix, and equipment need to be optimal. However, 
general lab optimized protocols are widely used for different gene targets and performed 
diversely between conditions. Our main objective was to test the robustness of different 
commercial SYBR green PCR mixes with respect to specificity and sensitivity of the PCR assay. 
This was tested across various PCR machines and amplification protocols for assessment of 
mRNA transcript levels, DNA copy numbers, and DNA genotypes.

Materials and methods

PCR machines, SYBR Green mixes and HRM mixes
Equipment used included the Light Cycler 96 (Roche Diagnostics, Mannheim, Germany) 
and the ViiA 7 (Applied Biosystems by Life Technologies, Austin, Texas, USA) real-time PCR 
machines. Performance of three different PCR mixes was compared, including SYBR Select 
Master Mix (Applied Biosystems), iQ SYBR Green supermix (Bio-Rad, Hercules, CA, USA), and 
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FastStart Essential DNA Green Master (Roche Diagnostics). We evaluated four different HRM 
mixes on the Lighter Cycler 96, namely high resolution melting master (Roche Diagnostics), 
SensiFast HRM Kit (Bioline, London, UK), qPCRBIO HRM Mix(PCR Biosystems, London, UK), 
and MeltDoctor HRM Master Mix (Applied Biosystems). 

Nucleic acid extraction and cDNA synthesis
DNA was isolated using chemagic DNA Blood2k Kit by chemagic MSM I equipment 
(PerkinElmer), and the quantity was measured on a NanoDrop 2000 Spectrophotometer 
(Thermo Fisher Scientific Inc, Asheville NC). Isolated DNA samples were diluted to 10 ng/µl 
with nuclease-free water and used as template in qPCR and HRM assays.

RNA was extracted using the NucleoSpin miRNA kit (Macherey-Nagel, Germany) from 
peripheral blood cells obtained by ficoll or percoll gradients, namely cell subsets positive 
for either CD3 (T cells) or CD14 (monocytes). Protocols for total RNA purification were 
followed as described by the manufacturer. RNA quantity was determined on a NanoDrop 
2000 Spectrophotometer. RNA quality was evaluated using the StdSense Analysis kit and 
the Experion RNA analyzer (Bio-Rad, Hercules, CA). Complementary DNA was synthesized 
from 150 ng of total RNA (RNA quality index>7.0) following the manufacturer’s manuals: 
Superscript III RT (Invitrogen; 200 U of RT), 0.5 mM dNTP, 40 U of RNAse OUT, and 5 mM DTT. 
RNA was combined with oligo-dT (Invitrogen; 0.25 mg) and random nucleotide hexamers 
(Invitrogen; 0.25 mg), and incubated at 65°C for 5 minutes(14). The tubes were immediately 
placed on ice after incubation, and the remaining constituents were added. The reactions 
were allowed to proceed at 25°C for 5 minutes, at 50°C for 60 minutes, and then terminated 
at 70°C for 5 minutes.

PCR primers
Optimal primers pairs for cDNA assays were selected using Primer 3 version 4.0.0(15, 16) 
or Universal Probe Library. To prevent amplification of genomic DNA, forward and reverse 
primers for majority of the transcripts were designed to target separate exons, spanning 
at least one intron with a size of 800 bp or more. The PCR efficiency of amplification was 
calculated by the software using the four-fold serial dilution of pooled cDNA, and 90-110% 
was considered as acceptable. The primer selection for genomic DNA (gDNA) assays (S01a, 
S01b, S03, S04a, S04b, S05a, S05b, S06, S07a, S07b, S08a, S08b, S09a, S09b, S10a, S10b, 
S11a) was based on a previous study (Table 1) (17). Firstly, high percentage of heterozygous 
biallelic polymorphism in the general population was selected. Second, one of the primer 
sequences was specific to each allele of polymorphic site, whereas the other one was picked 
in a common region. HRM primers were designed to amplify a short DNA segment covering 
polymorphism rs2230199. 
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Table 1. Primer sequences and amplification efficiency

Target Forward primer (5’-3’) Reverse primer (5’-3’) Amplicon(bp) Reagent Efficiency
GAPDH acccactcctccacctttgac tccaccaccctgttgctgtag 110 ABI 0.98
TLR2 gtgataggtgtgaggcaggt gtggccgccttgattcatag 136 ABI 0.93
CD1c tttctgcagtttctgctgcta gagacgtgttcctgggatg 74 ABI 1.06
CD54 ccttcctcaccgtgtactgg agcgtagggtaaggttcttgc 90 ABI 1.05
CD68 ttcccctatggacacctcag ttgtactccaccgccatgta 86 ABI 1
CCL4 cctgctgcttttcttacac cacagacttgcttgcttc 126 ABI 1.09
IL4 gtctcacctcccaactgctt gttacggtcaactcggtgca 157 Bio Rad 0.99
IL4 gtctcacctcccaactgctt gttacggtcaactcggtgca 157 Roche 1.01
IL8 gaaggaaccatctcactg ccactctcaatcactctc 200 Bio Rad 0.96
IL8 gaaggaaccatctcactg ccactctcaatcactctc 200 Roche 0.94
IL1RN cctgtcctgtgtcaagtctgg agcggatgaaggcgaagc 110 ABI 0.93
CEBPB cgcttacctcggctacca acgaggaggacgtggagag 65 ABI 0.94
IL-18 tgcatcaactttgtggcaat atagaggccgatttccttgg 169 ABI 1
V-FOS actaccactcacccgcagac ccaggtccgtgcagaagt 75 ABI 0.98
Egr-1 agccctacgagcacctgac ggtttggctggggtaactg 92 ABI 0.9
Egr-2 ttgaccagatgaacggagtg tggtttctaggtgcagagacg 121 ABI 0.92
CD43 aagatgtcatcagtgcccca cacggtgtgggatcctagag 90 ABI 0.93
CCR7 ggtggtggctctccttgtc actgtggtgttgtctccgatg 84 ABI 1.1
CD40 gcaggcacaaacaagactga atggcaaacaggatcccgaa 95 ABI 0.91
S01a ggtaccgggtctccacatga gggaaagtcactcacccaagg
S01b gtaccgggtctccaccagg gggaaagtcactcacccaagg
S03 cttttgctttctgtttcttaagggc tcaatctttgggcaggttgaa
S04a ctggtgcccacagttacgct aaggatgcgtgactgctatgg
S04b ctggtgcccacagttacgct aggatgcgtgactgctcctc
S05a aaagtagacacggccagacttagg catccccacatacggaaaaga
S05b agttaaagtagacacggcctccc catccccacatacggaaaaga
S06 cagtcaccccgtgaagtcct tttcccccatctgcctattg
S07a tggtattggctttaaaatactggg tgtacccaaaactcagctgca
S07b ggtattggctttaaaatactcaacc cagctgcaacagttatcaacgtt
S08a ctggatgcctcactgatcca tgggaaggatgcatatgatctg
S08b gctggatgcctcactgatgtt tgggaaggatgcatatgatctg
S09a gggcacccgtgtgagtttt tcagcttgtctgctttctggaa
S09b gggcacccgtgtgagtttt cagcttgtctgctttctgctg
S10a gccacaagagactcag tggcttccttgaggtggaat
S10b ttagagccacaagagacaaccag tggcttccttgaggtggaat
S11a taggattcaaccctggaagc ccagcatgcacctgactaaca
Hy ttctggaacctttcttttcaggc acttccctctgacattacctgataattg
HA-8p tgcagtcagcagatcaccc cttctgggcaacagttatgga
KIR3-
DS1

catcrgttccatgatgcg  
ccacgatgtccagggga

tccatcggtcccatgatgtt
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qPCR and HRM assays and PCR protocols
The 20-µL qPCR reaction system (cDNA assays) contained 4 µL of 25-times-diluted cDNA, 
10 pmol forward and reverse primers, 10 µL of PCR Mix, and nuclease-free water. The 20-
µL qPCR reaction (DNA assays) included 50-200 ng DNA, 10 µL of SYBR PCR Mix, 6 pmol 
forward and reverse primers, and nuclease-free water. The Roche HRM master mix reaction 
consisted of 7.5 µl of mix, 3 pmol forward and reverse primers, 3 mM MgCl2 , 20 ng DNA, 
and nuclease-free water. Besides, the 15-µl HRM PCR reaction consisted of 7.5 µl of HRM 
mix, 6 pmol forward and reverses primers, 20 ng DNA, and nuclease-free water. 

The PCR program (cDNA assays) strictly followed the prescribed protocols for each 
PCR mix (Table 2). Upon completion of each run, a melting curve analysis was performed 
to check specificity of the primers. In some occasions, the PCR product was additionally 
analyzed by agarose gel electrophoresis. The quantification cycle (Cq) value represents 
the number of cycles needed to reach a set threshold fluorescence signal level, which is a 
measure of number of cDNA or DNA copies. 

The HRM PCR program consisted of a pre-incubation for 10 min, followed by 45 cycles 
of denaturation at 95°C for 10 seconds, annealing at 60°C for 15 seconds, and extension 
at 72°C for 15 seconds. Melting analysis was performed by first heating to 95°C for 1min, 
cooling to 40°C for 1min, heating to 65°C, and then melting with continuous acquisition (15 
readings/°C) of fluorescence signal until 97°C. Fifteen DNA samples were analyzed, 12 of 
which were homozygous (GG) and 3 of which were heterozygous (GC) at the SNP location.

Ethics (and consent to participate)
Written informed consent was obtained from donors for use of part of the human material 
for scientific purposes. Samples were processed and analyzed in an anonymous way. Blood 
samples used for nucleic acid analysis were obtained in the context of studies performed in 
accordance with the Declaration of Helsinki Good Clinical Guidelines and approved by the 
local medical ethics committee.

Data analysis
Statistical analyses were performed using SPSS statistics 20. The mean delta Cq values 
(positive minus negative gDNA samples) between PCR mixes were compared by paired T 
test.
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Table 2. Prescribed PCR amplification program1

Mix Steps Temperature Duration Cycles
ABI UDG activation 50°C 2 min Hold

Activation 95°C 2 min Hold
Denature 95°C 15 sec

40
Anneal/extend 60°C 60 sec
Melt Curve Analysis 95°C 10 sec

60°C 60 sec
97°C 5 sec

BioRad Activation 95°C 3 min Hold
Denature 95°C 15 sec

40
Anneal/extend 60°C 45 sec
Melt Curve Analysis 95°C 10 sec

55°C 60 sec
95°C 15 sec

Roche Activation 95°C 10 min Hold
Denature 95°C 10 sec 

40Anneal 60°C 10 sec 
Extend 72°C 10 sec 
Melt Curve Analysis 95°C 10 sec

65°C 60 sec
95°C 15 sec

General lab PCR 
program

Activation 95°C 10 min Hold
Denature 95°C 15 sec

45
anneal/Extend 60°C 60 sec
Melt Curve Analysis 95°C 10 sec

55°C 60 sec
97°C 5 sec

1The ramp of each machine were set to default.

Results

Amplification of cDNA
Melting profiles represent a suitable means to distinguish amplified products from primer 
dimer and other nonspecific amplification artifacts (8, 18). In terms of cDNA templates, 79 
immune-related transcripts were targeted by specific primer pairs in PCR reactions containing 
ABI, Bio Rad or Roche PCR Mix on a Light Cycler 96 PCR device. Of these, 9 primer pairs 
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showed low performance due to either the absence of amplification product or nonspecific 
amplification with any of the three different mixes. These were left out of further analysis. 
The remaining 70 transcripts were classified into four categories according to the melting 
profiles obtained after PCR with the three different master mixes (Table 3). Sixty-six primer 
sets (94.3%) generated a single sharp melting peak with all three SYBR green PCR mixes in 
case of adherence to the suggested PCR protocol in the vendors’ guidelines (Table 3, category 
1a). In case of using Roche mix in combination with a general lab PCR protocol (Table 2), 13 
primer pairs (18.6%) led to suboptimal melting peak after the PCR indicating generation of 
a specific PCR products (Table 3, category 1b). The primer pair targeting CCL4 showed sharp 
and specific melting curves only with the ABI and Bio Rad master mix (category 2), while 
CCL18 showed a single and smooth melting peak only with the Roche mix (category 4). Two 
primers pairs (those targeting IL8 and IL4; category 3) demonstrated one sharp melting peak 
with Bio Rad and Roche but negative amplification with ABI mix. Representative melting 
profiles and gel plots for the categories are shown in figure 1. 

Table 3. Categories classified by amplification specificity 1

Cat ABI Bio-Rad Roche Transcripts	 Number

1a Y Y Y

GAPDH, CD23, CD68, TLR9, Arg1, PDL1, CXCR4, 
COX2, B-actin, CXCR1, CCL2, CCL3, CD115, 
CD117, CD11b, CD163, CD14, CD66b, CD86, 
HLA-DR, IL10, HO-1, IL1b, IL6, S100A9, STAT4, 
STAT6, STAT3, TGFB1, TNFa, CCL5, CCL7, V-JUN, 
CSF3R-2, CD13-2, CCR5, CD31, CD44, CD54, 
CD64, CD16a, CD205, NFkB, S100A8, CCR2, 
CD62L, MSR1, CCL24, CD15, CD209, CLEC4C, 
FLT3, IFNγ

66

1b Y Y Y/N 2 IL-1RN, IL-18, CEBPB, v-FOS, Egr1, Egr2, CD54, 
CD200R, CD40, CD1c, TLR2, CD43, CCR7

2 Y Y N CCL4 1
3 Neg Y Y IL8, IL4	 2
4 Neg N Y CCL18 1

1 Y, a single smooth sharp peak; N, more than two or unsmooth peaks; Neg, no amplification
2 With Roche mix, the primers mentioned generated specific PCR amplicons in the melting 
curve analysis, only when the suggested PCR protocol from the vendor’s guideline (Table 2) 
was used. In case of using a general lab PCR protocol (Table 2), suboptimal melting curves 
were observed indicating additional a specific PCR products. 
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Figure 1. Not all PCR mixes result in optimal specificity of cDNA amplification reactions. The 
performance of three commercial SYBR green PCR mixes was compared by amplifying cDNA with 
70 primer-based assays targeting different mRNA transcripts. A single melting curve peak indicates 
specificity of the amplification. The figure shows examples of melting curves and corresponding gel 
blots for several primer sets from Table 3, in situations where all three mixes gave optimal results and 
where one or more mixes resulted in a suboptimal amplification reaction.

The Cq value is another relevant outcome parameter in quantitative PCR. The difference 
in Cq value between different PCR mixes was only calculated for the primer sets that gave a 
specific PCR product with at least two mixes (Figure 2). Delta Cq between PCR mixes varied 
according to the transcript analyzed and the PCR machine that was used. GAPDH, TLR2, 
and CD1c showed lower Cq values by Roche mix on a LC96, while lower Cq values were 
obtained by ABI mix on a ViiA7. Two primer pairs (CD54 and CD68) generated lower Cq 
values by ABI mix compared with others, which was most prominently observed when using 
the Viia7 machine. The primer pair of CCL4 produced higher Cq values by ABI mix than the 
Bio Rad mix on both instruments. Transcript targeting IL8 demonstrated higher Cq values by 
Roche mix than by Bio Rad mix, whereas IL4 showed lower Cq values by Roche mix on two 
machines (Figure 2). 
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Figure 2. Delta-Cq values between different PCR mixes after cDNA amplification with only those 
primer pair/PCR mix combinations which led to one specific melting peak. Results for BioRad PCR 
mix represent the reference (set to zero; black dotted line). Red and blue flags represent results 
obtained with mixes from ABI and Roche, respectively. 

Amplification signals in the no template control (NTC) sample are indicative for primer 
dimer formation or contamination problems (19). The Bio Rad and Roche mix occasionally 
showed positive signals with high Cq values (Cq>40) in NTC, while the ABI mix exhibited 
negative amplification (Cq>45) in most cases (Supplementary figure 1). On minus-reverse-
transcriptase controls the ABI mix generated negative amplification (Cq>40) more frequently 
than the other mixes (Supplementary Figure 1).
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Amplification of genomic DNA
Twenty primer-selective PCR SNP assays on genomic DNA were conducted on two different 
PCR devices. An optimal annealing temperature of 61°C was employed, as tested in 
a temperature gradient. Absolute Cq values for DNA samples that should be positive or 
negative for the targeted SNPs are shown in Figure 3A. The mean ΔCq for the 20 assays 
between positive and negative genomic DNAs was higher with the ABI mix than with the 
Roche mix (Figure 3b), but this difference was not significant. However, of all mixes tested, 
the use of ABI mix led to the smallest variation in ΔCq among the different PCR assays (Figure 
3B). 

Figure 3. Cq difference between positive and negative genomic DNAs obtained with different PCR 
mixes and machines. (A) Cq values of 20 primer-selective PCR SNP assays for gDNA samples that 
should be positive (green dots) or negative (red squares). (B) Individual delta-Cq values for 20 primer-
selective PCR SNP assays between positive and negative gDNA samples for ABI and Roche PCR mixes 
on two different PCR machines. The flags indicate means ± SD.

Genotyping by HRM
For high resolution melting analysis the fluorescent data collected were automatically 
normalized and derivative melting curve plots were generated (Figure 4). Both the Roche 
(panel A) and ABI HRM mix (panel D) were able to distinguish the 3 heterozygous samples 
(GC, orange lines) from the 12 homozygous samples (GG, blue lines). The melt curves from 
Roche HRM mix were more tightly grouped and easier to separate into clear clusters than 
ABI HRM mix. With the Bioline HRM mix (panel C) it was also possible to correctly classify 
the DNA samples according to the right genotype, but the curves were rather unsmooth 
and tangled. With the PCR Biosystems mix (panel B) none of the three heterozygous DNA 
samples were correctly classified. 
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Figure 4. Effect of the type of high resolution melting (HRM) PCR mix on melting curve profiles 
for distinction of different genotypes. Three DNA samples heterozygous (GC) and 12 DNA samples 
homozygous (GG) at position rs2230199 were genotyped with HRM using either, (A) high resolution 
melting master (Roche), (B) qPCRBIO HRM Mix(PCR Biosystems), (C) SensiFast HRM Kit (Bioline), or 
(D) MeltDoctor HRM Master Mix (Applied Biosystems by Life Technologies). Genotypes were correctly 
classified with Roche and ABI HRM mixes. 

Discussion

Real time PCR technology has been widely accepted because of its high specificity, sensitivity 
and reproducibility. Selection of appropriate kits is relevant for obtaining reliable results. 
Here we presented the performance of various SYBR Green PCR mixes and HRM mixes. We 
wanted to test the robustness of different commercial SYBR green PCR mixes with respect 
to specificity and sensitivity of the PCR assay. 

Sieber and colleagues have shown substantial performance discrepancies among 
commercial cDNA synthesis kits and qPCR kits in three species (mouse, rat, human) (20); 
the current study mainly focused on the RT-qPCR process, thereby including specificity of 
the PCR assays as an essential outcome parameter. Melting curve analysis following PCR 
amplification can identify the presence of nonspecific amplicons (8, 18). For a subset of 
primer pairs the melting profile exhibited differences between PCR kits when using one 
distinct PCR program. However, the poor melting profile markedly improved once the 
prescribed protocol were strictly followed. This improved amplification may result from the 
increased extension temperature of the Roche PCR program. Overall, 66 out of 70 transcripts 
showed a single smooth sharp peak by all commercial PCR kits (Table 3). The transcript 
targeting CCL4 demonstrated two melting peaks by Roche mix and the PCR products showed 
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two bands in the gel plot. The primer pairs of IL-8 and IL-4 exhibited negative amplification 
and absence of PCR products by ABI mix. This discrepancy between transcripts may result 
from differences in magnesium chloride concentrations between PCR mixes. 

When measuring the mRNA expression levels, the PCR amplification efficiency is 
particularly important(21). The primer sets (GAPDH, TLR2, CD1c, CD54, CD68, CCL4, IL8 and 
IL4) used for Cq comparison among mixes displayed an acceptable amplification efficiency 
(Table 1). Two transcripts (CD54, CD68) showed lower Cq values by ABI mix compared to 
the other mixes on both machines, with even larger disparity on the ViiA7. Interestingly, 
the CCL4 or IL8 exhibited smaller Cq values by Bio Rad mix than ABI mix or Roche mix, 
respectively. The inconsistencies in amplification efficiency, especially in categories 2-4, 
may be due to differences between reagents such as salt concentration and acidity of the 
solution. Lu showed differences for four genes between ABI and Roche (LC480) PCR systems 
and also critical effects of magnesium concentration (22). In the current study, we also 
showed that the ΔCq values between Roche and Bio Rad mix were slightly smaller on the 
LC96 than on the ViiA7, and similarly, ΔCq values for ABI and Bio Rad mixes were lower on 
the ViiA7. Therefore, the PCR kit and equipment from the same company are compatible 
with each other.

DNA chimerism analysis is an useful means to monitor the patient after transplantation, 
and the PCR assays used for this require high specificity (17, 23). We found that different 
SYBR green mixes had a different capacity to distinguish positive and negative DNA 
samples. Although the mean ΔCq between positive and negative DNA samples were not 
significantly different between PCR mixes, the variation in ΔCq between assays with the ABI 
mix was smaller than with the Roche and Bio-Rad mixes. This was seen on two different 
PCR machines. Therefore, we conclude that the ABI PCR mix gives the highest consistency 
among 20 primer-selective SNP assays on DNA samples.

HRM is a powerful and flexible technique that can be used for genotyping and mutation 
scanning. The saturating dsDNA-binding dye is one of the important factors for successful 
HRM analysis. Both Roche and ABI mix could correctly identify the genotype of DNA samples 
under the identical PCR program conditions (Figure 4). In contrast, the other two HRM mixes 
generated tangled and unsmooth melting curves, probably because of the quality of PCR 
amplicon. Our results showed that the source of HRM master mix is a major determinant of 
successful HRM analysis.

Conclusion 
Our data show that three commercial PCR mixes exhibit significant differences with respect 
to sensitivity of the PCR assay when applying a large panel of primer sets for mRNA transcript 
quantitation. The consequences of the current findings are that the use of ABI mix has a 
preference because of higher robustness: this mix more often led to lower Cq values and 
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a specific PCR reaction, also in case of deviating PCR protocols, compared to other mixes. 
With primer-selective amplification of genotype variants in genomic DNA samples, ABI 
PCR mix led to lower background level for negative samples and smaller variation among 
different assays between positive and negative genomic DNA samples. Overall, the source 
of the PCR mix had a greater influence on the results than the PCR device used. Finally, with 
HRM analysis of genomic DNA samples, PCR mixes from Roche and ABI produced the most 
distinctive melting profiles for correct genotype classification. The present results show that 
the type of master mix used in nucleic acid amplification reactions determines specificity of 
the assay and PCR yields.
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Supplementary Data

Supplementary Figure 1. Absolute Cq values by three master mixes on no template controls (NTC) 
and minus reverse transcriptase (-RT) controls.
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Abstract

Background: Molecules of the innate immune response are increasingly recognized as 
important mediators in allograft injury during and after kidney transplantation. We therefore 
aimed to establish the relationship between the expression of these genes at implantation, 
during an acute rejection (AR) and on graft outcome.
Method: A total of 19 genes, including Toll like receptors (TLRs), complement components 
and regulators, and apoptosis-related genes were analyzed at the mRNA level by qPCR in 
123 biopsies with acute rejection and paired pre-transplantation tissue (n=75). 
Results: Before transplantation, relative mRNA expression of BAX:BCL2 ratio (apoptosis 
marker) and several complement genes was significantly higher in tissue samples from 
deceased donors compared to living donors. During AR, TLRs and complement genes showed 
an increased expression compared to pre-transplant conditions, whereas complement 
regulators were decreased. A relatively high TLR4 expression level and BAX:BCL2 ratio during 
AR in the deceased donor group was associated with adverse graft outcome, independently 
of clinical risk factors. 
Conclusions: Complement- and apoptosis-related gene expression is elevated in deceased 
donor transplants before transplantation. High BAX:BCL2 ratio and TLR4 expression during 
AR may reflect enhanced intragraft cell death and immunogenic danger signals, and pose a 
risk factor for adverse graft outcome. 
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Introduction

The occurrence of an acute kidney allograft rejection, associated with infiltration of recipient 
immune cells to the kidney, is a risk factor for adverse graft outcome (1). The role of innate 
immunity including pattern recognition receptors and the complement system in rejection 
has been appreciated (2, 3). Toll like receptors (TLRs) are a family of transmembrane 
proteins that are capable of recognizing pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAMPs)(4). TLR stimulation leads to dendritic 
cell maturation, characterized by upregulation of pro-inflammatory cytokines, chemokines, 
and co-stimulatory molecules, which initiate an immune response (5). Endogenous ligands 
including heat-shock proteins (HSP) (6), uric acid (7), high-mobility group box 1 protein 
(HMGB1) (8, 9), and genomic double-stranded DNA (10) may stimulate TLRs. The interaction 
between HMGB1 and TLR4 leads to proinflammatory responses in the graft: after kidney 
transplantation, recipients with a donor graft containing a genotype variant in the coding 
sequence of TLR4 had lower expression of proinflammatory genes MCP-1 and TNFα and 
higher expression of anti-inflammatory heme oxygenase 1, and they showed an increased 
rate of immediate graft function (11). Association of TLR2 and TLR4 expression was found 
with renal ischemia reperfusion injury (IRI) and early kidney allograft outcomes (12, 13). 
Other TLRs have not been investigated in the context of delayed graft function (DGF) and 
acute rejection (AR). 
	 The complement system plays a pivotal role in ischemia reperfusion injury and 
allograft rejection after transplantation (3). The expression of complement components is 
significantly increased in deceased donor kidneys after cold ischemia (14, 15). Activation 
of the complement cascade leads to the release of anaphylatoxins (C3a and C5a) and the 
formation of the membrane attack complex (MAC) C5b-C9, which mediates the injury 
following transplantation (16, 17). C2 and C4 are essential components in the classical 
and lectin pathway, and C3 plays a central role in all pathways of the complement system. 
Complement regulators act as inhibitors of the complement cascade through various 
mechanisms (18, 19). For example, the decay acceleration factor (CD55) prevents the 
formation of C3 convertase. CD46 acts as cofactor for inactivating C3b and C4b by serum 
factor I. Complement receptor 1 both has decay-accelerating activity and cofactor activity. 
CD59 prevents the formation of MAC. Deficiency of CD55 and CD59 in experimental settings 
leads to increased renal ischemia reperfusion injury (20, 21). In C4d-negative biopsy 
specimens during allograft dysfunction local CD55 expression was related to favorable 
transplant outcome (22).
	 The role of apoptosis in IRI after kidney transplantation is increasingly being 
recognized (23, 24). The anti-apoptotic protein B-cell lymphoma 2 (BCL2) was significantly 
decreased and pro-apoptotic protein BCL2-associated X protein (BAX) was increased during 
normothermic ischemia (25). The augmentation of BCL2 protects renal tubular cells from 
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IRI through reducing renal tubular epithelial cell apoptosis (26). High ratios of BAX:BCL2 in 
pre-transplant biopsies are associated with an increased risk of DGF (27).
	 In the present study, we examined innate-immune-related and apoptosis-related 
markers in kidney biopsies of 125 patients before transplantation and during an acute 
rejection episode, and investigated their relation to clinical outcome.

Methods

Patient characteristics
Patients who had received a kidney allograft at the Leiden University Medical Center 
(LUMC) during 1995-2005 were included. A total of 123 for-cause biopsy samples in 
case of clinical suspicion of AR were obtained within 6 months after transplantation, and 
77 pretransplantation biopsies (75 biopsies paired to the subsequent AR biopsy) were 
taken at time of transplantation before reperfusion. Patient characteristics are shown in 
Table 1. Delayed graft function was defined as dialysis-dependency in the first week after 
transplantation.

Ethics
Written informed consent was obtained from donors for use of part of the human material 
for scientific purposes. The study were performed in accordance with the Declaration of 
Helsinki Good Clinical Guidelines and approved by the local medical ethics committee.

Gene selection
The innate immune related genes (TLR1-TLR10), potentially acting as initiators of 
inflammation, were studied. The key complement component (C2, C3, C4) and complement 
regulators (CR1, CD46, CD55, CD59), which inhibit complement activation, were included. 
The apoptosis related genes BAX and BCL2, which may be associated with IRI and DGF, were 
also tested.

RNA extraction and cDNA synthesis
RNA isolation and quality check, and cDNA synthesis were performed as described previously 
(28).

Real time quantitative PCR analysis
Optimal primers pairs were selected using Primer 3 version 4.0.0. To prevent amplification 
of genomic DNA, reverse and forward primers were designed to target separate exons, 
spanning at least one intron with a size of 800 bp or more. All primer sets were tested on 
control cDNA, and PCR efficiencies were between 90% and 110%. The 15-µL qPCR reaction 
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contained 3 µL of 25-times-diluted cDNA, 15 pmol forward and reverse primers, 7.5 µL of 
PCR Mix (Applied Biosystems by Life Technologies, Austin, Texas, USA), and nuclease-free 
water (29). Relative gene expression levels were normalized to the geometric mean of the 
reference genes β-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

Table 1. Demographics of patient cohort.
Variable Number (%)
Recipient age (>= 50 years) 53 (43.1%)
Recipient gender (Female) 40 (32.5%)
Donor age (>= 50 years) 52 (42.6%)
Donor gender (Female) 74 (60.7%)
Donor type (Living) 24 (19.5%)
Time from transplant to rejection (days, IQR) 14 (9 - 37)
First Transplantation (Yes) 103 (84.4%)
HLA–A/B matching (Yes) 20 (16.4%)
HLA-DR matching (Yes) 43 (35.2%)
Virtual PRA (0-5%) 81 (66.4%)
DGF (Yes) 33 (28.7%)
Steroid responsiveness 68 (56.2%)
Cold ischemia time (<= 18 h) 31 (29.8%)
Banff score
      Glomerulitis (g=0/1/2/3) 74/25/7/3
      Interstitial inflammation (i=0/1/2/3) 5/44/36/24
      Tubulitis (t=0/1/2/3) 11/39/38/21
      Intimal arteritis (v=0/1/2/3) 62/24/7/7
      Interstitial fibrosis (ci=0/1/2) 61/41/7
      Tubular atrophy (ct=0/1/2) 60/44/5
C4d diffuse positive 14 (11.4%)
Rejection characteristics
      No rejection 7 (5.7%)
      Borderline rejection 33 (27.0%)
      Interstitial rejection 42 (34.4%)
      Vascular rejection 40 (32.8%)
Graft survival (Death censored)
      >1 year 106 (92.2%)
      >6 year 101 (87.8%)

HLA, human leukocyte antigen; PRA, panel reactive antibodies; DGF, delayed graft function 
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Immunohistochemistry
Immunohistochemical studies were performed on an independent set of 34 formalin-fixed 
and paraffin-embedded (FFPE) kidney biopsy samples: 25 from patients with AR and 9 
protocol biopsies from patients with stable graft function. Patients included in this group 
were transplanted between 2006 and 2015. Monoclonal anti-human antibodies against 
BAX (ab32503, Abcam, 1:1400 dilution), BCL2 (Sp66, Ventana), TLR4 (ab22048,  Abcam, 
1:800 dilution), and TLR9 (clone 26C593.2, Novus, 1:800 dilution) were used for 
immunohistochemistry on sequential 4-µm sections. Staining procedures have been 
described in a previous publication (30). Semi quantitative scoring of the number of Bcl2-, 
TLR4-, and TLR9 positive tubular epithelial cells was performed blindly by two observers 
using a scale from 0 to 5 (0 = 0%, 1 = <10%, 2 = 10-25%, 3 = 26-50%, 4 = 51-75%, 5 = 76-
100%). 

Statistical analyses
Gene expression differences in paired (PreTx, AR) tissue samples were analyzed using 
Wilcoxon signed ranks test. Differences in gene expression between deceased and living 
donors and the occurrence of DGF were assessed by Mann-Whitney U tests (two-sided). 
Correlations between innate immunity mRNA expression levels and mRNA expression of 
general inflammation markers were analyzed by Spearman’s rank correlation coefficients 
(two-sided). The Bonferroni method was used to correct for multiple comparisons. Death-
censored graft survival curves were created using the Kaplan-Meier method, and differences 
between curves were calculated using log rank tests. High expression level of inflammatory 
markers (CD163, CD68, CD20, CD3e) was defined as recipients with deceased donor graft 
with the highest one-third of gene expression. Risk factors affecting graft survival in the 
deceased donor group were analyzed by multivariate Cox-regression model including the 
variables showed a borderline significance (P < 0.1) in univariate test. Statistical analyses 
were performed using SPSS statistics, version 23. Due to the limited number of graft loss 
events, penalized survival analysis by lasso method, including clinical and molecular risk 
factors, were performed using the “penalized” R (3.4.0 version) package (31). 

Results

Relation of pre-transplant gene expression levels with the type of donor
No significant difference was observed between deceased (n=65) and living (n=11) donors 
regarding the donor age and donor gender. A shorter cold ischemia time (< 18 hours) was 
more frequently seen in the living-related donation group. Sixteen genes, including the TLRs 
and membrane-bound complement regulators C4 and BAX, were not significantly different in 
their expression between living and deceased-related donors at t0 (Table 2). The expression 
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of the complement genes C2 and C3 was more than 4-fold higher in the cadaveric donors 
compared to the living-related donors (Table 2). A significantly higher BAX:BCL2 ratio was 
observed in biopsies of deceased donor kidneys compared to living-related donor kidneys 
(Figure 1). Within the deceased donation group, recipients with relatively high expression 
of C2, C3 and BAX:BCL2 did not differ from recipients with relatively low expression in the 
incidence of DGF, steroid resistant rejection, and graft survival (data not shown).

Figure 1. Gene profiling in living and deceased donors at pre-transplant (PreTx). The relative 
expression of C2 and C3 was significantly lower in living donor than that in deceased donor in pre-
transplant biopsies. The BAX:BCL2 ratio was significant lower in living donors in the PreTx biopsies. 
Flags show median with interquartile range. P values were calculated by Mann-Whitney U tests (two-
sided), **** P<0.0001. (corrected for Bonferroni)

No association of gene expression before transplantation with delayed graft function
All recipients with DGF (28.7%) had received a deceased donor renal allograft. Donor age 
of more than 50 years was a risk factor for DGF. In the pre-implantation tissue of deceased 
donors, none of the genes investigated were significantly different in expression between 
patients with DGF and those with no DGF (Table 2).
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Table 2. Association between donor type, DGF, and gene expression in the pre-transplant 
tissues. a

Living (N=11) Deceased (N=66) P DGF (N=22) No DGF (N=44) Pf

TLR1 1.0 (0.86-1.95) 1.45 (0.90-2.06) 0.25 1.05 (0.61-1.56) 1.0 (0.65-1.42) 0.72

TLR2 1.0 (0.38-1.65) 1.42 (0.76-2.38)b 0.05 1.10 (0.69-1.87) 1.0 (0.56-1.80)b 0.73

TLR3 1.0 (0.79-1.55) 1.28 (0.95-1.66)b 0.30 0.99 (0.68-1.55) 1.0 (0.75-1.28)b 0.9

TLR4 1.0 (0.69-1.19) 0.96 (0.64-1.34) 0.69 1.25 (0.83-1.65) 1.0 (0.70-1.44) 0.17

TLR5 1.0 (0.82-2.29) 1.20 (0.67-1.89)b 0.58 1.45 (0.56-2.05) 1.0 (0.70-1.88)b 0.43

TLR6 1.0 (0.48-2.17) 1.26 (0.70-2.49)b 0.50 1.14 (0.63-2.29) 1.0 (0.54-2.08)b 0.69

TLR7 1.0 (0.64-2.03) 1.68 (1.05-3.07)c 0.03 0.86 (0.46-2.05) 1.0 (0.67-1.51)c 0.73

TLR8 1.0 (0.62-2.47) 1.49 (0.81-2.45)e 0.63 1.53 (1.01-2.76)b 1.0 (0.59-2.02)d 0.1

TLR9 1.0 (0.82-2.70) 1.00 (0.38-3.13)b 0.80 1.19 (0.38-3.68)b 1.0 (0.54-3.15) 0.9

TLR10 1.0 (0.44-4.29) 2.14 (0.72-6.42)c 0.29 0.90 (0.29-2.54)b 1.0 (0.31-3.87)b 0.74

CD46 1.0 (0.94-1.15) 0.86 (0.67-1.06) 0.02 0.90 (0.72-1.18) 1.0 (0.77-1.21) 0.45

CD55 1.0 (0.92-1.50) 0.90 (0.63-1.32) 0.09 1.06 (0.84-1.55) 1.0 (0.72-1.53) 0.36

CD59 1.0 (0.83-1.16) 0.97 (0.85-1.26) 0.61 0.99 (0.89-1. 25) 1.0 (0.87-1.29) 0.74

C2 1.0 (0.38-1.28) 4.28 (1.81-6.81) 5.20E-6* 1.01 (0.40-1.72) 1.0 (0.48-1.58) 0.95

C3 1.0 (0.83-1.52) 5.81 (2.88-14.43) 5.98E-6* 1.21 (0.74-2.09) 1.0 (0.47-2.97) 0.59

C4 1.0 (0.89-1.65) 2.17 (1.38-3.03) 0.01 0.97 (0.53-1.39) 1.0 (0.70-1.38) 0.53

CR1 1.0 (0.75-2.07) 0.99 (0.67-1.54)b 0.60 1.26 (0.89-1.82) 1.0 (0.68-1.81)b 0.41

Bcl2 1.0 (0.87-1.49) 0.71 (0.47-1.01) 2.35E-3* 1.11 (0.66-1.66) 1.0 (0.74-1.37) 0.61

BAX 1.0 (0.83-1.24) 1.18 (0.99-1.53) 0.12 1.13 (1.00-1.58) 1.0 (0.85-1.38) 0.13

BAX:BCL2 1.0 (0.80-1.18) 1.78 (1.50-2.34) 8.41E-5* 1.09 (0.89-1.42) 1.0 (0.87-1.30) 0.34

a Gene expression data shown as medians with interquartile range
b, c, d, e Data missing for oneb , twoc , fourd , fivee patients.
f The expression level of patients with and without DGF was analyzed in the deceased donor 
group.
* Statistically significant p-values after Bonferroni correction (P<0.0025). P values were 
calculated by Mann-Whitney U tests (two-sided).

Comparison of pre-transplant and acute rejection tissues    
Paired pre-transplant and acute rejection biopsies of 75 patients were available for analysis 
of gene expression dynamics (Table 3). The expression level of TLR 6, TLR7, TLR8, TLR9, and 
TLR10 was elevated more than 5.5 fold at the moment of AR, and the expression levels of 
TLR1, TLR2, TLR3, and C2 were increased 1.2-4.4 fold compared to those before implantation. 
The expression levels of TLR4, TLR5, C3 and CR1 were similar between both biopsies, and 
levels of C4, BCL2 and the complement regulators (CD46, CD55, and CD59) were slightly 
decreased during AR (Figure 2). Patients whose C3 expression increased between AR and 
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pre-transplantation did not differ from patients whose C3 expression decreased in this time 
interval with respect to incidence of steroid resistant rejection and death censored graft 
survival (data not show). 

Table 3. Pairwise comparison of gene expression between pre-transplant and AR biopsies.
Pre-transplant (N=75) Acute rejection (N=75) P

TLR1 1.0 (0.65 - 1.46) 4.36 (3.24 - 5.34) 5.50E-14*
TLR2 1.0 (0.52 - 1.63) 3.42 (2.63 - 5.21) 4.60E-12*
TLR3 1.0 (0.74 - 1.29)a 1.42 (1.20 - 1.86)a 5.38E-8*
TLR4 1.0 (0.70 - 1.37) 1.21 (0.95 - 1.56) 0.019
TLR5 1.0 (0.56 - 1.59) 1.40 (1.01 - 1.70) 0.0028
TLR6 1.0 (0.56 - 1.97) 5.59 (4.18 - 8.47) 2.22E-13*
TLR7 1.0 (0.61 - 1.55)a 7.40 (4.60 - 9.79)a 1.48E-13*
TLR8 1.0 (0.57 - 1.73)b 27.04 (18.94 - 34.87)b 3.56E-13*
TLR9 1.0 (0.39 - 3.07)a 7.66 (4.99 - 13.14)a 1.62E-11*
TLR10 1.0 (0.31 - 2.83)c 8.96 (4.55 - 14.31)c 2.25E-9*
CD46 1.0 (0.78 - 1.22) 0.80 (0.62 - 1.07) 2.19E-3*
CD55 1.0 (0.71 - 1.48) 0.72 (0.58 - 0.84) 4.34E-7*
CD59 1.0 (0.86 - 1.25) 0.84 (0.63 - 1.04) 4.92E-4*
C2 1.0 (0.47 - 1.76) 2.49 (1.71 - 3.56) 4.34E-7*
C3 1.0 (0.43 - 2.35) 2.04 (1.32 - 3.65) 8.41E-3
C4 1.0 (0.65 - 1.44) 0.49 (0.36 - 0.61) 2.19E-10*
CR1 1.0 (0.70 - 1.54) 1.26 (0.87 - 1.97) 0.0087
BCL2 1.0 (0.67 - 1.35)c 0.76 (0.60 – 1.06)c 3.14E-4*
BAX 1.0 (0.84 - 1.31)c 0.98 (0.85 - 1.27)c 0.44
BAX:BCL2 1.0 (0.76 - 1.30)c 1.24 (0.95 - 1.49)c 6.20E-5*

a, b, c Data missing for onea, fiveb, or twoc patients.
* Statistically significant p-values based on Bonferroni correction (P<0.0025), P values were 
calculated by Wilcoxon signed ranks test.

Gene expression correlated with inflammatory cell markers and Banff score
Since all TLRs showed elevated levels during AR, we investigated whether this upregulation 
could be ascribed to infiltration of inflammatory cells. Correlations of innate immunity 
expression levels with expression of key inflammatory markers (CD163, CD68, CD20, CD3e) 
and Banff classification are summarized in Table S2. Except for TLR2, TLR3 and TLR5, all TLRs 
correlated with one or more inflammatory cell marker. C2 and C3 were significantly correlated 
with macrophage makers, whereas CD46 and CD59 showed a negative relationship with 
these molecules. In addition, CR1 demonstrated relationships with T cell, B cell, macrophage 
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markers, and interstitial inflammation score. Apoptosis-related genes did not correlate with 
any of the inflammatory molecules. In summary, the altered gene expression may in part be 
the result of infiltrating inflammatory cells.

Figure 2. Gene expression dynamics in kidney biopsies. The paired pre-transplant (PreTx) and acute 
rejection (AR) biopsies of 75 patients were used for comparison. The mRNA levels were quantified by 
qPCR and normalized to reference genes. 

High expression of TLR4 and high BAX:BCL2 ratio during AR predicts inferior graft outcome
The relative expression of TLR4 at the moment of AR in living and deceased patients 
was comparable. The patients with a deceased donor graft were divided into two groups 
based on their gene expression levels. One-third of patients who showed the highest TLR4 
expression were defined as high expression group (open circles); and the rest of patients as 
low expression group (black dots) (Figure 3A). At 12.5 years post transplantation, patients 
with high TLR4 expression showed significant inferior graft survival (59.2%) compared to 
recipients who had relative low TLR4 expression (79.6%, P= 0.04, Figure 3A). More than 10% 
of the patients with high TLR4 expression lost their graft within the first 3 months. 
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As for the BAX:BCL2 ratio: patients in the deceased donor group, who had a BAX:BCL2 
ratio that was higher than in the living donation group, were defined as the high ratio 
group (open circles) (Figure 3B). The group of patients with relatively high BAX:BCL2 
ratio at time of AR had an inferior graft survival (57.9%) compared to patients with a low 
BAX:BCL2 ratio (79.8%) and those with a living donor graft (88.3%, P=0.03, Figure 3B). In 
univariate analysis, Banff classification score did not predict long term graft survival. In 
multivariate cox regression analysis within deceased donor group (Table 4), only high TLR4 
expression (HR=3.46; CI=1.17-10.23; P=0.025) and a high BAX:BCL2 ratio (HR=4.6; CI=1.44-
14.73; P=0.01) were a significant independent risk factor for graft loss. The penalized cox 
regression model using the lasso showed that high TLR4 expression, higher donor age (> 50 
year) and high BAX:BCL2 ratio were the most significant (Figure S1). Expression levels in the 
pre-transplant tissues were not associated with graft survival.

Figure 3. Association between gene expression at moment of acute rejection and kidney graft 
survival. (A) The TLR4-high expression patient group (n=30; dash line) had significantly inferior graft 
survival compared to the TLR4-low expression patient group (n=61; solid line) and living donor group 
(n=24; dots line). (B) The high BAX:BCL2 ratio patient group (n=14; dash line) had significantly inferior 
graft survival rate compared to the low BAX:BCL2 ratio patient group (n=72; solid line) and the living 
donor group (n=23; dots line).
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Table 4. Cox regression analysis of transplant-related risk factors and post-transplant gene 
expression levels at time of AR with death censored graft survival. 

Univariate Multivariate
HR (Lower-Upper) P HR (Lower-Upper) P

Recipient age (> 50 year) 1.35 (0.50 - 3.60) 0.55
Transplantation date (< 1999) 0.93 (0.25 - 3.42) 0.91
Donor age (> 50 year) 2.10 (0.78 - 5.68) 0.14
ABDR Mismatching 0.95 (0.27 - 3.34) 0.94
Cold ischemia time (> 18h) 0.88 (0.25 - 3.14) 0.85
Delayed Graft function 1.61 (0.60 - 4.33) 0.35
Vascular rejection 1.28 (0.46 - 3.54) 0.63
Steroid resistant 1.94 (0.72 - 5.21) 0.19
Number of transplants (> 1) 2.88 (1.00 - 8.32) 0.05*  –
CD163 (high expression level) 1.52 (0.55 - 4.20) 0.42
CD68 (high expression level) 1.78 (0.62 - 5.07) 0.28
CD20 (high expression level) 0.42 (0.12 - 1.47) 0.17
CD3e (high expression level) 1.14 (0.41 - 3.16) 0.8
TLR4 (high expression level) 2.89 (1.08 - 7.78) 0.04* 3.46 (1.17 - 10.23) 0.025*
Ratio BAX:BCL2 (higher than living) 3.22 (1.09 - 9.51) 0.03* 4.60 (1.44 - 14.73) 0.01*

* Statistically significant difference (P<0.05)

Localization of TLR4, TLR9, and BCL2 expression in renal transplant biopsies
To verify clinically relevant mRNA markers at the protein level and localize their expression 
in the tissue, immunohistochemical staining for TLR4, BAX and BCL2 were performed on 
kidney biopsy specimens (Figure 4). In addition, we investigated TLR9 which was increased 
during AR, and which has been shown to be an inducer of proinflammatory signals (32). 
Quantification of BAX expression could not be performed since almost no staining was 
observed in the biopsies (positive area < 10%). TLR4 protein expression was detected in 
tubular epithelial cells and in inflammatory cells (Figure 4, A and B). Semi-quantitative 
scoring showed a significantly higher expression during AR than those with stable graft 
function. Protein expression of TLR9 was predominantly seen in tubular epithelial cells and 
varied considerably within the AR group (Figure 4, C and D). BCL2 expression was observed in 
the cytoplasm of tubular epithelial cells and in infiltrating inflammatory cells, and showed a 
wide range of expression among AR biopsy samples (Figure 4, E and F). The extent of protein 
expression of BCL2 and TLR9 during AR was increased in comparison to the stable graft 
group, however this difference was not significant after correction for multiple comparisons 
(Table 5).
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Figure 4. Immunohistochemical staining pattern of TLR4, TLR9, and BCL2 in kidney transplant biopsy 
specimens. TLR4 protein expression was detected in tubular epithelial cells and in inflammatory cells 
(A-B). TLR9 was observed in the tubular epithelial cells (C-D). BCL2 was detected in tubular epithelial 
cells and infiltrated lymphocytes (E-F). Both BCL2 and TLR9 expression varied extensively between 
acute rejection biopsy specimens. Two representative samples from the acute rejection group are 
shown.
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Table 5. Immunohistochemical scoring of TLR4, TLR9, and BCL2 in stable graft function and 
acute rejection biopsies.
IHC score 1 2 3 4 5 P
TLR9 0.069
    SGF 1 5 1 0 0
    AR 4 4 7 4 4
TLR4 0.008*
    SGF 4 2 1 0 0
    AR 2 7 5 5 3
BCL2 0.024
    SGF 1 3 2 1 0
    AR 0 3 8 8 3

IHC, Immunohistochemistry; SGF, stable graft function; AR, acute rejection.
* Statistically significant p-values based on Bonferroni correction (P<0.016), P values were 
calculated by Mann-Whitney Test.

Discussion

In the present study mRNA expression levels of TLRs, key complement components and 
regulators, and apoptosis-related genes were investigated in biopsies obtained before graft 
implantation and at time of AR. We found that in deceased donors, C2 and C3 expression 
and BAX:BCL2 ratio are already elevated before transplantation but were not indicative of 
DGF. High TLR4 levels and a high BAX:BCL2 ratio at the time of an AR were both independent 
risk factors of graft loss. Results from this exploratory study suggest that innate immune 
activation occurs both at time of graft implantation and during episodes of acute rejection. 

Although the TLR/MyD88 pathway was found to be redundant for host defense against 
most natural infections (33), depletion of a functional TLR pathway in mice, by knocking 
out either TLR2, TLR4 or MyD88, protects against IRI and kidney dysfunction, and limits an 
increase in expression of cytokines, chemokines and in infiltration of inflammatory cells 
(34, 35). In human kidney transplants, the expression of TLR4 and HMGB1 (an endogenous 
ligand of TLR4) was significantly elevated in pre-implementation biopsies from deceased 
donors in contrast to those from living donors (11). However, in our study, we could not 
confirm these findings (Table 2), and none of the markers we investigated were associated 
with DGF. 

Earlier studies showed that the expression of TLRs is significantly upregulated during 
allograft rejection mainly because of infiltration of leukocytes (13, 36). However, none of the 
previous studies have documented gene expression dynamics in a large patient cohort. We 
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showed that the expression of all TLRs except TLR4 and TLR5 was significantly increased in 
AR biopsies when compared to pre-implementation biopsies (Table 3). Moreover, expression 
of majority of the TLRs positively correlated with one or more inflammatory cell markers at 
the moment of AR (Table S1), suggesting that the elevated expression of TLRs is a result of 
inflammatory cell presence. As for TLR2 and TLR3, which showed only minor increase during 
an AR but they were not correlated with any inflammatory markers, their expression may 
be dominant in renal parenchymal tissue. Similar expression patterns of TLR3 were reported 
by Dessing et al. (36). TLR4, the expression of which correlated with CD163 and CD68 but 
was not increased during AR, may be expressed by both parenchymal and myeloid cells. 
In addition, patients with relatively high levels of TLR4 during AR exhibited inferior graft 
survival 12.5 years after transplantation, which may mean that intracellular ligands released 
after cell damage bind to TLR4 and thereby provide additional inflammatory signals leading 
to long term graft loss. Expression of TLR4 in the renal allograft biopsy has been described 
previously (11, 13). TLR4 was expressed in tubular cells and infiltrated lymphocytes, with 
significantly higher expression during AR compared to stable graft conditions. The possible 
explanation, that on one hand no increase in TLR4 mRNA was seen between AR and pre-
Tx and on the other hand immunohistochemistry showed significantly higher expression 
during AR compared to stable graft conditions, may be that the epithelium expresses high 
levels of mRNA but relatively low level of protein. The endogenous pattern recognition 
receptor TLR9 is involved in immune complex kidney disease (37). Immunohistochemical 
staining showed that TLR9 was increased during AR compared to the stable graft group with 
borderline significance. 

The complement system acts as a bridge to the adaptive system and facilitates clearance 
of immune complexes and cellular debris. It has been shown that the MAC plays a central 
role in renal IRI and that locally synthesized C3 is important in kidney graft survival (17, 38). 
In line with a previous study (14), the mRNA levels of C2 and C3 in the living donor grafts 
were significantly lower than those in the deceased donor grafts at time of implantation, 
which supports the notion that the local C3 expression is induced by donor brain death 
(15). The observations of a slight increase in C4 expression in deceased donors are in line 
with those from a previous study (14). However, inconsistent with that study, the expression 
level of CR1 was comparable between deceased and living donor biopsies in our relatively 
large cohort. The increased C2 during AR may represent a higher activity of the classical 
and lectin pathway, whereas the decreased C4 expression may be a result of injury of renal 
parenchymal cells. 

The complement regulators CD46, CD55, and CD59 act as inhibitors of activation of 
the complement pathway. Hyper-sensitized rats treated with sCR1 displayed significantly 
prolonged cardiac graft survival (39). Similarly, kidneys of animals treated with CR1 
derivatives (APT070) showed less acute tubular injury, and the animals had a significantly 
higher graft survival rate (40). CD55 had a protective effect on renal function in C4d-negative 
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grafts and antibody-mediated cardiac allograft rejection (22, 41). We found that expression 
of CD46, CD55 and CD59 was significantly reduced during an AR compared to that in the 
pre-transplantation tissue. However, none of the complement regulators were predictive 
for the development of DGF, steroid resistant rejection and graft survival in the present 
study. Interestingly, Budding et al. showed that serum sCD59 are elevated at the time of 
bronchiolitis obliterans syndrome (BOS) after lung transplantation, and the patients with 
higher serum sCD59 titers (>400pg/ml) had a significantly lower chance of BOS free survival. 
We observed that the expression of complement regulators at time of AR was slightly 
decreased compared to pre-transplant conditions, and that it negatively correlated with 
expression of macrophage markers. 

It has been shown that kidney cell apoptosis is involved in IRI and that apoptotic cells 
are frequently present in AR biopsies (23, 24). In the present study, the mRNA of BCL2, an 
anti-apoptotic molecule, was lower in deceased donor biopsies than in living donor grafts. 
The higher BAX:BCL2 ratio suggests that the extent of apoptosis is already increased in 
deceased donors. The BAX:BCL2 ratio tended to be higher in the DGF group in the deceased 
donor cohort, but this was only marginal (Table 2), which is inconsistent with findings from 
a previous study (27). During an AR, the BAX:BCL2 ratio was marginally increased and it 
significantly correlated with expression of macrophage markers. Protein investigations by 
immunohistochemical staining showed that BAX was rarely detected in the biopsy samples. 
The BCL2 expression was mainly observed in tubular epithelial cell and inflammatory cells, 
with a wide range of staining within the AR group. Patients who received a living donor 
graft had superior graft survival compared to those with a graft from a deceased donor, and 
thus this group acted as a reference. Moreover, patients with relatively high BAX:BCL2 ratio 
during AR in their deceased donor graft demonstrated significantly inferior graft survival 
rates (57.9%) 12.5 years after transplantation compared to those with a lower ratio or 
to patients who had received a living donor graft (Figure 3). High BAX:BCL2 ratio during 
AR possibly reflects an increased number of apoptotic cells, which leads to attraction of 
phagocytic cells to the graft (42, 43). The accumulated phagocytes may be triggered by 
immunogenic danger signals and mediate subsequent chronic allograft loss (44, 45).

In conclusion, complement and apoptosis pathways are elevated before kidney 
transplantation. Increased expression of the majority of genes partly reflect the infiltration of 
inflammatory cells during an AR. Relatively high TLR4 expression and BAX:BCL2 ratio during 
AR, possibly reflecting enhanced immunogenic danger signals, were both independent risk 
factors for adverse outcome after transplantation of a deceased donor kidney. The results of 
this study suggest that the different impact of AR on outcome between living and deceased 
donor transplants may partly be ascribed to differences in TLR4 regulation and cell death 
related mechanisms. They form a basis to further validate and explore the functional 
relevance of these pathways in relation to transplant outcome. 
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Supplementary Data

Figure S1. Penalized survival analysis of clinical risk factors. The plot shows the effect of lambda on 
the fitted regression coefficients. High TLR4 expression, donor age >50, and high Bax:Bcl2 ratio were 
the top three parameters in the penalized lasso model. 
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Abstract

Background: Molecular assessment of transplant biopsies may help in prognostic 
assessment. We investigated whether transcriptional alterations in acute rejection biopsies 
provide information on outcome.
Method: We studied a cohort of patients transplanted between 1995 and 2005. Eighty-five 
biopsies taken due to clinical acute rejection (median 14 days [9.5-35.0] post-transplant) 
were analyzed for 23 T-cell mediated rejection (TCMR)-related transcripts (including CD28, 
lag-3, CD8a, granulysin, ICOS, BTLA) and 13 endothelium-epithelium-related transcripts 
(including PECAM1, ICAM2, von Willebrand factor, E-selectin, CD34, caveolin 1) using the 
Fluidigm high throughput RT-PCR system. 
Results: TCMR transcripts as well as the endothelium-epithelium-related transcripts 
clustered together in principal component analysis. Therefore, for each patient a composite 
score, resulting in a T-score and E-score, respectively, was calculated. Five control transplant 
biopsies, containing no morphologic abnormalities, showed a profile of high E-score and 
low T-score.. In the low E-score group with rejection (n=46), 52.2% of the patients showed 
resistance to steroid treatment, whereas in the high E-score group (n=39) this was 28.2% 
(P<0.05). Both the T-score and rejection severity according to Banff criteria were not 
significantly associated with response to steroid treatment.
Conclusion: A molecular signature of relatively low transcripts levels of endothelium-
epithelium-related genes may reflect injury of the microvasculature in the allografts, posing 
a risk factor for decreased therapy response. The results suggest that molecular assessment 
of the graft tissue has an added value to histomorphologic evaluation. 
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Introduction

Acute allograft rejection remains a risk factor for adverse transplant outcome (1). Rejection 
is associated with infiltration of host inflammatory cells and allograft injury. Histologic 
assessment according to the Banff classification is used to determine the type of rejection, 
but may be of limited prognostic value.
 	 Gene expression assessment in the biopsy tissue may represent an objective 
means of analysis and a complementary tool to conventional diagnostic measurements. 
Numerous studies have described molecular markers in blood, urine, and graft tissue, which 
are associated with acute rejection (2-7). Prediction of the therapeutic response to steroid 
treatment remains difficult using only clinical and histomorphologic parameters. Sarwal and 
colleagues reported that patients with steroid resistant rejection display elevated expression 
of T cell, natural killer cell, and B cells (3). Subsequent studies did not show an association 
of B cell infiltrates with steroid resistant rejection and graft function (8-10). The extent of 
staining of C4d, CD68, HLA-DR, and granulysin, and an elevated expression of Fas ligand in 
the graft tissue were associated with steroid resistance rejection (2). Rekers and colleagues 
showed increased expression of metallothioneins and LAG-3 and CD25:CD3e ratio in biopsy 
samples associated with steroid resistant rejection (11, 12). 

Microvascular injury is associated with rejection: preservation of microvascular 
integrity and absence of inflammation are important for maintaining long term graft function 
(13, 14). Nickeleit et al reported that endarteritis, defined as the presence of inflammatory 
cell in the sub-endothelial space and adherence of mononuclear cell to endothelial cells, 
is associated with steroid resistant rejection (15). Haas et al confirmed that especially 
type 2B rejection (severe intimal arteritis comprising >25% of the luminal area) leads to 
a worse response to steroid therapy (16). Ozdemir et al showed that destruction of the 
microvasculature, as reflected by loss of endothelial markers, is associated with steroid 
resistant rejection (17).

In the current study, we examined 23 TCMR and 13 endothelium-epithelium 
related transcripts using the Fluidigm high throughput RT-PCR system in acute rejection 
renal biopsies, and investigated their relation to clinical outcome.

Materials and methods

Patient characteristics
Patients who underwent kidney transplantation at the Leiden University Medical Center 
(LUMC) between 1995 and 2005 were investigated. Biopsy samples were taken within 6 
months after transplantation from 85 patients with clinical suspicion of acute rejection 
and 5 patients without histological rejection. Immunofluorescent C4d staining on 80 
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biopsy samples were performed as described previously (8). Donor specific antibody (DSA) 
information was not routinely available in this study. Biopsy samples were assessed blindly 
by two pathologists according to Banff 2011 criteria (11, 18). Informed consent was obtained 
from all individuals. Patient characteristics are shown in Table 1. 

Selection of genes
Genes included for expression profiling were selected from previous studies. The 
endothelium-epithelium-related transcripts were selected based on probes that were 
differentially expressed between endothelial cells and non-endothelial cells (19), and 
between biopsies with ABMR and other biopsies (20, 21): CDH13, PLA1A, ROBO4, TM4SF18, 
GNG11, PGM5, KLF4, CAV1, CDH5, vWF, CD34, PECAM1, MCAM. The set of TCMR related 
molecules contained transcripts that were increased highest in expression in T cell mediated 
rejection biopsies compared to other transplant biopsies (22, 23): SLAMF8, TNFSF8, CD96, 
SIRPG, BTLA, SLA, ANKRD22, CD28, CD274, SP140, SH2D1A, ADAMDEC1, IL12RB1, LAG3, 
PTPN7, CD72, CD8a, CXCL13, CXCL10, GNLY, ICOS, RARRES3, TOX2. Majority of the primer 
sets were designed to target separate exons, spanning at least one intron (> 800 bp) to 
prevent amplification of genomic DNA. 

RNA extraction and cDNA synthesis
RNA isolation and quality check were performed as described previously (12). Total RNA (50-
200 ng) was used for cDNA synthesis, following the manufacturer’s manuals.

High throughput qPCR analysis using Fluidigm 96.96 dynamic array
Ten times diluted cDNA (1.25 uL) was pre-amplified containing 2.5 uL of Taqman Preamp 
master mix (Applied Biosystems, Texas, USA) and 1.25 uL of pooled primer mix for 14 cycles. 
The qPCR reactions were performed using Eva-green dye following the Fluidigm protocol, 
and results were collected on the BioMark HD system. Absolute Cq values from duplicate 
measurements of each transcript were averaged, and relative gene expression levels were 
normalized to the geometric mean of the reference genes glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) and β-actin.

Statistical analyses
Relative expression level were log2 transformed and normalized using the z-score for each 
transcript. The normalized z-score were averaged for each distinct set of transcripts and 
for each patient. Frequency of patients with steroid resistant rejection in high and low 
score groups were analyzed by chi-square test. Difference in score of individual endothelial 
related transcript between steroid responsive and resistant rejection were analyzed using 
T-test. Death-censored graft survival curves were created using the Kaplan-Meier method, 
and differences between curves were calculated using log rank tests.
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Results

Demographics and clinical data
We studies 85 biopsy samples from patients with a clinical indication of acute rejection 
and 5 protocol biopsies without any indication of rejection. Acute rejection were treated by 
intravenous methylprednisolone. Thirty five patients had a steroid-resistant rejection, and 
fifty had a steroid responsive rejection. Steroid resistance was defined as no response to 
steroid treatment and requirement for antithymocyte globulin therapy within 14 days after 
the start of the steroid treatment, as described previously (11, 12). Clinical parameters and 
histologic lesions were not associated with steroid response treatment (Table S1).

Table 1. Demographics of patient cohort.
Eleven (13.8%) 

biopsies showed diffuse 
C4d positive staining. 
The median (IQR) 
time of biopsy was 
14 (9.5-35) days post-
transplant. Twenty-
six (30.6%) patients 
received IL-2 receptor 
blocker monoclonal 
antibody as induction 
therapy. Thirty-eight 
patients (44.7%) 
received a double drug 
regime (corticosteroid, 
calcineurin inhibitor 
or MMF) and thirty-
four patients (40%) 
received a triple drug 
regime (corticosteroid, 
calcineurin inhibitor, 
and mycophenolate 
mofetil) as maintenance 
immunosuppress ive 
therapy (Table 1). 

HLA, human leukocyte antigen; DGF, delayed graft function; IQR, Interquartile ranges; CNI, 
calcineurin inhibitor; MMF, mycophenolate mofetil. 

Variable Number (%)
Recipient age (>= 50 year) 37 (43.5%)
Recipient gender (Female) 27 (31.8%)
Donor age (>= 50 year) 34 (40%)
Donor gender (Female) 55 (64.7%)
Donor type (Living) 20 (23.5%)
Time from transplant to rejection (days, IQR) 14 (9.5-35)
First transplantation (Yes) 71 (83.5%)
HLA AB-matching (Yes) 12 (14.1%)
HLA DR-matching (Yes) 25 (29.4%)
DGF in deceased donor (Yes) 23 (35.4%)
Steroid responsiveness 50 (58.8%)
Cold ischemia time (<= 18 h) 19 (22.4%)
Induction therapy (IL-2R blocker) 26 (30.6%)
Maintenance therapy
        Corticosteroid, CNI 34 (40%)
        Corticosteroid, MMF 4 (4.7%)
        Corticosteroid, CNI, MMF 34 (40%)
Banff score 
        Glomerulitis (g=0/1/2/3) 56/20/3/2
        Interstitial inflammation (i=1/2/3) 36/27/18
        Tubulitis (t=0/1/2/3) 3/29/32/17
        Intimal arteritis (v=0/1/2/3) 44/20/4/6
        Interstitial fibrosis (ci=0/1/2) 51/24/6
        Tubular atrophy (ct=0/1/2) 47/32/2
C4d staining (diffuse positive) 11(13.8%)
Graft survival (Death censored)
         >1 year 81 (95.3%)
         >6 year 79 (92.9%)
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Steroid resistant rejection predicts inferior long term graft outcome
The effect of steroid resistant rejection on long term graft survival was assessed. Patients 
showing a poor response to steroid treatment had inferior long term graft survival (66.4%) 
compared to patients with a steroid-responsive rejection (95.4%, P=0.022, Figure 1).

Figure 1. Association of steroid resistant with long term graft survival. Steroid resistant rejection 
were significantly related with inferior graft survival after kidney transplant.

Fluidigm dynamic array produce consistent result with conventional qPCR.
RNA from the transplant biopsies with acute rejection was subjected to gene expression 
assessment by the Fluidigm dynamic array system. To validate this system, two transcripts 
were additionally tested using conventional qPCR. The absolute Cq values highly correlated 
between Fluidigm dynamic array and conventional qPCR (R2>0.92), indicating that the 
Fluidigm dynamic array generated comparable results with conventional real time PCR 
(Figure S1).

Transcripts were clustered into two groups
The normalized gene expression data were analyzed based on principal component analysis 
(PCA). Both the endothelial-epithelial related transcripts (E-group) and TCMR related 
transcripts (T-group) clustered together by the first component of PCA (Figure 2). Based 
on this observation, we decided to calculate for each patient the composite score of the 
endothelial-epithelial related transcripts (termed as E-score) and of the TCMR related group 
transcripts (termed as T-score).
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Figure 2. Principal component analysis for clustering the transcripts.  The first component could 
divide the transcripts into two groups except the E-selectin: Endothelial-epithelial related  group 
(green dots) and T cell mediated rejection related group (blue dots).

E-score associated with steroid resistant rejection
The patient group with acute rejection was divided into two groups based on the E-score: 
E-high (E-score>0, n=39) and E-low (E-score<0, n=46). In the E-low group 52.2% of the 
patients showed resistance to steroid treatment, which was significantly higher than the 
28.2% of patients in the E-high group (P=0.025, Figure 3 and Table 2). The E-score was not 
associated with any of the Banff lesions (Table S2). 

Table 2. Relationship between molecular scores and steroid response treatment.

Steroid responsive (N=50) Steroid resistant (N=35) P
E-score 0.025*
      E-score<0 22 (47.2%) 24 (52.2%)
      E-score>0 28 (71.8%) 11 (28.2%)
T-score 
      T-score<0 18 (62.1%) 11 (37.9%) 0.662
      T-score>0 32 (57.1%) 24 (42.9%)

*P values were calculated using Chi-Square test.
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Figure 3. Molecular score associated with steroid resistant rejection. In the E-low group 52.2% of 
the patients showed resistance to steroid treatment, which was significantly higher than the 28.2% 
of patients in the E-high group. The T-high and T-low group were not significantly different in the 
percentage of patients having steroid resistant rejection

	 The association of individual endothelial related transcript with steroid resistant 
rejection was analyzed. Patients with steroid resistant rejection showed significantly lower 
expression of TM4SF18, PGM5, and CD34 compared to patients with steroid response 
treatment after multiple correction (Table 3). 

The patients without rejection showed relatively high E-score and low T-score 
(Figure 3). 

T-score not associated with steroid resistant rejection but was related to Banff inflammation 
score
The patient group with acute rejection was divided into two groups based on the T-score: 
T-high (T-score>0, n=56) and T-low (T-score<0, n=29). The T-high and T-low group were not 
significantly different in the percentage of patients having steroid resistant rejection (37.9% 
versus 42.9%, Figure 3 and Table 2).

The T-score was significantly correlated with interstitial inflammation and tubulitis 
(Table S2). The frequency of patients with i>1 was 71.2% in the T-high group, and 27.6% in 
the T-low group (P<0.005). Similarly, 82.7% of patients in the T-high group had moderate or 
severe tubulitis (t>1) in contrast to 20.7% in the T-low group (P<0.0001). The T-high group 
also had significantly higher incidence of interstitial fibrosis (46.1%) than the T-low group 
(26.7%, P=0.048). The T-score was not associated with intimal arteritis. 
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Table 3. Association between individual endothelial-epithelial related transcripts and 
steroid response treatment.

Steroid responsive (N=50) Steroid resistant (N=35) P
CAV1 0.231 ± 0.796 -0.345 ± 1.204 0.017
CD34 0.204 ± 0.856 -0.500 ± 0.972 0.001*
CDH13 0.157 ± 0.893 -0.344 ± 1.093 0.023
CDH5 0.146 ± 0.938 -0.340 ± 1.018 0.026
GNG11 0.189 ± 0.956 -0.417 ± 0.900 0.004
KLF4 0.233 ± 1.119 -0.289 ± 0.746 0.018
MCAM 0.137 ± 0.909 -0.282 ± 1.098 0.058
PECAM1 0.234 ± 0.911 -0.341 ± 1.046 0.008
PGM5 0.193 ± 0.923 -0.447 ± 0.925 0.002*
PLA1A 0.131 ± 0.925 -0.213 ± 1.105 0.122
ROBO4 0.171 ± 0.933 -0.404 ± 0.969 0.007
TM4SF18 0.236 ± 0.897 -0.473 ± 0.968 0.001*
vWF 0.173 ± 0.809 -0.100 ± 1.040 0.178

a Gene expression data shown as mean ±  SD.
*P values were calculated by T-test and adjusted by Bonferroni method (P<0.00385).

Discussion

In the present study mRNA expression levels of endothelium-epithelium related transcripts 
(E-score) and T-cell mediated rejection related transcripts (T-score) were investigated in 
transplant biopsies at time of acute rejection (AR). We found that a relatively low E-score is 
associated with resistance to steroid treatment, whereas the T-score and Banff score were 
not related to outcome of the rejection. The T-score is significantly associated with interstitial 
inflammation and tubulitis. Results from this study suggest that molecular assessment offer 
an added value to histologic diagnosis with respect to predicting of steroid therapy.

Evaluation of multiple markers that belong to a similar pathophysiologic pathway is 
superior to tests of single markers, as it may decrease the variation introduced by aberrant 
expression and by inter-laboratory differences. The Fluidigm dynamic arrays system provides 
a high throughput gene expression platform on the basis of real time quantitative PCR, which 
requires very low input amounts of nucleic acid. Our data, consistent with other studies, 
show that the microfluidic technology has high concordance with conventional qPCR (24, 
25). The automated microfluidic chip system enables faster analysis, and it significantly 
reduces the reagent and sample consumption (26). 
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T-group transcripts, previously described to be elevated in TCMR biopsy samples 
compared to all other conditions (23), mainly reflect T cell co-stimulation, activation and 
signalling, and cytotoxic T cell- and INF-γ-related effects. Majority of the biopsies obtained in 
the previous study were taken more than one year after transplantation (6). We interrogated 
these transcripts in a cohort of biopsies, containing acute rejection, most of which had been 
taken within 3 months after transplantation). Consistent with a previous study (22), the 
relative high T-score was significantly associated with the extent of interstitial inflammation 
and tubulitis, but not with intimal arteritis. Thus, assessment of T-score in biopsy samples 
provides additional value on diagnosis of TCMR. 

Here we found that decreased expression of endothelium and epithelium related 
transcripts is associated with resistance to steroid pulse treatment in kidney transplantation. 
In contrast, Sis et al reported that endothelial associated transcriptional levels were elevated 
in late biopsies diagnosed with ABMR (21). Sellares et al subsequently demonstrated that 
molecular transcripts that typified biopsies with ABMR were mainly expressed in endothelial, 
epithelial cells, and NK cells, which was confirmed by another prospective study (20, 27). 
The seemingly contradicting clinical effect of dysregulated expression of endothelial cell 
transcripts between previous studies and ours may be explained by a difference in the 
time period of the biopsies after transplantation (early versus late), and the type of the 
rejections studied. Our cohort mostly contained TCMRs on the basis of histomorphology. 
Unfortunately, we cannot completely rule out a humoral component for the minority of 
cases that showed C4d positivity, since serum for donor specific antibody screening at time 
of rejection was not always available. 

Endothelial cells in glomeruli and peritubular capillaries mediate critical processes 
such as inflammation and coagulation. Decreased expression of endothelium and epithelium 
related transcripts, which are involved in blood vessel development and biological adhesion, 
may reflect low nephron integrity and reduced nephron repair after injury. The analysis of 
individual transcripts showed that TM4SF18, PGM5, and CD34 remain significantly lower in 
patients with steroid resistant rejection after Bonferroni correction. TM4SF18 is a member of 
transmembrane 4 large six family, characterized by four conserved transmembrane domains 
(28). The tetraspanins can form a large protein complex with integrin and growth receptors, 
which may mediate cell adhesion, proliferation, and migration (29, 30). PGM5 is involved 
in cell-to-cell adherens junctions of endothelial and epithelial cells (31-33). CD34 is mainly 
expressed on endothelium, epithelium, and human hematopoietic stem cells, and it is a 
potential marker of endothelial progenitor cells (34). In combination with MCAM, PECAM1, 
CAV1, ROBO4, PGM5, and cadherin molecules, these molecules are involved in angiogenesis 
during wound healing and in cell adhesion, all in the context of enhanced repair capacity 
and kidney integrity. Clinically this may mean that the renal function is more likely to recover 
after high-dose steroid therapy when the kidney has a higher repair capacity and nephron 
integrity, as reflected by the relatively high expression of the endothelial transcripts 
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studied. This notion is supported by the observation that severe vascular destruction is 
related to worse response to steroid treatment, compared to mild vascular destruction (17). 
Furthermore, severe intimal arteritis and adherence of mononuclear cells to endothelial 
cells were associated with steroid resistant rejection (15, 16). 

In conclusion, we found that decreased expression of endothelial-epithelial 
transcripts in the biopsy during acute rejection, as reflected in a low E-score, is significantly 
associated with a poor response to steroid treatment. The expression of TCMR-related 
transcripts, as reflected in the T-score, and Banff lesions in the biopsy were not associated 
with steroid response. Molecular assessment of biopsies at moment of rejection may 
provide additional support for clinical diagnosis. The prognostic value of the expression 
profiles studied for predicting steroid resistant rejection would need to further tested in a 
prospective study. 
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Supplementary Data

Figure S1. Absolute Cq values of Fluidigm dynamic array and conventional real time PCR. The highly 
correlated results suggested comparable results between Fluidigm technique and conventional qPCR . 
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Table S1. Clinical parameters and histologic lesions were not associated with steroid 
resistant rejection

Steroid responsive
(N=50)

Steroid resistant
(N=35)

P

Recipient age (years, IQR) 48.5 (36.75-53) 47 (37-55) 0.96
Donor age (years, IQR) 47 (32.5-56.5) 46 (36-59) 0.58
Donor type 0.15
      Living 9 11
      Cadaveric 41 24
First transplantation a 0.72
      Yes 42 29
      No 7 6
HLA-ABDR matching a 1
      Full Matching 5 4
      Mismatching 44 31
DGF in deceased donor 0.42
      Yes 16 7
      No 25 17
Glomerulitis (g)b 0.37
        0 35 21
        1 11 9
        2 2 1
        3 0 2
Interstitial inflammation (i)b 0.12
        1 20 16
        2 20 7
        3 8 10
Tubulitis (t)b 0.39
        0 2 1
        1 18 11
        2 21 11
        3 7 10
Interstitial fibrosis (ci)b 0.52
        0 30 21
        1 13 11
        2 5 1
Tubular atrophy (ct)b 0.96
        0 28 19
        1 19 13
        2 1 1
Intimal arteritis (v)c 0.46
        0 30 14
        1 10 10
        2 2 2
        3 3 3

a, b, c  data missing for one, four,  eleven patient 
*P values were calculated using Chi-Square test or Fisher’s Exact Test.
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Table S2. Relationship between group score and histologic lesions

E-score<0
(N=43)

E-score>0
(N=38)

P
T-score<0

(N=29)
T-score>0

(N=52)
P

Glomerulitis (g) 0.88 0.13
        0 31 25 16 40
        1 10 10 11 9
        2 1 2 1 2
        3 1 1 1 1
Interstitial inflammation (i) 0.60 5.84E-4*
        1 17 19 21 15
        2 15 12 6 21
        3 11 7 2 16
Tubulitis (t) 0.54 5.88E-8*
        0 1 2 2 1
        1 13 16 21 8
        2 18 14 6 26
        3 11 6 0 17
Interstitial fibrosis (ci) 0.43 0.048*
        0 29 22 23 28
        1 10 14 4 20
        2 4 2 2 4
Tubular atrophy (ct) 0.29 0.75
        0 27 20 18 29
        1 16 16 10 22
        2 0 2 1 1
Intimal arteritis (v) a 0.52 0.92
        0 25 19 14 30
        1 9 11 7 13
        2 3 1 2 2
        3 2 4 2 4

adata missing for seven patients
E-score, Endothelial-epithelial group score; T-score, TCMR related group score
P values were calculated using Chi-Square test or Fisher’s Exact Test.
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Abstract

Background Biopsy-proven acute rejection (BPAR) is a risk factor for adverse kidney 
transplant outcome. Previous hypothesis-driven studies have led to identification of genetic 
variants associated with AR. Here, we conducted a genome-wide association study (GWAS) 
to search in an unbiased manner for loci and single nucleotide polymorphisms (SNPs) that 
are associated with BPAR after kidney transplantation.
Method A total of 325 patients and 321 donors, transplanted between 1994 and 2012, were 
genotyped on the Transplant SNP array v1. The genotyped dataset was imputed based on 
a combined reference set derived from the 1,000 Genomes Project and Genome of the 
Netherlands, resulting in seven million analysable SNPs after rigorous quality control. 
Genetic associations were tested by factored spectrally transformed linear mixed models 
(FaST-LMM). Identified candidate SNPs in the GWAS discovery cohort were tested in an 
independent cohort 243 recipients from another transplant center. A set of previously 
published candidate risk genes of allograft rejection was interrogated in the current GWAS. 
Results After correction for clinical risk factors, candidate loci were identified in the patients: 
top ranking variant rs112775512 (OR=1.44, P=3.38×10-9) in an intron of COL5A1, which was 
associated with BPAR. None of the significant candidate SNPs (P<5×10-6) identified in the 
discovery cohort could be confirmed in the validation cohort. In previously published genetic 
association studies, we could confirm the association of rs1801274 in FCGR2 with BPAR.
Conclusion These findings emphasize the importance of validation in genetic association 
studies. International collaborative studies in the field of kidney transplantation are 
necessary to increase sample size and identify robust clinically relevant SNPs. 
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Introduction

Acute allograft rejection remains a risk factor for adverse kidney transplant outcome (1). 
Human leukocyte antigen (HLA) mismatching between donor and recipient, the presence 
of anti-HLA antibodies in the patient, delayed graft function (DGF), and younger patient 
age are considered as risk factors for acute rejection (AR) (2-4). Besides the well-defined 
clinical and immunological risk factors, genetic variants across the human genome may 
influence allograft rejection (5, 6). Genetic studies in renal transplant have mainly focused 
on single nucleotide polymorphisms (SNPs) located within or flanking the genes that encode 
for cytokines, chemokines, toll-like receptors, ficolins, and complement components, which 
play a role in immune responses (7-11). These studies have led to inconsistent results, 
probably due to limited sample size, different population substructures, and the lack of 
validation in an independent cohort (5, 11). 

Identifying genetic variants that underlie allograft rejection is rather complex, 
since acute rejection is affected by the extent of alloreactivity of the patient’s immune 
system toward the donor organ and the effect of the immunosuppression applied. The 
choice of candidate genes that have been studied in previous genetic studies has relied 
heavily on their relationship to the known pathophysiology of rejection, but such studies 
may not fully explain the genetic basic of allograft rejection (12). Genome-wide association 
studies (GWAS) represent a hypothesis free approach to identify causal genetic variants by 
analysing millions of SNPs scattered across genome. GWAS had been successfully applied for 
identification novel genes in many diseases, such as diabetes and Alzheimer’s disease (13, 
14). However, in the kidney transplantation field only a few studies have reported novel loci 
that are associated with acute rejection or long-term kidney function (15, 16). Multicenter 
GWAS in renal transplants led to identification of two loci, which constitute CCDC67 and 
PTPRO, associated with biopsy proven acute T cell mediated rejection in both a discovery 
and validation cohort (15). Another GWAS identified two SNPs (rs3811321 and rs6565887) 
associated with 5-year creatinine levels and long-term graft survival (16). However, in 
a larger follow-up study involving 1,638 patients the impact of those two SNPs on long-
term graft function could not be confirmed (17). This indicates the importance of validation 
of GWAS studies and asks for multicenter collaboration in the field of transplantation to 
increase sample sizes.

In the present study, we applied GWAS to identify novel loci that are associated 
with the occurrence of biopsy proven acute rejection after kidney transplantation. We also 
interrogated previously reported SNPs and their possible association with renal transplant 
outcome in this cohort.
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Materials and Methods

Patients and donors
Patients receiving a kidney transplant between 1994 and 2012 in the Leiden University 
Medical Center (LUMC) were investigated. Thirty-five out of 646 DNA samples were 
excluded due to poor quality of genotyping (QC call rate < 95%). Finally, there were 611 
DNA samples, from 305 patients and 306 donors. Cases were defined as patients developing 
biopsy proven acute rejection (BPAR) based on Banff classification. Controls were defined as 
patients with stable graft function, having no indication of clinical rejection. Patients with an 
episode of BPAR after switching of maintenance medication or with only a clinical indication 
of rejection without biopsy were excluded (Figure 1).

Figure 1. Flowchart of patients and donors included in discover cohort. QC: quality control.

Genotyping
Patient and donor DNA was isolated using chemagic DNA Blood2k Kit by chemagic 
MSM I equipment (PerkinElmer), and the quantity was measured on a NanoDrop 2000 
Spectrophotometer (Thermo Fisher Scientific Inc, Asheville NC). Extracted DNA was diluted 
to 50 ng/µL with nuclease-free water. All DNA samples were genotyped by transplant SNP 
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array on the Affymetrix platform, which contain 753,182 SNPs, including fine-mapping SNPs 
across HLA region and drug-response associated loci (18).
Quality control and Imputation
Normal quality control was applied on raw genotype data to remove low quality samples 
and SNPs. Five samples with more than 5% missing genotypes were excluded. Individual 
SNPs with a Hardy-Weinberg equilibrium (HWE) P-value of less than 10-3, monomorphic 
SNPs, and SNPs with a genotype call rate lower than 95% were excluded. The final dataset 
contained 611 samples and 592,990 SNPs for imputation.

Imputation was performed using IMPUTE2 based on a combined reference set 
(1,000 Genomes Project and Genome of The Netherlands, GoNL) (19). A post-imputation 
quality control was applied to filter out SNPs that did not meet our criteria (info-score < 0.7, 
HWE p-value < 10-3, SNP call rate < 0.95,  MAF < 0.05), which result in a total of 7,067,718 
SNPs that were analyzed for association. All the imputed genotyped data were transformed 
into PLINK format using PLINK software, version 1.9.

Statistical analysis
Associations between clinical phenotypes (biopsy proven acute rejection) and genotypes 
were tested using factored spectrally transformed linear mixed models (FaST-LMM) to 
capture population structure, family structure, and cryptic relatedness (20). Clinical risk 
factors with a P-value less than 0.1 were included in the linear mixed model. The covariant 
included different therapeutic regimes, patient age and gender, donor type at transplant 
(living or deceased), and CMV primo-infection. Quantile-quantile (Q-Q) and Manhattan 
plots were generated using the qqman package (21). Genome-wide distribution of the test 
statistics showed no systematic inflation by inspecting the Q-Q plot and calculating the 
genomic inflation factor (λ). Suggestive association threshold (P<5×10-6) and genome-wide 
significance threshold (P<5×10-8) were used as correction for multiple testing. 

Power calculation
The power of the GWAS, demonstrated as the relative risk versus minor allele frequency, 
was calculated by PGA software (22). We calculated the power using a disease prevalence of 
0.15 and statistic power of 0.8, with the threshold of significance P=5×10-6 by default model. 

Validation of candidate SNPs associated with kidney transplant outcome
A total of 67 previous published SNPs, located in genes encoding cytokines, chemokines, 
and innate immune response molecules (reviewed in (23)), were associated with acute 
rejection after kidney transplantation in the patients. For polymorphisms in the donor, 11 
SNPs were reported to be significant association with allograft rejection. These candidate 
SNPs were validated in the present GWAS in association with BPAR. A P value of less than 
0.05 was considered as significant. 
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Results

Patient characteristics and outcomes
A discovery cohort of 305 patients and 306 donors was genotyped by Affymetrix transplant 
arrays and passed the quality control. The patient and donor factors (age and gender) were 
not different between controls and BPAR group. Patients in the studies received different 
therapeutic regimes, consisting of mycophenolate mofetil (MMF) and calcineurin inhibitor 
(CNI), after kidney transplantation, which was a risk factor for BPAR. A deceased donor 
graft and CMV primo infection were risk factors for BPAR, whereas occurrence of DGF, 
HLA mismatching between donor and recipient, and younger recipient age did not predict 
occurrence of acute rejection (Table 1).

Table 1. Demographics of study cohort 1

Variables Controls (N=232) Cases (N=47) P 2

Recipient age (IQR, year) 54.0 (43.3-60.0) 50.0 (37.0-63.0) 0.501
Recipient gender (female) 33.6% 23.4% 0.171
First transplant 95.7% 93.6% 0.539
Donor age (IQR, year) 49.0 (39.0-59.0) 51.0 (39.0-57.0) 0.893
Donor gender (female) 50.4% 59.6% 0.253
Donor type (deceased) 55.6% 72.3% 0.034*
Cold ischemia time (IQR, h) 17.3 (13.4-20.2) a 17.4 (12.8- 22.4) b 0.631
DGF (within deceased donor) 61.2% c 73.5% d 0.185
HLA-A matching 28.5% 36.2% 0.421
HLA-B matching 17. 7% 23.4% 0.322
HLA-DR matching 28.9% 19.2% 0.345
HLA-DQ matching 46.1% 40.4% 0.690
CMV primo-infection 3.9% 10.6% 0.067
Maintenance therapy 0.003*
      CNI, MMF 6.5% 12.8%
      Tac, MMF 13.4% 8.5%
      CsA, MMF 43.5% 66.0%
      CNI, MMF, steroid 36.6% 12.8%

1 HLA, human leukocyte antigen; DGF, delayed graft function; CMV, Cytomegalovirus; MMF, 
mycophenolate mofetil; CsA, cyclosporine A; Tac, Tacrolimus; CNI, calcineurin inhibitor.
2 P-values were calculated using the Mann-Whitney test, Chi-square test or Fisher exact test. 
* indicates significance.
a, b, c, d data missing for 136, 10, 103, 13 patients
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GWAS revealed three loci for BPAR in the recipient
All SNPs passing the QC were tested using the linear mixed model, which was adjusted for 
clinical risk factors and genetic background. The Q-Q plot showed an effective control of 
population structure (λ=1.07). The tail of Q-Q curve deviating from the expected distribution 
may indicate true association (Figure S1). Nine SNPs showed association with BPAR with a 
P<5×10-8, as shown in a Manhattan Plot (Figure 2). Seven of the nine SNPs identified (top-
ranked SNP: rs112775512) are located in the intron of collagen type V alpha 1 (COL5A1). 
One SNP (rs3057090) is located 20 kb downstream of Dishevelled associated activator of 
morphogenesis 1 (DAAM1) and one SNP (rs77493583) is located in the intron of DPY19L1.

Figure 2. Manhattan plot of SNPs associated with BPAR in patients. Overall, 7 million SNPs were 
analyzed in relation to BPAR, with correction of clinical risk factors. The figure shows p-values (P<0.01) 
of each SNP against the chromosomal positions. The red line shows the threshold of genome wide 
significance (P<5×10-8) and the blue line indicates the genome wide suggestive significance (P<5×10-6). 

Genetic variants validation in independent cohort
The validation cohort contained 243 recipients from the transplantation center in Vienna, 
which had been genotyped using the same Transplant arrays. A total of 44 candidate genetic 
variants (P<5×10-6) were eligible for association analysis (Table 2). Association of candidate 
SNPs were tested by the FaST-LMM algorithm, correcting for any significant clinical risk 
factors. Three SNPs showed significant association with BPAR (P<0.05), but the odds ratio 
were in opposite direction compared to those in the discovery cohort. 
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Table 2. Associations of genetic loci with BPAR in two cohorts 1.

SNP Discovery cohort Validation cohort
Chr SNP ID Minor allele P 2 OR P 2 OR
2 rs62178588 G 3.97E-06 0.85 0.012* 1.14
2 rs74765547 TGACTGCTGAAAACAC 2.56E-06 1.24 0.582 0.97
3 rs7627382 T 3.37E-06 1.24 0.106 0.91
4 rs34790532 T 4.10E-06 1.24 0.046* 0.89
4 rs72684896 T 1.93E-06 1.25 0.041* 0.89
5 rs2116800 A 1.71E-06 1.21 0.909 1.01
6 rs76468144 T 4.50E-07 1.48 0.628 0.95
7 rs1826839 A 4.37E-06 1.17 0.301 1.05
7 rs1826840 A 4.37E-06 1.17 0.256 1.06
7 rs2331387 A 4.20E-06 1.17 0.372 1.04
7 rs2331389 T 4.20E-06 1.17 0.372 1.04
7 rs2526975 A 1.97E-07 0.85 0.694 1.02
7 rs2727762 T 6.10E-07 1.18 0.433 1.04
7 rs396600 C 9.86E-07 1.19 0.505 1.03
7 rs4724442 A 4.20E-06 1.17 0.276 1.05
7 rs77493583 C 3.75E-09 1.44 0.67 0.96
7 rs9690070 C 4.20E-06 1.17 0.372 1.04
8 rs1873654 T 3.64E-06 1.28 0.259 1.11
8 rs4909457 T 4.90E-06 1.16 0.923 1
8 rs7386038 T 4.98E-06 1.16 0.927 1
9 rs11103457 T 8.37E-07 1.22 0.886 1.01
9 rs112775512 A 3.39E-09 1.44 0.216 0.9
9 rs118029018 C 9.82E-09 1.42 0.193 0.89
9 rs12001485 A 9.82E-09 1.42 0.284 0.91
9 rs143702384 CA 3.95E-09 1.44 0.18 0.89
9 rs145688704 T 4.22E-06 1.2 0.893 1.01
9 rs372298474 G 2.22E-07 1.36 0.491 0.95
9 rs66698367 T 7.60E-08 1.36 0.223 0.9
9 rs67349136 G 1.84E-08 1.41 0.352 0.93
9 rs72772536 T 9.82E-09 1.42 0.444 0.94
9 rs72772543 C 9.00E-09 1.42 0.573 0.95
9 rs72772548 T 2.55E-07 1.4 0.395 0.92
10 rs35772020 A 5.40E-07 1.43 0.724 0.97
12 rs75575129 A 3.48E-06 1.39 0.831 0.98
12 rs79634630 A 4.01E-06 1.47 0.558 1.09
14 rs3057090 CTTGTTG 5.60E-09 1.44 0.316 1.09
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15 rs11632600 T 2.65E-06 1.26 0.473 0.96
15 rs71395028 A 3.62E-06 1.37 0.31 1.13
16 16:32534119 C 1.94E-06 1.57 0.707 0.95
16 rs112139404 AC 2.22E-06 1.43 0.843 0.98
16 rs1230896 T 2.63E-06 1.18 0.666 1.02
16 rs251919 T 3.32E-06 1.18 0.658 1.02
16 rs436054 C 3.11E-06 1.18 0.62 1.02
18 rs67127738 A 9.81E-07 1.2 0.633 0.97

1 SNP, single nucleotide polymorphism; Chr, chromosome; OR, odds ratio.
2 P-values were calculated using FaST-LMM algorithm. 

Donor GWAS for BPAR 
We also performed a GWAS to study the donor genotype in relation to BPAR. The Q-Q plot 
showed appropriate control of population substructure, but no evidence of association 
with BPAR (Figure S2). Only one SNP (rs79712820) was significantly (P<5×10-8) associated 
with BPAR (Figure 3). This SNP was located in the intron of synaptopodin-2, which has actin 
binding and bundling activity. 

Figure 3. Manhattan plot of SNPs associated with BPAR in donors. The figure shows p-values (P<0.01) 
of each SNP against the chromosomal positions. The red line shows the threshold of genome wide 
significance (P<5×10-8) and the blue line indicates the genome wide suggestive significance (P<5×10-6). 
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Validation of previous published candidate SNPs in the current GWAS
We attempted to validate previous publications, which reported 67 SNPs in genes encoding 
for cytokines, chemokines, cell adhesion molecules, and innate immunity related molecules 
(23). In total, 59 SNPs were successfully captured in our patient GWAS dataset. Only three of 
them were significantly associated with BPAR (Table 3). Whereas two SNPs (rs2515641 and 
rs5742909) showed an opposite effect on AR compared with previous publications. One SNP 
(rs1801274), located in FCGR2A, was associated with BPAR (P<0.05).  

Table 3. Validation of candidate SNPs that were reported in previous genetic association 
studies of transplant outcome 1

SNP Previous publication Current GWAS Ref
Chr SNP ID Gene N P OR (95% CI) P 3 OR
1 rs2796267 CD46 334 0.012 0.47 (0.26-0.84) 0.75 0.99 (27)
1 rs1801274 FCGR2A 99 <0.045 AR: more C allele 2 0.002* 0.91 (28)
1 rs1800896 IL10 291 0.016 1.9 (1.1-3.1) 0.06 1.06 (7)
1 rs1800871 IL10 291 0.016 1.9 (1.1-3.1) 0.75 0.99 (7)
1 rs1800872 IL10 291 0.016 1.9 (1.1-3.1) 0.75 0.99 (7)
1 rs1801133 MTHFR 585 0.012 0.51 (0.3-0.86) 0.50 1.02 (29)
1 rs689466 PTGS2 458 0.01 0.59 (0.38-0.91) 0.44 1.03 (30)
2 rs3116496 CD28 270 0.026 1.93 (1.10-3.39) 0.87 0.99 (31)
2 rs733618 CTLA4 167 0.002 0.41 (0.24-0.72) 0.10 1.09 (32)
2 rs5742909 CTLA4 131 0.015 3.45 (1.18-10.1) 0.01* 0.84 (33)
2 rs231775 CTLA4 190 0.037 2.78 ( 1.07-7.19) 0.06 1.06 (34)
2 rs3087243 CTLA4 72 0.035 4.51 0.47 0.98 (35)
2 rs1143634 IL1B 100 0.045 3.11 (1.02-9.44) 0.10 0.94 (36)
2 rs7574865 STAT4 453 0.003 0.54 (0.36-0.82) 0.71 0.99 (37)
2 rs17868320 UGT1A9 100 0.07 3.62 (0.90-14.5) 0.71 0.97 (38)
2 rs6714486 UGT1A9 100 0.05 4.40 (1.05-18.4) 0.43 0.94 (38)
3 rs5186 AT1R 206 <0.05 8.34 (2.43-28.69) 0.24 0.96 (39)
3 rs1799864 CCR2 163 0.014 0.30 (0.12-0.78) 0.41 1.05 (40)
3 rs1799987 CCR5 243 0.029 2.76 (1.11-6.90) 0.07 0.95 (41)
3 rs1129055 CD86 Meta 0.02 0.35 (0.14-0.85) 0.46 1.03 (42)
3 rs11706052 IMPDH2 232 0.006 3.39 (1.42-8.09) 0.74 0.98 (10)
4 rs4073 CXCL8 296 0.032 2.7 (1.09-6.69) 0.90 1.00 (43)
4 rs2069762 IL2 63 <0.05 NA 0.69 1.01 (44)
4 rs28362491 NFKB1 292 0.001 2.61 (1.50-4.53) 0.10 1.05 (45)
4 rs7439366 UGT2B7 235 <0.046 2.5 (1.00-6.41) 0.05 0.94 (38)
5 rs181781 IL3 330 0.041 0.55 (0.31-0.98) 0.33 0.95 (46)
5 rs40401 IL3 330 0.014 2.18 (1.17-4.05) 0.09 0.94 (46)
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5 rs2243250 IL4 120 0.02 NA 0.83 0.99 (47)
5 rs2910164 MIR146A 350 0.04 2.63 (1.04-6.62) 0.94 1.00 (48)
6 rs2269475 AIF 458 0.05 0.61 (0.39-0.97) 0.29 0.95 (30)
6 rs1800629 TNF 623 0.001 4.05 (1.76-9.28) 0.17 0.95 (49)
6 rs699947 VEGFA 173 0.005 4.1 (1.5-11.3) 0.41 1.02 (50)
6 rs1570360 VEGFA 173 0.001 6.8 (1.8-25.0) 0.93 1.00 (50)
7 rs2032582 ABCB1 232 0.003 3.16 (1.50-6.67) 0.26 0.96 (10)
7 rs1800795 IL6 145 0.0002 NA 0.15 0.96 (51)
7 rs2278293 IMPDH1 191 0.008 0.34 (0.15-0.76) 0.32 0.97 (52)
7 rs2278294 IMPDH1 191 0.02 0.40 (0.18-0.89) 0.62 0.98 (52)
8 rs1042032 EPHX2 259 0.015 6.34 (1.35-29.9) 0.62 0.98 (53)
9 rs4986790 TLR4 238 0.01 0.41 (0.30-0.83) 0.82 1.01 (54)
9 rs10759932 TLR4 216 0.001 0.25 (0.11-0.57) 0.77 0.99 (55)
10 rs2515641 CYP2E1 347 0.003 2.55 (1.37-4.75) 0.04* 0.91 (56)
10 rs7096206 MBL2 710 0.01 2.05 (1.16-3.64) 0.86 0.99 (57)
11 rs10765602 CCDC67 778 0.02 1.98 (1.21-3.25) 0.94 1.00 (15)
11 rs187238 IL18 226 0.015 3.65 (1.24-10.79) 0.25 1.04 (58)
12 rs2430561 INFG 118 NA 2.6 (1.6-6.0) 0.48 0.97 (59)
12 rs7976329 PTPRO 778 0.01 1.61 (0.96-2.70) 0.09 0.94 (15)
12 rs11614913 MIR196A2 350 0.027 2.86 (1.12-7.27) 0.68 1.01 (48)
14 rs696 NFKBIA 292 0.007 1.85 (1.18-2.91) 0.79 0.99 (45)
16 rs1801275 IL4R 344 0.019 0.44 (0.21-0.91) 0.11 0.94 (60)
17 rs1024611 CCL2 167 0.022 2.6 (1.12-6.01) 0.57 0.98 (61)
17 rs2107538 CCL5 261 0.035 NA 0.92 1.00 (62)
17 rs5918 ITGB3 119 0.04 2.75 (1.01-7.93) 0.95 1.00 (63)
17 rs1625895 TP53 100 0.009 0.36 (0.16-0.78) 0.25 0.95 (64)
19 rs5498 ICAM1 42 0.013 0.23 0.97 1.00 (65)
19 rs1800470 TGFB 291 0.043 1.8 (1.0–3.0) 0.19 0.96 (7)
19 rs1800471 TGFB 291 0.043 1.8 (1.0-3.0) 0.53 1.04 (7)
20 rs3746444 MIR499A 350 0.027 3.31 (1.14-9.58) 0.37 0.97 (48)
22 rs228942 IL2RB 337 0.0096 2.11 (1.19-3.74) 0.45 1.03 (66)
22 rs228953 IL2RB 337 0.029 1.58 (1.04-2.38) 0.95 1.00 (66)

1 SNP, single nucleotide polymorphism; Chr, chromosome; OR, odds ratio; NA, not available; 
CI, Confidence interval; Ref, reference.
2 OR was not given in study.
3 P-values in current GWAS were calculated using FaST-LMM algorithm. 
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	 From our donor GWAS dataset, a total of 11 previously published SNPs associated 
with allograft rejection could be successfully captured (Table 4). However, none of these 
variants was significantly associated with BPAR in the current study. 

Table 4. Validation of candidate SNPs that were reported in previous genetic association 
studies of the transplant donor with outcome 1

SNP Previous publications Current GWAS Ref
Chr SNP ID Gene N P OR (95% CI) P 2 OR
3 rs1799987 CCR5 239 0.029 NA 0.61 1.02 (67)
6 rs1570360 VEGF 173 0.001 2.2 (1.4-3.7) 0.60 1.02 (50)
6 rs1800629 TNFa 120 0.0395 1.4 0.36 1.04 (68)
6 rs699947 VEGF 173 0.005 1.9 (1.2-3.0) 0.66 1.01 (50)
7 rs2069840 IL-6  145 0.0002 8.67 0.27 0.96 (51)
8 rs1042032 EPHX2  259 0.042 5.53 (1.10–27.80) 0.79 0.99 (53)
9 rs4986790 TLR4 122 0.02 NA 0.96 1.00 (69)
9 rs4986791 TLR4 122 0.02 NA 0.51 1.04 (69)
9 rs7851696 Ficolin-2 270 0.048 1.71 (1.02-2.87) 0.66 0.98 (70)
10 rs1800682 FAS 105 0.043 3.27 (1.04-10.32) 0.64 1.01 (71)
10 rs1801157 SDF1  335 0.006 0.39 (0.21–0.76) 0.34 1.04 (72)

1 SNP, single nucleotide polymorphism; Chr, chromosome; OR, odds ratio; NA, not available; 
CI, Confidence interval; Ref, reference.
2 P-values in current GWAS were calculated using FaST-LMM algorithm. 

Discussion

We performed a GWAS to investigate genetic variants associated with biopsy proven acute 
rejection (BPAR) in kidney transplantation. Several SNPs were identified in our discovery 
GWAS cohort to be associated to BPAR, but unfortunately none of these could be verified 
in an independent cohort. We could confirm in our cohort the association of rs1801274 in 
FCGR2 with BPAR, which has been described in a previous genetic association study. 

In the transplant recipients, nine SNPs reached genome wide significant level, of 
which seven are located in the intron of COL5A1 at chromosome 9, and two are lone SNPs 
located on chromosome 7 and 14. These multiple continuous SNPs were more likely assumed 
to be true risk variants for BPAR than the lone SNP because of linkage disequilibrium. 
Although the two lone SNPs were significantly associated with BPAR with high imputation 
certainty (info>0.9), this finding requires further replication. In an independent validation 
cohort, the nine candidate SNPs showed no significant association with BPAR. Also, the SNPs 
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showing association to BPAR with a suggestive P value (P<5×106) could not be verified in the 
replication cohort. 

Although one SNP reached the significant level in donor GWAS, it did not show 
large deviation from expected distribution in the Q-Q plot. In addition, the relative small 
risk effect suggests that this SNP was found by chance. These results suggest that donor 
polymorphisms confer no big effect on the risk of acute rejection. 

The main reason, that findings in the discovery cohort could not be verified 
in the validation cohort, may be the relatively small sample size and limited power to 
detect any small effects on outcome of single SNPs. Power calculation showed that SNPs 
(MAF=0.2) with a relative risk of more than 2.8 could be sufficiently detected (power=0.8) 
at the genome wide suggestive significance level (Figure 4). However, our results showed 
that the relative risk calculated by linear mixed model is less than two, indicating that the 
candidate SNPs may have been identified by chance. In other words, our study is only able 
to sufficiently detect SNPs (MAF>0.2) that have a relatively big effect on BPAR (RR>2.8). The 
validation cohort with comparable sample size had modest power to detect variants at the 
conventional level (P<0.05). 

Figure 4. Power of the study. The plot shows relative risk versus minor allele frequency. The power 
was calculated using a disease prevalence of 0.15 and a statistic power of 0.8 by default model. The 
orange line and black line show the threshold of suggestive significance (P=5×10-6) and the unadjusted 
significance (P=0.05), respectively.



110

Apart from any novel loci, risk loci that have previously been discovered in genetic 
risk studies were also evaluated in the current GWAS. Variant rs7976329, located in the intron 
of PTPRO and rs10765602 located in the upstream of CCDC67, confer a modest effect on 
BPAR (RR<2) (15). Our study had sufficient power to detect these variants at the conventional 
significance level (P<0.05). However, these two risk variants showed no association with 
acute rejection in our study cohort, which suggests that variation between transplant 
centers may hamper validation in genomic studies. Similarly, two variants (rs3811321 and 
rs6565887) associated with long-term kidney function in 326 renal transplant recipients 
could not be confirmed in an independent study on 1,638 patients (16, 17). 

Failed validation is quite common in clinical studies especially in the field of 
transplantation. A well-powered GWAS in blood or marrow transplantation (BMT) 
demonstrated that a substantial amount of candidate SNPs identified by previous 
publications showed falsely positive association with survival outcomes (24). Similarly, 
our current GWAS failed to validate 69 out of 70 genetic variants previously reported to 
be associated with acute rejection. Only rs1801274 (FCGR2A) could be confirmed at the 
conventional significance level, whereby the recipients with acute rejection in both 
studies have higher C allele frequency. Our results highlight the importance of validating 
SNPs identified by candidate approaches or unbiased genome wide associations, and they 
demand large collaborative studies of the genetic effect on kidney transplant outcome. 

As Stegall and colleagues have mentioned, complex outcomes such as graft loss or 
acute rejection may have numerous causes, and are unlikely to be fully related to variants 
in one gene (25). BPAR is associated with the donor organ quality, HLA matching status, and 
immunosuppressive therapy. Therefore, any effect of genetic variants on acute rejection 
may be counterbalanced by other potential factors, and thus they may be hard to capture in 
genetic association studies. At the other hand, the less complex the outcome, the more likely 
it is to discover robust gene associations. For example, the DeKAF consortium identified by 
GWAS in African American kidney transplant recipients two additional CYP3A5 alleles that 
are associated with tacrolimus trough blood concentrations (26). Indeed, the association 
between pharmacogenetic polymorphisms and tacrolimus concentrations has been widely 
validated in many studies (23). 

In conclusion, we identified several SNPs in the patient and the donor by GWAS, 
which were associated with occurrence of acute rejection. These could unfortunately not 
be confirmed in an independent cohort. International collaborative studies are highly 
recommended to obtain adequate power and overcome any falsely positive findings. Of the 
SNPs that have previously been described to predict transplant outcome, we could confirm 
association of rs1801274 in FCGR2 with occurrence of acute rejection. Further studies are 
needed to establish the function of this molecule in transplantation. 



111

5

References
1.	 Mateu LMP, Calabuig AS, Plaza LC, Esteve AF. Acute rejection and late renal transplant failure: risk 

factors and prognosis. Nephrology Dialysis Transplantation. 2004;19(suppl 3):iii38-iii42.
2.	 Wissing KM, Fomegné G, Broeders N, Ghisdal L, Hoang AD, Mikhalski D, et al. HLA mismatches remain 

risk factors for acute kidney allograft rejection in patients receiving quadruple immunosuppression with 
anti-interleukin-2 receptor antibodies. Transplantation. 2008;85(3):411-6.

3.	 Lebranchu Y, Baan C, Biancone L, Legendre C, Morales JM, Naesens M, et al. Pretransplant identification 
of acute rejection risk following kidney transplantation. Transplant International. 2014;27(2):129-38.

4.	 Wu WK, Famure O, Li Y, Kim SJ. Delayed graft function and the risk of acute rejection in the modern era 
of kidney transplantation. Kidney international. 2015;88(4):851-8.

5.	 Goldfarb-Rumyantzev AS, Naiman N. Genetic predictors of acute renal transplant rejection. Nephrology, 
dialysis, transplantation : official publication of the European Dialysis and Transplant Association - 
European Renal Association. 2010;25(4):1039-47.

6.	 Tran T, Unterrainer C, Fiedler G, Döhler B, Scherer S, Ruhenstroth A, et al. No Impact of KIR‐Ligand 
Mismatch on Allograft Outcome in HLA‐Compatible Kidney Transplantation. American Journal of 
Transplantation. 2013;13(4):1063-8.

7.	 Alakulppi NS, Kyllonen LE, Jantti VT, Matinlauri IH, Partanen J, Salmela KT, et al. Cytokine gene 
polymorphisms and risks of acute rejection and delayed graft function after kidney transplantation. 
Transplantation. 2004;78(10):1422-8.

8.	 Brown KM, Kondeatis E, Vaughan RW, Kon SP, Farmer CK, Taylor JD, et al. Influence of donor C3 allotype 
on late renal-transplantation outcome. The New England journal of medicine. 2006;354(19):2014-23.

9.	 Krüger B, Krick S, Dhillon N, Lerner SM, Ames S, Bromberg JS, et al. Donor Toll-like receptor 4 contributes 
to ischemia and reperfusion injury following human kidney transplantation. Proceedings of the National 
Academy of Sciences. 2009;106(9):3390-5.

10.	 Grinyo J, Vanrenterghem Y, Nashan B, Vincenti F, Ekberg H, Lindpaintner K, et al. Association of four 
DNA polymorphisms with acute rejection after kidney transplantation. Transplant international : official 
journal of the European Society for Organ Transplantation. 2008;21(9):879-91.

11.	 Almoguera B, Shaked A, Keating BJ. Transplantation genetics: current status and prospects. American 
journal of transplantation : official journal of the American Society of Transplantation and the American 
Society of Transplant Surgeons. 2014;14(4):764-78.

12.	 Hirschhorn JN, Daly MJ. Genome-wide association studies for common diseases and complex traits. Nat 
Rev Genet. 2005;6(2):95-108.

13.	 McCarthy MI, Zeggini E. Genome-wide association studies in type 2 diabetes. Current diabetes reports. 
2009;9(2):164-71.

14.	 Bertram L, Tanzi RE. Genome-wide association studies in Alzheimer’s disease. Hum Mol Genet. 
2009;18(R2):R137-45.

15.	 Ghisdal L, Baron C, Lebranchu Y, Viklický O, Konarikova A, Naesens M, et al. Genome‐Wide Association 
Study of Acute Renal Graft Rejection. American Journal of Transplantation. 2017;17(1):201-9.

16.	 O’brien RP, Phelan PJ, Conroy J, O’kelly P, Green A, Keogan M, et al. A genome‐wide association study of 
recipient genotype and medium‐term kidney allograft function. Clinical transplantation. 2013;27(3):379-
87.

17.	 Pihlstrøm HK, Mjøen G, Mucha S, Haraldsen G, Franke A, Jardine A, et al. Single Nucleotide Polymorphisms 
and Long‐Term Clinical Outcome in Renal Transplant Patients: A Validation Study. American Journal of 
Transplantation. 2017;17(2):528-33.

18.	 Li YR, van Setten J, Verma SS, Lu Y, Holmes MV, Gao H, et al. Concept and design of a genome-
wide association genotyping array tailored for transplantation-specific studies. Genome medicine. 
2015;7(1):90.

19.	 Deelen P, Menelaou A, van Leeuwen EM, Kanterakis A, van Dijk F, Medina-Gomez C, et al. Improved 
imputation quality of low-frequency and rare variants in European samples using the ‘Genome of The 
Netherlands’. European Journal of Human Genetics. 2014;22(11):1321-6.

20.	 Lippert C, Listgarten J, Liu Y, Kadie CM, Davidson RI, Heckerman D. FaST linear mixed models for genome-
wide association studies. Nature methods. 2011;8(10):833-5.

21.	 Turner SD. qqman: an R package for visualizing GWAS results using QQ and manhattan plots. bioRxiv. 
2014:005165.

22.	 Menashe I, Rosenberg PS, Chen BE. PGA: power calculator for case-control genetic association analyses. 



112

BMC genetics. 2008;9(1):36.
23.	 Dorr CR, Oetting WS, Jacobson PA, Israni AK. Genetics of Acute Rejection after Kidney Transplantation. 

Transplant International. 2017.
24.	 Karaesmen E, Rizvi AA, Preus L, McCarthy PL, Pasquini MC, Onel K, et al. Replication and validation of 

genetic polymorphisms associated with survival after allogeneic blood or marrow transplant. Blood. 
2017:blood-2017-05-784637.

25.	 Stegall MD, Park WD, Dierkhising R. Genes and transplant outcomes: the search for “associations”. 
Transplantation. 2014;98(3):257-8.

26.	 Oetting W, Schladt D, Guan W, Miller M, Remmel R, Dorr C, et al. Genomewide association study of 
tacrolimus concentrations in African American kidney transplant recipients identifies multiple CYP3A5 
alleles. American Journal of Transplantation. 2016;16(2):574-82.

27.	 Park M, Kim S, Lee T, Lee S, Moon J, Ihm C, et al., editors. A promoter polymorphism in the CD46 
complement regulatory protein gene is associated with acute renal allograft rejection. Transplantation 
proceedings; 2016: Elsevier.

28.	 Yuan FF, Watson N, Sullivan JS, Biffin S, Moses J, Geczy AF, et al. Association of Fc gamma receptor IIA 
polymorphisms with acute renal-allograft rejection. Transplantation. 2004;78(5):766-9.

29.	 Oetting WS, Zhu Y, Brott MJ, Matas AJ, Cordner GK, Pan W. Validation of genetic variants associated with 
early acute rejection in kidney allograft transplantation. Clinical transplantation. 2012;26(3):418-23.

30.	 Vu D, Tellez-Corrales E, Shah T, Hutchinson I, Min DI. Influence of Cyclooxygenase-2 (COX-2) gene 
promoter-1195 and allograft inflammatory factor-1 (AIF-1) polymorphisms on allograft outcome in 
Hispanic kidney transplant recipients. Human immunology. 2013;74(10):1386-91.

31.	 Pawlik A, Dabrowska-Zamojcin E, Dziedziejko V, Safranow K, Domanski L. Association between IVS3+ 
17T/C CD28 gene polymorphism and the acute kidney allograft rejection. Transplant immunology. 
2014;30(2-3):84-7.

32.	 Gao J-w, Guo Y-f, Fan Y, Qiu J-x, Bao E-d, Liu Y, et al. Polymorphisms in cytotoxic T lymphocyte associated 
antigen-4 influence the rate of acute rejection after renal transplantation in 167 Chinese recipients. 
Transplant immunology. 2012;26(4):207-11.

33.	 Ruhi Ç, Sallakçi N, Yeğin O, Süleymanlar G, Ersoy FF. The influence of CTLA‐4 single nucleotide 
polymorphisms on acute kidney allograft rejection in Turkish patients. Clinical transplantation. 
2015;29(7):612-8.

34.	 Misra MK, Kapoor R, Pandey SK, Sharma RK, Agrawal S. Association of CTLA-4 gene polymorphism 
with end-stage renal disease and renal allograft outcome. Journal of Interferon & Cytokine Research. 
2014;34(3):148-61.

35.	 Canossi A, Aureli A, Delreno F, Iesari S, Cervelli C, Clemente K, et al., editors. Influence of cytotoxic 
T-lymphocyte antigen-4 polymorphisms on acute rejection onset of cadaveric renal transplants. 
Transplantation proceedings; 2013: Elsevier.

36.	 Manchanda PK, Mittal RD. Analysis of cytokine gene polymorphisms in recipient’s matched with living 
donors on acute rejection after renal transplantation. Molecular and cellular biochemistry. 2008;311(1-
2):57-65.

37.	 Yang H, Zhou Q, Chen Z, Chen W, Wang M, Chen J. Polymorphisms in STAT4 increase the risk of acute 
renal allograft rejection in the Chinese population. Transplant immunology. 2011;24(4):216-9.

38.	 Pazik J, Ołdak M, Lewandowski Z, Podgórska M, Sitarek E, Płoski R, et al., editors. Uridine diphosphate 
glucuronosyltransferase 2B7 variant p. His268Tyr as a predictor of kidney allograft early acute rejection. 
Transplantation proceedings; 2013: Elsevier.

39.	 Zhang G, Wang H, Wang F, Yu L, Yang X, Meng J, et al. Gene polymorphisms of the renin-angiotensin-
aldosterone system and angiotensin II type 1-receptor activating antibodies in renal rejection. The 
Tohoku journal of experimental medicine. 2007;213(3):203-14.

40.	 Abdi R, Tran TB, Sahagun-Ruiz A, Murphy PM, Brenner BM, Milford EL, et al. Chemokine receptor 
polymorphism and risk of acute rejection in human renal transplantation. Journal of the American 
Society of Nephrology : JASN. 2002;13(3):754-8.

41.	 Cha RH, Yang SH, Kim HS, Kim SM, Park MH, Ha J, et al. Genetic interactions between the donor and 
the recipient for susceptibility to acute rejection in kidney transplantation: polymorphisms of CCR5. 
Nephrology, dialysis, transplantation : official publication of the European Dialysis and Transplant 
Association - European Renal Association. 2009;24(9):2919-25.

42.	 Han FF, Fan H, Wang ZH, Li GR, Lv YL, Gong LL, et al. Association between co-stimulatory molecule gene 



113

5

polymorphism and acute rejection of allograft. Transpl Immunol. 2014;31(2):81-6.
43.	 Singh R, Kesarwani P, Ahirwar DK, Kapoor R, Mittal RD. Interleukin 8 -251T>A and Interferon gamma 

+874A>T polymorphism: potential predictors of allograft outcome in renal transplant recipients from 
north India. Transpl Immunol. 2009;21(1):13-7.

44.	 Morgun A, Shulzhenko N, Rampim GF, Medina JO, Machado PG, Diniz RV, et al. Interleukin-2 gene 
polymorphism is associated with renal but not cardiac transplant outcome. Transplantation proceedings. 
2003;35(4):1344-5.

45.	 Misra MK, Mishra A, Pandey SK, Kapoor R, Sharma RK, Agrawal S. Association of functional genetic 
variants of transcription factor Forkhead Box P3 and Nuclear Factor-kappaB with end-stage renal 
disease and renal allograft outcome. Gene. 2016;581(1):57-65.

46.	 Lee DY, Song SB, Moon JY, Jeong KH, Park SJ, Kim HJ, et al. Association between interleukin-3 gene 
polymorphism and acute rejection after kidney transplantation. Transplantation proceedings. 
2010;42(10):4501-4.

47.	 Poole KL, Gibbs PJ, Evans PR, Sadek SA, Howell WM. Influence of patient and donor cytokine genotypes 
on renal allograft rejection: evidence from a single centre study. Transpl Immunol. 2001;8(4):259-65.

48.	 Misra MK, Pandey SK, Kapoor R, Sharma RK, Agrawal S. Genetic variants of MicroRNA-related genes 
in susceptibility and prognosis of end-stage renal disease and renal allograft outcome among north 
Indians. Pharmacogenetics and genomics. 2014;24(9):442-50.

49.	 Sanchez-Fructuoso AI, Perez-Flores I, Valero R, Moreno MA, Fernandez-Arquero M, Urcelay E, 
et al. The Polymorphism -308G/A of Tumor Necrosis Factor-alpha Gene Modulates the Effect of 
Immunosuppressive Treatment in First Kidney Transplant Subjects Who Suffer an Acute Rejection. 
2016;2016:2197595.

50.	 Shahbazi M, Fryer AA, Pravica V, Brogan IJ, Ramsay HM, Hutchinson IV, et al. Vascular endothelial growth 
factor gene polymorphisms are associated with acute renal allograft rejection. Journal of the American 
Society of Nephrology. 2002;13(1):260-4.

51.	 Marshall SE, McLaren AJ, McKinney EF, Bird TG, Haldar NA, Bunce M, et al. Donor cytokine genotype 
influences the development of acute rejection after renal transplantation. Transplantation. 
2001;71(3):469-76.

52.	 Wang J, Yang JW, Zeevi A, Webber SA, Girnita DM, Selby R, et al. IMPDH1 gene polymorphisms and 
association with acute rejection in renal transplant patients. Clinical pharmacology and therapeutics. 
2008;83(5):711-7.

53.	 Gervasini G, García-Cerrada M, Coto E, Vergara E, García-Pino G, Alvarado R, et al. A 3’-UTR polymorphism 
in soluble epoxide hydrolase gene Is associated with acute rejection in renal transplant recipients. PloS 
one. 2015;10(7):e0133563.

54.	 Ducloux D, Deschamps M, Yannaraki M, Ferrand C, Bamoulid J, Saas P, et al. Relevance of Toll-like 
receptor-4 polymorphisms in renal transplantation. Kidney Int. 2005;67(6):2454-61.

55.	 Hwang YH, Ro H, Choi I, Kim H, Oh KH, Hwang JI, et al. Impact of polymorphisms of TLR4/CD14 and TLR3 
on acute rejection in kidney transplantation. Transplantation. 2009;88(5):699-705.

56.	 Kim SK, Park HJ, Seok H, Jeon HS, Lee TW, Lee SH, et al. Association studies of cytochrome P450, family 2, 
subfamily E, polypeptide 1 (CYP2E1) gene polymorphisms with acute rejection in kidney transplantation 
recipients. Clin Transplant. 2014;28(6):707-12.

57.	 Golshayan D, Wojtowicz A, Bibert S, Pyndiah N, Manuel O, Binet I, et al. Polymorphisms in the lectin 
pathway of complement activation influence the incidence of acute rejection and graft outcome after 
kidney transplantation. Kidney Int. 2016;89(4):927-38.

58.	 Kim CD, Ryu HM, Choi JY, Choi HJ, Choi HJ, Cho JH, et al. Association of G-137C IL-18 promoter 
polymorphism with acute allograft rejection in renal transplant recipients. Transplantation. 
2008;86(11):1610-4.

59.	 Tinckam KJ, Djurdjev O, Magil AB. Glomerular monocytes predict worse outcomes after acute renal 
allograft rejection independent of C4d status. Kidney international. 2005;68(4):1866-74.

60.	 Lee HJ, Kim TH, Kang SW, Kim YH, Kim SK, Chung JH, et al. Association Interleukin-4 and Interleukin-4 
Receptor Gene Polymorphism and Acute Rejection and Graft Dysfunction After Kidney Transplantation. 
Transplantation proceedings. 2016;48(3):813-9.

61.	 Kang SW, Park SJ, Kim YW, Kim YH, Sohn HS, Yoon YC, et al. Association of MCP-1 and CCR2 polymorphisms 
with the risk of late acute rejection after renal transplantation in Korean patients. International journal 
of immunogenetics. 2008;35(1):25-31.



114

62.	 Kruger B, Boger CA, Obed A, Farkas S, Hoffmann U, Banas B, et al. RANTES/CCL5 polymorphisms as a risk 
factor for recurrent acute rejection. Clin Transplant. 2007;21(3):385-90.

63.	 Salido E, Martin B, Barrios Y, Linares JD, Hernandez D, Cobos M, et al. The PlA2 polymorphism of the 
platelet glycoprotein IIIA gene as a risk factor for acute renal allograft rejection. Journal of the American 
Society of Nephrology : JASN. 1999;10(12):2599-605.

64.	 Azarpira N, Kazemi K, Darai M. Influence of p53 (rs1625895) polymorphism in kidney transplant 
recipients. Saudi journal of kidney diseases and transplantation : an official publication of the Saudi 
Center for Organ Transplantation, Saudi Arabia. 2014;25(6):1160-5.

65.	 Tajik N, Salari F, Ghods AJ, Hajilooi M, Radjabzadeh MF, Mousavi T. Association between recipient ICAM-
1 K469 allele and renal allograft acute rejection. International journal of immunogenetics. 2008;35(1):9-
13.

66.	 Park SJ, Yoon YC, Kang SW, Kim TH, Kim YW, Joo H, et al. Impact of IL2 and IL2RB genetic polymorphisms 
in kidney transplantation. Transplantation proceedings. 2011;43(6):2383-7.

67.	 Hoffmann S, Park J, Jacobson LM, Muehrer RJ, Lorentzen D, Kleiner D, et al. Donor genomics influence 
graft events: the effect of donor polymorphisms on acute rejection and chronic allograft nephropathy. 
Kidney international. 2004;66(4):1686-93.

68.	 Lee H, Clark B, Gooi H, Stoves J, Newstead C. Influence of recipient and donor IL-1α, IL-4, and 
TNFα genotypes on the incidence of acute renal allograft rejection. Journal of clinical pathology. 
2004;57(1):101-3.

69.	 Palmer SM, Burch LH, Mir S, Smith SR, Kuo PC, Herczyk WF, et al. Donor polymorphisms in Toll‐like 
receptor‐4 influence the development of rejection after renal transplantation. Clinical transplantation. 
2006;20(1):30-6.

70.	 Dabrowska-Zamojcin E, Czerewaty M, Malinowski D, Tarnowski M, Słuczanowska-Głabowska S, 
Domanski L, et al. Ficolin-2 gene rs7851696 polymorphism is associated with delayed graft function 
and acute rejection in kidney allograft recipients. Archivum immunologiae et therapiae experimentalis. 
2018;66(1):65-72.

71.	 Cappellesso S, Valentin JF, Giraudeau B, Boulanger MD, Al-Najjar A, Buchler M, et al. Association of 
donor TNFRSF6 (FAS) gene polymorphism with acute rejection in renal transplant patients: a case-
control study. Nephrology, dialysis, transplantation : official publication of the European Dialysis and 
Transplant Association - European Renal Association. 2004;19(2):439-43.

72.	 Lee JP, Bae JB, Yang SH, Cha R-h, Seong EY, Park YJ, et al. Genetic predisposition of donors affects the 
allograft outcome in kidney transplantation; polymorphisms of stromal-derived factor-1 and CXC 
receptor 4. PloS one. 2011;6(2):e16710.



115

5

Supplementary Data

Figure S1. QQ plot for the patient’s genetic variants in relation to BPAR. Figure showed an effective 
control of population structure (λ=1.07). The extreme observed P values may suggest association.  

Figure S2. QQ plot for the donor’s genetic variants in relation to BPAR. The figure shows the 
appropriate control of population structure (λ=1.02). The observed P values fall along a straight red 
line indicates that there is no true association with BPAR.
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Abstract

Background: Human leukocyte antigens (HLA) mismatching has an adverse effect on kidney 
transplant outcome. But even in fully HLA-compatible donor-recipient combinations graft 
loss occurs. We suspect that single nucleotide polymorphisms (SNPs) other than those in 
the HLA genes also play a role. Therefore, we investigated the effect of mismatching of 
genomic missense SNPs on occurrence of acute kidney allograft rejection and on two-year 
graft function.
Method: We performed a genome-wide association study to identify the association 
of mismatching of single missense polymorphisms between donor and recipient with 
transplant outcome. A total of 300 donor-recipient combinations were genotyped on the 
transplant SNP array for wide coverage of coding SNPs, insertion-deletion regions, loss 
of function variants. We pre-selected 10,800 missense SNPs (that cause an amino acid 
sequence alteration) and examined whether the mismatch of these SNPs is related to biopsy 
proven acute rejection (BPAR, either yes or no) and two-year estimated glomerular filtration 
rate (eGFR; either >40 mL/min or <=40 mL/min). Furthermore, a composite mismatch load 
score of all the missense SNPs was calculated and related to outcome. 
Result: Mismatching of individual missense SNPs and the overall missense SNP mismatch 
load was not related to BPAR incidence and to graft function at two years.
Conclusion: The results suggested that missense SNPs mismatching does not have a strong 
effect on acute rejection and graft function in kidney transplantation. 
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Introduction

Acute allograft rejection remains a risk factor for adverse kidney transplant outcome (1, 2). 
Human leukocyte antigen (HLA) mismatching is considered as an immunological risk factor 
for acute rejection. Activated T cells against the incompatible donor HLA antigen secrete 
cytokines that drive an inflammatory cell infiltrate in the graft and that initiate cellular 
rejection (3, 4). Humoral alloimmune responses, characterized by the presence of donor 
specific HLA alloantibodies and complement activation, can lead to destruction of the donor 
organ (5, 6). Therefore, full HLA matching has a beneficial effect on long term graft survival, 
both after living and deceased donor transplantation (7, 8). However, allograft rejection and 
progressive graft loss do occur even in HLA matched transplants (9, 10). 

The antigens responsible for rejection and graft loss in HLA identical transplantations 
are considered as minor histocompatibility antigens (miHA) (11, 12). The miHA are 
polymorphic peptides that typically arise from single-nucleotide polymorphisms (SNPs) 
and cause alterations in the amino acid sequence. Alloreactive T cells can recognize these 
miHA presented by the HLA molecules and subsequently initiate an immune response. 
Human H-Y antigen as miHA, a well-studied risk factor of graft-versus-host disease (GvHD) 
in hematopoietic stem-cell transplantation (HSCT), was associated with elevated risk of 
graft loss after kidney transplantation (9). Disparities between donor and recipient for 
HLA restricted miHA, which could elicit the GVHD in HLA identical HSCT, have no effect on 
death censored graft survival in kidney transplantation (13). As identified by a genome-wide 
association study (GWAS), a mismatch in SNP rs17473423 between donor and recipient was 
associated with acute GVHD development (12). However, the GWAS-identified locus did not 
predict amino acid alterations, and the precise pathophysiologic mechanism remains to be 
determined. 

In HLA mismatched transplantations, antigen-presenting cells from the recipient 
can process and present exogenous antigens, including donor-derived HLA and miHA, to 
CD4+ T helper cells, and initiate graft rejection (14). Similarly, CD8+ T cells of the recipient can 
recognize donor derived peptides, including a SNP not present in the recipient, as a miHA 
presented by a matched HLA class I antigen on the donor organ. The effect of miHA at the 
genomic level has not been assessed in the field of kidney transplantation. 

In the current study, we applied GWAS analysis on 300 kidney transplantations, 
attempting to identify mismatching of genomic missense SNPs between the donor and the 
recipient, and test the relevance in relation to acute rejection and allograft function.
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Materials and Methods

Patients and donors 
Patients receiving a renal allograft between 1994 and 2012 at the Leiden University Medical 
Center (LUMC) were investigated (N=325). A total of 644 DNA samples were investigated 
(325 patients and 319 donors) comprehending 325 transplant cases, whereby six donors 
donated two kidneys. Twenty-five transplant cases were excluded because of poor quality 
of DNA (quality control call rate in the GWAS < 95%). 

The case group was defined as having at least one biopsy proven acute rejection 
(BPAR) episode. Controls were defined as patients having stable graft function without any 
indication of clinical rejection. Twenty-six transplant cases were excluded since they had an 
episode of BPAR after switching of maintenance medication or they had clinical indication 
of rejection with no evidence of BPAR (Figure 1). A total of 232 controls and 42 cases with 
BPAR were analyzed in the database.

The Modification of Diet in Renal Disease (MDRD) was used to estimate glomerular 
filtration rate (GFR). In this study, eGFR at 2 years below 40 mL/min/1.73m2 was used as the 
cutoff for inferior graft function, since it significantly predicts inferior long term graft survival 
(Figure S1). A total of 70 patients with inferior graft function and 214 patients with normal 
graft function were analyzed in the current study.

Figure 1: Flow chart of transplant cases included. QC, quality control; BPAR, biopsy proven acute 
rejection; eGFR, estimated glomerular filtration rate.
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Genotyping
Patient and donor DNA was  isolated using chemagic DNA Blood2k Kit by chemagic MSM 
I equipment (PerkinElmer), and the quantity was measured on a  NanoDrop  2000 
Spectrophotometer (Thermo Fisher Scientific Inc, Asheville NC). DNA samples were diluted 
to 50 ng/µl with nuclease-free water. DNA samples were genotyped by transplant SNP array 
on the Affymetrix platform, which  contains  753182 SNPs  specially including transplant 
specific content and function variants module. 

Quality control
Genotyping data quality control was performed by Axiom analysis suite based on the 
621 individuals (quality control call rate >= 95%). A total of 152,414 SNPs associated with 
missense SNP or splice site of gene were extracted. SNPs were filtered out using following 
parameters: SNPs with less than 95% of individuals successfully genotyped; SNPs with a 
minor allele frequency (MAF) lower than 5%; SNPs significantly (P<0.001) deviating from 
Hardy-Weinberg equilibrium; marker alleles poorly clustered (Fisher Linear Discriminant 
<3.6); SNPs without reference SNP identifier (ID); SNPs with missing value in more than 5% 
of transplant cases. This eventually resulted in 10,800 SNPS for analysis. 

Mismatching definition of genomic missense SNP
In the current study, mismatching was considered only when recipient had a homozygous 
genotype and the donor was either heterozygous or homozygous for the other allele (Table 
S1). A composite score was calculated, reflecting the total amount of mismatching for the 
missense SNPs between donor and recipient, termed as mismatch load. The transplant 
cases were divided into three groups based on the mismatch load, based on tertiles (high, 
intermediate, low).

Statistical analysis
Association between genomic missense SNP mismatching and BPAR or inferior graft 
function (eGFR<=40) were tested using logistic regression corrected for the potential clinical 
risk factors, including donor age, gender, donor type (DCD, DBD, LRD, LURD), patient age, 
gender, transplantation number (first transplant), immunosuppressive regimens, HLA -A, -B, 
-DR matching and primary cytomegalovirus infection using R (3.4.0) package. The Bonferroni 
method was used to correct for multiple comparisons. The association between mismatch 
load of missense SNP and BPAR or inferior graft function were analyzed by Pearson chi-
squared test. BPAR-free rate curves were created using the Kaplan-Meier method.
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Results

Patient characteristics and outcomes 
A total of 274 Kidney transplant cases passed the quality control for BPAR analysis. Patient- 
and donor-related variables (age and gender) were not different between controls and BPAR 
group (Table 1). The donor type and immunosuppressive regime after kidney transplantation 
did differ (P<0.05). The DCD donor were more frequently in BPAR group and inferior graft 
function group. The patients received MMF and CsA had a higher frequency in BPAR group 
and inferior graft function group. DGF rate (only in deceased donors), HLA mismatch, and 
younger age of the recipient did not predict the episode of acute rejection. 

A total of 284 transplant cases were included for inferior graft function analysis. 
The donor and recipient age were higher in inferior graft function group than superior 
graft function group. The donor type and immunosuppressive regime significantly differed 
between the two groups. DGF rate and HLA-DR mismatching predict inferior graft function 
at two years (Table 1). 

Missense SNP mismatching association test for BPAR or eGFR progression
After quality control, 10,800 genomic missense variants were tested for association with 
BPAR using logistic regression corrected for clinical factors. Of these, 584 showed an 
association with BPAR, with a P<0.05 (Table S2). After correction for multiple comparisons, 
none of these variants by themselves were significantly associated with BPAR. Similarly, a 
total of 596 missense SNPs showed association with low eGFR at P<0.05 (Table S3), whereas 
none of these SNPs were significantly associated after correction for multiple comparisons. 
Lack of significant association suggests that the effect of mismatching of single genomic 
mutations is not strong enough to be detected in this cohort. 

Quantitative analysis of genomic missense SNP mismatching 
A composite score, reflecting the total amount of mismatching for the missense variants 
between donor and recipient, was calculated. This score is termed as the mismatch load. 
As expected, the living related donor (LRD)-recipient combinations had a significantly lower 
number of genomic mismatching compared to unrelated donor-recipient combinations 
(Figure 2). The frequency of acute rejection episodes in the LRD group was the same as in 
the living unrelated donor (LURD) and donor after brain death (DBD) groups (Table 1). 

The transplant cases were assigned to one of three groups (tertiles) based on the 
degree of mismatching with their respective donors. One-third of transplant cases showing 
the highest degree of mismatching were designated as the ‘more mismatching’ group. 
Along the same line, the other transplant cases fell in the ‘intermediate mismatching’ or 
‘less mismatching’ group (Figure 2). The mismatch load of genomic missense SNPs was not 
associated with the occurrence of biopsy proven acute rejection and inferior graft function 
(eGFR<=40) in either all groups together or with the LRD group excluded (Table 2).
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Figure 2: Mismatch load in 
different donor recipient 
combinations. Transplant 
cases were assigned to one 
of three groups (tertiles) 
based on the mismatch 
load: ‘more mismatching’ 
group with highest 
amount of mismatching; 
‘intermediate mismatching’ 
group with medium 
amount of mismatching, 
and ‘less mismatching’ 
group with lowest amount 
of mismatching. Mismatch 
load of LRD was smaller 
than in the other donor-

recipient combination groups. Box and whisker plots show medians with 10-90 percentile. LRD, living 
related donors; LURD, living unrelated donors; DBD, donors after brain death; DCD, donors after 
cardiac death. 

Table 2.  Association of genomic mismatch load with acute rejection
Groups no BPAR (N) BPAR (N) P eGFR<=40(N) eGFR>40(N) P
LRD 0.86 0.68
      Less mismatching 16 3 3 15
      Intermediate mismatching 17 2 2 17
      More mismatching 18 1 1 17
DCD,DBD,LURD 0.93 0.67
      Less mismatching 61 13 22 54
      Intermediate mismatching 59 12 23 52
      More mismatching 61 11 19 59
Total cases 0.75 0.57
      Less mismatching 77 16 25 69
      Intermediate mismatching 76 14 25 69
      More mismatching 79 12 20 76
DCD, donor after cardiac death; DBD, donor after brain death; LURD, Living-unrelated donor; 
LRD, Living-related donor
P values were calculated using Chi-square test or Fisher’s Exact Test.
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Association of the mismatch load with BPAR-free rate (time to BPAR) at 1 year after 
transplantation was tested. There was no association between mismatch load and 1 year 
BPAR-free rate (Figure 3).

Figure 3: Association between the mismatching load of missense SNPs and BPAR-free rate. The 
mismatching load of missense SNPs showed no association to BPAR-free rate.

Association of the analysis of mismatch load under HLA restriction 
In fully HLA compatible transplantations, acute rejection may be initiated by miHA 
differences. In the current study, a series of associations were performed under particular 
HLA matching conditions. No association was seen between mismatch load and BPAR 
or inferior graft function in any of the HLA matching subset groups. In full HLA-A-B-DR 
matching conditions, only two patients had acute rejection, and none of them fell in the 
‘more mismatching’ group. Although the number of transplant cases under HLA matching 
is limited, the mismatch load did not show a clear association trend with acute allograft 
rejection or allograft function (Table 3).
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Table 3. Association of genomic mismatch load with acute rejection under HLA matching 
restriction
Groups no BPAR (N) BPAR (N) P eGFR<=40(N) eGFR>40(N) P
HLA-A matching 0.52 0.48
      Less mismatching 24 8 8 21
      Intermediate mismatching 20 3 7 18
      More mismatching 23 4 5 26
HLA-B matching 0.62 0.56
      Less mismatching 16 5 7 16
      Intermediate mismatching 19 3 4 17
      More mismatching 7 1 2 10
HLA-DR matching 0.18 0.29
      Less mismatching 23 2 5 20
      Intermediate mismatching 28 6 9 24
      More mismatching 17 0 2 19
HLA-DQ 0.5 0.18
      Less mismatching 37 6 10 36
      Intermediate mismatching 36 7 14 29
      More mismatching 36 3 6 33
HLA-A+B matching 0.71 1
      Less mismatching 11 4 4 12
      Intermediate mismatching 9 2 2 9
      More mismatching 5 0 1 6
HLA-A+B+DR matching 1 1
      Less mismatching 9 1 2 10
      Intermediate mismatching 7 1 1 6
      More mismatching 2 0 1 3

P values were calculated using Chi-square test or Fisher’s Exact Test.

Discussion

Acute allograft rejection remains a complication that negatively affects kidney transplant 
outcome. Although HLA represents a major contributor in the immune response, non-HLA 
immunity may also contribute to allograft rejection (10, 15). We investigated the possible 
clinical relevance of the miHA mismatches, characterized as genomic missense SNPs, in 
kidney transplantation. 



127

6

Originally, the miHA were identified using cytotoxic T lymphocytes isolated from 
the recipient with GVHD after HLA identical bone marrow transplantation (11, 13, 16-18). 
For allorecognition by CD8+ T cell, the miHA must be presented by those donor HLA antigen, 
which are shared with the recipient, a phenomenon, which is called HLA restriction (11, 19). 
The miHA may also be processed and exogenously presented by recipient derived antigen 
presenting cells to recipient CD4+ T cells, irrespective of the degree of HLA matching between 
donor and recipient. Therefore, we tested the possible association between mismatched 
SNPs between donor and recipient with biopsy proven acute rejection under the hypothesis 
of no HLA restriction.

Genome-wide association studies are a powerful means to identify causal genetic 
variants associated with phenotype, by analysing millions of SNPs scattered across the 
genome (14). Several GWAS have been applied to kidney transplantation, leading to 
identification of novel SNPs in the recipient associated with transplant outcome (20, 21). 
However, none of the studies investigated the effect of genetic mismatching between the 
donor and recipient. In HSCT, a large GWAS identifying allele mismatches with acute GVHD 
were performed in 1,589 unrelated bone marrow transplants matched for HLA-A, -B, -C, 
-DRB1, and -DQ1 loci (12). Three discrete positive loci, associated with varying grades of 
GVHD, were identified under HLA restriction, but none of the SNPs predicted amino acid 
sequence alterations. The successfully detected loci proved that GWAS can capture the risk 
allele mismatches relevant with clinical outcome. In order to avoid capturing silent SNPs, 
we pre-selected the SNPs involving amino acid substitution of encoded proteins, which are 
considered to generate polymorphic epitopes. Therefore, we performed the genotyping of 
DNA using transplant specific arrays containing 753K SNPs, of which 152K SNPs related with 
missense mutation. After strictly filtering, a total of 10,800 SNPs were tested for association 
with outcome, under the assumption of no HLA restriction. Unfortunately, none of the 
mismatched missense SNPs could predict BPAR or inferior graft function after multiple 
corrections, which suggest that the effect of genomic mismatching is not strong enough to 
detect in the relatively low number of transplants studied. 

A higher degree of HLA mismatching leads to an inferior graft survival than HLA 
matched transplants (7). Therefore, we hypothesized that more mismatching of missense 
SNPs between donor and recipient leads to a higher chance of rejection. The LRD group 
indeed showed fewer mismatches, but the frequency of acute rejection was not difference 
than that of other donor types. Even in subgroup analyses, which divided transplant cases 
into three group based on mismatch load, the degree of mismatching of genomic variants 
did not predict BPAR incidence, BPAR-free rate or a poorer graft function. Also when HLA 
restriction was taken into consideration, the incidence of acute rejection or inferior graft 
function was not higher in the more mismatched group compared to that in the less 
mismatched group. 
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The miHA identified in HSCT studies associated with GVHD were mainly targets for 
CD8+ T cells and recognized in the context of matched HLA class I antigens. Such mismatches 
did not show any correlation with kidney transplantation outcome (13). In the current 
study, we found no association between missense SNPs in the genome with BPAR or inferior 
graft function in kidney transplants. A reasons for our negative finding may be the fact 
that the additional effect of mismatching of genomic missense SNPs under the condition 
of HLA mismatching is very low, taking into consideration the efficient immunosuppressive 
medication given to the patients. The lack of a significant association between allele 
mismatching and transplant outcome in our study may also be due to the limited number of 
transplant cases studied. Therefore, our finding needs to be confirmed in an independent, 
larger-sized cohort.

In conclusion, we found no effect of genomic missense SNP mismatching on biopsy 
proven acute rejection and inferior graft function in kidney transplantation. 
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Supplementary Data

Figure S1: Association of kidney graft survival with the BPAR or eGRF at two year. The BPAR group 
and progression group with eGFR below 40 mL/min/1.73m2 significantly predict the long term graft 
outcome.

Table S1. Mismatching definition of genomic missense SNP
Recipient Donor Risk

AA AA 0
AA AB 1
AA BB 1
AB AA 0
AB AB 0
AB BB 0
BB AA 1
BB AB 1
BB BB 0
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Table S2: Top 20 SNPs significantly associated with biopsy acute rejection without multiple 
correction.
SNP ID beta se z P Odds ratio
rs246105 1.4454 0.4112 3.5154 0.000439 4.243549
rs2234970 -1.6544 0.4734 -3.4945 0.000475 0.191207
rs3877899 1.4996 0.4336 3.4588 0.000543 4.479897
rs2229357 -2.0822 0.6125 -3.3994 0.000675 0.124656
rs2007887 1.5177 0.4476 3.3909 0.000697 4.561721
rs17822931 1.5796 0.4682 3.3738 0.000741 4.853014
rs2305780 1.32 0.4167 3.168 0.001535 3.743421
rs11567842 1.3134 0.4196 3.1303 0.001746 3.718796
rs80131293 1.6839 0.5418 3.1081 0.001883 5.386522
rs4503285 -1.7812 0.5741 -3.1025 0.001919 0.168436
rs2259633 -1.9761 0.6404 -3.0856 0.002031 0.138609
rs2394516 -1.5223 0.4962 -3.0677 0.002157 0.218209
rs7148147 1.4098 0.4648 3.0331 0.002421 4.095136
rs9350797 -1.5592 0.5188 -3.0055 0.002651 0.210304
rs3750266 -1.3735 0.4613 -2.9772 0.002909 0.253219
rs10768450 -1.512 0.5084 -2.974 0.002939 0.220469
rs1191778 -1.5299 0.5177 -2.9551 0.003125 0.216557
rs74643365 1.8219 0.6173 2.9514 0.003163 6.183596
rs628524 -1.7013 0.5777 -2.9449 0.00323 0.182446

Table S3: Top 20 SNPs significantly associated with inferior graft function without multiple 
correction.

SNP ID beta se z P Odds ratio
rs34666677 1.7563 0.4443 3.9527 7.73E-05 5.790971
rs16896629 2.2355 0.6027 3.7092 0.000208 9.351156
rs1233387 -1.472 0.4223 -3.4859 0.000491 0.229466
rs3736228 1.2772 0.3869 3.3009 0.000964 3.586583
rs2071950 -1.317 0.4022 -3.2742 0.00106 0.267938
rs11984293 -1.6732 0.512 -3.2679 0.001083 0.187646
rs11155242 1.2122 0.3776 3.2106 0.001325 3.36087
rs10798035 1.1133 0.3481 3.1985 0.001381 3.044388
rs1131600 -1.5637 0.4906 -3.1876 0.001435 0.20936
rs7426114 -1.3851 0.4363 -3.1745 0.001501 0.250299
rs7614116 -1.2953 0.4084 -3.1714 0.001517 0.273816
rs62399429 -1.6219 0.5134 -3.1593 0.001581 0.197523
rs4745571 1.175 0.3739 3.1429 0.001673 3.238143
rs4680 -1.2072 0.3845 -3.1395 0.001692 0.299033
rs41287373 -1.339 0.4271 -3.135 0.001718 0.262108
rs2229362 1.1277 0.3629 3.1079 0.001884 3.088545
rs2257295 -1.2376 0.4033 -3.0682 0.002153 0.29008
rs45535039 1.0662 0.3491 3.0546 0.002253 2.904322
rs17535963 -1.2623 0.4149 -3.0422 0.002349 0.283002
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Abstract
Since the discovery of the human leukocyte antigen (HLA) system, the role of HLA molecules 
in the field of transplantation has been appreciated: better matching leads to better graft 
function. Since then, the association of other genetic polymorphisms with clinical outcome 
has been investigated in many studies. Genome-wide association studies (GWAS) represent 
a powerful tool to identify causal genetic variants, by simultaneously analyzing millions of 
single nucleotide polymorphisms scattered across the genome. GWAS in transplantation may 
indeed be useful to reveal novel markers that may potentially be involved in the mechanism 
of allograft rejection and graft failure. However, the relevance of GWAS for risk stratification 
or donor selection for an individual patient is limited as is already reflected by the fact that 
many parameters, significant in one study,  cannot be confirmed in another one.

Introduction
Human leukocyte antigen (HLA) matching has a beneficial effect on kidney graft survival (1, 
2). In addition, many other candidate genes beyond HLA loci have been reported to affect 
kidney transplantation (3, 4). Discrepant results among many of those have been reported, 
although the association between pharmacogenomics and tacrolimus blood concentrations 
was frequently observed (5). 

Genome-wide association study (GWAS) represent an unbiased approach to identify 
genetic variants, which are associated with human disease. The approach enables analysis 
of millions of single nucleotide polymorphisms (SNPs) scattered across the genome. GWAS 
may also provide a robust genomic platform to characterize genetic risk factors of adverse 
transplant outcome. Here we discuss that GWAS may be applied to identify novel molecules 
and pathways involved in acute rejection (AR) and to predict transplant outcomes, but that 
the technology has not yet been proven to provide a useful guidance for treatment of the 
individual patient.

Treatment of recipients after transplantation
Despite the application of efficient immunosuppressive drugs, acute rejection episodes still 
occur in kidney transplant recipients. A rise in serum creatinine may indicate a decreased 
graft function and a need of further diagnosis by an allograft biopsy. Pulse corticosteroid 
therapy is the first line of treatment for acute cellular rejection (6, 7). Antibody therapy, 
such as antithymocyte globulin (ATG) or alemtuzumab, is a more effective approach to 
normalize kidney function for patients who have more severe forms of acute rejection and/
or who do not respond to the pulse steroid treatment (7). Patients with acute antibody 
mediated rejection may be treated with plasmapheresis, intravenous immune globulin 
(IVIG) or rituximab (7). Recipients with viral disease after transplantation may benefit from 
a reduction in dosage of immunosuppression (7).
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Irrespective of the type of treatment, all therapies have been relying on clinical 
monitoring in blood serum and urine, and diagnostic assessment in allograft biopsies, rather 
than on genetic diversity between individuals.

HLA and transplant outcome
The HLA antigens are the most important histocompatibility antigens involved in 
alloimmune responses. T cell mediate rejection (TCMR), characterized by the presence of 
T cells and inflammatory cells in the interstitium and tubular epithelium of the allograft, 
may be triggered by three distinct mechanisms. Direct allorecognition is driven by the 
direct interaction between the T cell receptor on recipient T cells and mismatched HLA 
antigens on donor derived antigen presentation cells (APC). In this process, activated CD4+ 
T cells produce inflammatory cytokines and CD8+ cytotoxic T cells directly destruct the 
allograft. At a later time point after transplantation the indirect allorecognition pathway 
becomes more dominant, whereby donor-derived antigens are processed and presented by 
recipient APCs to recipient CD4+ T cells (8). Recipient dendritic cells transferred with intact 
donor HLA can also prime recipient T cells via the semidirect pathway (9). B cells can be 
activated after recognizing foreign HLA to differentiate to plasma cells and produce donor 
specific antibodies. These may lead to allograft destruction, which is termed as antibody 
mediate rejection (ABMR). The presence of antibodies against donor-specific HLA and of 
C4d deposition in the tissue represent strong evidence for the diagnosis of ABMR (10). It 
is important to recognize that TCMR may be encountered as a single entity and as a mixed 
form with features of ABMR (11). 
	 Matching for the HLA-A, HLA-B, and HLA-DR loci has been recognized as great 
importance for outcome after organ transplantation (12). The beneficial effect of HLA 
matching were challenged by high graft survival rate in living donors (13). However, 
the significant effect of HLA matching was still observed under the umbrella of efficient 
immunosuppressive therapy (2). Therefore, HLA typing and matching remain crucial for 
graft and patient survival.  

Non-HLA genetics of transplant outcome
Terasaki estimated that only 18% of graft loss at 10 years for cadaveric donors can be 
explained by HLA-related immunologic factors, whereas 38% was caused by non-HLA factors 
and 43% by non-immunological factors (14). One non-HLA-related risk factor is represented 
by the human H-Y antigen: a male donor allograft to a female recipient is associated with 
elevated risk of graft loss after kidney transplantation (15, 16). The MHC class I polypeptide-
related sequence A (MICA) represent potential non-HLA antigens that may elicit an antibody 
production. Transplant recipients with pre-existing anti-MICA antibody are reported to have 
an inferior one year graft survival (17). A number of studies have shown that the presence 
of non-HLA antibodies, as identified by protein microarray, is associated with allograft 
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injury (18-20). In HLA compatible kidney transplantations, mismatching for killer-cell 
immunoglobulin-like receptors (KIR) and ligands was associated with inferior long term graft 
survival (21). In a larger independent study, the effect of KIR-ligand mismatching could not 
be verified (22). 	
	 Pharmacogenetics involves the study of genetic variants in drug metabolizing 
enzymes and transporters. The relationship between SNPs in the drug metabolizing factor 
CYP3A5 and tacrolimus trough levels in the blood of transplanted patients has been widely 
described in literature. Hence, dosing adjustments of tacrolimus should be adjusted 
according to the CYP3A5 genotype, in order to achieve optimal therapeutic concentrations 
and to reduce tacrolimus toxicity (23, 24). However, pharmacogenetic tests are hardly 
adopted in transplant centers to optimize the starting dose of immunosuppression. One of 
the reasons may be the lack of a relevant impact of pharmaco-genotyping test on transplant 
outcomes (25-28). On the other hand, therapeutic drug monitoring is widely accepted to 
correct for the effect of pharmacogenetic polymorphisms (29). 

Most genetic association studies in kidney transplantation have been focused on 
SNPs located within or flanking the genes encoding for proteins that play a pivotal role 
in immune responses, including cytokines, chemokines, toll-like receptors, ficolins, and 
complement components (3, 30-35). Overviews of genetic variants investigated in relation 
to transplant outcome, especially occurrence of acute rejection, have been reviewed 
previously (3-5). Many genetic studies have led to observation of a significant association 
between candidate SNPs and transplant outcome, but validation of the clinical impact of 
the same SNPs in follow-up studies often led to inconsistent results. For example, transplant 
recipients with the complement C3S/S variant (common allele) receiving a kidney allograft 
with the uncommon variant C3F/F or C3F/S had a beneficial graft outcome, but a larger 
collaborative study showed that genotypic distribution of C3 alleles does not significantly 
influence kidney transplantation outcome (34, 35). The inconsistent results may be due 
to differences in population composition and characteristics, inadequate sample size, 
lack of statistical correction for multiple testing, and lack of validation in an independent 
cohort. Currently, no singular candidate SNP has unambiguously shown an association with 
transplant outcome in both a sufficiently large discovery and validation cohort. 

GWAS in transplantation
The candidate SNP approach, as described above, does not provide complete coverage of 
all possible variants in the genome, and may be limited to genes with a known or postulated 
involvement in rejection. GWAS enable simultaneous analysis of millions of SNPs spanning 
the entire genome, which may provide novel insight in the genetic susceptibility of rejection. 

Until this moment, GWAS has been performed occasionally in the transplantation 
field. In 326 Irish kidney transplant recipients, who received a graft from a deceased donor, 
O’Brien and colleagues reported the association of two genetic variants with five-year graft 
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function (36). However, in a validation study of 1,638 Caucasians transplant recipients no 
association of these two particular SNPs could be found with serum creatinine levels and long 
term graft survival (37). This highlights the importance of validation in genetic association 
studies and expansion of sample size, for example by international collaboration, to limit 
false discovery rates. 
	 A large collaborative GWAS of mostly Belgian and French origin, including 778 
European kidney transplant recipients, led to identification of two risk loci associated with 
TCMR, using a DNA pooling approach (38). Two variants were identified (rs10846175 and 
rs7976329) located in the first intron of protein tyrosine phosphatase receptor type O and 
one variant (rs10765602) located upstream of coiled-coil domain containing 67, which may 
play a role in signal transduction in the immune synapse. The authors did not determine 
the precise mechanism how these SNPs act locally or distantly on genes that are involved 
in the allo-immune response. Furthermore, the pooled DNA approach may not efficiently 
reduce the standard deviation of an allele frequency, in case confirmation is not performed 
by genotyping on individual DNA samples (39). Unfortunately, in our GWAS in 279 kidney 
transplant recipients (unpublished), a cohort for which we calculated to have sufficient 
power for validation, we could not confirm the association of these SNPs with biopsy proven 
acute rejection. 
	 GWAS in African-American kidney transplant recipients led to the identification 
of two novel CYP3A5 variants (rs10264272 and rs41303343), which were associated with 
tacrolimus trough levels (23). The number of loss-of-function alleles were related to increased 
one year eGFR, but not to acute rejection incidence (23). Other GWAS in kidney and in 
heart transplantation have shown association with occurrence of new-onset diabetes after 
transplantation (NODAT) and cutaneous squamous cell carcinoma after transplantation (40, 
41). GWAS in bone marrow transplantation were mainly focused on acute GvHD and minor 
HLA antigens, providing evidence that genetic disparity is associated with rejection (42). 
Unfortunately, minor HLA antigen disparities identified in identical hematopoietic stem-cell 
transplantation have no effect on death censored graft survival in kidney transplantation 
(43). 

Genomic research in transplantation is more complicated than genomic research 
of common diseases, because it involves the interaction between the recipient and the 
donor graft. A small pilot study showed that the number of amino acid mismatches in trans-
membrane proteins was negatively correlated with long term allograft function, independent 
of HLA matching and donor age (44). Other on-going GWAS in kidney transplantation 
combined analysis of recipient and donor genomes, such as homozygous loss–of-function 
variants and nonsynonymous SNP mismatching (45). These efforts may provide novel insight 
in the mechanism of rejection.
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GWAS: limitations and requirements
One of the main limitations to GWAS is the requirement of stringent significance thresholds 
due to multiple testing, with typically required P-value of less than 5×10-8 for single SNPs. 
Fulfilment of such requirement helps in limiting false positive discoveries, but it also 
considerably reduces the power to detect associated SNPs. The only way to overcome this 
limitation is to increase the sample size. However, an intrinsic problem associated with 
a large multicentre GWAS in transplantation is the fact that donor selection and clinical 
protocols, including kind and dose of immunosuppression,  will differ, which certainly may 
affect the outcome.  Another drawback is that individual genetic variants, implicated by 
GWAS, have only a small effect on complex traits (46). Riancho pointed out that, even after 
combining all available GWAS from databases on a particular trait, the polymorphisms 
identified only explain less than 10% of the susceptibility to the disease (47). In other words, 
it seems impossible to explain a complex trait with the aid of a few genetic polymorphisms. 
A third remark concern the fact that the biological function of many variants identified by 
GWAS, which are mostly located in none-coding regions of the genome, is unknown. Thus, 
follow-up mechanistic studies would be required to elucidate the role of genetic variants in 
the process of allograft rejection. 

Overall, GWAS represent a powerful approach to identify genetic variants associated 
with clinical transplant outcome on the population level, and to further expand our 
knowledge of the mechanism of rejection and graft failure for developing novel treatment 
strategies. Risk assessment for the individual patient using this technology is difficult. At 
present, GWAS approaches have not provided a useful guidance in daily clinical practice for 
personalized treatment of the transplanted patient.
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Abstract

High expression levels of the calcium-binding proteins S100A8 and S100A9 in myeloid cells in 
kidney transplant rejections are associated with a favorable outcome. Here we investigated 
the myeloid cell subset expressing these molecules, and their function in inflammatory 
reactions. Different monocyte subsets were sorted from buffy coats of healthy donors and 
investigated for S100A8 and S100A9 expression. To characterize S100A9high and S100A9low 
subsets within the CD14+ classical monocyte subset, intracellular S100A9 staining was 
combined with flow cytometry (FACS) and qPCR profiling. Furthermore, S100A8 and 
S100A9 were overexpressed by transfection in primary monocyte-derived macrophages 
and the THP-1 macrophage cell line to investigate the functional relevance. Expression 
of S100A8 and S100A9 was primarily found in classical monocytes and to a much lower 
extent in intermediate and non-classical monocytes. All S100A9+ cells expressed human 
leukocyte antigen - antigen D related (HLA-DR) on their surface. A small population (<3%) 
of CD14+CD11b+CD33+HLA-DR− cells, characterized as myeloid derived suppressor cells 
(MDSCs), also expressed S100A9 to high extent. Overexpression of S100A8 and S00A9 in 
macrophages led to enhanced extracellular reactive oxygen species (ROS) production, as 
well as elevated mRNA expression of anti-inflammatory IL-10. The results suggest that the 
calcium-binding proteins S100A8 and S100A9 in myeloid cells have an immune regulatory 
effect.
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Introduction

The S100 calcium-binding proteins A8 and A9 (S100A8 and S100A9), also known as migration 
inhibitory factor-related proteins 8 (MRP8) and 14 (MRP14), are abundantly expressed in 
myeloid cells, such as circulating monocytes and neutrophils. Their level of expression can 
be used as a biomarker of inflammation in bacterial infections and autoimmune diseases 
(1-5). At the protein level S100A8 and S100A9 can form a heterodimeric complex, which 
is called calprotectin and which has antimicrobial effects (6-8). Extracellular S100A8 and 
S100A9 proteins bind to Toll-like receptor 4 and the receptor for advanced glycation end 
products (RAGE) to trigger NF-κB activation and production of proinflammatory cytokines 
and chemokines (9, 10).
	 In contrast, several reports have provided evidence that S100A8 and S100A9 
can exert anti-inflammatory effects: this was shown in lipopolysaccharides (LPS)-induced 
endotoxemia and autoimmune myocarditis (11, 12). Intracellular S100A9 can regulate 
adaptive immunity by inducing accumulation of myeloid-derived suppressor cells (MDSCs) 
in tumor-bearing individuals (13-15). MDSCs are able to suppress T cell responses. Chen 
and colleagues showed that S100A9 inhibits the differentiation of dendritic cells and 
macrophages and induces accumulation of MDSCs through elevated reactive oxygen species 
(ROS) production (14). Sinha and colleagues reported that S100A8/A9 binds to glycoprotein 
receptors on MDSCs and promotes their migration and accumulation (15). S100A9 was 
proposed as a novel marker of human monocytic MDSCs (16).
	 The role of myeloid cells in allograft rejection has been increasingly appreciated 
(17-19). We found in human kidney transplants that acute rejection episodes with high 
tissue expression of S100A8 and S100A9 have a more favorable long-term outcome than 
rejections with low expression (20, 21), suggesting that the S100 proteins exert beneficial 
immune effects. Double immunofluorescence on tissue biopsies showed that S100A9 largely 
co-localized with CD68 and HLA-DR, but that only a minority of S100A9+ cells expressed the 
macrophage type 2 marker CD163. This suggests that S100A9+ cells infiltrating the graft 
represent a distinct macrophage subset that potentially can interact with T cells through their 
surface HLA class II molecules. Furthermore, both in peripheral blood mononuclear cells 
(PBMC) and biopsies, we observed correlations of S100A9 expression with the expression 
of CD11b and CD33 (21). The combination of high CD11b and CD33 and low HLA-DR is used 
by flow cytometry to distinguish MDSCs (22). MDSCs have been observed to accumulate in 
kidney transplant recipients, and they were able to induce expansion of regulatory T cells in 
vitro (23, 24). Furthermore, patients with high numbers of MDSCs in their blood at time of 
acute transplant rejection had a favorable graft outcome (24).
	 Based on previous findings we hypothesize that S100A9+ myeloid cells have 
distinct immune regulatory properties. In the current study, we phenotypically characterized 
monocytes that differentially expressed S100A8 and S100A9, and identified a functional role 
of these calcium-binding proteins in macrophages.



146

Materials and Methods

Reagents
The following reagents were used for the study: phosphate-buffered saline (PBS, 10×) pH 
7.4 (ThermoFisher-Ambion, Cat. No. AM9625, Vilnius, Lithuania), distilled water (DNase/
RNase free, Gibco, Cat. No. 10977-035), paraformaldehyde (PFA) (EM Grade, Purified, 
Electron Microscopy Sciences, Hatfield, PA, USA), Saponin (Sigma-Aldrich, Saint Louis, 
MO, USA), recombinant ribonuclease inhibitor (ThermoFisher-Invitrogen, Cat. No. 10777-
019, Carlsbad, CA, USA), bovine serum albumin (BSA) fraction V-molecular biology grade 
(Gemini bio-products, Cat. No. 700-106P, Burgess Hill, UK), PE mouse anti-human S100A9 
Clone 1H9 (BD bioscience-Pharmingen, Cat. No. 565793, San Diego, CA, USA), rabbit-anti-
human S100A9 (ab92507, Abcam, Cambridge, UK), goat-anti-rabbit IgG-AF488 (A11008, 
Invitrogen, Bleiswijk, The Netherlands), RPMI1640 (Gibco, Grand island, NY, USA), fetal calf 
serum (FCS), penicillin, streptomycin, L-glutamine (Gibco, Invitrogen, Carlsbad, CA, USA), 
diphenyleneiodonium (DPI; Sigma-Aldrich, D2926, Saint Louis, MO, USA), GM-CSF (Thermo-
Fisher, PHC2013-1MG, Carlsbad, CA, USA), mouse anti-human antibody against CD14, CD16, 
and HLA-DR (all BD Bioscience).

Monocyte purification
Written informed consent was obtained from donors for use of buffy coats for scientific 
purposes. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque 
density gradient centrifugation from buffy coats of anonymous healthy donors (Sanquin 
blood bank, Leiden, the Netherlands). CD14+ monocytes were isolated from PBMC by 
positive selection using human CD14 microbeads (Miltenyi biotec GmbH, Bergisch Gladbach, 
Germany) according to the manufacturer’s instructions.

Monocyte subsets FACS sorting
Purified PBMC were stained with antibodies against CD14 and CD16 in 100 μL of FACS buffer. 
After washing twice, three monocyte subsets were sorted using FACSAria flow cytometer 
according to the CD14 and CD16 expression level. Sorted subsets were pelleted and lysed 
for RNA isolation.

Measurement of S100A9 in monocytes using the cytospin method
CD14 microbeads-enriched monocytes (positive selection) were washed with PBS and 
resuspended at a concentration of 0.5 × 106 cells/mL. Three drops of cell suspension were 
transferred onto a glass slide using a cytospin 4 cytocentrifuge (Thermo Scientific) at room 
temperature. Cells were fixed using cold acetone for 10 min and washed three times. Cells 
were incubated with a 1000-times-diluted rabbit-anti-human S100A9 antibody for 1 h at 
room temperature. After washing, slides were incubated with 1:200 diluted goat-anti-rabbit 
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IgG-AF488 for 30 min. Images were acquired on a fluorescence microscope (Axioskop 40, 
Carl Zeiss, Jena, Germany) using digital imaging software (ZEN 2.3 lite, Carl Zeiss, Jena, 
Germany).

Intracellular staining and FACS sorting
Intracellular staining procedures, followed by RNA extraction and qPCR, were mainly based 
on a previous study (25). In brief, one million CD14+ monocytes were fixed and permeabilized 
with 4% PFA and 1% saponin in 250 μL of PBS, supplemented with 1–5% RNase inhibitor 
for 30 min at 4oC. Cells were pelleted and washed once using 1 mL of wash buffer (0.2% 
BSA, 0.1% saponin, 2.5% RNase inhibitor in PBS) at 4oC. Cells were incubated for 30 min at 
4oC with 5 μL of mouse anti-human S100A9 antibody in 50 μL of staining buffer (1% BSA, 
0.1% saponin, 5% RNase inhibitor in PBS). Cells were washed twice with 1 mL of wash buffer 
and resuspended in sorting buffer (0.5% BSA, 5% RNase inhibitor in PBS). Cells were sorted 
into two subsets based on S100A9 protein expression using a FACSAria flow cytometer (BD 
Biosciences). Intracellular staining used for flow cytometric analysis were performed using 
the BD Cytofix/Cytoperm kit (BD Biosciences, Cat.No. 554714)

RNA isolation and cDNA synthesis
After flow cytometric sorting, the cell suspension was centrifuged at 3000g for 5 min at 4oC 
and the supernatant was removed. Total RNA from intracellular stained cells was isolated 
using the RecoverAll Total Nucleic Acid Isolation Kit for FFPE (Ambion, AM1975, Carlsbad, 
CA, USA), by incubating with 100 μL of protease digestion buffer for 3 h at 50 °C. The other 
steps in the RNA isolation procedure were carried out according to the manufacturer’s 
instructions. When working with unstained, intact cells, total RNA was extracted using the 
NucleoSpin miRNA kit (Macherey-Nagel, Düren, Germany). Complementary DNA synthesis 
was performed as described previously (21, 26).

Real-time quantitative PCR
Primer sequences for quantitative PCR are provided in Table S1. To prevent amplification of 
genomic DNA, reverse and forward primers were designed to target separate exons, spanning 
at least one intron with a size of 800 bp or more. All primer sets were tested on control 
cDNA, and PCR efficiencies were between 90% and 110%. Relative gene expression levels 
were normalized to the geometric mean of the reference genes β-actin and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH).

Overexpression of S100A8/A9 and measurement of ROS and cytokines
To allow differentiation into macrophages, CD14+ monocytes were cultured in the presence 
of 5 ng/mL GM-CSF for 5 days. Monocyte-derived macrophages were seeded at 1.5 × 106 per 
well in 6-well plates. After 5 days, transfection mixture containing 20 μL of Lipofectamine 
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2000 (Thermo Fisher) and 7.5 μg plasmid was added dropwise to the wells. After 5–6 h the 
medium was replaced by fresh complete roswell park memorial institute (RPMI) medium 
and incubated for another 24 h. The extracellular ROS production by the cells was measured 
as described previously (21).
	 The THP-1 macrophage cell line was transfected with similar amounts of plasmid as 
described above, and incubated for 24 h. Cells were washed and resuspended for incubation 
for another 24 h in complete medium, either containing no stimulants or containing 100 ng/
mL LPS. The cells were then pelleted and lysed for RNA isolation.

Statistical analyses
Statistical analyses were performed using SPSS statistics 23 and GraphPad Prism 7.02. All 
experiments were performed at least three times. The statistical difference between the two 
groups was calculated by t-test, and the difference between the two groups was calculated 
by one-way ANOVA with Tukey’s multiple comparison tests.

Results

S100A9 is mostly expressed in CD14-positive (classical) monocytes
S100A9 expression levels were assessed in three monocyte subsets, designated as classical 
(CD14+ CD16−), intermediate (CD14+ CD16+), and non-classical (CD14− CD16+) monocytes 
(Figure 1A). Messenger RNA analysis of CD14 and CD16 in the three sorted populations 
verified the sorting strategy (Figure 1B). Expression of S100A9 was most abundant in the 
classical monocytes (Figure 1B), which encompassed at least 75% of the total monocyte 
population (Figure 1A). Protein expression of S100A9 by flow cytometry was seen in all 
three monocyte subsets, and it was higher than that seen in lymphocytes (Figure 1C,D). The 
median fluorescence intensity (MFI) of S100A9 in classical and intermediate monocytes was 
approximately twice as high as that of non-classical monocytes (Figure 1D). The results show 
that S100A9 is mostly expressed in CD14-positive monocytes.

S100A9 expression varies within the CD14+ monocyte population
Next, we tested whether there is variation in S100A9 expression within the CD14+ monocyte 
population. For this, we subjected CD14+ enriched cells to cytospin analysis of S100A9 
protein. The fluorescence intensity varied greatly between cells (Figure 1E). Similarly, the 
fluorescence-activated cell sorting (FACS) plot showed a wide range of S100A9 expression 
within the CD14+ classical monocytes (Figure 1C).
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8Figure 1. S100A9 expression is highest in CD14+ classical monocytes. (A) Classical, intermediate, 
and nonclassical monocytes subsets were sorted based on CD14 and CD16 expression using FACS; 
(B) The relative expression of S100A9 in the classical subset was 20-fold higher than that in the non-
classical subset; (C) The representative FACS histogram plot showed that S100A9 expression in the 
three monocyte subsets overlapped with each other; (D) The median fluorescence intensity (MFI) of 
S100A9 in the classical subset was approximately twice as high than that in the non-classical subset; 
(E) The cytospin results showed that the fluorescence intensity varied greatly between individual cells 
within the CD14+ monocyte population; scale bar: 50 µm. The differences were tested by one-way 
ANOVA with Tukey’s multiple comparison tests. Data are expressed as means ± SD of at least three 
biological replicates. * p < 0.05, ** p < 0.01, *** p < 0.001.

Both HLA-D-positive monocytes and myeloid derived suppressor cells express S100A9
To investigate whether S100A9-positive monocytes express HLA-DR on their surface and are 
potentially able to interact with CD4+ T cells, we analyzed S100A9 and HLA-DR expression 
by FACS on PBMC from healthy donors. HLA-DR and S100A9 were co-expressed in CD14+ 
monocytes (Figure 2A). HLA-DR-low monocytes showed slightly higher expression of 
S100A9 than HLA-DR-high monocytes in healthy donors (Figure 2B,C). The results show that 
all S100A9-positive monocytes express HLA-DR on their surface.
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	 We further observed that MDSCs, which are characterized as 
CD14+CD11b+CD33+HLA-DR− and constitute only a small percentage of the total monocyte 
population (Figure 2D), showed an even higher S100A9 expression than the CD14+HLA-DR+ 
subset, although this difference was not significant (Figure 2E).

Figure 2. S100A9-positive monocytes express HLA-DR. Peripheral blood mononuclear 
cells (PBMC) were stained for CD14, HLA-DR, and S100A9, and were gated on CD14+ cell 
populations. (A) Representative FACS plot showing that CD14+ monocytes express both 
HLA-DR and S100A9. Gates were set to the upper and lower 10% of HLA-DR expression for 
the CD14+ monocytes, to further study subsets; (B,C) S100A9 expression was not significant 
between HLA-DR-high and HLA-DR-low subsets, although, S100A9 was slightly higher in the 
latter subset. Significant differences were calculated by t-test; (D) Representative FACS plot 
showing expression of CD14 and HLA-DR in gated CD33+ myeloid cells; (E) Monocytic MDSC 
(CD14+HLA-DR−) subsets showed slightly higher expression of S100A9 than CD14+HLA-DR+ 
subsets, but this was not significant. The differences were tested by one-way ANOVA with 
Tukey’s multiple comparison tests. All data are expressed as means ± SD of four different 
experiments. * p < 0.05, ** p < 0.01.
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Phenotypic characterization of cytokine expression profiles in S100A9high and S100A9low 
monocytes
To test whether S100A9high and S100A9low monocytes differ phenotypically in their 
cytokine expression profile, we combined intracellular S100A9 FACS staining with mRNA 
analysis of sorted cell populations. Since fixation and intracellular FACS staining disturbs the 
RNA quality inside the cells, the assay needed to be optimized first. Processed (fixed and 
intracellular stained) cells showed significantly reduced qPCR signals (as indicated by higher 
Cq values) compared to live cells (Figure 3A). Application of a buffer containing 5% RNase 
inhibitor greatly improved RNA quality, as detected by a significant decrease in the Cq value 
by qPCR (Figure 3A).

Figure 3. S100A9high and S100A9low subsets of classical monocytes do not differ in their expression 
of immune-related cytokines. (A) The addition of increased RNAse inhibitor concentration (5%) to lysis 
buffer minimizes the extent of RNA degradation (delta Cq < 34). Differences were tested by one-way 
ANOVA with Tukey’s multiple comparison tests; (B) Monocytes were sorted into two subsets based 
on the S100A9 protein level: S100A9high and S100A9low; (C) Relative gene expression of S100A9 
from FACS sorted cell populations based on S100A9 protein levels. The S100A9high subset expressed 
significantly higher S100A9 mRNA levels than the S100A9low subset. The difference was tested 
by t-test; (D) The relative mRNA expression ratio of pro- and anti-inflammatory cytokines was not 
significantly different between S100A9 high and S100A9 low subsets. The dashed line indicates relative 
mRNA expression ratio between S100A9 high and S100A9 low subsets is one. The differences were 
tested using one sample t-test. All data are expressed as means ± SD of three different experiments. * 
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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	 The monocytes were then sorted into two subsets based on their S100A9 protein 
level: S100A9high and S100A9low (Figure 3B). S100A9high subsets expressed significantly 
higher S100A9 mRNA levels than S100A9low subsets (Figure 3C). Several cytokines and 
growth factors were measured at the RNA level in the S100A9high and S100A9low subsets, 
but we did not observe significant differences between the subsets in expression levels 
of acute phase proteins TNFα, IL-1β, and of anti-inflammatory cytokines TGFβ1 and IL-10 
(Figure 3D).

Sorting of viable cells: application of SmartFlare
To sort viable monocytes expressing S100A9 for further functional analysis, SmartFlare 
RNA detection probes were applied. The probes, attached to inert nanogold particles, are 
taken up by the cells and emit a fluorescent signal upon binding to their target S100A9 
mRNA transcripts within the cells. Isolated CD14+ monocytes were incubated with different 
amounts of SmartFlare probes for 16 h. The scrambled control probe, which does not 
recognize any mRNA sequence within the cells, generated a strong fluorescence signal 
indicating a high level of background staining with all tested concentrations (Figure S1A). 
Monocytes incubated with the SmartFlare probes were sorted into three groups based on 
the Cy5 fluorescence intensity (Figure S1B), and the level of S100A9 expression was then 
validated in each of these three subsets by qPCR and intracellular staining using anti-S100A9 
monoclonal antibody. The Cy5high monocyte subset showed no difference of S100A9 mRNA 
expression in comparison to the Cy5intermediate and Cy5low subsets (Figure S1C). The 
intracellular S100A9 protein expression was comparable among the three sorted cell subsets 
(Figure S1D). Therefore, functional analysis of the monocyte subsets that differentially 
express S100A9 could not be performed because of unreliable detection by the SmartFlare 
probes.

Overexpression of S100A8 and S100A9 in monocyte-derived macrophages leads to increased 
ROS production and elevated IL-10 mRNA expression
To investigate the functional consequence of intracellular S100A9, and its counterpart 
S100A8, a plasmid containing the full S100A8 and S100A9 sequences was transfected 
into monocyte-derived macrophages. Transfection led to a 20–40-fold overexpression 
of S100A8 and S100A9 mRNA (Figure 4A). Overexpression of S100A8 and S100A9 in the 
monocyte-derived macrophages led to a threefold increase of ROS production (Figure 4B,C). 
The inhibition of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity 
by diphenylene iodonium (DPI) normalized the elevated ROS levels in the transfected 
macrophages, showing that S100A8/S100A9-induced ROS production was exerted through 
NADPH activation. To examine the effect of ROS-producing macrophages on T cells, 
macrophages were co-cultured with allogeneic T cells. Unfortunately, transfection of the 
empty control plasmid already led to decreased induction of T cell stimulation compared to 
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untransfected macrophages, suggesting that the transfection procedure interferes with the 
macrophages’ T cell stimulating capacity. 

Figure 4. Overexpression of S100A8/A9 in monocyte-derived macrophage increases reactive oxygen 
species (ROS) production. (A) The mRNA level in monocyte-derived macrophages after transfection 
was significantly higher than that in the empty plasmid control. The differences were tested by 
t-tests; (B) After phorbol 12-myristate 13-acetate (PMA) activation, the transfected cells were placed 
immediately in a luminometer to measure their ROS production real-time every 2.5 s. Data are 
expressed as means ± SEM of at least four different experiments; (C) The peak of ROS production, 
assessed at the tenth timepoint (25 s) was significantly higher in the S100A8/A9-overexpressed 
macrophages compared to cells transfected with the empty plasmid. Inhibition of NADPH oxidase 
activity by diphenylene iodonium (DPI) blocked the ROS production. The differences were tested by 
one-way ANOVA with Tukey’s multiple comparison tests. All data are expressed as means ± SD of at 
four different experiments. * p < 0.05, **** p < 0.0001.
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	 We next overexpressed the S100 calcium-binding proteins in THP-1 macrophages to 
study effects on cytokine synthesis by these cells. To first evaluate the transfection efficiency 
of the cells, a green fluorescent protein (GFP)-containing plasmid was transfected for 24 
h. The high proportion of GFP-positive cells indicates a high transfection efficiency (Figure 
5C). We did observe that transfection with an empty vector already caused slight changes 
compared to non-transfected cells both with respect to GFP signals (Figure 5A,B) and cell 
viability, which led us to compare the differences between the empty vector and S100A8/
A9 transfection conditions. Overexpression of S100A8 and S100A9 in macrophages, both 
in unstimulated cells and in cells that were stimulated by LPS after the transfection, led to 
a consistent increase (2-fold to 64-fold) in IL-10 mRNA expression compared to the empty 
vector transfection condition (Figure 5D). At the same time, expression of pro-inflammatory 
cytokines TNFα and IL-1β did not change. Excreted cytokines in the supernatants were 
assessed by Luminex assays, but only TNFα could be detected, which showed no difference 
between the S100A8/A9 overexpressed cells and the control conditions.

Discussion

Calcium-binding proteins S100A8 and S100A9 are involved in various inflammatory 
disorders. Relatively high levels of S100A8 and S100A9 in kidney biopsies have a beneficial 
effect on long-term graft outcome, independent of the extent of myeloid cell infiltration. In 
this study, we phenotypically characterized the monocyte subsets that differentially express 
S100A8 and S100A9. We further showed that overexpression of S100A8 and S100A9 in 
macrophages leads to enhanced ROS production and IL-10 expression.
	 Monocytes have been documented to consist of three main cell populations based 
on the expression level of CD14 and CD16: classical, intermediate, and nonclassical (27-
29). At the mRNA level, S100A8 and S100A9 were abundantly expressed in the classical 
monocyte subset (28, 30, 31). At the protein level, the three subsets were more similar in 
their expression, with a small trend for the non-classical monocytes to express the lowest 
levels. In line with an earlier study where proteomic and transcriptomic methods were used, 
CD16-negative monocytes had higher mRNA and protein levels of S100A9 than the CD16-
positive subsets (31). We demonstrated a heterogeneous expression of S100A9 within the 
CD14+ monocyte population, which was the basis for the hypothesis that monocytes with 
high levels of S100A9 exert distinct immune regulatory effects.
	 As the expression of S100A9 in the CD14+HLA-DR-low subset was even slightly higher 
than that in the HLA-DR-high subset, it is clear that HLA-DR is not an appropriate cell surface 
marker for sorting monocytes that differently express S100A9 protein. Consistent with our 
earlier findings in transplant tissue (21), S100A9 and HLA-DR are co-expressed in peripheral 
CD14+ monocytes. Furthermore, the monocytic MDSC subset (CD14+CD11b+CD33+HLA- 
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Figure 5. Overexpression of S100A8/A9 in macrophages leads to increased IL-10 expression. (A–
C) Validation of transfection efficiency of the THP-1 macrophage cell line. The following cytospins 
were inspected by immunofluorescence for green light emission: (A) non-transfected cells; (B) cells 
transfected with an empty plasmid; (C) and those with a GFP-containing plasmid. Scale bar: 50 µm. 
The results show high transfection efficiency in the cells; (D) Overexpression of S100A8 and S100A9 
leads to a consistent increase of IL-10 expression, but not of TNFα and IL-1β. This was observed in 
both unstimulated cells (left panel) and LPS–stimulated cells (right panel). Data are shown as boxplots 
(median, upper value, lower value) representing three different experiments.

DR−), which represented a tiny fraction (<3%) of the total myeloid population in our healthy 
donor material, showed an even higher S100A9 expression than the CD14+HLA-DR+ subset, 
although this difference was not significant. It does support the earlier findings of S100A9 
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as both a marker and an inducer of MDSCs. On the basis of previous publications (23), it is 
expected that in inflammatory situations such as post-transplant conditions, the fraction of 
MDSCs, and thereby S100A8 and S100A9, rises considerably. The current findings further 
show that not a single subset, but multiple ones, express the S100 molecules to a relatively 
high extent.
	 We investigated S100A9high and S100A9low monocytes, based on intracellular 
FACS staining, for cytokine expression. Recently, a method for the isolation of high quality 
RNA from cells following fixation, intracellular staining, and FACS sorting by the use of 
buffers containing RNase inhibitors has been described (25). However, when following that 
protocol we observed that the process of intracellular staining still led to reduced RNA 
quality compared to live, unfixed monocytes. A possible explanation for this discrepancy 
might be the fact that monocytes contain more ribonuclease A family member 2 (RNASE2) 
than the human embryonic stem cells, as found by microarray analysis (32), in which the RNA 
quality was improved by increasing the RNase inhibitor concentration (25). Nevertheless, 
when normalized to reference gene signals to correct for input and quality differences, we 
could verify significantly increased S100A9 mRNA expression in the FACS S100A9high subset 
compared to the S100A9low subset, which gave confidence with respect to the reliability of 
the results for the other transcripts studied.
	 SmartFlare probes have been suggested as suitable tools to detect mRNA in single 
living cells. Several studies showed successful detection of mRNA using SmartFlare or 
NanoFlare probes (33-36). In contrast to these publications, in our study the mRNA levels 
reflected by SmartFlare fluorescence intensity could not be validated by qPCR and flow 
cytometry. The S100A9 expression levels were as high as the reference gene (GAPDH) and 
were certainly above the SmartFlare detection limit (Cq < 34). Consistent with our findings, 
Maria and colleagues demonstrated that SmartFlare fluorescence intensity does not correlate 
with the level of target transcript, but depends on the efficiency of probe accumulation (37). 
We found that the SmartFlare fluorescence intensity positively correlated with the forward 
scatter value, which reflects cell size. Levy and colleagues showed by electron microscopy 
that the nanoparticle probes remain in intracellular compartments and do not reflect the 
level of mRNA transcripts in the cytoplasm (38). Mirkin and colleagues, who developed the 
NanoFlare probes, confirmed that spherical nucleic acid (SNA) localize in late endosomes. 
They also proposed that the fluorescence signal detected may be due to disassembly of SNA 
and degradation by the DNaseII (39). This may explain why we observed high background 
levels in the scrambled probes.
	 To investigate the functional effect of S100A8 and S100A9, we overexpressed 
both molecules in primary monocyte-derived macrophages. We did observe that this led 
to significantly increased ROS production, which was similar to what was found in our 
previous study using the established, secondary THP-1 macrophage cell line (21). Through 
this mechanism, the S100 calcium-binding proteins may exert anti-inflammatory effects, 
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and thereby be beneficial in reducing tissue damage after transplantation. In contrast to 
THP-1 cells, which lack crucial co-stimulation molecules, monocyte-derived macrophages 
are able to stimulate (allogeneic) T cells in a mixed lymphocyte culture. When present in 
the immune synapse during interaction of macrophages with T cells, the extracellular ROS 
may negatively affect T cell activation and proliferation (40). We observed that the transfer 
of a large plasmid (~7000 base pairs) into the cells negatively affects cell viability and T cell 
stimulating potential, which unfortunately held us back from performing mixed lymphocyte 
cultures between transfected macrophages and T cells. Interestingly, in relation to the link 
between S100A8/A9 and ROS, the MDSC population in our study was found to express the 
highest levels of S100A8 and S100A9. MDSCs have been shown to exert T cell inhibiting 
effects in individuals with a tumor and in those with inflammatory conditions, such as those 
seen after transplantation (13, 14, 23, 41). S100A9 can be involved, through STAT3 and 
ROS, in inducing accumulation of MDSCs (13, 14). We did observe that transfection with 
the empty vector caused some changes compared to non-transfected cells with respect to 
GFP signals and cell viability, as discussed above. Indeed, it has been described before that 
green fluorescence production may result from the mere presence of a plasmid and from 
the use of transfection reagents (42). These observations led us to compare the differences 
between the empty vector and S100A8/A9 transfection conditions. We found that S100A8/
A9-transfected macrophages demonstrate higher expression of the anti-inflammatory 
cytokine IL-10, but not of pro-inflammatory cytokines TNFα and IL-1β. Despite the 
consistent IL-10 mRNA increase in all experiments, a statistically significant difference was 
not obtained between cells transfected with S100A8/A9 and those transfected with empty 
vectors, probably because of the variation in the range of increase between experiments. 
Despite our efforts using protein screening in the supernatant at 24 h after transfection, 
IL-10 protein could not be detected. Hence, it cannot be stated with certainty that IL-10 is 
a significant mediator in the induction of immune regulation. Especially in the light of the 
presence of HLA-DR on S100A9-positive cells, both ROS and IL-10 may represent parts of a 
pathway through which the S100 molecules trigger the induction of regulatory T cells and 
inhibition of effector T cells, thereby limiting or preventing a detrimental immune response 
to the graft.
	 In summary, the results suggest that calcium-binding proteins S100A8 and S100A9 in 
myeloid cells have an immune regulatory effect, which may explain the previously observed 
beneficial effect of the local S100A8 and S100A9 expression on kidney graft survival (20, 21).
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Figure S1. SmartFlare failed to report the mRNA level in live cells. (A) Monocytes were incubated for 
16 hours with different amounts of SmartFlare probe. The scrambled control probe produced strong 
signals, indicating high background levels. (B) Monocytes were sorted into three subsets based on the 
Cy5 fluorescence intensity: Cy5-high, Cy5-intermediate, and Cy5-low. (C,D) The mRNA (C) and protein 
(D) level of S100A9 in three FACS-sorted subsets were not consistent with the SmartFlare signals. Flags 
show means with SD. Differences were tested by one-way ANOVA with Tukey’s multiple comparison 
tests. Data in panel C are shown as means ± SD of three biological replicates. *P<0.05.

Table S1. Primer sequences used for qPCR
Genes Forward primer (5’-3’) Reverse primer (5’-3’)
B-actin ACCACACCTTCTACAATGAG TAGCACAGCCTGGATAGC
GAPDH ACCCACTCCTCCACCTTTGAC TCCACCACCCTGTTGCTGTAG
IL-10 GCGCTGTCATCGATTTCTTCC GTAGATGCCTTTCTCTTGGAGCTTA
IL-1b TGGCTTATTACAGTGGCAATG GTGGTGGTCGGAGATTCG
S100A8 GGGAATTTCCATGCCGTCT CCTTTTTCCTGATATACTGAGGACACT
S100A9 CAGCTGGAACGCAACATAGA TCAGCTGCTTGTCTGCATTT
STST3 CACGCCTTCTACAGACTG CATCCTGGAGATTCTCTACC
TGF-b1 CCCAGCATCTGCAAAGCTC GTCAATGTACAGCTGCCGCA
TNF-a CCCCAGGGACCTCTCTCTAATC TACAACATGGGCTACAGGCTTG
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Summary and general discussion
Kidney transplantation is the preferred treatment of patients with end stage renal 
disease, as it provides longer patient survival and better quality of life compared to 
dialysis (1). The allograft survival has been considerably improved over the past decades 
due to the advancement of surgical procedures, tissue typing, and immunosuppressive 
medication, especially the introduction of cyclosporine. Potential complications after 
kidney transplantation, such as delayed graft function and acute rejection (AR), remain 
risk factors for long-term graft outcome (2-6). Prediction of DGF, response to steroid 
resistant rejection and long-term graft outcome remain difficult when using merely clinical 
parameters. Numerous studies have reported on the predictive value of molecular markers 
for AR and worse graft outcome(7-13). However, the heterogeneity of AR and the variation 
among transplant centers leads to controversial results and preclude a more general clinical 
application. In the first part of this thesis, we aimed to investigate the molecular markers 
of steroid resistance and long-term graft survival on the basis of acute rejection biopsies. In 
the second part, we focused on genetic variants associated with acute rejection in kidney 
transplantation. In the final part we described the possible immune regulatory effect of 
S100 calcium binding proteins. 

Selection of SYBR green master mix
Quantitative polymerase chain reaction (qPCR) is a sensitive and specific technique based 
on non-specific SYBR green chemistry to measure gene expression levels. The extraction 
and preservation protocols for obtaining high quality and quantity of RNA were optimized 
in order to increase the sensitivity of mRNA expression assessment (7). The PCR devices 
and master mixes also affect the accuracy and reliability of the gene expression assays. In 
chapter 2 we compared different commercial SYBR green PCR mixes using two different PCR 
machines with respect to the specificity and sensitivity of the qPCR assay. 
	 Three commercial SYBR green PCR mixes: ABI, Bio Rad, and Roche, were tested 
for 79 immune-related transcripts targeted by specific primer pairs. We found that most 
primer sets (N=66, 94.3%) could generate a single sharp melting peak with all tested PCR 
mixes by strictly following the prescribed PCR protocol. However, 13 primer pairs (18.6%) 
produced suboptimal melting peak using Roche mixes. The use of ABI mixes often led to 
lower Cq values for cDNA and lower background levels for negative DNA samples compared 
to the other mixes. The PCR devices had a smaller influence on the results than the source 
of SYBR green mixes. Based on the data obtained in these studies, we decided to measure 
all molecular transcripts in biopsy samples using the ABI mix on Viia7 PCR equipment.
 
Lack of association with DGF at the time of transplantation
Delayed graft function, defined as requirement of dialysis within the first week after 
transplantation, is a risk factor for acute rejection (4, 5, 14). Ischemia reperfusion injury 
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(IRI) after transplantation resulting in acute tubular injury is considered as a main cause of 
DGF (15). Clinical parameters, such as donor creatinine level, prolonged ischemia time, and 
older recipient age, correlate with DGF (16-18). Accurate prediction of DGF using molecular 
profiles may allow the early intervention and prevention of further allograft injury. We tested 
the expression levels of Toll-like receptors (TLRs), complement and apoptosis related genes 
in pre-implementation biopsies and investigate the relationship with DGF in chapter 3. 
	 In deceased donors none of the markers investigated in pre-implementation 
biopsies was predictive for the DGF, which is in contrast with a previous study showing 
that the BAX:BCL2 ratio was elevated in DGF group (19). We found that expression of C2 
and C3, and BAX:BCL2 ratio were higher in deceased donors compared to living donors, 
indicative for a role of the complement and apoptosis pathways in ischemia reperfusion 
injury. This observation confirmed previous studies showing that complement components 
are significantly higher in deceased donors compared to living donors (20), and that 
apoptotic cell death is initiated as reflected by an increased BAX and decreased BCL2 during 
normothermic ischemia injury (21). Therefore, inhibition of complement and apoptosis 
pathway may act as therapeutic target to protect from the effects of IRI. 
	 The complement regulators analyzed were not significantly different in their 
expression between living and deceased donors. TLR2, TLR4 or MyD88 deficient mice are 
protected from IR injury, and TLR4 expression was significantly higher in pre-implantation 
biopsies from deceased donors than that from living donors (22-24). However, we could not 
find any difference in the expression of TLRs between living and deceased donors. Our data 
suggest that the TLR pathway is not important for IRI and DGF after transplantation, and that 
even a low level of TLR expression is sufficient to initiate an immune response. 

Alteration of gene expression is the result of inflammatory cell infiltration 
Gene expression alterations between paired pre-implantation and acute rejection biopsies 
were analyzed in 75 patients. The majority of TLRs (TLR1-3 and TLR6-10), C2, and BAX:BCL2 
mRNA levels were increased, whereas the expression levels of C4 and the complement 
regulators (CD46, CD55, and CD59) were decreased at the moment of AR compared to the 
situation before implantation. The changes in expression levels of TLR4, TLR5, C3, and CR1 
varied among the patients with acute rejection. We speculate that the changes in mRNA 
expression are the result of infiltration of inflammatory cells. Therefore, the correlation 
between expression level of innate immunity genes and inflammatory markers (CD163, 
CD68, CD20, and CD3e) at time of AR was analyzed. The expression of TLR1, TLR4, TLR6-
10, C2, C3, CR1, and BAX:BCL2 was positively correlated with one or more inflammatory 
markers, while the expression of CD46 and CD59 was negatively correlated with macrophage 
markers. In addition, immunohistochemical staining for TLR4, TLR9, and BCL2 confirmed 
that their expression was relative higher in acute rejection group than in patients with 
stable graft function. The influx of inflammatory cells can at least partly explain the altered 
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gene expression between implantation and AR biopsies. However, most of genes expressed 
during AR show no association with any of the Banff classification scores. 
	 The TLR2 and TLR3 mRNA levels were minimally increased but did not correlate 
with any inflammatory makers, suggesting that these mRNA levels are dominantly 
expressed in renal parenchymal tissue and activated by inflammation, which is consistent 
with a previous study showing a similar TLR3 expression pattern (25). The expression of 
TLR4 was correlated with myeloid cell markers but the changes in expression varied among 
patients, suggesting that TLR4 is expressed in both myeloid and parenchymal cells. Indeed, 
immunohistochemical staining in our study and in other studies showed that TLR4 protein 
expression could be detected in both endothelial and tubular cells (24, 26-28). Thus, the 
altered TLR4 expression may depend on the extent of myeloid cell infiltration and kidney 
cell damage. Semi-quantitative immunohistochemical staining showed that patients with 
acute rejection have a significantly higher expression of TLR4 than patients with stable graft 
function. A possible explanation may be that inflammatory cells, especially myeloid cells, 
express high levels of protein but relative low levels of mRNA. 
	 C3 and CR1 showed similar expression patterns as TLR4. The alteration of C3 and 
CR1 gene expression, which showed a wide range of expression in both pre-implantation and 
acute rejection biopsy samples, was further investigated with respect to its association with 
transplant outcome. Patients with increased and decreased gene expression did not differ 
with regard to the incidence of steroid resistant rejection and long-term graft outcome. 
The minor decrease in expression of C4 and CD55 lacked any correlation with inflammatory 
markers and may be the result of renal tissue damage during acute rejection. 

TCMR score provide new dimension for acute rejection assessment
Histologic diagnosis of acute rejection according to Banff classification is poorly reproducible 
among pathologists and difficult to improve in accuracy (29, 30). This limitation may due 
to the fact that the principal lesions used for rejection diagnosis are also present in other 
inflammatory responses such as acute kidney injury (AKI), in combination with subjective 
interpretation. The recent Banff classification describes criteria of acute TCMR, ABMR, and 
mixed rejection, and it highlights molecular diagnostic techniques as new tools (31, 32). 
In chapter 4 we investigated the expression of TCMR related makers in an acute rejection 
cohort transplanted between 1995 and 2005. 
	 TCMR related markers were mostly expressed in T cells, NK cells, and APCs, as 
was previously identified using microarray technique (33, 34). The T-score, the average 
z-score of all TCMR related transcripts, was significantly associated with the interstitial 
inflammation and tubulitis, but not with intimal arteritis. This is not surprising, since the 
T-score only reflects the degree of infiltration of inflammatory cells into the graft, and not 
the localization of the infiltrate. Intimal arteritis, characterized as inflammatory cell beneath 
the endothelium of arteries, could be induced by ABMR or AKI (35), which may explain 
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the lack of association with the T-score in the current study. Reeve et al also reported that 
the isolated v-lesions (intimal arteritis with insufficient infiltration of immune cells) had low 
TCMR scores (33). Therefore, patients with intimal arteritis with a relatively low T-score 
should not be categorized as TCMR and they would need to be carefully monitored.
	 Our studies showed that borderline rejection is reflected by a significantly lower 
T-score than tubulointerstitial rejection. However, in line with a previous study, several 
patients with borderline rejection had a relatively high T-score, which should be a reason 
to reclassify these patients as TCMR (33). Our findings give support to the notion that 
molecular assessment at time of acute rejection aids in predicting therapy sensitivity. 
 
Risk assessment of steroid resistance: E-score
Steroid resistant rejection is associated with inferior long-term graft outcome (10, 36). 
Prediction of steroid resistance during acute rejection would open the possibility to treat 
patients immediately with the optimal immunosuppression and prevent unrepairable 
nephron damage during the period of steroid therapy. Sarwal et al showed that dense B cells 
infiltration is correlated with steroid resistant rejection and graft loss (10, 37). However, other 
studies failed to confirm the correlation between infiltration of B cells into the allograft and 
the response to steroid therapy (38, 39). In addition, the expression of other inflammatory 
markers in the graft tissue, including FasL (9), LAG-3, CD25:CD3e ratio (36), metallothioneins 
(8), granulysin (40), and CD68+ (macrophage) (41, 42), and FoxP3 expression in the urinary 
sediment (43) have been found to be associated with responsiveness to steroid therapy. In 
chapter 4 we found that an increased mRNA expression of endothelial-epithelial related 
genes at the moment of acute rejection predicts the responsiveness to steroid therapy. 
	 Halloran’s group established a molecular diagnosis system to identify TCMR and 
ABMR based on microarray data that was derived from over 700 biopsies (33, 34, 44-48). 
The transcripts used as ABMR classifiers are mainly expressed in endothelial cells, NK cells, 
and many of these are induced by INF-γ (47, 48). However, we could not identify any ABMR 
associated parameters in our studies and could not make any correlation with the E-score. 
Many patients with steroid-sensitive acute rejection showed comparable E-score as patients, 
who did not have acute rejection (protocol biopsy). 
	 Endothelial cells line the interior surface of glomeruli and peritubular capillaries 
and they mediate crucial inflammatory processes. The endothelium-epithelium transcript 
profile, such as TM4SF18, PGM5, and CD34, which are involved in angiogenesis and 
biological adhesion, may reflect the integrity of nephron and ability of tissue repair after 
injury. This may explain why the decreased expression profile is associated with resistance 
of steroid treatment. In line with our finding, several studies showed that severe intimal 
arteritis and destruction of microvasculature predict steroid resistance of the rejection (49-
51). Therefore, the endothelium-epithelium profiles may provide novel markers to predict 
steroid resistant rejection.
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	 Univariate logistic regression analysis showed that the E-score is a predictor of 
steroid resistant rejection. Although the performance of the predictive model was modest 
(AUC=0.70), it might have  a high specificity, representing patients with high expression 
of endothelium related transcripts who do respond to steroid treatment. In addition, the 
combination of the E-score and other inflammatory makers may generate a more powerful 
model for assessment of steroid resistance. This may tested further in future studies.

Prediction of long-term graft survival
Short-term graft survival has increased greatly over the last two decades. The half-life 
for deceased donors was 6.6 years in 1989 and increased to 8.8 years in 2005, which was 
driven by improvement of fist year attrition rates. However, the long-term attrition rates 
have hardly improved (52). Identification of molecular markers, which correlate with long-
term graft survival, may allow clinicians to carefully monitor the renal function in high-risk 
patients and may open the way in the prevention of adverse graft outcome. 
	 Steroid resistant rejection is a risk factor of long-term graft loss (10, 36). The effect of 
steroid resistant rejection on long-term graft survival was assessed in chapter 4. The patients 
with steroid resistance showed inferior long-term graft survival compared to patients who 
showed response to steroid therapy. Steroid resistant rejection is correlated with severe 
vascular rejection and low endothelium and epithelium expression profiles, suggesting that 
severe kidney injury during acute rejection results in chronic allograft damage. 
	 In chapter 3 we showed that patients with high TLR4 expression during acute 
rejection have inferior graft survival compared to patients with low TLR4 expression. TLR4 in 
the allograft may bind to intracellular ligands released by dead cells, and provide additional 
proinflammatory signalling to enhance inflammation. Although the antirejection therapy 
successfully normalized kidney graft function, as reflected by decreased serum creatinine, 
the high expression of TLR4 may lead to production of higher levels of proinflammatory 
cytokines and chemokines that induce inflammatory cells infiltration into the allograft after 
the antirejection therapy and contribute to chronic allograft nephropathy.  
	 The high BAX:BCL2 ratio reflects the high extent of apoptosis and it predicts 
inferior long-term graft survival in deceased donor groups. On the one hand, apoptosis of 
parenchymal cells directly leads to the loss of kidney function. However, apoptotic cells 
attract phagocytic cells into the graft and may be rapidly cleared (53, 54). The accumulated 
phagocytic cells can be triggered by a danger signal and mediate chronic allograft 
nephropathy (55). If the apoptotic cells in allograft are not rapidly cleared, they undergo 
necrosis and release damage-associated molecular patterns (DAMPs) that initiate immune 
responses (56). Thus, monitoring of the BAX:BCL2 ratio during AR may offer a predictive 
value with respect to long-term graft survival. Future studies should contain a more in-depth 
analysis of the presence and kinetics of dying cells in the graft, and their possible impact on 
outcome.
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Genetic risk factors in kidney transplant: lack of validation and small effect 
The role of HLA molecules in the transplantation field has been widely recognized: better 
matching between donor and recipient leads to better graft function. Numerous candidate 
single nucleotide polymorphisms (SNPs) have found to be associated with occurrence of 
acute rejection and with outcome, but most studies focused on immune response related 
genes (57-63). GWAS represent an unbiased approach to simultaneously analyse millions of 
SNPs and to identify novel makers involved in allograft rejection. 
	 In chapter 5 we performed a GWAS of acute rejection in kidney transplantation. 
The significant candidate SNPs identified by current GWAS could not be verified in an 
independent cohort in another transplant center. In line with a previous study, we found 
that patients with acute rejection show a higher C allele frequency (rs1801274 in FCGR2) 
compared to the stable graft function group (64).  Apart from this specific SNP, most of 
previously published SNPs could not be confirmed in the current GWAS. Consistent with 
a well powered GWAS in bone marrow transplantation, the previously reported genetic 
variants were most likely false positive findings (65). As discussed in chapter 7, the main 
limitation of GWAS is the requirement of stringent significance thresholds (P<5×10-8). Only 
SNPs with a big effect on transplant outcome could be captured in our relatively small-sized 
GWAS. Thus, any false positive findings in our study may result from the small effect of 
individual genetic variants. Individual SNPs identified by GWAS usually have a small effect 
by themselves on a complex trait such as acute rejection, explaining only less than 10% of 
susceptibility to the disease even when all available genetic variants are combined (66). To 
identify true positive, single SNPs, which have a small effect, and to overcome the issue of 
validation, the only way is to increase sample size by international collaboration in the field 
of kidney transplantation. 
	 The role of non-HLA antigens have increasingly been reported in kidney 
transplantation (67-69). As shown in chapter 6, we found no effect of genomic missense 
SNP mismatching on kidney transplant outcome. Besides, the mismatch load, reflecting the 
total amount of mismatching of SNPs in coding sequences between recipient and donor, 
does not have any effect on AR or long-term graft function. If the mismatch load had any 
effect, living related transplantations with lower mismatch load should have lower incidence 
of rejection and longer allograft survival compared to living unrelated transplantations 
that have higher mismatch load. However, a recent meta-analysis showed there was no 
difference between living related and unrelated kidney transplantations in acute rejection 
and graft survival rates (70). A reason for the negative finding may be that the effect of 
mismatching of missense SNPs is low, under the condition of HLA mismatching and efficient 
immunosuppressive therapy.
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The immune regulatory effect of calcium binding proteins
High expression of S100A9 in kidney biopsies during AR is associated with a beneficial 
effect on long-term graft survival (71, 72). Most of S100A9+ cells are co-localized with 
CD68 and HLA-DR, and only one-third of them express CD163, suggesting a distinct 
macrophage population infiltrating the graft. We found in chapter 8 that S100A9 expression 
varies greatly among CD14 positive monocytes. Unfortunately we were not able to sort 
monocytes based on their expression level of S100A9 using SmartFlare RNA detection 
probes. Cytokine expression profiles between S100A9high and S100A9low subsets were 
not significantly different. We did find that overexpression of S100A8/A9 in monocyte-
derived macrophages leads to increased reactive oxygen species (ROS) production, as well 
as increased IL-10 mRNA expression (Figure 1). The extracellular ROS may have a negative 
impact on T cell activation and their subsequent proliferation (73), which may dampen the 
immune response in the allograft. The consistent increase of IL-10 may represent another 
anti-inflammatory mediator in such immune response, even though the protein level of IL-
10 could not be detected in the supernatant of the transfected cells. We hypothesize that 
the anti-inflammatory effect of S100A8/A9 proteins may explain their beneficial effect on 
kidney graft survival.
	 The THP1 macrophage cell line, which lacks co-stimulation molecules, is unable to 
stimulate allogeneic T cell activation. The cell viability and stimulation ability of monocyte-
derived macrophage were negatively affected, probably as a result of the transfection of a 
large plasmid (~7000 base pairs), which prevented us from performing mixed lymphocyte 
cultures. To investigate the effect of S100A8/S100A9 on T cell activation and proliferation, 
downregulation of S100 proteins in macrophages by transfection of small siRNA constructs 
may be an alternative approach. 
	 Numerous studies reported that the proinflammatory activity of S100 proteins 
can be used as biomarker of inflammation, infection, and autoimmune disease (74-80). 
In contrast, S100A9 was proposed as a novel marker of human monocytic MDSCs, which 
accumulate in kidney transplant recipients and are able to induce expansion of Treg cells 
in vitro (81, 82). We found that MDSCs in healthy PBMC express slightly higher levels of 
S100A9 compared to CD14+HLA-DR+ monocytes, but that S100A9 is not suitable as a 
specific marker of MDSC since all monocytes positively expressed S100A9. Since MDSCs are 
detected in higher quantities during inflammatory conditions, S100A9 expression should be 
tested in MDSCs obtained from kidney transplant recipients. Inhibition of S100A9 in such 
MDSCs should show whether S100A9 mediates the anti-inflammatory effect of MDSCs.

Conclusions and future perspectives
The results presented in this thesis demonstrate that several molecular and genetic markers 
are associated with kidney transplant outcome. We showed that a decreased expression 
profile of endothelial-epithelial cells during AR is associated with resistance to steroid 
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therapy, suggesting that endothelial cell integrity is involved in the efficacy of antirejection 
treatment. The elevated TLR4 expression and BAX:BCL2 ratio during AR independently 
predict inferior long-term graft survival. In addition, the genome-wide association study 
suggests that genetic risk factors in kidney transplantation confer a small effect and future 
efforts require large international collaborative studies. Furthermore, the overexpression 
of S100A8/A9 leads to increased ROS and IL-10 production by macrophages, which may 
explain the beneficial effect of these S100 molecules on kidney allograft survival.
	 Molecular assessment of renal biopsies has been established and may add a new 
dimension to histologic diagnosis. However, biopsy related complications such as bleeding, 
hematuria, and anuria are not completely eliminated. Assessment of noninvasive material, 
such as blood and urine, is a promising approach. Identification of rejection specific molecular 
markers in blood and urine may provide new tools to monitor the immune status of the 
allograft, and may allow for early detection of subclinical rejection and timely therapeutic 
intervention. 
	 External validation of potential molecular predictors is necessary in biomarker 
discovery. The observed prognostic value of the E-score, TLR4, and BAX:BCL2 ratio need 
to be verified in an independent study cohort. Due to frequently reported false positive 
findings in genetic association studies, validation by international collaborative studies is 
highly recommended. In addition, a prospective cohort study is the golden standard to 
confirm the predictive value of candidate biomarkers before their clinical implication in 
kidney transplantation. 
	 The potential immune regulatory effect of calcium binding proteins need to be 
further investigated. The knockdown of S100A8/A9 by transfecting siRNA into macrophages 
would be an alternative approach to investigate the macrophage stimulation ability by mixed 
lymphocytes cultures. For characterizing the cytokine expression profile, such as TNFα, IL6, 
IL10 and TGFβ, concentrated cell culture supernatant may provide valuable information. 
Thanks to the development of tissue imagine technique for simultaneous analysis of multiple 
markers by immunohistochemistry, the effect of inflammatory cell subsets infiltrating in the 
allograft and their possible relationship and interaction in space may be clarified in relation 
to the clinical outcome of kidney transplant patients.
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Figure 1. Increased expression of S100A9 in macrophage leads to increased ROS production and 
elevated IL-10 expression. ROS, reactive oxygen species. 
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NEDERLANDSE SAMENVATTING

Niertransplantatie is de behandeling bij voorkeur voor patiënten met een eindstadium 
van nierfalen, aangezien het leidt tot betere overleving en hogere kwaliteit van leven 
vergeleken met dialyse. Het voorspellen van het optreden van DGF, de respons op de 
behandeling van acute afstoting en lange-termijn uitkomst na niertransplantatie is moeilijk 
op basis van enkel de klinische parameters. In het eerste deel van dit proefschrift hebben 
wij beoogd om moleculaire markers voor steroïd-resistente afstoting en lange-termijn 
overleving te onderzoeken in biopsieën. In het tweede deel hebben wij ons gericht op 
genetische markers die gerelateerd zijn aan het optreden van acute afstoting. Expressie van 
S100 calcium-bindende eiwitten A8 en A9 had in eerdere studies verband met de uitkomst 
na niertransplantatie. In het laatste gedeelte van dit proefschrift hebben wij aanwijzingen 
gevonden voor immuun-regulerende effecten van deze S100 eiwitten.

Keuze van SYBR green master mix
Kwantitatieve polymerase ketting reactie (qPCR) is een gevoelige en specifieke techniek 
om, gebaseerd op SYBR green chemie, genexpressieniveaus te meten. Het type van PCR 
apparaat en master mix kunnen van invloed zijn op de nauwkeurigheid en betrouwbaarheid 
van de assay. Drie commerciële PCR mixen (ABI, Bio-Rad, Roche) werden getest voor 79 
verschillende primerparen die elk een immuun-gerelateerd transcript detecteren. Wij 
vonden dat de meeste primersets (n=66, 93%) leidden tot één enkel PCR product, zolang 
het voorgeschreven PCR protocol per mastermix van de overeenkomstige firma strikt 
gehanteerd werd. Het gebruik van ABI mix, in vergelijking met de andere mixen, leidde tot 
lagere Cq-waarde (hoger expressiesignaal) in het cDNA en lagere achtergrondniveaus bij 
negatieve controle DNA samples. Het type van PCR-apparaat had een kleinere invloed op 
de resultaten dan de bron van de master mix. Gebaseerd op de data hebben wij besloten 
om alle transcripten in biopsiemateriaal te meten met de ABI mix op een Viia7 PCR apparaat 
(ABI).

Relatie tussen pre-transplantaat genexpressie-niveaus en de type van donor
In transplantaties van een nier van een overleden donor was geen van de bestudeerde 
markers in het pre-transplantaat biopt voorspellend voor het optreden van DGF. Expressie 
van C2, C3 en Bax:Bcl-2 ratio was hoger in transplantaten van overleden donoren vergeleken 
met die van levende donoren, wat duidt op een rol van complement en geprogrammeerde 
celdood (apoptose) bij ischemie-reperfusie schade. Verder bevestigen deze bevindingen 
resultaten van eerdere studies, dat complement-componenten het hoogst aanwezig 
zijn in donororganen van overleden donoren en dat apoptose geïnduceerd wordt door 
normothermische ischemieschade. Remming van complement en apoptose zou daarmee 
een beschermingsmiddel kunnen zijn tegen de effecten van ischemie-reperfusie schade.
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Veranderingen in genexpressie zijn het resultaat van ontstekingsinfiltraat
Veranderingen in genexpressie werden bekeken bij 75 patiënten tussen het moment vóór 
transplantatie en het moment van acute afstoting na transplantatie. Het merendeel van 
de bestudeerde markers (TLR-1, -2, -3, -6, -7, -8, -9, -10; C2; Bacl:Bcl2) was toegenomen in 
expressie ten tijde van acute afstoting, terwijl een aantal markers (C4; CD46, CD55, CD59) 
een afname in expressie lieten zien. Met immunohistochemie konden we bevestigen dat 
expressie voor TLR4, TLR9 en BCL2 in het biopt verhoogd is ten tijde van acute afstoting. 
De veranderingen tijdens acute afstoting zouden het gevolg kunnen zijn van een verhoogde 
mate van ontstekingsinfiltraat. Inderdaad lieten vele van deze markers voor aangeboren 
immuniteit een verband zien met de hoeveelheid expressie van één of meerdere van de 
volgende ontstekingsmarkers: CD3e, CD20, CD68 en CD163. 

Risico-inschatting van het optreden van steroïd-resistente acute afstoting: de E-score
Steroïd-resistente acute afstoting heeft vaak een ongunstige lange-termijn uitkomst als 
gevolg. Een betere voorspelling van steroïd-resistentie van de patiënt bij behandeling van 
een acute afstoting zou de mogelijkheid kunnen geven om patiënten eerder te behandelen 
met de juiste medicatie en om onherstelbare nierschade te beperken gedurende de periode 
van de steroïdentherapie. In hoofdstuk 4 vonden wij dat een toegenomen mRNA expressie 
van endotheel-epitheel-gerelateerde genen op moment van acute afstoting de respons op 
de steroïdentherapie voorspelt.
Het endotheel-epitheel transcriptieprofiel (TM4SF18, PGM5, CD34), dat betrokken is bij 
bloedvatvorming en cel-cel adhesie, is waarschijnlijk een afspiegeling van de kwaliteit 
van de nefronen en het vermogen van de cellen om weefselschade te herstellen. Deze 
veronderstelling zou verklaren waarom een verlaagd expressieprofiel juist gezien wordt 
bij steroïd-resistente afstoting. In dezelfde lijn is aangetoond dat ernstige onsteking van 
de wanden van de grote vaten en beschadiging van de microvaatjes in de nier steroïd-
resistentie van de afstoting voorspellen. Daarom zouden de endotheel-epitheel-gerelateerde 
expressieprofielen een nieuwe marker kunnen zijn voor dit type van afstoting.

Voorspelling van lange-termijn transplantaatoverleving
In hoofdstuk 3 vonden we dat patiënten met een hoge TLR4 expressie tijdens acute 
afstoting een slechtere transplantaatoverleving hebben dan patiënten met een lage TLR4 
expressie. TLR4 in het transplantaat kan binden aan intracellulaire liganden die vrijkomen bij 
celdood, en daarmee een pro-inflammatoir signaal vormen. Dus de hoge TLR4 expressie zou 
kunnen leiden tot een hogere productie van pro-inflammatoire cytokines en chemokines 
die ontsteking bevorderen in het transplantaat na de anti-afstoting therapie en daarmee 
bijdragen aan chronische transplantaatschade.
Een hoge Bax:Bcl2 ratio tijdens acute afstoting voorspelt ongunstige transplantaatuitkomst 
op de lange termijn en het zou een afspiegeling kunnen zijn van een verhoogde mate van 
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apoptose in het transplantaat. Apoptose van niercellen kunnen direct leiden tot verlies 
van nierfunctie. Indien de apoptotische cellen niet tijdig opgeruimd worden, ondergaan ze 
necrose en scheiden ze schade-gerelateerde moleculaire patronen uit die de immuunrespons 
verder op gang zetten. Het vervolgen van de Bac:Bcl2 ratio tijdens acute afstoting kan 
dus van prognostische waarde zijn. Toekomstige studies zouden een diepgaande analyse 
moeten bevatten van dode en stervende cellen in het transplantaat en hun mogelijke effect 
op uitkomst.

Genetische risicofactoren bij niertransplantatie: klein effect en gebrek aan validatie 
In hoofdstuk 5 hebben wij een genoom-brede associatiestudie (GWAS) bij acute afstoting 
van niertransplantaten uitgevoerd. Significante SNPs die geïdentificeerd werden in het 
ene cohort konden niet geverifieerd worden in een tweede, onafhankelijk cohort. Een 
uitzondering was rs1801274 in het FCGR2 gen: een hogere frequentie van het C-nucleotide 
voor deze SNP werd gevonden bij patiënten met acute rejectie; en dat in beide cohorten. 
De voornaamste beperking van GWAS is de noodzaak voor sterke significantie (P<5×10-

8) voor een individuele SNP in relatie tot de klinische uitkomst. Individuele SNPs die 
geïdentificeerd worden met GWAS hebben doorgaans maar een klein effect (<10%) op een 
complex, multifactorieel fenomeen zoals acute afstoting. Om daadwerkelijk betrouwbaar 
op zich zelf staande SNPs te identificeren die iets zeggen over uitkomst, is het nodig om de 
groepsgrootte van het cohort uit te breiden door middel van (inter)nationale samenwerking 
op het gebied van niertransplantatie.
De rol van non-HLA antigenen bij niertransplantatie wordt met toenemende mate benadrukt. 
Zoals aangetoond in hoofdstuk 6 vonden wij geen effect van genomische missense SNP 
mismatching op niertransplantatie-uitkomst. De totale hoeveelheid van gemismatchte 
SNPs, die binnen coderende genoomsequenties liggen, tussen ontvanger en donor heeft 
geen effect op klinische uitkomst. Een reden voor de negatieve bevinding kan zijn dat het 
effect van mismatching van missense SNPs laag is, onder het regime van HLA mismatching 
en efficiënte immunosuppressieve medicatie.

Het immuunregulerend effect van S100 calcium-bindende eiwitten A8 en A9
Relatief hoge weefselexpressie van S100A8 en S100A9 tijdens acute afstoting is geassocieerd 
met een gunstig beloop na transplantatie. We vonden in hoofdstuk 8 dat het merendeel van 
S100A9-positieve cellen ook CD68 en HLA-DR tot expressie brengen, en slechts een klein deel 
CD163. Dit suggereert dat S100A9 een marker is voor een specifieke macrofaagpopulatie 
die het transplantaat infiltreert. Verder vonden we dat de mate van S100A9 expressie 
behoorlijk varieert binnen de CD14+ myeloïde celpopulatie. Deze variatie kon helaas niet 
worden gekoppeld aan functionaliteit. Wel vonden we dat overexpressie van S100A8/A9 in 
macrofagen leidt tot een verhoogde productie van reactieve zuurstof radicalen (ROS) en IL-
10 mRNA expressie. Het extracellulaire ROS kan een negatieve invloed hebben op activatie 
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en deling van T cellen, wat leidt tot verlaagd immuunrespons in het transplantaat. IL-10 zou 
daarbij ontstekingsremmend kunnen zijn. Wij poneren dat het anti-inflammatoire effect van 
S100A8/A9 eiwitten hun gunstig klinisch effect op transplantaatoverleving verklaart. 

Conclusies
De resultaten die gepresenteerd zijn in dit proefschrift laten zien dat verscheidene 
moleculaire en genetische markers gerelateerd zijn aan niertransplantaat-uitkomst. We 
hebben laten zien dat een verlaagd expressieprofiel voor endotheel/epitheel cellen 
tijdens acute afstoting geassocieerd is met ongevoeligheid voor steroïdenbehandeling. De 
verhoogde TLR4 expressie en Bac:Bcl2 ratio tijdens acute afstoting voorspellen onafhankelijk 
van elkaar ongunstig beloop van het transplantaat. Voorgaande studies hebben laten zien 
dat relatief hoge expressie van S100A8 en S100A9 tijdens acute afstoting juist gerelateerd 
zijn aan een gunstig beloop na transplantatie. In dit proefschrift hebben we laten zien dat 
de overexpressie van S100A8/A9 in macrofagen leidt tot een hogere productie van ROS 
en IL-10 door deze cellen. Deze bevinding zou het gunstige klinische effect van de S100 
moleculen op niertransplantaat-overleving kunnen verklaren. Tenslotte liet een genoom-
brede associatiestudie zien dat individuele genetische puntmutaties in het genoom slechts 
een minimale bijdrage hebben in het risico voor acute afstoting, en dat toekomstige studies 
op dit gebied brede (inter)nationale samenwerking vereisen. 
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Abbreviations
ABMR		  antibody mediated rejection
AP-1		  activator protein 1 
APAF1		  apoptotic protease-activating factor-1 
APC		  antigen presenting cells 
ATG 		  anti-thymocyte globulin
ATP 		  adenosine triphosphate 
BAX		  BCL2-associated X protein
BCL2		  B-cell lymphoma 2
BH3		  Bcl-2 homology domain 3 
c-FLIP		  cellular FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein 
CAN		  chronic allograft nephropathy
Caspases	 cysteine-dependent aspartate-directed proteases
CCL2		  chemokine (C-C motif) ligand 2
CTLA4 		  cytotoxic T-lymphocyte-associated protein 4
DAMP		  damage-associated molecular patterns
DC		  dendritic cells
DGF 		  delayed graft function 
Disc		  death inducing signaling complex 
DSA		  donor specific antibody
dsRNA		  double-stranded RNA
ESRD		  end-stage renal disease 
FasL		  First apoptosis signal receptor ligand
GWAS		  genome wide association study
HLA		  human leukocyte antigen
HMGB1 		 high-mobility group box-1 
HSP 		  heat shock proteins 
IF/TA 		  interstitial fibrosis and tubular atrophy 
IFN-γ		  interferon gamma
IL		  Interleukin
IRAK		  IL-1R-associated kinase
IRI		  ischemia and reperfusion injury 
IVIG		  intravenous immunoglobulin
LAG-3		  Lymphocyte Activating 3
LPS		  lipopolysaccharide
MAC		  membrane-attack complex
MAPK		  mitogen-activated protein kinase
MBL		  mannan-binding lectin
MDSC 		  myeloid-derived suppressor cell
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MHC		  major histocompatibility complex 
MYD88		  myeloid differentiation primary response protein 88
NF-kB		  nuclear factor kappa-light-chain-enhancer of activated B cells
NK		  natural killer
NLR		  nucleotide-binding oligomerization domain-like receptors
PAMP		  pathogen-associated molecular patterns
PD		  programmed death 
PGM5		  Phosphoglucomutase 5
PRR		  pattern recognition receptors 
PTC 		  peritubular capillaries 
RAGE		  receptor for advanced glycation end products
RIG		  retinoic acid–inducible gene I
RLR		  RIG-like receptors
ROS		  reactive oxygen species
SNP		  single nucleotide polymorphisms 
ssRNA		  single-stranded RNA
TCMR		  T cell mediated rejection
TGF-β		  transforming growth factor beta 
TLR		  Toll-like receptor
TM4SF18	 Transmembrane 4 L Six Family Member 18
TNFα		  tumor necrosis factor alpha
TRAM		  TRIF-related adaptor molecules 
TRIF		  TIR domain-containing adaptor protein inducing IFNβ
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